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Wind resource assessment for wind energy applications increasingly relies on advanced wind flow modeling approaches based on Numerical
Weather Prediction (NWP) tools and remote sensing techniques such as Sonic Detection and Ranging (SODAR) for early inspection studies.
While NWP modeling at least in principle allows for an early wind resource assessment without on-site data, SODAR is a convenient tool
for the exploration of the wind resource at varying site locations at an early stage of the project development process. In the present work
the output of reanalysis and operational weather models such NARR (North American Regional Reanalysis) and NAM (North American
Mesoscale model), respectively, has been validated against selected automatic surface observation stations (ASOS), and WRF-ARW (Weather
Research and Forecasting - Advanced Research WRF) has been used for the generation of high-resolution regional wind speed maps through
dynamical downscaling procedures. Using downscaled regional maps for 30 m height the potential for rural electrification with small wind
turbines at communities with a particularly low Human Development Index (HDI) has been evaluated. A SODAR unit located at a complex
location was first calibrated against concurrent anemometry measurements at a tall tower and then used for an exploration of wind flow and
boundary layer physics during a 15-month campaign. Atmospheric stability was assessed through the analysis of the vertical wind direction
fluctuations. The friction velocity under different stability conditions was extracted from profile plots and derived parameters such as the
planetary boundary layer height and the friction drag were analyzed. While the general agreement of the observed profile plots with the
predictions of boundary layer theory is fair, deviations particularly at lower measurement heights have been found which can be attributed to
topographic effects.

Keywords: Numerical weather prediction (NWP); mesoscale modeling; sonic detection and ranging (SODAR); atmospheric stability.
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1. Introduction

The exploration of the wind resource, both on a utility-scale
and for small-scale application increasingly relies on ad-
vanced modeling tools and measurement techniques. In the
specific case of Mexico there is a host of reasons for these
trends, including the scarcity of public wind resource infor-
mation and the sub-optimal data availability and quality at
Automatic Surface Observation Stations (ASOS) [1]; more-
over, very little tall-tower information is available from pub-
lic sources. An additional difficulty is the widely complex
topography in Mexico which poses significant challenges on
the extrapolation of the wind resource from available mea-
surement locations.

While a network of high-quality public tall measurement
towers becomes available in Mexico, practical workarounds
have to be found which allow for the early prospection of
the wind resource. The use of publicly available Numeri-
cal Weather Prediction (NWP) systems has become increas-
ingly popular in the wind resource community, as those tap
into a large reservoir of weather information which is con-
tinuously updated, quality-controlled, and reanalyzed. A nat-
ural starting point is the review of existing data bases such
as the North American Regional Reanalysis (NARR) [2] or
the North American Mesoscale Model (NAM) now called
the “North American Mesoscale Forecast System”. [3]. We
have extracted such information and have conducted com-
parisons for selected sites in the state of Sonora against point
measurements at 10m weather stations after applying qual-

ity control procedures [1]. Higher-resolution wind resource
maps for Sonora were created by downscaling using WRF
(Weather Research and Forecast) [4]. As no tall tower data
are publicly available in the region a comparison was con-
ducted against a public wind map published on the web by a
private consultancy company (3TIER). As an application of
NWP systems to the small-scale use of wind energy we have
conducted a study of the technical feasibility of rural elec-
trification with small wind systems among the hundred rural
communities in Mexico with the lowest Human Development
Index (HDI) [5] and have compared the required investments
with those for an equivalent photovoltaic system.

Once a prospective site has been identified, some on-site
measurements have to be conducted before further moving on
with the project development process. While in small-scale
applications the cost of all measurement systems other than
the most basic ones (say, a single anemometer and a vane on
a 6 m tower at an exposed location with a simple data logger)
are generally prohibitive, the installation of a Sonic Detection
and Ranging (SODAR) [6] in combination with one tall tower
(60-80 m) serving as the project hub may be a cost-effective
solution at a utility-scale wind project. The SODAR unit may
be placed at different locations and by correlating its mea-
surements with those from the tower the wind resource at a
project covering hundreds or thousands of hectares and com-
bining these measurements with the output of flow models an
accurate initial wind map for the project area may be con-
structed. While this approach is straightforward in principle,
challenges arise because of the effect of vegetation and com-
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plex topography on the SODAR-measured wind profiles. In
the present work an assessment of the results obtained with a
SODAR unit in complex terrain are reported and its use for
the assessment of boundary layer parameters is discussed.

2. Numerical weather prediction (NWP) sys-
tems for wind resource modeling

Numerical Weather Prediction systems are primarily de-
signed to forecast weather conditions based on the knowledge
of an earlier state of the atmosphere. Apart from their obvious
use in all weather-related applications they can also be used
in climatological studies, pollution dispersion modeling and
the prediction of the solar and the wind resource [7]. Their
use for wind energy application is, however, relatively new
as only in the recent past the computing power required has
become more widely available. Furthermore, as opposed to
other areas of weather and climate modeling where the wind
variables are not of primary interest the wind energy industry
requires the knowledge of the wind resource to an accuracy
of a few percent or better which is typically not achievable
through a straightforward application of NWP systems. Con-
sequently, the refinement of NWP systems and the develop-
ment of new techniques, including hybrid approaches [8], is
an active field of current wind energy engineering.

2.1. Overview of the NWP modeling process

The modeling process in Numerical Weather Prediction sys-
tems is based on a hierarchical structure. The first step in the
process are Global Circulation Models (GCM) [9] such as the
Global Forecast System (GFS) [10], and the Global Environ-
mental Multiscale Model (GEM) [11]. The output of these
models is refined by a process called regionalization through
a host of processes and models collectively termeddownscal-
ing techniques [12]. At the core of this downscaling process
is always a regional physical model of the atmosphere, the
oceans, and the land masses, equipped with a set of equa-
tions which allow for the modeling of the atmosphere and
its interactions on a smaller scale, typically down to a res-
olution of a few km and covering areas with typical dimen-
sions of a few hundred km. Common Regional or Mesoscale
Weather models include WRF (Weather Research and Fore-
casting Model) [4], RAMS (Regional Atmospheric Modeling
System) [13], MM5 (Fifth Generation Penn State / NCAR
Mesoscale Model) [14], ALADIN (High-Resolution Limited
Area Hydro and Non-Hydrostatic Model) [15], and COSMO
(Consortium for Small-Scale Modeling) [16], among others.
Three elements are combined in any NWP model: (i) The
dynamic equations describing the flow of air, humidity and
other species (if required) expressed on a discrete model-
ing grid, (ii) suitable parameterizations of the physical pro-
cesses occurring on a sub-grid level, and (iii) data assimila-
tion techniques allowing for a continuous reconciliation of
the modeling results with the multiple observations of the

weather obtained from Automated Surface Observation Sta-
tions (ASOS), weather balloons, and satellite observations,
among others.

