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ABSTRACT: The Global Wind Atlas (GWA) provides high-resolution databases and maps of
the wind resource for all land points within 200 km of the coastline, excluding Antarctica. The
GWA is used to identify and understand the global, national, regional, and local potential for
wind energy and to guide energy specialists, policymakers, and planners in the transition to a
sustainable energy system. This information is vital to ensuring the growth of wind energy, helping
to transition to a sustainable energy system, which will mitigate climate change and meet the
world’s need for reliable, affordable, and clean energy. The GWA uses the established numerical
wind atlas methodology to downscale coarse-resolution wind data to microscale, using linearized
flow modeling and high-resolution topographic data. There have been three versions of the
GWA, each using mesoscale model data at successively higher spatial resolution. A website and
Geographic Information System (GIS) files support quick and in-depth analysis. Validation data
and analysis, using measurements from tall masts located worldwide, are also provided through the
web application. The development process of the GWA involves a dialogue between meteorological
modelers, wind energy development experts, web designers, and representatives of the end-users
to provide accurate data in a dynamic and relevant way. This article outlines the general method,

specific development, and application of the Global Wind Atlas.
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CAPSULE: The Global Wind Atlas provides an accurate high-resolution climatology of the wind

resource based on state-of-the-art modeling, via a web-interface.

1. Introduction

To help mitigate climate change, thousands upon thousands of wind turbines need to be installed
every year for decades (IEA 2021). Wind resource varies greatly from place to place, and even
at the wind farm project pre-feasibility stage, reliable wind climates are required to define project
specifications and determine their economic feasibility. To support this, high-resolution databases
and maps of the wind resource (wind atlases) are needed, which allow users to identify areas
of potential wind installations and calculate the expected electricity production. While coarse
resolution global datasets, including reanalysis data, have also been used for global wind resource
assessment, partly due to their availability and coverage, their coarse grid spacing of 50—100 km,
means they cannot accurately represent the wind conditions at the detail typically required for
wind energy deployment. In addition to high spatial variability, the wind resource has a height-
dependent sensitivity to changes in elevation and aerodynamic surface roughness (e.g. Lee and
Fields 2021). The resolution sensitivity is typically greater at windier sites, where wind turbines
are often deployed. As an example of this effect, Fig. 1 shows the power density of a relatively
hilly 200 km x 200 km area at two different model resolutions (dx = 3000 m and dx = 100 m). The
figure shows that the windiest sites have significantly more wind resource in the higher resolution
map than in the lower resolution map. This means that while developments in reanalysis data have
helped the endeavor toward global wind mapping, their coarse grid spacing of 25-100 km means
that they are still not suitable for accurate assessment of the wind resources.

Until recently, high-resolution wind atlases were only available on national and continental
scales. This meant that many areas remained uncovered, and even if a country did have a wind
resource map, it might be based on a different methodology, and have a different set of output
specifications (e.g. output at different resolution, at different heights above surface, etc), which
hindered intercomparison. This led to a desire from many potential users for a compatible set of
data across different countries.

For these reasons, the Global Wind Atlas (GWA) was created, with a common methodology and

data output specifications across the globe. This article outlines the developments of the GWA in
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the ways that it was generated and used to present, and communicate the wind climatology and
resources to different end users.

It is believed that most users fall into two main groups. The first is composed of energy
generalists, who wish to quickly access summary data, graphics, and analysis, to incorporate wind
energy related data into a broader energy context. The second group is composed of wind energy
experts, who wish to access detailed datasets based on state-of-the-art methodologies, to either
obtain a first screening assessment or compare to their own results as part of an ensemble or suite

of methodologies.
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Fic. 1. Comparison of an assessment of wind power density for the same area using models at different
resolutions, from Hahmann et al. (2021): mean wind power density calculated using results from a mesoscale
simulation with grid spacing of 3,000 m (a), and the numerical wind atlas methodology to a grid spacing of 100
m (b). The higher resolution model is better able to capture features in the terrain that impact wind speeds. It
can be shown that even if the mean wind speed for the area remains unchanged, the increased variance of mean
wind speed is associated with an increase in wind power density for the same area. For the areas where the
wind speeds are positively impacted by high resolution terrain features, the impact on wind power density can

be dramatic.

The first GWA was released in 2015, providing kilometer-scale wind resource estimates (ag-
gregated from results with grid spacing of 250 m) for all land and near coastal points, except for

