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Grand challenges of mapping and under-
standing wind flow and meteorology for 
wind energy
Wind atlases based on measurements
In the infancy of the modern development of wind 
energy, well-proven methods of determining the 
wind resource for single turbine locations or for a 
wider region were lacking, necessitating recourse to 
using local measurements, provided they existed. It 
soon became clear that the straightforward extrapo-
lation and interpolation of standard meteorological 
measurements were not satisfactory and often came 
up with quite erroneous results. Therefore, national 
and international projects were initiated to develop 
methodologies based on basic meteorological prin-
ciples for calculating site-specific and regional wind 
resources by means of climatological measurements.

One such project was the European Wind Atlas 
(EWA)[1], the aim of which was to establish a me-
teorological basis for assessing the wind resources of 
the European Union (1981 -1989). A methodology, 
called the wind atlas method, was developed, result-
ing in a comprehensive set of models for the horizon-
tal and vertical extrapolation of meteorological data 
and estimates of wind resources. 

The models are based on the physical principles for 
flow in the atmospheric boundary layer, and they 
take into account the effect of different surface con-
ditions, sheltering effects due to buildings and other 
obstacles, and the modification of the wind imposed 
by the specific variations of the height of the ground 
around the meteorological station concerned. Figure 
1 illustrates the application of the wind atlas meth-
od, following a procedure in which regional wind 

climatologies are developed from site meteorology 
and then used to produce site-specific wind clima-
tologies. The models and the described methodology 
constitute the Wind Atlas Analysis and Application 
Programme WAsP (www.wasp.dk). 

In fact, the wind atlas methodology was borne out of 
an earlier project, the Danish Wind Atlas published 
in Petersen et al. [2], which actually builds on the ap-
plication of a fundamental meteorological concept: 
geostrophic wind (the wind aloft) and its climatolo-
gy, which was determined using long-term pressure 
measurements at about 55 synoptic stations in and 
around Denmark (43000 km2). The geostrophic wind 
climate was then used to estimate the wind distribu-
tions at a given height over a specific terrain by means 
of the geostrophic drag law, which posits a relation 
between the drag force on the surface, the roughness 
of the surface and the geostrophic wind. The atlas’s 
findings were validated by estimating the wind cli-
mates at twelve specific sites in Denmark, where 
long-term wind measurements had been carried 
out. A key aspect is the summarizing of wind time 
series by using the two-parameter Weibull distribu-
tion to indicate the probabilities of wind speeds in 
different direction sectors. The procedure is depicted 
on the right-hand side of Figure 1, and in the figure 
the geostrophic wind climate is called the general-
ized regional wind climate. Hence the development 
of ‘the wind atlas method’ was initiated during the 
construction of the Danish Wind Atlas.

The European Wind Atlas [1] covers a land area of 
about 2.25 million km2. It employs surface observa-
tions of wind speed and direction, measured over 
a ten-year period, to determine the wind climate at 
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about 190 European meteorological stations. Then, 
using the wind atlas method, the wind climates are 
subsequently referenced to a common set of standard 
topographical conditions, i.e. they are expressed as 
Weibull parameters for five heights and twelve thir-
ty-degree sectors over four different values of surface 
roughness. Wind resource estimates for other sites 
can then be obtained using the same method to de-
termine site-specific topographies. Figure 2 provides 
an overview map from the European Wind Atlas.

The publication of the European Wind Atlas had a 
profound influence on European decision-makers by 
showing that it is possible to find locations with good 
wind resources almost anywhere if the right topo-
graphical settings are selected. This knowledge has 
an important implication for any modelling of wind 
resources, such as mesoscale modelling: the coarser 
the resolution (large grid cells) the meteorological 
models work with, the smaller the average wind re-
source inside the grid cell. This is because favourable 
locations such as small hills are smoothed out. 

Both the Danish and the European Wind Atlas are 
examples of the use of climatological stations be-
longing to national synoptic networks, many of them 
located at airports and where routine observations 
carried out by the meteorological and other public 
services. Many of these stations are part of the exten-
sive Global Observing System. 

Wind atlases based on modelling
After the publication of the European Wind Atlas [1], 
it became clear that it was necessary to develop the 
methodology further in order to decrease uncertainty 
surrounding the calculations in complicated topogra-
phy and climatology. The first major step was an at-
tempt to combine mesoscale and microscale models.

