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Abstract

Mean seasonal profiles of wind speed, standard deviatioheof/¢rtical velocity and turbulence intensity
from SODAR measurements in three cities of different sizesbbw, Hanover and Linz, are compared to an-
alytical approximations for the Prandtl and Ekman layepi@sl urban features in the profiles and differences
to measurements at rural sites are discussed. Typical febtures are a greater slope in the wind profiles,
enhanced turbulence intensities, and a vertical increaaseaignitude of the turbulence. The analytical ap-
proach proposed by EING (2002) for the description of the vertical wind profile in thinole boundary
layer is amended in the Prandtl-layer part by a correctiomtfan for atmospheric stability. The amended
profile description turns out to render the best resultstferapproximation of urban wind profiles within the
lowest 500 m above ground.

Zusammenfassung

Mittlere saisonale Profile der Windgeschwindigkeit, Staddbweichung der Vertikalgeschwindigkeit und
der Turbulenzintensitat aus SODAR-Messungen in drei sokeéedlich grof3en Stadten, Moskau, Hannover
und Linz, werden mit analytischen Annéherungen fiir die Rtandd die Ekman Schicht verglichen. Typ-
ische Eigenschaften fir diese Profile in Stadten sind edéirtkeste Zunahme des Windgeschwindigkeitsprofils
mit der Hohe, héhere Turbulenzintensitaten und die Zunatend urbulenz mit der Héhe. Der analytische
Ansatz, welcher von BE.ING (2002) fiir die Beschreibung des Windprofils in der gesamtegngschicht
vorgeschlagen wird, wird in der Prandtl Schicht durch eimer&kturfunktion zur Berticksichtigung der at-
mosphérischen Stabilitat erweitert. Die erweiterte FseSthreibung ermdéglicht die beste Annéherung an
stadtische Windprofile in den untersten 500 m Uiber Grund.

1 Introduction the buildings is essential for the application of disper-
sion models to urban areas (e.g. model simulations for
Wind and turbulence within the urban boundary laygiondon with ADMS Urban (CERC, 2001)). Detailed
(UBL) determine the horizontal and vertical dispefprhan surface exchange parameterisation schemes have
sion and transport of air pollutants in towns and iseen developed e.g. by A8soN (2000), MARTILLI et
thus important for the health of the citizens. Numeg. (2002) and DPoNTand MESTAYER (2006). As con-
ous field experiments (for an overview see e.®I%-  tinuous wind profile measurements within the urban area
MOND, 2006), numerical studies (see e.gATBH- are not available in most cases, analytical wind profiles
VAROVA and RYNING (2006)) and several wind tun-are ysed in state of the art air pollution modelling to
nel studies (OUNIHAN, 1973; RRELL and VENGAR, extend the observed wind from e.g. 10 m above roof
1999; HATZMANN and LEITL, 2002) therefore havetgp to the entire UBL. Recommendations concerning
been conducted to investigate the structure of the UBJind measurements in cities are given hgiFER et al.
Besides of a better understanding of mixing and trangqos).
port processes within the UBL, a realistic representa- Recent special campaigns like BUBBLE gRaCH
tion of the flow field within street canyons and abovgt a|., 2005) and DAPPLE (BBRE et al., 2005) per-
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al., 2004; FSHER et al., 2005; RRINGER and OFFRE to 400 m above ground, especially in summer, indicating
2005; RRINGER et al., 2007) show that the verticalan unstable stratification fROFsKY et al., 1977). The
structure of the atmospheric boundary layer over towiterease o, with height is not visible in wind tunnel
often deviates from the usual layering over flat homatudies using a realistic model of the surroundings of the
geneous terrain. This is to be attributed to three typicabttinger Straf3e but confined to neutral thermal stratifi-
features of town surfaces: (1) town surfaces have a laigaion of the air (pers. comm. Schatzmann).
roughness with a wide spectrum of different roughness PLATE (1995) assumes that the same wind profile
elements, (2) urban areas tend to be warmer than tHaws are valid for the CFL and the Ekman layer over
surroundings due to the increased heat storage at &mwins as applied for flat homogeneous terrain. This as-
the reduced evaporation from artificial surfaces, and (@)mption has to be scrutinised because the limited spa-
towns often are isolated islands featuring these spedial extent of a town does not permit an equilibrium
surface properties surrounded by rural terrain so that tit@v above the urban area, especially not in higher lay-
flow above them is not in equilibrium with the urbarers. WIEERINGA (1993) postulates an equilibrium flow
surface. at height z above ground if the fetch is homogeneous
Following PR.ATE (1995), RoTH (2000) and over about 100 times z. The fetch depends on the tur-
PIRINGER and DFFRE (2005), the urban boundary-bulence intensity because intense mixing accelerates the
layer (UBL) is usually divided into four layers: Theadaptation to changed surface characteristics. Therefore
lowest one is the urban canopy layer (UCL) whicthe fetch should be shorter with very rough surfaces and
reaches up to the mean top height of the buildings. Thwth unstable thermal stratification.d®H (2000) limits
next layer is the wake layer in which the influence diis assessment of the layers above the URL to the CBL
single buildings on the flow is still notable. This wakend thus deals only with thermally unstable flows. The
layer usually extends to about two to five times the aintense vertical mixing in the CBL reduces the necessary
erage building height. Above these two layers which afetch for an equilibrium flow. RTH and KE (1995)
often jointly addressed as the urban roughness sub-latfmrefore postulate fetches more than one order of mag-
(URL, ROTACH, 1999) is the constant flux layer (CFL)nitude less than V¢RINGA (1993).
or inertial sublayer (IS), over homogeneous terrain Ground-based remote sensing of wind and turbu-
usually addressed as surface layer or Prandtl-layer.lémce profiles over urban areas from longer measure-
the uppermost part of the boundary layer above theent campaigns offer the opportunity to learn more
CFL, the wind direction turns into the direction of the@bout the UBL and to reconsider the wind profile laws
geostrophic wind (often called Ekman layer). used to describe the UBL. In this paper, the wind and
If a convectively driven boundary layer (CBL)turbulence structure in the URL and the CFL (if exis-
is present, no distinction is made between the CRé&nt) are investigated in further detail and for heights
or Prandtl-layer and the Ekman layer but they arg to about 500 m above ground, based on field mea-
jointly addressed as mixing layer. The thickness sfirements from Hanover (Germany), Moscow (Russia),
these layers has so far been investigated over and Linz (Austria). The mean wind profiles in the CFL
ban surfaces for longer time periods only in Moscoare furthermore approximated with two approaches: (1)
(PEKOUR and KALLISTRATOVA, 1993; EKOUR et al., a logarithmic wind profile using the Businger-Dyer sta-
1993; LOKOSHCHENKQ, 2002), in Hanover (EEIS and bility corrections (BJSINGERet al., 1971; DER, 1974),
TURK, 2004) and Toronto for the CBL (ELLING and (2) the wind profile formula for the CFL and Ekman
LisT, 1980). layer suggested by EING (2002) which has been mod-
EMEIS (2004) presents a first evaluation of monthlified here to consider also the thermal stratification in the
mean vertical wind profiles and diurnal courses @FL.
monthly mean wind speed, of the standard deviation of .
the vertical velocity w, and turbulence intensity in thé Ipstrumentatlon and measurement
URL and CFL derived from SODAR measurements in  SIt€s