Antarctica. The development of the GWA was enabled by several factors, most notably the avail-
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ability of relatively high-resolution global reanalysis datasets, high-resolution global space-based
topographic data, increased computational power, and the development of the Numerical Wind At-
las (NWA) approach, described in section 2. In the nearly seven years since the release of the first
GWA, two subsequent releases have been made, focused on improving the dynamic (mesoscale)
wind data through the use of higher resolution Numerical Weather Prediction (NWP) modeling.
The NWA method provides a rich dataset, going well beyond maps alone. To help users explore
this rich data, the GWA was developed with an interactive website right from the start. The
dedicated websites provide an easy-to-use view of the data, and can work as an initial screening
tool for the wind energy community. More complex analyses and improved download capabilities
have been added over time, allowing the user to take their work from the website into their own
tools and in some cases even load it back again. At the time of writing (Jan 2023), the GWA
website has hosted over 1.9 million sessions from 236 countries, dependent territories, or special
areas of geographical interest!, and in the last year it has exceeded 30 thousand users per month.
This paper discusses the evolution of the GWA and its current capabilities, providing a view
into the data, methods, and validation of each version. Section 2 provides an introduction to the
Numerical Wind Atlas method, which is used to perform the microscale downscaling in the GWA.
Section 3 provides an overview of the model configuration and input data to the model chains of
the different versions of the GWA. An overview of the validation using tall-mast data from a few
countries is provided in section 4, while examples of how the GWA can be used are presented in

section 5. Finally, conclusions and further developments are given in section 6.

2. Numerical Wind Atlas Method

Central to the GWA is the Numerical Wind Atlas method. The method, introduced in Frank and
Landberg (1997), builds on the observation-based wind atlas methodology, which was developed
for the Danish Wind Atlas (Lundtang Petersen et al. 1981) and then the European Wind Atlas
(Troen and Petersen 1989), and implemented in the WASsP software (Troen 1990; Landberg et al.
2003; Mortensen et al. 2006; Floors and Nielsen 2019) released along-side. Figure 2 shows the
basic workflow of the NWA method, which consists of two main downscaling steps. The first uses
a mesoscale model to capture additional flow phenomena, typically on the kilometer to tens of

kilometer scales, not included in the input Reanalysis datasets. This is followed by a microscale

Derived from analytics based on ISO 2-character codes https://en.wikipedia.org/wiki/IS0_3166-1_alpha-2
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downscaling, which typically focuses on local topographic effects. The main topographic effects
captured in the WAsP microscale model are the speedup of the wind due to orographic and surface
roughness changes, the turning of the wind due to orography, and the change of the vertical profile
due to changes in the background surface roughness.

The concept of a “wind climate” is central to the NWA method. A wind climate represents the
wind as a multi-dimensional distribution, binned by both direction and speed. The directional bins
are called sectors, and for the GWA always span 30°, leading to 12 sectors. The wind speed is
initially grouped into 1 ms~! bins, which are then fit to a Weibull distribution for use with the WAsP
model. The Weibull parameters are consistent with employing the geostrophic drag law (GDL)
using a single set of constants applicable over land and sea (see e.g. van der Laan et al. 2020),
and enable vertical extrapolation based on either observations or models. Weibull distributions are
found to reliably fit wind distributions for sufficiently narrow directional sectors (such as the 30°
used herein), which is why they have been used for decades in wind energy applications.

As part of the microscale downscaling, a generalized wind climate (GWC) is used to relate the
mesoscale and microscale wind climates, by defining a wind climate at a set of standard surface
conditions, which are defined as a constant elevation and surface roughness. The GWA is calculated
by using the geostrophic drag law (see Appendix A) to relate near-surface winds, associated with
one set of surface conditions, to the expected near-surface winds associated with a standard set
of surface conditions. This process can be thought of as a standardization framework for wind
statistics, to remove the impacts of orography and roughness length changes, based on the GDL
(see Appendix A for details).

Applying the generalization process to wind climates from coarser models, such as the reanalysis
data for GWA 1 and mesoscale datain GWA?2 and GWA3, removes biases in the wind climate related
to the under-resolved topographic effects related to the coarse model resolution (Badger et al. 2014;
Hahmann et al. 2014). These biases include underestimation of the slope of hills and valleys,
and abrupt misplacement, due to discretization, of the location of coastlines and other land cover
features that impact the surface aerodynamic roughness length (zp). Imperfections in representation
of topographical features is an issue across all large- and medium-scale meteorological models,

thus the generalization concept and process is of broad value. The generalization process results
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in a GWC that is applicable over a larger geographic area, because it is no longer impacted by
local-scale topography determined by the meteorological model.?

To add the impact of topography at fine resolution, the generalization process is then applied
in reverse. A predicted wind climate (PWC) can be calculated by adding the better resolved
topographic effects to the GWC, i.e., via perturbation of the mean wind speeds. In WASsP, the
PWC is represented by a Weibull distribution and frequency of occurrence for each of the twelve
directional sectors. The PWC is then used to derive different variables, such as the mean wind
speed and the mean power density.

NWA

reanalysis data sets |—‘
T

large scale
(20 - 200 km)

Mesoscale modelling
medium scale

(1-20km)

generalization

hi-res. topography
small scale

(0.1 —1 km) microscale modelling

wind resource: hi-res.

F1G. 2. Workflow schematic used in the Numerical Wind Atlas method.

