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Abstract 

     This paper provides a comprehensive analysis of slow-response observations 
taken over the centre of Baghdad city (Bab Al-Mhadham area). Measurements were 
taken at two levels: 15 and 20 m and then wind speed profiles were derived 
according to atmospheric stability indicated by Richardson number in the lower part 
of planetary boundary layer. These profiles were constructed by logarithmic and 
power-exponent laws after checking estimated winds at the same heights by these 
laws with those observed. The estimated values of wind at these levels were in good 
agreement with observed values. Mean wind profiles calculated from both laws have 
logarithmic behavior especially in neutral conditions. They have the same shape and 
values at lower heights up to 50 m and then gradually deviate from each other over 
this height. Lastly, drag coefficient at each level was calculated and then its results 
found to be constant over neutral regime and increased with increasing instability. 

 
 لرياح المتعادلة والغير مستقرة فوق مدينة بغدادا مقاطعتحديد 

 
  وريـف الجبـيم خلـم حكـمنع

 . العراق-و، كلية العلوم، الجامعة المستنصرية، بغدادـم الجم علوـقس

 
  الخلاصة

جهزة الانوائية ذات الاستجابة البطيئة المأخوذة فوق مركز يقدم تحليل شامل لرصدات الأهذا البحث      

 العمودية شكالالأ رسمتم ومن ثم ٢٠م و١٥: القياسات اخذت عند مستويين هما). باب المعظم(مدينة بغداد 

ريجاردسن في الجزء الاسفل  عدداليها بواسطة فقية استناداً الى الاستقرارية الجوية المشار لسرع الرياح الأ

باستعمال قانوني اللوغاريتم والقوة الاسي بعد التاكد من بت ركُ شكالهذه الأ. من الطبقة المحاددة الكوكبية

القيم . رتفاعاتعند نفس الاالقيم المرصودة  بواسطة هذين القانونين مع تلك ةقيم الرياح المخمنَّصحة 

العمودية لمعدل الرياح  شكالالأ. ة للرياح عند هذه الارتفاعات كانت متفقة جيداً مع القيم المرصودةالمخمنَّ

هذه الرسوم لها نفس . عادلةروف المتالظ عندسوبة من هذين القانونين لهما اسلوب لوغاريتمي خاصة حالم

. خر فوق هذا الارتفاعم ومن ثم تنحرف تدريجياً عن الآ٥٠لارتفاعات الاوطأ لغاية د االشكل والقيم عن

ثابتة فوق جزء انها  النتائج التي تم الحصول عليها تبينأخيراً تم حساب معامل السحب عند كل ارتفاع و

  .التعادل وتتزايد عند زيادة عدم الاستقرارية
 
1. Introduction 
     Knowledge of the mean wind speed in the 
surface layer, the lowest 10% of the planetary 
boundary layer (PBL), is of special importance 
for air pollution, wind energy and other 

applications. Unfortunately, there are no 
experimental studies for describing the 
characteristics of atmospheric boundary layer in 
the centre of Baghdad city, except the 
meteorological data recorded most of the time in 
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weather station locating outside of the center. Of 
course, mean wind speed values in urban sites 
largely reduce from those of in rural sites. In 
such cases there is a need for the diagnosis of 
the mean wind speed with height. This needs to 
be computed by extrapolating data upward at the 
measurement site. 
Under neutral and non-neutral conditions, the 
variation of wind speed with height is well 
described by the logarithmic or the power laws 
(for more details, see references [1] and [2]). 
Many authors and workers described wind 
profiles over different terrains, for example, Carl 
et al. [3] showed the wind and temperature 
profiles from towers over homogeneous terrain 
using logarithmic relationship. Holtslag [4] 
analyzed the wind profile observed at the 213 m 
tower at Cabauw, the Netherlands. Using 
numerous large-eddy simulations, Brown et al. 
[5] investigated the behavior of wind profile in 
unstable boundary layer and found that for 
steady cases the effect of entrainment has little 
impact on the wind profile at lower levels, 
expect for cases with very strong baroclinicity. 
Beyond the surface layer, an extension to 
Monin-Obukhov (M-O) theory to predict the 
behaviour of the wind profile have been 
formulated for the entire boundary layer over 
land and sea surfaces (for more details, see 
references [6] and [7] respectively). A compare-
ison among reconstructed vertical profiles of 
wind derived by analytical, iterative and simple 
power law methods has been presented by 
Musson-Genon [8]. Lastly, Al-Jiboori [9] 
studied wind structures over the urban centers 
using a simple power-law expression.  
In the above references, logarithmic and power 
relations have been found to satisfy observations 
in the lower atmosphere up to at least 200 m. 
These profiles were found to be functions of 
both roughness length and stability factor. Thus, 
in this research work, I attempt to predict and 
diagnosis the wind profiles over Baghdad city 
using logarithmic and power laws based on the 
data measured at some heights above the ground 
located among the roughness elements, 
meadows and trees. Also drag coefficient related 
to rough surfaces is also calculated at these 
heights and then is studied its variation with 
atmospheric stability. 
2. The frame of analysis 
    The distribution of wind speed with height 
can be obtained in the lower atmosphere using 
two common laws: classical logarithm and 