2.2. Case study: Modeling the wind resource in the state
of Sonora and Baja California Norte, Mexico

2.2.1. Methodology

The information from two Automatic Surface Observation
Stations (ASOS) located in Mexicali (Baja California Norte)
and San Luis Ŕıo Colorado (Sonora) was obtained from the
Mexican National Weather Service [17] and subjected to a
set of quality control procedures described in Ref. 1. Mexi-
cali has a nine-year data set ranging from 2000 to 2008; data
for San Luis Ŕıo Colorado was available for 2008 and 2009.
NARR wind speed and direction data was extracted for the
grid points in the vicinity of the two ASOS stations men-
tioned (Mexicali and San Luis Ŕıo Colorado) for the 10 m
height. NAM information is available from two data sources:
(1) NAM-Analysis, a reanalysis data base where observa-
tional data have been assimilated into the model runs. Data
coverage at the time of the study was from January 2005
through December 2010 in six-hourly intervals. (2) NAM-
Forecast, a model output data base with data coverage from

FIGURE 1. Modeling grids for the three mesoscale models used in
this work (a) NARR, (b) NAM, (c) WRF.
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FIGURE 2. Comparison of concurrent observations and modeling
(NARR, NAM-Analysis, NAM-Forecast) results for the Mexicali
station:Daily profile

November of 2008 through February 2011 at the time of
study. Evidently, the overlap of NAM-Forecast data model
data with the ASOS data from San Luis Rı́o Colorado is lim-
ited to two months. Model runs are based on NAM-Analysis
boundary conditions. The native grid has a horizontal reso-
lution of 12 km. The modeling grid for all three models are
shown in Fig. 1. The output was interpolated to the locations
of the ASOS stations by horizontal Kriging. As in the case of
NARR, the information generated corresponded to the 10 m
height level.

2.2.2. Validation of NARR and NAM (Analysis and Fore-
cast) against ASOS

The predictions of both the Reanalysis model (NARR) and
the two sub-models (NAM-Analysis and NAM-Forecast) be-
longing to the North American Mesoscale Forecast System
were compared to the quality controlled Automatic Surface
Observation Stations (ASOS) of the Mexican National Mete-
orological Service (SMN) in the area. Concurrent data sets
for NARR, NAM-Analysis, and NAM-Forecast were pre-
pared and compared to the ASOS data; in the case of NAM-
Forecast and its comparison with San Luis Rı́o Colorado,
concurrent data were available only for November and De-
cember of 2008, which evidently has an impact on the daily
profile. As it can be seen from Fig. 2 for the case of Mex-
icali, the overall daily profile is relatively well described by
all models, with a general underprediction of the measured
data by the mesoscale models. The best prediction is ob-
tained by the NARR model which correctly predicts the wind
speed minimum at 15:00 and the general shape of the daily
profile. NAM-Analysis has roughly the same shape but sees
the minimum occurring at an earlier hour as shown by the
data, and generally underpredicts the observational data to a
larger extent than NARR. NAM-Forecast has a reduced set of
concurrent data with the observations which leads to a differ-
ent apparent profile; however, similarly to the other models,
the general trend is well captured.

FIGURE 3. Comparison of concurrent observations and modeling
(NARR, NAM-Analysis, NAM-Forecast) results for the San Luis
Colorado station:Daily profile.

In the case of the station San Luis Rı́o Colorado (Fig. 3)
all models quite accurately predict the general shape of the
daily profile, with the exception of the minimum which is not
corrected modeled by NARR. As in the case of Mexicali (Fig.
4), the observations are generally underpredicted, though to
a minor degree compared to Mexicali.

In the case of the monthly profiles, as shown by Fig. 5
NAM-Analysis appears to be modeling most of the fine struc-
ture of the seasonal variation of the wind speed, although
the yearly peak occurring in April is underpredicted by the
mesoscale model, apart from the general negative bias. As
stated earlier, NAM-Forecast values have been available for
the two months of November and December only, so the com-
parison with the data is somewhat limited. A good agreement
with the data was achieved for these months, however. In the
case of NARR, it is conspicuous that the prediction of the sea-
sonal profile is relatively, with a predicted wind speed peak
in July which is not seen in the data. The April maximum

FIGURE 4. Comparison of concurrent observations and modeling
(NARR, NAM-Analysis, NAM-Forecast) results for the Mexicali
station:Seasonal profile.

Rev. Mex. Fis. S59 (2) 114–129



MESOSCALE MODELING AND REMOTE SENSING FOR WIND ENERGY APPLICATIONS 117

FIGURE 5. Comparison of concurrent observations and modeling
(NARR, NAM-Analysis, NAM-Forecast) results for the San Luis
Colorado station:Seasonal profile.

occurring in the data, on the other hand, is not seen in the
model. While data availability has an impact on the sea-
sonal comparison, as conspicuous from the comparison of
the concurrent observational data sets for NAM-Analysis and
NARR, respectively, the difference between these concurrent
data sets is much smaller than the discrepancy between the
model and the data, so it is not sufficient to explain the lack
of agreement. It is to be admitted, though, that the NARR-
concurrent data have a smaller springtime wind and a some-
what larger summer wind than the NAM-concurrent data set.

In the case of San Luis Colorado the agreements of the
models with their concurrent data sets are much better. The
best general prediction is obtained with the NAM models,
with NAM-Forecast yielding a somewhat more accurate pre-
diction of the shape of the seasonal profile. All models in-
cluding NARR predict the summer peak and the minima in

FIGURE 6. 80 m wind speed map for Sonora constructed with in-
formation from the publicly available website FirstLook [18].

FIGURE 7. 80 m wind speed map for Sonora generated by the au-
thors through downscaling using WRF.

February and November, respectively, although the seasonal
excursion seen by NARR is larger than what has been ob-
served in the data.

2.2.3. Downscaling studies

A full 80 m wind speed map was generated for the Mexican
state of Sonora (Fig. 7) corresponding to the year of 2009
using the WRF-ARW model [4]. Model output was gener-
ated on a 3 km grid nested into a mother domain with 9 km
resolution. Initialization was conducted based on NARR. As
thermal effects were supposed to be important, two different
sea surface temperature (SST) sets were used in the simula-
tions: (1) The native 1◦ SST set provide by NARR, (2) a high
resolution (HR) (1/12◦) SST set.

Since no public 80 m tower or remote sensing data are
available for the region the validation of the wind map was
performed against the output of another mesoscale wind
model, the one made publicly available by the company
3TIER on their website FirstLooki. The 80 m wind map
provided by the company was downloaded in image format
and georeferenced using a GIS (Geographic Information Sys-
tems) software tool for further manipulation. Wind speed
values for selected sites were obtained from the website using
the site select tool (Fig. 8). As no detailed publication accom-
panying the wind map has been made available comparisons
are evidently qualitative in nature. It is understood, however,
that the FirstLook wind map was generated with mesoscale
modeling techniques similar to the ones used in the present
study and that the map is supposed to reflect the 10-year wind
resource in the region, most likely obtained through the use
of statistical downscaling methods [12].

