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Abstract: One of the main problems to solve in micrometeqio® studies concerns the theoretical evaluatiothe® wind profile in an
urban environment. In such a case, in fact, thes@al similarity theory gives in general invalebults. Based on this evidence, observations
of wind profiles from ground level up to 200 m werellected inside an urban park located in the oftfRome (ltaly), by means of a
Doppler SODAR during the years 2005 and 2006. Messents taken by an ultrasonic anemometer anddmyeentional meteorological
station located at ground level were also usedHerstudy. A new formulation for the vertical ptefof the wind velocity in the case of
neutral condition is proposed. The results showtti@new formulation, which is based on the cohoépoughness length varying with the
height, performs better than the classical thezablaw based on a constant value of the rougheagsh.
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INTRODUCTION
One of the main problems associated with the mieteorological studies is the theoretical evaluatibthe wind profile in
urban environment, where the classical similatityary is generally not appropriate. As is well-kmowthe presence of the
urban features makes the description of the fledfivery difficult. For example, the mean horizdntalocity U as a
function of the height Z is not longer describedthg classical logarithmic shape (Britter R.E. arid. $lanna, 2003). This
problem is usually overcome extending the relatigmssalid for flat terrain and for statically neatrcondition in the
presence of roughness elements, by defining abdaithsplacement heighg:d
* —_
U (Z) = U_ln Z—do (1)
k Zo

where % is the roughness length, U* the friction velocigs0.4 the von Karman constant and U=0 for g=&%. The
inconvenience of equation (1) is thgtahd 7 are not easy to obtain, in particular in the azfsentypical surfaces. Gryning,
S.E.et al. (2007) proposed a new relationship for the vejopifile, which can be also applied to urban emvnent. As
stated by those authors, such relation, based ekribwledge of the boundary layer depth and otlaeameters, is very
complicated and difficult to use.

In light of that, an investigation is therefore foemed with the aim of finding an alternative r@atship for the wind profile
valid in the case of urban environment. The analigsperformed using a set of meteorological daltart from a site located
within the city of Rome, Italy. In particular windhd temperature profiles, taken from ground levetw200 m above the
ground level (agl) during 2005-2006 years by meaina SODAR/RASS system, were used for the analydis. viertical
resolution of the measurements of the latter sysse®® m, while the maximum height is nearly 40@&gh The first range
gate is centered at 40 m agl. The instantaneoukaleprofiles (one every 2.5 seconds) are averaged 10 min, which
resulted in a total number of nearly 50000 profgegtable for the analysis. In addition, a statiocated in the same site
operated and recorded routine meteorological diatparticular, an ultrasonic anemometer (sample oétl0 Hz) was used
to calculate the friction velocity every 10 minZat10 m agl, while by means of a couple of thermisfmositioned at 2 m and
10 m agl, the vertical temperature gradient wasutated. From the latter, information about theiststability of the flow
was extracted.

Data were selected for static neutral condition amdy those profiles corresponding to wind velocitycreasing
logarithmically with height were selected for thealysis. It was found that the classical roughresgth based on the
concept of height where the wind is zero has tarioelified for an urban area. As expected, in mosesahe classical
similarity theory under neutral conditions faileal teproduce the observed wind profile. Thus, weppse an alternative
approach that, in order to calculate a novel foatiah for U(Z), introduces a new definition of réugess length. The new
roughness length is a suitable variable relatebdedocal roughness characterizing the urban mgltieight of Rome.

To test the applicability of the new formulations results are compared with those obtained by meérhe classical
similarity theory. Three values of the roughnesgyths were adopted in the classical formula, rdlébethe building heights
characterizing the city of Rome. To summarize thsilts and to detect different abilities of both tiassical and the new
formulation over different fractions of the windafite, average differences were calculated sepgrédethe upper (100 m-
200 m) and for the lower part of it (10-100 m).

THE ROUGHNESS LENGTH AS A PARAMETER VARIABLE WITH HEIGHT

The classical roughness length Z0 is defined ahéight in which the mean wind velocity becomezétowever, in the
case of complex terrain it is necessary to speagifyje concepts. Generally, Z0 is determined accgriinhe available data.
The simpler criteria are applied when meteoroldgieda are not available. For example, Z0 may beutated by means of
the classification founded on the nature of theater(Mc Rae, G.J. et al., 1982); a second empirngathod is based on the
value of the average height of the buildings regmétive of the investigated area (Zannetti, P09
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The use of methods of calculation of the roughriesgth Z0 based on meteorological data is much nooreplicated.
Estimation of Z0 must be carried out using datasuesd above a reference altitude, which must stestaio criteria related
to the average height of the obstacles charaatgrihie measurement site (Wieringa, J., 1993).

