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Abstract: Historically, the olive grove has been one of the most emblematic ecosystems in Mediter-
ranean countries. Currently, in Andalusia, Spain, the land under olive grove cultivation exceeds
1.5 million hectares, approximately 17% of the regional surface. Its exploitation has traditionally
been based on the use of the available land and heterogeneous plantations, with different species
adapted to southern Mediterranean climatic conditions, and to the management of the traditional
olive cultivation culture. The objective of this work is to characterize the mechanical behavior of
the atmospheric surface boundary layer (SBL) (under neutral stability) interacting with different
olive grove configurations. Experimental tests were carried out in the Boundary Layer Wind Tunnel
(BLWT) of the Andalusian Institute for Earth System Research (IISTA), University of Granada. Three
representative configurations of olive groves under neutral atmospheric conditions were tested. The
wind flow time series were recorded at several distances and heights downwind the olive plantation
models with a cross hot wire anemometry system. Herein, this paper shows the airflow stream-
wise, including the mean flow and the turbulent characteristics. The spatial variability of these two
mechanical magnitudes depends on, among others, the size, the agro-forest length, the layout of
the tree rows, the porosity, the tree height, the crown shape and the surface vegetation cover. The
aerodynamic diameter and Reynolds number for each agro-forest management unit are proposed as
representative variables of the system response, as these could be related to olive grove management.
The plantation, in turn, conforms to a windbreak, which affects the microclimate and benefits the
elements of the ecosystem. Detailed knowledge of these variables and the interaction between the
ecosystem and the atmosphere is relevant to optimize the resources management, land use and
sustainability of the overall crop. Thus, this paper presents preliminary work to relate atmospheric
variables to environmental variables, some of which could be humidity, erosion, evapotranspiration
or pollen dispersion.

Keywords: wind velocity; wind-trees interaction; Andalusian olive grove; wind tunnel;
agricultural meteorology

1. Introduction

Historically, the olive grove has been one of the most emblematic ecosystems in
Andalusia (south of Spain), where there are more than 1.5 million hectares of olive orchard
land, representing 17% of the regional surface [1]. The livelihood of a high percentage
of the population revolves around this ecosystem, emphasizing its relevance from social,
environmental and economic-financial points of view. However, in the last years, climate
change is producing uncertainty about crops sustainability in the Mediterranean areas,
risking the production of the olive groves [2].

The traditional olive grove is characterized by an irregular pattern, resulting from the
use of wild olive trees, creating heterogeneous plantations with different species adapted to
the topography and characteristics of the soil. In such cases, olive trees usually exhibit high

Atmosphere 2021, 12, 658. https://doi.org/10.3390/atmos12060658 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-1879-5449
https://orcid.org/0000-0002-2071-3134
https://www.mdpi.com/article/10.3390/atmos12060658?type=check_update&version=1
https://doi.org/10.3390/atmos12060658
https://doi.org/10.3390/atmos12060658
https://doi.org/10.3390/atmos12060658
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12060658
https://www.mdpi.com/journal/atmosphere


Atmosphere 2021, 12, 658 2 of 23

arboreal bearing and natural or cultivated vegetation cover for cattle farm purposes [3].
Currently, changes in land use and intensive olive growth based on hedge-shaped crops
have changed plantation systems. The olive grove type, its cover and the silviculture
treatments applied, regardless of the exchange processes, define the system dynamics and
the interaction with the atmosphere [4].

The atmospheric surface boundary layer (SBL) encompasses the bottom 5% (first
50–100 m) of the atmospheric boundary layer (ABL), which is the lowest part of the
atmosphere, where we live and where crops are grown [5]. The microclimate around
the ecosystems varies depending on forest height and density, trees structure, ground
cover, topography, among others [6]. The dynamic interaction between the SBL and the
Earth’s surface, forests and agro-ecosystems includes the exchange processes and flows of
energy, moisture and gases, and these are directly related to pollen concentration [7], gases
and CO2 exchanges [8], pollutants dispersion [9], bushfires propagation [10], erosion and
morphological processes [11], as well as the whole set of variables related to the mechanics
of the system [12] and which are in a coupling with atmospheric processes [13].

The studies of Gardiner et al. [12] and Brunet [6] discuss and summarize the most
recent works on the interaction between wind and trees, including the mean flow and
turbulent characteristics in grassland [14] and in forested canopies [15]. However, these
studies do not provide a direct comparison between different layout configurations and
plant species composition—with its morphological characteristics—for the same type of
ecosystem. Advances in the study of vegetation–wind interaction and the near weak flow
behind trees [16] are analyzed through statistical models or using on-site measurements to
figure out how changes in trees density affect the wind speed and the turbulence. Other
studies are focused on the impact of landscape fragmentation [9], the role of wind-trees
interaction under wind storm conditions [17] and the consequent tree damage processes
according to the work of Albrecht et al. [18] and Kamimura et al. [19].

In situ measurements can be used to analyze the dynamic response of trees to wind
loads and possible damages to vegetation [9,20] and, similarly, the influence of vegetation and
trees structure on the flow in a particular location [21]. Field data allow vertical wind profiles
and direct measurements to be obtained at specific points, but this entails a high degree of
difficulty because of its high temporal and spatial variability [22]. This is why the need arises
to carry out laboratory experiments and wind tunnel tests, in order to complement and obtain
data on a greater level of detail and under controlled conditions. Most of these studies are
focused on the analysis of flow behavior around and above artificial or natural vegetation
models, including variations in spatial layout, trees structure, spacing and density [9,11,23,24],
as well as the Reynolds number dependence regarding the forest canopy [22]. According to
Cheng et al. [25], the plantation layout, number of rows and arrangement affect the downwind
airflow recovery and play a key role in the protection against erosion [26]. In some cases,
the results can be complemented with data from computational fluid dynamics analysis
(CFD) [27] and other numerical simulations [28].