empirical exponent power. In general, wind 
velocity at any height as will be shown in 
section 3 depends upon the roughness 
parameters, e.g. surface roughness (Z0) and 
zero-plane displacement lengths (Zd), friction 
velocity (U*) and the atmospheric stability. 
Unfortunately, as will be illustrated in next 
section, there is a few data under stable 
conditions, thus, the expressions concerning 
with near neutral and unstable conditions will 
present in this paper. 

2.1 Logarithmic wind law 
    The wind speed, U, at any height, Z, above 
the ground in the surface boundary layer can be 
derived by [1, 2]: 
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where U* is the friction velocity, κ the von 
Kármán (taken as 0.4 in this paper [1, 2]) and 
�m(Z/L) is an empirical function that describes 
the stability correction given below for the 
stability with L is the Monin-Obukhov length 
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where ξ = Z/L and Φm is the dimensionless 
function of wind gradient which is a function 
only of Z/L given as 
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In this paper, the stability parameter will be 
indicated by Richardson number, Ri, given as 
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According to M-O similarity theory for the 
surface layer, Ri should be a function of Z/L and 
in unstable air becomes 

LZRi =                                                 (5) 
which is verified using the Kansas data [10]. For 
practical purpose, empirical form has been 
widely used to describe the relation between Φm 
and Z/L in unstable air  
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where γ is a constant based on the observational 
data, which ranges from the value of 15 [10] to 
16 [3] for most experimental studies, so the 
mean value of 15.5 is taken in this paper. 
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In neutral condition (when Z/L→0), when heat 
convection is negligible and the lapse rate is 
near adiabatic. This condition will generally be 
satisfied with very strong winds. We must have 
Φm (0) = 1 and �m(Z/L) = 0, Eq. (1) reduce to   
( )

o

d

Z
ZZ

k
UZU −

= ln*                                   (7) 

But in unstable air when convection is dominant 
comparing to mechanical turbulence, the 
expression for �m becomes    
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where ( ) 1411 −Φ=−= mLzx γ   . 
In some recent studies concerning with the 
formulation of wind profile for the surface 
layer [8], entire [6] and marine [7] PBL for a 
homogeneous flows (e.g., over flat or open sea 
surfaces) and stationary conditions, U* has 
been considered constant with surface-layer 
height. But in non-homogeneous flows (e.g., 
over urban or wood areas), the situation is 
different whereas Louka et al. [11] found that 
U* increases with the height from very small 
values at the lower part of roughness sublayer 
towards a virtually constant value. Thus, the 
variation of U* with height must be taken into 
account. 

2.2 Power-exponent law 
     Engineers have generally preferred to 
estimate wind speed at higher heights (Z2) by 
the use of the common power law [1] 
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where U1 is the mean speed at a reference 
height, Z1 - Zd. Although Eq. (9) does not have a 
sound theoretical basis, it provides a reasonable 
fit to the observed wind profile over a small 
height range in the lower part of PBL. Since 
wind ratios are affected by heat convection, thus 
the exponent p depends on both surface 
roughness and atmospheric stability. To 
demonstrate this effect and dependence, 
rearrange Eq. (9) with assuming that U2/U1=U 
and Z2-Zd/Z1-Zd=Z 
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differentiate it with respect to height Z, 
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Combining (3) and (1) with the above equation, 
we obtain 
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It is obvious from (10) that p increases with the 
increase roughness and decreases with the 
instability. 