For statically neutral conditions, the average dpagtea reference level, namely Zrif, can be exg@through equation (1).
Omitting the displacement height, given wind speédervations at two heights, equation (1) can Iheedofor the two
unknowns U* and Z0. By using the same relationsbighe whole vertical profile and treating U* asanstant parameter, a
vertical profile for ZO may be obtained by equat{d viz.:

Z..
ZO (Z) - rif

U(Zy ) Ik

U *
Obviously, such a profile has a physical meaninly @U* does not vary too much with height. Thissamption is not
always verified. Zilitinkevich, S.S. and N. Esa0(8) proposed a method for calculating the vanaté U* along the
vertical direction based on the boundary layer leighat analysis, applied for the present casewstthat U* normally

decreases with height less than 30% in the lowesthiundred meters, so that equation (2) can beidenes valid, with a
sufficient kind of accuracy, within the boundaryéa thickness analyzed in this work.

@

Table 1 lists both the average and the root meaarsg(rms) of Z0 as a function of the height irddrfrom equation (2)
assuming, for each height level, the value of Uamged at Z=10 m. The results show that the rowgghlemgth decreases
much with height, showing a minimum Z0=0.673 m a0 m agl. The vertical profile of ZO can be reggreted by a
simple power law (Figure 1):

Z5(2)=az, "% @3)

wherea2,=13.37 andyz=-0.54. The average values are well reproducégq842). The behavior of,Zseems to have a
physical meaning in that it decreases with heightling towards a constant value, which is quitdlaimto that obtained by
inferring canonical roughness length based on ¢neinh type of the city of Rome. In addition, thecidmsing of & is
coherent with the presence of internal boundargrayvithin internal boundary layers, typical offfi@ver patchwork land-
use patterns and urban boundary layer too.

Table 1. Mean and rms of £alculated with equation (2)

Z (m) 10 40 60 80 100 120 14( 160 180 200
<Zy> 2.841 | 3.061| 1624 128 1092 1.002 0.917 0.F897610] 0.673
RMS(Z,) 1.087 | 2.706] 1644 158y 1.215 1510 1509 1.4974281] 1.051
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Figure 1. Vertical profile of <& based on equation (2) (squares). The empirivatéported in equation (3) is also shown (line)

THEORETICAL EVALUATION OF THE WIND SPEED VERTICAL PROFILE
First of all, one can see that, rearranging eqodtld with ¢=0, it is possible to obtain a dimensionless foifthe average

velocity AV(Z), viz.:
k Z
AV(Z)=U(Z)—=In| = |=In(2)-In(z,) @)
u* Z,
Therefore, the coefficient of the first logarithntém in the last hand side of (4) is equal to Qilevthe bias is strictly linked
to a % constant with height. In contrast, it is possitieshow that a coefficient different by 1 is corteecto a roughness
length varying with height and linked to relatiois(B).

In order to find a new formulation able to incorater the above concept, the vertical wind profilesilable from the field
campaign in the case of neutral conditions haven lmeeefully analyzed. The corresponding number extigal profiles
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relevant to that condition is equal to 1378. It basn considered a subset of 336 vertical proffias match the following
three conditions:i) the wind direction is constant with height withire range of variation of 22.5 degreeés, ¢ontinuity of
the measured data along the vertical profile infteight range 200 m andi{i) the functional relationship between wind
speed and height is of logarithmic form. Carefupition of the data set suggests that the windlgsahay be described by
the following functional relationship:

AV(Z)=alOn(z)+p ®)
wherea#l andp#0 are constant parameters to be determined. Equ)ds a generalization of equation (4), andlatien
betweem andazg as well as betwedh andy;, exists. If Z is independent of the height, by comparing equoati®), (4) and
(5) it follows thatazq coincides with the classical concept of roughreegth andy,,=0. In addition, it can be found that
Zy =exp(-B/ a). For the sake of brevity, details on the previseistences are not given here.

Table 2 shows the mean and the rmsioB, the correlation coefficient Rassociated to the individual velocity profiles and
Z,. The corresponding vertical profile of the averaljymensionless velocity is shown in Figure 2. Tagé value of the
average correlation (0.74+0.19) indicates thatldigarithmic profile is a reasonable approximatidritee observed profile.
The parameten is significant and its distribution is nearly symmcal (not shown).

Table 2. Mean and rms of the parameters relateduation (5)

a B R Zy (m)
Mean 1.65 -2.72 0.74 5.30
rms 0.71 2.09 0.19 2.96
6 .
5 [
4
@ L
S 3r - ——  AV=1.65 In(2)-2.72
< 0 R2=0.983 1
2 - -
1 - -
0 . , . , . , . , .
0 40 80 120 160 200
Z (m)

Figure 2. Vertical profile of the average wind spee

By rearranging the previous equations it is possiblshow that:
yZO =-065
a, =1563
0
Substituting the previous values in equation (8)ds:

Z, =1563[Z % ®)

Relation (6) has to be considered as representafitbe city of Rome, valid in neutral conditions fire height range
between 10 and 200 m. Therefore, the vertical lerofi the wind speed in neutral conditions is:

Z
AV(Z)=1650n —— 7
(2) (530j )
In dimensional terms:
U(2)= 1.65mJ*|n( Z j @
k 530

