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Abstract: The estimation of the aerodynamic characteristics of a rough surface (zero dis-
placement plane d0 and aerodynamic roughness length z0) is important in the simulation
of atmospheric boundary layer wind in a wind tunnel, since they are parameters involved
in various problems of meteorological and wind engineering activities. In this study, mor-
phometric methods were used to present parameterizations of d0 and z0 as functions of
roughness and areal density based on wind tunnel measurements of airflow over a rough
surface. Vertical profiles of mean wind speed, turbulence intensity, boundary layer depth,
and spectral density functions are presented.

Keywords: atmospheric boundary layer; wind tunnel; velocity profiles; roughness length;
zero-plane displacement

1. Introduction
To solve engineering problems such as predicting wind loads on civil structures, the

possible interaction between the wind and the structures, the effect of wind on pedestrians,
dispersion of air pollutants, etc., it is necessary to simulate the atmospheric boundary
layer (ABL) either in a boundary layer wind tunnel or by means of a computational fluid
dynamics (CFD) numerical model. However, accurately describing the details of wind
speed is somewhat challenging, as wind in the ABL is a turbulent phenomenon. The air
velocity is constant over neither time nor space, and its mathematical representation is
complex, making a deterministic description difficult.

Synoptic-scale winds exhibit a harmonic content characterized by two peaks: one at the
macrometeorological scale and the other at the micrometeorological scale. These peaks are
separated by a spectral gap corresponding to time intervals ranging from 10 min to 1 h [1]. In
the field of wind engineering, wind speed has traditionally been considered as the sum of
a constant mean component, associated with the macrometeorological peak, and a time-
varying turbulent fluctuation, corresponding to the micrometeorological peak. The latter is
modeled as a stationary Gaussian random process [2,3]. This approach assumes that strong
winds follow a stationary stochastic process and that the turbulent characteristics of the
wind, such as turbulence intensity, integral turbulence scale, and power spectral density
(PSD), remain constant and time-independent.

Recent studies have revealed that strong winds, particularly those associated with non-
synoptic phenomena such as thunderstorm winds (especially downburst) and tornadoes,
exhibit significant characteristics that vary over time [4]. These include not only changes
in mean wind speed but also variations in turbulence intensity and integral turbulence
scale. Such non-synoptic phenomena are inherently three-dimensional (3D) and transient
by nature, often deviating from a Gaussian probability density function (PDF) in terms of
wind speed climatology within the time period of the spectral gap window. Consequently,
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the decomposition of the wind field and its responses cannot be simplified into a mere
division of a mean component, a background random part, and a coherent (resonant)
part [5]. Therefore, different criteria must be developed to assess the effects of non-synoptic
winds on civil structures compared to those already defined for synoptic winds. In recent
years, various studies have been conducted to provide a more realistic description of such
winds. In recent years, numerous studies have been conducted to provide a more accurate
description of these winds, including the works by [4–12], among others.

Despite the above, the current approach in most building codes regarding the assess-
ment of wind actions on buildings and other structures focuses on longitudinal winds in the
atmospheric boundary layer (ABL). This study concentrates on this type of synoptic winds.

When using the former approach, since the late 1960s, several authors, namely [13–22]
and others, have proposed various passive simulator devices (roughness elements, barrier
elements, and mixing devices or spires) in the attempt to generate suitable wind and
turbulence profiles; however, the similarity criteria applicable to boundary layer flow
characteristics remain a topic of ongoing discussion and research.

On the other hand, the proper estimation of the aerodynamic characteristics of the
rough surface (zero displacement plane d0 and aerodynamic roughness length z0) is re-
quired for the study of the vertical wind speed and turbulence profiles to be simulated
in a wind tunnel. In Mexico, a new boundary layer tunnel with a test section 3 m wide
by 2 m high has been built at the Fiidem-UNAM laboratory. This tunnel will serve the
improved and more reliable development of the country’s infrastructure against wind
phenomena. Therefore, it is of paramount importance to have design methodologies for
simulator devices that generate the turbulent wind characteristics (e.g., boundary layer
height and turbulence levels) required for various wind engineering problems, such as
predicting wind loads on structures, assessing wind effects on pedestrians, and dispersing
air pollutants.

In the next section of this paper, the flow over a rough surface and the relation
between these parameters is presented, followed by a description of the influence of
different roughness elements along the same fetch on the shape and height of the ABL.
Theoretical and experimental methods to describe the ABL are reviewed in Section 3, and
a morphometric method is selected to apply in an experimental study carried out in a
new wind tunnel using different densities of roughness elements; profiles of mean wind
speeds are fitted and compared to those described in Section 3 (see Section 4). In addition,
plots of the longitudinal turbulence intensity for the different roughness density cases
are presented. To verify our findings, Section 4.4 presents, for different heights and scale
lengths, three different spectral density functions which are compared to the ones obtained
in our analyses.

The main goal of this paper is to present a parameterization, by means of morphometric
methods, of d0 and z0 in terms of the geometry and density of the roughness elements used
to facilitate the simulation of the ABL in a new wind tunnel.