3. The Site and data 
     To calculate wind speed at higher heights 
through the lower part of PBL, the data such as 
wind speed, its direction and temperature made 
over the called Bab Al-Mhadham located at the 
centre of Baghdad city (32o 14" N, 44o 14" E 
and 31.7 m above mean sea level) are used. 
These data were measured by two sets of 
classical slow-response instruments such as 
three-cup anemometer, wind vane and 
thermometer. These instruments were mounted 
on two masts with heights 15 and 20 m which 
were set up on one of the roofs belonging to the 
engineering college buildings. In briefly, the 
field around the measurement area consists of 
mostly government offices with different heights 
including very big public hospital, scientific 
institutes, ministries, public schools and so on. 
Many low houses with 4 m height are located to 
the east of measurement mast. Lastly many old 
and tall trees are scattered in whole area around 
the mast. A full description of Bab Al-Mhadham 
facilities can be found in [12]. They have been 
calculated the Z0 and Zd using the logarithmic 
wind profile equation from the data under 
neutral conditions according to wind direction. 
The values of Z0 and Zd (m) range from 0.7 to 
1.7 with average 1.2 and from 4 to 17.9 with 
mean value of 7.5, respectively.  
The data used at each level were observed at the 
same time at afternoon from 4:00 to 7:00 local 
standard time for the period from 4 to 20 April 
2006. These data were recorded every minute 
for interval of 20 min, and then twenty-minute 
averages were computed. The atmospheric 
stability in terms of Richardson number was 
determined using Eq. (4). More than 50 runs 
were obtained with 28 runs in neutral and near 
neutral conditions (-0.01 < Ri < 0.01) and 
remaining runs were mostly in unstable 
conditions and a few runs in stable conditions. 

4. Results and discussion 
4.1 Friction velocity 
     In urban environments with high roughness, 
i.e. mostly non-homogeneity surfaces, the 
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momentum flux based on friction velocity (=ρ 
U*

2) is not constant in the surface layer. In other 
speech, U* can reflect the rough status of a 
surface. This result has been found in many 
studies conducted to study turbulent 
characteristics of urban atmosphere (e.g., [13] 
and [11]). In order to recalculate wind speed at 
the two levels by use of logarithmic equation, it 
is required to determine first U*. According to 
the values of Ri calculated by (4), the stability 
function �m(Ri) was calculated from (8) using 
γ=15.5 for unstable air, and then used to obtain 
U* by rearrangement Eq. (1) for all speed wind 
measurements. The U* results are plotted against 
atmospheric stability in Figure 1. 
 

4 1 0.1 0.01
0

1

2

3

4

5

6

7

8

  Z = 15 m
  Z = 20 m 

Fr
ic

tio
n 

ve
lo

ci
ty

, U
*, (

m
.s-1

)

- Ri
 

Figure 1: Friction velocity derived at two heights 
15 and 20 m versus atmospheric stability. 

   In near neutral conditions, U* values are 
approximately constant around 0.8 m.s-1 with 
significant scatter which is expected because 
surface roughness features around the 
experimental site are largely changed. It can also 
be illustrated that U* values at level 15 m are 
smaller than those at 20-m level. Although the 
small difference between the two measurement 
level (which is 5 m), the reason of the 
differences in U* at two levels is to a skimming 
flow effect a well as roughness element effect 
on the wind flow as shown in [11] and [13]. The 
linear increase in the values of U* over unstable 
conditions, -Ri < 0.7, is obvious as shown in 
Figure 1. The large U* values in this figure are 
not surprising because they have a relatively 
response to the changing in the height and 
generally increase with rough surfaces ([14] and 
[15]). However, through the data points the 
fitting curve is drawn by the solid line which 
follows the expression 