3. Development of the Global Wind Atlas

Three major GWA versions, identified as such by changes to the underlying modeling system, have
beenreleased. GWAI, released in 2015, was funded as a three-year development and demonstration
project by The Danish Energy Agency’s EUDP3. GWA2, released in 2017, and GWA3, released in
2019, were developed with financing from ESMAP#4, a trust fund of the World Bank Group. Several
minor versions, which include new features for users of the web application, were released for both

GWA2 and GWA3. In this section, the methods of the mesoscale, generalization, and microscale

2The area of applicability is basically within a radius defined by the scale over which the ABL-mean pressure gradient itself does not change
appreciably compared to the other two forces implicit in the geostrophic drag law, i.e., an effective Rossby-radius on the order of tens of kilometers.
Complex terrain can reduce this area of applicability (see e.g. Kelly and Cavar 2023), an issue resolved by the resolution of the WRF simulations.

3Energy Technology Development and Demonstration Program : EUDP 11-II 64011-0347

“Energy Sector Management Assistance Program
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modeling steps are described for each version of the GWA. Additionally, the web interface is briefly

described, highlighting the functionality it provides.

a. Mesoscale modeling and generalization

The mesoscale modeling step changed the most with each GWA release, providing a more
accurate representation of key physical processes. In GWAT1, the mesoscale modeling step shown
in Fig. 2 was not included. Instead, the generalization process was carried out directly on the
MERRAS5 reanalysis dataset (Rienecker et al. 2011), which has a native resolution of 1/2° x 2/3°.
The full MERRA period of 1979-2013 was used for estimating the wind climate, with a temporal
resolution of 6 hours. Since the MERRA data is on a native lat-lon grid, several modifications
to the NWA process were required. A detailed description of the selection of MERRA and the
modeling process can be found in the project report (Badger et al. 2015).

In GWA2, mesoscale modeling was carried out using the Weather Research and Forecast-
ing(WRF; Skamarock et al. 2008) mesoscale model, with a target resolution of 9 km. The WRF
model output was created by Vortex FDC ¢, using their standard operational setup. This includes
the Rapid Radiative Transfer Model (RRTM) for the longwave (Mlawer et al. 1997) and shortwave
radiation schemes (Iacono et al. 2008). The Eta similarity surface layer scheme (Janji¢ 1996),
5-layer thermal diffusion land surface scheme (Dudhia 1996), and Mellor-Yamada-Janjic planetary
boundary layer scheme (Janji¢ 1994) were the only other schemes used. Parameterizations such
as cumulus, snow cover effects, cloud effect to the optical depth in radiation, microphysics were
disabled. The WRF’s grid nudging was used on the outer domain to improve the initial conditions
and guide the module during the integration period. Each WRF simulation was 24 hours long,
with 6 hours spin-up, and outputs were saved every 30 minutes.

Approximately 420 WRF model domains were needed to cover the GWA area. Each WRF
domain was run for a cluster of more than 720 days, which were selected to represent the full 10-
year (2006-2015) long-term climatologies, as defined by the wind speed distribution and annual
cycle. The input and boundary conditions were from the ERA-Interim reanalysis (Dee et al. 2011),
with a resolution of 0.71° x 0.71°. To keep with the recommended resolution step-factor of three,

WREF was run with two nested grids of 27 km and 9 km.

SModern Era-Retrospective Analysis for Research and Applications
Shttps://vortexfdc.com/
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In GWA3, the WRF model setup stayed the same, but several other advancements were included.
Era-Interim was replaced by ERAS (Hersbach et al. 2020), with higher resolution of 0.25° x 0.25°.
Thus only a single WRF outer nest of 9 km was needed to reach the targeted 3 km resolution.
With the increased resolution, 2,460 WRF model domains were required. Each domain was
approximately 4° X 4°, with an area of 1° overlapping between neighboring simulations, leading
to approximately 164 grid points in each direction. The outermost 10 grid points were discarded
from each grid. The entire 10-year period from 2008-2017 was run.

Having the full time-series allowed additional wind statistics to be calculated, including annual,
monthly, and hourly means and a “24 X 12 matrix”. This matrix shows the hourly mean for each
month of the year, allowing users to view how the diurnal pattern changes with the seasons for
their location of interest.

The WRF model data on their native Lambert conformal conic grid projection were generalized
for GWA3, using the approach described in Appendix A. To create a globally consistent grid of
GWCs, the GWCs from each WRF model simulation were interpolated using natural neighbors
interpolation to a regular lat-lon grid with a grid spacing of 0.0833°. In the area where 2 to 4
different WRF simulations overlap, we used a distance-weighted average based on the distance
from the center of each simulation.

b. Microscale modeling

The microscale modeling was carried out using the WAsP Model (Troen and Petersen 1989)
in all versions of the GWA with an output grid-spacing of 250m. The WAsP Model uses the
linear IBZ flow model (Troen 1990; Bowen and Mortensen 2004) for horizontal and vertical
extrapolation of the wind based on high-resolution orographic and roughness length maps. The
WASP model was run using the WAsP Wind Resource Mapping Tool, Frogfoot, a distributed
calculation platform, allowing for the simultaneous execution of many WAsP model simulations
across different computers. Frogfoot was developed as part of the Finnish Wind Atlas (Tammelin
et al. 2012) and Wind Atlas of South Africa projects (Mortensen et al. 2014a; Otto 2015).