Up to that date, insufficient computer power and 
storage, as well as the lack of sufficiently detailed cli-
matological data and high-resolution topographical 
information, had made such an approach impossible. 
However, the ever-increasing computer power and 
the advent of publicly available large databases on 
long-term global wind climatology and high-resolu-
tion topography (orography and land use) showed the 
potential to develop the wind atlas methodology fur-
ther. The cornerstone of the new methodology is the 
combined application of a mesoscale and a microscale 
model, such that the former typically calculates the 
wind climatology over an area of 1000x1000 km with 
a resolution of, say, 2 km, while a microscale model 
such as WAsP is used to focus in on locations of inter-

Figure 1.
The vertical and horizontal 

extrapolation figure from 

EWA [1].

Figure 2.  
Overview map from the 

European Wind Atlas [1], 

showing the large-scale 

variation of Europe’s wind 

climate. By using the 

legend, a range for mean 

wind speed and mean wind 

energy at the height of 50 

metres can be estimated 

for five topographical 

conditions. This map sends 

an important message to 

politicians, decision-mak-

ers and the general public, 

namely that even in low 

wind areas it is possible 

to find locations for wind 

farms with a good wind 

resource.
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est. Over the next eight years, an EU project, ‘Meas-
urements and Modelling in Complex Terrain’, with the 
participation from most EU countries, worked to de-
velop the methodology. For the mesoscale model, the 
KAMM (the Karlsruhe Atmospheric Mesoscale Mod-
el), developed by University of Karlsruhe for air-qual-
ity forecasts in the Rhine Valley, was chosen, together 
with WAsP as the micro-scale model. In order to test 
and verify the methodology under development, a 
large number of sites were located and meteorological 
masts installed in four ‘test’ areas: Ireland, Northern 
Portugal, Central Italy and Crete. 

After the conclusion of the project, the newly devel-
oped methodology for wind climatology studies (the 
numerical wind atlas method) soon became interna-
tionally accepted, even research groups outside Eu-
rope building model complexes based on the same 
methodology. The KAMM/WAsP concept has been 

continuously developed and was used in many re-
gions around the world. One of its first applications 
was in drawing up a Wind Atlas for Ireland [3].

Due to a lack of computer power, it was not possi-
ble to run the mesoscale model in ‘real time’, i.e. in 
dynamical downscaling over many years to achieve 
stable statistics. Instead a methodology called ‘statis-
tical-dynamical’ downscaling was introduced [4]. In 
the case of both methodologies, one can say that a 
basically prognostic meteorological model providing 
forecasts was turned into a diagnostic model provid-
ing climatological statistics.  Critical to the so-called 
numerical wind atlas method was the same principle 
of generalizing the wind climate (see Figure 1) and 
applying local correction at high resolution when es-
timating actual site conditions [4]. 

The growth of numerical wind atlas applications is 
due to a number of external developments: i) the 
availability of new datasets describing the state of the 
atmosphere and covering several decades at increas-
ing temporal and spatial resolutions (so-called rea-
nalysis datasets); ii) the availability of community at-
mospheric models; and iii) the increasing capacity of 
high-performance computing. Together these factors 
brought about changes in how numerical wind atlases 
were created. The Wind Atlas for South Africa was an 
instrumental project in this context [5,6] moving to 
longer modelling simulations and using the Weather 
Research and Forecasting (WRF) Model [7]. Figure 
3 and Figure 4 show output from the Wind Atlas for 
South Africa, demonstrating that wind atlases not only 
provide spatial data that can be presented as maps, 
they also form a rich dataset of wind speed distribu-
tions and wind direction distributions. Figure 4 also 
illustrates how validation is performed by comparing 
data derived from modelling to high-quality measure-
ment data from tall masts at a number of sites. 

Several mesoscale models developed by the larger in-
ternational meteorological centres have been investi-
gated and are in use. The general experience with the 
established models and methodologies is that they 
work well. This is true if good local data are availa-
ble for purposes of verification, but the wind energy 
community was still hampered by many projects pro-
ducing large negative discrepancies between calculat-
ed and actually experienced resources. Therefore, the 
EU decided to launch a project, ‘The New European 
Wind Atlas’ (NEWA), aimed at reducing the over-
all uncertainties in determining wind conditions. 
NEWA is described further below.

Figure 3.  
Long-term (2010–2017) 

averaged wind speed (m 

s1) at 100 m AGL simu-

lated by the WRF model. 

From [6].

Figure 4.  
Comparison of the WRF 

wind climatology at 62 m 

AGL at site WM15. From 

[6]. 
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State-of-the-art wind atlases
In this section, the emphasis will be on describing 
two recent wind atlases. Both projects are wind 
atlases with large spatial coverage, but they can be 
distinguished by the emphasis on development in 
the production and dissemination of wind atlas data 
and research on advanced measurements, mesoscale 
modelling and downscaling. 