While the scope of the comparisons is necessarily lim-
ited, given the fact that our wind map was generated for one
year only where 3TIER claims to exhibit a long-term map

Rev. Mex. Fis. S59 (2) 114–129
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TABLE I. Wind speed predictions for selected locations in the Northern bay area of the Sea of Cortez (this study) compared to the values
extracted from the FirstLook website

LAT LON WRF [m/s]
FirstLook [m/s]

Ratio 3TIER/WRF % Dif
mean range

30.788 -113.005 6.40 6.45 1.5 1.0 0.8

30.869 -113.004 6.40 6.30 1.4 1.0 -1.6

31.384 -113.380 6.07 6.90 1.6 1.1 13.6

31.627 -113.791 6.41 7.10 1.6 1.1 10.8

31.652 -113.094 6.33 5.55 1.5 0.9 -12.3

31.708 -113.791 6.47 7.10 1.6 1.1 9.7

31.762 -113.823 6.47 7.00 1.6 1.1 8.2

31.870 -113.728 6.40 6.10 1.4 1.0 -4.8

31.896 -113.410 6.59 5.10 1.4 0.8 -22.7

31.923 -114.109 5.91 6.55 1.5 1.1 10.8

32.110 -114.428 5.78 6.35 1.5 1.1 9.8

32.166 -114.079 5.74 6.10 1.4 1.1 6.3

FIGURE 8. Selected points of interest in the bay of the Sea of
Cortez in Northwestern Sonora.

(10 years) some qualitative comparisons are in order. Both
maps show the highest wind resource in the Northeastern part
of the state close to the border with the neighboring state
of Chihuahua. The other areas with a moderately interest-
ing wind resource are located along the Northern parts of the
coastline bordering the Sea of Cortez, particularly the North-
ern bay area close to the small township of Puerto Peñasco.
In order to conduct a more quantitative comparison a number
of sites in the area were selected at locations with different
topography, distance from the coastline, and wind resource.
These locations, together with the average wind speed val-
ues as predicted by both the FirstLook and our WRF model
are shown in Table I. It is conspicuous from the table that the
wind resource at all locations is modest at best, with the WRF
predictions showing wind speed averages of up to 6.5 m/s at
the best locations. FirstLook generally has somewhat higher
average wind speeds, with a typical increase of 10% over the
WRF values at the best locations, leading to 80 m wind speed

averages of order 7 m/s at the best locations which may be
marginally interesting to wind farm developments if all other
development conditions (such as leasable land at competitive
rates, electric grid access, security etc.) are met. It should be
stressed, however, that the range of wind speed values pre-
dicted by FirstLook is considerable, leading to a high uncer-
tainty for potential developers if their commercial decisions
are based on such a wind map alone.

2.3. Case study: Assessing the potential for wind-
electric rural electrification

While commercial wind farm development is one, and cer-
tainly an important one, motivation behind the realization of
mesoscale wind studies, another important application lies
with the estimation of the wind resource for rural electrifi-
cation purposes. As opposed to large-scale wind farm project
where on-site measurement towers are an indispensable part
of the development process, on-site data for the analysis
of the feasibility of wind projects in rural communities are
scarce. If data are available at all, their quality is doubtful at
best, and no reasonable assessment of the project feasibility
can be conducted with them.

A possible alternative lies with wind resource data gen-
erated from mesoscale models. Such models can provide a
quick and relatively cheap overview of the potential at candi-
date communities and might pave the way for public funding
for dedicated on-site measurements. In our group we have
conducted such an assessment based on the rationale of giv-
ing preference to communities with low development as mea-
sured by the Human Development Index (HDI) [5]. It is be-
lieved that relatively small electric power systems at these
communities can make a far larger impact on development
opportunities than in communities that already have grid ac-

Rev. Mex. Fis. S59 (2) 114–129



MESOSCALE MODELING AND REMOTE SENSING FOR WIND ENERGY APPLICATIONS 119

FIGURE 9. Human development index by municipalities in Mexico
[38].

cess, as in the letter the main impact lies with the amount
of clean energy produced and the corresponding reductions
in emission, while in the former a qualitative difference is
made in people’s lives. One important aspect is (interme-
diate, higher, professionalizing, and continuing) education
which may become accessible to electrified communitiese.g.
through distance learning centers [19] which have become
popular in Mexico in the last decade.

In the present study, an initial inspection of the HDI map
for Mexico (Fig. 9) was conducted in order to identify a
priority area of modeling. Not unexpectedly, most of the
least developed municipalities are located in the Southern and
Southeastern regions of Mexico. While sub-development is a
widespread phenomenon which is not restricted to a specific
area, there is a significant coincidence with low-HDI areas
and the high-wind resource areas in the Istmo de Tehuante-
pec region covering parts of the states of Oaxaca, Veracruz,
and Chiapas.

In order to select the municipalities to be included in the
study the search was first restricted to the 100 municipali-
ties with the lowest HDI values. Then, those municipalities
within this sample falling into the selected modeling win-
dow for the Istmo de Tehuantepec region were chosen and
identified in a GIS (geographic information system) repre-
sentation of the area; a total of 16 municipalities resulted
from this intersection process (Fig1̇1). Then, a WRF wind
speed map for a typical small wind turbine height of 30 m
was generated using the downscaling techniques described
above (Figs. 10, 11). As before, NARR was used for initial-
ization and boundary conditions. The annual average wind
speeds of each of the selected municipalities, together with
their name and state, are displayed in Table II. As shown in
the table, most of these municipalities have quite substantial
annual wind speed averages, especially if the relatively low
modeling height of 30 m above ground level is considered.
The wind resource in some of the municipalities, especially
in Oaxaca, is so high that rather than energy production the
sturdiness and reliability of the small wind system to be used
are at the forefront of the tech- nical consideration for project
development. Another aspect

TABLE II. CMunicipalities among the 100 least developed with an
average annual wind speed of 5 m/s or more

Municipality State Annual

average [m/s]

Chanal Chiapas 5.3

Socoltenango Chiapas 6.3

Tzimol Chiapas 6.7

Ocotepec Chiapas 5.1

Bochil Chiapas 5.6

La Concordia Chiapas 7.7

Las Rosas Chiapas 5.3

Bejucal de Ocampo Chiapas 6.7

Huautepec, Dist.

Teotitlán Oaxaca 6.7

San Juan Lachigalla,

Dist. Ejutla Oaxaca 9.1

San Miguel Santa Flor.

