
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Doppler lidar scanning of flow over complex terrain

Menke, Robert

Publication date:
2020

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Menke, R. (2020). Doppler lidar scanning of flow over complex terrain. DTU Wind Energy.

https://orbit.dtu.dk/en/publications/80a78d51-7601-4d55-8087-8f939d6af7f8


Ph.D. Thesis

Doppler lidar scanningof flowover
complex terrain
Robert Menke

Risø campus, Roskilde, 2020



Title of thesis
Doppler lidar scanning of flow over complex terrain

Ph.D. Student
Robert Menke
Department of Wind Energy
Meteorology and Remote Sensing Section
Technical University of Denmark
Frederiksborgvej 399, 4000 Roskilde, Denmark
rmen@dtu.dk

Supervisors
Jakob Mann
Department of Wind Energy
Meteorology and Remote Sensing Section
Technical University of Denmark
Frederiksborgvej 399, 4000 Roskilde, Denmark
jmsq@dtu.dk

Nikola Vasiljević
Department of Wind Energy
Test and Measurement Section
Technical University of Denmark
Frederiksborgvej 399, 4000 Roskilde, Denmark
niva@dtu.dk

Technical University of Denmark
DTU Wind Energy
Department of Wind Energy

DTU Risø Campus
Frederiksborgvej 399, Building 125
4000 Roskilde, Denmark
www.vindenergi.dtu.dk



Summary
Wind energy projects in complex terrain are associated with higher uncertainties compared
to projects in flat terrain regarding the estimation of wind conditions. This is due to
atmospheric processes that occur over complex or steep terrain, which are difficult to
measure, generally not well understood, and are not sufficiently well reproduced by
computational models.

This thesis presents the results of a Ph.D. study with the focus on flow over complex
terrain measured by the means of multiple scanning lidars with the aim to improve the
understanding of flow phenomena in complex terrain. The measurements for this project
were performed as part of the Perdigão 2017 measurement campaign in Portugal. In
total eight synchronized scanning lidars were used to measure flow recirculation zones,
atmospheric waves, a wind turbine’s wake, and wind resources along two parallel ridges
at Perdigão.

The results indicate a systematic trend that recirculation zones are more likely to
occur at the northwest end of the valley. Moreover, turbulence levels at the ridges, which
are potential locations for wind turbines, are higher when recirculation zones within the
valley are present. Atmospheric waves are observed during many nights of the experiment
and can cause significant flow acceleration at the downwind ridge. This effect reflects also
into the investigation of the wind resources along the ridge, which shows that higher wind
speeds are systematically observed downstream during stable atmospheric conditions.
Two comparisons of measurement data and the results of computational models are
performed. The VENTOSr/M model performs well in reproducing atmospheric wave
structures and their time of occurrence. Mean wind speeds predicted by WRF-LES show
a high sensitivity to the surface drag parameterization.

Overall, this study demonstrates the advantages of scanning lidars to map flow over
complex terrain. The insights into flow processes at Perdigão resulting from this study,
based on the unique measurement scenarios designed for this work, could not have been
gained with traditional profiling instruments.
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Dansk sammendrag
Vindenergiprojekter i kompliceret terræn er behæftet med større usikkerheder sammen-
lignet med projekter i fladt terræn. Dette skyldes at de atmosfæriske strømningsmønstre,
der forekommer over komplekst terræn, er svære at måle, er generelt dårligt forståede og
er svære at genskabe i numeriske modeller.

Denne afhandling præsenterer resultaterne af et Ph.D. studie med fokus på strømninger
over komplekst terræn målt med scanning lidars med det mål for øje at forbedre forståelsen
af strømningsfænomener over den slags terræn. Projektets målinger blev foretaget som
en del af Perdigão 2017 målekampagnen i Portugal. I alt otte synkroniserede, scanning
lidars blev brugt til at måle recirkulationszoner, atmosfæriske bølger, en vindmølles
kølvand og vindresurser langs de to parallelle bjergrygge ved Perdigão.

Resultaterne viser en systematisk tendens til at recirkulation forekommer mere hyp-
pigt i den nordvestlige end af dalen. Turbulensniveauet på bjergryggene, som er mulige
vindmøllepositioner, er højere når der er recirkulation i dalen. Atmosfæriske bølger
forekommer hyppigt om natten over bjergryggene, og de kan accelerere strømningen over
den nedstrøms ryg. Denne effekt påvirker også vindresurserne, som systematisk er større
på den nedstrøms ryg når atmosfæren er stabil og bølgerne forekommer. Der er fore-
taget to sammenligninger af måledata med resultater af numeriske strømningsmodeller.
VENTOSr/M forudsiger atmosfæriske bølger og deres struktur godt. Middelvind-
hastighederne forudsagt af WRF-LES er meget følsomme overfor hvorledes overfladen og
dens strømningsmodstand er modelleret.

Alt i alt demonstrerer dette studie fordelene ved at bruge scanning lidars til at måle
strømninger over komplekst terræn. Indsigten i strømningsprocesserne over landskabet i
Perdigão kunne ikke være opnået ved brug af traditionelle vindprofilmålinger.
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CHAPTER 1
Introduction

Wind energy experienced a rapid increase in installed power production capacity during
the last few decades (GWEC, 2019). Its growth rate is significantly faster compared
to the other renewable energy sources. The total renewable energy capacity doubled
during the last decade, whereas the wind energy generation capacity grew by 375%, only
solar energy had a faster growth rate (IRENA, 2019). In addition, scenarios for future
development show high growth rates for wind energy installations for the next decade
(IEA, 2018).

This trend results in the need for wind farm developers to acquire new areas for
wind turbine installations. Already by today, the most optimal sites for wind energy
production, which are areas with flat terrain, are reaching their capacity limits. In the
case of Europe, these areas are concentrated in Northern Germany and Denmark. The
shortage of optimal sites combined with the decreasing costs for wind energy production
led to developments in regions with complex terrain, e.g. in the Mediterranean countries,
which are less optimal for the operation of wind turbines.

The term "complex terrain" is used to describe areas in which the wind is affected
by the topography, different land-use types and/or vegetation. In fact, more than 70%
of the Earth’s land surface is considered as complex (Strobach, 1991). In these areas,
fatigue loads on wind turbines are enhanced as atmospheric turbulence levels are elevated
and flow conditions can violate the design limits. Additionally, the initial assessment
of wind conditions is challenging as the spatial variability is increased. In flat terrain,
measurements from a single location can be extrapolated over large areas, which is not
possible in complex terrain. A representative radius of wind measurements in flat terrain
is stated with 10 km compared to a 2 km radius in complex terrain by MESANET (2016).
A literature survey by Clifton et al. (2016) determined an uncertainty in the wind farm
planning process caused by spatial variation of the terrain of 1-2% for flat sites and
uncertainties above 10% for complex sites.

In this context, mitigating the increased uncertainty caused by spatial variability
is possible by increasing the number of measurement locations and/or the use of more
sophisticated computational flow models. Traditionally, wind resources are assessed with
wind sensors, such as cup or sonic anemometers, mounted on meteorological masts (met
mast) at heights that correspond to the turbine hub height. To decrease the uncertainty
of wind resource assessments in complex terrain we would need multiple tall met masts.
This is rather expensive and often logistically unfeasible considering the trend of growth
in size of the wind turbines. A more cost-effective method is the use of wind lidars based
on coherent Doppler lidar technology. Profiling wind lidars can measure mean wind
profiles up to several hundrets of meters. They are cheaper than tall meteorological
mast and can be easily deployed. The drawback of the use of profiling lidars in complex
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terrain is that their measurement principle is based on the assumption of horizontal flow
homogeneity. This assumption is acceptable in flat terrain but violated for complex flows
(Courtney et al., 2008). Measurements by profiling lidars in complex terrain can have
errors of up to 10% as reported by Bingöl et al. (2009).

One of the solutions to avoid the assumption of horizontal homogeneity of the flow
is the use of multiple lidars measuring radial velocities at the same location (Vasiljević,
2014). From the individually acquired radial wind speeds, depending on the number
of wind lidars, the horizontal or three-dimensional wind vector can be reconstructed.
These measurements can be done with scanning Doppler lidars which, when operated in
a coordinated fashion, can perform such measurements over large areas.

Furthermore, scanning lidars have been used in many studies to assess complex flow
phenomena such as wind turbine wakes (Iungo et al., 2013), wind field structures (Newsom
et al., 2008), atmospheric waves (Lehner et al., 2016) and the effect of escarpments on
the flow field (Lange et al., 2016). In this thesis, unique scanning lidars measurements
are used to assess the flow over two parallel ridges at the complex terrain site of the
Perdigão 2017 experiment (Fernando et al., 2019).

The Perdigão 2017 measurement campaign has been carried out in the scope of the
New European Wind Atlas project. The aim of the project was to accurately map the
wind conditions to estimate resources and loads for wind energy deployments. It consisted
of measurement campaigns for flow model improvement and validation (Mann et al., 2017;
Gottschall et al., 2018), the development of a model chain for flow simulations over Europe
(Witha et al., 2019) and the publication of the generated wind atlas (NEWA, 2019).
The atlas is supposed to help wind farm developers assessing wind conditions in Europe,
thus helping the development of new wind energy projects. The aim of the Perdigão
2017 measurement campaign within the project was to create an extensive dataset of
flow observations in complex terrain for model validations and a better understanding of
the microscale processes such as flow recirculation and atmospheric waves that have an
impact on the operation of wind turbines.

The performance of the current computational models for flows over complex terrain
is validated in most cases with the data measured during the Askervein Hill experiment
(Taylor and Teunissen, 1983). The experiment took place at an isolated hill in Scotland.
More recent experiments that were carried out are the Bolund experiment in Denmark
creating a model test case for flow over the Bolund peninsula (Bechmann et al., 2011),
the forested hill experiment in Germany (Klaas et al., 2015), and the Alaiz experiment
in mountainous terrain (Cantero et al., 2019). The Perdigão dataset adds a new test
case to the list with a terrain complexity similar to the Alaiz site but ten times smaller
scale of the main terrain features. This structure makes the site ideal to study microscale
processes, especially considering the unprecedented high density of flow measurements.
Along with the above-mentioned assessment of flow phenomena, this thesis presents
a comparison of Perdigão measurement data to a large-eddy simulation (LES) and a
Reynolds-averaged Navier–Stokes simulation.
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1.1 Structure of the thesis
The Ph.D. project focused on the execution and analysis of flow measurements, performed
with multiple scanning Doppler lidars, at the Perdigão measurement site. The work was
motivated by the research question: "How can multiple, scanning Doppler lidars be
used to assess flow over complex terrain?" Generally, there is a large interest in such
measurements by atmospheric boundary layer researches to get insights into complex
flows, which are not achievable with other instruments. However, most of all this research
is focused on the interest of the wind energy community of a better understanding of
wind conditions in complex terrain and the implications for wind turbines operating
under these conditions.

In the context of this thesis, a reader will get insights into the following points:
• Lidar scanning scenarios designed for the Perdigão campaign.
• Processing and filtering approaches of scanning lidar data.
• The occurrence and structure of flow recirculation zones at the Perdigão ridges

measured by scanning lidars.
• Atmospheric wave observations with scanning lidars.
• Approaches for measuring wind turbine wakes in complex terrain with scanning

lidars.
• Wind resource assessment with scanning lidars.
• Flow model evaluation based on scanning lidar data.

The work presented in this thesis is mainly based on journal publications. The content
of the individual chapters is described below.

At first, Chapter 2 gives an overview of the Perdigão 2017 measurement campaign.
Herewith, an overview of the scientific objectives addressed in this thesis is given and
more generally expected flow phenomena that are expected at the Perdigão site are
discussed. This chapter also gives an overview of the lidar scanning strategies performed
in the scope of this thesis.

Chapter 3 addresses the occurrence of recirculation zones at the Perdigão site. The
frequency of occurrence, the three-dimensional structure and the impact on potential
wind turbine locations are analyzed based on measurements by six WindScanners. This
work has been published in the journal of Atmospheric Chemistry and Physics (Menke
et al., 2019c).

In Chapter 4, atmospheric wave observations are presented. Waves were frequently
observed during the Perdigão campaigns under stably stratified conditions and have a
strong influence on the flow field. A case study of the wave formation under southwesterly
flows is presented and the measurements are compared to the VENTOSr/M model. The
model comparison is part of a conference contribution published by Palma et al. (2019).

Subsequently, the ability of scanning lidar to map wind resources in complex terrain is
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explored and demonstrated in Chapter 5. Two pairs of WindScanners were used to map
the flow along terrain-following transects. The measurements are used to analyze changes
in the wind resource along the ridge and for a comparison to WRF-LES simulation
results. This work has been submitted to Wind Energy Science (Menke et al., 2019d).

Measurements of the wake of the single wind turbine at Perdigão are discussed in
Chapter 6. Wake measurements were one of the main focuses of the Perdigão measurement
campaign in 2015. Furthermore, in 2017 several groups concentrated their measurements
on the wind turbine wake. Previous findings on the atmospheric stability dependency of
the wake propagation are discussed and the integration of measurements from several
lidar systems is presented.

Conclusions are given in Chapter 7.

1.2 List of publications
Out of the listed contributions below the ones marked with (*) are to be considered
being a direct part of this thesis. Contributions marked with (+) have been prepared or
contain work that has been performed before the start of the Ph.D. study. Unmarked
publications contain contributions that were made during the Ph.D. study but are not
directly included in this thesis as findings from these studies are described in other
subsequent studies or are of a minor degree.

Journal Papers
1. Multi-lidar wind resource mapping in complex terrain*

Menke, R., Vasiljević, N., Wagner, J., Oncley, S. and Mann, J.
Wind Energy Science Discuss., https://doi.org/10.5194/wes-2019-85, in review,
2019

2. Characterization of flow recirculation zones at the Perdigão site using multi-lidar
measurements*
Menke, R., Vasiljević, N., Mann, J. and Lundquist, J. K.
Atmosphric Chemistry and Physics, 19, 2713–2723, https://doi.org/10.5194/acp-
19-2713-2019, 2019

3. The Perdigão: peering into microscale details of mountain winds
Fernando, H.J.S. Mann, J.,Palma, J.M.L.M.,Lundquist, J.K., ..., Menke, R., et al.
Bulletin of the American Meteorological Society, 11, 4291-4308, https://doi.org/10.1175/
BAMS-D-17-0227.1, 2019

4. Does the wind turbine wake follow the topography? - A multi-lidar study in
complex terrain+

Menke, R., Vasiljević, N., Hansen, K., Hahmann, A. N. and Mann, J.
Wind Energy Science, 3, 681–691, https://doi.org/10.5194/wes-3-681-2018, 2018

5. Perdigão 2015: methodology for atmospheric multi-Doppler lidar experiments+
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Vasiljević, N., Palma, J.M.L.M., ..., Menke, R., et al.
Atmospheric Measurement Techniques, 10(9), 3463-3483, https://doi.org/10.5194/amt-
10-3463-2017, 2017

Conference Contributions
1. Unravelling the wind flow over highly complex regions through computational

modeling and two-dimensional lidar scanning*
Palma, J.M.L.M., Silva Lopes, ..., Menke, R., et al.
Journal of Physics: Conference Series, Vol. 1222, 012006, https://doi.org/10.1088/1742-
6596/1222/1/012006, 2019

2. Wind turbine wake characterization in complex terrain via integrated Doppler
lidar data from the Perdigão experiment*
Barthelmie, R. J., Pryor, S. C., Wildmann, N., and Menke, R.
Journal of Physics: Conference Series, Vol. 1037, No.5, IOP Publishing, https://doi.org/
10.1088/1742-6596/1037/5/052022, 2018

3. Challenges in using scanning lidars to estimate wind resources in complex ter-
rain
Mann, J., Menke, R., Vasiljević, N., Berg, J. and Troldborg, N.
Journal of Physics: Conference Series, Vol. 1037, No.7, IOP Publishing, https://doi.org/
10.1088/1742-6596/1037/7/072017, 2018

4. Flow in complex terrain - a Large Eddy Simulation comparison study
Berg, J., Troldborg, N., Menke, R., Patton, E. G., et al.
Journal of Physics: Conference Series, Vol. 1037, No.7, IOP Publishing, https://doi.org/
10.1088/1742-6596/1037/7/072015, 2018

5. Wind turbine wake measurement in complex terrain+

Hansen, K., Larsen, G., Menke, R., et al.
Journal of Physics: Conference Series, 753, 032013, https://doi.org/10.1088/1742-
6596/753/3/032013, 2017

Datasets
1. Perdigão-2017: multi-lidar flow mapping over the complex terrain site*

Menke, R., Mann, J. and Vasiljević, N.
https://doi.org/10.11583/DTU.7228544.v2, 2018

2. Animation of lidar and simulation data of complex flow over the Perdigão mea-
surement site*
Menke, R., Palma, J.M.L.M., Mann, J., et al.
https://doi.org/10.11583/DTU.7863482.v2, 2019
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Technical Reports
1. Perdigão 2017: GPS survey of sonic anemometers and WindScanners operated

by DTU
Menke, R., Mann, J. and Svensson, E.
DTU Wind Energy Report, 2019



CHAPTER 2
The Perdigão 2017 field

experiment
A general need to improve the understanding of the atmospheric processes in complex
terrain and to create a validation dataset for flow models was the driver of the Perdigão
2017 measurement campaign. The experiment took place in central Portugal centered
around the village Vale do Cobrão. During the Intensive Measurement Period (IOP)
from May 1st to June 15th more than 70 scientists, engineers and technicians gathered
at the site to study the atmospheric processes at the complex terrain site. The flow at
the site, which was chosen due do to its unique feature of two ridges that are running in
parallel, has already in 2015 been investigated in a smaller campaign with six scanning
lidars and a single met mast (Vasiljević et al., 2017). The effort in 2017 was of much
larger scale with 186 3-component sonic anemometers installed on 50 meteorological
masts, 7 profiling, and 19 scanning lidars and various other instruments. A full overview
of the measurement instrumentation, the participants and preliminary results has been
published by Fernando et al. (2019). The following sections give an overview of microscale
processes expected at the Perdigão site, the scientific objectives investigated in this thesis,
and a description of the multi-lidar measurements performed for this project.

