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Abstract: Renewable energy sources are becoming increasingly integrated into the electricity-generation
sector, being eco-friendly solutions, decreasing global warming, and improving the energy transition
process. Among the different renewables, wind energy is considered a mature, clean, renewable, and
inexhaustible technology as well, becoming one of the main resources in a sustainable framework.
Aiming to evaluate the wind resource, scientific contributions have mostly presented a common
basis: historical data campaigns of the wind resource mainly considering wind speed—including
the module, direction, standard deviation, etc. However, online wind-atlas databases are becoming
tools widely used for both wind-resource assessment and optimal wind-power locations. Under this
framework, this study analyzed and compared such online wind data sources and their integration
with GIS tools for optimal wind-resource-assessment purposes. The proposed methodology identified
the corresponding wind-atlas databases directly on their websites and indirectly through the wind
data used in relevant contributions about the optimal location of wind sites. Our contribution to the
scientific community is thus the review and comparison of these atlas databases for reducing the
barrier to access wind data—including GIS-tool-integration analysis. The limitations raised by civil
societies, particularly regarding environmental and bird concerns, were not included in this study.
Nevertheless, the authors are aware of these concerns and limitations. A Spanish case study was
also included in this work, comparing both estimated and collected wind-atlas databases in terms of
wind-resource assessment.

Keywords: Geographic Information System (GIS); online database; wind atlas; wind-resource
assessment

1. Introduction

Sustainable development is a major goal of worldwide policy [1]. Moreover, a sustain-
able world addresses renewable-energy-source integration into different sectors, leaving
behind fossil-fuel energy sources, such as oil [2], coal [3], and gasoline [4], and decreasing
large emissions [5,6]. Among the different renewables, wind energy is considered one
of the strongest and most profitable resources [7–9]. The evolution of the global wind
sector is upward, in the new MW added to the total capacity as electrical energy gener-
ated from wind-power plants. The onshore wind capacity has increased by 298%, adding
approximately 530 GW in the 2010–2020 period. A total of 32 GW has joined the total
offshore capacity during this same period. The global accumulated wind capacity in 2020,
including both technologies (on- and offshore), accounts for 743 GW—a 14% growth over
the previous year. The new facilities exceed 92 GW, being the annual electricity generated
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close to 1648 TWh (see Figure 1) [10]. Previous wind-energy-evolution data analysis can be
found in [11].
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Figure 1. Accumulated and generated wind-energy evolution. Own elaboration.

Nedaei et al. [12] affirm that wind characterization is the first step to estimate the initial
feasibility of wind-power generation, mainly based on the wind speed, the wind direction,
and the available wind power. Moreover, the database is crucial for an optimal accuracy
of wind-power forecasting [13]. Indeed, relevant forecasting approaches can be found
in the specific literature by considering a variety of databases. Halil et al. [14] proposed
long-term wind-speed forecasting using machine-learning algorithms and based on daily
wind-speed data and the standard deviation from meteorological stations located in Turkey.
Yang et al. [15] developed a hybrid forecasting and analysis system to perform wind-energy
deterministic and probabilistic interval forecasting, using 10-minute wind data collected
from a meteorological tower located in the Chengde wind-power plant (China). Based on
wind-speed data from wind-power plants located in Spain and China, Zhang et al. [16]
took advantage of the error information from the data series and proposed a two-stage
forecasting system that performs a data pre-processing approach, with a multi-enhanced
target-optimization algorithm, error correction, and a non-linear set strategy. Historical
data from the Jeju Island wind-power plant in South Korea were used by Kim and Hur [17]
for the purpose of forecasting short-term wind resources using the improved ensemble
method. Fazelpour et al. [18] accurately estimated short-term wind-speed forecasting
through artificial-intelligence methods. The basis of the method was historical data series
provided by the Iran Renewable Energy Organization. Rezaeiha et al. [19] evaluated the
urban potential of wind energy. This methodology incorporated the historical data of
the wind speed on the roofs of the buildings categorized according to height. The data
series were obtained from the Netherlands Enterprise Agency. Three years of averaged
wind-speed historical data were collected in hourly intervals by Khchine et al. [20]. The
wind potentials in two Moroccan cities were assessed using various methods, such as wind
variability, power density, standard deviation, Moroccan methods, and WAsP to determine
the Weibull parameters. The wind potential from a technical and economic point of view
was evaluated by Bahrami et al. [21] at various locations in a city in Uzbekistan. One-year
wind speed data were needed with hourly measurements at a height of 10 m, obtained
from meteorological stations. The wind potential of the city of Tuvalu was assessed
by Talama et al. [22] through one-year wind data at heights of 24 and 30 m. Various
methods were used to find the Weibull parameters and to determine the power density.
Sumair et al. [23] evaluated the wind potential in southern Punjab from five-year wind data
with hourly measurements at a height of 50 m, collected from the Pakistan Meteorological
Department. In summary, the most-cited works use simulation and forecasting techniques
to address issues about wind-power potential, power system operations, or planning for
disconnection (or connection) of wind turbines [24].
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Numerous researchers have proposed optimization-based solutions in the evaluation
and selection of wind-power plants around the world: Thailand [25], Turkey [26], Nige-
ria [27], Saudi Arabia [28], Spain [29,30], Europa [31], Mexico [32], United Kingdom [33], etc.
In general, the profitability of wind-power installations is associated with a set of factors
from different categories, with wind speed being the most determining factor [34]. There-
fore, it is crucial to use reliable data campaigns, usually involving several year periods, to
characterize both seasonal and annual wind-speed variations, aiming to evaluate accurately
the wind-resource potential [11]. Nowadays, the use of satellite remote-sensing tools in a
variety of sectors is of primary interest. A recent review on wind, geothermal, biomass, and
wave sources assessment by using Synthetic Aperture Radar satellite (Sentinel-1) estimation
can be found in [35]. A Modern-Era Retrospective Analysis for Research and Applications
(MERRA) reanalysis dataset was initially conducted by the National Aeronautics and Space
Administration (NASA) Center to give long-term wind data covering the world spatially.
It was subsequently reconstructed according to an upgraded version of the Goddard Earth
Observing System Model with a 50 × 50 km spatial resolution [36]. Yue et al. [37] eval-
uated wind resources by using on-ground station data, mast and floating light detection
and ranging (LiDAR), and MERRA. Similar evaluation studies can be found in [38–42].
Nevertheless, and despite the fact that the starting point for most of these contributions is a
historical wind-data campaign with some variables under different formats (quantitative
and spatial), only a few works focus on characterizing and comparing online wind-atlas
databases currently available in the specific literature for the researcher community [43].
In this context, this study aimed to describe and compare such wind atlases available
online, discussing their main indicators—wind data, data collection height, sample time,
etc. These wind atlases were selected through direct identification on the websites or
indirect identification through scientific contributions published during the last decade.
Geographic Information Systems (GIS) tool integration was also included in this work, to
evaluate the potential combination of these wind atlases with such GIS tools. Moreover, and
according to Tammelin et al. [44], more-accurate wind atlases are demanded for potential
identification of optimal wind-power plant sites. The rest of the article is structured as
follows: Section 2 describes the methodology used in this analysis; Section 3 presents the
results of the data-source identification; Section 4 characterizes and compares the wind
data sources; Section 5 discusses the data integration with GIS tools; Section 6 analyzes and
discusses the main results. Finally, Section 7 provides the conclusions.