Hanover for heights up to 225 m from an extended olphe presented study is based on SODAR (SOund
no diurnal variation of the mean wind speed is found #ties Hanover (Germany, about 500.000 inhabitants),
the URL (about 60 m above ground, about 30 to 40 Moscow (Russia, about 10 Mio inhabitants), and Linz
above mean roof level), that the amplitude of the diufaystria, about 200.000 inhabitants). A description of
nal course oty and turbulence intensity is large in bothhe measurement principle of SODARs is given e.g.
layers due to the heating of the urban surface (in Sprigg Tatarskil (1961), MAUGHAN et al. (1982) and
and summer daytime values are sometimes even mgigyr|cH (1997).

than twice as large than night-time values) and that  The METEK DSD3x7 mono-static Doppler SODAR
increases with height in the surface layer up to about 3@Qe |TegucH and BuEls, 1998) operated in Hanover
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has three antennas with seven sound transducers edchAnalytical descriptions of wind and

working at about 1500 Hz. The instrument is optimised turbulence profiles

for long-range detection up to 1300 m above ground

in ideal conditions without external noise sources. Theg the CFL, a logarithmic wind profile is expected above
measurements analysed here have been made from 2@§Hzontally homogeneous terrain. For the vertical pro-
to 2003. The SODAR site in Hanover was situated file of the mean wind speed with the inverse of the van
a near-central industrial area close to a railway progarman constant /lk = 2.5 and the stability-dependent
erty away from residential areas. At this site the usugbrrection functiont’m(z/L.) (BUSINGERet al., 1971;
maximum range for wind and turbulence profiles wasyer, 1974) holds:

between 500 and 800 m depending on the atmospheric

conditions as well as on the day of the week. The range  u(z) = 2.5 u,(In(z/z9) — Wm(z/L.)), (3.1)
was highest on Sundays and public holidays when no

shunting of good waggons was made on the nearby rgifith

way area. The data are averaged over 30 min in time

and 12.5 m in the vertical. The measurements werdn(z/L,) =

performed in the national research project VALIUM

(SCHATZMANN et al., 2006) within the framework pro- n <(1+X2) ((l+x)>2>
gramme AFO2000 of the German Ministry of Eduaction 2 2 for z/L. <0
and Research BMBF. —2arctg(x) + 5