2.1 Scientific objectives
One of the reasons for the selection of the Perdigão site is the great number of microscale
processes that were expected to occur at the double ridge site. In contrast to sites
without defined topographic features, the Perdigão double ridges offer the opportunity to
investigate individual processes in a more isolated way. At sites without this characteristic,
it would be nearly impossible to investigate individual processes as flow fields would be
the result of the interaction of many processes. An overview of the expected processes at
Perdigão is illustrated in figure 2.1. The processes are either thermally driven, by heating
or cooling of the terrain surface, or synoptically forced (by larger weather systems).
Generally, thermally driven flows, e.g. anabatic and katabatic (up and downslope flows)
are suppressed by synoptic flows (generated by large scale weather systems), which are
of higher energy.

The interaction of synoptically driven flows with the topography is mainly determined
by the atmospheric stability. Neutral or unstable stability conditions will lead to increased
flow separation at the ridge and leeward recirculation zones whereas a range of flow
phenomena are expected under stably stratified conditions, e.g. atmospheric waves,
rotors, hydraulic jumps and upstream blocking. Moreover, gap-flows were investigated at
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Figure 2.1: Expected microscale process at the Perdigão measurement site. Source:
Fernando et al. (2019). c©American Meteorological Society. Used with
permission.

the Perdigão site as well as the propagation of the wind turbine wake.

Out of the above-mentioned processes, this thesis focuses on the analysis of recircula-
tion zones (Chapter 3), atmospheric waves (Chapter 4) and wind turbine wake interaction
(Chapter 6). The combined effect of all processes on wind resources along the ridges is
investigated in Chapter 5. Central for the analysis was in each case the question of how
these processes affect the operation of wind turbines or which locations are optimal for
wind turbines in complex terrain. Obvious for the placement of wind turbines at sites
in complex terrain are elevated locations where higher mean wind speeds are expected
due flow speed-up as, e.g. described by Jackson and Hunt (1975). Accordingly, the
investigations at the Perdigão site are focused on locations along the ridges at heights
relevant for the operation of wind turbines. For this purpose, a multi-lidar dataset has
been generated, which is described in the following section.
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2.2 DTU’s scanning lidar measurements
Lead by the scientific objectives outlined above, three scanning scenarios for 8 long-range
WindScanners (LRWS), which are modified Leosphere 200S scanning lidars (Vasiljević
et al., 2016) were designed for the Perdigão 2017 campaign. The so-called ridge scans,
virtual mast scans and transect scans. The ridge scans are designed to retrieve horizontal
wind speeds along the transects that follow the ridges at 80m above the terrain (Figure
2.2c). They are used to investigate changes in the wind resource along the ridges
(Chapter 5) and the wind turbine wake (Chapter 6). Atmospheric waves (Chapter 4)
and recirculation zones (Chapter 3) are analyzed with help of the transect scans. For the
transect scans all 8 WindScanners performed co-planar Range Height Indicator (RHI)
scans along three transects that are perpendicular to the ridges (Figure 2.2b). The
virtual mast scans are extending the three 100m met mast erected for the experiment
and measure at an additional location in the northeast (NE) of the NE ridge (Figure 2.2d).
All scans were implemented following the procedures outlined in Vasiljević et al. (2017).
The executing of the scan was run in a batch mode, i.e. the WindScanners executed one
scanning scenario for 10 minutes and then jumped to the next one (Table 2.1). Only
LRWS 101, 102, 103 and 104 performed continuously transect scans along transect 2.
The execution of the scans was started according to the GPS time in 10-minute intervals.
This strategy allowed us to focus on multiple scientific objectives with a limited amount of
LRWSs. It should be noted that it is important to limit the number of scanning scenarios
to have sufficient measurement time and finally observational data to investigate the
desired atmospheric processes. The following sections are giving a brief overview of the
scanning parameters used in the different scenarios.

Table 2.1: Scanning batch intervals. "VM" stands for "virtual mast".

WindScanner
Interval 1

hh:10 - hh:20
hh:40 - hh:50

Interval 2
hh:20 - hh:30
hh:50 - hh:00

Interval 3
hh:00 - hh:10
hh:30 - hh:40

LRWS 101

Transect Scan - transect 2LRWS 102
LRWS 103
LRWS 104

LRWS 105 Ridge Scan
(NE ridge)

VM Scan
(VM1)

Transect Scan
(transect 1)

LRWS 106 VM Scan
(VM2)

Transect Scan
(transect 3)

LRWS 107 Ridge Scan
(SW ridge)

VM Scan
(VM3)

Transect Scan
(transect 1)

LRWS 108 VM Scan
(VM4)

Transect Scan
(transect 3)
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a)

d)c)

b)

Figure 2.2: Elevation map of the Perdigão site. a) Location of WindScanners; b) Ori-
entation of transect scans; c) Ridge scan trajectories; d) Position of virtual
mast scans.

2.2.1 Transect scans
The three transect scans are consisting of two or four RHI scans that are executed in
the same vertical plane. All transects are nearly perpendicular (52.3◦, 54.7◦ and 42.2◦

for transect 1,2 and 3, respectively) to the two ridges (see figure 2.2b). The LRWSs
measured continuously during the upwards movement of the scanners with an averaging
elevation angle of 0.75◦ over a range of 36◦. The starting angle (the lowest elevation
angle) was set to cover as much area within the valley as possible. These angles were
found manually by determining the lowest angle under which the laser beams were not
blocked by the immediate canopy or topography. Range gates were placed every 15m,
starting at a range of 100m, extending to 3000m. To emphasize again: measurements
along transect 2 were carried out continuously whereas the RHI scans along transect 1
and 3 were carried out for two 10-minute intervals per hour (see table 2.1). Details about
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the data availability and data processing applied to the scans are presented in chapters 3
and 4.

2.2.2 Ridge scans
For the ridge scans, pairs of lidars followed the ridges at 80m height above the terrain
(Figure 2.2c). WindScanner 107 and 108 measured above the SW ridge and 105 and 106
above the NE ridge. In total 92 measurement points along a 1.8 km long transects were
measured. The measurements of the two lidars along the same complex trajectory can be
combined to retrieve wind vectors in a nearly horizontal plane. The processing steps for
this are outlined in more detail in chapter 5. Additionally, range gates are placed every
10m before and after the ridge positions, starting at 700m, and extending to 2640m
distance from the WindScanners. Data retrieved at the range gates can be combined to
two-dimensional velocity fields to for example investigate the wake of the single wind
turbine located on the SW ridge (see Chapter 6.2).

2.2.3 Virtual mast scans
Four virtual masts were created by crossing two RHI scans at the four locations shown
in figure 2.2d. The virtual masts are starting at about 80m height above ground level
and VM1, VM2 and VM3 are collocated with the 100m met masts installed at the
measurement site. For VM1 the RHI scans of LRWS 103 and 105 have to be combined,
for VM2 the RHI scans of LRWS 102 or 103 with 106, for VM3 the RHI scans of LRWS
102 and 107, and for VM3 the RHI scans of LRWS 104 and 108. The RHI scans of the
LRWSs 105-108 have the same characteristics as described in section 2.2.1. The scanning
characteristics of LRWS 105 and 107 are the same expect for the covered range that was
limited to 18◦. The measurements of these scans have not been investigated in detail so
far but are included in the WindScanner dataset published in the scope of the work on
this thesis.

2.3 Mulit-lidar dataset
To make the DTU lidar measurements as accessible as possible for future users the dataset
has been made public (Menke et al., 2018a). For this, the raw data files generated by the
WindScanners have been converted to the e-windlidar data format which follows the FAIR
(Findable, Accessible, Interoperable, and Reusable) data principles (Wilkinson et al.,
2016; Vasiljević et al., 2018). The e-windlidar data standard defines the structure and
naming of data fields stored within a NetCDF file. In the scope of the e-windlidar project,
during which the standard has been defined, the lidaco converter has been developed
(lidaco, 2019). This open-source tool has been used to convert the raw WindScanners files,
which are written in ASCII, to NetCDF files. Previous to the conversion the following
processing steps on the raw files have been performed:
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• All azimuth angles have been converted to a 0-360◦ convention with 0◦ pointing
north. The WindScanner raw files also contained negative azimuth angles which,
are not supported by the lidaco converter.
• A known bug in the WindScanner software (which is corrected in the current

version) caused a report of the wrong elevation and/or azimuth angles in the output
files (the ..._wind.txt files). The angles in these files have been replaced with the
design angles.
• Incomplete scans, caused by the restart of the system every 10 minutes, have been

removed from the data.
• Files have been sorted into folders by scenario and WindScanner.

The total size of the converted dataset is about 260 GB and each 10-minute period
is stored as an individual file per WindScanner. Additionally, every file contains the
WindScanner location measured with centimeter accuracy determined with a differential
GPS system as outlined in Menke et al. (2019a). The same measurements have been
performed for most instruments including all sonic anemometers (Palma et al., 2018).
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Abstract. Because flow recirculation can generate signifi-
cant amounts of turbulence, it can impact the success of wind
energy projects. This study uses unique Doppler lidar obser-
vations to quantify occurrences of flow recirculation on lee
sides of ridges. An extensive dataset of observations of flow
over complex terrain is available from the Perdigão 2017
field campaign over a period of 3 months. The campaign
site was selected because of the unique terrain feature of two
nearly parallel ridges with a valley-to-ridge-top height differ-
ence of about 200 m and a ridge-to-ridge distance of 1.4 km.

Six scanning Doppler lidars probed the flow field in sev-
eral vertical planes orthogonal to the ridges using range–
height indicator scans. With this lidar setup, we achieved
vertical scans of the recirculation zone at three positions
along two parallel ridges. We construct a method to iden-
tify flow recirculation zones in the scans, as well as define
characteristics of these zones. According to our data analy-
sis, flow recirculation, with reverse flow wind speeds greater
than 0.5 m s−1, occurs over 50% of the time when the wind
direction is perpendicular to the direction of the ridges. At-
mospheric conditions, such as atmospheric stability and wind
speed, affect the occurrence of flow recirculation. Flow re-
circulation occurs more frequently during periods with wind
speeds above 8 m s−1. Recirculation within the valley affects
the mean wind and turbulence fields at turbine heights on the
downwind ridge in magnitudes significant for wind resource
assessment.

1 Introduction

Traditional wind turbine siting relies on wind measurements
from a single mast or a small number of masts deployed
at the site of interest. These measurements are extrapolated
over the entire site using a linearized flow model to pro-
vide a general assessment of wind resources (Troen and Pe-
tersen, 1989). This method proved suitable for flat terrain
sites, gently sloping terrains and offshore where the flow is
close to being homogeneous. In complex terrain, however,
where wind fields are strongly affected by the topography
and roughness changes, the uncertainties of wind resource
estimations are increased because models struggle to predict
flow under these conditions, despite continuous advancement
of flow models. A vast number of flow phenomena occur at
sites with complex geometry (Rotach and Zardi, 2007), such
as flow acceleration and channeling effects, the formation of
lee waves and flow recirculation (Stull, 2012), which are not
captured well by frequently applied computer models (e.g.,
the Wind Atlas Analysis and Application Program; WASP,
2019) in the wind farm planning process. These effects have
high spatial and temporal variability and are thus difficult to
investigate with sparse measurements. However, these phe-
nomena can induce high loads on wind turbines which will
decrease turbine lifetime (Sathe et al., 2013), and therefore
such effects must be characterized and understood in order
to be able to predict them.

In this study, we investigate flow recirculation occurring in
the lee of ridges. Flow recirculation can be identified by flow
moving reversely to the prevailing flow direction. In this re-
gion, both turbulence and wind shear are increased (Stull,
2012). Recirculation occurs behind abrupt drops in terrain

Published by Copernicus Publications on behalf of the European Geosciences Union.
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elevation such as cliffs but also in the lee of gentle slopes
of a certain steepness (Wood, 1995; Xu and Yi, 2013; Kutter
et al., 2017). In addition, small terrain features (Lange et al.,
2017) and the presence of forest canopy (Sogachev et al.,
2004; Finnigan and Belcher, 2004) can modify the occur-
rence of recirculation drastically. Furthermore, the stratifica-
tion of the atmosphere influences the occurrence of recircula-
tion; for instance, recirculation was prevalent during neutral
and unstable atmospheric conditions during the observational
study of Kutter et al. (2017). The length of flow separation
zones is mainly dependent on the hill shape and the surface
roughness. Increasing downwind slopes and larger roughness
are causing longer separation zones. In Kaimal and Finnigan
(1994), a usual extent of the separation zones for naturally
shaped hills of 2–3 times the hill height is stated.

Many studies that are describing recirculation or in gen-
eral flow over complex terrain rely on experimental data mea-
sured in the field. Probably the best known field experiment
took place at Askervein Hill (Taylor and Teunissen, 1983).
The measured data are heavily used to validate flow sim-
ulations such as linear models but also more sophisticated
code using Reynolds-averaged Navier–Stokes (RANS) meth-
ods (Silva Lopes et al., 2007) and large-eddy simulations
(LESs) as presented in Chow and Street (2009) and Berg
et al. (2018). Another more recent field experiment is the
Bolund Hill campaign, which took place in 2007–2008. A
blind test of different microscale flow models for the Bol-
und case revealed major uncertainties in predicting the influ-
ence of the Bolund escarpment on the flow field. The ex-
periment also demonstrated the strength of lidars, in their
case continuous-wave Doppler lidars, to measure the influ-
ence of the Bolund escarpment on the flow field (Lange et al.,
2016). Here, we investigate measurements from the Perdigão
2017 campaign where, in addition to sonic anemometers on
100 m high masts, pulsed Doppler lidars observed the flow
over the two parallel ridges. To surpass the capabilities of
point measurements from networks of masts, Doppler lidars
have, not only in the Bolund campaign, proved capable of
measuring flow phenomena such as wind turbine and wind
farm wakes (Käsler et al., 2010; Iungo et al., 2013; Aitken
et al., 2014; Menke et al., 2018a) and the effect of roughness
changes on wind fields in different heights and nearshore
flows (Mann et al., 2017). In addition to the advancements in
the measurement technology, the orography of the Perdigão
site can be approximated by two two-dimensional ridges as
the Askervein’s orography with a three-dimensional hill of
about half the height of the Perdigão ridges.

The present work uses multi-lidar measurements to ob-
serve and classify recirculation that occurs in the lee of ridges
at Perdigão. The flow field is measured by six scanning li-
dars at three different transects across the ridges. The scans
cover the entire recirculation zone, enabling us to character-
ize the dimensions of recirculation zones and to investigate
their spatial variability along the ridges. Moreover, we relate
these recirculation zones to resulting changes in turbulence

and wind shear measured by sonic anemometers on measure-
ment masts at potential wind turbine sites downwind of recir-
culation zones. The measurement campaign, Perdigão 2017
(Mann et al., 2017; Fernando et al., 2018), is presented in
Sect. 2 of this paper. In Sect. 3, we describe how the lidar
measurements are used to detect recirculation zones. The oc-
currences of recirculation at the Perdigão site are analyzed
with respect to mean wind speed and atmospheric stability in
Sect. 4. In addition, we assess the impact of recirculation at
potential turbine sites in this section. Conclusions are given
in the last section.

2 Field campaign overview and measurement data

The experiment is part of a series of measurement campaigns
within the New European Wind Atlas with the objective to
provide an extensive dataset of high-quality measurements
of flow over complex terrain (Mann et al., 2017). Starting
in January 2017, a network of 50 measurement masts was
deployed at the site, and over the next few months, 19 scan-
ning Doppler lidars were added. For this study, we use the
data from two 100 m masts equipped with 3-D ultrasonic
anemometers (Gill WindMaster Pro) and temperature sen-
sors (NCAR SHT75) located on the tops of the ridges as well
as six scanning lidars (Fig. 1 and, for exact positions, Ta-
ble 1). Here, we focus on the period of 68 days from 8 April
to 14 June during which long-range WindScanners and masts
operated in parallel.

2.1 Measurement site

The measurement site, located in central Portugal near the
Spanish border, was selected because of the unique terrain
feature of two nearly parallel ridges with a valley-to-ridge-
top elevation difference of about 200 m and a ridge-to-ridge
distance of 1.4 km (Fig. 1). The ridges run from the north-
west to the southeast and are hereafter referred to as SW and
NE ridges, respectively. The terrain roughness is character-
ized by a patchy vegetation of pine and eucalyptus trees with
heights of up to 15 m. A detailed site description can be found
in Vasiljević et al. (2017).

2.2 WindScanner measurements

We deployed six long-range WindScanners, scanning
Doppler lidars (Vasiljevic et al., 2016), on top of the ridges at
the Perdigão site. All scanners performed range–height indi-
cator (RHI) scans along three transects which are almost per-
pendicular to the ridges. The transects are orientated along
the SW–NE direction (Fig. 1; see Table 2 for the exact di-
rections). The scans with a maximal range of 3 km covered
the area within the valley. Outside the valley, the scans cov-
ered areas to a maximum range of 3 km and up to 1600 m
above ground level. Elevation profiles along the transects are
shown in Fig. 2. We measured continuously during the up-
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Figure 1. (a) Elevation map of the Perdigão site. Measurement transects are indicated by the solid blue (transect 1), dashed red (transect 2)
and dotted black (transect 3) lines. Black disks: WindScanner positions; numbers: WindScanner station numbers as in Table 1; black +
symbol: wind turbine position; white X symbols: position of measurement masts used in this investigation. PT-TM06/ETRS89 coordinate
system, height above sea level. (b) Distribution of 30 min averaged wind measurements taken by the 100 m anemometer on the mast located
on the northeast ridge over the period from 1 April to 15 June 2017. Measurements are in m s−1.

Table 1. Positions of instruments used in this study. Easting and northing are in the PT-TM06/ETRS89 coordinate system and elevation is
above sea level. Elevation of the masts (first two rows) refers to the mast base and elevation of the WindScanners (remaining rows) refers to
the scanner head position. LRWS indicates long-range WindScanners.

