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Abstract
There are few reports in the literature regarding wind speed near the ground. This work presents a model for wind
speed from 4 meters above the ground, based on year-round measurements in two meteorological towers. Each tower
is equipped with anemometers at 5 heights, as well as thermometers and pressure and relative humidity sensors. The
data is processed using Eureqa artificial intelligence software, which determines the functional relationship between
variables using an evolutionary search technique called symbolic regression. Using this technique, models are found
for each month under study, in which height and temperature are the variables that most affect wind speed. The model
that best predicts the measured wind speeds is then selected. A polynomial function directly proportional to height
and temperature is identified as the one that provides the best predictions of wind speed on average, within the rough
sub-layer. Finally, future work is identified on testing the model at other locations.
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Introduction

Wind turbines are preferably installed in sites of low rough-
ness, low turbulence intensity and high wind speed. For
ground applications, nevertheless, such regions are increas-
ingly scarce, therefore using high roughness environments
such as woods becomes necessary Mertens (2006) This kind
of environments are little known due to high roughness and
heterogeneity of the landscape Sunderland et al. (2013).
However, the annual energy production in these regions can
decrease in 17%, while the out-of-service time caused by
wind turbine failures can increase 2.2 times Zendehbad et al.
(2016).

Wind speed models can be found in the literature in
function of height, such as the power law or power equation
Tong (2010) and the logarithmic law Holmes and Bekele
(2001), which are applicable to strong wind conditions
Mertens (2006) but not to woody sites or urban areas.
According to Mohandes et al. (2011) both expressions
present similar results and it can be affirmed that they are
subject to the same restrictions and loose validity within the
roughness sub-layer (RSL), the region nearest to the ground.

In regions where there are many obstacles or roughness is
present, the previous expressions are valid above the wake
diffusion height Sunderland et al. (2013), identified as z∗

in Figure 1, where the roughness length z0 has also been
included. The author in Mertens (2006) mention values of
z∗ between 34.5 and 39 m.

Wind speed models can be found in the literature for up to
a 100 meters height, based on measurements of 10, 20 and 30
meters height, that employ an adaptive neuro-fuzzy inference
system Mohandes et al. (2011). In studies on wind potential,
measurement towers are usually installed at 10 meters height,
provided there are no buildings or trees within a radio of

300 meters to prevent distortion of the readings Katinas et al.
(2014). Studies in mountainous sites have estimated the wind
resource as high as the axis of the turbine, 50 and 80 meters
from the ground, using the intensity of the surface turbulence
as predictor, reporting reliable results employing methods for
flat lands or offshore Gualtieri (2018).

Wind speed profiles have been constructed in woody sites
based on measurements with sonic anemometers installed
at 42 meters height. This study concludes that the current
models cannot represent the data in complex woody areas
and that it is possible to reduce the number of high wind
mapping towers in these regions, by using interpolation
routines Queck and Bernhofer (2010). On the other hand, in
Lackner et al. (2010) the authors propose the use of towers
with identical height as that of the turbine axis, between 70
and 100 meters, but with a correlation method that allows
estimating the resource based on short term measurements,

1Department of Electromechanical Engineering, Instituto Tecnolgico de
Costa Rica, Costa Rica.
2Politecnico di Milano, Italia.
3Instituto de Investigaciones en Ingeniera (INII), Facultad de Ingeniera,
Universidad de Costa Rica, Costa Rica.
4iReal research group, Escuela de Ingeniera en Diseo Industrial, Instituto
Tecnolgico de Costa Rica, Costa Rica.
5Hochschule fr Gestaltung Schwbisch Gmnd, Schwbisch Gmnd,
Germany.
6iReal research group, Escuela de Matemtica. Instituto Tecnolgico de
Costa Rica, Costa Rica.

Corresponding author:
Gustavo Richmond-Navarro, Department of Electromechanical Engi-
neering, Instituto Tecnolgico de Costa Rica, Costa Rica.
Email: grichmond@tec.ac.cr

Prepared using sagej.cls [Version: 2017/01/17 v1.20]

Page 1 of 7

https://mc.manuscriptcentral.com/wie

Wind Engineering

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

2 Journal Title XX(X)

1.jpg

Figure 1. Vertical behavior of the wind in a region with
obstacles.

between 10 and 100 days, which provides a correction factor
for the power law Tong (2010).

Roughness length z0 is also subject of study regarding its
variation with changes in vegetation Kent et al. (2018), or
with changes in average tree height Maurer et al. (2013).
In general, according to reports this parameter is highly
variable in different landscapes, which makes its appropriate
estimation in the roughness sub-layer difficult Kang et al.
(2019), Miles et al. (2017) and Rigden et al. (2018).