A plantation works as windbreaks, allowing air flow through it according to porosity,
tree structure and spatial configuration, modifying and defining the streamwise flow,
affecting nearby ecosystems [29]. According to this behavior and the above information, it
is assumed that the development of an olive agro-forest substantially modifies the air flow
kinematic variables and the turbulence properties. However, it also changes the spatial and
temporal gradients of environmental variables and processes, such as erosion processes,
surface moisture, air humidity flows, evapotranspiration and pollen and seed dispersion,
among others. The objective of this work is to characterize the mechanical behavior of the
SBL (under neutral stability) interacting with different olive grove configurations. For this
purpose, the spatial evolution of the wind dynamics was calculated from temporal wind
speed measurements, recorded in regularly spatially distributed points located behind
the agro-forest system (in the x, y and z directions), based on the physical principles
previously provided. Physical experiments were carried out in the BLWT of the University
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of Granada [30], based on a dimensional analysis of the variables of interest and the
particularities of the Andalusian olive grove.

The dimensional analysis, on which the experimental design is based, and the method-
ology are presented in Section 2, and the description of the models and the setup are given
in Section 3. The results are shown in Section 4 and discussed in Section 5. The main
conclusions are drawn in Section 6.

2. Physical Principles and Dimensional Analysis

This section contains the physical principles of ABL regarding its air flow and turbu-
lence characteristic. Only mechanical turbulence, generated by friction between the wind
field and the olive grove, have been considered. Three main elements has been taken into
account for the olive grove: tree unit, tree row and plantation/agro-forest system. Hereafter,
the methodology is described, including the dimensional analysis of the problem.

Wind flow velocity over the Earth’s surface is reduced due to the turbulent motions
caused by the interaction with the topography, ecosystems, etc. In this dynamic interface, it
is recommended to perform a dimensional analysis of variables involved in the processes
of interest, which allows the system to be analyzed when there is limited knowledge of the
system physics [31]. This analysis allows the experimental measurements of a specific setup
to be extrapolated to a global system. Dimensionally homogeneous equations are sought
to ensure dynamic similarity, reduce the number of variables and explain the mechanistic
effects inside a given airflow [32].

When managing an olive plantation, the objective is to optimize resources, particularly
water resources, and maximize production. Note that the layout depends on the man-
agement and exploitation of the agro-forest and synthesize the rich experience acquired
by the Mediterranean countries in the last 3000 years. To this end, plantations are made
with trees distributed in different patterns, usually in rows with corridors, that facilitate
tillage and harvesting, with production-focused silvicultural treatments (traditional or
intensive). The types of soil, topography, vegetation, etc. are translated into different
functional relationships. For this reason, in this paper, several cases of typical functional
relationships in the olive grove are analyzed.

The management problem was divided into a 2DV, i.e., analysis in the streamwise
direction (Figure 1a) and a 2DH, i.e., analysis in the crosswise direction (Figure 1b). Figure 1
is a 2D scheme of the interaction between agro-forest and wind dynamics. We aim to
evaluate the physical quantities that can be used to describe the transformation of wind
dynamics leeward of the agro-forest, i.e., the instantaneous wind velocity at different
distances from the forest edge.

2.1. Dimensional Analysis

First, a dimensional analysis of the problem is performed; a 2D olive ecosystem is
analyzed, assuming infinite width and no lateral variation. The first step of the dimensional
analysis is to identify a complete set of independent quantities that determine the value
of the wind speed over and behind the forest. For each height z, the set of independent
variables, related to wind velocity behind the agro-forest, are summarized as follows:

1. Physical properties: Air density ρa, air dynamic viscosity µa and gravitational acceler-
ation g.

2. Layout of the agro-forest (see Figure 1), including:

• Tree properties: Tree height ht and tree crown radius tr.
• Trees row properties: The streamwise distance between trees el and the crosswise

corridor width Cw.
• Plantation properties: Overall length L.
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3. Input: Instantaneous wind velocity profile upwind the forest, Uo(x, y, z, t), used as
reference velocity in this work, and friction velocity, u∗ = τ/ρa = u′w′, related to
each other through the Von Karman expression, considering neutral atmosphere:

U(z) =
u∗
k

ln
(

z
z0

)
(1)

where k ≈ 0.4 is the Von Karman constant and zo is the aerodynamic roughness
length. In general, z0 is assumed to be constant. However, for vegetation cover with
discontinuities, this variable is markedly dynamic due to the natural flexibility of
plants and its dependence on wind velocity and friction velocity [33]. In addition,
this parameter affects the flow and modifies the vegetation itself and its surface
characteristics. Performing a more formal analysis, u∗ would be selected as a variable
for the dimensional analysis; however, since it is directly related to Uo, for this specific
case, Uo is selected as input variable.

4. Output: Measured instantaneous wind velocity time series downwind the agro-forest,
Ul(x, y, z, t).

L

Surface Boundary Layer

el

a)

U (t,x,z)
z/ht

Uo (t,x,z)

x/L

ht

tr

B

b)

Cw

Figure 1. Scheme of wind profile transformation in the SBL streamwise and crosswise an agro-
forest system: (a) 2DV, side view; and (b) 2DH, top view. ht is the tree height, el is the streamwise
distance between trees, tr is the tree crown radius, Cw is the crosswise corridor width, L is the overall
plantation length and B is the plantation width.

On the other hand, by carrying out the experiment during a period of time long
enough to record a statistically representative time series, but short enough to assume that
the experiment is a stationary process, the input and output wind velocities can be split
into two components,

Ui(x, y, z, t) = Ui(x, y, z, t) + u′i(x, y, z, t), i = o, l (2)

where Ui is the time average wind velocity, u′i is the time wind velocity fluctuation and the
subindices o and l indicate input and output, respectively. Assuming stationarity of the
process, the time variable is simplified.
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A complete set of independent quantities is selected, which determine the time average
wind speed value at any location behind the forest,

Ul(x, y, z) = f {ρa, µa, g, L, tr, Cw, ht, el , Uo} (3)

which comprises a total of n = 9 independent variables. It is convenient to separate the
variables that hold for all the experiments to build a subset of n f independent quantities,
Subset 1 with ρa, g, L, tr, Cw, el and n f = 6.