Dist. Cuicatĺan Oaxaca 6.8

Santa Lućıa Miahuatĺan.

Dist. Miahuatĺan Oaxaca 8.4

Santa Maŕıa La Asuncíon.

Dist. Teotitĺan Oaxaca 5.7

Santiago Tlazoyaltepec.

Dist. Etla Oaxaca 8.2

Santo Domingo Tepuxtepec.

Dist. Mixe Oaxaca 8.1

Soteapan Veracruz 7.1

FIGURE 10. Wind map @30 m for the Istmo de Tehuantepec re-
gion created with WRF.

to be considered in a full technical feasibility studies is the
often bi-modal wind resource in the Istmo de Tehuantepec
region with high winter and low summer winds. Due to the
limited space of this paper we are unable to further elaborate
on these issues.

As mentioned above, the wind resource at all locations,
even at those with the lowest wind resource, was expected
to lead to a verdict of pre-feasibility. In order to assess the

Rev. Mex. Fis. S59 (2) 114–129
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later we have calculated the average annual energy produc-
tion using the probability density functions (pdf) extracted
from the simulated wind resource at each of the locations
and the power curve of a commercial small-scale wind tur-
bine, the Aeroluz Pro rated at 1.4 kW. This turbine [20] has
been tested at a test location in the La Venta region at the Cen-
tro Regional de Tecnologı́a Eólica (CERTE) for an extended
period showing its potential for functioning under high-wind
conditions [21]. It should be pointed out that the power curve
for the evaluations contained in this paper corresponds to a
high-wind version of the Aeroluz Pro which was designed to
maintain its power output at the rated value of 1.4 kW up to
a wind speed of 16 m/s, whereas the standard version shows
a power reduction due to horizontal furling [22] starting at
about 12 m/s [20] with the precise value for furling onset de-
pending on the electric configuration, especially the system
voltage.

Having stated these clarifying remarks the calculated en-
ergy production for the high-wind version of the Aeroluz Pro
is displayed in Table III, showing an annual per-turbine out-
put in excess of 2,400 kWh/a (or 200 kWh/month) for all
sites and values of over 6,000 kWh/a for some of the sites in
Oaxaca. The cost of a complete Aeroluz system (2010) was
taken to be 80,000 MX$. As 200 kWh per month approxi-
mately corresponds to the average household consumption in
Mexico, one turbine should be capable of supplying sufficient
energy for one home on an annualized basis. At rural loca-
tions, about half that value was assumed (100 kWh/month).
For the purposes of the present calculation a community size
of 50 dwellings was taken as a reference. For comparison, a
PV system provided by a Mexican provider based on ERDM
modules and equipped with a battery bank, a charge/load con-
troller, cables, protections and accessories rated at 500 W
was taken as a reference. The total cost of this system was

FIGURE 11. Wind map for 30 m above ground level showing the
selected municipalities.

TABLE III. Annual energy production calculated for each of the
selected municipalities.

Municipality Wind speed Annual energy

[m/s] production [kWh/a]

Chanal 5.3 2512

Socoltenango 6.3 4243

Tzimol 6.7 4590

Ocotepec 5.1 2437

Bochil 5.6 3189

La Concordia 7.7 5933

Las Rosas 5.3 2745

Bejucal de Ocampo 6.7 4411

Huautepec 6.7 3619

San Juan Lachigalla 9.1 6472

San Miguel Santa Flor 6.8 3573

Santa Lućıa Miahuatĺan. 8.4 5375

Santa Maŕıa La Asuncíon 5.7 2596

Santiago Tlazoyaltepec 8.2 5375

Santo Domingo Tepuxtepec 8.1 4843

Soteapan 7.1 3805

55,000 MX$ (2010). The annual production was conserva-
tively estimated to be 730 kWh/a.

In order to assess the economic benefits of wind-electric
systems at the selected municipalities we have assessed the
installation cost of the wind system and have compared it
with a PV system producing the same amount of annual en-
ergy. It may be argued that levelized cost of energy (LCOE)
is a more accurate measure of the cost effectiveness of an en-
ergy system; however, practical decisions on the purchase of
a renewable energy system are generally based on the initial
cost alone, so we believe this number to be more relevant for
the actual decision making process. As shown in Table IV the
reduction in initial cost is substantial in all communities stud-
ied. On the average, the wind-electric system cost only about
30% of the PV system producing the same amount of energy,
a 70% cost reduction. Even in the lower-wind community the
cost reduction is still about 60%; this illustrates the high po-
tential for cost savings in rural electrification projects where
a significant wind resource can be anticipated,e.g. through
mesoscale modeling studies as in the present case.

As stated before, due to the seasonal variation a practical
implementation of the project may require some long-term
storage or combination with other power sources such as so-
lar PV. It is also important to point out that the cost of PV
modules has come down significantly in recent years, so fur-
ther reductions in system can be expected in the near future.
This may eventually shift the balance towards PV solutions.
However, wherever a significant wind resource is available
the combination of PV with wind system may be able to pro-
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TABLE IV. Comparison of system costs for a wind energy system based on an Aeroluz 1.4kW turbine and a PV system sized to produce the
same amount of energy (730 kWh/a).

Municipality Number of Wind system PV system cost Wind/ PV

turbines required cost (M$ Mex) (M$ Mex) [%]

Chanal 24 1.92 4.6 42

Socoltenango 15 1.2 4.6 26

Tzimol 14 1.12 4.6 25

Ocotepec 25 2 4.6 44

Bochil 19 1.52 4.6 33

La Concordia 11 0.88 4.6 19

Las Rosas 22 1.76 4.6 39

Bejucal de Ocampo 14 1.12 4.6 25

Huautepec 17 1.36 4.6 30

San Juan Lachigalla 10 0.8 4.6 18

San Miguel Santa Flor 17 1.36 4.6 30

Santa Lućıa Miahuatĺan. 12 0.96 4.6 21

Santa Maŕıa La Asuncíon 24 1.92 4.6 42

Santiago Tlazoyaltepec 12 0.96 4.6 21

Santo Domingo Tepuxtepec 13 1.04 4.6 23

Soteapan 16 1.28 4.6 28

FIGURE 12. Overview of a SODAR measurement system. (a) Front view showing antenna array with amplifiers and detection electronics
(Atmospheric Research and Technology). (b) Rear view with 500 W photovoltaic power system.

vide a considerably more cost-effective solution than a PV
system alone.

3. Wind resource assessment using SODAR
and tower-base anemometry

3.1. Generalities

SODAR (Sonic Detection and Ranging [6] is a well-
established technique in the atmospheric sciences for remote
sensing of wind velocity (Fig. 12). Its use for wind energy

prospecting purposes is much more recent, with most work
in this field occurring in the last decade. The basic principle
relies on the emission of three sound beams into the atmo-
spheric and the detection of a small portion of the backscat-
tered power.