COMPARISON WITH THE CLASSICAL FORMULATION

The performance of the novel theoretical formulat{equation 7) is compared with that derived by dlassical similarity
theory (equation 1). In the latter, neglecting displacement height, three different cases, eacmefassociated with a value
of the roughness length, were considered, vig=0283, 1.0 and 3.0 m. Based on the average chasticenf the city of
Rome, the first two are realistic values gf h contrast, £=3.00 m is not reasonable, but it is considerethénanalysis in
order to recognize the asymptotic behavior of tlessical similarity theory. The comparison will f@con the average
dimensionless wind speed AVM(Z) as a function & lieight:
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> A (2)
AVM(z):iN—P ©)

where N=336. Hereinafter, the three cases of the classiodlarity theory are indicated as AVM followed bye value of
Z,, while the new formulation is indicated as AVM_KiHgure 3).

Table 3. Comparison of the averaged dimensionlelegity as a function of the height obtained wiik two theoretical laws

Z (m) 10 40 60 80 100 120 14 16( 180 200
Measurements 1.44 3.15 4.35 5.08 5.p8 6.p7 841 5 ¢§87.10 | 7.23
AVM (Z,=0.33 m) 3.78 5.32 5.71% 6.09 6.3¢ 6.94 6.1 6.86 996 7.10
AVM (Z=1.0 m) 2.55 4.09 4.54 4.86 5.11 5.31 5.48 563 65]75.87
AVM (Z=3.0 m) 1.38 2.92 3.37 3.64 3.9B8 4.14 4.81 445 944,70
AVM_NF 1.16 3.69 4.43 4.96) 5.37 5.7( 5.98 6.42 6.446.63
8 ; , ; , ; , ; , ;
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Figure 3. Vertical profiles of the averaged dimentgss velocity profiles calculated with the twedhetical laws

From the analysis of the dimensionless velocitguated for different range of heights ¢2D0 m and 16100 m) it follows

that in the range E200 m the classical formulation withy20.33 m shows velocity values significantly higliiean those
obtained for the other cases (Table 3). The corsparof the average differences obtained with tte ttveoretical laws is
reported in Table 4. The model with minor differesavithin the entire vertical range is that basethe new formulation.

It is interesting to note that the classical sinifiyatheory performs reasonably well at the higlesels for z=0.33 m, while
the lower altitude are modeled better gZ 0 m. This large value of the roughness lengthbminterpreted as the sum of
the canonical roughness length plus the displaceheght @, not considered in the analysis. However, by aeréig other
values of 2 the results do not improve significantly. Thistfatay be interpreted as a further evidence of dilare of the
classical similarity theory based on a constantevaf the roughness length. It is also interestiveg the errors associated
with the new formulation are nearly constant wigight, in contrast to the classical law where ttrers vary significantly
along the vertical independently of the values of Z

Table 4. Comparison of the average differencesimédawith the two theoretical laws. In red are ligfited the minimum differences for
the two height ranges

Z (m) 10] 40| 60| so] 10§ 124 140 160 1Bo 2po 10-2d0 m9-100 m
AVM (2,=0.33 m) | 5.48 4.60| 2.01| 1.02| 0.57] 0.22 [ 0.09[ 0.00] 0.01 0.02] 1.19 1.66
AVM (Zo=1.0 m) | 1.24 0.88[0.04] 0.05{ 0.23[ 0.58 | 0.87 1.50| 1.79| 1.85| o0.95 0.70
AVM (Zo=3.0 m) | 0.01] 0.06|0.97| 1.94]| 2.72| 3.74 | 4.44/5.75| 6.31| 6.41| 1.80 1.07

AVM_NF 008|029/ 0.01]0.01[0.04] 0.14 | 0.19[ 0.39[ 0.43 0.36_

A second parameter for evaluating the accurachefodels is the coefficient of determinatiohtRtween observed and
theoretical profiles. The values reported in Tabkeonfirm that the performance of the classical famall the three cases is
lower than that obtained by the new formulation.
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Table. 5. Coefficient of determination betweenttheoretical and the experimental wind velocitytfee whole vertical profile.

R? 10-200 m
AVM (Z,=0.33 m) -0.069
AVM (Z ,=1.0 m) 0.612
AVM (Z :=3.08 m) 0.883
Avv_NF IO

SUMMARY AND CONCLUSIONS

The aim of this study was to investigate the ayiility of the classical similarity theory in thase of urban environment.
This implied the use of a meteorological data seuaed during the years 2005-2006 in a site latatéhin the city of
Rome, Italy. Vertical profiles of wind velocity anemperature acquired by a SODAR/RASS system up @an2@gl as well
as measurements taken by a routine meteorologicaitoning were considered for the analysis. Thegtigation concerned
statically neutral conditions. As expected, thaultssshow a clear failure of the classical similatheory. The use of the
displacement height did not improve significantig theory performance. An alternative formulaticaswherefore proposed
which is based on the assumption of roughnessHeragying with height. The analysis shows a notainjgrovement of the
results. In particular, the degree of agreemertigdmn observations and model is reasonably gootthéowhole thickness of
the investigated boundary layer.
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