2. Methodology

A methodology based on the “Preferred Reporting Items for Systematic Reviews and
Meta-Analyses” (PRISMA) [45] was selected by the authors. Systematic reviews allow
researchers to study many sources with precision to determine the most appropriate of
them. Figure 2 shows an overview of the proposed methodology.

Systematic review: The objective of this stage was to identify the wind data sources in
two ways: (i) Directly on the web and (ii) through the contributions by means of identifying
such wind data sources used by researchers in their work methodologies for wind-data
forecasting studies, wind-resource-potential discussion, or wind site optimization. Both
pathways were grouped into the following steps: Detection, screening, and eligibility,
and they were included. First, data sources were identified with meteorological variables
using the Google search engine. Subsequently, sources that did not include wind variables
were discarded. Sources providing free access to wind data were included in this study as
well. The contribution databases used were the following: Google Scholar, ScienceDirect,
SCOPUS, and Web of Science. From the keywords of the objectives derived from the
analyzed topic, all relevant contributions were initially identified. Subsequently, from the
contributions related to the specific problem, duplicate records and unrelated works were
discarded, identifying the group of potential contributions. The full text of these selected
works was then reviewed, discarding such reviews and/or works not directly related to
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the wind resource. Finally, the selected contributions to the study were considered for
analysis purposes.
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Figure 2. Proposed methodology. Systematic reviews and meta-analyses. Own elaboration.

Meta–analysis: Two steps were involved in this process: (i) Proposal for a database of
wind data sources based on the sources identified directly and indirectly —the fields and
their description are shown in Table 1—and (ii) characterization of wind data sources.

Table 1. Knowledge database. Fields.

Field Description

Wind data Wind variables that can be obtained: wind speed, direction, and typical deviation
Methodology Procedure used to obtain wind variables and identify data truthfulness

It is necessary to know the procedure used to obtain wind variables
Height Height suitable for the wind turbine nacelle to be placed
Sampling campaign A higher number of period available, facilitating wind-resource analysis
Frequency Reducing uncertainty, giving accurate estimations
Download format Text, csv format, spreadsheet
Type of location Onshore, offshore or both

Geographic Information Systems: Geographic Information Systems (GIS) are closely
related to solve spatial problems in different areas: Business, managerial, or scientific areas.
Given the importance of GIS integration into the wind-power sector, the wind data sources
allowing such GIS integration were then analyzed and included in this article.