1. SODAR measurement principles

The wind velocity information is obtained from the Doppler
effect as a moving parcel acting as a scattering center reflects
sound at a shifted frequency the shift of which is propor-
tional to the wind velocity component along the beam direc-
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tion. While the vertical beam component is obtained directly
in this way, the horizontal components have to be calculated
through geometric relationships.

2. Data acquisition and filtering

Extensive quality control procedures are part of the semi-
automated data acquisition process of every SODAR de-
vice. Since the signal backscattered into the SODAR an-
tenna is tiny (only about 10−14 of the transmitted energy is
received from backscatter) the signal has to be discriminated
against background noise, using various simultaneously re-
quired quality control checks. Both a minimum and an adap-
tive signal-to-noise ratio check are performed and can be ma-
nipulated by the user. Also, a minimal signal amplitude (both
in a fixed and an adaptive manner) can be required. An im-
portant quality check typical of the SODAR measurement
principal is echo detection. Reflection from a hard surface
will produce a zero wind speed velocity component signal
at an apparent height corresponding to the effective distance
of the obstacle. Echoes can be rejected directly during the
data acquisition process by filtering signals occurring in the
vicinity of the transmit frequency or by inspecting the vertical
wind velocity component profile of the already acquired data.
Evidently, a proper configuration and operation of the quality
control procedures is part of a successful SODAR measure-
ment campaign.

3.2. Calibration of SODAR against tower measure-
ments

Since the measurement process in a SODAR is fundamen-
tally different from that at an anemometer tower it is not ob-
vious that both sets of measurements should be identical. SO-
DAR averages over considerable volumes, both laterally due
to the beam extension and vertically because of the minimum
signal length required to determine its frequency, whereas
anemometers essentially conduct point measurements. An-
other issue is the fact that the averaging volumes for the ver-
tical and the inclined beams scarcely overlap, as the geometry
of the arrangement requires the three beams to be divergent.
As a consequence, at greater heights theu, v, andw compo-
nents may actually be measured in different volumes, so the
measurement technique considerably relies on the hypothe-
sis of homogeneous flow. Another issue, already mentioned
above, is the occurrence of static echo stemming from the
reflection of part of the SODAR beam intensity from fixed
surfaces, such as walls or even a nearby measurement tower.

Due to these issues, a field calibration of an operational
SODAR against the measurements of a tall (60 m or 80 m)
tower with anemometers at different heights is generally ad-
visable. In this study we have conducted such a calibration,
the results of which are displayed below. Tower and SODAR
were located in complex terrain on a high plateau located
some 250 m away from a cliff. Incoming wind flow was over
the cliff during most of the observations. Due to the challeng-

FIGURE 13. Correlation of hourly wind speed measurements of
the SODAR and the tower for 60 m height. Correlation coefficient
= 0.93.

FIGURE 14. Probability density function (pdf) of the filtered
wind speed (tower wind speed intervals) for wind speed measure-
ments conducted at 60m height for both SODAR and tower-based
anemometry.

ing terrain some discrepancies between the two sets of mea-
surements were anticipated before the start of the campaign.

As exhibited in Fig. 13 the correlation of the hourly wind
speed values measured by both the SODAR and a tower-
mounted anemometer at 60 m is relatively good with cor-
relation coefficient of 0.93 (R2=0.86). Apart from the in-
trinsic quality control procedures of the SODAR device it-
self no further data filters have been applied in the graph.
Considering the complex topography of the site the agree-
ment between the two sets of data is considered satisfactory,
though the SODAR-tower regression line is somewhat shifted
to slightly negative values. As shown in Fig. 14 where
the probability density functions (pdf) for both the tower-
mounted anemometer at 60 m above ground level and the cor-
responding measurements for the same height extracted from
the SODAR have been plotted together, the pdfs of both data
sets are relatively similar and can be reasonably described by
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FIGURE 15. Box plot of wind speed differences (tower wind speed
minus SODAR wind speed) for the 60 m level by tower wind speed
interval.

a Weibull pdf (not shown). It is noteworthy, however, that
SODAR has a significantly higher occurrence of low wind
speeds and that the pdf is generally somewhat shifted to the
left.

Further exploration was done by comparing the measured
wind speed differences (anemometer – SODAR wind speed)
as a function of the wind speed interval (anemometer inter-
vals). As it can be seen from the box plot of Fig. 15 the SO-
DAR consistently under predicts the anemometer wind speed
by an almost constant amount of 0.4-0.5 m/s if the predom-
inant wind speed intervals (4 m/s to 10 m/s) of all quality-
controlled SODAR data are considered. This independence
of the wind speed difference of wind speed raises the suspi-
cion that the instrument calibration may be held accountable
for the discrepancy. Frequency calibration as an error source

can be largely ruled out, as the SODAR-measured wind ve-
locity components are only a function of the relative change
in frequency which is independent of the frequency itself for
non-dispersive media.

Another, well-known, phenomenon which leads to a sys-
tematic under prediction of wind speed by SODAR is the
fact that SODAR measures vector averages, as opposed to the
scalar averages measured by anemometers. It can be shown
that vector averages are always smaller or equal than scalar
averages where the discrepancy increases with the degree of
fluctuation of the wind direction. In the present case, winds
were quite steady coming from one 22.5◦ angular sector, and
this effect was found to be negligible.

An additional possible reason for the discrepancy lies
with the dependence of the SODAR-measured wind veloc-
ity components which assume the knowledge of the speed
of sound. Normally, a constant value (typically for a tem-
perature of 20◦C) is assumed for these calculations. As the
speed of sound in air changes quite significantly with tem-
perature (a change in temperature from 20◦C to 40◦ causes
in increase in speed of sound of 11.5 m/s or 3.5%) [22], the
calculated wind velocity components will be smaller by this
amount than the true values if the temperature is consider-
ably higher than the assumed value. Evidently, part of these
discrepancies will average out if the preset temperature for
speed of sound calculations is close to the average site tem-
perature (as in the present case). A net effect occurs only if
there is considerable net difference in average wind speed for
time periods with lower-than-average as opposed to higher-
than-average site temperatures. In the present case, the net
effect was found to be small (< 1%), so this effect alone can-
not account for the discrepancies shown in Fig. 15.

Another issue potentially affecting the measured wind
speed components for a given observation height is timing, as
the association with measurement height is achieved through
a time gate. The center position of the time gate is given by
the roundtrip travel time of the sound beam plus time delays
caused by processing and switching times in the detection
electronics and the computer used for data acquisition and
control. In the present case the factory settings for the instru-
mental delay component corresponded to an unusually low

TABLE V. Comparison of SODAR and tower wind speed averages for the 60m level as a function of the month.