We hope that the results of this research will contribute to the increase in experimental
data on simulations of atmospheric boundary layer (ABL) winds in wind tunnels and that,
through the presented parameterizations, they will facilitate experimental wind simulations
for other researchers.

Specifically, in Mexico, a boundary layer wind tunnel has recently been constructed,
making it important to establish design methods for passive devices that replicate the
boundary layer to address engineering challenges through scaled model testing. The
results presented in this paper aim to establish the foundation for continuing the study of
ABL simulations in wind tunnels and enabling a more reliable assessment of the country’s
infrastructure against wind-related phenomena.
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2. Flow over a Rough Surface
2.1. Turbulent Flow over a Rough Surface

In the atmospheric boundary layer (ABL), two main layers can be distinguished: the
surface layer (Prandtl layer) and the outer layer (Ekman layer). In the former, the wind
is affected by the presence of the rough surface of the Earth, while in the latter, the wind
is influenced by the pressure force (static pressure field) and the Coriolis force due to
the Earth’s rotation. In the surface layer there are three sub-layers; in the layer closest to
the ground (interfacial sub-layer), depending on the size and density of the roughness,
there is no predominant wind direction and the total net flow is zero; thus, the depth of
this layer d0 is called zero-plane displacement. The next sublayer is known as the rough
sublayer (RS), which is a transition layer between wind’s viscous and inertial sublayers; in
the lower part of the RS, the viscous effects predominate followed by a transition zone. As
shown in Figure 1, in this rough sublayer, there is an important characteristic height, where
the flow velocity is zero, known as the aerodynamic roughness length z0; it is related to the
average size of the eddies that generate the surface roughness and can be on the order of
10% of the average height of the roughness. The last sublayer is the inertial sublayer (IS),
where the inertial effects are more important than the viscous effects.

 

Figure 1. Atmospheric neutral boundary layer structure.

In a neutral boundary layer, the mechanism of turbulence generation is only mechan-
ical and is associated with shear wind and surface stresses. Then, the similarity theory,
which is a type of closure of the zero-order turbulence equations, can be used to estimate
values of the mean wind velocity (also temperature, humidity, scalar quantities, etc.) as a
function of height, which is:

u(z) =
u∗

κ
ln
(

z − d0

z0

)
(1)

where k is the Von Karman constant (~0.4), u* is the friction velocity and represents the effect
of wind shear stress on the ground. Parameters z0 and d0 are surface properties, determined
by the roughness geometry and are independent of wind velocity and wind stability.

The aerodynamic length z0 can be interpreted as the size of a characteristic eddy that
is generated as a result of air friction with the ground surface [23]; therefore, it is a function
of the size of the surface roughness. If the distribution of roughness elements is very dense,
the flow rises above the top of the rough elements and the roughness can be said to form a
new rough surface. Mathematically, this change in level is considered by introducing in
Equation (1) the displacement d0.
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In the RS, the flow is strongly influenced by the ground surface and is therefore
spatially inhomogeneous and inherently three-dimensional. The depth of the RS depends
on the shape, size, and distribution or density of the rough elements; therefore, different
depths of the RS are to be expected for different terrain types, although it is estimated to be
two to five times the height of the rough elements [24].

Finally, as observed in Figure 1, there is a height at which the wind is no longer
influenced by the Earth’s surface. This height is referred to as the upper boundary or the
boundary layer height, denoted by δ.

2.2. Flow over a Terrain Change

When the wind flows over a terrain with homogeneous roughness, the wind profile
is determined by Equation (1), assuming that the boundary layer height is constant. If
the ground surface experiences a roughness change, the wind profile tries to adjust to the
new terrain: the air moves from terrain with aerodynamic length z01 to another type of
terrain with aerodynamic length z02, which generates the formation of an internal layer δ2,
as shown in Figure 2. The wind above height δ2, after the roughness change, depends
only on the previous roughness z01. After the roughness change and below height δ1, the
wind speed depends only on the new roughness z02 [25]. The region between δ1 and δ2 is a
transition zone that depends on both roughnesses. The region between the ground and
height δ2 is called the inner boundary layer and the lower part of this layer (up to height δ1)
is called the equilibrium layer [23,26,27]. It is to be expected that as the wind travel distance
increases on the new ground surface, the height δ2 of the inner layer will increase until
it becomes constant. One particular challenge is defining the height of the inner layer;
Cheng and Castro (2002) [24] suggest taking this height as the one where the velocity
reaches 99% of the free stream velocity. Several authors have proposed formulations to
predict the height of the inner boundary layer, δ2 (hereinafter simply referred to as δ), in a
neutrally stratified flow. Savelyev and Taylor (2005) [28] reviewed several formulations
for the evaluation of the inner layer height with the fetch; the same authors [29], based on
the derivation of Panofsky and Dutton (1984) [30], proposed an equation for the interface
between the incoming flow and the disturbed region (the inner boundary layer) on the
grounds that the near-surface air experiences the impact of the roughness change and then
propagates upward; they assume that the vertical velocity of propagation is proportional to
the variance of the vertical turbulent velocity component, σw, at the interface z = δ(x), i.e.,

dδ

dt
= Aσw (2)

where A is a constant. For a steady-state flow, expanding dδ/dt = ∂δ/dt + (∂δ/dx)(dx/dt)
produces dδ/dt = (∂δ/dx)(dx/dt), and assuming that dx/dt is equal to the mean wind
velocity and that σw ∝ u*, Equation (2) is reformulated as

U(δ)
dδ

dt
= Aσw = Bu∗ (3)

where B is another constant, U(δ) is the mean wind velocity at the interface height and for
steady-state flows, and δ is a function only of the downwind distance x.
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Figure 2. Two-dimensional internal boundary layer developing within a constant flux surface layer
after a change in surface conditions [28].