Station number Station abbreviation Easting (m) Northing (m) Elevation (m)

20 20/tse04 33 392.7 4259.6 473.0
29 29/tse13 34 533.6 5112.0 452.9
105 LRWS no. 5 (DTU) 32 926.5 4874.3 485.9
107 LRWS no. 7 (DTU) 33 990.6 5695.3 437.1
102 LRWS no. 2 (DTU) 33 426.2 4324.1 480.3
103 LRWS no. 3 (DTU) 34 526.3 5103.5 452.3
106 LRWS no. 6 (DTU) 33 888.7 3798.0 486.3
108 LRWS no. 8 (DTU) 34 804.6 4807.9 452.8

wards movement of the scanners with an averaging eleva-
tion angle of 0.75◦ over a range of 25◦. Range gates were
placed every 15 m, starting at a range of 100 m, extending to
3000 m. With range gates, we refer to the time intervals used
for determining the wind speed from the back-scattered light.
These time intervals correspond to spatial intervals along the
line of sight (LOS) for which the LOS wind speed is evalu-
ated. They translate into a weighting function along the LOS,
which in this case has a full-width half maximum of approx-
imately 30 m. The RHI scans were carried out twice per hour
for 10 min by all lidars. During one 10 min period, 23 scans
were performed; a single scan took about 24 s to complete.
We averaged the data over each 10 min period, after filtering
the data by the carrier-to-noise ratio (CNR <−24 dB) and
removing hard target influences. To ensure that the pointing
accuracy of a minimum of 0.05◦ is maintained during the
entire measurement period, the WindScanner’s leveling was
checked and the known hard targets were mapped consis-

tently through the measurement campaign (Vasiljević et al.,
2017).

For the analysis, we selected periods within two 40◦ wind
direction sectors centered at a line perpendicular to the ridge
(214–254 and 34–74◦). The direction is measured by the
100 m sonic anemometer on the mast located on the south-
west ridge. In total, 1619 10 min periods of lidar measure-
ments are available for the analysis in these sectors (Fig. 3).

3 Methods

3.1 Atmospheric stability

To define atmospheric stability, we calculated the gradient
Richardson number at the mast located on the northeast ridge
(Fig. 1). The SW ridge mast could not be used due to missing
temperature measurements for a major part of the observa-
tional periods. The gradient Richardson number is defined as
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Table 2. Parameters describing the measurement transects. Peak height gives the highest points at the southwest (SW) and northeast (NE)
ridges, respectively. The average terrain elevation is measured along the transects in between the peaks. The maximum height of the ridges
relative to the terrain height at the transect before and after the ridges is given by hSW and hNE. ASW and ANE is the half width at half height
of the faces inside the valley.

Tran- Orienta- Peak height Peak height Average Lowest point Peak-to-peak hSW ASW hNE ANE
sect tion (◦) SW ridge (m) NE ridge (m) height (m) in valley (m) distance (m) (m) (m) (m) (m)

1 52.3 487.1 439.3 369.7 283.5 1388.0 278.6 601.6 230.8 402.2
2 54.7 481.6 453.8 369.2 300.3 1425.6 268.4 488.6 240.5 345.8
3 42.2 487.0 450.7 384.2 317.2 1435.8 237.3 383.3 201.1 278.8

Figure 2. Elevation profiles of measurement transects. The transect
colors correspond to Fig. 1. The vertical scale is exaggerated by a
factor of 2. The origin (range of 0) refers to the positions of Wind-
Scanners 105, 102 and 106 for transects 1, 2 and 3, respectively.
The coordinates of the transects are available as CSV files in the
Supplement.

Figure 3. Distribution of the 1613 available 10 min periods with
wind directions perpendicular to the ridges (214–254 and 34–74◦).
The observational period lasted for 68 days starting on 8 April and
ending on 14 June 2017. The intensive observation period of the
campaign started on day 24 (1 May 2017). The availability data can
be found in the Supplement.

in Stull (2012):
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where2 is the mean temperature measured at 100 m, ∂2 the
potential temperature difference between 10 and 100 m, g =
9.81 m s−2 is the gravitational acceleration, and u and v are
the two horizontal components of the mean wind vector. The
potential temperature is approximated by2≈ T +(g/Cp)·z,

where g/Cp = 0.0098 K m−1 (Stull, 2012). In order to reduce
the effect of terrain-induced flow on the stability estimates,
we calculate the difference between the wind speed measured
by the 100 m sonic and at ground level, 0 m, where the wind
speed is assumed to be zero. A similar approach has been
used by Burns et al. (2011). All calculations are based on
30 min averages. In total, we could assess the atmospheric
stability for 82 % of the 10 min periods due to missing tem-
perature data from the meteorological mast.

Moreover, the Brunt–Väisälä frequency, which is defined
as

N =

√
g

2

∂2

∂z
, (2)

is estimated from the mast measurements for stably stratified
conditions. We use again the potential temperature difference
between the 10 and 100 m levels at the mast on the northeast
ridge.

3.2 Detection of recirculation zones

We develop a method to identify recirculation zones in mea-
surements taken by lidars along the measurement transects
(Fig. 5). This method is based on measurements by two li-
dars located on the same transect. By using two lidars, the
area covered by the scans within the valley can be maxi-
mized. The RHI scans provide LOS wind speed measure-
ments in a polar coordinate system with the lidar at the origin.
Consequently, two lidars which are measuring in the same
vertical plane will provide data in polar coordinate systems
with different origins. Therefore, the LOS wind speeds mea-
sured by the lidars are interpolated to a Cartesian coordinate
system with the abscissa orientated along the measurement
transect and a grid size of 10 m in both the vertical and hor-
izontal directions. In overlap regions, only measurements of
the lidar further downwind are used. Additional regions that
are sampled by the second lidar upwind are filled in a sec-
ond step. This procedure prevents discontinuities between
the two scans from interfering with estimates within the recir-
culation zone (Fig. 4a). We do not attempt to combine LOS
velocities measured by the lidars to get the true horizontal
wind along the measurement transect, since the elevation an-
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Figure 4. Detection of recirculation zones at the second transect (lateral distance of 0 is the position of WindScanner 102), view from
the southeast. (a) Schematic of the overlay of the two RHI scans at the transect. Blue and red areas are corresponding to the RHI scans
and the grey area shows the terrain. (b) Lidar measurements along the transect and detected recirculation zone for one 10 min period with
RiG = 0.016. Positive LOS velocities indicate flow towards the northeast (from left to right in the plot). The terrain is plotted in grey and the
contour line defining the recirculation zone is plotted in black inside the velocity field. Time is in UTC.

gles are too small to measure the vertical component pre-
cisely. Moreover, the assumption of zero vertical wind speed,
as often applied in flat terrain, is not valid in complex terrain.

Having the measurements combined, the zero contour line
of the velocity field behind the upwind ridge is determined
using linear interpolation. The area bounded by this contour
and the terrain beneath describes the dimensions of the re-
circulation zone (Fig. 4). Recirculation is defined to be pre-
sented for reverse flow speeds greater than 0.5 m s−1. Also,
the length of these zones is required to exceed five grid cells
or 50 m in the horizontal dimension. To increase the robust-
ness of this method, we require that at least one valid mea-
surement is available below the contour line. A potential dis-
advantage is that recirculation appearing close to the ground
cannot be captured since measurement range gates of the li-
dars that reach into the ground or vegetation must be dis-
carded due to the hard target returns.

4 Results and discussion

The method to detect the recirculation zones is applied to all
available periods so that we can analyze the occurrences of
recirculation under different atmospheric conditions in com-
bination with the mast measurements. Specifically, we as-

sess the impact of flow direction, mean flow speed and at-
mospheric stability. The measurement period from April to
mid-June was generally very hot with maximum tempera-
tures above 40 ◦C. Days were normally cloud free, while on
some mornings fog formed inside the valley. Therefore, sta-
bly stratified atmospheric conditions at night and unstable
conditions during the day are prevailing.

4.1 Occurrence of recirculation

On average, recirculation occurs frequently, in 52 % of all
10 min time periods examined. This ratio changes for the in-
dividual transects. Along transect 1 (the furthest northwest,
with the lowest point in the valley and the shortest distance
between ridges), recirculation occurs most frequently 69 %
of the time, while transect 2 observes recirculation 51 % of
the time. Transect 3 (the furthest southeast, with the highest
low point in the valley and the longest peak-to-peak distance)
only observes recirculation in 32 % of the available periods.
These variations of recirculation occurrence may be related
to the transects’ elevation profiles within the valley. The aver-
age elevation along transects 1 and 2 is the same, whereas the
average elevation along transect 3 is 15 m higher (Table 2).
Additionally, the elevation profile of transect 3 shows a hill
at the center of the valley (Fig. 2). We assume that these fea-
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Figure 5. Flow diagram of recirculation zone detection process. Recirculation is detected for periods that are flagged with “1”; no recircula-
tion is detected for periods flagged with “0”.

Figure 6. Recirculation occurrence as a function of the Richardson
number. The results are presented in bins with a width of 0.2. Data
from all three transects are presented together, segregated by the
wind direction.

tures suppress the formation of recirculation along transect 3.
Other terrain parameters and land use/land cover characteris-
tics only vary insignificantly among the transects.

4.1.1 Dependence on atmospheric stability

Recirculation is more likely to occur during unstable or neu-
tral atmospheric conditions (Ri≤ 0) than for stable condi-
tions (Ri> 0) for both SW and NE winds (Fig. 6), as ex-
pected for flow over steep geometries such as the Perdigão
ridges. These results resonate with the findings of Kutter
et al. (2017), who found, in a study of recirculation at a single
forested hill, that recirculation is less likely to occur under
stable conditions. In fact, they found only one period with
recirculation during stable conditions, whereas we have sev-
eral such cases of recirculation under stable conditions.

Only the bin centered at Ri=−0.2 shows an opposite
dominance of recirculation versus no recirculation for the
two flow directions. Recirculation occurs in this bin mainly
for northeasterly flow (Fig. 6b), whereas the opposite is true
for southwesterly flow (Fig. 6a). For stability calculations,
only measurements from the mast on the northeast ridge are
used since the availability of temperature measurements at
the other mast is very low. Thus, turbulent mixing is in-
creased at the mast location for southwesterly flow which
could affect the Richardson number and thereby these results.

4.1.2 Dependence on mean wind direction

Recirculation occurs more often for southwesterly wind di-
rections (Fig. 7). A possible explanation for this difference

could be that the northeast face of the southwest ridge (the
downwind face in southwesterly flow) has steep escarpments
close to the ridge top and the average slope is slightly steeper
compared to the southwest face of the northeast ridge (the
downwind face in northeasterly flow). Both the higher steep-
ness and the escarpments make flow separation more likely.
At transect 1, recirculation occurs predominantly, especially
for southwesterly flow. The ratio of periods with recircula-
tion occurrence to no occurrence is balanced at transect 2,
and at transect 3 recirculation can only be observed 32 %
of the time. For all transects, the chance of recirculation is
higher for southwesterly wind directions.

4.1.3 Dependence on mean wind speed

More differences between the transects emerge when we
group the data by wind speed. Transects 1 and 2 show a
very high chance of recirculation to occur for wind speeds
above 8 m s−1 (Fig. 7). For wind speeds above 8 m s−1, fewer
cases of recirculation occur for northeasterly wind direc-
tions, whereas recirculation is present in almost all cases
for southwesterly wind directions. Moreover, the wind speed
bin of 6 m s−1 shows interesting results in the inter-transect
comparisons: at transect 1, recirculation dominates this bin,
whereas a contrary trend can be observed at the other tran-
sects.

4.1.4 Characteristics under stratified conditions

The findings above show that recirculation occurs as ex-
pected, prevailingly under unstable atmospheric conditions,
but occurrences under stably stratified conditions are not ab-
sent. In general, three types of behaviors can be expected
when flow encounters an obstacle (e.g., a hill or a ridge):
(i) complete attachment of the flow, where separation down-
stream is suppressed by strong stratification; (ii) downstream
separation of flow direction directly behind the obstacle;
and (iii) post-wave separation (Baines, 1998). The occur-
rence of these behaviors is sensitive to the downstream slope
h/A of the obstacle and Nh/u. Steeper downstream slopes
support the formation of flow separation behind an obsta-
cle and stronger stratification and higher values (separation
occurs when NA/u < π ) of Nh/u suppress separation, re-
spectively. The relation of these mechanisms is well sum-
marized in Fig. 5.8 in Baines (1998), and we present our
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Figure 7. Occurrence of recirculation depending on the mean wind speed measured by the 100 m sonic on the upstream mast. The histograms
are separated by transect and wind direction.

Figure 8. Zero contour line (black line) defining the upper border of recirculation zones of the mean velocity field of all recirculation periods
per transect and flow direction. The flow speed is positive in the direction of the mean flow field and the transect origins (lateral distance of
0) refer to the positions of WindScanners 105, 102 and 106 for transects 1, 2 and 3, respectively.
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Figure 9. Observational periods with recirculation (colored mark-
ers) and without recirculation (grey cross marks) under stratified
conditions as a function of mean lee-side slope (h/A) and Nh/u.
The round markers refer to recirculation at the southwest ridge and
the square markers to northeast ridge. The colored diamond mark-
ers show the mean value of Nh/u per transect during periods with
recirculation and the grey markers the mean for periods without re-
circulation. The solid black line shows where NA/u= π .

Figure 10. Maximum reverse flow speed divided by the inflow wind
speed over the Richardson number. The color scaling shows the
wind speed measured at the upstream mast 100 m above ground.

findings in the same non-dimensional framework in Fig. 9.
The observations made in Perdigão, recirculation and non-
recirculation periods, are falling almost entirely in an area
where NA/u < π in which separation is expected. How-
ever, looking at the mean value for recirculation and non-
recirculation periods, it becomes noticeable that the mean of
non-recirculation periods of Nh/u is higher consistently at
all transects. The higher mean value of non-recirculation pe-
riods aligns with the expectations described above to find at-
tached flow or post-wave separation (which is not necessarily
detected by our detection method) for higher values ofNh/u.

4.2 Recirculation zone characteristics

The observed recirculation zones can be described by their
shape in terms of extent and height and the magnitude of
reverse flow speed. On average, the observed recirculation

Table 3. Comparison of wind characteristics during the period of
16:30–16:40 UTC on 5 May 2017 measured by the sonic anemome-
ters at 100 m height on the upwind SW and downwind NE ridges.
Turbulence intensity is defined as I = σUU

−1, whereU is the mean
wind speed and σU the standard deviation of U . Turbulent kinetic

energy is calculated as e = 1
2

[
u′2+ v′2+w′2

]
, where u′, v′ and

w′ are the fluctuating parts of the wind vector components over a
10 min average as measured by the sonic anemometers.

SW ridge NE ridge
(100 m) (100 m)

Wind speed, U (m s−1) 10.4 5.2
Wind direction (◦) 254.1 239.7
Turbulence intensity, I (%) 11.8 30.7
Turbulent kinetic energy, e (m2 s−2) 2.26 4.32
Wind veer (60–100 m) (◦) −2.1 −13.7

areas extend to 697 m in the horizontal for both wind direc-
tions, which is almost exactly half the average ridge-to-ridge
distance at the transects. At the southeastern transect (tran-
sect 3, the longest transect with the least frequent recircu-
lation), the average extent is 22 % smaller than the mean of
all transects (Fig. 4). The average extent at the northwest-
ern transect (transect 1, the shortest transect) is 9 % higher
than the average extent. The average depth of observed re-
circulation zones is 157 m above the valley bottom height
and changes insignificantly among the transects, whereas the
maximum depth shows larger variation among the transects.
We found that recirculation zones at transect 1 reach up to
300 m above the valley bottom, and 215 and 189 m at tran-
sects 2 and 3, respectively. Maximum reverse flow speeds of
above 4 m s−1 are observed. The median reverse flow speeds
at the transects are 2.0, 1.5 and 1.4 m s−1 for transects 1, 2
and 3, respectively. For all transects and both flow directions
combined, a trend for higher reverse flow speeds for Richard-
son numbers close to zero is found (Fig. 10). For all transects
and both flow directions combined, the relation of the reverse
flow speeds to the Richardson number is presented in Fig. 10.
The reverse flow speed measurements are divided by the in-
flow wind speed measured at the meteorological masts. For
unstable atmospheric conditions (Ri< 0), no clear trend for
the relation of reverse wind speed and inflow wind speed can
be observed. Ratios from less than 0.1 to more than 0.5 can
be observed. During conditions with Ri> 0, ratios are gen-
erally lower and appear to decrease with increasing Ri. For
high wind speeds (greater than 12 m s−1), ratios of less than
0.3 are observed and they occur, as expected, for small or
slightly positive Richardson numbers.

4.3 Impact on potential turbine sites

Ridges and hills are advantageous sites for wind turbines,
due to the terrain-induced speed-up (Hunt and Snyder, 1980).
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Table 4. Changes in the wind characteristics at the downwind ridge.

SW wind direction NE wind direction

Recirculation No recirculation Recirculation No recirculation

Iupwind (%) 13.0 13.5 11.2 8.4
Idownwind (%) 20.8 16.6 13.1 9.2
1U (%) −7.1 2.5 15.5 19.3
N (–) 142 118 225 230

However, these stronger winds can come at a cost, due to
higher turbulence levels and gustiness which increase loads
and decrease the lifetime of turbines. In this section, we
assess differences in wind characteristics at the downwind
ridge for the entire dataset as well as a specific case study of
the period shown in Fig. 4.

4.3.1 Case study of recirculation under neutral
stratification

On 5 May, from 16:30 to 16:40 UTC, winds were 10.4 m s−1

from the southwesterly direction (254◦). A strong and dis-
tinct recirculation zone occurred behind the southwest ridge
within the valley at the second transect (Fig. 4). The zone
has a total length of 807 m, spreading out beyond the valley
center. It reaches over the ridge-peak height to 192 m above
the valley bottom. Reverse flows inside the recirculation zone
have a magnitude of up to 1.8 m s−1 or 17 % of the inflow.