Choosing a base Subset 1, k f = 3 of independent quantities, ρa, g, L, then n f − k f = 3,
three dimensionless monomial are obtained:

el
L

Cw

L
tr

L
(4)

The remaining set of independent variables is a base Subset 2 of k = 3: µa, ht, Uo,
then n− n f = 3. Using the base Subset 2, the base Subset 1 and the output variable, the
following non-dimensional quantities are obtained:

Ul

Uo
= f


el
L︸︷︷︸
I

,
2tr

L︸︷︷︸
II

,
Cw

L︸︷︷︸
III

,
ht

L︸︷︷︸
IV

,
Uo · ht

νa︸ ︷︷ ︸
V

,
Uo

2

g · L︸︷︷︸
VI

 (5)

where νa = µa
ρa

is the kinematic viscosity of the air, and the dimensionless quantities
are: (I) streamwise row length; (II) tree crown length; (III) crosswise corridor width;
(IV) plantation roughness length; (V) relationship between viscosity and friction due to
plantation height; and (VI) relationship between plantation length and downwind sys-
tem response. This last term (VI) approximates a Froude number, which relates inertial
forces to gravitational forces. This allows relating the agro-forest length to the air flow
characteristics streamwise.

2.2. Derived Quantities

The analysis and results depend on the spatial position in which they are performed,
being their coordinates:

x∗ =
x
L

, y∗ =
y
L

, z∗ =
z
ht

(6)

In this case, the height z is made dimensionless with the tree height ht. However, the
vertical velocity profile is dependent on the ratio z/zo. From measurements at each location,
subtracting the measured instantaneous wind velocity and its time average over a given
period, the wind speed fluctuation, or gust components, u′l(x, y, z, t), can be calculated.
Theoretically, it is a Gaussian distributed variable with zero mean and non-zero variance.
Thus, based on previous dimensional analysis, the dimensionless variance downwind of
the agro-forest can be determined.

The variance σ2 should be considered as a first kind derived quantity. The local
turbulence intensity IT and the local turbulence kinetic energy per unit mass downwind of
the agro-forest TKE are defined in terms of the local variances (horizontal and vertical).
Thus, those quantities can be considered as second kind derived quantities, and their
dimensionless forms are shown as:

1. First kind derived quantities: σ2
u = u′o

2, σ2
w = w′o

2

2. Second kind derived quantities: IT(z) = σu(z)
Uo(z)

, TKE = 0.5(σ2
u+σ2

w)

U2
o
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Furthermore, the velocity skewness Sw, which complement the statistics of tur-
bulence and represent the vertical transport of w′w′ by the turbulence [34], is defined
dimensionless as:

Sw =
w′3

w′2
3/2 (7)

2.3. Approach to a 3D Analysis, Aerodynamic Variables and Regimes

In this work, the experiments are carried inside a wind tunnel. All the elements
have dimensions quantifiable and correlated to the behavior of the system through the
aerodynamic diameter and the Reynolds number.

With the help of dimensional analysis, the following second-order quantities, which
define the agro-forest, can be calculated. The agro-forest layout can be described in terms of
aerodynamic diameters of: (i) the tree row, Dr; (ii) of the tree unit, Dt; (iii) of the plantation,
Dp; and (iv) the aerodynamic diameter of the tunnel Dh, defined as follows:

Dh =
2ab

a + b
Dt =

4trht

2tr + ht
Dr =

4rrht

rr + ht
Dp =

2Bht

B + ht
(8)

where a and b are the height and width of the tunnel section, respectively, B is the plantation
width, and rr = 0.5Cw + tr is the aerodynamic row radius.

The layout of the olive grove and the air flow along the tunnel allows the assumption
that the experimental setup is repeated transversely. Thus, tests can be performed in 2D,
being generated small cross-sectional variations between the tunnel walls. Consequently,
the experiment is controlled by four Reynolds numbers, defined by aerodynamic variables:
(i) for the empty wind tunnel, Rere f ; (ii) for the tree unit, Ret; (iii) for each trees row, Rer;
and (iv) for the plantation, Rep, defined as:

Rere f =
UoDh

νa
Ret =

UoDt

νa
Rer =

UoDr

νa
Rep =

UoDp

νa
(9)

From the variables above, the behavior of the plantation as a whole is defined. Re-
sponding to current exploitation techniques using aerodynamic variables. Thus, it must be
determined whether the Reynolds number is high enough to ensure that the flow is full
turbulent and the viscosity effects at the local scale are minimal.

3. Experimental Setup

Physical tests were carried out in the BLWT of the Environmental Fluid Dynamics
Laboratory of the Andalusian Institute for Earth System Research (University of Granada).
In this open-circuit wind tunnel (NPL Type), air flows straight in one direction and re-
circulates outside the tunnel. The tunnel has a total length of 22 m and a test section of
2.15 m × 1.80 m with a length of 15 m, constant in the streamwise direction (Figure 2).

Experimental work in a wind tunnel involves to satisfy the kinematic and dynamic
similarity principle. The wind velocity at any point in the model must be proportional
to the prototype scale velocity, and all forces must be scaled with a constant scale factor.
A geometric scale E is obtained according to the SBL height and the olive tree height to
represent the agro-forest properly inside the wind tunnel, and the total area occupied by
the forest is less than the total wind tunnel width. Thus, a working scale of E = 1:50 is
defined to simulate an olive agro-forest surrounded by pasture with light vegetation cover.
Moreover, the Reynolds number must be high enough and similar to the Reynolds number
in the olive agro-forest. The aerodynamic diameters and Reynolds numbers for the input
velocity and the agro-forest layout, obtained according to the analysis described in the
previous section, are summarized in Tables 1 and 2.
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22 m

10.9 m

15 m

test section

(a)

(b)

Flow
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P2
-P2 P1

P4

P3

P6

P5

z/ht

x/L

B/L

0.11

1.13

1

0.28
Left

Central

Right

0.23

-P1

Left

Right

Central

Figure 2. Sketch of the BLWT: (a) elevation view; and (b) floor view, where profiles measured and
scaled models position are shown. The blue squared enlargements show the olive tree model layout
configuration, 22 measured profiles and 12 points for each vertical profile with relative distances
represented as a function of z/ht, x/L and B/L. The red arrow shows the wind flow direction.

Table 1. Aerodynamic diameters.

Dh(m) Dt(m) Dr(m) Dp(m)

1.96 0.085 0.11 0.16
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Table 2. Reynolds numbers calculated for baseline conditions and Uo = 3 m/s.