Furthermore, considering that the velocity at height z = δ, is given by the upwind
logarithmic profile

U(δ) =
u∗

U
κ

ln
(

δ

z0U

)
=

u∗
D
κ

ln
(

δ

z0D

)
(4)

where the subscripts U and D imply upwind (before roughness change) and downwind
values, respectively. Substituting Equation (4) and B = 1.25 (A = 1 and σw = 1.25u*) in
Equation (3) and integrating, we obtain the model of the form

δ

z0U

[
ln
(

δ

z0U

)
− 1
]
+ C = 1.25κAN

(
x

z0U

)
(5)

with AN as function of M = ln(z0D/z0U). Based on fitting processes for experimental data,
we have that

AN = 1 + 0.1ln
(

z0D
z0U

)
(6)

Finally, Savelyev and Taylor (2001) [29] propose the following formula for the internal
boundary layer height, δ, as a function of the fetch, x, and roughness change

δ

(
ln

δ

z01
− 1
)
= 1.25κ

(
1 + 0.1ln

z02

z01

)
x (7)

On the other hand, the equilibrium layer height is usually taken as 10% of the internal
layer height and is considered a constant stress layer in equilibrium with the new surface.
The growth and adaptation of the flow to the new surface require large distances [26].
If the fetch is not sufficient, the equilibrium layer cannot extend above the rough layer
and complicates its identification due to the spatial inhomogeneity of the flow caused
by the roughness. To define the logarithmic law parameters (Equation (1)), a constant
stress equilibrium layer is required; so, to obtain these parameters for a surface without an
equilibrium layer, morphometric methods or surface analysis can be used [31,32].

3. Morphometric Analysis
To describe, model, and forecast the wind behavior in the ABL, it is necessary to derive

the aerodynamic characteristics d0 and z0 of the surface, whose effect on the wind depends
on the size of the roughness and its distribution or density. Two approaches can be used:
morphometric and micrometeorological. The latter uses anemometric field measurements
of the wind to determine the aerodynamic parameters of the logarithmic wind profile; the
former uses algorithms to relate aerodynamic parameters to the shape and density of the
roughness. Morphometric methods have the advantage that parameters can be determined
without the need for tall towers and instrumentation at the sites and can also be applied
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to determine the roughness and its density to generate the required wind profiles when
modeling of the atmospheric boundary layer in wind tunnels is required.

The morphometric methods (according to Figure 3) are divided into three ap-
proaches [32]:

• Based on roughness height: H;

• Based on the ratio of the plan area of the obstacles to the lot area: λP = AP
AT

=
Lx Ly
Dx Dy

;

• Based on the ratio of the frontal area of the obstacles to the lot area: λF = AF
AT

=
HLy

Dx Dy
.

where AP and AF correspond to the plan area and the frontal area of the obstacle, respec-
tively. AT represents the total lot area. Lx, Ly, and H denote the dimensions of the sides
and the height of the obstacle. Finally, Dx and Dy are the dimensions of the sides of the
total area.

Figure 3. Dimensions used in morphometric analysis.

In the simplest method (rule of thumb), z0 and d0 are determined as a fraction of the
average height of the roughness elements,

z0 = 0.1H (8)

d0 = 0.7H (9)

where H is the element’s height.
Kutzbach [33], based on field measurements where he placed regularly spaced boxes

at different densities on the surface of a frozen lake, proposed:

z0

H
= λP

1.13 (10)

d0

H
= λP

0.29 (11)

Lettau [34], based on Kutzbach’s research, proposes Equation (12) to estimate the
roughness length z0 for uniformly distributed obstacles.

z0

H
= 0.5λF (12)

Counihan [14], from wind tunnel tests and cubic element arrays, determined the expression

z0

H
= 8.2

H
XF

+ 1.08
AP
AT

− 0.08 (13)

where XF is the fetch and AP is the plan area of the obstacles. When the fetch is very
long, H/XF → 0 , and the expression reduces to

z0

H
= 1.08λP − 0.08 (14)

valid only in the interval 0.1< λP < 0.25.