For this case with a strong recirculation zone, we observe
a reduction in mean wind speed and increased turbulence in-
tensity at the northeast ridge. Measurements at the meteoro-
logical masts show the impact at the downwind ridge (Ta-
ble 3). At the 100 m level, the wind speed is reduced 50 %
as compared to the upwind 100 m mast. Similarly, the tur-
bulence intensity increases from 12 % at the upwind ridge to
31 % at the downwind ridge. The wind veer observed from 60
to 100 m equals 14◦ at the downwind ridge versus 2◦ at the
upwind ridge. Moreover, the lidar scan shows that the wake
of the upwind ridge reaches to approximately 250 m above
the northeast peak height (Fig. 4).

4.3.2 General impact of recirculation at downwind
locations

The detailed analysis of the period in the previous section
shows significant changes of the wind characteristics at the
downwind ridge. To generalize this observation, we analyze
all periods available from transect 2 (on which the measure-
ment masts are located), or 455 (260) periods to consider
for northeasterly (southwesterly) flow. The measurements of
10 min mean wind speed U (we drop the bar for simplicity)
at the downwind ridge are normalized for each period by di-

viding with the measurements taken at the upstream ridge:

1(U)=
(Udownwind−Uupwind)

Uupwind
· 100. (3)

At both ridges, data from the 100 m sonic anemometers are
used. For both wind directions, a decrease in mean wind
speed and an increase in turbulence intensity when recircula-
tion is present are found at the downwind ridge (Table 4). For
southwesterly wind directions which tended to have larger
and more vigorous recirculation zones, these changes are
more pronounced. Notice that the mean of I for recircula-
tion periods shows a increase of I at the downwind ridge
compared to upwind ridge of 7.8 % (1.9 %) for southwest-
erly (northeasterly) wind directions. During periods without
recirculation, I only increases by 3.1 % (0.8 %) for south-
westerly (northeasterly) wind directions.

5 Conclusions

Recirculation zones at two parallel ridges have been ana-
lyzed using line-of-sight measurements from six long-range
WindScanners and two 100 m measurement masts equipped
with sonic anemometers. The data were collected during the
Perdigão 2017 measurement campaign in spring and sum-
mer 2017 in central Portugal. A method is developed to de-
tect recirculation zones from RHI scans performed at three
transects perpendicular to the ridges. Atmospheric stability
is characterized using measurements of sonic anemometers
and temperature sensors on a 100 m mast on the ridges.

For flow perpendicular to the ridges, recirculation occurs
frequently, in 52 % of the scans, 55 % for southwesterly wind
and 49 % for northeasterly wind. The occurrence of recir-
culation depends on mean wind speed and atmospheric sta-
bility. Recirculation is more likely for wind speeds above
8 m s−1 (measured 100 m above the ridges) and is less likely
during stable atmospheric conditions.

An intercomparison of the recirculation occurrence per
transect revealed significant differences. The northwestern
transect shows a 69 % probability of recirculation to occur,
compared to a 32 % probability at the southeasternmost tran-
sect, perhaps due to the topographic variations between the
transects.
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Finally, recirculation affects the wind characteristics
which are of importance for wind energy generation at the
downwind ridge. During recirculation periods, the mean
wind speed is lower at the downwind ridge than when re-
circulation is not present. Further, turbulence intensity is in-
creased at the downwind ridge. These increases in turbulence
intensity were not symmetric: a increase of the mean turbu-
lence intensity of 7.8 % (3.1 %) is found at the downwind
ridge for southwesterly (northeasterly) flow compared to the
upwind ridge. These differences can result from differences
in the orography: slopes at the southwest ridge are steeper
compared to the northeast ridge and the southwest ridge is
higher than the northeast ridge. These findings are of im-
portance for wind energy projects in complex terrain. De-
velopers may reduce loads on turbines, and thereby increase
turbine lifetimes, by considering the spatial extent of recir-
culation zones and positioning the turbines accordingly. Be-
cause assessment with multiple scanning lidars, as presented
in this study, is yet not feasible for commercial projects, ef-
forts should be made to account for recirculation in the flow
models used for wind resource assessment.
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CHAPTER 4
Atmospheric wave

observations
One of the flow phenomena depicted in Figure 2.1 that has been observed frequently
during the Perdigão 2017 campaign is atmospheric waves. For this study atmospheric
waves refer to periodic disturbances of the velocity fields, e.g. measured with the transect
scans, which were detected that and not propagating in space. Wave observations have
already been reported from the pilot experiment in 2015 by Rodrigues et al. (2016) and
Vasiljević et al. (2017), and their influence on the wind turbine wake at the Perdigão
site is shown in chapter 6. For the Perdigão 2017 experiment the transect scan along
transect 2 (Section 2.2.1) was specifically designed to measure atmospheric waves. The
scanning scenario has been designed with help of the knowledge gained from the wave
observations made in 2015 during which one WindScanner was performing RHI scans
perpendicular to the ridges, which was only able to partly map atmospheric waves. For
the 2017 campaign the goal was to extend the measurements along a similar transect to
be able to fully capture the atmospheric waves occurring at the site. With the scanning
scenario in 2017, which is described in detail below, we were able to observe waves during
many nights of the experiment and data from these scans have been used in many studies
to interpret atmospheric flows (Barthelmie et al., 2018; Mann et al., 2018; Palma et al.,
2019; Fernando et al., 2019; Wagner et al., 2019). In this chapter, the measurement setup
used to map atmospheric waves is introduced and processing techniques developed to
detect waves in the scans are presented. A detailed study of waves observed on May 15,
2017, a day on which different wave structures were observed, and a general overview of
different observed wave structures are given in section 4.3. The impact of atmospheric
waves on the operation of wind turbines is discussed in the last section of this chapter
(Section 4.5).

4.1 Measurement setup
The measurement scenario designed to map atmospheric waves consists of four Wind-
Scanners performing RHI scans along the same transect as outlined in section 2.2.1. The
transect corresponds to transect 2 in Figure 2.2, which is perpendicular to the ridges
and heavily instrumented with meteorological masts. With the four WindScanners a
distance along the transect of up to 7496m is covered by combining the RHI scans (Figure
4.1). Important to notice is that the entire area within the valley and around the ridges
is covered by the measurements, which is only possible by using four WindScanners.
The measurements were carried out continuously as shown in table 2.1, the scanning
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parameters are described in section 3.2 of Appendix B and additional details can be
found in section 2.2 of chapter 3.

Figure 4.1: Transect scan that consists of RHI scans performed by four WindScanners.
In red the RHI scans away from the valley and in blue in RHI within the
valley. The terrain is plotted in gray.

4.2 Data processing
The measurements of the transect scans have been processed following three consecutive
steps. First, the individual scans of the WindScanners have been filtered and quality
controlled by applying the method presented in chapter 5 section 4.2.1. The filter is
based on thresholding using a moving median of the line-of-sight wind speeds and is
able to remove measurement artifacts such as second return pulses and scatter in the
far range of the scans, which is not possible with commonly used CNR threshold filters
(Beck and Kühn, 2017).

In the second step, the individual scans are averaged over a defined period. The
length of the period varies depending on the application but typically a period of 10
minutes has been chosen as it is often used by the wind energy community.

After the averaging, the scans of the individual WindScanners are combined into one
data product, which is of the third processing step. In this step the LOS wind speeds
of the individual scans are first interpolated to a Cartesian grid of 10m x 10m along
the transect. Secondly, the scans of the different WindScanners are overlaid starting
with WS3 on the lowest level and followed by WS4, WS2, and WS1 (Figure 4.2). In
the process it is not attempted to retrieve the horizontal wind speed component as the
vertical velocities in complex terrain are expected to be large. Therefore, the assumption
of zero vertical velocity, which is often applied in flat terrain, would not be appropriate
in this case.

4.3 Flow observations
In the following sections a detailed analysis of wave observations on May 15, 2017, on
which all different wave structures observed at Perdigão occurred, is presented and a
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Figure 4.2: Transect scan measurements on May 15, 2017, averaged from 7:00 to 7:10
UTC. View from the southeast. Top: Unfiltered measurements that show
scatter in the far range of the individual scans caused by low signal quality
and a second return pulse in the measurements of WindScanner3. Bottom:
Filtered measurements using the approach outlined in chapter 5 section 4.2.1.
Positive radial velocities indicate northeasterly flow (from left to right in the
plot).

general overview of observed wave structures is given.

4.3.1 General flow structures
The measurements taken with the extended transect scan show wave structures on average
every second night during the intensive operation period. Waves as described by linear
theory only form during stably stratified conditions; hence during periods without or
with low solar radiation. Waves are observed for wind directions perpendicular to the
ridges, often in combination with low-level jets, and in atmospheric layers below 1000m
above ground. The different structures observed at Perdigão can be categorized in the
following three groups.

The first group describes waves with short wavelengths, of about 500m or less, that
form independently in the lee of both ridges (Figure 4.3, top). These waves dissipate
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Figure 4.3: Transect scan measurements showing waves with a short wavelength in the
lee of both ridges on May 26 for the averaging period from 00:10 to 00:20
UTC (top plot) and a hydraulic jump in the lee of the SW ridge on May
15 for the averaging period from 9:30 to 9:40 UTC (bottom plot). Positive
radial velocities indicate northeasterly flow (from left to right in the plot).

after one or two wave periods and are observed when thin atmospheric layers are present
with a depth of about 150m to 300m and low wind speeds (<5m s−1).

Waves with larger wavelength represent the second group. They form when low-level
jets with a larger thickness (>400m) approach the ridges. The typical wavelength in this
category is in the range of the ridge-to-ridge distance of 1400m (Figure 4.2). Moreover,
these waves cause a flow acceleration at the downwind ridge of in some cases up to 100%
compared to the upwind ridge.

The third group consists of observations of wave structures that dissolve in hydraulic
jumps in the lee of the ridges. During these periods attached down-slope flows with high
wind speeds in the lee of the ridges can be observed. These flows break up in the lee
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of the upwind ridge (within the valley) and/or in the lee of the downwind ridge into
hydraulic jumps (Figure 4.3, bottom).

These categories of different wave structures are identified based on visual analysis
of the transect scans and e.g. animations of measurement data. An animation for the
entire period of the IOP is made available (Menke, 2019).

The transects scans proved very suitable to detect waves along the investigated
two-dimensional transect but they do not give information about the three-dimensionality
of the observed structures. This point can be addressed using the transect scans in
combination with the extended ridge scans (Figure 4.4 and Figure 4.3). The extended
ridge scans show no significant changes in the flow structures along the ridges for
investigated periods as the wavefronts in the extended ridge scans appear to be parallel to
the ridges. For the period shown in figure 4.4 we find that the wavefronts are parallel to
the ridge but the wind speed changes along the southwest ridge which, is also documented
in chapter 5 section 5.2. Moreover, the wavefront at the southwest ridge is disturbed by
the presence of the wind turbine wake.

Figure 4.4: Horizontal structure of atmospheric waves on May 26 during the averaging
period from 00:10 to 00:20 UTC (corresponding to the transect scan shown
in figure 4.3, top). The measurements are based on the ridge scans (chapter
5 section 2.1.3.) using the full scanning range resulting in nearly horizontal
measurement planes at 80m height above the ridges. Black transects indicate
the ridge positions, the large black disk the position of the wind turbine, and
the small black disk the position of a 100m tower (tw20/tse04). Coordinates
are referenced to the position of the wind turbine.
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4.3.2 Case study May 15, 2017

One day on which all the flow structures described above can be observed is May 15,
2017, or more specifically the night from May 14 to May 15. At about 1:45 UTC the
first indication of waves behind the ridges is identified under northeasterly flow. These
waves, with wavelengths of about 400m, last for 2 hours and then, as the approaching
low-level jet grows in height and gains intensity, it develops into a wave structure with a
wavelength of approximately the ridge-to-ridge distance of 1400m. The formation of the
wave starts at the location of the upwind ridge and consists of two wave periods extending
past the downwind ridge (Figure 4.2). Starting from 9:00 UTC strong down-slope winds
can be identified in the lee of the downwind ridge, the SW ridge, that stay attached
to the terrain for several hundred meters and then evolve into a hydraulic jump. A
more detailed description of the flow during that night can found in Palma et al. (2019)
and an animation of the measurement data for that period is available (Menke, 2019).
In the following the structure of the atmosphere is analyzed more detailed based on
measurements of a sounding from the center of the valley at 5:07 UTC.

Soundings were performed every six hours during the period of the IOP and the data
is available through the NCAR archive (UCAR/NCAR - Earth Observing Laboratory,
2018). With combined measurements of temperature and an estimation of the wind
speed and direction, the sounding data offer the possibility to analyze the atmospheric
structure in terms of the Scorer parameter, which can indicate if conditions for wave
formations are given. The Scorer parameter is defined as in Scorer (1949):

S2 = N2

U2
T

− 1
UT

d2UT

dz2 (4.1)

where UT is the horizontal wind speed component projected to the transect 2 of the
WindScanner scans, N is the Brunt–Väisälä frequency and z the height above ground.
Linear theory predicts that if S2 decreases with height the conditions are favorable for
the formation of trapped lee waves (Grubišić and Stiperski, 2009). If S2 is constant with
height vertical propagating waves are expected.

The measurements taken by the sounding on May 15, which was launched at 5:07 am
UTC, show that the Scorer parameter decreases in the layer starting at ground level to
about 300m above ground (Figure 4.5). Above 300m, S2 fluctuates around zero and
peaks at just above 600m where the UT switches sign. This indicates that the formation
of trapped lee waves is likely to be close to the ground. Another important factor for
the formation of trapped lee waves is the profile of UT . The change in the sign at 650m
indicates the upper level of a layer in which the conditions for wave formations are
favorable. The WindScanner measurements for that period show that waves are forming
in the lee of the SW ridge with a wavelength of about 1 km (Menke et al., 2019b).
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Figure 4.5: Horizontal wind speed component along the measurement transect of Wind-
Scanners (UT ) and the square of the Scorer parameter (S2) as measured
by the sounding launched at 5:07 UTC on May 15 from the center of the
valley. Small-scale noise is eliminated from the curvature term of the Scorer
parameter by applying moving average filters to the individual variables.

4.4 Comparison of lidar measurements and
simulation

The transect scan measurements taken on May 15 have been used for a comparison with
simulation data. In a collaborative study by Palma et al. (2019) in Appendix B, which is
a part of this thesis, the WindScanner measurements of a 24h period are compared to the
three-dimensional, time-dependent computational results of the VENTOSr/M model.
The comparison, which is also available as animation (Menke et al., 2019b), shows a good
performance of the model in predicting the timing and the structure of waves during
the nocturnal period from May 14 to May 15. During the day time period when the
atmosphere becomes unstable differences between model and measurements evolve. The
model shows a more stably layered atmospheric structure in contrast to a well mixed
atmospheric boundary layer observed with the lidar scans. However, the comparison
demonstrates the ability of computational flow models to predict the time of occurrence
and the structure of atmospheric waves effectively.
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4.5 Discussion
The observations show that atmospheric waves have an impact on wind energy appli-
cations. The wave structures of the categories two and three as defined in section 4.3.1
cause increased wind speeds at the ridges, which are potential sites for wind turbines
and where the existing wind turbine at Perdigão is installed. The strong increase in
wind speed takes place at wind turbine relevant heights which underlines the importance
to include this effect in wind resource estimations and wind energy forecasts. Current
computational flow models show the capability to predict the atmospheric waves and
their effect on the flow field. However, the models seem to be sensitive to the right choice
of parameters especially the surface drag parameterization (Chapter 5 section 5.3) and
the calculations are computationally expensive.

Summarizing, it can be said that atmospheric waves are one of the microscale processes
with the most impact on the flow conditions when the atmosphere is stably stratified, thus
they are relevant to be considered during the site assessment for wind energy deployments.
Moreover, the present observations show the advantages of scanning lidars in assessing
complex flows. It would have been extremely challenging to detect atmospheric waves at
the Perdigão site only based on sounding or mast data. At this point, the work presents
a preliminary analysis of the observations of atmospheric waves and a more detailed
analysis will be part of future work.
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Abstract. Scanning Doppler lidars have great potential for reducing uncertainty of wind resource estimation in complex terrain.

Due to their scanning capabilities, they can measure at multiple locations over large areas. We demonstrate this ability using

dual-Doppler lidar measurements of flow over two parallel ridges. The data have been collected using two pairs of long-range

WindScanner systems operated in a dual-Doppler mode during the Perdigão 2017 measurement campaign. The lidars mapped

the flow along the southwest and northeast ridges 80 m above ground level. By analyzing the collected data, we found that for5

different flow conditions on average wind speeds are 10% higher over the southwest ridge compared to the northeast ridge. At

the southwest ridge, the data shows, depending on the atmospheric conditions, a change of 20% in wind speed along the ridge.

For the measurement period, we have simulated the flow over the site using WRF-LES to compare how well the model can

capture wind resources along the ridges. We used two model configurations. In the first configuration, surface drag is based

purely on aerodynamic roughness whereas in the second configuration forest canopy drag is also considered. We found that10

simulated winds are underestimated in WRF-LES runs with forest drag due to an unrealistic forest distribution on the ridge

tops. The correlation of simulated and observed winds is, however, improved when the forest parameterization is applied.

WRF-LES results without forest drag overestimated the wind resources over the southwest and northeast ridges by 6.5% and

4.5% respectively. Overall, this study demonstrates the ability of scanning lidars to map wind resources in complex terrain.