The interest in knowing the behavior of the wind in
lowlands goes beyond the field of wind turbines and has
applications even in modelling the evolution of forest fires
Li et al. (2016).

The aim of this study is to analyze possible expressions
for wind speed within the roughness sub-layer, under z∗ in
Figure 1, using experimental data of wind speed at different
heights and processing these data with techniques that have
proved to be effective in the development of models and
correlations, as is symbolic regression Richmond-Navarro
et al. (2016), Richmond-Navarro et al. (2018) and Žegklitz
and Pošı́k (2019). It is proposed that wind speed is not only a
function of height, but of other atmospheric variables such
as temperature, pressure and relative humidity. Therefore,
the proposal is to describe the conditions under which small
scale wind turbines frequently installed between 0 and 15 m
above ground level (AGL) usually operate Tummala et al.
(2016).

Materials and methods

Data acquisition

Two meteorological masts were equipped with Davis
Instruments, a technology reported in the literature Bowen
et al. (2003). One of the masts, identified as Forestal, is
located at coordinates 9 51’ 46.564” North and 83 54’
59.861” West. Its name owes to the Centro de Investigacin
en Innovacin Forestal del Instituto Tecnolgico de Costa Rica
(ITCR).

Figure 2. Planta tower, instrumented with 5 anemometers
between 4 and 12 m AGL.

Figure 3. Location of anemometers in both masts.

The second mast, identified as Planta because it is close to
the ITCRs sewage treatment plant, is shown in Figure 2 and
its coordinates are: 951’07.0” North and 8354’23.0” West.

The met masts are equipped with five anemometers from
the same manufacturer that measure magnitudes of wind
speed in the range of 0 m/s to 80 m/s with an accuracy of 1
m/s, a resolution of 0.1 m/s and a threshold value of 0.4 m/s.
In the case of the Forestal tower, the anemometers are at 6, 8,
10, 12 and 14 meters AGL. The Planta tower in Figure 3 has
the anemometers placed at 4, 6, 8, 10 and 12 meters AGL.
This is illustrated in Figure 3.

The atmospheric variables in each tower were registered
by means of a Wireless Vantage Pro2 Integrated Sensor Suite
from Davis Instruments. Pressure was registered within the
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range of 540 to 1100 hPa, a resolution of 0.1 hPa and an
accuracy of 1 hPa. The temperature was measured within
the range of 0 to 60 C, an accuracy of 0.5 C and a resolution
of 0.1 C. Relative humidity was registered within the range
of 0 to 100%, a resolution of 1% and an accuracy of 3%
within the range of 0 to 90% and 4% within the range of 90
to 100%.

The equipment was configured to register all the variables
every 10 seconds. A Datalogger connected to an Envoy8X
from the same manufacturer registered the data. At this
sampling frequency the memory became full every 4 days so
each tower must be visited in person to obtain the data and
create a database document. The work is performed using
year-round data, from November 2018 to October 2019.

Both stations present missing data in the months of April
and May 2019. Neither the temperature nor the wind speed
at 12 meters height were registered. Only data from 3 days
is available in April, and in May for 11 days only, at both
measurement points. Therefore these months were discarded
in the study.

Data processing
The original data is in a document with a .db extension. The
data was extracted using the Weather Data Transfer Utility
program to obtain comma-separated values (CSV) files.
Then the data was organized with a Matlab code in monthly
tables that can be read by programs such as Microsoft Excel.
These tables are arranged so that in each row there is only one
speed and one height. All rows with speed data less or equal
to 0.5 m/s were discarded, considering half the uncertainty
of the equipment.

Since two towers are available, it was settled that the
wind speed models would be analyzed with data from Planta
tower, while the results would be validated at Forestal tower.

A model where the dependent variable was wind speed
(V ) was found for each of the 10 months of the study, using
the Eureqa artificial intelligence software. The independent
variables are height (h), pressure (P ), temperature (T ) and
relative humidity (HR). That is, the software was configured
to seek an expression for each month, as in Equation 1.

V = f(h, P, T,HR) (1)

Because of the type of phenomenon, the program was
configured to use addition, subtraction, multiplication,
division, exponential, logarithm and power, leaving out
trigonometric functions and discrete variable operations.
Later, due to the low correlation of velocity with pressure
and relative humidity, a second analysis was carried out with
the target function shown in Equation 2 to know the specific
dependence between temperature and height in the models.

V = f(h, T ) (2)

With the result of the explorations according to Equations
1 and 2, a general structure for wind speed in the vertical axis
was proposed and a monthly model for Planta station was
generated. The measurements at Forestal station are used
in each model to identify which of the speed expressions
in function of height and temperature better represents field
measurements.