Wind 2025, 5, 13 7 of 26

Theurer [35], using data from city measurements and wind tunnel experiments, found
the following expressions (valid for λP < 0.6 and λF < 0.25) to approximate z0 and d0.

d0

H
= 1.67λP (15)

z0

H − d0
= 1.67λF (16)

Kastner-Klein and Rotach [36], from wind tunnel tests, obtain the expression

z0

H
= 0.072λP{exp [−2.2(λP − 1)]− 1} (17)

Most of these estimators are limited to rough surfaces with λF < 20–25%, which
is a problem in many practical applications, especially in urban sites where λF exceeds
20%. Macdonald et al. [32] propose an expression from fundamental principles and basic
assumptions, which allows estimating z0 and d0 for densities greater than 30%. They cali-
brated their formulation with results from wind tunnel tests of different cube arrangements
(square and staggered) obtaining:

d0

H
= 1 + R−λP(λP − 1) (18)

z0

H
=

(
1 − d

H

)
exp

(
−
(

0.5β
CD

κ2

(
1 − d

H

)
λF

)−0.5
)

(19)

where R is an empirical coefficient, CD is the drag coefficient of the obstacle (~1.2), κ is
the Von Karman constant, and β is a correction factor for the drag coefficient (it considers
several variables such as the shape of the velocity profile, the incident turbulence intensity,
the scale length of the turbulence, wind incidence angle, and the rounded corners of
the cubes). Coefficients R and β must be established a priori, for example, based on
experimental data, R = 4.43 and β = 1.0 for staggered cube arrays. Figure 4 shows plots of
Equations (18) and (19).
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Figure 4. Plots of d0/H and z0/H obtained by Macdonald et al. [32].

4. Experimental Study in Wind Tunnel
To determine the aerodynamic characteristics (d0 and z0) of a rough surface by means

of morphometric analysis, experiments were carried out in a wind tunnel whose test section
dimensions are 3 m wide by 2 m high and 17 m long. The rough surface was simulated
using cubes of the same dimensions and different densities. Approximately 3100 wood
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cubes of ~7.5 cm side were utilized. These cubes were arranged in a staggered pattern,
creating a flow travel distance (fetch) of 12.6 m. The density cases considered in this study
are 0% (no cubes), 2%, 5%, 8%, 10%, 12%, 15%, 20%, 30%, 40%, 50%, and 100% plan area
density AP (e.g., Figure 5 shows a plan view of the cube distribution in the wind tunnel
test section for the 10% density case).

 

Figure 5. Plan view of wind tunnel test section with rough elements in a 12.6 m fetch.

All experimental cases were studied with a mean wind velocity of ~18 m/s (measured
at the center of turntable 2 and at a height of 1 m, which corresponds to half the height
of the cross-section of the test section of the tunnel under empty tunnel conditions), and
this velocity could represent an upper limit for the various tests required in wind tunnel
studies. The wind speed profiles were measured with a hot wire anemometer placed at the
center of turntable 2 (see Figure 5), with a sampling frequency of 2 kHz and a total time of
60 s. Figure 6 shows a typical record and Figure 7 shows the arrangements of cubes in the
wind tunnel tests for all cases considered.

 

Figure 6. Typical wind velocity record (record measured at a height of 3H for the case of λP = 50%).

4.1. Fitting of Aerodynamic Surface Characteristics

To estimate the displacement height d0, Equation (18), proposed by Macdonald
et al. [32], with A = 4.43 (for staggered cube arrays) was used, since this equation is
applicable to the whole range of densities, and according to Grimmond and Oke [31], the
values predicted by this equation are reasonable. The friction velocity u* was estimated
by linear regression (Equation (20)) with the profile data measured in the tunnel and
represented with a plot of velocity versus log10 of the height. The roughness length, z0,
was estimated using the Generalized Reduced Gradient (GRG) nonlinear optimization
method [37], implemented in the solver of Microsoft Excel software. The GRG method
is among the most popular approaches for solving nonlinear optimization problems, re-
quiring only that the objective function be differentiable. The main idea of this method
is to solve nonlinear problems dealing with active inequalities. Variables are divided
into two groups: basic (dependent) variables and nonbasic (independent) variables. The
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reduced gradient is then calculated to identify the minimum in the search direction. This
process is repeated until the convergence is obtained. The estimates of u* and z0 have been
corroborated with the modified Clauser chart method.

   

   

   

  
 

Figure 7. Arrangement of cubes in the wind tunnel for the different cases of roughness density
considered: 0%, 2%, 5%, 8%, 10%, 12%, 15%, 20%, 30%, 40%, 50%, and 100%. In all cases, cubes of the
same dimensions were used (~7.5 cm side).

u∗ =
κ

2.3
· u2 − u1

log10

(
z2−d0
z1−d0

) (20)

Table 1 shows the estimated values for d0, z0, and u* for both those fitted to the
experimental data and the formulations proposed by several authors mentioned in Section 2.
The same u* estimated with the fit to the experimental data was used for all formulations,
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except for formulations that do not include an estimate of d0, where we used the one
estimated by the rule of thumb (0.7H). Figure 8 shows the measured wind speed profiles
(blue circles), the profile fitted to the logarithmic law (red line), and the profiles obtained by
several authors. It can be seen that Equation (1) (with the estimated values for d0, z0 and u*)
and the experimental data have a similar trend in shape and magnitude up to the height of
the boundary layer (~60 cm). Differences in near-surface wind speeds (rough sublayer) can
also be appreciated. This behavior might be related to the fact that, strictly speaking, the
logarithmic law (log law) is only applicable in the inertial sublayer (IS), which starts well
above the height of the rough elements (two to three times the height of the roughness),
since the rough sublayer (RS) is a transition layer between viscous and inertial effects and
in the IS the turbulent flows are approximately constant. This can be seen in the data fits
shown in Figure 8, where the log law fits the data from a height of 0.22 m (approximately
three times the height of the cubes) and up to a height where the velocity is practically
constant (approximately 0.99 umax). Figure 8 also shows the profiles obtained by several
authors, and it is observed that they are similar to the experimental data in shape but
different in magnitude; therefore, for comparison purposes, it is necessary to normalize
the profiles with the friction velocity u*. Since in the references of some authors the value
of u* is unreported, an independent estimation is made for each formulation (as will be
shown hereafter in the second estimation).