3. Systematic Reviews

By using the Google search engine, 32 data sources with meteorological variables were
initially identified. After a preliminary analysis, 18 data sources were discarded, since they
did not include wind variables. Finally, eight data sources providing free access to wind
data were selected and included in this work. Given the strong relationship between the
use of wind data sources and the methodologies of wind-data forecasting studies, as well
as the wind potential of a study area and the optimal selection of wind sites, the second
approach involved analyzing the contributions obtained from a previous work in recent
years (2015–2019).
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From the keywords of the objectives derived from the searching of contributions, a
total of 3133 works were identified. After a first analysis, 375 potential contributions were
selected, and 2758 were discarded due to duplicate records and/or external works. The
full text of the selected works was reviewed, discarding such reviews and studies not
directly related to wind resources. Finally, 97 contributions were included in the study,
while 284 were discarded, and six contributions from other references were added. In
summary, 40% of the works used wind data sources from meteorological stations, ocean
buoys, and information from ports and institutions in the country of the study case; 31% of
researchers used wind data sources online with free access at a global or a continental level.
The databases for both identifications were: Global Wind Atlas, NREL, FINO, and NASA
Power Larc, accounting for 18%. During the contribution analysis, two new databases were
added to the results: ECMWF and NOAA (see Figure 3. The wind data sources found by
both methods are summarized in Table 2.

Concurrent databases
(Websites and Contributions
identification)

New databases
(Contributions identification)

FI
N

O

3.22 %

Figure 3. Results of the identification by contributions, and comparison with identification by website.
Own elaboration.

Table 2. Wind data sources. Website (WI) and contribution (CI) identification.

Source Type Website ContributionWI CI

Weather station, ocean buoys,
information on ports or institutions of the country X [17,25,27–29,32,46–60,60–76]
Results of research projects or other studies X [77–85]
Databases without free access X [33,86–88]
Unidentified or non-existent source X [64,89–92]
Technical reports X [92–94]
Simulations from weather stations X [95–98]
ECMWF X [99] [31,100–102,102–108]
NOAA X [109] [110–114]
NEWA X [115]
Vortex X [116]
Renewables.Ninja X [117]
WindFinder X [118]
Global Wind Atlas X X [119] [85,120–123]
NREL X X [124] [125–127]
FINO X X [128] [129]
NASA Power Larc X X [130] [107,108,122,123,131–133]

4. Meta-Analysis

From the preliminary data sources summarized in Table 2, 10 open-access wind-
resource databases were described and compared, as follows.
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4.1. Characterization of Wind Data Sources

ECMWF: The European Center for Medium-Range Weather Forecasts produces global
numerical weather forecasts for users around the world [99]. They are available for member
and cooperating states, as well as through licensing to the World Meteorological Organi-
zation (WMO). By using their meteorological model and observing framework, ECMWF
technically supports the EU-funded Copernicus program and provides high-quality in-
formation on climate change. Their polar-orbiting satellite, called “Aeolus,” sends laser
light into the atmosphere and measures the backscatter to obtain information on winds
in the orthogonal direction to the satellite’s path. They offer a wide catalog of available
parameters, such as temperature, the probability of snow, rainfall, and the wave height.
Focused on wind data available for free access, it is only possible to download the wind
speed and the direction for 10 and 30 m above the surface. Data can be downloaded from:

• ERA5: Available from 1979 to within the last five days, providing hourly estimations
of a relevant number of atmospheric, oceanic, and land climate data. Such data cover
the Earth through a 30 km grid and resolve the atmosphere from the surface up to a
height of 80 km subdividing into a series of 137 levels. A recent ERA5 reanalysis data
reliability for wind-resource assessment can be found in [134].

• ERA5-Land: Covers the period from 1981 to two to three months ago, providing only
a 9 km high resolution. Available data are hourly, daily, and monthly and can only
be downloaded on a regular latitude/longitude grid of 0.1◦ × 0.1◦ through the CDS
catalog [135].

A recent European wind atlas, Energy System Potentials for Renewable Energy Sources
(ENSPRESO) [136], is an open dataset based on MERRA reanalysis for energy models on
renewable potentials, at regional and national levels for the 2010–2050 period. The European
Meteorological High-Resolution Renewable Energy Source time series (EMHIRES) gives
wind- and PV-power-generation time series for the EU-28, giving hourly time series and
spanning 30 years (1986–2015) [137].

NOAA: Provides world wind climatology on a monthly basis from January 1979 to
the current day [109], using NCEP-DOE Reanalysis 2 wind data. In addition, users can
access weather stations included in the NOAA data [138] for hourly updated information.
The goal is to provide data regarding both the variability and the trend of wind speed on a
monthly basis and at a regional scale. A 10 m level was used for analysis purposes, and the
resolution of the simulated data was approximately 1.9o×1.9o. Monthly averaged wind
speeds from the 1981-to-2020 base period were determined according to the daily average
U (west–east) and V (south–north) wind components.

New European Wind Atlas: Uses a mesoscale and microscale model combining large-
scale atmospheric simulations (mesoscale) with topography models (microscale) [115].
From these models, the wind-resource potential was analyzed in large regions with high
precision [139], reducing the time cost required to establish wind-power plant areas. The
dataset has 30 years (1989–2018) of mesoscale simulations with the Weather, Research, and
Forecasting (WRF) model at a 3 km2 resolution [140]. With regard to the data download
options, only the mesoscale model data are able to be downloaded. The following heights
are available:

• Mesoscale model: 50 m, 75 m, 100 m, and 150 m.
• Microscale model: 50 m, 100 m, and 200 m.