For GWA1, version 11 of the WAsP model (Mortensen et al. 2014b) was used to calculate the
wind resource at all land points between 85°N and 60°S and all water points within 30 km of

coastlines based on the GSHHG7 Wessel and Smith (1996). The 3-arc-second viewfinder Digital

7Global Self-consistent, Hierarchical, High-resolution Geography Database
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TaBLE 1. Land cover classes given by GlobCover and MODIS datasets and their corresponding assigned

surface roughness lengths.

Description GlobCover ID MODIS ID Roughness (m)
Water Bodies 210 0 0.0
Snow and ice 220 15 0.0004
Bare areas 200 16 0.005
Grassland & lichens/mosses 140 10 0.03
Sparse vegetation 150 None 0.05
Croplands 11, 14 12 0.1
Shrubland 130 6,7 0.1
Wetlands 180 11 0.2
Natural vegetation 20, 30 14 0.3
Forest 160 None 0.5
Mosaic grassland / forest 120 9 0.5
Forest 170 None 0.6
Urban Areas 190 13 1.0
Forests 40, 50, 60, 70, 90, 100, 110 1,2,3,4,5,8 1.5

Elevation Model (DEM)2, which combines data from several sources to create a mostly void-filled
dataset, was used. The roughness change dataset was derived from the GlobCover 2009 land
cover dataset (Arino et al. 2008; Bontemps et al. 2011). The GlobCover dataset includes a land
cover class of no-data, which was void filled using the coarser MODIS Land Cover Type product
(MCD12Q1) (Friedl et al. 2010). The combined land cover dataset was converted to surface
roughness lengths using a lookup table (Table 1) that was developed through a discussion with
wind resource assessment experts. The experts looked at photographs and maps highlighting the
areas represented by the different land cover classes to determine their mapping to roughness
length. The 22 land cover classes were mapped to 14 roughness length values, with the seven forest
classes being assigned a single value of surface roughness length. This conversion table is one of
the major contributors to the uncertainty of the GWA, especially since the relationship between

land cover and surface roughness in one part of the globe does not necessarily hold everywhere.

8http://viewfinderpanoramas.org/dem3.html
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The microscale modeling setup was kept from GWA1 to GWA2, with the main focus of GWA?2
being the mesoscale simulations, however GWA3 saw several updates. First, WAsP itself was
upgraded to WAsP 12.3 (Mortensen et al. 2021). This allowed for the microscale modeling to
make use of the updated air density model (Floors and Nielsen 2019), which used a dataset derived
from the NCEP Climate Forecast System Reanalysis (CFSR) version 1 (Saha et al. 2010; Floors
2023), to get an accurate air density value anywhere in the world.

The largest changes in GWA3 were to the topographic data, with new sources for both the surface
roughness and elevation data. The orographic data was replaced by void-filled SRTM® data
between 60°N and 60°S, while viewfinder was still used north of 60°N. Despite being void-filled,
several SRTM tiles had to be replaced with viewfinder data due to data artifacts. The artifacts were
largely found in two areas: over the ocean extremely high elevations were found in areas of no
land, suggesting that clouds were being mistaken for islands, and in mountainous regions, where
the void-filling approach led to very steep gradients. Both of these issues could cause the WAsP
flow model to fail. Additionally, a reexamination of the viewfinder data, revealed some gaps in the
data. These were filled using cubic interpolation of the elevation in the south-north direction, as
many of the void regions ran east-west. Both DEM datasets were provided as 1° x 1° tiles, with 3
arc-second grid spacing.

The roughness length dataset was updated both in terms of the underlying land cover dataset and
the look-up table. The GlobCover dataset used in the GWA1 and the GWA?2 was replaced with the
European Space Agency’s Climate Change Initiative Land cover (CCI_LC) dataset v2.0.7 using
the data for 2015 (ESA 2017). The ESA CCI_LC was selected as a relatively recent global land
cover map, and used a similar classification system to GlobCover. Additionally, the land cover
to roughness length table was updated, reducing the roughness length for many classes based on
preliminary validations in South Africa, Vietnam, and Zambia.

Finally, to keep up with advancements in wind turbine technology, the amount of output data
was increased. Additional heights (10 m and 200 m) were included to cover both small wind and
the largest wind turbines. The calculation space was expanded to 200 km offshore, allowing the

investigation of the wind resource for areas suitable for floating wind turbines.