Table 1. Experimental fitting of the aerodynamic parameters and for formulations by various authors;
see Section 2 [first estimate].

λP Experimental Fit Rule of
Thumb Kutzbach Lettau Counihan McDonald Kastner-

Rotach Theurer

d0 0.0000 - - - - - - -
0% z0 4.38 × 10−5 - - - - - - -

u* 0.79 - - - - - - -

d0 0.0037 0.0525 0.0241 0.0525 - 0.0037 0.0061 0.0025
2% z0 0.0110 0.0075 0.0009 0.0008 - 0.0017 0.0008 0.0024

u* 2.04 2.04 2.04 2.04 - 2.04 2.04 2.04

d0 0.0089 0.0525 0.0315 0.0525 - 0.0089 0.0144 0.0063
5% z0 0.0265 0.0075 0.0025 0.0019 - 0.0057 0.0019 0.0057

u* 2.55 2.55 2.55 2.55 - 2.55 2.55 2.55

d0 0.0137 0.0525 0.0361 0.0525 - 0.0137 0.0218 0.0100
8% z0 0.0304 0.0075 0.0043 0.0030 - 0.0081 0.0028 0.0087

u* 2.62 2.62 2.62 2.62 - 2.62 2.62 2.62

d0 0.0168 0.0525 0.0385 0.0525 0.0073 0.0168 0.0262 0.0125
10% z0 0.0410 0.0075 0.0056 0.0038 0.0075 0.0091 0.0034 0.0104

u* 2.80 2.80 2.80 2.80 2.80 2.80 2.80 2.80

d0 0.0198 0.0525 0.0406 0.0525 0.0094 0.0198 0.0304 0.0150
12% z0 0.0417 0.0075 0.0068 0.0045 0.0102 0.0097 0.0038 0.0120

u* 2.92 2.92 2.92 2.92 2.92 2.92 2.92 2.92

d0 0.0240 0.0525 0.0433 0.0525 0.0127 0.0240 0.0359 0.0188
15% z0 0.0439 0.0075 0.0088 0.0056 0.0143 0.0101 0.0044 0.0141

u* 2.61 2.61 2.61 2.61 2.61 2.61 2.61 2.61

d0 0.0280 0.0525 0.0456 0.0525 0.0159 0.0280 0.0409 0.0225
18% z0 0.0404 0.0075 0.0108 0.0068 0.0183 0.0101 0.0049 0.0158

u* 2.59 2.59 2.59 2.59 2.59 2.59 2.59 2.59

d0 0.0304 0.0525 0.0470 0.0525 0.0181 0.0304 0.0439 0.0251
20% z0 0.0382 0.0075 0.0122 0.0075 0.0210 0.0100 0.0052 0.0167

u* 2.52 2.52 2.52 2.52 2.52 2.52 2.52 2.52
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Table 1. Cont.

λP Experimental Fit Rule of
Thumb Kutzbach Lettau Counihan McDonald Kastner-

Rotach Theurer

d0 0.0414 0.0525 0.0529 0.0525 - 0.0414 0.0555 0.0376
30% z0 0.0320 0.0075 0.0192 0.0113 - 0.0082 0.0059 0.0187

u* 2.48 2.48 2.48 2.48 - 2.48 2.48 2.48

d0 0.0502 0.0525 0.0575 0.0525 - 0.0502 0.0629 0.0501
40% z0 0.0230 0.0075 0.0266 0.0150 - 0.0060 0.0059 0.0166

u* 2.26 2.26 2.26 2.26 - 2.26 2.26 2.26

d0 0.0572 0.0525 0.0613 0.0525 - 0.0572 0.0676 0.0626
50% z0 0.0168 0.0075 0.0343 0.0188 - 0.0040 0.0054 0.0103

u* 2.14 2.14 2.14 2.14 - 2.14 2.14 2.14

d0 0.0750 - - - - - - -
100% z0 6.09 × 10−5 - - - - - - -

u* 0.78 - - - - - - -
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Figure 8. Cont.
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Figure 8. Measured profiles of mean wind velocity, logarithmic law fit, and profiles of the formulations
presented in Section 2 (first estimation).