Two monostatic LATAN sodars developed at the
Obukhov Institute of Atmospheric Physics (IAPh), —az/L, for 0<z/L, <05
Russian Academy of Sciences, are continuously opert
ated since April 2005 at two sites: (1) at the IAPh build-|  Az/L, +B(z/L.—C/D) ; 05< 7/L. <7
ing in downtown Moscow and (2) at the Physical Faculty| -exp(—Dz/L.)+BC/D or 05<7z/L.<

of Moscow State University (MSU) in the south-west (3.2)
district of Moscow. Additionally, two monthly cam-gnq x — (1 - bz/L,)Y4. L, is the Monin-Obukhov

paigns with continuous, simultaneous wind_ measuigngth. Following HYGSTROM(1988)a s set to 5 andb

ment downtown of Moscow and at a rural site 45 kig set to 16. In the third equation for stronger stable con-

west of Moscow were carried out in October 1993 anglions (LanGE and FOCKEN, 2006) isA= 1, B = 2/3,

in July 2005. C = 5 andD = 0, 35. For the variance, of the vertical
The REMTECH phased array SODAR PA2 operatggling component in neutral and slightly stable conditions

at Linz is also a mono-static Doppler Sodar with an &g following relation should hold (SJLL, 1988):
ray of 14 x 14 sound transducers, operating at about

1600 Hz. The height range of this instrument depends ow(z) = 1.3u, (3.3)
strongly on ambient noise and on weather conditions. ’

At Linz, data availability was above 90 % up to about,q thys for the turbulence intensity by dividing (3.3) by
300 m and then decreased steadily. Data up to 500(@1):

are evaluated in this study. The data are averaged over Gu(2) 0.52
30 min in time and 20 m in the vertical; the first layer W = i : v 3 (3.4)
is in 40 m above ground. Continuous SODAR data are u2 N(z/20) = Wm(z/L.)

available from 20 November 2004 to 7 April 2005 meawhich is similar to the relation found by WRINGA
sured at a site close to the confluence of the rivers Trag®73) for the longitudinal variance under neutral strat-
and Danube about 5 km east of the Austrian city of Lin#ication. For the variance of the vertical velocity com-
Whenever the most frequent westerly to north-westefhipnenta,, under unstable conditionsARoFsKY et al.
winds are prevailing, this site is expected to be withif1977) propose

the urban plume, the part of the boundary layer down-

wind of a city carrying with it the properties of the urban Ow=1.3u,(1-3z/L,)%2. (3.5)
atmosphere (RINGER and HOFFRE 2005). The mea-

surements conducted during these wind directions &gy thus for the turbulence intensity by dividing (3.5) by
therefore interpreted as “urban” wind data, the rest @_1):

the data-set as “rural”. ow(z)  0.52(1—3z/L,)Y/3
u@z  In(z/z0) = Wm(z/Ls)

This implies an increase afi,, with height in the
Prandtl layer under unstable thermal conditions.

(3.6)
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For the Ekman layer, the vertical wind speed profildne wind speed as well as the wind shear are continuous
depends on the geostrophic wind spegénd the (ver- in the heightz = z,. Equating the first two equations of
tically constant) turbulent exchange coefficient for mahe wind profile equation (3.9) far= z, gives:
mentum K, as formulated in the equations for the Ek- .
man spiral: U, = KUg(—sinap + cosa) (3.10)

In(zp/20) — Wm(zp/L+)
u(z) = ug(1— 2exp(—yz)cos(yz) + exp(—2y2))"2  and from equating the respective shear equations in the
(3.7 same height = z, we get:
with y2 = f(2Ky) and the Coriolis parameter f. For ther- _
mally unstable situations whenibecomes large, (3.7) _ 2|ug| ykzpsinag (3.11)
can be simplified following BEIs (2001) because the ' ¢ (zp/Ls) '
cosine function approaches unity:

with the correction function for thermal stratification
(using HOGSTROMs (1988) values for the constants)

LI(Z) = Ug(l— exp(—yz)) (38) ¢(Z/L*)
The main difference between (3.7) and (3.8) is that (1+16z/L,)"Y* for z/L, <0
in (3.7) u(z) oscillates aroundy when approachingy b(z/L,) = ) * ol 0 Z/E Cs
whereas u(z) approachagmonotonically in (3.8). The 1+5z/L, for Z/L., ;6.5

Ekman layer laws (3.7) and (3.8) suffer from the as- (3.12)
sumption of a vertically constant exchange coefficiept . . .

and IOcannot be extenc?lled towards the g?ound. TheEequatIrlg now'the ”ght. hand sides of (3.10) and (3.11)
fore ETLING (2002) proposes a two-layer model. In hié(IeIOIS the desired relation far:

model the exchange coefficient is assumed to increasea arctg 1
linearly with height (=k u, z) below the height of 0= 1+ -2 (n _y L
the Prandtl layer (CFL) zand to be constant (= u, 9t (N(26/20) = ¥m(zp/L.))

zp) above. Etling’s approach is followed here with th (3.13)

application of one amendment: the correction functi

Wm(z/L,) for the thermal stratification of the Prandtl f

layer is applied below the height,zThis leads to the y= KUz (3.14)
\/ +4p

following vertical profile of the mean wind speed:

.13) still depends ou, via .