60 m SODAR Tower

Mean wind speed [m/s] [m/s]

Month Filtered (no threshold) Filtered (with threshold) From WBL* Measured

Jan-10 5.561 6.76 6.772 6.153

Sep-09 5.896 5.896 5.892 6.377

Oct-09 6.906 7.08 7.066 7.304

Nov-09 6.232 6.826 6.837 6.566

Dec-09 6.76 7.146 7.13 7.389

All data 6.485 6.937 6.936 6.917
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value, potentially some 30 ms lower than the true value.
This would result in an association with lower than the true
measurements heights. For an average speed of sound of
340 m/s the difference in measurement height (considering
roundtrips) would result in some 5 m. For a typical wind
shear exponent of 0.2 observed at the site this underestima-
tion of height would result in a corresponding underestima-
tion of wind speed of 1.7% for the 60 m height.

As the error sources discussed above appeared to be rel-
atively small – even though the corresponding corrections
point into the right direction – additional options were ex-
plored. As mentioned above, part of the discrepancy stems
from the fact that SODAR underestimates wind speed under
low wind conditions. Therefore, if these low winds are not
considered in the comparison, then the agreement should im-
prove considerably. Two approaches were used (leading to
similar results): (1) The data were subject to threshold fil-
tering before comparison, (2) a Weibull fit was applied to the
SODAR data and the average Weibull (WBL) wind speed was
calculated from the fit parameters. The results are shown in
Table V. While the original data (subjected only to the stan-
dard quality control procedures of the SODAR unit itself)
showed the already discussed under prediction of the tower
data, the prediction accuracy after the adjustment procedure
increases considerably, even though in some case now the av-
erage monthly wind speed is somewhat over predicted. The
typical error of the monthly averages is now of the order of
4-5%, compared to the initial error of 8-10%. The errors of
the complete measurement period happened to cancel out, as
the overall average was almost correctly predicted, but this
may be a fortuitous agreement.

In summary, we can conclude that under the conditions of
our complex site the SODAR measurements showed a good
correlation with the tower data, provided a good prediction of
the probability function but under predicted the tower wind
speeds by some 0.4-0.5 m/s (some 8-10% for typical wind
speeds). Part of this discrepancy (less than 3% of the mea-
sured wind speed) can be accounted for by instrumental is-
sues related to instrument calibration; another component can
be traced back to the under prediction of wind speed under
low wind conditions by SODAR. Other potential sources of
error, such as frequency calibration and the differences be-
tween vector wind speed (measured by SODAR) and scalar
wind speed (measured by anemometers) were found to be
unimportant. Other components of uncertainty are likely to
be related to the complex nature of the flow over the cliff near
the measurement locations of tower and SODAR.

We conclude the section on SODAR calibration by in-
specting a typical vertical profile at the calibration location.
As exhibited in Fig. 16 a consistent logarithmic/power law
variation of wind speed with height is observed for heights of
50m or higher. The power exponent (0.21) or equivalently,
the roughness length (0.73 m) determined from these mea-
surements is in good agreement with the values obtained from
the tower measurements at 40 m, 50 m, and 60 m height. At
the lower heights (40 m and particularly 30 m) a considerable

FIGURE 16. Wind shear as measured by SODAR.

deviation is observed. While at low tower heights (anemome-
ters at 10 m and 25 m were available at the site) some devi-
ation from the logarithmic/power law behavior was also de-
tected, the deviations in this case were attributable to the ex-
istence of a displacement layer caused by the presence of the
forest canopy with a typical height of 5m. The deviations of
the low-level SODAR measurements, however, are far larger
than the ones caused by the displacement layer. The most
plausible explanation, consistent with experiences in litera-
ture [23] lies with the occurrence of a distributed orsoftecho
stemming from the scattering of part of the SODAR intensity
from the forest canopy. This effect dies out with height but
considerably affects lower measurements in such a location.

3.3. Atmospheric stability as seen by tower and SODAR

3.3.1. The Thomas method

In the present work stability was assessed following the work
by Thomas [24] where the fluctuationσφ of the vertical wind
direction was used to provide a classification of the atmo-
spheric stability. Whileσφ is not measured directly by SO-
DAR it can be estimated from the following formula

σφ = arctan
(

σw

vhor

)
, (1)

whereσw is the standard deviation of the vertical wind speed
component (directly measured by SODAR) andvhor is the
horizontal wind speed (vhor = (u2 + v2)1/2), whereu, v, w
are the wind velocity components en thex, y, andz direc-
tions, respectively). As opposed to the standard deviations
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TABLE VI. Threshold values for classification between the stability
classes A-F.

Source F/E E/D D/C C/B B/A

P. Thomas 4.6 - 7.2 12.0 18.9

P. Thomas 2.8 - 5.0 8.1 13.0

Capanni &

Gualtieri 2.0 2.7 14.5 26.0 40.0

This work 2.0 4.9 26.0 40.0 40.0

of theu andv wind velocity components which are inferred
from the components in the inclined beam directions the ver-
tical wind speed fluctuation is measured directly and has been
found to be a reliable measure for turbulence and stability as-
sessments [25]. The assessment with the Thomas method re-
lies on empirical relationships obtained from concurrent mea-
surements with sonic anemometers and other techniques and
may be site-specific and therefore subject to recalibrations at
the site of interest. In the present work the original param-
eter values proposed by Thomas were taken as initial values
for an assessment of stability with SODAR and a subsequent
comparison with the stability classification obtained from the
temperature differences at 9 m and 25 m at the measurement
tower. The threshold values for the classification among the
stability as a function ofσφ are shown in Table VI. The first
three sets of values correspond to values published in liter-
ature, while the last set corresponds to the best set obtained
in this work from the comparison of the SODAR-derived sta-
bility values and the one derived from temperature measure-
ments at the tower.

3.3.2. Calibration of SODAR measurements

The calibration process is illustrated in Fig. 17 and Fig. 18
where the percentage of unstable and stable situations, re-
spectively, derived from both the tower temperature differ-
ence and the SODAR have been plotted as function of time
of day. The full red line indicates the tower-derived stability
fraction whereas the dotted curves show different version of
the corresponding predictions derived from SODAR with the
help of the Thomas method.

It can be seen from the figures that the Thomas method
with the re-calibrated parameter set (Table VI) provides a
good prediction of the atmospheric stability from midnight
to about 6 pm, correctly predicting largely stable conditions
during the nighttime and unstable conditions during daylight
hours. Neutral conditions were scarcely encountered (some
10% of the time) and are equally distributed over the 24-
hour day. A less than perfect prediction is found during the
evening hours where the SODAR method sees a consider-
ably higher fraction of unstable conditions than indicated by
the tower temperature measurements. This situation warrants
further investigation which is currently under way.

FIGURE 17. Calibration of Thomas method using concurrent SO-
DAR and tower data for October of 2009: Unstable situations.