Because the objective of this study is to perform parameterizations that allow es-
timating the mean wind speed profiles even in the rough sublayer, a second fit to the
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experimental data was performed. For this second trial, both parameters, z0 and u∗, were
estimated by the generalized reduced gradient nonlinear optimization method, both for
the experimentally measured data and the formulations proposed by other authors. To
determine the wind velocity profiles using the morphometric formulations by different
authors presented in Chapter 3, and given that the friction velocity estimated by these
authors in their experiments is unknown, the value of u∗ was calculated for each formula-
tion through an adjustment using the GRG method, based on the experimentally obtained
data. Because the rough sublayer is involved in this estimate, u∗ should be interpreted as
a scaling velocity for the mean wind profile, rather than as an estimate of a real friction
velocity. Table 2 presents the new estimated values for d0, z0, and u∗ and Figure 9 shows
the wind speed profiles obtained with this second estimation. The experimental values of
the parameters d0, z0, and u∗ are summarized in Table 3, where the boundary layer depth δ,
estimated as 0.99 of the maximum velocity, is also presented. With this second trial, a better
fit to the experimental data is obtained, especially in the rough sublayer, so the values
of d0 and z0 obtained are normalized with the cube height (H = 7.5 cm) for each cube
density case λP (see Table 4). Figure 10 shows the variation in the parameterization d0/H as
a function of the roughness density, and this relation was used in the fitting to the log
law (in principle it was established that it should coincide with the curve proposed by
Macdonald et al. [32]). It is observed that for a density of 100%, d0 = H, since there is
no separation between the roughnesses and a new planar surface without obstructions
is generated.

Table 2. Experimental fitting of the aerodynamic parameters and for formulations by various authors
[second estimate].

λP Experimental Fit Rule of
Thumb Kutzbach Lettau Counihan McDonald Kastner-

Rotach Theurer

d0 0.0000 - - - - - - -
0% z0 4.38 × 10−5 - - - - - - -

u* 0.79 - - - - - - -

d0 0.0037 0.0525 0.0241 0.0525 - 0.0037 0.0061 0.0025
2% z0 0.0040 0.0075 0.0009 0.0008 - 0.0017 0.0008 0.0024

u* 1.56 1.92 1.17 1.17 - 1.29 1.13 1.37

d0 0.0089 0.0525 0.0315 0.0525 - 0.0089 0.0144 0.0063
5% z0 0.0192 0.0075 0.0025 0.0019 - 0.0057 0.0019 0.0057

u* 2.27 1.80 1.35 1.29 - 1.58 1.25 1.59

d0 0.0137 0.0525 0.0361 0.0525 - 0.0137 0.0218 0.0100
8% z0 0.0228 0.0075 0.0043 0.0030 - 0.0081 0.0028 0.0087

u* 2.36 1.73 1.47 1.38 - 1.68 1.32 1.73

d0 0.0168 0.0525 0.0385 0.0525 0.0073 0.0168 0.0262 0.0125
10% z0 0.0252 0.0075 0.0056 0.0038 0.0075 0.0091 0.0034 0.0104

u* 2.29 1.61 1.46 1.35 1.51 1.62 1.28 1.70

d0 0.0198 0.0525 0.0406 0.0525 0.0094 0.0198 0.0304 0.0150
12% z0 0.0252 0.0075 0.0068 0.0045 0.0102 0.0097 0.0038 0.0120

u* 2.39 1.67 1.60 1.46 1.73 1.74 1.39 1.83

d0 0.0240 0.0525 0.0433 0.0525 0.0127 0.0240 0.0359 0.0188
15% z0 0.0245 0.0075 0.0088 0.0056 0.0143 0.0101 0.0044 0.0141

u* 2.05 1.44 1.48 1.33 1.66 1.52 1.25 1.67

d0 0.0280 0.0525 0.0456 0.0525 0.0159 0.0280 0.0409 0.0225
18% z0 0.0226 0.0075 0.0108 0.0068 0.0183 0.0101 0.0049 0.0158

u* 2.07 1.48 1.63 1.44 1.87 1.57 1.32 1.79



Wind 2025, 5, 13 14 of 26

Table 2. Cont.

λP Experimental Fit Rule of
Thumb Kutzbach Lettau Counihan McDonald Kastner-

Rotach Theurer

d0 0.0304 0.0525 0.0470 0.0525 0.0181 0.0304 0.0439 0.0251
20% z0 0.0222 0.0075 0.0122 0.0075 0.0210 0.0100 0.0052 0.0167

u* 2.03 1.47 1.68 1.47 1.95 1.56 1.33 1.81

d0 0.0414 0.0525 0.0529 0.0525 - 0.0414 0.0555 0.0376
30% z0 0.0153 0.0075 0.0192 0.0113 - 0.0082 0.0059 0.0187

u* 1.91 1.56 2.09 1.75 - 1.58 1.47 2.03

d0 0.0107 0.0075 0.0266 0.0150 - 0.0060 0.0059 0.0166
40% z0 1.7600 1.5984 2.4426 1.9671 - 1.5031 1.5168 2.0307

u* 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00

d0 0.0572 0.0525 0.0613 0.0525 - 0.0572 0.0676 0.0626
50% z0 0.0072 0.0075 0.0343 0.0188 - 0.0040 0.0054 0.0103

u* 1.67 1.68 2.87 2.23 - 1.44 1.57 1.86

d0 0.0750 - - - - - - -
100% z0 6.09 × 10−5 - - - - - - -

u* 0.78 - - - - - - -
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Figure 9. Cont.
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Figure 9. Measured profiles of mean wind velocity, logarithmic law fit, and profiles of the formulations
presented in Section 2 (second estimation).
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Table 3. Summary of surface aerodynamic parameters.