Apart from the wind speed and direction, other variables such as friction velocity,
roughness, wind-power density, and air temperature can be downloaded as well (see
Figure 4).
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Figure 4. NEWA website. Data source: [115].

Vortex: Despite offering information under subscription, this database was included
in this revision since it can be used in different applications, including graphic rendering,
machine learning, and graph analytics [141]. Moreover, the data are highly useful for
different companies due to the reliability and methodology used [116]. The Weather,
Research, and Forecasting (WRF) model was implemented and developed with several
atmospheric research centers. Additionally, ’Vortex EXTREMES’ has been developed
using the WRF–LES technology with 30 years of historical data. This technology analyzes
extreme wind speeds and calculates the estimated wind speed in each 10-minute time
interval (see Figure 5). A low-resolution mesoscale combined with historical data was used
for simulation purposes, considering six extreme-wind-speed days per year. A 180-day time
series was then selected for the whole 30-year period. The deliverables include wind-speed,
wind-direction, and standard-deviation values. These variables were validated for heights
between 50 and 300 m. The information can be downloaded by considering coordinates or
areas up to 400 km2.

Figure 5. Wind-power simulation. Data source: [116].

Renewables Ninja: Simulates energy production per hour in wind-power plants
based on coordinates. The main source data come from satellite observations, using
NASA MERRA. Wind speeds are turned into power using the ’Virtual Wind Farm’ (VWF)
model [142]. The meteorological information includes data between a height of 10 and
150 m. Registered users are able to access full information collected between 2000 and
2018. Anonymous users have access from 2014 to 2019 [117]. A simulation program, with
a wind-turbine database, is also available for users. This software simulates the power
generated by a turbine. Figure 6 shows the simulation of a 1 kW model turbine in 2019.
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Figure 6. Simulation of power generation and capacity factor. Data source: [117].

WindFinder: Used for outdoor sports, such as surfing and fishing. A Globe Forecast
System (GFS) is used in the forecasting process, which combines wind speed and direction
forecast for 45,000 locations around the world. Real-time observations are available in
21,000 weather stations [118]. WindFinder shows the windiest areas at the same time,
providing a general view of the meteorological situation everywhere. This fact contributes
significantly to the decision-making tool, though measurements are not taken at the height
of the wind-turbine nacelles. It can also forecast tides and waves that can be very helpful
for offshore wind-farm platforms. GFS was developed by the National Centers for Environ-
mental Prediction (NCEP) and is updated four times a day, with 16–day predictions. These
predictions are not very reliable from the seventh day, and consequently, meteorological
agencies use them until the 10th day.

Global Wind Atlas (GWA): The result of a partnership between the World Bank
Group, funded by the Energy Sector Management Assistance Program (ESMAP) [143],
and the Department of Wind Energy at the Technical University of Denmark (DTU, Wind
Energy) [144]. All data provided by Global Wind Atlas [119] are validated and based
on a wind-atlas methodology and the Wind Atlas Analysis and Application Program
(WAsP). GWA uses a down-scaling process. Large-scale wind climate data are provided
by atmospheric reanalysis, and 30 km data are input into a WRF mesoscale model using
a 3 km spacing. These wind data are applied to a microscale model, made up of a WAsP
based on estimations every 250 m at heights of 10, 50, 100, 150, and 200 m. Figure 7 shows
the GWA down-scaling methodology [119]:

• Large-scale atmospheric data are used as input of the medium-scale mesoscale atmo-
spheric models from re-analysis datasets.

• The output from the mesoscale modeling is generalized to be used as input for the
microscale modeling.

• The output of the microscale modeling shows a high and relevant resolution topogra-
phy with hills, summits, and forests.

Wind speed, wind direction, and roughness can be downloaded even 200 km away
from the coastline. Their energy calculation tool estimates the annual energy production
and capacity factor by using the wind-turbine power curve (see Figure 8) [119].
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Figure 7. Downscale process. Own elaboration.

Figure 8. Energy estimation tool for a wind turbine. Data source: [119].

National Renewable Energy Laboratory (NREL): The National Renewable Energy
Laboratory was funded by the U.S. Department of Energy. It is one of the major renewable
energy laboratories across the world and includes instantaneous meteorological conditions
and turbine-power calculations for more than 126,000 sites in the United States from 2007
to 2013 [124]. The meteorological data provide weather conditions in a 2 km2 grid cell. In
addition, it includes parameters such as atmospheric stability, solar-radiation data, and
wind profiles. Forecast data include a sample time of 1, 4, 6, and 24 h. The available heights
for wind speed and direction are: (i) Onshore wind: 10, 40, 60, 80, 100, 120, 140, 160, and
200 m; (ii) offshore wind: 90 m.