The Global Wind Atlas started as part of an inter-
national collaboration. It came about in the frame-
work of the Clean Energy Ministerial (CEM), and 
in particular the CEM Working Group on Solar 
and Wind technologies and IRENA’s Global Atlas 
for Renewable Energy. Work on the Global Wind 
Atlas [8] began in 2012 as a Danish-funded (EUDP) 
project, and the first release was in 2015 (v1). Since 
then, it has developed further with a commitment 
from DTU Wind Energy and support from the 
World Bank Group, leading to two subsequent 
major releases in 2017 (v2) and 2019 (v3). The last 
update was in April 2021 (v3.1). These revisions of 
the Global Wind Atlas included more datasets and 
tools, which can help policy-makers, planners and 
investors identify high-wind areas for wind-power 
generation virtually anywhere in the world and then 
perform preliminary calculations. 

What is important for us is that the vast amounts 
of data that lie behind the Global Wind Atlas bring 
as much value to the user as possible. For this it is 
necessary to create intuitive interaction between the 
user and the approximately 2 TB of data available for 
display in the Atlas (Figure 5). The data come alive 

in the hands of the users through the realization of 
browser-based customized wind and map analysis 
tools. The webpage design allows interaction with 
different kinds of data, including maps, statistical 
distributions, wind roses, temporal characteristics, 
validations reports and associated relevant data for 
wind development. We know from our web analytics 
that the Global Wind Atlas website is used by more 
than 20,000 end-users per month from all around the 
world. 

From this large number of users, we can identify two 
main user groups. The first group consists of agen-
cies and generalists who have a greater appetite for 
overview datasets and guidance in assessing wind re-
sources. The second group consists of wind experts 
and specialists employed by wind-farm developers, 
consulting and investment companies. This group 
has a greater appetite for expert products and, impor-
tantly, faster and more customized access. 

An example of a large-scale application of the Glob-
al Wind Atlas is the ‘GOING GLOBAL Expanding 
Offshore Wind to Emerging Markets’ report by the 
World Bank and the International Finance Corpora-
tion [9]. The report provides analysis based on Global 
Wind Atlas wind resource data to quantify offshore 
wind potential, both bottom-fixed and floating.

While the Global Wind Atlas may be thought of as 
a kind of production wind atlas on very grand scale, 
another critical project is a research wind atlas that 
pushed researchers in Europe to scientific questions, 
methods and validation. The New European Wind 

Figure 5.
Screen shot of the 

Global Wind Atlas web 

page, showing the user 

interface, approximately 

2 TB of data available for 

display in the atlas.
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Atlas (NEWA) was an ERANET+ project, funded by 
the European Commission and nine national fund-
ing agencies, and coordinated by DTU Wind Ener-
gy. It ended in June 2019 with the release of another 
wind atlas website offering more advanced user inter-
faces with the huge amount of data produced by the 
project. For example, the mesoscale modelling was 
performed over an unprecedented time period and 
resolutions, combining multiple modelling domain. 
The scientific findings of the modelling part of the 
project are described in [10,11]. 

In contrast to the EWA, the final validation of the 
NEWA builds exclusively on high-quality measure-
ments from 40 m above the terrain and upwards that 
were not used to build the atlas. This was done in or-

der to minimize the uncertainty introduced by verti-
cal extrapolation. The project gave rise to two model 
chains: a research-oriented open-source model that 
used a non-linear fluid mechanics solver for the re-
al-time downscaling; and a more production-orient-
ed model-chain that used WAsP or CFD-WAsP for 
statistical downscaling. The NEWA production mod-
el-chain was evaluated with 291 tall meteorological 
masts located all over Europe and Turkey provided 
by Vestas (see further below). 

The NEWA project also contained a range of very de-
tailed experiments of flow in complex terrain used to 
understand how to improve the micro-scale models 
and their coupling to the meso-scale model. In total, 
seven experiments were conducted, two offshore and 

Figure 7.
Screen shot of the New 

European Wind Atlas web 

page, showing the user 

interface, for exploring 

microscale modelling 

results. Here a predicted 

mean wind speed at 100 m 

a.s.l. is shown, based on a 

calculation every 50 m.