λP d0 z0 u* δ=0.99 umax
% m m m/s m

0 0.00 3.37 × 10−5 0.766 0.44
2 0.0037 0.0040 1.556 0.58
5 0.0089 0.0192 2.274 0.66
8 0.0137 0.0228 2.358 0.69

10 0.0168 0.0252 2.289 0.71
12 0.0198 0.0252 2.389 0.70
15 0.0240 0.0245 2.053 0.69
18 0.0280 0.0226 2.068 0.69
20 0.0304 0.0222 2.030 0.70
30 0.0414 0.0153 1.912 0.67
40 0.0502 0.0107 1.760 0.63
50 0.0572 0.0072 1.671 0.60
100 0.0750 6.09 × 10−5 0.785 0.47

Table 4. Parameterization of d0, z0, and δ.

λP (%) d0/H 1 z0/H δ/H

0 0.000 0.000 5.84
2 0.049 0.054 7.80
5 0.118 0.256 8.81
8 0.183 0.303 9.22

10 0.224 0.336 9.50
12 0.264 0.336 9.34
15 0.320 0.326 9.26
18 0.373 0.302 9.20
20 0.406 0.296 9.29
30 0.552 0.205 8.90
40 0.669 0.143 8.46
50 0.762 0.096 8.04
100 1.000 0.001 6.21

1 Cube height H = 7.5 cm.

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

d 0
/ H

Roughness density, λP

Macdonald et al. (1998) with A = 4.43 Values used in experimental fitting

Figure 10. Plot of the d0/H variation and values used in experimental fitting [32].

Regarding z0, the variation in z0/H as a function of roughness density and its compar-
ison with the experimental data obtained by Macdonald et al. [32] is presented in Figure 11.
It can be seen that there are differences between the results which, according to Macdon-
ald et al. [32], may be associated to several variables, such as fetch length, cube material,
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cube shape, velocity profile shape, incident turbulence intensity, turbulence scale length,
wind angle of incidence, and rounded corners of the cubes, in addition to the fact that
the adjustment also takes into account the rough sublayer. By fitting Equation (19) to the
experimental data of this study, a value of 4.5 for the correction factor β was determined,
and this curve is also shown in Figure 11.
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z 0
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Roughness density, λP

MacDonald et al. (1998) staggered array Fit MacDonald et al. (1998)

Actual experiment Fit Eq. 19 with β = 4.5

Figure 11. Plot of the de z0/H variation for the current experiment and fit to Equation (19) with β = 4.5,
compared with the results of Macdonald et al. [32].

4.2. Boundary Layer Depth

Another variable of interest in this study is the magnitude of the boundary layer
height. Based on the formulation proposed by Savelyev and Taylor [28], see Equation (7),
and with the experimental data of the boundary layer height shown in Table 3, an equation
which relates the boundary layer height to the fetch and the aerodynamic lengths of the
surfaces was derived, as follows:

δ

(
ln

δ

z01
− 1
)
= 0.7κ

(
1 + 0.1ln

z02

z01

)
XF (21)

where XF is the fetch (in this case XF = 12.6 m).
Table 4 shows the parameterization of the boundary layer depth with the height of

the roughness and Figure 12 shows the variation in the boundary layer height (normalized
with the height of the cubes) with respect to the roughness density and the fitting curve
obtained by Equation (21).
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Figure 12. Plot of the δ/H variation for the current experiment (with fetch XF = 12.6 m).
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4.3. Turbulence Intensity

In wind tunnel simulations of the ABL, it is also important to characterize the longitu-
dinal turbulence intensity, Iu, defined as the standard deviation of the wind speed divided
by the mean velocity; it was calculated using the experimental data and the results are
shown in Figure 13 for each roughness density case. To derive a fitting curve that has the
best fit of the turbulence intensity as a function of height δ and parameter z0, the following
model for the turbulence intensity is proposed:

Iu = C1

( z
δ

)−C2·z0
(22)

where C1 and C2 are model fit parameters, whose estimated values are presented in Table 5.
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Figure 13. Experimental turbulence intensities for each roughness density case.

Table 5. Fitting of parameters C1 and C2 of Equation (22).

λP z0 δ C1 C2
% m m – –

2 0.0040 0.585 0.057 171.1
5 0.0192 0.661 0.058 46.5
8 0.0228 0.691 0.076 33.4

10 0.0252 0.713 0.084 29.8
12 0.0252 0.700 0.087 29.4
15 0.0245 0.694 0.096 28.7
18 0.0226 0.690 0.090 33.5
20 0.0222 0.697 0.088 33.9
30 0.0153 0.668 0.078 51.6
40 0.0107 0.635 0.074 68.6
50 0.0072 0.603 0.073 100.3
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From the data in Table 5, a constant value equal to 0.09 (approximately the average of
the cases producing the most turbulence: λP = 10% to 30%) is proposed for C1, resulting in:

Iu = 0.09
( z

δ

)−C2·z0
(23)

With this value of C1, another fitting process was conducted. Table 6 shows the new
results of C2, and its variation with respect to the density of roughness elements is presented
in Figure 14. Figure 15 shows plots of the experimental turbulence intensity profiles (see
Figure 14) for each density case studied, together with the result of applying Equation (23).
A good fit of Equation (23) with the experimental data can be seen from the height of the
rough elements (7.5 cm) up to the height of the boundary layer (approximately 60 cm).