1 Introduction15

Traditionally, wind resource assessment is done with mast-mounted cup or sonic anemometers. Nowadays, with the commer-

cialization and increasing acceptance of remote sensing devices such as lidars and sodars, this practice is changing due to clear

advantages of remote sensing devices: they are easily deployed, cheaper, avoid the requirement of building permits and can

measure at higher heights. However, mast based instruments, especially sonic anemometers, are probably still better suited for

turbulence measurements (Sathe and Mann, 2013).20

Vertically profiling wind lidars gained popularity for the assessment of mean wind speeds and are getting recognized by

international standards for wind resource and power performance assessments (Clifton et al., 2018). Most profiling lidars

perform velocity–azimuth display (VAD) scans to estimate the horizontal velocity from line-of-sight (LOS) measurements

under the assumption of horizontal homogeneity. However, this assumption is typically violated in complex terrain. Errors

from profiling lidars can be up to 10% when measuring in complex terrain as shown by Bingöl et al. (2009). One solution to25
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overcome this problem is to use several lidars that directly measure different components of the wind at the same location.

Moreover, the deployment of several lidars with scanning capabilities allows the assessment of wind conditions over large

areas (Vasiljević et al., 2019) which can give important insights into the spatial variability of flow over very complex terrain.

Multi-lidars have been proven to have a high measurement accuracy in comparison studies with sonic anemometers (Pauscher

et al., 2016). Moreover, many studies utilized the scanning capability to measure wind fields over large areas assessing, for5

example, wind turbine wakes (Bingöl et al., 2010; Käsler et al., 2010; Trujillo et al., 2011; Iungo et al., 2013; Bodini et al.,

2017; Menke et al., 2018b), the inflow towards wind turbines (Mikkelsen et al., 2013; Simley et al., 2016; Mann et al., 2018),

the influence of surface and terrain features on the flow (Lange et al., 2016; Mann et al., 2017) and atmospheric phenomena

such as gravity waves (Lehner et al., 2016; Palma et al., 2019).

In this publication, we will present measurements from the Perdigão 2017 campaign (Fernando et al., 2019). For this mea-10

surement campaign, wind lidars were a key measurement technology for the assessment of the flow over the complex terrain

site. In total 7 profiling and 19 scanning lidars were deployed. The present study focuses on a subset of the entire data collection

containing measurements of wind resources along the two parallel ridges.

The relevance of measurements is especially important for complex terrain where the uncertainty of current flow models

is high (Bechmann et al., 2011). Potential sources of error are the characterization of the roughness resulting from different15

types of canopies (Wagner et al., 2019a), the characterization of the stratification in the atmosphere (Palma et al., 2019), the

description of the terrain (Lange et al., 2017; Berg et al., 2018) and model resolution which may not capture all important flow

phenomena in complex terrain. We compare our measurements to a WRF-LES simulations with and without a parametrization

of forest drag (Wagner et al., 2019a, b).

This paper is organized in the following way: Section 2 gives an overview of the Perdigão field campaign including a20

description of lidar and mast measurements, Section 3 presents the WRF model setup. Section 4 introduces the applied data

processing techniques. The results and discussion of the data analysis are given in section 5, followed by our conclusions in

section 6.

2 Field campaign overview

The Perdigão 2017 field campaign took place at a site centered at the village Vale do Cobrão located in Portugal close to the25

Spanish border. The main selection criteria for the site was a distinct terrain feature of two parallel ridges of 4 km in length

(Figure 1). The ridges are about 1.5 km apart and the height difference from the valley bottom to the ridge tops is about 250 m.

The northwest – southeast orientation of the ridges is perpendicular to the prevailing wind directions which were assessed

previously to the campaign with a 30-m measurement mast (Vasiljević et al., 2017).

During the 2017 campaign, measurement devices were set up with a very high density by a large international group of30

universities, institutions and industry partners. Instruments were operated from early 2017 until early 2018 with an Intensive

Operation Period (IOP) from May 1st to June 15th 2017. To map the flow over the measurement site 186 3-component sonic

anemometers were installed on 50 meteorological masts with heights up to 100 m. Also 26 wind lidars (7 profiling lidars and 19

2
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scanning lidars) were deployed. A full overview of the campaign’s objectives and instrumentation may be found in Fernando

et al. (2019). For this study, we analyze measurements from 4 long-range WindScanners lidars (Vasiljevic et al., 2016) and 4

measurement masts located on the ridge tops.

(a) (b)

(c)

Figure 1. (a) Elevation map of the Perdigão site in the PT-TM06/ETRS89 coordinate system. (b) Tree height map. (c) View from the

southwest of the ridges with lidar and sonic anemometer sampling positions, and wind turbine at center of the southwest ridge.

2.1 Lidar measurements

As mentioned above, for this study we analyze measurements of four out of the eight WindScanners that were operated by DTU5

during the measurement campaign. Specifically, we are focusing on a measurement scenario designed to measure the wind

3
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resources along the two ridges which was achieved using the so-called ridge scans (Vasiljević et al., 2017). In the following

sections we will describe the experiment layout design process, the deployment process including the calibration procedure,

and the design and configuration of the scanning trajectories.

2.1.1 Layout

The layout of the 2017 experiment is an extension of the design introduced in the 2015 pilot Perdigão experiment (Vasilje-5

vić et al., 2017). In 2015, our focus was to measure wind resources above the southwest (SW) ridge using a single pair of

WindScanners since the ridge tops are areas characterized with high wind resources and thus often used as locations for wind

turbines placement in complex terrain. Also, current state-of-the-art flow models have difficulties predicting the flow behavior

over the steep ridges. Therefore creating a good measurement dataset of the flow over such terrain is imperative to improve the

models.10

In 2015 we established a traverse line of intersecting lidar beams about 2 km in length along the SW ridge 80 m above the

ground level (AGL). This altitude was chosen to match the hub height of the wind turbine located on the SW ridge. With only

a pair of lidars used to measure along each traverse line, it is not possible to resolve the vertical velocity component. Thus,

the lidar positions and scan strategy needed to be chosen to keep the elevation angles of the laser beams as low as possible

(preferably below 5◦). Also, the intersecting angle between the laser beams must be at least 30◦. Having elevation angles below15

5◦ensures that the influence of the vertical wind component is kept below 0.5% as as cos(5◦) = 99.6. In 2015, we placed a

single pair of WindScanners on the northeast (NE) ridge, bringing them close the height of the traverse above the SW ridge

to keep the elevation angles low. The separation of the WindScanners was about 1.2 km to match the design conditions for

intersecting angles (Vasiljević et al., 2017). For the 2017 campaign, we extended our goal by also placing WindScanners on

the SW ridge, thus enabling simultaneous probing of wind resources above both ridges (Figure 1). The in-field placement of20

the lidars was done using high precision terrain data and orthophotos acquired prior to the Perdigão 2015 campaign (Vasiljević

et al., 2017).

2.1.2 Deployment

The Perdigão site is rural, characterized by rugged terrain accessible with a limited off-road route network. Actually, the

network had to be extended to allow access to several instruments. In 2015, the WindScanners were powered by a diesel25

generator, whereas in 2017 a dedicated power grid was constructed to supply uninterrupted power to the devices. For these

reasons, the initial deployment of instruments was complicated and time-consuming.

After the WindScanners were positioned at their designated locations, their orientation and leveling were determined by

mapping the lightning rods of measurement masts using the WindScanners’ laser beams (Vasiljevic, 2014, p.157). Both the

position of WindScanners and lighting rods had been measured with centimeter accuracy (Menke et al., 2019a). By comparing30

referenced and mapped positions the leveling and orientation of WindScanners were improved resulting in a pointing accuracy

of about 0.05◦. To retain the pointing accuracy, the target mapping was repeated several times during the campaign to ensure

that the leveling and orientation of the WindScanners remained unchanged.

4

https://doi.org/10.5194/wes-2019-85
Preprint. Discussion started: 28 November 2019
c© Author(s) 2019. CC BY 4.0 License.



2.1.3 Scanning strategy

The two traverses, which follow the ridge top line 80 m AGL, were designed using the high precision terrain data. The traverses

were 1.8 km long described by points evenly spaced every 20 m. Accordingly we programmed the WindScanners to measure

continuously along the traverses by moving the beams through the traverse points with the speed of 40 m s−1 and an accumu-

lation time of 500 ms. One scan took 48 s of which 45 s were spent on measurements, 0.5 s for acceleration and deceleration5

of the scanner heads and 2 s to return to the trajectory start point. Range gates were placed every 10 m, starting at 700 m, and

extending to 2640 m (Table 1).

Typically, the WindScanner system uses a master computer to keep the synchronization of WindScanners to about 10 ms

(Vasiljevic et al., 2016). This synchronization requires a stable network connection between the WindScanners and the master

computer. At the Perdigão site the systems were connected via directional long-range WiFi antennas which had tendency10

to have a low availability and/or high latency. Due to the unstable network the WindScanners were configured to start the

measurements in a scheduled fashion according to GPS time, thus independently from the master computer. This introduced

time offsets due to a system dependent startup time which varies over time and among the different WindScanners. However, the

WindScanners could perform measurements independent of the network connection which results in higher data availability.

The average time offset between WS5 and WS6 is 0.42± 1.03 s and 0.7± 0.65 s between WS7 and WS8.15

Table 1. WindScanner coordinates and details about the measurement settings.

WindScanner WS5 WS6 WS7 WS8

northing (m) 32926.47 33888.66 33990.61 34804.57

easting (m) 4874.29 3798.01 5695.30 4807.90

elevation (m) 485.94 486.34 437.06 452.81

azimuth range (◦) 38.54 - 97.36 357.39 - 54.45 246.88 - 183.48 279.43 - 221.17

mean elevation (◦) 1.83 1.79 4.71 3.80

range gates 195 (from 700 m every 10 m up to 2640 m)

accumulation time (ms) 500

pulse length (ns) 200

2.2 Mast measurements

For this study, we use measurements from four masts. One 100 m mast was located on the NE ridge and a 100 m and two 60 m

masts that were located on the SW ridge. All masts are equipped with 3-D ultrasonic anemometers (Gill WindMaster Pro)

and temperature sensors (NCAR SHT75) at the heights of 10, 20, 30, 40 and 60 m and 2, 10, 20, 40 and 60 m, respectively.

The 100 m masts also have instruments at 80 and 100 m. Data were acquired at 20 samples per second with a 1 µs resolution20

GPS-based time stamp on every sample.

5
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3 Flow modeling overview

In this study, long-term simulations of Wagner et al. (2019a, b) are compared to lidar ridge scans to determine the quality of a

numerical model over complex terrain. Model simulations were performed with the Weather Research and Forecasting (WRF)

model (Skamarock et al., 2008) on three nested domains D1 to D3 with horizontal resolutions of 5 km, 1 km, and 200 m,

respectively. The innermost domain D3 is run in large-eddy simulation (LES) mode. The complete model setup including5

the physical parameterizations that were used is described in detail in Wagner et al. (2019a) and in Wagner et al. (2019b).

Two simulations were performed for the whole IOP of the Perdigão 2017 campaign and are run with (WRF_F) and without

(WRF_NF) a forest parameterization in the LES domain D3. Without forest parameterization, surface drag is defined by an

aerodynamic roughness length z0, which is obtained from the CORINE 2012 land-use data set and converted to land-use

types according to Pineda et al. (2004). In the WRF_F run, an additional forest drag term following Shaw and Schumann10

(1992) is implemented, which decelerates the flow on the lowermost model levels. The forest cover and leaf area index (LAI)

are retrieved from the CORINE data set. As no information about the tree height was available for the modeling domains, a

randomly uniformly distributed forest height of 30 m ± 5 m was used. The high resolution aerial scans are only available for

a smaller area centered around the measurement site (Figure 1b). A detailed description of the forest parameterization and the

differences between the WRF_F and WRF_NF simulations is given in Wagner et al. (2019b).15

4 Data overview

In the following, data processing methods for the mast, lidar and WRF-LES datasets are described. The measurement datasets

are publicly available. The lidar data can be obtained from Menke et al. (2018a) and mast data is available via the NCAR

archive in 5 minute and 20 Hz resolution (UCAR/NCAR - Earth Observing Laboratory, 2019a, b).

4.1 Mast data20

The anemometer data were rotated into a vertical coordinate system and oriented to true North from angles determined by laser

multistation scans of each instrument. No issues were determined in the quality control process, so the reported data from the

anemometers have been used unedited.

The fans used to aspirate the temperature/relative humidity sensors on the masts occasionally failed during the project. Data

from these periods were removed. Also, for some of these sensors, laboratory post-experiment calibrations indicated larger than25

expected differences from the pre-calibrations (usually less than 0.5 degC and 4%RH). For these sensors, the post-calibrations

were applied.

6
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4.2 Lidar data

We process the lidar data in three consecutive steps. First, the data are filtered using the method described in section 4.2.1.

Next, the measurements of the filtered scans along the ridge trajectories are combined to horizontal winds, see section 4.2.2.

Finally, the combined measurements are averaged over 10 minute periods.

4.2.1 Filtering5

Most commonly, lidar data are filtered by thresholding using the carrier-to-noise ratio (CNR) as a quality indicator. These

methods are described by Beck and Kühn (2017) who give a general overview of lidar data filtering approaches and also

present highly innovative methods. Here we are proposing a new approach which is based on the assumption that the wind

field has a certain degree of continuity. We filter the lidar data in a three-stage process that is applied to each scan: In stage

one, the data are filtered based on a moving median value of the LOS velocities measured along each LOS. The median is10

calculated for a window that stretches over 15 range gates corresponding to a distance of 150 m. All range gates that deviate

by a threshold of 3 m s−1 from the median are excluded.

In stage two, all measurements that exceed the median of radial velocities along an entire LOS by a threshold value of

6 m s−1 are filtered out. Both thresholds were determined by visual inspections of plotted data and tuned to the present values.

After each stage, missing range gates are linearly interpolated by the value of the two neighboring range gates in case they15

have valid values. In a final stage, range gates with valid values that are surrounded by three or more invalid range gates out of

the two previous and two following range gates are excluded. These range gates are considered as scatter that are unlikely to

have a valid measurement or have a meaningful contribution to the analysis. The first two stages are intended to remove local

and global artifacts in the measurements. Finally, all filtering stages are repeated across LOSs in the azimuthal direction.

We demonstrate the performance of this method compared to CNR filters with the thresholds of -24 dB and -27 dB (Figure20

2). Our approach recovers more data in the far range of the scans thus extends the range of the scans during periods with low

CNR and can remove artifacts caused by e.g. hard targets or second return pulses originating from, for example, a cloud base

at a higher elevation. The average availability with our dynamic approach is 91.8% compared to 77.7% (92.2%) with a -24 dB

(-27 dB) filter. The high availability of the -27 dB filter is misleading in the sense that this method does not remove all artifacts

from the scans (compare Figure 2c).25

4.2.2 Wind vector reconstruction

The horizontal components of the wind vector (u positive east and v positive north) are reconstructed from measurements

of the two WindScanners measuring along the same ridge. The measurements at the 92 ridge trajectory points are combined

applying equation 1:


u
v


 =


sinφ1 cosϑ1 cosφ1 cosϑ1

sinφ2 cosϑ2 cosφ2 cosϑ2



−1

·


Vr1

Vr2


 (1)30
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Figure 2. Comparison of data recovery with different filters for the 10 minute period starting at May 03, 2017 13:40UTC. a) unfiltered data,

b) dynamic filtering approach, c) -24 dB filter, and d) -27 dB filter.

with Vr being the radial or LOS velocities measured by the two WindScanners, φ the azimuth angles using the geographical

convention, i.e. 0◦ is pointing north and φ increases clockwise, and ϑ the elevations angles of the scanners. In this calculation

the influence of the vertical wind component w is considered to be negligible since we measured at low elevation angles.

We combine 10-minute averaged radial velocity components. Measurement points with less than 10 independent samples are

disregarded as well as complete scans with more than 20% invalid data.5

4.2.3 Data availability

The four WindScanners operated for different periods from March 22 to July 24. Individual system availability in these periods

range from 59% to 80% (Table 2). During the IOP, due to the permanent presence of people at the site to aid in the case of

a power grid or system failures, the WindScanners’ availability is higher (71% to 92%). For dual-Doppler retrievals at the

individual ridges, concurrent availability of WS5 and WS6 for the NE ridge and WS7 and WS8 for the SW ridge is required.10

The combined availability during the IOP is 79% and 51% for the NE and SW ridge, respectively. Simultaneous measurements

at both ridges are available for 44% of the period of the IOP. After applying filtering processes as explained in section 4.2.1,

8
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the data availability reduces to 31.6%. When wind speeds are also required to be above 3 m s−1 at 80 m height (measured at

the mast tse04) 507 10 minute periods are left for the analysis, corresponding to 23% of the IOP period.

Table 2. Operation time and data availability of WindScanners. Number in brackets is the number of available 10 minute periods.

WindScanner WS5 WS6 WS7 WS8

start of operation March 27, 16:50 March 27, 16:50 March 22, 17:50 March 27, 16:50

end of operation June 17, 15:20 June 17, 09:50 July 10, 16:50 July 24, 15:50

scanner availability 72.8% (2863) 79.8% (3130) 58.6% (3094) 63.2% (3608)

scanner availability IOP 82.2% (1815) 91.6% (2023) 70.7% (1562) 77.0% (1701)

combined availability IOP (per ridge)
NE ridge SW ridge

79.3% (1751) 51.3% (1133)

combined availability IOP (both ridges) 44.2% (976)

combined availability IOP (after filtering) 31.6% (698)

combined availability IOP (after filtering, U > 3 m s−1) 23.0% (507)

4.3 Flow model data

Model data of the LES domain D3 is available with a 10 minute output interval. This means that every 10 minutes a snapshot

of the simulated meteorological condition is written to the output file. The three-dimensional fields are interpolated linearly5

in both the horizontal and vertical direction to the lidar ridge scan coordinates. This results in time series of meteorological

variables at each lidar scanning point, which can be compared to lidar data.

5 Data analysis

5.1 Comparison of mast and lidar measurements

The correlation of radial velocities measured by the individual WindScanners and of the reconstructed wind vectors with the10

sonic wind speeds is calculated. We project the 80 m sonic wind speeds to the lidar LOSs using equation 2.