FiNO3 Platform: The FINO company has three platforms located along the North
and Baltic Sea. For this work, we only had access to the third platform (FiNO3) built in
2009 (see Figure 9) [128]. It only provides information regarding such coasts, being an
example to be followed by the rest of the information sources, as it provides sea-wind
data in real time. FiNO3 is thus suitable for wind-energy research projects and offshore
wind-site optimal locations. A relevant drawback of measuring meteorological variables at
an offshore-specific site is meteorological mast maintenance, in comparison to an onshore
site, including sensor and equipment maintenance over a long time period. Anemometers
and other tools should be calibrated periodically, since their efficiency decreases drastically
through time and sensor signal distortion [145]. FiNO3’s available heights are: 34, 42, 51,
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62, 71, 82, and 91 m, including both direction and wind-speed data. Additional parameters
are also collected, such as air pressure, air temperature, global radiation, rainfall, and UV
radiation. All parameters are available and accessible from 2005 to the current day, with a
10-min sample time.

Figure 9. Location of FiNO3. Data source: [128].

NASA Power Larc: Provides solar and wind data using the Prediction Of Worldwide
Energy Resources (POWER) project, in order to increase current renewable energy data,
providing additional information from such satellite systems [130]. There are long-term
weather estimations from satellites to supply reliable data, even in regions where weather
stations are not available. Diary wind information is taken from ’Modern-Era Retrospective
Analysis for Research and Applications’ (MERRA–2), as was previously discussed, which
provides updated information with a 25-min sample time approximately, pointing out
maximum and minimum wind speeds in a certain position. A 22-year-old history for solar
energy and more than 30 for wind data are also available for users. The Goddard Interactive
Online Visualization and Analysis Infrastructure (Giovanni) has been used to conduct a
variety of studies and explore data as well: environmental changes [146], dust [147,148],
and aerosol analysis [149,150], etc. Wind-speed data are also available, but, according to
the specific literature, they are mostly used for air-pollution analysis [151–154].

4.2. Comparison of Wind Data Sources

Table 3 shows the relevant wind information given by each web database analyzed in
this work. Altitude information and sampling frequency about previous data are included
and compared as well. Table 4 summarizes the methodology used to obtain the parameters,
the minimum time frequency, the data source, and the cell grid size used for each database.
The cell grid size represents the minimum downloadable area; the smaller the area, the
better the measurement precision and accuracy.

As was expected, wind-speed module data are available to be downloaded in all
data sources. In addition, 60% also provide the wind direction, 30% the wind power, and
only one source (Global Wind Atlas) incorporates roughness data. The height of the data
collection ranges between the surface measurements of buoys at sea level and a height of
200 m. Nevertheless, some sources—such as Vortex—extrapolate the data to a height of
more than 200 m. The annual sampling campaign is ensured by 50% of the data sources,
40% monthly samplings, and 80% daily samplings with different hourly frequencies. Some
sources participate in annual, monthly, and daily data campaigns, such as the Global Wind
Atlas, Vortex, and ECMWF. With regard to the origin of the data, most of the database
sources (90%) are estimated from satellite data sources: 70% of the data are determined
by simulations and/or predictions, and 20% of the data are directly provided by satellite
sources. Consequently, only FINO uses terrestrial weather stations. The sample time of data
collection ranges from 10 min to 3 h. The cell area, related to the measurement accuracy,
ranges from 9 to 40,000 km2.
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Table 3. Wind data analyzed, height, and sampling campaign. WS, wind speed; WD, wind direction;
WP, wind power.

Source Wind Data Height (m) Sampling Campaign

ECMWF [99] WS and WD 10 and 30 Annual, monthly, and daily
NOAA [109] WS Superficial Annual and monthly
NEWA [115] WS and WD Microscale: 50, 75, 100, 150 Daily (until 31 December 2018)

Mesoscale: 50, 100, 200
Vortex [116] WS, WD, and WP Depends on coordinates Annual, monthly, and daily
Renewables.Ninja [117] WS and WP Between 10 m and 150 m Hourly (until 31 December 2019)
WindFinder [118] WS and WD Superficial Forecast (7–8h) frequency of 3 h
Global Wind Atlas [119] Avg. WS, WD, and WP 10, 50, 100, 150, and 200 Annual, monthly, and daily

Roughness
NREL [124] WS Onshore: 10–200, offshore: 90 2007–2013
FiNO3 [128] WS and WD Between 34 and 91 Hourly, every 10 min
NASA Power Larc [130] WS (max. and min.) 50 Annual and daily (60 per day)

Table 4. Methodology, minimum downloading data frequency, source, and cell grid size. SB, satellite-
based; GB, ground-based.