thusu, has to be determined iteratively starting with a
first guess fowu, in (3.14), subsequently computirog
from (3.13), and then re-computing from (3.10) or
(3.11). The equation (21.50) inTEING (2002) is not

u(z) =

U,
i (In(z/20) = Wm(z/L.)) for z<z appropriate to determing and fromz, zo, andug.
A shortcoming of equations (3.9) to (3.14) is that
Ug(— SiNdlo + COSAp) for 77 thermal layering in the Ekman layer is still not consid-
9 0 0 P ered. Therefore the yielded values for the height of the
Prandtl layer and the friction velocity are not fully satis-
Ug[1— 2\/§exp(—y(z—nzo)) fying but they are better than in the original formulation
-sinaocos(y(z—2) 1= a) for z>z  GrErNG (2002) without considering the thermal lay-
+2exp(—2y(z—z)) sir’ag) /2 ering in the Prandtl layer. Even more complex expres-

(3:9) sions for the vertical profile of the exchange coefficient
(3.9) depends on the following six parameters: the sy, lead to systems of equations which no longer can be
face roughnesg, the geostrophic wind speeg, the solved analytically.
height of the Prandtl layes,, the friction velocityu,, the  We will analyse the results from the sodar measure-
Monin-Obukhov length_., and the angle between thaments given in the following chapter whether the right
surface wind and the geostrophic wiagl The two vari- choice ofz,, u,, L. and ap will lead to a meaningful
ableszy andug are external parameters, the other four @fpplication of the wind profile laws (3.1) and (3.9).
them are internal parameters and vary according to the
thermal stratification of the layer. If fixed values iy 4 Results
— as done by ELING (2002) — and folL, are chosen,
two further equations in addition to (3.9) are needed
determineu, and ag accordingly. These equations ar®&ean monthly wind profiles observed in Hanover in
generated here from the physical requirement that b&hgust and November 2002 and in February and April

4t101 Mean urban wind profiles
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Figure 1: Mean monthly wind profiles for day-time and night-time in Hanover and@gprations of these profiles by stability-dependent

logarithmi

¢ wind profiles from eq. (3.1).
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Figure 2: . Mean monthly wind profiles for day-time and night-time in January 2008il 2005, July 2005 and October 2005 in Moscow.
The height range is limited to 300 m.
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Figure 3: Mean winter wind speed profiles for day and night-tim&igure 4: Mean winter wind speed profiles for selected wind direc-
in Linz and approximations of these profiles by stability-dependetivns (urban and non-urban fetch) in Linz.
logarithmic wind profiles from eq. (3.1).

2003 together with stability-dependent logarithmic win round, while the observed wind Spe?‘ds are on average
to 2 m/s lower than expected according to the logarith-

profiles (Eq. (3.1)) are shown in Fig. 1. These mont
have been chosen as representative for the four seasBi
Nocturnal wind speeds are on average higher than d%?

time wind speeds in all cases except in April 2003 whe

the mean wind speeds during day-time below 125 mber are depicted in Fig. 2. The seasonal results can be
above ground occurred to be higher than the night-tirff@TPared to those from the measurements in Hanover
averages. The monthly means are computed from 809" 1). Please note that the height scales differ be-
min-mean profiles which are complete up to at least 2.%63” F'?_'l 1 angi Fig. ﬁ 'Thl\(jl seasonal dlfferen_ceﬁ of the
m. Above this height the data availability decreases a ok p:cro : 23. oHserve 'mD OSC%W _ar;:t \t/_ery S|_m|dar to
is about 20 % at 500 m height. The standard deviatigio>¢ _th_m hml anovelr(.)o ay an _”'Ql -ime win pro(;
of the wind speed values used for the calculation of thHe-> W'tl In the OWejt m are Slm' %r 'ntitggmn 3”
means depends on the season and slightly on the hetitte" résprm% and summer, up f a Zou oh rr? a;]y-
above ground. It is lowest in November with about 30 1€ Wind speeds are on average 1 to 2 m/s higher than

in all heights and largest in August with nearly 50 % iAt hight. Above 150 m, the mean nocturnal wind speeds

lower heights and roughly 60 % in upper heights. are always higher than those at day-time. The strong in-
In autumn and winter the differences between tigiease of wind speed within the lowest 100 m shown in

daytime and the night-time wind profiles are rath r'gg' 1and|2|s typlca! fgr urbarc] arezﬁ. ¢ nterti
small, i.e. the mean stratification of the air is always €asonal mean wind speed protiies for winteriime

quite stable I(, = 450 m and 1000 m at daytime an&)bserved in Linz at day- and night-time are shown

320 m and 450 m at night, respectively have been u QdFig' 3. As observed in Wintert.ime @n Ha’?O"er and
oscow, the average day and night-time wind speeds

& Linz are similar below 100 m above ground and day-

e : S time wind speeds are lower than those at night above.
ble thermal stratification of the aic, in the fit with the The fit with the logarithmic wind profile (3.1) is best

stability-dependent logarithmic wind profile (3.1) there- ith L, = 1000 m during daytime and 600 m in the night.