FIGURE 18. Calibration of Thomas method using concurrent SO-
DAR and tower data for October of 2009: Stable situations.

3.3.3. Golder correlation

As the Thomas method only provides a classification into
stability classes, additional information such as the Monin-
Obukhov (MO) length [26] has to be determined from empir-
ical relationships. The MO length is a scaling parameter oc-
curring in surface layer turbulence and is defined as the height
where the friction velocity [27] (indicative of surface shear
stress, one of the important turbulence generating factors)
and the convective velocity [28] (indicative of the other im-
portant turbulence generating process, buoyancy) are equal.
The MO length is formally obtained from

1
L

= −kgH

θu3∗
, (2)

wherek is the von Ḱarmán constant (≈0.4), g the gravita-
tional acceleration,H the surface heat flux,θ is the aver-
age potential temperature, andu* the friction velocity (see
Sec. 4.4). Bothu* and the heat flux are kinetic quantities
which cannot be determined directly by SODAR (Sec. 4.4).

Possible correlations are those by Golder [29] and Liu-
Irwin [29] which lead to similar results. In the case of the
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TABLE VII. Parameters for the Golder correlation as a function of
the stability class.

Golder correlation 1/L = a + b log z0

Pasquill Stability Class a b

A (extremely unstable) -0.096 0.029

B (moderately unstable) -0.037 0.029

C (slightly unstable) -0.002 0.018

D (neutral) 0.000 0.000

E (slightly stable) 0.004 -0.018

F (moderately stable) 0.035 -0.036

Golder correlation the inverse Monin-Obukhov length is de-
termined from a linear relationship with the surface rough-
ness lengthz0

1
L

= a + b log z0, (3)

wherea andb are parameters dependent only on the Pasquill
stability class [29] Table VII). Evidently, the surface rough-
ness length must be known beforehand. This can be achieved
by different means, including a fit of a logarithmic relation
v(z) = C log(z/z0) to the average wind speed profile (based
on the assumption that the atmosphere and the ground are in
radiative equilibrium on the average and therefore the con-
tributions from unstable and stable conditions average out
if the reference period is long enough), an analysis of the
wind speed fluctuations following the work of Wieringa [30]
or by a visual inspection of the terrain and a classification
scheme such as the one by Davenport [31] and subsequent
authors [32].

In either way, if z0 and L are known, then a one-
parameter fit of wind speed profile relations allow the deter-
mination of the friction velocityu* (see next section) and at-
mospheric boundary layer parameter that can be derived from
it.

3.4. Measurement of PBL (planetary boundary later)
parameters with SODAR

3.4.1. Estimation of friction velocity and boundary layer
height (PBL)

The friction velocity is a turbulence parameter related to the
shear stress in the surface boundary layer. It is defined as the
covariance of the horizontal and vertical wind velocity fluc-
tuationsu’, v’, w’ [27]:

u∗ =
(
(u′w′)2 + (v′w′)2

)1/4

. (4)

Evidently, a direct measurement ofu* requires the mea-
surement of the component fluctuations over the relevant
times scales. The slowest processes typically associated
with surface turbulence phenomena are of the order of
5×10−3 Hz, whereas the fastest processes occur with fre-
quencies of up to about 10 Hz (seee.g. [33]). Due to the

relatively low speed of sound in air (∼340 m/s) the round trip
travel time of one pulse for –say– 60 m measurement height
is about 0.35 s, or correspondingly 1.05 s for a sequence of
three (u, v, andw) pulses. According to the sampling the-
orem this limits the detectable maximum frequency to about
0.5 Hz, which is far too low for the detection of fast turbulent
processes. Therefore, a typical instrument used in this kind of
study would be a three-axes sonic anemometer which, how-
ever, was not available at the time of study.

The friction velocity can however be estimated from the
wind speed profile relationships derived from the Monin-
Obukhov similarity theory (seee.g. [26])

v (z)=
u∗

k

(
ln

(
z−d

z0

)
−Ψm

(
z−d

L

)
+Ψm

(z0

L

))
(5)

Ψm is a function of the stability class,d is the displacement
height accountinge.g. for the presence of a forest canopy,k is
the von Ḱarmán constant (≈0.4), andL the Monin-Obukhov
length introduced previously. In the present case the height of
the forest canopy was relatively low (some 5 m), leading to an
estimated displacement height of aboutd ∼3 m. While this
is not completely negligible, given the large vertical height
ranges over which the SODAR averages (typically±10 m),
the effect ofd may be neglected to a first approximation, at
least at higher measurement heights wherez”d.

If L is known (e.g. from the Golder correlation) and
z0 has been determined independently (e.g. from the wind
shear under neutral or average conditions) thenu* can be
obtained by simply dividing the measured wind speed pro-
file v(z) by the known expression between brackets on the
right-hand side of Eq. (5). Alternatively, a two-parameter fit
usingL as a free parameter can be conducted where the val-
ues determined by the Golder correlation can be taken as the
initial values. Whilez0 could in principle be determined by
a three-parameter fit usingu*, L, andz0 as free parameters,
because of the logarithmic dependence ofv on z0 the use of
z0 as a free parameter introduces a lot of additional uncer-
tainty which should be avoided by determiningz0 by other
means [34].

Onceu* has been determined, derived PBL parameter
can be calculated, such as the heighth of the PBL and the
surface friction drag coefficientCD. The former can be ob-
tained from the following relations for stable, neutral or un-
stable conditions, respectively:

hstable= 0.3

√
u∗L
f

(6)

hneutral= 0.2
u∗
f

(7)

hunstable= −kL

(
σw

0.67u3∗

)
(8)

An application of this methodology can be seen in Fig. 19
where the friction velocity and the PBL height have been
plotted as a function of time-of-day for May of 2010. It can
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FIGURE 19. SODAR-derived friction velocity and PBL height as
a function of time-of-day for May 2010.

can be seen from the figure that whileu* varies only moder-
ately (covering a range of 0.5 to 0.7 m/s) the boundary layer
height varies quite dramatically throughout the day. While
the PBL is very shallow during night-time and early morn-
ing hours (corresponding to predominantly stable conditions)
with the PBL height amounting to only a few hundred meters,
it strongly increases after sunrise, reaching values near 2 km
around noon and decaying again to a few 100 m after sunset.

Another interesting measure of boundary layer properties
is the surface friction dragCD which provides insights into
the effective aerodynamic surface roughness.CD is defined
as

CD =
(

u∗
vhor

)2

. (9)

Very smooth surface have surface friction drag values of
the order of 1.2×10−3 while surfaces withCD values in ex-
cess of 2.8×10−3 are considered complex. In our case an
average value of 6.5×10−3 was observed during the effec-
tive 15-month period with a relative small variation (10−3)
of the monthly values around the average, in accordance with
the relatively small variation in leaf area in the low semi-
deciduous forest covering the areas adjacent to the site lo-
cation. Not unexpectedly, surface drag was lowest during
the winter (around 5.5×10−3) and highest during the sum-
mer (around 7.5×10−3).