Source Methodology Updating Data Source Cell Grid

ECMWF [99] Satellite simulation - SB 10 km2

NOAA [109] Weather Station and 1 h SB 40,000 km2

satellite simulation
(satellite measurements)

NEWA [115] WRF (simulation) - SB Microscale: 2500 m2

Mesoscale: 9 km2

Vortex [116] WRF 10 min SB 30 km2

(prediction and simulation)
Renewables Ninja [117] MERRA 1 h SB Only coordinates

(satellite observations)
WindFinder [118] GFS 3 h SB -

(forecast simulation)
Global Wind Atlas [119] WAsP (simulation) 1 h SB 30 km2

NREL [124] Satellite simulation 1 h SB 30 km2

FiNO3 [128] Wheather station 10 min GB Only coordinates
NASA Power Larc [130] MERRA-2 25 min SB Every 2500 km2

5. GIS Tool Integration

In the field of energy analysis in general, and renewable energies in particular, the
application of GIS has a long and productive trajectory [155]. Indeed, GIS tools have been
widely used for large-scale techno-economic assessment of solar resources and power-
potential mapping [156], as well as wind-energy potential [157]. Under this framework,
and by considering the contributions analyzed in this work, 83% of such contributions
integrate GIS in their proposed methodologies (see Figure 10); 37% use data from national
institutions of their specific case studies; and 40% use free-access sources of wind data
available online. The GIS data source at a continental level and with free access that
most researchers incorporate is ECMWF —13% of the total. Table 5 shows a summary of
the contributions ordered by GIS sources. Specific examples of the current GIS software
packages often used in the renewable-energy source context are Quantum GIS (QGIS),
ArcGIS, ILWIS, gvSIG, and Global Mapper [158], with ArcGIS being the most common
software and QGIS being used much less frequently. The QGIS tool is a free GIS software
to be used to represent vector files and raster data. The data format from each website can
be subsequently analyzed and compared in order to achieve the best solution for wind-site
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location projects. This tool allows us to combine different parameters from several sources,
providing relevant advantages for wind calculation and decision-making processes.

Table 5. Results of the identification by contributions with GIS tool integration.

References by Objective
GIS Resource Optimization Forecasting Potential

Institutions of the country [17,25,29,48–54,58–61,93,159] [64,67–71,97,111] [60,73–76,85,92]
Other studies [64,78,80,83,94] - [160–162]
Databases without free access [33,62,86] - -
Unidentified - [105] -
Technical reports - [91] -
Simulations [28,92,95] [90] [110,163]
ECMWF [99] [31,101,102] [66,84,103,104] [102,106–108]
NOAA [109] [110] [65,112–114] -
NEWA [115] - - -
Renewables.Ninja [117] - - -
Global Wind Atlas [119] [85,120] [72,121,122] [98,123]
NREL [124] [125] [126] [27,127]
FINO [128] - - -
NASA Power Larc [130] - [66] [107,108,123,131–133]

GIS. 83 %

Sources of wind data 
available online 

(free access)

Figure 10. Results of identification by contributions. GIS integration. Own elaboration.

The characterization of wind data sources with GIS tool integration by each web-
database summarized in Table 3 are discussed as follows:

ECMWF: Wind speed (in m/s) can be downloaded, for a height of 10 m, in u–
component (speed from west (-) to east (+)) and v–component (speed from south (-) to north
(+)). The downloaded information is available worldwide. In Figure 11, the wind speed in
the v-component is represented by the QGIS tool. The negative wind speed v-component is
represented by the QGIS tool. The negative wind speed v-component represents the south
direction, and the positive wind speed represents the north direction.

NOAA: The parameters are available worldwide, as NOAA has access to weather
stations around the world [138]. The sky cover, sea level pressure, temperature, dew point,
etc. are available to be downloaded, but only wind speed/direction data are used by
considering our proposals. The information cannot be represented in QGIS, since the
downloaded format is .csv. However, wind speed is classified by direction, suitable for
determining the compass rose and the wind frequencies in a specific area—at the weather-
station height. As an example, Figure 12 shows the classified wind speed for the A Coruña
08002099999 meteorological station, located at A Coruña airport (Spain), at a height of
98.45 m.

New European Wind Atlas: This website offers a large variety of wind-data parameters,
all of which can be represented in GIS tools, since they are raster layers of data, being
helpful for these programs. Offshore wind-application data were downloaded for our
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analysis purpose, despite additional information also being available, such as the wind-
power density, wind speed, wind direction, and air temperature. With this aim, we selected
such wind data at 75 m [115]. As an example, Figure 13 shows how a layer is generated
using data downloaded in QGIS, based on the range of values for each parameter and
depending on each coordinate. The wind energy generated according to the wind turbine
location can also be represented (see Figure 14).

Figure 11. ECMWF: Wind speed (m/s) at 10 m v-component of wind. Own elaboration.

Figure 12. NOAA: Classified wind speed (A Coruña (Spain) airport). Own elaboration.

Figure 13. NEWA: Wind speed (m/s) at 75 m. Own elaboration.
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Figure 14. NEWA: Wind power (W/m2) at 75 m. Own elaboration.

Vortex: Requires a paid subscription to download any type of information. Subse-
quently, it is not possible to represent any type of wind data in QGIS [116].

Renewables Ninja: Apart from downloading wind-speed information, Renewables.ninja
calculates the power generation to be provided by a certain turbine [117]. It has a wide
range of turbines from various companies such as Enercon, Gamesa, General Electric,
Siemens, and Vestas. Data are downloaded in .csv format, available for integration with
QGIS. However, wind speed cannot be represented in QGIS, as it is downloaded for a
specific location through coordinates. It could be useful within other influence factors
from the area, such as a Special Protection Area for Birds (SPAB) or areas of marine traffic,
allowing to determine the most suitable area for wind-site locations.