fore is —4000 m and —800 m at daytime and 250 m a for 4 h lenathmte 1 m has b
120 m at night, respectively. The night-time profiles i s for fanover a roughness lengthai= 1 m has been
@osen. The friction velocity, for this winter season

these two seasons show that low-level-jets with a wnﬂE1 Linz is 0.32 m/s at nighttime and 0.36 m/s at day-

maximum at 300 to 350 m above ground are frequenf s
observed in the urban area of Hanover. In all fits tl"%”e which is very close to the February 2003 value for
anover (1. = 0.36 at day and night).

roughness length was setzp= 1 m. u, is varying bet-
ween 0.201 m/s for the night-time profile in August and
0.538 m/s for the daytime profile in April. In autumrg.2 Comparison of mean urban wind

and winter, the observed average wind profiles within  profiles to non-urban wind profiles

the lowest 500 m above ground are relatively well rep-

resented by the logarithmic wind profile. In spring, therban and hilly areas in general have a larger surface
analytic and the mean observed wind profiles agree rgqughness than flat rural terrain. Wind speeds are there-
to 350 m above ground, in summer up to 250 m abof@re increasing considerably with height for several hun-

wind profiles at higher levels.
Mean monthly wind profiles for day-time and night-
e observed in Moscow in January, April, July and Oc-
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Figure 5: Mean monthly profiles of the variance of the vertical velocity componeg} {n dependence of the main wind direction and for
day-time and night-time in Hanover.

dreds of meters at these sites. Over the smooth ruralgtrongest increase in wind speed between 40 and 100
eas this increase is confined to a shallower layer. m above ground; this is in line with the assumption at
Seasonal mean wind speed profiles for wintertimbke beginning of this section that, due to the increased
observed in Linz in dependence of the wind direction asairface roughness, wind speeds increase stronger with
shown in Fig. 4. The separation according to wind direbeight than over rural terrain. A wind speed maxi-
tions was chosen in order to investigate whether the cityum is found on average at 100 m height when west-
of Linz exerts an urban influence on the wind profilesorth-westerly or north-westerly winds are prevailing.
at the SODAR site downwind of the city. This is antiThis maximum is also observed in other urban areas
cipated for westerly to north-westerly winds. Northerlpy PIRINGER and BAUMANN (1999), DRAXLER (1986)
winds at the SODAR site are probably influenced gnd BaLLING and G=RVENY (1987): due to the in-
drainage flows from the hills north and north-east of threased vertical mixing above the urban area, the low-
site; there is also the village of Steyregg situated 1.5 Kevel air flow is destabilized and accelerated while cross-
north of the site. Another built-up but flat area is founohg the warmer city centre.
about 1.5 km south of the site. With easterly winds, the
fetch is predominantly rural along the river Danube ufy3 Mean urban turbulence profiles
to a distance of more than 3 km. Mean monthly profiles of variances of the vertical ve-
The mean wind speed profiles in Fig. 4 show larggcity component,,) in Hanover separated for day and
differences between wind profiles observed with strofgght and for four wind direction sectors are depicted in
westerlies (between 6 and 11 m/s with increasing heigity. 5 for the same months as in Figure 1.
and those observed with weak northerly and southerly Fig. 5 shows increasing valuesaf, within the lower
flow. The latter show no Strong variation in wind Spee@w hundred meters of the urban boundary |ayer in
up to heights of about 300 m; for northerly winds, this i§pring and most pronounced in summer, reaching up to
due to the shadowing effects of the aforementioned hilout 350 m above ground. The daytime increase can be
at the northern edge of the Linz basin. The terrain is aléQp|ained by unstable stratification (See eg. (35) The
steepening towards south, but to a much lesser extengonsiderable increase of the night-tirag with height
The average wind profiles for westerly to northis in the lower 100 m also due to unstable stratification
westerly winds having crossed the urban area show ¥\& above this height probably related to the formation
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Figure 6: Shows monthly mean profiles of the vertical component of the turbulieneesity observed in Hanover, i.ey, divided by the
average horizontal wind speed. This quantity therefore inversely degemnthe mean wind speed.
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Figure 7: Diurnal variations of the variance of the vertical velocity compone) {n summer in Moscow (left) and in Hannover (right).

of nocturnal low-level jets (see the upper right and esp&ind direction. In wintertime, the largest values @f
cially the lower left frame in Figure 1). The maximunoccur with usually stronger westerly winds. Night-time
of gy is in the same height as the core of the low-levand daytime profiles differ most in spring and summer-
jet. Theay, values near the ground are a little bit highdime. In these seasons, the differences between the mean
than expected from (3.3) and (3.5). According to thesky-time and night-time profiles are much larger than
relations and using the, values used for fitting in Fig. the differences between the mean profiles for different
1 thegy values should range between about 0.3 m/s faind directions.
the night-time variance in August and about 0.7 m/s for Fig. 6 shows monthly mean profiles of the verti-
the daytime variance in April. cal component of the turbulence intensity observed in
The differences between daytime and night-ti;ge Hanover, i.eo,, divided by the average horizontal wind
profiles are small in winter and autumn, although thepeed. This quantity therefore inversely depends on the
winter profiles show a large dependence of the synoptiean wind speed.
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Figure 11: Same as Fig. 9 but different wind direction.
Figure 9: Mean winter profiles of the vertical component of the tur-

bulence intensity for day-time and night-time in Linz. tion 2, the measurement period in Linz covers mainly
the winter months. The averagg profiles (Fig. 8) gen-
%r(ally show an increase with height. The range is be-