3.4.2. Reconstruction of wind speed profiles

The values ofz0, u*, and L determined in the analysis of
the boundary layer flow can be used to verify if the SODAR-
measured wind speed profiles area correctly reproduced by
Eqs. (5).

An example of such a reconstruction is given in Fig. 20
where the wind speed profiles under stable, neutral, and un-
stable conditions (as classified by the Thomas method) for
October of 2010 have been plotted. It can be seen that the
general agreement is good though not perfect. The neu-
tral conditions correspond to a completely logarithmic profile
with z0 as the only parameter. As seen from Fig. 20 the slope
of the measured neutral curve is consistently lower than the

FIGURE 20. Measured vs. modeled vertical wind speed profiles
for October of 2010.

one predicted. The apparentz0 value for October of
2010 (defined as the one obtained from a formal fit of
v(z)=C log(z/z0) to the data) corresponds toz0=0.04 m,
which is far smaller of than plausible values for a low for-
est / brush land. This behavior was consistently observed
at the site and can be explained by the characteristics of the
flow over plateau structures (see [35] and [36]). This phe-
nomenon is not directly related to atmospheric stability and
can be traced back to the homogenization of the flow lines as
the flow is driven up by the topographic feature.

In the case of stable conditions the reproduced wind
speed profile provides a good approximation to the data for
heights of 100 m and higher but underestimates the obser-
vations at lower heights. This is again believed to be a to-
pographic effect as uphill flow tends to produce higher flow
speed near the surface, sometimes even resulting in anover-
shootof the wind speed with a maximum at relatively low
heights (< 100 m) [35]. Such a behavior can also be caused
by channeling effects associated with very low-level jets [37].
As expected, the wind profile under unstable conditions is by
far the flattest, with an only modest increase of wind speed
from 5.5 m/s at 40 m to somewhat over 6 m/s at 140 m. Sim-
ilar conditions were found during most of the measurement
period where lowest wind speeds were consistently registered
under unstable conditions.

3.4.3. Relationship between friction velocity and vertical
wind speed fluctuations

In the final section of this exploration of atmospheric bound-
ary layer physics the dependence of the fluctuations of the
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FIGURE 21. Standard deviation of the vertical wind speed fluc-
tuations vs. friction velocity for data taken during May of 2010.

FIGURE 22. Standard deviation of the vertical wind speed fluctu-
ations vs. friction velocity for data taken during February of 2011.

vertical wind velocity angle (as expressed byσφ) on fric-
tion velocity is discussed. As explained in the section on the
Thomas method the three main stability regimes distinguish
themselves by a marked difference inσφ. However, their de-
pendence on friction velocity is also quite different, which
could in principle be explored for an improved classification
method. We found that a power law relationship of the form

σφ = aub
∗ (10)

provided a fair approximation of the data for all months. Ex-
amples are shown in Fig. 21 and Fig. 22 where the corre-
sponding relationships for May of 2010 and February of 2011
are shown; a summary of the fit parameters for all months of
the measurement campaign is given in Table VIII. In the case
of February 2011 the three stability classes can be clearly dis-
tinguished based on theσφ value alone, while some overlap
of theσφ distributions occurs in the case of May 2010.

TABLE VIII. Fit parameters for Eq. (10).

Unstable Neutral Stable

Month a b a b a b

mar-10 6.3 -0.77 5.2 0 3.1 -0.07

abr-10 4.9 -1.00 2.4 -0.95 3.2 -0.03

may-10 5.4 -0.89 3.84 -0.66 2.8 -0.29

jun-10 7.4 -0.57 3.3 -0.87 3.3 -0.12

jul-10 6.2 -0.85 3.7 -0.54 2.9 -0.25

ago-10 3.6 -1.18 1.8 -1.15 2.4 -0.45

sep-10 5.1 -0.84 4.8 -0.19 2.8 -0.25

oct-10 4.6 -0.94 4.3 -0.37 2.8 -0.23

nov-10 n/a n/a n/a n/a n/a n/a

dic-10 5.2 -0.86 5.3 -0.01 3.2 -0.01

ene-11 n/a n/a n/a n/a n/a n/a

feb-11 7.1 -0.29 5.3 -0.06 3.2 0

mar-11 5.6 -1.00 2.9 -0.97 3.1 -0.09

abr-11 6.6 -0.59 5 -0.14 3.1 -0.15

may-11 6.4 -0.70 4.8 -0.43 3.3 0

jun-11 5 -1.00 3.2 -0.98 3.3 -0.1

jul-11 n/a n/a n/a n/a n/a n/a

ago-11 4.8 -1.10 4.4 -0.49 2.9 -0.23

Average 5.6 -0.84 4.0 -0.52 3.0 -0.2

Std. Dev. 1.0 0.23 1.1 0.39 0.3 0.1

In both casesσφ can be seen to be nearly independent of
u* for stable conditions, while a considerable dependence on
friction velocity exists for unstable conditions; under neutral
conditions au* dependence is seen only for low friction ve-
locity values.

4. Summary

A review of approaches to the early prospection of the wind
resource for wind energy applications has been presented,
based on selected experiences of the authors with mesoscale
modeling of the wind resource and remote sensing using
Sonic Detection and Ranging (SODAR).
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4. R. ChÃ¡vez-Arroyo, O. Probst. Meteorol. Appl. 2013 (in
press).

5. J. Klugman, (lead author): Human Development Re-
port 2011. United Nations Development Programme. ISBN:
9780230363311. Retrieved from http://hdr.undp.org/en/media/
HDR 2011EN Complete.pdf

6. I. Antoniou, H. Jorgensen, F. Ormel, S. Bradley, S. Emeis, and
G. Warmbier,On the Theory of SODAR Measurement Tech-
niques. (Final Report of WP1, EU WISE project, April 2003.
Risø-R-1410 EN)

7. J. Steppeler, R. Hess, U. Schättler, and L. Bonaventura,Meteo-
rol Atmos Phys82 (2003) 287-301.

8. R. Ch́avez, O. Probst, Ch. Meissner, Evaluation of the wind re-
source for a coastal site in Mexico by combining WindSim with
WRF. Proceedings of the European Wind Energy Conference
(EWEC, Copenhague April 2012). pp. 16-19,

9. T. Schneider,Annu. Rev. Earth Planet. Sci. 34 (2006) 655–88

10. J. S. Whitaker, T. M. Hamill, X. Wei, Y. Song, and Z. Toth,
Mon. Wea. Rev. 136(2008) 463-482.
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