9SRTMGL3v003https://www.doi.org/10.5067/MEaSUREs/SRTM/SRTMGL3.003
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TaBLE 2. Land cover classes from the CCI_LC dataset and their corresponding assigned surface roughness

lengths.
Description CCI Roughness (m)
Water 210 0.000
Snow and ice 220 0.003
Bare areas 200,201,202 0.005
Lichens/moss 140 0.010
Grass land 130 0.030
Sparse vegetation & small crops  20,150,151,152,153 0.050
Cropland & shrubland 10,11,110,120,180 0.100
Cropland & shrubland 12,30,100,121,122 0.200
Natural vegetation 40 0.300
Tree cover 170 0.600
Tree cover 62,160 0.800
Urban areas & Tree cover 60,61,190 1.000
Tree cover 80,81,82 1.200
Tree cover 50,70,71,72,90 1.500

c. Web application and derived quantities

Right from the start the GWA was designed to be distributed through a web platform allowing
users to view the data in their browser. For GWA1, DTU developed the tool (Fig. 3), which was
simpler in many ways to the current platform. Novel features included the ability for users to view
wind statistics for custom defined areas by drawing a polygon on a map, and selecting a metric.
Users could select many of the different model results to view on a map of the world, at different
zoom levels, although restricted to a fixed color map with relatively coarse color resolution.

The web application saw a complete reinvention for the GWA?2 (Fig. 4). The new site brought in
experts in user interface design for map display and applications, with a goal to make the interface
more user-friendly. As a result, the number of data layers was reduced through grouping and
removing complex model output data, the ancillary graphs were moved to a sidebar to prevent
covering the map, and data was provided for download. This layout for the site has remained in all

subsequent versions.
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DTU Global Wind Atlas
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Fic. 3. Screenshot of the Web Application for GWA1. The mean wind speed at 100 m a.s.l. is shown and an
administrative area of Norway is highlighted and used as part of spatial analysis of wind resources. The analysis
tools are selected by the icons in the top-right of the window. The display of different layers is selected using the

panel on the left of the window.

We also focused on adding derived data to the site to provide more value to GWA users. For the
first time, turbine power information was added by including new layers of gross capacity factor
(does not account for any losses e.g. wake), the calculation of which is described in Appendix B.
These layers used the wind speed distribution data at 100 m above ground level (a.g.l) combined
with power curves from three different turbines, Vestas V112-3.45MW, Vestas V126-3.45MW,
and Vestas V136-3.45MW, which represent the three IEC turbine classes!®. Enhanced wind roses,
showing the sectors with the largest wind speed or power density, were also added.

Since the redesign, the web application has seen significant upgrades, allowing users to do more
complex calculations, and interact more with the data. Some highlights include the ability to
dynamically change color bars and the color-scale for each map layer (Fig. 5), and the ability
to calculate a map of energy yield (see appendix B). In addition, the ability to download the
data has been improved with each version. In GWAI, only the entire global dataset could be
downloaded. Now users can download for individual countries, regions, or even custom areas

that they select. Different reports have been added, including validation reports and offshore wind

oTnternational Electrotechnical Commission (IEC) Standard 61400
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FiG. 4. Screenshot of the Web Application for GWA2. The mean wind speed at 100 m a.s.l is shown for a
location on the island of Guimaras in the Philippines. Various key summary data are presented, for the location
defined by the user, on the right-hand side of the window, including the wind rose, showing the frequency of
occurrence of different direction sectors. Different layers can be selected using the panel on the left-hand side.
Overall, there are more tools for navigating, selecting analysis, and downloading data and prepared graphics,

compared to GWAL.

technical potential reports created by the World Bank. Locations and details of measurement
campaigns, and access to the public wind measurement data used for the GWA validation are

available via the web app, via links to the World Bank energydata.info webpages 1.

4. Validation

During the development of the GWA it has been important to indicate levels of confidence in the
results. For example, we have included the Ruggedness Index (RIX) layer, which indicates to users
where the orography is sufficiently complex to cause an expected increase in bias and uncertainty
due to the effect of overestimated speed-up effects due to the linearized flow model (Bowen and
Mortensen 1996, 2004; Dorenkdamper et al. 2020). Additionally, the GWA datasets had validation

efforts for each version, see e.g. Mortensen et al. (2017) and Mortensen (2021).

Uhttps://energydata.info/dataset?q=wind+measurement+data
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F1G. 5. Screenshot of the Web Application in the GWA3, where the sea depth layer (bathymetry) is shown. This
layer was introduced in this version together with user-defined legend scale ranges, among many other features.
The user-defined legend scaling allows users to create graphical representation of wind resources specifically for
their need. For example, using specific wind power density data and bathymetry data ranges, allows for spatial

consideration of different offshore wind resources, such as bottom-fixed and floating wind technologies.

As part of a drive to include validation as a more integrated part of the GWA and to increase
its visibility, application, and value of ESMAP-funded measurement campaigns, GWA3 included
an official validation approach. In the approach, the wind measurements are first truncated to full
years, where possible, and then long-term adjusted to represent the 2008—2017 period using the
wind index method (Thggersen et al. 2007) with ERAS5 data. This results in a long-term adjusted
observed wind climate. The observed wind climate is then used to calculate a GWC using WAsP
(v12.3) and high-quality topographic maps specific to the measurement site. The GWCs thus
produced can be compared with the GWCs from the GWA for the same locations. This comparison
provides a way to determine the confidence level of the GWA before the microscale modeling step.
The GWC for each site can then be used to calculate a self-predicted PWC (predicted wind climate)
using the same high-quality maps. This self-PWC is compared with the GWA-PWC to validate
the final GWA results. Details of the procedure can be found on the Global Wind Atlas website 2.