Turbulence intensity is highest in summer and sprin
In these two seasons, the daytime values are twice®@§en 0-3 and 0.5 m/s near ground and about 0.5 to 0.9
n/s at 500 m. The near-ground valuesaggfin Linz fit

high as the night-time values. At daytime, turbulence i ) .
tensity profiles in spring and summer are more or leg4ite well to the relations (3.3) and (3.5) from whiaj
constant with height up to 300 to 400 m above groung.0-44 could be expected using = 0.34 from Fig. 3.

In autumn, winter, and generally at night-time, the prOA-S expected and also found in the other cities, nocturnal
files show a strong decrease of the turbulence intensfty Values are on average lower than daytime values.

with height within the lower 150 to 200 m in accordance | "€ turbulence intensity values in Linz range from
with egs. (3.4) and (3.6). below 0.1 to near 0.16 (Fig. 9) and are thus smaller than

hose observed in Hanover. The average daytime tur-

The diurnal course of the variance of the vertical v ; - i
locity component in summertime is found to be quit glence intensity is about 1.5 times larger than that at

similar in Hanover and Moscow. Nevertheless, Fig. 7 ifignt-time.

dicates that the overall level af, is somewhat larger in 4.4 Comparison of monthly mean urban

the much larger city of Moscow than in the smaller city turbulence to non-urban turbulence
of Hanover although the mean wind speeds in Moscow

in July 2005 have been even lower than in Hanover Diurnal variations of the variance of the vertical ve-
August 2002. Both plots show that, increases with locity component §,,) in Hanover have already been
height at daytime and nighttime in summer in accocompared in ®EIS (2004) with those from the non-
dance with the profiles shown in the lower left framarban site in Flrstenfeldbruck west of Munich (Ger-
of Figure 5. many). Due to the higher surface roughness the friction
Seasonal meaa,, profiles for wintertime observedvelocity is higher over urban areas. Therefore, according
in Linz at day- and nighttime and in dependence of the (3.3) and (3.5) higher variances of the vertical veloc-
wind direction are shown in Fig. 8 and the mean turbity component have been found at urban areas, both at
lence intensity profiles in Fig. 9. As mentioned in seatight-time and at daytime. Also the diurnal variations of



402

500

&
=
a

o
=
1

height above ground in m
5

S. Emeis et al.: Wind and turbulence in the urban boundasrlay

——3,=1.0, L= -200, u= 0.3743
st 2w 0, L <200, us 0.3743

2% 150, = 127", u = 5.0 mis
——measured (Hannover, Aug. 2002, day)

wind speed in mis

500

Meteorol. Z., 16, 2007

&
=
a

o
=
1

height above ground in m
5

~z,= 1.0, L= 120, u= 0.180
2= 1.0, L= 120, u= 0.180
2,=130, u= 32, u= 6,5 mis
——measurad {Hannover, Aug, 2092, night)

wind speed in mis
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Figure 13: Comparison of analytical wind profiles to the observed mean day andHtigé wind profiles in Linz in winter (November
2004 to April 2005). Bold line: observations, dashed line: profile fr8m), dotted line: profile from (3.9).

ow have been found to be more pronounced at the urldirections west-north-west and north-west. The lowest
area (at least in spring and summer). This is due to thebulence values are observed on average when easterly
larger heating from surfaces in urban areas during dagd southerly winds are prevailing. The rather small tur-
and night. bulence values with westerly winds are caused by the

For Linz, a possible urban influence on the turbwery high average wind speeds observed with this direc-
lence quantities can be obtained by comparing “urbatién, thus apparently masking the influence of the urban
and “non-urban” wind directions. The lowesy}, values area. The urban effect on the turbulence intensity pro-
are measured with the rural easterly winds and the rdites observed at Linz is over-ridden by the large differ-
southerly winds (Fig. 10). The highesy, values are ob- ences in wind speeds associated with the different wind
served for the “urban” directions west to north-west. Thdirections.
very higha,, values with westerly winds are caused by As expected, turbulence intensity is found to be much
a combination of high wind speeds and the urban effetarger in urban areas and for profile measurements influ-
The gy, values with northerly winds are close to the akknced by urban fetch due to larger surface roughness and
data average. Thea, values under urban influence aréarger thermal heating than at flat rural sites or under the
at least twice as large as those for easterly and southénfjuence of a mainly rural fetch.
winds with rural fetch. . L. . .