Figure 6.
Screen shot of the New 

European Wind Atlas web 

page, showing the user in-

terface and the download 

capabilities available.
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five onshore, primarily in complex terrain. All exper-
iments have been used to improve either micro- or 
meso-scale models or both. An overview of the ex-
periments may be found in [12] together with a video 
of the largest experiment performed in Pedigão, Por-
tugal: (see https://www.youtube.com/watch?v=rd-
3MUG715Bs) 

The website permits visualization and exploration 
of the NEWA datasets and downloading by user for 
more detailed analysis and application of the datasets 
(see https://map.neweuropeanwindatlas.eu/). For ex-
ample, the mesoscale modelling time series can be 
downloaded for any location or locations for more 
than 20 variables on 7 heights ranging from 50 to 500 
meters.

Microscaling modelling for NEWA was performed 
on completely new software, called PyWAsP, which 
allowed the calculation of predicted wind climate 
every 50 m at several heights to be performed, (see 
Figure 7). As mentioned earlier, an important aspect 
of any wind atlas is the validation of the results. In 
NEWA, a novel and secure method of using propri-
ety, high-quality wind energy measurement data, 
which never left the data manager’s premises, was 
employed to evaluate the result. Full details can be 
found in [11].

The results of the validation (Figure 8) show the val-
ue of the downscaling methodology of the wind atlas 
approach. Using reanalysis data directly gives a poor 
performance. In areas where elevation complexity is 
low, i.e. flat or gently changing elevation, the micros-
cale modelling results give the best performance. At 
the same time, this points to a need for better mi-
croscale modelling of complex terrain, because at 
present the microscale modelling employed uses lin-
earized equations whose uncertainty increases with 
increased terrain gradients.
  

Future trends 
In this chapter, we have described the development 
of wind atlases at DTU Wind Energy. We have given 
two examples of state-of-the-art wind atlases. These 
atlases have very significant efforts behind them in 
terms of modelling, data management, validation 
against measurement and dissemination on web 
platforms, as well as by traditional means of report-
ing, including journal publications.

Already on our www.science.globalwindatlas.info 
site one can glimpse what future wind atlases will 
contain. In the future, they will most likely move in 
these directions: 

• more validation datasets, such as winds derived 
from remote sensing  

• data layers for siting parameters, such as ex-
treme winds, turbulence intensity, flow inclina-
tion etc., for use in determining wind turbine 
design requirements, which in turn can help 
assess capital expenses 

• translation into different languages
• tools for the assessment of yields for very large 

offshore wind farm clusters
• greater coverage of offshore areas, hand-in-

hand with prospects for floating offshore wind
• inclusion of precipitation parameters to assess 

the risk of erosion on the leading edge of the 
wind turbine blades

• improved temporal information on expected 
production time series to aid integration studies

• improved microscale modelling using CFD to 
achieve better performance in complex terrain 

• improved microscale modelling using better top-
ographic data (especially roughness length) to in-
crease the accuracy of wind climate assessments

• improved mesoscale modelling to reduced 
uncertainty and potentially provide information 
about outer meteorological fields relevant for 
renewables to increase the application of the 
atlas in initial energy system modelling 

Figure 8.
Distributions of wind 

speed biases for ERA5 

(blue), WRF (orange) and 

WAsP (green) split by the 

complexity of the terrain 

(classed by ruggedness 

index, RIX). From [11].
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Climate change impacts and the effects of Wind Energy 
By Andrea Hahmann

A recent publication by the IPCC has again underlined the seriousness of our changing climate [13]. 
Various components of both current and future energy systems, which are the basis for climate change 
mitigation, are affected by a changing climate. However, the opposite trend is also a possibility. That is, 
the rapid development of energy derived from renewable sources could alter future climate.

Impacts on energy supply. Future climate change should not substantially change long-term global wind 
energy resources until late in the 21st century [14-16]. However, recent research has indicated consist-
ent shifts in the geographical position of atmospheric jets under high emission scenarios [17], which 
would decrease wind power potentials across the Northern Hemisphere in mid-latitudes and increase 
across the tropics and the Southern Hemisphere. The various climate models used for investigating 
future wind resources differ in how they can reproduce the current wind resources and wind extremes, 
thus questioning how robust their prediction of future wind resources is [16].

Impacts of wind energy on local climate. Recent studies [18-21] have detected changes to surface 
temperatures in the vicinity of wind farms in the form of night-time warming.  This warming can be 
explained as a ‘suppression cooling’ rather than a warming process [21]. Regional and climate models 
have been used to describe the interactions between turbines and the atmosphere [22]. More sophisti-
cated models confirm the local warming effect of wind farm operations but report that the impact on the 
regional area is slight and occasional [23]. From a physical perspective, wind turbines alter the transport 
and dissipation of momentum locally and near the surface. Still, they do not directly impact the Earth’s 
energy balance as is done by the addition of greenhouse gases. 
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