Vr_sonic = u sinφ cosϑ+ v cosφ cosϑ+w cosϑ (2)

The sonic data are averaged exactly during the accumulation period (500 ms) at the two closest range gates to the masts that

are not affected by the measurement mast structures. These range gates are about 40 m to NW (northwest) and SE (southeast)

of the masts. For all WindScanners the correlation coefficient for the LOS measurements are better than 0.994, offsets are less15

than 0.45 m s−1 and slopes deviate by less than 0.04 from 1 (Figure 3). Considering that the measurements are not collocated

9
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and that the measurement volumes of lidars and sonics differ by about two orders of magnitude these correlations can be

considered as good.

Figure 3. Correlation of radial lidar wind speeds with the sonic wind speeds projected to the lidar LOSs. Only southwesterly and northeasterly

wind directions are selected for sectors of ± 15◦centered around the transect orientated 54◦towards north.

The correlation based on the reconstructed wind vectors is calculated for 10-minute averages at all four mast. For the sonic

measurements we consider the horizontal wind speed (Uhor =
√
u2 + v2) and the wind speed projected to the plane spanned by

the two lidars (Uproj =
√
u2

proj + v2
proj). Where the projected wind vector is calculated as:5

Uproj = n× (U ×n) (3)

with n being the unit normal vector of the plane spanned by the two lidar beams.

The correlation coefficients with the two 80 m sonics are both better than 0.94, with offsets smaller than 0.25 m s−1 and

slopes close to 1 (1.04 at tower tse04 and 0.94 at tower tse13, Figure 4). At the 60 m masts the correlation of lidar and sonic

measurements is lower due to the spatial difference in height. The correlation coefficients at both masts are 0.9. Differences in10

the correlations of using the projected or the horizontal sonic winds speeds are negligibly small.
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Figure 4. Correlation of reconstructed lidar wind speeds with the horizontal sonic wind speeds and the sonic wind speeds projected to the

plane spanned by the lidars. Only southwesterly and northeasterly wind directions are selected for sectors of ± 15◦centered around the

transect orientated 54◦towards north.

5.2 Observed flow patterns

Considering all available ridge scan periods (507) we find that the mean wind speed is 10% higher at the SW ridge. Relative

changes in wind speed along the SW ridge are below 2%. At the NE ridge, the lowest relative wind speeds are found at the

terrain dip at 400 m and a change of 7% in mean wind speed is found along the ridge. This picture changes significantly dur-

ing specific atmospheric conditions which are analyzed in the following subsections. We segregate the data by the prevailing5

flow directions from the northeast and the southwest for sectors of ± 15◦centered perpendicular to the ridge, orientated at

54◦(geographical convention). Furthermore, the data are segregated by the atmospheric stability characterized by the Richard-

son number (Ri) calculated at the upstream mast as defined in Menke et al. (2019b) based on the potential temperature gradient

from 20 m to 100 m and the 100 m wind speed. It is not obvious how to define limits for different stability regimes thus we

define stable conditions as periods with Ri > 0 and unstable conditions as Ri < 0. Neutral conditions are only expected to10

occur during short transition periods.

11

https://doi.org/10.5194/wes-2019-85
Preprint. Discussion started: 28 November 2019
c© Author(s) 2019. CC BY 4.0 License.



Figure 5. Normalized wind speeds measured by the lidars and sonics during different atmospheric conditions. The wind speeds are normal-

ized by the mean along the upstream ridge e.g. for southwesterly wind directions all measurements are normalized with the mean wind speed

along the SW ridge.

5.2.1 Dependence on wind direction

For southwesterly flows, an increase of more than 20% in relative wind speeds is observed along the SW ridge with higher

wind speeds in the southeast (SE) and lower wind speeds in the northwest (NW) (Figure 5). At the NE ridge, for southwesterly

flow, increased relative wind speeds of up to 13% are observed at the NW end of the ridge where the elevation is increasing.

All values are relative to the mean wind speed along the upstream ridge.5

For northeasterly flow, significantly higher wind speeds of about 25% are observed at the SW ridge. Additionally, a change

in wind speed along the SW ridge is observed with higher speeds in the NW and lower in the SE which is opposite to the

observation under southwesterly flow. For some conditions, the change in relative wind speed is higher than 20%.

We considered these observations as statistically significant as the mean of standard deviations calculated at each point along

the ridge is much lower than the observed changes (Table 3).10
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Table 3. Observation from tower tse04 (SW ridge) and tse13 (NE ridge). Turbulence intensity is defined as TI = σUU
−1
sonic where U sonic is

the mean wind speed and σU the standard deviation of Usonic. Turbulent kinetic energy is calculated as e= 1
2

[
u′2 + v′2 +w′2

]
, where u′, v′

and w′ are the fluctuating parts of the wind vector components as measured by the sonic anemometers. Wind shear and veer are calculated

over 60 m (40 m – 100 m). The flow inclination angle τ is calculated as arctan(w
√
u2 + v2

−1
), where u and v are the mean horizontal wind

vector components, and w the vertical. All averages are taken over 10 minutes. U lidar is the mean of the wind speeds measured by the lidars

averaged over the entire ridge. σlidar is the standard deviations also averaged along the ridge.N is the number of available 10-minute periods.

U lidar σlidar/U lidar U sonic TI e shear veer τ N

southwesterly flow ( m s−1) (%) ( m s−1) (%) (m2 s−2) (ms−1) (◦) (◦)

stable SW ridge 5.43 3.9 5.13 11.27 0.29 0.012 -0.074 4.18
14

NE ridge 5.75 7.6 5.41 17.33 0.63 0.011 -1.036 1.75

unstable SW ridge 5.01 10.5 5.11 32.96 1.29 -0.006 0.029 12.12
21

NE ridge 4.56 13.3 4.35 43.58 1.51 0.001 -0.003 5.57

northeasterly flow

stable SW ridge 7.66 4.9 7.33 11.96 0.52 0.016 -0.073 -1.74
77

NE ridge 5.90 5.3 6.09 8.52 0.18 0.020 -0.147 0.67

unstable SW ridge 5.67 10.0 5.70 30.94 1.37 -0.001 0.084 2.90
39

NE ridge 5.10 8.5 5.60 29.15 1.24 -0.001 -0.040 7.09

5.2.2 Dependence on atmospheric stability

It is most notable that wind speeds at the downwind ridge are always higher than at the upstream ridge during stable conditions

(Figure 5). The mean wind speeds along the downwind ridge measured by the lidars are 1.8 m s−1 higher during northeasterly

flow and 0.3 m s−1 for southwesterly flows. This increase in wind speed can most likely be explained by the speed up that is

caused by the formation of atmospheric waves during stable conditions (Palma et al., 2019). Moreover, the mast measurements5

show consistently negative wind shear during stable conditions at both masts and as expected, lower levels of turbulence

intensity and energy dissipation (Table 3).

During unstable atmospheric conditions, wind speeds are higher at the SW ridge for both flow directions. Remarkable is also

the large flow inclination angles measured by the sonics at the upstream ridges of 12.12◦ (7.09◦) for SW flow (NE flow). The

much higher flow inclination angle for SW flow over the SW ridge supports the findings of Menke et al. (2018b) that the wind10

turbine wake is lifted higher during the day (unstable) than during the night (stable).
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Table 4. Mean difference of WRF simulations and ridge scans calculated as (UWRF−Ulidar)U
−1
lidar · 100 and averaged along the entire ridge.

Correlation coefficient (COR) and root mean square error (RMSE) values for the comparison of WRF data with the ridge scan measurements.

The first number states the value for the WRF_NF simulation without forest and in brackets the value for the WRF_F run with forest

parameterization. Bold values indicating the best model per parameter. The percentage of lidar observations, which describe the respective

flow condition is indicated in the last column.

all directions Mean difference (%) COR RMSE (m s−1) bias (m s−1) Fraction of used data (%)

all SW ridge 6.5 ( -35.2 ) 0.43 ( 0.49 ) 2.76 ( 3.43 ) -0.07 ( -2.52 ) 100

NE ridge 4.1 ( -32.2 ) 0.46 ( 0.44 ) 2.78 ( 2.94 ) -0.16 ( -2.09 )

stable SW ridge -3.6 ( -39.0 ) 0.40 (0.52 ) 2.68 ( 3.68 ) -0.77 ( -2.91 ) 57.4

NE ridge -9.9 ( -36.1 ) 0.48 ( 0.48 ) 2.56 ( 2.90 ) -0.83 ( -2.27 )

unstable SW ridge 25.1 ( -29.1 ) 0.50 ( 0.47 ) 2.83 ( 2.90 ) 1.19 ( -1.89 ) 37.1

NE ridge 29.9 ( -24.2 ) 0.44 ( 0.42 ) 3.06 ( 2.86 ) 1.11 ( -1.69 )

southwesterly flow

all SW ridge 9.0 ( -36.6 ) 0.38 ( 0.45 ) 2.61 ( 2.65 ) -0.01 ( -1.96 ) 9.3

NE ridge 10.3 ( -43.5 ) 0.40 ( 0.43 ) 3.49 ( 3.06 ) 0.06 ( -2.41 )

stable SW ridge 0.0 ( -42.4 ) 0.19 ( 0.46 ) 2.19 ( 2.99 ) -0.51 ( -2.41 ) 2.8

NE ridge -22.1 ( -56.4 ) 0.35 ( 0.40 ) 3.24 ( 4.08 ) -1.75 ( -3.55 )

unstable SW ridge 30.4 ( -32.7 ) 0.43 ( 0.54 ) 2.84 ( 2.17 ) 1.08 ( -1.50 ) 4.1

NE ridge 53.8 ( -39.7 ) 0.46 ( 0.49 ) 4.05 ( 2.54 ) 2.39 ( -1.85 )

northeasterly flow

all SW ridge -6.6 ( -30.8 ) 0.40 ( 0.41 ) 2.97 ( 3.87 ) -0.96 ( -2.63 ) 22.9

NE ridge -1.3 ( -23.7 ) 0.43 ( 0.43 ) 2.82 ( 2.68 ) -0.44 ( -1.61 )

stable SW ridge -20.1 ( -43.2 ) 0.43 ( 0.45 ) 3.20 ( 4.44 ) -1.90 ( -3.63 ) 15.2

NE ridge -19.1 ( -35.3 ) 0.45 ( 0.45 ) 2.91 ( 3.09 ) -1.39 ( -2.28 )

unstable SW ridge 19.9 ( -6.2 ) 0.51 ( 0.48 ) 2.35 ( 2.22 ) 0.93 ( -0.62 ) 7.7

NE ridge 33.7 ( -0.7 ) 0.48 ( 0.49 ) 2.68 ( 1.73 ) 1.44 ( -0.25 )

Table 5. As in Table 4, but for comparison of WRF simulations with tower T20 (tse04) and T29 (tse13) on the SW and NE ridge, respectively.

all directions Mean difference (%) COR RMSE (m s−1) bias (m s−1)

all T20 31.0 ( -23.1 ) 0.44 ( 0.65 ) 3.18 ( 2.35 ) 1.49 ( -1.11 )

T29 23.1 ( -29.2 ) 0.46 ( 0.56 ) 3.03 ( 2.45 ) 1.07 ( -1.35 )
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Figure 6. Comparison of WRF wind speeds and lidar ridge scan measurements for southwesterly flow segregated into stable and unstable

conditions.

5.3 Comparison of lidar measurements and simulations

As described in section 3, we compare the ridge scan measurements to the WRF-LES simulations with and without forest drag

implementation. Data from both simulations are extracted at the coordinates of the ridge scan points and interpolated to the

exact measurement periods in time.

The best agreement, considering all available ridge scan periods, is reached for the WRF_NF simulation without forest5

drag in terms of mean difference, root mean square error and bias. In this case, the WRF model is overestimating the wind

speeds by 6.5% and 4.1% at the SW ridge and NE ridge, respectively (see Table 4). The WRF_F simulation with forest

drag implementation underestimates the wind speeds along the ridges by −35.2% (−32.2%) at the SW (NE) ridge. This

underestimation of simulated wind speeds on the ridge tops was also observed by Wagner et al. (2019b) and is most likely

caused by an over-representation of the forest drag due to incorrect forest coverage on the ridge tops and too high trees in the10

model. As described in section 3 an average canopy height of 30 m was used, whereas real tree heights obtained from an aerial

laser scan in 2015 were in the order of 15 m (see Fig. 1b). The distribution of forested areas in Fig. 1b further indicates that the

ridge tops were mostly free of trees, whereas both ridge tops are forested in the model according to the CORINE landuse data

set (see Fig. 3 in Wagner et al., 2019b).

Even though the simulation with forest drag underestimates wind speeds at the ridges, it shows improved correlation with15

the measurements (see Table 4). Correlation coefficients are consistently better for southwesterly wind directions and better or

similar to the correlations of the simulation without forest drag for northeasterly flow. A comparison of the same simulations
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with multiple meteorological masts across the double ridge along transect southeast (TSE; equal to transect 2 in Fernando

et al., 2019) in Wagner et al. (2019b) shows a clear improvement of simulated wind speeds in the WRF_F simulation with

forest parameterization. This means that the forest parameterization enhances the simulated flow especially along the slopes

of the ridges, where wind speeds are overestimated in the WRF_NF simulation. When comparing the simulations only to the

two 100 m towers tse04 (T20) and tse13 (T29) on the SW and NE ridge, respectively, the WRF_F run underestimates wind5

speeds at 80 m AGL, but shows improved correlation values and root-mean-square errors (RMSE) (see Table 5 in this paper

and Table 4 in Wagner et al., 2019b). The better results for the WRF_F run for the comparison with tse04 and tse13 may be

induced by the larger number of samples that are available in the tower data set (about 13500 data points) compared to lidar

data (507 points in time) representing a larger spectrum of different meteorological conditions.

Segregating the data into different atmospheric conditions shows that the WRF_NF run performs best under stable atmo-10

spheric conditions (Table 4). For unstable conditions, the WRF_F simulation performs better at the NE ridge and for northeast-

erly wind also at the SW ridge. Considering that the flow is more turbulent under unstable conditions, it can be assumed that

more mixing and interaction with the forest is taking place compared to stable conditions during which the forest rather acts as

a displacement. For northeasterly winds, the high forest density for the fetch upstream of the NE ridge (see Figure 3 in Wagner

et al., 2019b) might lead to better results of WRF with forest drag.15

Figure 6 shows the spatial distribution of averaged wind speeds along the SW and NE ridges during southwesterly flow.

The general underestimation of wind speeds in the WRF_F simulation is visible. Disregarding this negative offset, the WRF_F

simulation shows spatial changes of wind speed along the ridges that are more similar to changes measured with the lidars

compared to stronger gradients along the ridges in the WRF_NF simulation.

Summarizing, we find a high sensitivity of the WRF-LES simulations to the parameterization of surface friction. Adding20

a forest drag term significantly changes the results. The comparison of the simulations with the lidar ridge scans reveals that

the forest drag is too strong on the ridge tops, which results in underestimated wind speeds. Without forest drag, wind speeds

are overestimated on average. The comparison of the same simulations with multiple meteorological towers across the double

ridge in Wagner et al. (2019b) shows an improvement of the simulated flow with forest parameterization. Also, relative changes

in wind speed along the ridges are more similar for the simulation with forest drag when comparing to the relative changes25

observed with the WindScanners. This shows that the forest parameterization has a positive effect on simulated wind speeds

over Perdigão, but makes clear that the horizontal distribution of forested areas and the tree heights have to be more realistic

in future model setups. This will only be possible by using the high resolution aerial lidar scans used for the canopy height

estimation in figure 1b, or by introducing better landuse data sets, which include seasonal variability of the canopy layer, e.g.,

caused by forestry and agriculture.30

6 Conclusions

The present lidar measurements demonstrate the ability of scanning lidars to perform wind resource measurements over large

areas in complex terrain. Horizontal mean velocity profiles of 1.8 km length along ridges were retrieved and flow patterns
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during specific atmospheric conditions could be identified. The data were collected during the intensive measurement period in

May and June 2017 of the Perdigão measurement campaign. An optimized filter for the lidar data is presented which yields in

average to 20% more data compared to traditional filtering methods. Correlations of lidar and mast data show good agreement

with correlation coefficients of 0.994 or better for line-of-sight velocities and 0.94 or better for horizontal wind speeds. We

found that the lidar elevation angles have a negligible effect on the retrieved horizontal winds.5

Considering all lidar measurements we find 10% higher wind speeds at the SW ridge. Segregating the data by wind direction

reveals a gradient in wind speeds along the SW ridge, with increasing wind speeds from the NW to SE during southwesterly

flows. The effect is reversed for northeasterly flows and amounts for both directions to a change of 14% in relative wind

speed along the ridge. During stable atmospheric conditions, wind speeds are found to be highest at the downstream ridge

independent of the wind direction. The mean wind speeds along the downwind ridge measured by the lidars are 1.8 m s−1 and10

0.3 m s−1 higher during northeasterly and southwesterly flows, respectively.

The lidar observations have been compared to WRF-LES simulations with and without forest drag implementation. The

results show the best agreement, considering all available periods, for the WRF-LES run without forest drag. In that case,

the simulation is overestimating the mean wind speeds along the SW ridge by 6.5% and by 4.1% along the NE ridge. Under

unstable atmospheric conditions and northeasterly flow direction, the simulation with forest performs best. The simulation with15

forest drag has a better correlation coefficient but consistently underestimates the wind speeds at the ridges by 30-40%.