Most of the mean turbulence intensity profiles fof-> ApPlication of analytical wind profile
different wind directions in Linz (Fig. 11) show a de- laws
crease of turbulence with height. With northerly anth Figures 1 and 3, the urban mean wind profiles in
southerly winds, high turbulence intensities are on avétanover and Linz have been approximated with the
age caused by the generally low wind speeds and corrandtl-layer wind profile from equation (3.1). But it
parably large variances. Above-average turbulence ig-not meaningful to extend a Prandtl-layer profile to
tensities are also found in Linz with the “urban” wincheights of 500 m and more. Even above cities this height
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is already within the Ekman layer. Thus, a profile déMoscow) and summer (Moscow) and lower than the
scription is needed which fulfills the requirements afocturnal wind speeds throughout the lowest few hun-
both layers, the Prandtl layer and the Ekman layer, dned meters in autumn and winter in all three cities. As
order to adequately describe vertical wind profiles expected, daytime wind speed profiles tend to be less
the urban boundary layer up to several hundred metstable than night-time profiles. This is most pronounced
above ground. Therefore we will examine here the twot spring and summer. The wind speed profiles of the
layer model given in eq. (3.9) for Hanover and Linz itargest city, Moscow, show the weakest increase of wind
order to assess the applicability of this approach. speed with height and thus the strongest urban impact
In Fig. 12 and 13, analytical daytime and night-timen stability. In winter differences between day and night
wind profiles are compared to mean wind profiles olare small in all three cities as the stratification of the air
served in Hanover in August 2002 and in Linz in winis always quite stable.
ter 2004/2005. The three additional free parameters inIn Linz, westerly to north-westerly winds cross the
equation (3.9) (in comparison to eq. (3.1)) are tuned d@ity before reaching the SODAR site, while the wind
order to improve the agreement to the measured wiptbfiles observed by the SODAR with other wind direc-
profiles. The first three parameters have been choseniass are affected by hilly or rural terrain. Wind speeds
close as possible to the ones found in Figs. 1 and 3. are increasing with height up to 500 m above ground in
For the approximations shown in Fig. 12, the Prand&l mean wind profiles; this increase of wind speed is in
layer heightz, is set to 30 m at night and to 150 m amost cases less pronounced above 400 m. Urban effects
daytime. Below the heigta, both profile laws ((3.1) and on the wind speed profiles at Linz are seen in an above-
(3.9)) give identical values. The roughness lenmilis average increase in wind speed with height at low levels
set to 1 m, the Monin-Obukhov length is chosen in as well as in a wind speed maximum at 100 m when the
order to represent the profile belay properly, and the flow crosses the urban area before reaching the SODAR
geostrophic wind speed is set equal to the wind spesite. The latter is interpreted as an urban effect in this
at 500 m. The friction velocity, is then iterated from case, because the increased vertical mixing over the city
the eq. (3.11) to (3.14) as described in Chapter 3. Frantreases instability and thus accelerates the flow.
this iteration the friction velocity at daytimei(= 0.37 The following main part of this discussion will be
m/s) turns out to be about twice as high as at night-tinfecused on two issues: the increaseadgf with height
(u, = 0.18 m/s). The turning angle of the wind directioand the description of the whole vertical wind profile by
changes between 32t night and 12.7at day. Both val- the two-layer model (3.9).
ues seem reasonable. The oy, profiles observed in Hanover and Linz are of
For Linz (Fig. 13), the Prandtl-layer heightis setto the same magnitude and in general increase with height,
30 m at night and to 60 m at daytime. With these valuesspecially in spring and summer. The reasons for this
the profiles from (3.9) show the best fit to the wind daiacrease are probably twofold. The first reason is that
in upper levels. The daytime value fgy is much lower in the lower one hundred metres above the town the
than that used for Hanover which can be explained bypcturnal thermal stratification remains slightly unsta-
the predominantly wintertime data set at Linz compardxe in spring and summer. This can e.g. be inferred for
to the August data from Hanover. The roughness lend#tanover from some days for which additionally tem-
at Linz is 0.2 m, the Monin-Obukhov length, is de- perature profiles from a RASS (Radio acoustic sound-
rived from ultrasonic anemometer measurements to ing system) measurement had been availables(E et
—100 m on average during daytime and 200 m durirad., 2004). In Figs. 5 to 7 in EEIS et al. (2004) it is
night. As in Hanover, the geostrophic wind speed is s&town for three days in spring 2002 that the tempera-
equal to the wind speed at 500 m, and the friction velottire at roof-top level (43 m above ground) is more than
ity, again determined iteratively, is also about twice dSC larger than at about 100 m above ground at night.
large during daytime (0.44 m/s) than during night (0.228bove this unstable layer the RASS data show that the
m/s). The turning angle of the wind direction changemosphere is stably stratified up to about 400 m as has
between 28at night and 17 during daytime. already been inferred from the wind profiles shown in
Figs. 1 and 3. The second reason for the increasg,of
with height is the frequent formation of low-level jets
at the top of the nocturnal stable layer at about 400 m

The average wind speed, the standard deviation of §eeVve ground in spring and summer as is also to be seen
vertical velocity and turbulence intensity profiles obffom the upper right and lower left frames in Figure 1.
served in three cities of different size, Moscow, Hanovadfiese low-level jets lead to a mechanical production of
and Linz show similarities as well as differences: dajurbulence at nightin heights between 100 m and 400 m
time wind speeds at higher levels in spring (HanoveREITEBUCH et al. (2000).