Microscale fields from the GWA2 have also been used for bias correcting wind speed time series

Zhttps://globalwindatlas.info/about/validation
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for power system studies (Murcia et al. 2022; Gruber et al. 2022). These data compare well with
European-wide large scale production data (Murcia et al. 2022).

The validation in GWA3 has been performed for 35 sites in six countries. For the PWC at 80
m there is a 14 % mean absolute bias and a —1 % mean bias on wind speed 3. Countries with
validated measurement sites are presented with a validation seal as part of their country summary.
The seal includes the country-wide relative bias and standard deviation based on all validation
sites in the country. Additionally, full reports of the validation can be downloaded, which provide
details of the data and comparisons at the individual measurement sites. The report includes 1)
the long-term adjusted observed wind climate mean wind speeds, ii) the generalized wind climate
data derived from measurements and derived from the GWA method, and iii) the predicted wind

climate derived from the GWA method.

5. Usage of the GWA

The GWA gives ample possibilities for browsing and understanding the characteristics of wind
climate around the world. Non-meteorologists and policymakers may use the maps to get an
overview of the different wind resources from one country relative to another. Comparing wind
resources for example for a country where the wind sector is already well-developed to one yet
to develop. Thus the GWA provides a valuable starting point, and reference, before getting into
greater details and commissioning further studies, including wind measurements.

Meteorologists, not in the wind sector, can use the GWA to investigate flow characteristics
that capture all relevant meteorological scales, from global circulation, synoptic, mesoscale and
microscale. This can also be valuable in educational settings. For example, from natural physical
features in the landscape shaped by wind (e.g. desert dune formation and sand migration), to
features of the built environment dictated by wind (e.g. airport runway orientations and sheltering
features).

We give here an example of the use of the GWA for the Philippines to highlight the power of
the data and web interface to explore, anywhere in the world, the behavior of wind characteristics.
The example is a use case for an energy specialist wanting to investigate where wind resources are

high and the reasons behind this.

3Note: Absolute bias is always positive, it is the magnitude of the bias
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Figure 4 shows the mean wind speed for the island of Guimaras and surroundings. We also show
the wind rose, which indicates a predominately NNE wind direction for the pinned location. With
the GWA it is possible to explore further the reasons for this and explore the temporal characteristics
of the wind resource. Figure 6a shows the terrain heights for a larger region than in Fig. 4. The
terrain heights of the large islands exceed 1500 m above sea level. These terrain features are often
associated with gap flows, which impact the wind climate of the region. Figure 6b shows that
indeed, the mean wind speed map indicates the presence of gap flows, which increase the wind
speeds between the large islands downwind of the gap. The gap flow is a feature captured by the
mesoscale modeling part of the model chain.

In Figure 7a, which again zooms in on the island of Guimaras, it is possible to see the variation
in mean wind speed on the island caused by the hill tops and ridges (due to orographic speed-up
effects) and coastlines (low roughness in the predominantly upwind direction). These details are
features captured by the microscale modeling of GWA.

Figure 7b highlights the temporal variation simulated in GWA3 through the 24 X 12 matrix
showing the increased winds during the winter months. This knowledge is especially valuable for
energy planners in determining the interplay and complementary between wind resources, other

generation, and energy demand, with respective to season and daily variations.

Fic. 6. (a) Screenshot from the GWA showing the orography for part of the Philippines. It shows parts of
the large islands reaching up to 1500 m and higher. Also indicated on the figure is the approximate length scale
between the large islands with high terrain. (b) Screenshot from the GWA showing the mean wind speed for the

same area as (a). The higher wind speeds in and downwind of the gaps between the islands can be clearly seen.
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FiG. 7. (a) Screenshot from the GWA3 showing in more detail the variation of mean wind speed on Guimaras
and around the gap flow in which the island is situated. Dashed ellipses indicate areas where the wind resources
are enhanced by microscale effects, such as orography speed-up on hills and ridges and low roughness in the
predominately upwind direction. (b) Screenshot from the GWA3 showing the variation of normalized mean
wind speed for the marked location in (a) as a function of time of day (y-axis) and month of year (x-axis). It can
be seen that the resource is most plentiful in the months November to March, and usually maximum in the local

afternoon hours.

6. Conclusions and future directions

The first Global Wind Atlas was launched at a time when many countries were looking to
increase their deployment of renewable energy and wanted to know to what extent there were wind
resources in their country. By providing a high-resolution resource map using a homogeneous
method everywhere in the world, the GWA has been able to provide a common starting website to
answer that question, and avoided the need for each country to carry out their own wind atlas at an
early stage of inquiry.

The development of the GWA will continue, with the aim to provide greater availability of
relevant data and to increase accessibility (for example, in 2022 a multi-language version was
launched). Future versions will include improved accuracy, increased dissemination of validation
efforts, and increased relevance and value for user needs. As development in the wind energy

sector evolves, the development of the GWA will most likely be:
18
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Of general benefit and interest:

* To develop tools for the assessment of energy production for very large offshore wind farm

clusters, including wake losses.