Rere f Ret Rer Rep

1.05× 106 1.73× 104 2.29× 104 3.34× 104

Olive trees have complex structures; thus, rigid scale models are used to accurately
reproduce the trunk shape and irregularities of the crown. There are two types of models,
i.e., Type 1 (ht = 0.07 m and rr = 0.02 m) and Type 2 (ht = 0.09 m and rr = 0.04 m), which
simulate medium-sized olive trees typical of agro-forest systems. To simulate intensive
olive grove exploitations, models of equal sizes are used. In this work, and according to
the aerodynamic porosity defined by Manickathan et al. [35], a constant tree porosity value
of approximately α = 0.22 is assumed.

For traditional olive groves, models of both sizes are interleaved to reliably reproduce
the controlled arrangement of olive trees. Six representative spatial configurations were
designed in a spatial layout agro-forest with a length (L = 0.8 m, a width B = 0.9 m and a
tree separation distance of el = 0.15 m (Table 3). In this study, three configurations were
analyzed (see Figure 3), whose characteristics are summarized in Table 3.

Table 3. Characteristics of three configurations tested in the wind tunnel, including the number
of configuration C, the layout type (Grid (G) or Staggered (S)), vegetation cover, tree height (ht),
streamwise distance between trees el and tree crown radius (rr).

C Layout Cover ht (m) el (m) rr (m)

1 G No 0.09 0.15 0.04
2 S No 0.07–0.09 0.15 0.02–0.04
3 S Yes 0.07–0.09 0.15 0.02–0.04

a)

b)

c)

Figure 3. Images of models tested: (a) grid olive grove configuration (intensive olive grove, C1);
(b) staggered olive grove configuration (traditional olive grove without vegetation cover, C2); and
(c) staggered olive grove configuration with cover (traditional olive grove with vegetation cover, C3).

Measurements were taken in 22 vertical profiles in the center and lateral sections, as
shown in Figure 2. Data were recorded at 12 points in height per profile, and they were
closer to each other in the area near the models, i.e., along the first 0.2 m in the vertical
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direction, and progressively increasing the distance between points because the olive grove
influence over the flow is predicted to be smaller as we move away from the surface.

For data acquisition (both flow calibration and olive grove tests), a constant temper-
ature anemometer, namely a cross-wire X-probe, controlled by the system IFA 300® by
TSI Inc. (Shoreview, MN, USA), was used to obtain measurements of the streamwise and
vertical components of wind velocity (u(x), w(z)) (Figure 4b). The probe was held by a
TSI Standard Probe and placed on a 3D positioning system (Figure 4a), allowing accurate
positioning of the hot wire sensor at measuring points.

a) b)

Figure 4. Instruments and devices: (a) 3D positioning system of instruments inside the BLWT; and
(b) cross hot wire anemometry system.

Data acquisition and processing were conducted using the software ThermalPro®, and
a statistical analysis of the variables was subsequently performed with the same software.
To ensure the data collected were representative, the sampling frequency for each point
was 1 kHz for 131 s, under ergodicity assumption.

4. Results

In this section, from the experimental measurements, the first kind and second kind
derived quantities are obtained, according to expressions developed in Section 2. As a
velocity scale, we adopted a constant reference velocity (3 m/s). The results were expected
to be similar for different wind velocities, as shown by Cheng et al. [25].

The results are presented as dimensionless variables for the mean wind speed U, the
turbulence intensity IT, the turbulent kinetic energy TKE, the vertical velocity skewness
Sw, the aerodynamic surface roughness length zo and the friction velocity u∗. As a reference
length for measurements in the vertical direction, the height of the highest olive tree model
(0.09 m) is used, designated ht. The distance between measuring sections is x/L = 0.28,
and it changes between profiles in the streamwise direction (Figure 2).

4.1. Neutral Mean Flow Characteristics

As a preliminary step, the incoming flow homogeneity in the wind tunnel with an
empty test section was performed for different velocities and elements for turbulence con-
trol [30]. Vertical profiles of the wind velocity (U), turbulence (IT and TKE), aerodynamic
roughness length (zo), friction velocity (u∗) and Reynolds number (Re) were obtained
(Table 4) and taken as reference values for the ABL. These results were used for comparison
with later tests on scale-models of olive groves.

Table 4. Input values (ABL) obtained from wind tunnel flow calibration, where Dh = 2ab/a + b,
a = 1.8 m and b = 2.15 m.

Uo u∗ ITo zo Dh Re

3 m/s 0.28 m/s 1.8% 3× 10−4 m 1.96 m 1.05× 106
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As Figure 5 shows, the flow in the test section is uniform in the streamwise and
crosswise sections, with a wind velocity decrease of 30% and an increase of 13% in the tur-
bulence intensity due to the wind profile generated by the wind tunnel floor roughness [36].
The vertical profiles were measured for the same section, as shown in Figure 2a, for later
comparison with measurements downwind of the olive tree models. Only Profiles P1 and
P4 are shown in Figure 5.

1 

 

 

Figure 5. Profiles measured for the empty wind tunnel, corresponding to Profile 1 (P1) and Profile 4 (P4) in Figure 2a.
Vertical dimensionless wind velocity profiles (left); and turbulence intensity (right) measured on the wind tunnel central
axis with an empty section. In both cases, the dimensionless values in height are shown as a function of tree height (ht) and
aerodynamic roughness height zo.

4.2. Mean Flow and Turbulence Around Olive Groves

For the three configurations tested, vertical profiles are compared along the main
axis, corresponding to the central trees line, and vertical profiles on right and left sections
include measurements between models. Two profiles are registered inside the olive grove
from the coordinate origin, where the olive grove ends and the leeward side starts (-P1
and -P2 in Figure 2a). The models were distributed uniformly, thus it was proven that
measurements in the central section are representative of the wind velocity distribution
along the crosswise section.

Nine significant points were selected within the measured area, corresponding with
Profiles P1, P4 and P6, in order to make a comparison of the results for each configurations
analyzed. Figure 6 shows the position of these points in which measurements have been
taken (coordinates z and x), according to the spatial distribution shown in Figure 2.