( )14.18.0* iREXPU −=                         (11) 

4.2 Drag coefficient 

     The reflection of rough surfaces can be 
deduced by drag coefficient, CD, which is 
required for many practical purposes, e.g. to 
relate momentum flux to the mean wind profile 
and the parameterization of the surface shearing 
stress in numerical models. Integration of (3) 
with respect to height results the following 
expression for CD at any height and 
stratification: 
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Thus, CD is a function of height, roughness 
length and stability. For neutral stability, 
Z/L→0, CD becomes function of Z0 and Z, i.e. 
CD is proportional to Z and Z0, as  
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Note that for a given height and wind speed, CD 
increases with increasing surface roughness. 
Also at any reasonable wind speed for a 
particular surface, CD will be deemed to be the 
constant value corresponding to that surface. 
However, from the values of U* and U, CD 
values were calculated from (12) at each level 
for all stabilities and presented in Fig. 2, in 
which the dependence of CD on both the 
measurement height and stability is fairly clear. 
The greater CD-values at 20 m level are more 
fair comparing to those at another level over all 
stabilities. Over near neutral regime, the CDN 
results have constant behavior with values of 
0.048 and 0.029 for two heights 15 and 20 m, 
respectively. These observational results are in 
consistent well with theoretical prediction of 
(13) when using the values of 0Z  and dZ  
mentioned in section 3. Under unstable 
conditions, CD values for both heights 
logarithmically increase with increasing in 
instabilities. 
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Figure 2: Same as Fig. 1, but for drag coefficient. 
Solid and dashed lines represent its averages at 15 

and 20 m over neutral regime, respectively. 

The dependence of CDN on the wind speed can 
also be observed in neutral air when plotting 
CDN results for each level against their 
corresponding values of wind speed as 
illustrated in Figure 3. It is interesting to see that 
the CDN data points for 0.7<U15<4.7 (m.s-1) at 
height 15 m not also separate clearly from those 
for 2.5<U20<7.5 (m.s-1) at 20 m, but also are 
larger than those at 20 m. However CDN results 
exponentially decrease with increasing wind 
speed. The solid line is fitted well the CDN data 
against wind, which is expressed as 

CDN = 0.018 + 0.064 EXP (-U/4.86)       (14) 
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Figure 3: Neutral drag coefficient at the two 

heights 15 and 20 m as function of wind speed. 

4.3 Wind profiles  
    In this section, wind speed profiles will be 
simulated by use of two laws (1) and (9) as a 
function of atmospheric stability parameter such 
as near neutral and unstable stratification. The 
construction and the outline of wind profile 
simulated by each law are presented in the next 
two subsections and then their comparison with 
each other will be discussed too. 

4.3.1 Logarithmic wind profile 

     According to the discussions in subsection 
4.1, it is more interesting to simulate the vertical 
profile of wind with making a simple 
modification for Eq. (1). This can be done by 
substitute empirical relation for U* (Eq. 11) in 
Eq. (1): 
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Before extrapolating the wind at any height 
above the ground, Eq. (1) has been examined 
using the wind observations for the two heights 
15 and 20 m. Using 0Z , dZ  as well as U* and ψm 
given by (8) for certain Ri, wind speeds at these 
heights have recalculated by (1). After this, 
values of estimated 15 and 20 m wind speed 
(U15 est)L and (U20 est)L are compared to the 
experimental observations taken in this paper for 
each height (U15 obs) and (U20 obs) by plotting 
them in Figures. 4a and 4b, respectively. 
Furthermore, in order to know the extent of 
variation between the observed and measured 
wind speed, the correlation coefficients (R) and 
standard deviation (SD) were calculated. 
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Figure 4: Comparison of observed U values with 
estimated U values by Eq. (15) at (a) 15 m and (b) 

at 20 m. 