WindFinder: WindFinder also requires a subscription to download wind informa-
tion [118]. The main objective of this study was the analysis and comparison of open-access
information resources, and, thus, QGIS compatibility is not possible with this website.

Global Wind Atlas: The methodology used by the Global Wind Atlas provides inter-
esting parameters on weather; however, the only parameter compatible with GIS tools is
wind speed. Data are downloaded using coordinates or drawing a rectangle on the map,
covering a certain area or even a country [119]. Figure 15 shows an example of downloaded
data for two Spanish regions (Galicia and Asturias), covering an area of approximately
15,000 km2. The raster layer format can be downloaded as well. Classifying the parameters
by their values, a 100 m height wind speed in Galicia and Asturias Spanish regions can be
represented in QGIS (see Figure 16).

NREL: This website only has data from U.S. open-access information about the wind-
speed module, and the direction at a 90 m height is available for offshore parameters (see
Figure 17) or between a height of 10 and 200 m for onshore wind-power plants [124]. Data
can be downloaded in .csv format or as a .shp layer file. In this way, the .csv files can be
used for mathematical purposes and .shp files to represent maps in QGIS tool. Figure 18
represents graphics in QGIS, showing the wind speed in 0.5 m/s ranges.

Figure 15. Global Wind Atlas: Download data for a height of 100 m, drawing a rectangle. Data
source: [119].
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Figure 16. Global Wind Atlas: Wind speed (m/s) at 100 m. Own elaboration.

Figure 17. NREL: Available wind parameters. Data source: [124].

Figure 18. NREL: Wind speed (m/s) in QGIS. Own elaboration.

FiNO3 Platform: This platform works for the North and Baltic Sea. Wind speed and
direction are measured between a height of 34 and 91 m, due to the measurement system’s
location along the entire platform [128]. The parameters are downloaded in .dat format,
needing to be converted into .csv files to be used in QGIS (Figure 19). As Renewables.ninja
information, it is not easy to represent the obtained results in GIS, since they are limited in
terms of being downloaded for a specific location.

NASA Power Larc: Data from the northwest coast of Spain can be downloaded. Large
land simulations are limited, due to the fact that the NASA website allows to download
data through defining specific coordinates. A 50 m height wind speed can be downloaded
and plotted via QGIS, since NASA data are available in .csv format. Figure 20 represents
the previous point in QGIS and all downloaded information as .csv file. It contains 50 m
height–averaged wind speeds.
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Figure 19. FiNO3: Downloaded parameters in .csv format. Data source: [128].

Figure 20. NASA Power Larc: Wind speed (m/s) at 50 m. Data source [130].

As a summary, the analyzed database resources allowed us to download extensive
information compatible with GIS tools. Some parameters can be represented in QGIS, while
others parameters only provide wind information for specific coordinates, addressing
additional difficulties to represent such data. GIS tool integration is useful since it combines
different parameters in a more convenient manner. These parameters can influence wind-
site development, such as terrain, altitude, wind speed and direction, and temperatures.
The possibility of combining a wide range of sources considerably simplifies the process.
Some factors, such as sea floor depth and wind speed and direction, can be decisive in
the selection of wind turbine locations. Therefore, compatibility with GIS tools is needed
and, moreover, should be required for future wind-site-location and evaluation projects.
Table 6 shows the integration methodology of each analyzed source in QGIS, as well as all
of the downloadable file formats for each of them. Eighty percent of the data sources can
be integrated with GIS with open access, five of them spatially through thematic layers and
three of them with open .csv formats.
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Table 6. GIS tool integration and downloadable format.

Source GIS Integration Download Format Sample Time Download Limit

NOAA [109] Coordinate data .csv - -
NEWA [115] Color mapping Shape (.nc) 30 min Hourly, day by day
Vortex [116] - - - -
Renewables Ninja [117] Coordinate data .csv 1 h Hourly, year by year
WindFinder [118] - - - -
Global Wind Atlas [119] Color mapping Shape (.tiff) - -
NREL [124] Color mapping Shape (.shp) y .csv - -
FiNO3 [128] Coordinate data .csv 10 min Hourly, year by year
NASA Power Larc [130] Coordinate data .csv Daily Daily, year by year

6. Discussion

With the aim of comparing simulated/estimated data to real data, all downloaded data
were located at a specific point, where real measurements were also available. The chosen
location was the FiNO3 offshore wind platform in the North Sea (coordinates: 55.194981◦,
7.158293◦). A comparison of the wind-speed-module and the direction data was first
carried out, including the rest of the parameters that influence wind characteristics, i.e.,
the wind speed and the wind orientation, for a height of approximately 100 m. However,
in order to compare FiNO3 to NASA Power Larc, the height was 50 m, since it was the
maximum height available to be downloaded from the NASA website, and FiNO3 provides
wind-speed measurements from 31 to 91 m.