6.7

1.7

1 1 4

52

0.11 0.69

3 6

7

8

9

1.15

z/ht

x/L

Figure 6. Points for comparison between the three configuration studied and the distance from the
bottom (z/ht) and from the models (x/L) of the nine measuring points. Ratios of comparison for
each point, calculated for all the analyzed configurations, are collected in Tables 5–7.
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Comparisons have been made between each configuration and the results obtained
previously for the incoming flow (ABL) (Figure 5). For this purpose, the values of the
dimensionless wind speed, turbulence intensity and dimensionless TKE are shown. Some
variation rates represented in percentages of variation were calculated, defined as:

ϕU(x, z) = ((Ul −Uo)/Uo)× 100 (10)

ϕIT(x, z) = ((ITl − ITo)/ITo)× 100 (11)

ϕTKE(x, z) = ((TKEl − TKEo)/TKEo)× 100 (12)

Tables 5–7 show the dimensionless mean velocity difference U/Uo, the dimensionless
turbulence intensity IT and dimensionless turbulent kinematic energy TKE at the test
section for the reference ABL (empty section) and the same variables for the three olive
grove configurations (C1–C3). In all cases, the mean velocity (U) is lower in the presence
of olive trees (for this reason, the rate shows a negative value), while the turbulence
parameters (IT and TKE) are higher.

Table 5. Mean values obtained for the grid configuration (C1) compared to the values obtained
for the measured reference boundary layer. They are compared through ratios, represented as a
percentage of the value of the reference conditions. The points of comparison are shown in Figure 6.

Point
U/Uo IT TKE

Grid ABL ϕU Grid ABL ϕIT Grid ABL ϕTKE

1 0.24 0.83 −71.35 44.87 9.95 350.92 7.9× 10−3 4.0× 10−3 97.5
2 0.88 0.96 −8.19 13.18 6.22 111.95 1.0× 10−2 2.0× 10−3 415.0
3 0.99 1.01 −1.24 2.20 1.70 29.38 6.8× 10−4 4.7× 10−4 44.7
4 0.48 0.83 −42.43 18.86 9.95 89.57 7.1× 10−3 4.0× 10−3 77.5
5 0.84 0.96 −12.44 12.78 6.22 105.48 9.4× 10−3 2.0× 10−3 370.0
6 0.99 1.01 −1.66 2.27 1.70 33.74 6.7× 10−4 4.7× 10−4 42.6
7 0.52 0.83 −37.94 16.81 9.95 68.97 6.3× 10−3 4.0× 10−3 57.5
8 0.81 0.96 −15.59 13.09 6.22 110.47 9.2× 10−3 2.0× 10−3 360.0
9 0.99 1.01 −1.47 1.89 1.70 11.18 5.2× 10−4 4.7× 10−4 10.6

Table 6. Mean values obtained for the staggered configuration (C2) compared to the values obtained
for the measured reference boundary layer. They are compared through ratios, represented as a
percentage of the value of the reference conditions. The points of comparison are shown in Figure 6.

Point
U/Uo IT TKE

Stag ABL ϕU Stag ABL ϕIT Stag ABL ϕTKE

1 0.14 0.83 −83.16 62.45 9.95 527.62 4.7× 10−3 4.0× 10−3 17.5
2 0.85 0.96 −11.62 14.33 6.22 130.43 1.2× 10−2 2.0× 10−3 490.0
3 0.99 1.01 −1.42 1.67 1.70 1.90 4.0× 10−4 4.7× 10−4 14.9
4 0.35 0.83 −58.34 25.68 9.95 158.06 5.9× 10−3 4.0× 10−3 47.5
5 0.74 0.96 −22.41 18.86 6.22 203.27 1.5× 10−2 2.0× 10−3 655.0
6 0.98 1.01 −2.22 1.92 1.70 13.18 5.1× 10−4 4.7× 10−4 8.5
7 0.41 0.83 −50.73 25.67 9.95 158.01 7.8× 10−3 4.0× 10−3 95.0
8 0.75 0.96 −21.24 17.39 6.22 179.52 1.4× 10−2 2.0× 10−3 575.0
9 0.99 1.01 −1.36 1.69 1.70 0.72 4.0× 10−4 4.7× 10−4 14.9
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Table 7. Mean values obtained for the staggered with vegetation cover configuration (C3) compared
to the values obtained for the measured reference boundary layer. They are compared through ratios,
represented as a percentage of the value of the reference conditions. The points of comparison are
shown in Figure 6.

Point
U/Uo IT TKE

Cover ABL ϕU Cover ABL ϕIT Cover ABL ϕTKE

1 0.16 0.83 −81.06 48.67 9.95 389.11 4.8× 10−3 4.0× 10−3 20.0
2 0.84 0.96 −12.76 15.10 6.22 142.78 2.9× 10−3 2.0× 10−3 45.0
3 0.99 1.01 −1.11 1.79 1.70 5.38 4.3× 10−4 4.7× 10−4 8.5
4 0.33 0.83 −60.48 31.44 9.95 215.98 7.8× 10−3 4.0× 10−3 95.0
5 0.74 0.96 −22.51 18.20 6.22 192.60 1.5× 10−2 2.0× 10−3 640.0
6 1.00 1.01 −0.96 1.98 1.70 16.54 5.4× 10−4 4.7× 10−4 14.9
7 0.41 0.83 −50.72 26.78 9.95 169.12 9.2× 10−3 4.0× 10−3 130.0
8 0.73 0.96 −23.48 18.02 6.22 189.76 1.4× 10−2 2.0× 10−3 600.0
9 0.99 1.01 −1.40 2.21 1.70 30.00 6.5× 10−4 4.7× 10−4 38.3

Without an agro-forest system, the wind speed profile has a logarithmic shape
(Figure 5). With an agro-forest system, the mean wind speed decreases between 80%
and 50% at Points 1 and 7 (P1 and P6 at the bottom), and around 1.5% at z/ht = 6.7
(Points 3, 6 and 9), where the effect produced by the ecosystem is very weak (Figures 7 and 8).
The comparison values show that the traditional olive grove without cover (C2) is the con-
figuration that most influences the mean flow in the area next to the models. Regarding ϕIT
for the staggered configuration (C2), the percentages differ between 527% to 157% at the
bottom and 1.90% to 0.72% at the top, for P1 and P6. However, the turbulent characteristics
are maintained with a higher value for the case of the configuration with vegetation cover
(C3), in both height and streamwise (Table 7).