* To provide greater coverage over ocean basins in anticipation of the development of floating

offshore wind deployment.

* To include more validation datasets, such as winds derived from remote sensing, and creation

of a global uncertainty estimate.

* To provide information about other meteorological fields relevant for renewable energy to

increase the application of the atlas in planning energy system modeling.

* To improve the accuracy of the mesoscale modeling, including improved handling of adjoining

tile boundaries.

* To improve the accuracy of the microscale modeling through better topographic data, par-
ticularly roughness length modeling. Additionally, the inclusion of results from multiple
mesoscale model levels is being explored to improve modeling of phenomena like low-level

jets.

* To improve the microscale modeling, including exploring the use of more advanced Com-
putational Fluid Dynamics (CFD) models to achieve better performance in areas of complex

terrain.
Of specialist benefit and interest:

* To expand the web interface to include data layers for siting parameters, e.g. extreme winds,

turbulence intensity, flow inclination, for use in determining wind turbine design requirements.

* To include other meteorological or environmental properties that may degrade wind turbine

performance, e.g. icing and precipitation intensity.

* To include improved temporal information to give indicative time-series of wind generation
to facilitate preliminary investigations of the integration of wind power in the power system

and power market.
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One of the challenges of the development of the GWA is the need to address a broad range of user
needs, while at the same time remain a relatively easy and intuitive web application. The challenge
of addressing energy generalists and wind energy specialists users can be met by i) providing the
most generally relevant layers and summary data in a very upfront manner, and for download as
graphics and reports, and ii) providing more technical layers and advanced tools in a slightly hidden
manner, while also providing the raw data for download in GIS formats ready for subsequent user
analysis. In this way, the mutual reinforcement of having a platform used both by generalists and

experts will continue to be relevant and of value to the energy community at large.
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of Use carefully before you start to use the GWA App or the Works. By using the GWA App, you
accept and agree to be bound and abide by these Terms of Use. If you do not want to agree to
these Terms of Use, you must not access the GWA App or use the Works. You are encouraged
to use the GWA App and the Works to benefit yourself and others in creative ways. The Works
are licensed under the Creative Commons Attribution 4.0 International license, CC BY 4.0, except
where expressly stated that another license applies. To recognize the full partnership involved in
developing the GWA App and Works, users are requested to use the following citation text: “Global
Wind Atlas 3, a free, web-based application developed, owned and operated by the Technical Uni-
versity of Denmark (DTU). The Global Wind Atlas is released in partnership with the World Bank
Group, utilizing data provided by Vortex, using funding provided by the Energy Sector Management

Assistance Program (ESMAP). For additional information: https://globalwindatlas.info”

APPENDIX A

Generalization process

The generalization process starts by calculating the wind climate for each grid cell in the NWP
model. The wind climate is defined as a tabular histogram with bins for both wind speed and
direction (sector) and a wind rose consisting of the total occurrence of wind from each direction
(sector); i.e., it is a discretized joint distribution of wind speed and direction.

Two pairs of direction-dependent generalization factors are calculated for each NWP model grid
cell (Badger et al. 2014): the local impact of the NWP model orography on wind speed and
direction (6 A, and d¢,, respectively), and the local impact of the NWP model roughness length
on wind speed and direction (6 A, and 0¢,) . It is very important that the NWP model orography
and time-averaged roughness length are used (as opposed to local “microscale” elevations and
roughnesses). By using the NWP topographic data, the generalization process removes the local
impact of this coarser data on the wind. If high-resolution topographic data were used for this
step, it would not correctly represent the topographic impact of the wind in the NWP model.
The orographic factors are calculated using the linearized flow model LINCOM (Dunkerley et al.
2001). The roughness-change generalization factors are calculated using the WAsP roughness-
change model based on Sempreviva et al. (1990), simulating the impact of internal boundary layers

due to significant upstream roughness changes. The upstream roughness length, Zo, is calculated
21

Accepted for publication in Bulletin of the American Meteorological Society. DOI 10.1175/BAMS-D-21-0075.1.
Brought to you by DTU, TECHNICAL INFORMATION CENTER OF DENMARK | Unauthenticated | Downloaded 08/21/23 07:59 AM UTC



for each model grid cell and each wind direction (sector) using a weighted average of the roughness
lengths for upstream grid cells using the approach from Troen and Petersen (1989). Badger et al.
(2014) gives more information about the calculation of the generalization factors, and Hahmann
et al. (2014) provides a comprehensive description of the generalization process itself.

These generalization factors are then applied to calculate the generalized wind speed through
a multi-step process that removes the NWP-modeled impact of local orography and roughness
length changes, and accounts for the representative roughness length of the NWP-derived wind

climatology.

» Step 1: the impacts of orography and roughness length changes are removed, to calculate
a corrected wind speed, U. This wind speed is what would be expected for flat terrain and
homogeneous upwind roughness length. Note however, that the geostrophic-scale upwind

roughness length Z is a function of direction (sector).