Among the analyzed database resources, only four website sources were able to be
compared: FiNO3, Renewables.ninja, NEWA, and Nasa Power Larc. The values provided
by the rest of the sources did not allow us to compare them to FiNO3, due to different
circumstances, such as the format of representation of their values, the available locations,
or the wind-speed-measurement height. The time periods for data-comparison purposes
were years, months, and days. This proposed analysis thus compared the variations and
errors among the resources, based on the measured FiNO3 information and the rest of
the resources previously described and discussed in Section 4.1. Figure 21 represents the
most accurate comparison based on hourly measurements. As can be seen, in general, the
downloaded data were similar to the FiNO3 data—the deviation was between 2% and 3%
of the FiNO3 database. Figure 22 shows the daily average for January between FiNO3 and
Renewables.ninja, with their deviation being around 10.51%. This difference can be better
appreciated because the measurements are more accurate than an annual comparison. The
yearly comparison shows 365 measures of the average of the hourly wind data source (see
Figure 23). This fact makes the measurements look real in graphical representation, but
there are large differences between the sources (29% between FiNO3 and Nasa Power Larc,
extrapolated to a 100 m height). Table 7 shows a summary of the different sources studied
and the variation with respect to the real measurement (FiNO3). As can be seen, the higher
the comparison interval, the higher the percentage of error committed. This fact is due to
the different sample time used for the data measurements and estimations: Simulations
were hourly estimated, and averages of such hourly data were then used to obtain the
corresponding monthly and annual yields.

Table 7. Deviation compared to the FiNO3 database.

Source Daily Monthly Yearly

NEWA [115] 2.46%
Renewables Ninja [117] 2.78% 10.51% 11.60%
Nasa Power Larc [130] 29.05%
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Figure 21. Hourly comparison (1 January 2018). Own elaboration.
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Figure 22. Monthly comparison (January 2018). Own elaboration.
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Figure 23. Yearly comparison (2018). Own elaboration.

In general, all of the analyzed data resources provide extensive wind information, and
most of them can be integrated into GIS tools. However, not all of them allowed us to
download information in compatible formats for these purposes, as graphical representa-
tions would simplify the analysis. Table 8 shows a summary of the main improvements
available to be implemented, aiming to improve the databases according to each of the
data sources previously analyzed. In this table, HT represents an increase height to 100 m
to match the measurement scale of each source; CSV is the download database in .csv
format to process the data in editable format; GIS is the integration in GIS tools and the
possibility to graphically represent the downloaded data; INT is the international informa-
tion available to compare sources at any location; and RT is the real-time measurements for
a more-accurate calculation.
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Table 8. Summary of the main improvements available to be implemented.

Source HT CSV GIS INT RT

ECMWF X X X
NOAA X X
NEWA X X
Vortex X X X
Renewables.Ninja X
WindFinder X X X
Global Wind Atlas X X
NREL X X
FINO X
NASA Power Larc X X

7. Conclusions

Renewable energy sources are increasingly integrated into the energy sector. One of the
main resources and most mature technologies of renewables is wind energy. Nevertheless,
it is necessary to obtain more and more wind information to optimize wind-energy locations
and projects in a more-efficient manner. The wind-speed module and the direction are the
main parameters to be considered under the process of designing a wind-power plant. With
this aim, an analysis and comparison of open-access wind database sources at the same
location was proposed and discussed herein. The location chosen was the FiNO3 platform.
The proposed methodology included a direct identification of open-access wind databases
through their corresponding websites and via an indirect process through the revision of
contributions in the specific literature related to the optimal selection of wind sites and
their possible integration with GIS tools. From this previous study, 32 data sources with
meteorological variables were initially identified, as well as 375 potential contributions in
the specific literature. A final group of 10 databases was selected for this analysis; all of
them included data on the wind-speed module, 60% on wind direction, and only one on
roughness. The height of the data collection ranged between the surface measurements
of buoys at sea level and 200 m. The annual sampling campaign was ensured by 50% of
the data sources, 40% of monthly samplings, and 80% of daily samplings with different
hourly frequencies. Ninety percent of the data had their origins in satellite data sources.
The frequency of data collection ranged from 10 min to 3 h. Comparing sources from which
data could be downloaded in .csv format, there were deviations of the simulated data from
2–3% to 11% with respect to real measurements from the FiNO3 platform. These differences
may be acceptable, because they depend on the simulated time interval.

Compatibility with GIS tools was also considered, since these tools are able to combine
different wind resources. In addition, this additional GIS compatibility facilitates the wind-
turbine location and selection. According to the online database resources, there was a wide
range of wind parameters initially available, but those compatible with GIS tool facilitate
calculations. From the selected wind-atlas databases, 80% of such data sources were
able to be integrated with GIS into open-access databases, five of them spatially through
thematic layers, and three of them with an open .csv format. A discussion of the main
improvements available to be implemented on each wind atlas was also included in this
work. This wind-atlas-database analysis is very useful for future research related to wind
energy. Especially for wind-resource evaluation and wind-site location, reducing barriers
to accessing wind data and facilitating their integration with other tools is important.
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