Table 6. Estimation of parameter C2 in Equation (23).

λP C2
% –

2 101.4
5 34.2
8 29.5
10 28.5
12 28.7
15 30.3
18 33.4
20 33.3
30 46.3
40 58.2
50 81.3

0
10
20
30
40
50
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70
80
90

100
110

0 0.1 0.2 0.3 0.4 0.5 0.6

C
2

Roughness density, λp

Figure 14. Curve of the C2 parameter (Equation (23)) depending on area density of roughness
elements.

Finally, and according to the previous data shown in Figure 14, it is proposed to use
the value of C2 = 32 in Equation (24) for densities between 5% and 22% (which would
probably be the most useful in wind tunnel boundary layer simulation due to the levels of
turbulence generated) and a linear interpolation of C2 for densities between 22% and 50%.
Thus,

Iu = 0.09
( z

δ

)−32·z0
for 5% < λP < 22% (24)



Wind 2025, 5, 13 20 of 26

    

    

   

 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

2% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

5% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

8% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

10% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

12% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

15% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

18% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

20% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

30% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

40% density

Wind tunnel Fit

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

0.00 0.10 0.20 0.30 0.40 0.50

z [m]

Iu [–]

50% density

Wind tunnel Fit

Figure 15. Experimental turbulence intensities and fit to Equation (23).

4.4. Spectral Density Function

Turbulence spectra are statistical parameters used to compare the characteristics of
wind velocity fluctuations between atmospheric conditions and tunnel simulations. Based
on experimental measurements and using the Welch method [38], the turbulence spectra or
spectral density functions were estimated and are shown in Figure 16. In this study, spectral
density functions were calculated at two heights: approximately 15 cm, corresponding to
the middle of the rough sublayer, and approximately 40 cm, corresponding to the middle
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of the inertial sublayer. Figure 16 compares the experimental spectra with Kolmogorov’s
5/3 law and the Von Kármán spectrum (Equation (25)).

nSu(Xu)

σ2
u

=
4Xu[

1 + 70.8Xu
2
]5/6 (25)

where
Xu =

nLu

U
,

where n represents the frequency, Su denotes the power spectrum density, σu is the standard
deviation, U signifies the mean wind speed, and Lu indicates the turbulence length scale.

In this paper, the integral length scale of velocity is determined by Trush et al. [39]:

Lu =
∫ ∞

0
Ru,x(r, t)dr (26)

where Ru,x indicates the autocorrelation function (i.e., correlation of a velocity component
with itself) and r is the spatial lag.

In general, it can be noted that the experimental spectra obtained show adequate
convergence with the theoretical Von Kármán spectrum. A good fit to the experimental
data is observed, both in the rough sublayer and the inertial sublayer.
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Figure 16. Spectral density functions measured at heights of 0.15 m, corresponding to half the height
of the rough sublayer (left side), and 0.40 m, representing half the height of the inertial sublayer
(right side).

5. Discussion and Conclusions
The main objective of this study is to relate the aerodynamic characteristics of the rough

surface, considered in the logarithmic wind law (zero-plane displacement plane d0 and
aerodynamic roughness length z0), to the geometry and density of the rough elements of a
rough surface in order to simulate the neutral atmospheric boundary layer in a wind tunnel.

To achieve this goal, a series of wind tunnel experiments were performed using cubes
as rough elements placed in staggered arrangements and using different densities. By
means of morphometric methods, it was possible to establish a parameterization of the
aerodynamic parameters d0 and z0 of the wind profile as a function of the geometry of the
cubes and their density. In general, it can be concluded that the log law can adequately
describe the wind velocity profiles measured in the experiments, with slight differences in
the rough sub-layer due to the fact that in this zone the surface stresses are not constant.

If required, an adequate description of the wind profile in the inertial sublayer by
means of the log law should apply Equation (20) for an adequate estimate of the frictional
velocity u∗. Estimates of u∗ based on the fits, even in the rough sublayer (second estimate,
Table 2), should be interpreted as a scaling velocity for the mean wind profile, rather than
an estimate of an actual friction velocity.

Based on the study of Savelyev and Taylor, it was also possible to adjust a formulation
for the growth of the boundary layer height as a function of the fetch and the change in the
aerodynamic surface length. It is important to mention that Equation (21) was derived for
the case where the fetch is 12.6 m. For a better prediction or calibration of Equation (21), it
is suggested to perform experiments considering different fetch lengths.

In addition, considering a neutral boundary layer, a formulation was established to
estimate the vertical profile of turbulence intensity (Equation (23)) for different roughness
densities (cubes). Figure 15 shows that Equation (23) estimates adequately profiles over the
entire boundary layer interval with an average height of 65 cm.

Finally, from the convergence of the experimental turbulence spectra with theoretical
functions, it can be concluded that statistically there is a good similarity between the flow
generated in the laboratory and the atmospheric ones.
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