U
(1+6A,)(1+6A,)°

U= (AD)

 Step 2: a friction velocity, i, is calculated using the stability-corrected log profile (using the
Monin-Obukhov wind profile and geostrophic drag law) (Troen and Petersen 1989; Kelly and

Troen 2016), using the corrected wind speed U and upwind roughness length 2.

_«0
~In(z/20)

/B

(A2)

where « is the von Kdrman constant and z is the height of the corrected wind speed.

* Step 3: using the friction velocity . and the the upwind roughness length 2o, the geostrophic

drag law (GDL) is applied to determine a representative geostrophic wind speed, G

- R 2
G:E\/(ln[ i ]—A) +B2, (A3)
K |f120
where A = 1.8 and B = 4.5 are two empirical factors, and f is the Coriolis parameter.
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» Step 4: the GDL is applied again, this time using an iterative method, to determine a
generalized friction velocity 4., using G (evaluated in A3) and a standardized roughness

length, 20,

e Step 5: the wind profile form is applied to determine the generalized wind speed, u,, at a
standardized height, z,, for standardized roughness length, 20, This wind speed is what
would be expected for flat terrain and homogeneous roughness length everywhere, i.e. the

upstream roughness length is no longer a function of direction (sector).

A

A

Uy
iy = Tgln(zg/fog), (A4)

However, the parameters used to calculate 7o and roughness-change generalization factors were
modified to ensure smooth generalized wind climate estimates across flat coastal zones. In the
traditional NWA approach, the same number of mesoscale model grid points are used for calculating
both of these parameters. However, it was found that for the finer grid spacing such as used in
GWA3, more points were needed for the 7y calculation than for the roughness-change generalization
factors.

The wind direction corrections are also applied with a direction change introduced via the vector
form (velocity components) of the GDL.

The generalization process outlined above can be reversed to predict wind speed at a new location
having different orography and roughness lengths. In that process the four direction-dependent
generalization factors are calculated using the high-resolution digital elevation models (DEMs)
and roughness length maps; the latter is also used for the upstream roughness length, Zy. This is the
process implemented in the WAsP model, described in Troen and Petersen (1989); Troen (1990);
Landberg et al. (2003); Mortensen et al. (2006).

APPENDIX B
From wind to power

There are two main elements in the calculation of wind resources. The first is to determine the
wind speed distribution for turbine site at hub height. The second is to convert that wind speed

distribution into energy production, using the so-called turbine-specific power curve. Typically, it
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is the long-term wind speed distribution that is convolved with the power curve to give the expected
annual energy production. Figure B1 gives an example of a power curve. Air density has a role in
the power curve, with lower density leading to lower energy production.

Power curves are turbine specific. In the GWA, three representative power curves have been
applied from turbines that fall within each of the three IEC-classes of wind turbines (IEC 2020).
The turbines from different classes are built with different robustness in their design to withstand
normal operational and extreme conditions. Class I turbines are the most robust, while Class-III
turbines will typically get the most energy production at lower wind speeds.

For specific assessment of wind farms, wind resource is usually stated as TWh per year. Another
useful measure of wind resource is to state the capacity factor. This is the ratio of the annual energy
production over the annual energy production if the wind turbines was operating at rated-power

the whole year.
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Fic. B1. The wind turbine power curves for turbines representing IEC Classes I (solid; black), II (short-dash;
dark grey), and III (long-dash; light grey), used in the GWA. All turbines have the same rated power. Wind
turbine power output (y-axis) is plotted as a function of the hub height wind speed (x-axis) for a fixed air
density representative for a given site (1.225kgm™> in this case). As wind speed increases, so too does the
power generation, until rated-power is reached. In these specific examples, turbine models have a rated-power of
3.45MW, reached at 13ms~!, 12ms~! and 11 ms~!, for Class I, II and III respectively. Increasing wind speed
beyond this does not increase generated power. The so-called cut-out speed, is the wind speed beyond which the

turbine is shut down and power generation is zero.
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APPENDIX C

Acronyms
CFSR NCEP Climate Forecast System Reanalysis (CFSR) version 1
DEM Digital Elevation Model
ESA CCILLC European Space Agency’s Climate Change Initiative Land cover
ESMAP Energy Sector Management Assistance Program
EUDP Energy Technology Development and Demonstration Program
GDL Geostrophic drag law
GIS Geographic Information System
GSHHG Global Self-consistent, Hierarchical, High-resolution Geography Database
GWA Global Wind Atlas
GWC Generalized wind climate
IEC International Electrotechnical Commission
MERRA Modern-Era Retrospective analysis for Research and Applications
MODIS Moderate Resolution Imaging Spectroradiometer
NCEP National Centers for Environmental Prediction
NWA Numerical Wind Atlas
NWP Numerical Weather Prediction
PWC Predicted wind climate
RIX Ruggedness Index
SRTM Shuttle Radar Topography Mission
WRF Weather Research and Forecasting
WAsP Wind Atlas Analysis and Application Program
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