Results and discussion
An analytical function was obtained for each month under
study that correlates the variables according to Equation 1,
using the measurements in the Planta station. For the period
November 2018 to October 2019, discarding April and May,
10 models were obtained as illustrated in Table 1 by means
of symbols. All lowercase letters are constants except for h.
This table also includes the correlation coefficient of each
model, estimated by Eureqa, showing values between 0.5 and
0.63 with an average of 0.553 and a standard deviation of
0.0383. Eureqa delivers a set of models for each month under
study, and thereafter only the model with higher correlation
found by the program for each month is used.

It can be drawn from Table 1 that speed is not a function
of all the independent variables in the model that provides
the best correlation each month. Moreover, the functions
are extremely different between months; in particular, the
tendency in the last months of September and October
2019 is notoriously different regarding the structure of the
mathematical function that describes the speed.

In order to know how the independent variables participate
in the models, it must be analyzed the number of times a
term appears in several models in Table 1. The temperature
squared and multiplied by a constant is the dominant term,
appearing in 6 of the 10 models. Then, the variables
temperature and humidity are the only ones that appear in
the 10 models; pressure is absent in 3 of them and relative
humidity is absent in 2 models.

Therefore, the exploration indicated is performed in
Equation 2 using Eureqa, based on the fact that temperature
is the term that most appears among all expressions in Table
1 and height is present in all the models. The results delivered
by Eureqa according to Equation 2 are in Table 2. In this
case, the coefficient of correlation is between 0.46 and 0.59,
with an average of 0.5298 and a standard deviation of 0.043.
Correlation was higher when all the variables were included.

The participation of the terms is again analyzed through
the models only for the case of speed as a function of
temperature and height. The most frequent terms have the
form of a constant multiplied by T , T 2 and T 4. Constants
multiplied by h and h2 can be observed too.

Based on the results obtained, a general structure is
proposed for wind speed in the vertical axis at Forestal
station, which depends on seven constants, in the form of
a polynomial as illustrated in Equation 3.

V (h, T ) = a+ bT + cT 2 + dT 3 + eT 4 + f h+ g h2 (3)

Considering this formulation of Equation 3, Eurega is used
for the third time and in this case model exploration seeks
only the constants that represent the best fitting according to
the polynomial of Equation 3. Table 3 illustrates the result of
this process.

The models that represent wind speed for each month
at Planta station, detailed in Table 3, were tested one by
one with the monthly data at Forestal Station to evaluate
which of them can best represent wind speed in another
meteorological tower. When applying this methodology,
the error criterion defined is half the accuracy of the
measuring instruments used, that is, 0.5 m/s, to define
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Table 1. Dependent symbolic models of all the variables at Planta station.

Month C. Corr. Speed model in the vertical axis

Nov-2018 0.63 a+ b T HR+ c T P + d hT + e T 2 + f HR2 − g HR− i T
Dec-2018 0.53 aT + b T h3 − c− d h− j exp(T + (f h2)g T )
Jan-2019 0.57 a+ b T 2 + c T h2 − dHR− e T − f T 3

Feb-2019 0.53 aP + b T HR+ c hP + dHR2 − e− f HR− g T P − i T 2

Mar-2019 0.56 aP + b h+ c/P − d− exp(e− T )− f HR
Jun-2019 0.50 a+ b T HR+ c h T − dP − eHR− f T P − g T 2

Jul-2019 0.58 a hT + b T P − c− d T − e hHR− f HR2 − g T 2

Aug-2019 0.53 a+ b h T + c T P − d h− e T HR− f P 2 − g T 2

Sep-2019 0.52 (log(a h2 + exp(h))− b)c log(T )+log(HR)−d

Oct-2019 0.58 (P + a h− b)c T−d

C. Corr. means correlation coefficient.

Table 2. Symbolic models dependent on height and temperature at Planta station.

Month C. Corr. Speed model in the vertical axis

Nov-2018 0.59 a+ b T 3 + c h2 T 2 − T − d h− e T 4

Dec-2018 0.521 aT + b h2 − c− d h− f exp(T )
Jan-2019 0.557 a+ b T 2 + c T h2 − d T − e T 3

Feb-2019 0.505 a+ b h T + c T 2 − d t− eT 3

Mar-2019 0.46 a+ b h− c/T − d exp(T )
Jun-2019 0.473 a+ b T 2 + c h2 T 3 − d T − e T 4

Jul-2019 0.566 a+ b T 2 + c h2 + d hT 3 − e T − f T 4

Aug-2019 0.528 aT 3 + b h T 3 − c− d T 4

Sep-2019 0.522 a+ b T 3 + c h T 3 − d T − e h T + f T 4

Oct-2019 0.576 ha−T−h (b−T ) + c T 3 exp(d hT 2)

C. Corr. means correlation coefficient.

Table 3. Monthly values of the constants in Equation 3 at Planta station.