Olive agro-forest presence is noticed up to an approximate height of 3.5 ≤ z/ht ≤ 4,
where the vertical profile is not logarithmic. The logarithmic shape is not recovered until
a distance x/L ≤ 1.15; however, a trend is still visible. At tree height, for the traditional
configuration C2, the velocity is almost zero in Profile 1 and, from Profile 2, this velocity
increases in the streamwise direction (Figures 7 and 8). Obstacle transmission is noticed
from Profile 5, and it extends beyond a distance of 1.3 ≤ x/L ≤ 1.69.

z/ht

0

0.5
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Staggered

Staggered with vegetation cover

0.460.11‒0.5 0 0.23 0.69 0.92 1.15

P1 P2 P3 P4 P5 P6

‒1

Figure 7. Mean wind velocity U/Uo for the three configurations, measured leeward. In the abscissa, the distance is in the
streamwise direction of wind flow normalized with respect to x/L and in the ordinate is normalized with respect to z/ht. A
greater velocity decrease is observed for the traditional olive grove (pink lines) when compared with the intensive olive
grove (blue lines).

In a comparison of the traditional configurations with and without vegetation cover
(C2 and C3), the profiles have a more uniform shape in the presence of vegetation cover,
not only for the mean velocity U but also for the turbulence intensity IT (Figures 7 and 8).
However, IT is similar for a vertical distance of z/ht ≤ 2, and, at a height of z/ht ≤ 4, the
flow is uniform, with a higher value for the case with vegetation cover.
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Figure 8. Turbulence intensity profiles IT for the three configurations, measured leeward. In the abscissa, the distance is in
the streamwise direction of wind flow normalized with respect to x/L and in the ordinate is normalized with respect to z/ht.
The turbulence intensity decreases as the distance from the olive grove increases, especially for the intensive olive grove.

In the following figures, the agro-forest length L is used as a reference length in the
streamwise direction. In Figure 9 the color gradient covers the range of 0.2 ≤ U/Uo ≤ 1,
with the lowest value corresponding to blue and the highest value to red. The intermediate
values correspond to orange, yellow and green shades. In the case of turbulence intensity
(Figures 10 and 11b), the red range corresponds to the lowest values and the blue range to
the highest turbulence levels, ranging 5 ≤ IT(%) ≤ 50. In Figure 12, the color scale ranges
from white and light yellow for lower values to dark red for higher values, with a range of
values of 0 ≤ TKE/Uo ≤ 0.02.

In Figures 9 and 10, the results for intensive farming without cover (C1) are compared
with those for traditional farming with vegetation cover (C3). Darker blue color indicate
a greater distortion with respect to the reference values. For a height of z/ht ≤ 2, the
wind velocities are more uniform, up to 18% higher in the first case in areas close to the
surface and 19% lower in terms of turbulence intensity. For a distance of 0.3 ≤ x/L ≤ 0.4,
the effects of intensive olive grove decrease; in contrast, these remains constant for the
traditional configuration.
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Figure 9. Dimensionless mean wind velocity for the intensive olive grove C1 and the traditional olive grove C3 measured
along the central axis downwind: (a) streamwise distribution of U/Uo for the intensive olive grove; and (b) streamwise
distribution of U/Uo for the traditional olive grove with vegetation cover.
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Figure 10. Dimensionless turbulence intensity for the intensive olive grove C1 and the traditional olive grove C3 measured
along the central axis downwind: (a) streamwise distribution of IT for the intensive olive grove; and (b) streamwise
distribution of IT for the traditional olive grove with vegetation cover.

There are small differences between the lateral profiles and central profiles (Figure 11),
due to some differences between the areas in which measurements were taken. A higher tur-
bulence intensity is noticed for central section measurements at a distance of 0 ≤ x/L ≤ 0.3
with respect to measurements for right section.
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Figure 11. Lateral profile measurements for the traditional olive grove with vegetation cover C3. Measurements taken
between the olive tree models and behind them reveal: (a) the distribution of U; and (b) the streamwise distribution of IT.

For the TKE, from a height of z/ht ≤ 2, the energy dissipation decreases and stabilizes
vertically (Figure 12). The turbulence, generated at the surface, in the case of the traditional
olive grove is developed earlier than in other configurations. As Figure 12 shows, there is
an increase and spatial dispersion of the TKE along the flow downwind. In a comparison of
the TKE values with and without the models (Figure 12), the flow around the olive groves
has turbulence values of 300–600% higher than the free flow at a height of z/ht ≤ 1.7. By
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contrast, the TKE remains constant along the streamwise distance, most noticeable effect in
the case of staggered olive grove.

In Figure 12, for intensive exploitation, a higher TKE is observed near the models up
to a relative height of 0.7 ≤ z/ht ≤ 2. The TKE increases and remains at high level from
that point and along the flow direction for the traditional olive grove, reaching a value of
almost double that of the intensive olive grove.
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Figure 12. Streamwise distribution of the dimensionless TKE/U2
o for: (a) the intensive olive grove without cover C1; and

(b) the traditional olive grove with vegetation cover C3.

Vertical velocity skewness was analyzed, and the results for grid and staggered with
vegetation cover configurations are shown in Figure 13. These results are in agreement
with those obtained by Segalini et al. [24]. Sw shows significant height (z) dependence
and its behavior can be divided in three areas: (i) an area below the reference height (tree
height ht), in which the vertical skewness values are negative, so w′w′ is not transported
vertically; (ii) a second area from the height ht to about z/ht ≤ 4, in which the values are
positive, and a vertical transport of w′w′ is expected; and (iii) a third area that covers from
z/ht ≤ 4 to the end of the measurements taken, in which the values become negative again,
although in the highest zone (7 ≤ z/ht ≤ 11) a similar trend to that observed in the lower
part is seen, towards values close to zero.

z/ht z/ht

Figure 13. Dimensionless vertical velocity (w′) skewness for grid and staggered with vegetation cover configuration.
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These values are intimately related to turbulent kinetic energy, so a logical behavior
can be observed if we compare them. The results obtained are consistent with those shown
in the work of Hogan et al. [34], focused on the study of air flow over different types of
canopy and spatial distributions.