In Figure 4a, at level 15 m there is a very good 
agreement between (U15 est)L and U15 obs values 
with low scatter. Thus, the linear expression 
between them is given as [(U15 est)L = 0.99 U15 
obs] and is drawn in the figure by solid line. 
This agreement is also evident from the values 
of R (= 0.93) and SD (= 0.57). Meanwhile the 
relatively good agreement at the 20 m level is 
shown in Fig. 4b with large scatter. The best 
fitting between the data points of (U20 est)L and 
U20 obs can be given by the linear relation [(U20 
est)L = 0.9 U20 obs] represented by solid line. 
Their values have lower R and larger SD which 
are 0.72 and 1.2, respectively. Although the 
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small difference between the two measurement 
heights (which is 5 m), measured wind speed 
values at 20 m height are relatively larger than 
those at 15 m. Alternatively, the differences 
between the values of (U20 est)L and U20 obs are 
expected because the (U20 est)L values are 
slightly increased especially in neutral air. This 
increase, certainly, will lead to large scatter 
between them. 
The more interesting in this paper is to show 
how the slightly wind speed gradient vary with 
height according to stability parameter. This can 
be performed when plotting the observed wind 
speed in x-axis opposite ln(Z-Zd/Z0)-�m(Ri) in 
ordinate axis as seen in (Fig. 5), in which two 
and three classes of near neutral and instability 
cases are displayed, respectively. For each data 
point on the graph, the horizontal lines represent 
the standard deviations of wind data. It can be 
seen that the vertical gradient of wind (slope of 
vertical lines represented by U*/κ) is largest in 
neutral air and progressively decrease to be 
small upwards in unstable air. This variation in 
the slopes for the vertical lines can be 
provided a signal to the dependence of U* on 
the height and stability. 
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Figure 5: Variation of ln(Z-Zd/Z0) - � (Ri) as 

function of wind speed under different intensities 
of instability. 

The simulated profiles of wind are derived for 
each 20 m up to less than 100 m. The latter 
height is chosen because the logarithmic relation 
during adiabatic (neutral) conditions has been 
found to satisfy observations in the lower 
atmosphere up to 100 m as reported in [6, 16]. 
The wind profile expected through the depth of 
100 m is presented in Figs. 6a and 6b according 
to stability such as for near neutral conditions 
(Ri=-0.03) and for unstable conditions (Ri=-3), 
respectively. In neutral air the wind is largely 

increased with height while it becomes slightly 
increased in unstable air. 
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Figure 6: Simulated vertical profiles of wind speed 
calculated by (15) and (9) for (a) near neutral and 

(b) unstable conditions. 

4.3.2 Power-exponent law 
      Employing the observational data for winds 
at the two levels, the exponent p is calculated for 
all runs in this work, and then, their values are 
taken as averages in accord with stability. Mean 
p-values are 0.97±0.4 for neutral air and 
0.09±0.4 for unstable air in this work. It should 
be noted that the p-value decreases when 
increasing instability whereas convection has 
important role in reducing power exponent [2]. 
The large value of p=0.97 is not surprising 
because it is found to be dependent not only on 
stability but also on the surface roughness 
parameters, Z0 and Zd. The approximate value 
(≈0.95) can also be obtained from the expression 
below when Zd is not small (for more details, 
see reference [1]).   
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With the above values of p for both neutral and 
unstable conditions, the wind profile was also 
calculated for the same 100 m height used in the 
previous subsection. Through this height range 
the exponent was to be constant with height as 
pointed out by [1]. 
The power-exponent law can provide good 
results about the shape of wind profile over a 
certain area whereas it is used to give a 
reasonable fit to the observed wind profiles in 
the lower part of ABL as shown in [2, 8]. Before 
calculating wind profile by power law, which 
was tested by estimating wind speed at height 20 
m, (U20 est)p, using the values of p derived and 
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wind observations at height 15 m in this paper. 
The results of (U20 est)p against those observed 
U20 obs are presented in (Fig. 7), in which (U20 
est)p results are in good agreement with those 
observed at 20 m with less scattering (where 
R=0.88 and SD=0.99) comparing to the results 
obtained in Fig. 4b. The solid line drawn 
through the data points gives the reasonable fit, 
which follows the relation [(U20 est)p=0.97 U20 
obs]. Therefore, power law can provide good 
results for wind speeds, and hence can be 
employed to derive the vertical profile of wind. 
With derived p values in this study under near 
neutral and unstable conditions the wind speed 
at every 20 m were calculated up to 100 m. They 
were, then, plotted versus the height a shown in 
Figures 6a and 6b, respectively. The shape of 
the profile for the neutral air (Figure 6a) has 
high gradient with height comparing to that for 
unstable air (Figure 6b). 
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Figure 7: Comparisons of observed U values with 

those estimated by Eq. (9) at 20 m height. 