Overall, we conclude that scanning lidar measurements are a valuable tool to asses wind resources in complex terrain. In the

future, the system availability has to be improved which was only at 44% for the period investigated in this study. Main factors

influencing the availability were software issues, hardware failures and power outages. The comparison of measurements and

flow simulations revealed a high sensitivity of the model to the parameterization of surface friction. In contrast to this study,20

Wagner et al. (2019b) could show that the forest parameterization considerably improves the boundary layer flow over Perdigão

when comparing simulations to meteorological towers across the double ridge. It is assumed that the wrong forest distribution

in the model on the ridge tops and the overrated tree heights are the main reason for the poor agreement of WRF_F wind speeds

with lidar ridge scans. This shows that aerial lidar scans as used by Boudreault et al. (2015) or more realistic landuse data sets,

including seasonal variability of the canopy distribution, are required as input for flow calculations in the future.25
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CHAPTER 6
Wind turbine wake

measurements
The consideration of wind turbine wake effects is a crucial factor during the wind farm
design process. Wind turbines in the wake of upstream turbines face lower wind speeds
and higher turbulence levels (Barthelmie et al., 2007). Wakes can reduce the generated
energy of wind farms by up to 10% and at the same time, the estimation of these losses
is associated with high uncertainty in the range of 13%-37%, i.e. 1%- 4% of the annual
energy production (Clifton et al., 2016). The uncertainties are mainly caused by the
insufficient ability of wake models to predict the wake behavior or the use of not optimized
model parameters. However, there is also a need for more sophisticated models that
are able to reproduce more realistic wake dynamics. For the development, testing and
validation of such models and an improved general understanding of wake dynamics,
measurements of full-scale wakes are essential. For flat terrain and offshore sites several
datasets with wake measurement exist but there is a shortage of wake observations in
complex terrain where uncertainties are highest. This was one of the motivations for
several research groups to concentrate their measurements on capturing the dynamics
of the wake of the single wind turbine located at Perdigão during the experiments in
2015 and 2017. In the following sections, findings from these studies are summarized
and collaborative efforts to compare wake measurements of different lidar systems are
presented.

6.1 Wake measurements at Perdigão
All observational studies of the wake of the single 2MW wind turbine located on the
SW ridge at the Perdigão site (Figure 2.2) focused their measurements on southwesterly
flow directions. This wind direction was chosen as it is one of the prevailing directions
at the site and is perpendicular to the ridge. Moreover, winds from that direction are
undisturbed by the presence of an upstream ridge, which would have not been the case
for northeasterly directions. For these reasons, it is more obvious to relate observed wake
behaviors to the terrain geometry. In contrast, it would be challenging to relate the wake
behavior to the terrain geometry at a site without clearly defined terrain geometry.

The first wake measurements at Perdigão were performed during the 2015 experiment
during which 6 lidars (3 long-range and 3 short-range WindScanners) were deployed
(Vasiljević et al., 2017). Previous to the Ph.D. studies, an investigation of the wind
turbine wake propagation revealed a strong influence of the atmospheric stability (Menke,
2016). The measurements show that the vertical wake propagation follows a diurnal
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cycle. During the day hours, where unstable atmospheric conditions are expected, the
wake is advected upwards by up to 29◦ above the horizontal plane. During the night
hours, where stable atmospheric conditions are expected, the wake follows the terrain
down the ridge. When atmospheric waves were present negative inclination angles of
up to 28◦ are found. This suggests that simple terrain following wake models as e.g.
used in the Wind Atlas Analysis and Application Program (WAsP) are not appropriate
to predict wake losses at complex terrain sites. The wake measurements have been
reprocessed, with atmospheric stability information derived from a Weather Research and
Forecasting (WRF) simulation, during the first year of the Ph.D. studies and published
as a journal paper (Menke et al., 2018b). The input of these studies to this thesis is
the improved understanding of the wake propagation for the turbine at the Perdigão
site. This knowledge was valuable for the design of wake measurement scenarios of other
research groups for the 2017 experiment which are described in the following. Moreover,
by including atmospheric stability information based on WRF it was possible to prove
that the diurnal behavior of the wake propagation is directly related to the changes in
the stability as originally assumed.

In 2017, a similar dependence of the wake propagation on the atmospheric stability
has been found by Wildmann et al. (2018). With a measurement setup of two lidar
systems that performed co-planar measurements, they were able to track the wake
far downstream confirming the terrain following behavior of the wake during stable
conditions and the upward advection of the wake during unstable conditions as previously
observed by Menke et al. (2018b). Contrary to these studies, Barthelmie and Pryor
found "wake centres moving downslope more consistently in unstable conditions during
the day and remaining at greater heights during stable conditions" (Barthelmie and
Pryor, 2019). At the current point only assumptions can be made to explain these
contradictory findings. Possible reasons could be fundamental differences in the scanning
geometries and temporal resolutions of measurements used in these studies. Especially,
the assumption of a stationary flow field over a period of 10 minutes, which is the time
of one scan used by Barthelmie and Pryor (2019), can be critically in complex terrain.
This and other possible reasons for the different findings are discussed in the context of a
comparison study of the wake measurements performed in 2017 in the following section.

6.2 Integration of wake measurements
During the 2017 experiment, three research groups carried out lidar measurements of
the wind turbine wake at the Perdigão site. These were researchers from the German
Aerospace Center (DLR, Wildmann et al., 2018) and from the Cornell University
(CU, Barthelmie and Pryor, 2019) as mentioned above, and from DTU. The latter
were measurements performed in the scope of this thesis. Having measurements of the
wake from three independent measurement systems presents the unique opportunity to
investigate the benefits of an integration of these datasets which has been explored in
a collaborative study. The complete study can be found in Appendix A and the main
objectives and findings are outlined here.
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The study showed that the integration of the different measurement scenarios is
challenging as they were fundamentally different. However, each group was able to
retrieve different characteristics of the flow which is an obvious advantage. The DTU
scans provided wind vectors in an almost horizontal plane at wind turbine hub height
with high temporal resolution (<30 s) which allows tracking the wake horizontally but
makes it difficult to capture its vertical position. In the vertical direction these scans
can be complemented with the co-planar measurements of DLR, which allow tracking
the wake center for wind directions perpendicular to the ridge. These scans have similar
characteristics as the DTU scans with high temporal resolution. The scanning lidar of
CU performed measurement scenarios covering a large area, allowing to track the wake
for a wide range of wind directions, but at the cost of temporal resolution. The CU lidar
took 10 minutes to complete the scenario.

The comparison of these fundamentally different measurements is mainly based on the
detected wake center positions. Using the wake center position as a metric is optimal for
the comparison as it does not require the direct comparison of wind speeds measurement
by the systems. The measurements of the different lidar systems were not synchronized
or co-located, which makes a comparison of measurements difficult. The comparison
of the horizontal wake position, which is detected by all three lidar systems shows a
good agreement of the positions detected by the DTU and the DLR systems. The wake
center positions detected by the CU lidar system are offset in the northeasterly direction
in comparison to the other systems. Vertically, the DLR and CU lidar show a good
agreement in terms of the detected wake center positions. However, generally both
comparisons showed that there are differences in the detected wake center position by
the differed lidar systems. Thus, this study presents only a first step in investigating
possible sources for these differences in the measurements of these lidar systems. Further
work is required to identify if these differences are caused by the fundamentally different
scanning scenarios or by data processing methods e.g. the wake detection algorithms.

6.3 Discussion
The investigations of the wind turbine wake at the Perdigão site show that the wake
behavior is as complex as the terrain. The wake behavior is strongly influenced by the
interaction of the flow field and the terrain, which differs significantly under different
atmospheric stability conditions. With certainty, cases are identified that show a terrain-
following behavior of the wake when atmospheric waves are present. The collaborative
study (Appendix A) highlights the challenges of measuring wind turbine wakes in a
complex environment with three-dimensional flows. For future investigations it can
be advised to test the performance of different lidar scanning scenarios in a simulated
environment. This would help to optimize the crucial balance of temporal resolution
versus spatial coverage of scanning scenarios.
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CHAPTER 7
Conclusion

This thesis presents an analysis of a selected number of flow phenomena in complex
terrain based on multi-lidar measurements from the Perdigão 2017 measurement campaign.
The double ridge site in the center of Portugal has been in focus of two measurement
campaigns. The aim of the campaign in 2017, was to create an extensive dataset that
can be used to improve the understanding of microscale flow processes and for model
validations in complex terrain. In the scope of this thesis, measurements with 8 scanning
lidars were performed to reveal the impact of complex flow on wind energy applications.

Particular attention is paid to the microscale processes of flow recirculation in the
lee of the ridges at Perdigão and the formation of atmospheric waves. Measurements
performed with six scanning lidars show that the size and occurrence of recirculation
zones along the ridges changes. The probability for recirculation zones to develop is
lower in the southeast of the experimental site and increases along the ridges towards
the northwest. Generally, recirculation occurs over 50% of the time when the wind
direction is perpendicular to the direction of the ridges. Additionally, turbulence levels
at the location of the ridges, which are potential sites for wind turbines, are higher when
recirculation zones appear.

Atmospheric waves are observed during many nights of the experiments. They form
during stably stratified conditions when low-level jets are present for the wind directions
perpendicular to the ridges. Scanning lidar measurements were optimized to detected the
waves in the vertical plane along a 7.5 km long transect. Waves with different wavelengths
from 300 to 1600m were observed such as hydraulic jumps in the lee of the ridges. Waves
with wavelengths similar to the ridge-to-ridge distance of 1.4 km cause significant flow
acceleration at the downwind ridge. A comparison of the measurements with a high
fidelity flow model showed a good performance of the model in terms of reproducing
the right timing of wave appearances and the ability to reproduce the observed wave
structures.

The ability of scanning lidars to assess wind resources over large areas in complex
terrain is demonstrated with two dual-Doppler lidar systems. The analysis of wind
speeds along two terrain-following transects along the ridges of 1.8 km length reveals
changing wind field characteristics depending on the atmospheric conditions. Under
stable conditions, wind speeds are found to be higher at the downwind ridge in comparison
to the upwind ridge. Moreover, wind speed changes of up to 20% along the SW ridge
were found during certain atmospheric conditions, which highlights the spatial variability
of wind fields in complex terrain. The comparisons of the measurements to WRF-LES
simulation results revealed high sensitivity of the model results to the surface drag
parameterizations.

Wind turbine wake investigations at the Perdigão site show that the wake behavior is
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highly complex. A study comparing wake measurements of three different lidar systems
was performed. The comparison reveals differences in the detected wake center position
between the individual systems. As all systems used different scanning scenarios, future
work is needed to identify if the differences are caused by wake asymmetry, the scan types
or the detection methods. However, having the measurements of three different systems
presents obvious advantages as they are each optimized to retrieve certain characteristics
of the wake.

Overall, this work demonstrates the ability of scanning lidars to assess flow fields
over complex terrain. Lidar measurements of entire flow fields, as performed in the scope
of this thesis, offer a decisive advantage to understand and investigate complex flow
phenomena in comparison to traditional measurement techniques, which are limited to
single vertical profiles. The analysis of specific flow phenomena points out challenges
for the operation of wind turbines in complex terrain. It will be important to recognize
these flow processes in the planning process of future wind turbines to decrease the
project uncertainties, and consideration in the wind turbine design and control offers
an opportunity for load reductions. At the current state, computational flow models
appear to be capable of reproducing observed flow processes but are highly sensitive to
specific parameterizations. Further investigation and comparisons are needed to establish
higher confidence in computational results and to transfer knowledge gained from the
investigations within this thesis and generally from the Perdigão experiment to other
complex terrain sites.

In the future, it will be also important to improve the reliability of scanning lidar
systems and the standardization of measurement procedures for the technology to comply
with industry standards. The first point will be most likely solved through the ongoing
commercialization of scanning lidar systems and the latter is already being addressed in
ongoing research efforts e.g. the RECAST project.

Summarizing, the main results of this thesis are, firstly the Perdigão 2017 multi-lidar
dataset. The dataset contains unique measurements of eight scanning lidar systems and
was made publicly available for future studies. Secondly, this thesis presents the analysis
of complex flow phenomena that were captured with the lidar scans, with a focus on
flow recirculation at the Perdigão ridges, atmospheric waves, and the wind turbine wake
propagation. Lastly, the capabilities of scanning lidars to assess complex flow fields are
demonstrated, especially with a focus on measurements for wind resource assessments.

The knowledge and results generated through the investigations presented in this
thesis and outlined in this conclusion will benefit atmospheric boundary layer researchers
and wind farm developers to better understand flow phenomena occurring in complex
terrain. It is envisioned that the lidar dataset will be used also in the future for flow model
comparisons and validations. Moreover, the unique scanning lidar methods presented
in this thesis will aid the design process of future measurement campaigns in complex
terrain. Though the measurements were uniquely designed for the Perdigão site, the
concept of, e.g. terrain-following measurements or coplanar scans, can be used for future
campaigns.
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Abstract. During the intensive period (May-June 2017) of the Perdigão experiment, three sets 
of Doppler lidar were operated to scan the wake of the wind turbine (WT) on the southwest 
ridge. CU operated a Doppler scanning lidar in the valley bottom approximately 1 km northeast 
of the WT and conducted multiple arc scans and two RHI scans every 10-minutes centred on 
the WT. DTU used a dual Doppler lidar system scanning almost horizontally from the 
northeast ridge. Two of the three DLR lidars were in-plane with the WT for the main wind 
direction, one in the valley and one on the distant mountain ridge. The third DLR lidar was on 
the southwest ridge. All three systems (CU, DTU and DLR) were operated such that in data 
processing vertical and/or horizontal profiles of the wake can be derived at different distances 
from the WT. The paper describes the strategies used to scan the wake by the three groups and 
compares wake characteristics derived from the different systems. 

1 Introduction 
Power losses and enhanced loads due to wind farm wakes (including the ‘deep array’ effect and array-
array interactions) are typically largest in offshore wind farms [1, 2]. Most experiments designed to 
characterize individual wind turbine wakes have been conducted onshore to allow use of lidar [3, 4] to 
measure the 3-dimensional (3d) flow field. Despite significant progress in recent years it has proved 
complex to extract quantitative (and robust) metrics of wakes such as length scales and velocity deficit 
[5] because of the complexity of the phenomena (e.g. dependence of wake behaviour on the turbine 
itself, the wind farm layout and atmospheric characteristics [2, 6]) and challenges in defining optimal 
lidar scan strategies and effective integration of data from different remote sensing platforms [7]. 
These issues of wake characterization are amplified in complex terrain, in part because of the 
complexity of flow such as turning, recirculation zones and waves that both make describing the 
inflow/freestream very challenging [8], and in the wake behaviour itself which responds to the terrain 
slope as well as the flow [9-11]. While numerical models have been applied to examine wakes in 
complex terrain [12, 13], the objective of this work is to describe wake measurements with lidars 
within the Perdigão experiment and to evaluate the benefits of using multiple lidars/different scanning 
strategies to provide a more accurate, precise and detailed set of wake characteristics.  
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2 Experiment design 
2.1 The Perdigão experiment 
The overarching objective of the Perdigão experiment [14] is to provide a high-quality, high-resolution 
data set describing flow in complex terrain using observations derived from multiple measurement 
platforms. The site is a double-ridge extending for several kilometres with hilltop heights up to 300 m 
above the local terrain [10]. For the long-term experiment January-July 2017, multiple meteorological 
masts with heights up to 100 m were installed across the domain and an array of Doppler lidars 
(including those from CU and DTU) were operated. For the intensive operating phase (IOP) (May-
June 2017) a vast array of additional instruments was installed including further Doppler lidars. Data 
and instruments described here are focused on understanding the characteristics and behaviour of the 
wake from a single wind turbine (WT) on the southwest ridge (Figure 1). Three groups (CU, DLR, 
DTU) operated Doppler lidars that include wake measurements (Table 1, Figure 1). In order to 
develop the framework and evaluate the benefits of integration of multiple independent measurements, 
a test case of a two-hour period (26 May 2017, 21:00 to 23:00 UTC) in which all instruments were 
measuring with their most suitable scanning strategy for a joint wake detection is analysed herein. This 
period features a WT wake embedded in a stable nocturnal boundary layer (Figure 2).  

 

Figure 1: The topography 
of Perdigão with the 
location of Doppler lidars 
used for wake 
measurements (CU, DTU, 
DLR) and their scans 
highlighted. For the DTU 
scans, only the overlapping 
region for the dual Doppler 
retrieval is marked. The 
wind turbine (WEC) is 
located on the SW ridge. 

 

 

Figure 2: Overview of the 
conditions during the IOP. 
Wind speeds (>3 ms-1 
shaded green) and 
direction are from Tower 
20. Stability is calculated 
as z/L where red lines = 
unstable conditions, blue 
lines = stable conditions 
and grey dots = near-
neutral conditions. Periods 
with all lidar systems 
operating are shown by the 
black triangles. The period 
of the case study 21:00 
UTC to 23:00 UTC on 26 
May 2017 is indicated by 
the grey box. 
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2.2 Scanning strategies 
Table 1 summarizes the primary features of the lidars used in this study along with the scan strategies. 
 

Table 1. Overview of the scanning Doppler lidar WT wake measurements. Positions are shown 
relative to the WT location and heights relative to WT hub-height. 

 

2.2.1 CU 
The CU Galion lidar scans [15] were designed to capture the 3d volume of the WT wake over a 
relatively large area (shown in Figure 1). Each 10-minute scan geometry comprised: 
• Telescoping arc scans with closer spacing near the WT centreline (980 m, 226° from the Galion) 

in both the horizontal and vertical (Figure 3(a)-(k)). These were used to maximize the coverage of 
the WT wake for that direction but permit wake tracking for a wide swath of wind directions. 

• Two detailed Range Height Indicator (RHI) scans close to the wake centreline (Figure 3(j)). 
• Three Vertical Azimuth Display (VAD) scans that were used for initial estimation of the wind 

direction at the wind turbine hub-height (WTHH) for identification of possible wake cases (Figure 
3 panel (l)). The ultimate freestream wind speed and direction was derived using the arc scans. 

2.2.2 DLR 
The DLR deployed three long-range Leosphere Windcube 200S Doppler lidars [16]. Lidar #1 and 
lidar #2 conducted RHI scans in a coplanar configuration that can be combined to calculate the wind 
vector in two dimensions in the vertical scanning plane (Figure 4) and thus examine wake propagation 
along the main wind direction [17]. From 22 May (including the case study), lidar #1 experienced 
problems with the data acquisition board causing intermittent corruption of wind data. Thus, the 
coplanar retrieval could not be run continuously and wake detection presented relies solely on the 
radial wind speed measurements of lidar #2. On 26 May, lidar #3 measured RHIs at three distances 
from the WT (Figure 1) to identify the lateral displacement of the wake with respect to the coplanar 
scans and show the change of the wake width with distance. RHIs of all DLR lidars intersect at three 
locations at approximately 2.5, 3.5 and 4.5D (D = rotor diameter) from the WT to allow retrieval of 
vertical profiles of mean horizontal wind speed and wind direction (at ‘virtual towers’) [18]. 