5. Discussion

Andalusian olive groves are not only located in flatlands, but also in hills, terraces and
near the mountain tops. Depending on their location and configuration, the impact on the
landscape, hydrology and erosion and the amount of pollen in suspension that can later
reach the populations will become more important.

First, a dimensional analysis of the variables involved in the problem was carried
out, from which it is possible to infer the direct relationship between the kinematic and
environmental variables and the physical characteristics of the ecosystem. The main
physical characteristics are the height and tree crown radius of the tree (ht and tr), the
streamwise distance between trees (el), the crosswise corridor width (Cw) and the dis-
tribution of the plantation as a whole (B and L). From the dimensions and quantities
detailed in this work, the Canopy Cover Fraction (FCC), which estimates the tree cover of
an agroforestry stand, could be determined, which is common in studies of ecology and
agroforestry management.

According to Longo [37], defining the Jensen number as Je = δ/zo (where δ is the
surface boundary layer thickness, which in this case is considered the wind tunnel total
height, and zo is the roughness height, which in this case corresponds to the tree height ht).
Assuming the constant zo value in the model and the prototype, we define the geometrical
scale. To ensure that the scale ratio of the roughness height is the same that the scale ratio
of the boundary layer, where λzo = λδ, being htprototype /htmodel = δprototype/δmodel , equal to
4.5 m/0.09 m = 90 m/1.8 m, a scale of E = 1:50 was selected.

Because this experimental work employs rigid models, a small deviation in the turbu-
lence values is expected. In general, it is recommended to limit the use of dynamic models
due to, among others, the difficulty of reproducing the Reynolds number [38]. Based on
the results of the measurements taken inside the agro-forest (Figure 11), the porosity of the
plantation, due to the spacing between trees and the area around the trunks, allows the air
flow, thus avoiding the reverse flow behind the ecosystem.

Neutral atmospheric stability was used, due to the limitations of mechanical wind
tunnel testing [30]. However, according to the results of Moon et al. [13], there is a small
contribution from changes in atmospheric stability, so the main change is generated by the
wind speed.

For each spatial position, the global measurements defining the turbulent characteris-
tics of system are the turbulence intensity (IT), Turbulent Kinetic Energy (TKE), vertical
velocity skewness Sw and shear velocity (u∗). Furthermore, the Reynolds number (Re),
which describes the degree of turbulence related to the viscous forces, is estimated for the
empty wind tunnel, the tree unit, the tree row and the plantation (Rere f , Ret, Rer and Rep,
respectively). As obtained for the initial flow conditions with the empty wind tunnel, the
reference Reynolds number (Rere f ) is sufficiently high to neglect the influence of viscous
forces. If we compare it with Rer, Ret and Rep, as shown in Figure 14a,b, the values are
much lower, due to the influence and closeness of the models, increasing as we move away
from these and the flow returns to its initial state. The value of Re is generally higher for
the grid layout configuration, especially in the case of Rer, due to the absence of obstacles,
since in the staggered configuration there are trees between the rows (Figure 3). However,
the value of Rep for the plantation is high enough to be considered independent of the
obstacle, in this case, the ecosystem.
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Figure 14. Reynolds number calculated for each profile position: (a) Reynolds for tree row Rer; (b) Reynolds for tree Ret

(right); and (c) Reynolds for plantation Rep.

The experiments of this study were carried out for flat terrain assuming that the
experimental setup is repeated transversely and the tests are performed in 2D. Taking as
reference the staggered configuration with vegetation cover, three profiles were selected
for comparison (right, central and left), corresponding to Profiles 2, 4 and 6 (P2, P4, P6,
in Figure 2). Comparing how the results differ slightly from each other, the hypothesis
that, for the crosswise-section, the difference between the profiles is not relevant and the
2D results provide representative data of the plantation could be assumed. The system is
ergodic although the Reynolds number criteria are not fully met in the near field profiles.
However, it is fulfilled in the medium field and far field profiles. Therefore, the ergodicity
is confirmed in the tests performed, and it is assumed that the ensemble average coincides
with the time average (stationary system). As shown in Figure 15, the variation in the
profiles measured for the central, right and left sections is small; in this way, the analysis
performed and the results obtained could be extrapolated to the plantation as a whole.

According to the results shown in Figure 16, the airflow recovery occurs progressively,
being recovered in its practical totality at a height of z/ht = 2, that is, twice the height of the
tree. The profiles measured inside the plantation (-P2) show a greater reduction in velocity
and increase in turbulence, due to its location as well as the existence of surface vegetation.
However, in Position -P1, an acceleration of the flow and a decrease in turbulence can be
observed. This acceleration phenomenon is related to the shape of the trees and the trunk
height, but also it is associated with the porosity at that point.
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Figure 15. Comparison of dimensionless mean wind velocity profiles (left) and dimensionless turbulence intensity profiles
(right), obtained in Profiles P2, P4 and P6 and sections right, central and left (Figure 2), for the staggered with vegetation
cover configuration. The black dotted line represents the profiles obtained upwind the olive configuration.

Figure 16. Comparison of the streamwise recovery dimensionless mean wind velocity profiles (left) and dimensionless
turbulence intensity profiles (right), obtained in the central section (Figure 2), for the staggered with vegetation cover
configuration. This variation was calculated according to Equations (10)–(12), and part of its values are shown in Table 7.

The recovery effect shown in Figure 16 demonstrates the function of the olive grove
as a windbreak. On the other hand, Figures 7 and 8 show the differences between the
studied configurations due to the plantation porosity and its spatial distribution, which is
in agreement with the works of Podhrázská et al. [39] and Pan et al. [40].