Month a b c d e f g

Nov-2018 -153 11.2 0.718 -0.0771 0.00164 -0.353 0.0278
Dec-2018 228 -63.9 6.43 -0.276 0.00428 -0.672 0.0477
Jan-2019 108 -12.9 0.036 0.0386 -0.0011 0.816 -0.0575
Feb-2019 105 -25.7 2.23 -0.0819 0.0011 0.587 -0.0281
Mar-2019 1.77 -12.5 1.89 -0.0951 0.00159 0.322 -0.0114
Jun-2019 431 -93.4 7.48 -0.261 0.00335 -0.842 0.0594
Jul-2019 -139 22.6 -1.26 0.0273 -0.0002 -0.365 0.0306
Aug-2019 -23.8 23.3 -3.13 0.149 -0.0024 -0.123 0.0126
Sep-2019 68.4 -17.5 1.57 -0.0598 0.00083 -0.0589 0.00755
Oct-2019 240 -51.8 0.00192 -0.146 0.00192 -0.109 0.00865

whether the model predicts correctly or not wind speed
for each measurement. Equation 4 shows the model for
September 2019 at Planta station, which turned out to be the
one that best predicts the measurements obtained at Forestal
station during the time of the analysis, with 10.6% certainty
at correctly predicting 833 797 wind speeds from a total of
7 833 908 measurements made.

V (h, T )Sep−2019 = 68.4− 17.5T + 1.57T 2 − 0.0598T 3+

0.00083T 4 − 0.0589h+ 0.00755h2

(4)

Figure 4 results from graphing the model obtained
for different temperatures. As illustrated, the higher the
temperature, the higher the wind speed. The minimum height
defined was 4 m AGL, since it was the lowest point where
anemometers were placed in this study.

It can be drawn from Figure 4 that wind speed is more
stable in the area closer to the ground, growing with
increasing height. This is because the effect of the surface

Figure 4. Wind speed as a function of height according to the
model proposed in the roughness sub-layer, for several
temperatures.
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roughness and of the obstacles decreases with increasing
distance from the ground.

In addition, Figure 4 shows that low wind speed is usual
in the roughness sub-layer, since in this model that best
represents the data, maximum speeds do not surpass 2 m/s.

It must be taken into account that this model captures
average speeds but not the exact results of the measurements,
since according to the records in the range of heights in this
research, speeds up to 7 m/s were observed, which is not
described by this model as occurrence was insignificant.

Conclusion
This work presents a wind speed model for heights above 4
meters from the ground, from measurements made during
one year at two meteorological masts. Using artificial
intelligence, a model was developed to calculate the wind
speed by means of the parameters height and temperature,
which best fitted the month of September in this study.
The analysis of the independent variables showed that
temperature weighs the most in the symbolic models. On a
large scale, temperature gradients create wind currents, so
their significance in the models is to be expected. The fact
that height is not the most important variable shows that high
roughness compromises the relationship with wind speed as
shown in the power law. By means of the model in Equation 4
low speeds in the roughness sublayer are confirmed, as well
as the increase in wind speed with increasing temperature.
The constants varied monthly greatly, which could affect
model fidelity. Evaluating the model at other measurement
towers and the possible calibration of the constants based on
the specific point of study is identified as future work.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

ORCID iDs

Gustavo Richmond-Navarro https://orcid.org/0000-0001-5147-
5952
Mariana Montenegro-Montero https://orcid.org/0000-0002-1865-
3021
Pedro Casanova Treto https://orcid.org/0000-0001-8508-6293
Franklin Hernndez-Castro https://orcid.org/0000-0003-3589-4588
Jorge Monge-Fallas https://orcid.org/0000-0002-1651-3543

Acknowledgements

We thank the Instituto Tecnolgico de Costa Rica for financing this
research.

References

Bowen A, Zakay N and Ives R (2003) The field performance of a
remote 10 kw wind turbine. Renewable energy 28(1): 13–33.

Gualtieri G (2018) Surface turbulence intensity as a predictor of
extrapolated wind resource to the turbine hub height: method’s
test at a mountain site. Renewable Energy 120: 457–467.

Holmes JD and Bekele S (2001) Wind loading of structures,
volume 11. SPON press London.

Kang L, Zhang J, Zou X, Cheng H, Zhang C and Yang Z (2019)
Experimental investigation of the aerodynamic roughness
length for flexible plants. Boundary-Layer Meteorology
172(3): 397–416.

Katinas V, Sankauskas D, Markevičius A and Perednis E (2014)
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