4.3.3 Comparison between two laws 
    As discussed in previous subsections, both 
logarithmic and power laws are dependent upon 
the surface roughness and atmospheric stability, 
but in different mathematical forms as shown in 
(1) and (9). Logarithmic equation (1) do not 
need to wind data at a reference height for 
calculating wind at the next height but the need 
to Z0, U* and �m (Ri) for nonadiabatic 
conditions. This equation could be active at 
heights adjacent to the edge of the roofs of 
roughness elements, thus it is incorrect in 
practical applications especially for the heights 
far away from the surface layer as shown in Fig. 
6 because wind flow do not affected by friction 
force and hence geostrophic wind will be 
balanced by the pressure gradient and gravity 
forces. 

Power exponent in (9) implies surface roughness 
and stability effects and thus predicated wind by 
it at any height has to require at a reference 
height. Therefore, this law could often be 
offered correct data for a certain height range 
especially at adjacent heights to the reference. 
Trough 325 m meteorological tower set up in 
Beijing city, Al-Jiboori [9] found that the 
empirical value of exponent (p = 5.2) was 
approximately constant for near neutral 
conditions.  
(Figures 6a and 6b) show the predicted vertical 
profiles of mean wind in neutral and unstable 
air using logarithmic ( ) and power 
exponent ( ) relationships. In near neutral air 
(Ri= -0.03) the wind values derived by two laws 
(1) and (9) are very close to each other for two 
heights of 30 and 50 m and hence the 
differences between their results gradually start 
from 70 m up to 100 m. The same result is also 
found in unstable air, but a significant difference 
grows. After 100 m height, the vertical profile of 
wind over any site and for any stability will be, 
of course, far away and overestimated from the 
logical results. It should be noted that for neutral 
conditions the variation of wind with height is 
more logarithmically increased than in unstable 
conditions, in which profile derived by 
logarithmic law is assumed to be in the form of 
steep gradient (just like derived by power law) 
but it fairly increases with height in logarithmic 
form. 

5. Conclusions 
     This paper has attempted to estimate the 
vertical profiles of wind speed in near neutral 
and unstable stratification over Baghdad city. 
These wind profiles were derived from 
logarithmic and power-exponent laws up to 100 
m. Before deriving wind speed vertically, the 
valid of estimated values by those laws at 20 m 
height was compared to these observed in this 
paper and the result was in good agreement. The 
used data of wind and temperature in this paper 
were measured at two levels 15 and 20 m by 
three-cup anemometer and thermometer, 
respectively. The atmospheric stability 
parameter is indicated by calculating the 
Richardson number. The main results can 
summarize as: 

1. The constancy in U* values which are 
around 0.8 m.s-1 is obvious over near 
neutral conditions and then they 
exponentially increase when –Ri < 0.7. 
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2. Within urban canopy U* values are small 
at lower levels and then gradually 
increase upwards up to be constant above 
the roughness elements. 

3. The dependence of CD on height and 
stability is clear, whereas in neutral air 
CD=0.048 at 15 m and =0.029 at 20 m, 
while in unstable air their values are 
increased when –Ri < 0.2. 

4. In near neutral air, the results for CDN were 
found to decrease with strong wind speed.  

5. Wind speed values calculated from 
logarithmic law at 20 m are slightly larger 
than these observed at the same height. 

6. While calculated values at 20 m by 
exponent law are in good agreement with 
those observed. 

7. Based on wind speed at the two heights the 
exponent p was calculated by use of 
rearrangement power law. The results of p 
were 0.97 and 0.09 in near neutral and 
unstable air, respectively.  

8. Wind speed profile derived by power law 
gives a reasonable result rather than the 
logarithmic law under unstable conditions, 
while the result is inversed for neutral 
conditions.    
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