5 Discussion
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Additionally the g, profiles observed on average irat greater heights at night-time but to higher wind speeds
February in Hanover as well as those measured duriigthese heights during day-time compared to the pure
wintertime in Linz are highly dependent on the wind ditogarithmic profiles from equ. (3.1). Both times equa-
rection: the largest values of, occur with strong west- tion (3.9) fits the observational data better than equa-
erly winds. Day-night differences are large in both citietion (3.1). Especially at night time we see that the pro-
up to a factor of two in Linz. The,, values measuredfiles are reproduced rather well with the sole exception
in Linz when the “urban” wind directions west to northof the low-level jet in Hanover. As the equations (3.9)
west are prevailing are considerably larger than for tlaed (3.1) are derived for stationary conditions, an un-
more rural easterly and southerly winds. The nocturrsthtionary feature like a low-level jet can not be repro-
oy values over Hanover, Moscow, and Linz are comuced by these analytical profiles. The approximation of
siderably larger than over rural areas (see alsteis the wind profile using the Etling approach works well in
(2004)). This is in agreement with the findings presenteath cities with their different environments and having
by UNO et al. (1988, 1992) and @rONT et al. (1999) used data from different seasons.
who also showed that the large roughness of the town This success of the two-layer model (3.9) is not too
surface and the urban heat island prevents the formationch surprising because this approach depends on six
of a cool stably stratified nocturnal surface layer as it i@riables which need to be chosen and which can be
typical for rural areas for nights with clear skies. Futuned according to the measurements in the presented
ther, the near-surface values of the varianmgever the cases. In doing this tuning it turns out that the right
larger cities Hanover and Moscow are larger than couttioice of the Prandtl-layer heiglap in the two-layer
be expected from the friction velocity using (3.3) anthodel (3.9) is the most important taskzjfis not chosen
(3.5). This hints to the fact that turbulence productiocappropriately then no combination of the other five pa-
over rough surfaces with bluff bodies is larger than oveameters will lead to a satisfying fit of the wind profile.
flat surfaces with the same roughness length and frictibhe extension of the original version of this approach
velocity. Similar enhancements of turbulence have be@ErLING, 2002) by adding the correction terms for non-
found over forests (HGsTROMet al., 1989). neutral stratification for heights below the Prandtl layer

Fewer similarities are found between the average tieight as described in Section 3 enhanced the applica-
bulence intensity profiles in Hanover and Linz. The Felbility of this approach and led to much more meaningful
ruary profiles in Hanover show a sharp decrease withlues ofz,.
height in the lowest 150 to 200 m. The Linz profiles
reveal a much weaker decrease and a stronger depen-
dence on the wind direction. Conceptually, turbulengg Conclusions
intensity in urban areas or in hilly terrain is expected

to be higher than in rural areas. In Linz, the results QR this paper, mean SODAR measurements of urban
turbulence intensity are influenced by the large direging and turbulence profiles in three differently sized
tional differences in wind speed: although west-nortiities are presented. Although they show common and
westerly, north-westerly winds and in general daytimgnsistent features, they allow only a qualitative estima-
profiles show higher turbulence intensities, the larg&fn of the urban influence. Having used data from three
values occur with southerly and r)ortherly winds, whichjties with roughly 200,000, 500,000 and 10,000,000 in-
have by far the lowest average wind speeds. So the prapitants, it is not justified to derive quantitative depen-
sible urban effect on the turbulence intensity in Linz igencies on features like size and population characteris-
masked by the significant differences in wind speed pfg 3 city. Typical urban features are a higher wind shear
different regional flow directions and by orographic efn heights of several hundreds of meters above ground,
fects. L a larger increase afi, with height especially at night,
Because the division between the Prandtl layer agdq a doubling of the turbulence intensity. The noctur-
the Ekman layer is not very clear over urban areas dyg increase oty with height in spring and summer is
to the larger turbulence also several hundreds of MEtRS just an urban feature but a feature which comes from
above ground a unified description of the vertical winghe interaction between rural and urban air flows. Low-
profile for the whole boundary layer over these areasjisye| jets form over rural areas and the additional surface
desirable. From the results presented in this paper figtion due to cities is not sufficient to destroy them.
amended Etling approach (3.9) for the combined angnys, the higher mechanically-produced turbulence be-
lytical description of wind profiles in the Prandtl anqqy |1ow-level jets in heights between 100 and 400 m
Ekman layer seems to be a reasonable tool to apprakove ground continues the higher thermally-produced
imate the mea_lsured urban wind profiles. Figs. 12 ?‘ﬂﬂbulence in the urban boundary layer below 100 m.
13 show that in the cases analysed here the modififge results of this study have shown that urban areas
Etling approach (3.9) leads to smaller wind speed valugsq forests have mechanically some features in common
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