Maintenance and management of current and new olive grove allotments have become
a challenge for managers and decision makers because of the new intensive farming models
that have appeared in the last decade. Decreases in precipitation and temperature in
Mediterranean regions are expected to diminish production and make the sustainability



Atmosphere 2021, 12, 658 19 of 23

of olive groves difficult [41,42]. In light of the results obtained, it is considered necessary
to carry out surveys of the land topography, trees structure and density, vegetation cover,
surface flow and atmospheric conditions, to optimize and manage the ecosystem in a
sustainable and efficient way.

Some variables analyzed in this work are involved in the dynamics of ecosystems
and should be incorporated into a management model, taking into account their direct
relation to environmental variables such as pollen concentration, erosion processes or water
availability, among others [7,10,42,43]. The olive grove influences the micrometeorology
and is involved in the interaction between the surface and atmosphere, thus turbulence
parameters are fundamental in the surface transport of heat, humidity and momentum.

6. Conclusions

The aim of this work is to analyze the interaction of different olive agro-forests,
representative of Andalusia exploitations, with the air flow dynamics in the atmospheric
surface boundary layer (SBL). This interaction was studied through wind tunnel tests to
obtain a comprehensive understanding of exchanges and variations in the mechanics of
the system, as well as to quantify kinematic variables that define the SBL, whose spatial
and temporal gradients have significant effects on many environmental processes. These
processes include soil erosion, evapotranspiration and water vapor fluxes and seeds and
pollen dispersal distance, among others.

These kinematic variables, for neutral atmosphere conditions, were measured in
three different sections, inside and behind the forest. Measurements include 22 vertical
profiles for each configuration for a streamwise distance longer than the total length of
the plantation.

Three olive grove configurations were modeled with a scale factor of E = 1:50, accord-
ing to the Jensen number, as explained above. Every configuration is representative of
Andalusian olive groves and had different layouts, trees composition and vegetation covers.
The extension of the interaction of the olive agro-forest and the wind dynamics depends on
the overall length (L) and width (B) of the forest, the streamwise distance between trees (el),
the crosswise corridor width (Cw), the tree height (ht), the tree crown radius (tr), the char-
acteristics of the soil cover, the incoming wind profile and the turbulence characteristics.

Windbreaks or plantation arrangements play a fundamental role in the ecosystem pro-
cesses. They reduce velocity, modify the turbulence and affect the microclimate, but, at the
same time, it is essential to ensure the airflow through the agro-ecosystem, which depends
on the spatial arrangement and characteristics of individual trees. This is in agreement
with the results of several studies, such as the one presented by Podhrázská et al. [39] and
Pan et al. [40].

In this work, sustainability and traditional culture of the olive grove are combined
with aerodynamic variables. The aerodynamic diameter of each agro-forest management
unit studied is proposed as a representative variable of the system response and is directly
related to the management and silvicultural treatment of the olive grove.

The results and conclusions obtained are applicable to the specific tree crown and
trunk tested, so that, for other tree types, structures and spatial configurations, the results
will change. The following conclusions can be derived from this study:

1. Regarding to wind velocity profiles, a decrease is observed just behind the plantation
and an acceleration of the flow up to a height z/ht = 2, from which the profiles tend
to be recovered. On the other hand, a certain acceleration is observed between trees
(as could be seen in Profile -P1), at the base of the windbreak. These results are in
agreement with the work of Cleugh [29].

2. Analyzing streamwise flow, vertical profiles for the different variables studied are
more homogeneous and similar to each other in the case of the traditional olive grove
(staggered distribution), although the levels of turbulence are higher. Moreover, the
traditional olive grove shows lower streamwise variations and longer distance of air
flow recovery than the intensive olive grove.
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3. According to the leeward wind flow of the agro-forest, the wind velocity profile
goes close to zero (but it is not zero on average) at a distance of x/L ≤ 0.11 and
height approximately equal to ht. The vertical transition between the modified and
incoming wind profiles is extended to 2.5 ≤ z/ht ≤ 3. For the traditional olive grove,
one relevant characteristic of the vertical velocity wind profile is the inflection point
around z/ht ≤ 1.5. At a distance of x/L ≤ 1.15 (distance approximately equal to the
total length of the plantation), the wind profile is still affected by the olive agro-forest.

4. Regarding to the turbulent characteristics, the turbulence intensity profiles grow
significantly in the domain where the vertical wind profile transition occurs at
2.5 ≤ z/ht ≤ 3, showing maximum values at approximately z/ht = 1. Furthermore,
the maximum decreases and becomes smoother; at x/L ≤ 1.15, the exponential shape
seems to almost recover, except for near the surface, depending on the layout and
the cover.

5. It is concluded that, in the area next to the trees, the TKE is similar for all the configu-
rations; however, it is significantly higher in the case of the traditional olive grove as
we move in the streamwise direction.
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Abbreviations

List of symbols and abbreviations
ABL Atmospheric Boundary Layer
B Overall agro-forest width
BLWT Boundary Layer Wind Tunnel
CFD Computational Fluid Dynamics
Cw Crosswise corridor width
Dh Aerodynamic diameter of the wind tunnel
Dp Aerodynamic diameter of the plantation
Dr Aerodynamic diameter of the tree row
Dt Aerodynamic diameter of the tree unit
E Geometric scale
el Streamwise distance between trees
g Gravitational acceleration
ht Tree height
IT Turbulence Intensity
Je Jensen number
k Von Karman constant
L Overall agro-forest length
Re Reynolds number
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Rep Reynolds number for plantation
Rer Reynolds number for tree row
Rere f Reynolds number of reference
Ret Reynolds number for each tree
SBL Surface Boundary Layer
Sw Skewness
t Time
tr Tree crown radius
TKE Turbulent Kinetic Energy
u Horizontal component of the velocity vector
u′ Gust velocity
u∗ Air friction velocity
u2
∗ Kinematic stress

Ul Instantaneous wind velocity
Uo Input/reference wind velocity
U Mean wind velocity
x Horizontal distance from the agro-forest
w Vertical component ow the velocity vector
z Height
zo Aerodynamic surface roughness length
α Aerodynamic porosity
δ Boundary layer thickness
ϕU Variation rate for U
ϕIT Variation rate for IT
ϕTKE Variation rate for TKE
σ Standard deviation
σ2 Variance
ρa Air density
µa Air dynamic viscosity
νa Air kinematic viscosity
λ Scale ratio
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