Lidar Unit DLR #1 DLR #2 DLR #3 DTUWS7 DTUWS8 CU42 
Position X m 1183 843 -158 705.5 1519.5 717 
Position Y m 776 544 252 1256.6 369.2 676 
Position Z m -103 -239 -82 -124.8 -108 -244 

Scan type 
 

RHI RHI 
RHI 3 az 

angles 

quasi-
horizontal 

quasi-
horizontal arc, RHI, 

VAD 
Frequency 
C= continuous 

 
C C C 

10min per 
½ hour 

10min per 
½ hour C 

Azimuth, min deg 236.9 236.9 95,105,115 183.5 221.2 193.5 
Azimuth, max deg 236.9 236.9 95,105,115 246.8 279.4 259.5 
Elevation, min deg -8 8 -2 3.4 3.1 9 
Elevation, max deg 100 160 50 5.6 4.8 23 
Accumulation time ms 1000 500 500 500 500 1000 
Angular Speed deg/s 1 2 1 0.7 0.7 ~1.5 
Duration of scan s 108 76 52 50 50 603.5 
Range gate min m 100 50 50 700 700 60 
Range gate max m 2500 1400 1000 2640 2640 1230 
Range gate separation m 20 10 10 10 10 30 
Pulse Length ns 200 100 100 200 200 200 
FFT points 

 
128 64 64 64 64 N/A 

Physical Resolution m 50 25 25 35 35 60 
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2.2.3 DTU 
Two DTU WindScanners [15], modified Leosphere Windcube 200S scanning lidars, were located on 
the northeast ridge and performed horizontal scans along the southwest ridge following a line 80 m 
above the ridge-top height. Thus, the two scanners measured at an average elevation of 4.3° from the 
horizontal plane. In an area (1350 m x 1200 m) centred around the WT dual-Doppler retrievals are 
available and horizontal wind speeds are calculated (see Figure 5, left). This configuration allows 
tracking of the wake up to 800 m downstream depending on the wind direction and the vertical wake 
displacement. This scanning strategy was pursued every half hour for ten minutes and determines the 
time periods for the joint wake centre detection in the following. 

Figure 3: An example of line-of-sight (LoS) velocities (in ms-1 indicated by the colour bar) on 26 May 
2017 at 21:46-21:56 UTC as measured by the CU scanning Doppler lidar located at (0,0) almost 1000 
m northeast of the WT (indicated by the black *). Panels (a-i) and (k) show arc scans at different 
elevation angles (indicated lower right, e.g. El=9 is elevation angle of 9°). Panel (j) shows a RHI 
vertical slice along a direction of 226°. In panel k (El=23) the downwind distances (2, 2.5, 3.0, 3.5, 4 
and 4.5 D, recall D = WT rotor diameter) at which 2d planar slices through the wake are shown in 
magenta dashed lines. The three * indicate the locations of the DLR virtual towers. Panel (l) shows the 
wind speed and direction retrieved from three VAD scans at the WTHH that are used for preliminary 
determination of direction. Inflow LoS velocity and direction shown in Figure 6, are determined from 
arc scans at the WTHH and distance.  
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Figure 4: Measurements from the DLR scanning Doppler lidars on 26 May 2017, averaged from 21:40 
to 21:50 UTC. On the left, the result of a coplanar scan with retrieval of horizontal and vertical wind 
speeds. On the right, a RHI cut through the wake at approximately 2.5 D downstream, projected onto a 
plane parallel to the ridge is shown for the same time average. 

Figure 5: Measurements from DTU’s WindScanners on 26 May 2017 averaged from 22:40 to 22:50 
UTC. Left: Horizontal wind speeds (Vh) showing the WT wake and tracking to 6 D downstream using 
a Gaussian fit method. The magenta circles indicate DLR’s virtual towers, the black circle shows the 
WT position, the smaller black circle indicates the position of Tower #20. Right: A composite of radial 
wind speeds (Vr) of four scanning lidars, measuring a vertical plane perpendicular to the ridges and 
illustrating the presence of a terrain following low-level jet (wind direction is from the left). 

3 Wake detection and location 
The different scanning strategies employed present an opportunity to explore ways to optimally 
integrate the resulting data and maximise the information extracted from the multiple lidar systems. 
Normally to determine wake characteristics in flat terrain, the coordinates can be rotated to align the 
wake centre allowing features such as the wake width, centre [19], meander etc to be relatively 
straightforward to compute [20] but this approach is difficult to apply in complex flow environments. 
While a freestream wind speed can be indicated using data from the sonic anemometer on Tower 20 at 
78 m height (6.0 ms-1 and 246° at 21:00 UTC, 26 May), it is not representative of the background wind 
speed over the valley (Figure 3 and 4). Similarly, the ridge feature introduces turning (Figure 5) and 
these make determining the freestream field challenging. Below we describe the methods used for 
wake tracking from the individual systems. 
3.1 CU 
As indicated by Figure 6 the wake centre is objectively identified from the CU Galion scans on 2d 
vertical planes at distances from the WT of 2, 2.5, 3, 3.5, 4, 4.5 D (Figure 3, panel j). To account for 
the complexity of the background flow, the anomaly of the velocity field at each point is computed 
from the mean in 20-m heights increments and used to detect the wake. The wake centre is determined 
as the location of the minimum velocity starting the search from the location if the wake propagated 
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on a horizontal plane (shown as the black square in the upper left frame of Figure 6). Figure 6 shows 
the location of the wake centre in black (o) from the observations and in magenta from the interpolated 
velocity field (using cubic spline). As shown, this technique detects the centre of the non-symmetric 
wake and tracks it as it moves down the slope.  
Thus, the methods used to determine the wake characteristics (location in the x, y, z-planes and 
velocity deficit along with wake asymmetry) from the Galion are: i) a minimum in the observed LoS 
anomaly from the height-corrected background wind field ii) the same method but on the wind field 
interpolated using a cubic spline iii) by fitting a Gaussian curve to the LoS velocity deficit (see 
examples in Figure 7). The Gaussian fit is generally a more a successful fit in the horizontal plane than 
in the vertical, probably because vertical shear creates a non-Gaussian profile. 
 

 
Figure 6: Vertical slices of LoS velocity anomaly determined as the difference of observed velocity at 
each scanned point to the background field at that height (Obs=small solid coloured circles) or for a 
field interpolated (coloured contours) using cubic spline (Int) for different distances 2, 2.5 D etc. from 
the WT. Heights are shown relative to the WT hub-height (78 m above the ridge). The black square in 
the first panel indicates the centre determined from the first estimate of the wind direction from the 
VAD scans. The black circles indicate the wake centre from the observations and the magenta circle 
the wake centre from the interpolated field. The magenta-dashed vertical lines indicate the location of 
the vertical slices along the line of sight shown in Figure 7.  
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Figure 7: Example LoS velocity deficits (in ms-1) at Perdigão on 26 May 2017 at 21:06-21:16 UTC, 
21:46-21:56, 22.07-22:17 and 22:37-22:47 UTC at 2.5 D. For each of the four times, the left panel 
shows a horizontal slice through the wake and the right panel a vertical slice. The red lines are 
points observed by the CU Galion, pink lines indicate the wake from the interpolated mesh-grid and 
the black line is from a Gaussian fit. The values above the right-hand panel in each frame shows the 
location of the wake centre (horizontal displacement from a direct centreline and vertical 
displacement from the WTHH), plus the velocity deficit. 
3.2 DLR 
To detect the wake centre from RHI scans of lidar #2, the radial wind speed measurements were 
interpolated to a regular grid with a spacing of 10 m. Starting from 40 m (0.5D) downstream of the 
WT, vertical profiles of wind speeds from 100 m below to 100 m above hub height are fitted to a 
Gaussian function. If a wake is detected, the detection is continued for the next vertical profile 
downstream, using the detected wake centre, width and amplitude as the initial guess for the 
succeeding Gaussian fit. Criteria for a successful fit of a Gaussian function are that the centre of the 
Gaussian is within the bounds of the vertical profile, the amplitude (i.e. wind speed deficit) is not 
larger than the incoming flow, the standard deviation (i.e. width of the wake) is not larger than 300 m 
and the wake centre location does not deviate more than 20 m from the preceding. Figure 8 (left) 
shows the result for a case where the wake follows the flow into the valley but then gets lifted and 
develops a wavy propagation path. For the measurements of lidar #3, the detection of wake centres is 
considerately more difficult, because the wake is seen as a two-dimensional structure with time 
varying shape. Additionally, the wake was diverted into the valley so far that the whole shape could 
not be covered with the lowest elevation angles of the RHI scans. Nevertheless, a detection of the 
wake has been performed with a two-dimensional Gaussian function and Figure 8 (right) shows one 
case of a good detection. 
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Figure 8: Examples of wake centre detection from DLR. Left: detected wake centres (indicated as 
black stars) from RHI scans of lidar #2 from 0.5 to 9D. Right: A two-dimensional wake centre 
detection from an RHI of lidar #3 at 3.5D at approximately the same time. The red cross marks the 
wake centre and the contour lines visualize the shape of the detected Gaussian function. 

3.3 DTU 
Data from the DTU WindScanners are used to derive the u and v component of wind at high temporal 
and spatial resolution. The wake centre is tracked using a Gaussian fit along profiles that are orientated 
perpendicular to the wind direction measured by tower 20. The profiles are positioned 1-6 D 
downstream of the WT. This algorithm works well to determine the horizontal location of the wake 
centre. However, the wake is frequently displaced in the vertical (in this case it was terrain following) 
(Figures 3, 8), thus in some periods the wake can only be tracked up to two 2 D downstream. Figure 5 
shows a period where the horizontal location of the wake can be tracked 6 D downstream. However, 
the wake is not necessarily centred on the measurement plane making it difficult to determine the 
absolute velocity deficit.  

4 Initial integration of the wake characterization results 
There are many challenges in detection and characterization of WT wakes in complex terrain. Flow 
inhomogeneity increases uncertainty in the measurements due to the relatively large scanning volumes 
of lidar. Our initial integration has focused on tracking of the wake centre at different distances 
downwind. Independent estimates of the WT wake location from each group are summarized in Figure 
9 for the four ten-minute periods between 21:00 and 23:00 when horizontal dual-Doppler scans are 
available. As shown, all three lidar systems show consistent directions of the wake advection and also 
that in this two-hour period the wake centre is terrain following. The DTU results are for the near-
wake near-horizontal plane and show a slightly more southerly trajectory. The CU high arc scans show 
the wake centre from the Galion data sampled to reproduce the DTU horizontal scan and are consistent 
with the DTU scans. The wake centre locations determined from the CU scans sampled to retrieve 
wake locations on a horizontal plane at WTHH (i.e. approximately mimicking the DTU scans) and 
following the wake at discrete distances downstream indicate some differences in terms of the wake 
location. This reflects both the challenges in identifying the wake location when the centreline is 
displaced from the horizontal and also the asymmetry of the wake. In cross-sectional view, the wake 
centre detections of CU and DLR lidar #2 and #3 are shown. The wake centre for all four cases is 
always below the DTU scanning plane which suggests that the top of the wake is deflected south while 
the lower part stays in the plane or propagates to the north as suggested by the CU detection algorithm. 
The longest wakes are detected at 21:10-21:20 with clear Gaussian-shaped profiles up to 9 D 
downstream. 
Since the wake shape is highly asymmetric (Figure 6), the differences between the wake centre 
location shown in Figure 9 may be attributable to both the differences in technique used to identify the 
wake centre and the differences in the scan types. Nevertheless, the results are promising and are 
beginning to evolve a clearer picture of the degree of closure it is possible to achieve and what 
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additional information regarding the wake characterization can be yielded by integration data from 
independently operated remote sensing systems. 

 
Figure 9. Wake centre position using data from 26 May 2017 from 21:10-21:20, 21:40-21:50, 22:10-
22:20 and 22:40-22:50 from the three lidar systems. The left column shows the plan view, the right 
column shows the side-view. In the plan view, the scanning plane of DLR lidars #1 and #2, which is 
also used as the projection plane for the side view, is indicated by the yellow line. In the side-view the 
DTU scanning plane with 4.3° elevation is indicated with a pink line. Two sets of results are shown in 
the left panels for CU and reflect the wake centre position at the DTU scan elevation (CU, high arc) 
and from the cross-section such as that shown in Figure 6. 



10

1234567890 ‘’“”

The Science of Making Torque from Wind (TORQUE 2018) IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 1037 (2018) 052022  doi :10.1088/1742-6596/1037/5/052022

 
 
 
 
 
 

5 Summary and future work 
The Perdigão experiment has presented one of the first opportunities to measure WT wakes with lidar 
in highly complex terrain and to investigate the benefits of integrating data from different lidar and 
scanning strategies. While this has proved complicated, due in part to logistical issues that reduced the 
availability of some scans during the IOP, there are also obvious advantages to be gained from 
integrating the scans. While the DTU scans provide high temporal and spatial resolution giving good 
indication of the acceleration and turning of the flow at the ridge, the use of the near-horizontal plane 
means that wakes that are terrain following can only be tracked over a relatively short distance. DLR 
used RHI scans allowing the wake centre to be tracked as it moved down the slope but losing the 
centre if there was significant turning. The Galion scanning strategy covers a large horizontal and 
vertical area but with the cost of reduced temporal resolution.  
We have illustrated the first steps in the process of the integration of these datasets as we work to 
identify common temporal and spatial frameworks that can be utilized for different scans. Since none 
of the instruments were co-located, this proved complex since the wake centre lines were different 
and, given turning at the ridge and wake meander in the valley, no coordinate rotation was possible. 
While the wake centres have been located we need to identify why they are not identical and whether 
this is due to wake asymmetry, the scan type or the detection methods. Following this, the next steps 
are to identify common methods for further wake metrics such as wake width and wind speed deficit. 
It needs to be evaluated if they can be derived from the different scan types and whether it is optimal 
to use LoS wind speeds (as DLR and CU) or wind components as DTU. Integration of the datasets 
will permit an assessment of whether using different types of lidars/scan types can reduce the 
uncertainty in the quantified wake characteristics. 
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1 Faculty of Engineering of the University of Porto, Rua Dr. Roberto Frias s/n, 4200-465
Porto, Portugal
2 DTU Wind Energy, Technical University of Denmark, Frederiksborgvej 399, 4000 Roskilde,
Denmark
3 Currently with Vestas Wind Systems A/S, Design Centre Porto, Rua Lionesa, 4465-671 Leça
do Balio, Porto, Portugal

E-mail: jpalma@fe.up.pt, asl@fe.up.pt, vcgomes@fe.up.pt, calvr@vestas.com,

rmen@dtu.dk, niva@dtu.dk, jmsq@dtu.dk

Abstract.
Computational modeling and lidar scanning data of the atmospheric flow over a double-

ridge (Perdigão) were used to study a 24-hour period on 14–15 May 2017 with a maximum
wind speed of more than 6 ms−1. An influence of the stratification was observed throughout
most of the time, in the form of a lee-wave triggered by the topography or flow separation
further downstream of the ridge. The good agreement between the results obtained by lidar
scanning and computational modeling increases our confidence in the use of either of these two
techniques. See corresponding video at doi.org/10.11583/DTU.7863482.

1. Introduction
In this study, we show how scanning lidars and three-dimensional time-dependent computational
models can be used to increase our knowledge on the flow over complex regions where separated
flow, hydraulic jumps and internal gravity waves were observed. These are phenomena that may
affect wind power production, but are usually not very well modeled when assessing the wind
resources, if modeled at all [1, 2].

Similar phenomena were already observed during Perdigão-2015 [3] and reported in [4],
in the case of southwesterly winds. Here we made use of a small set of the Perdigão-2017
field experiment [5, 6] and compared against simplified flow models, both analytical and scale
laboratory models [7], with which a good qualitative agreement was found. Quantitative
agreement was not sought at this stage, since it is part of an ongoing work, based on a data set
larger than the one used here. Our focus is on the flow dynamics of a 24-hour period (starting on
May 14 at 18:00 UTC) shown by a video [8], to be found at doi.org/10.11583/DTU.7863482,
to which this paper can be considered as a guide.
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2. The case study
Perdigão is comprised by two parallel ridges (129.1◦ and 132.5◦, SW and NE ridges), about
1400 m apart and 215 m above the surrounding region, Figure 1. Two field campaigns took
place in the region, in 2015 [3] and 2017 [5], with the participation of European and US research
groups. The high density of scientific equipment in 2017 has led to a database, still under
organization, which is expected to become an important tool for validation and development of
computational models.

(a) Reference locations (WGS84 UTM 29N): SW and
NE ridges and inlet locations, wind turbine and the
four long-range wind-scanners (LRWS) along transect
A–B (54.7◦, relative to the E-W axis). High resolution
region, 4 km × 4 km, centred at 4396649N 608198E.
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(b) Terrain profile (distance and height in meter,
href = 250 m a.s.l.) and slope along transect A–B.

Figure 1: Perdigão site.

3. Techniques
Computational modeling provides views of the wind flow pattern over large areas, enabling
the identification of flow structures beyond the height of meteorological masts. There is no
experimental technique other than lidar scanning that can provide similar information.

3.1. Computational modeling
To cover the whole range of scales, a chain of computational models was used, from synoptic with
input data from the Global Forecast System [9], passing by WRF [10] mesoscale calculations on
three nested domains (37.5, 7.5, and 1.5 km grids), to micro scales resolved by VENTOS R©/M
[11]. The Reynolds averaged and the k − ε two-equation turbulence model equations were
discretised in a domain of 18 km × 18 km × 10 km; a region (dashed square in Figure 1a) was
horizontally resolved by a regular mesh (40 m), 4 m height close to the ground [4]. Conditions
at the boundaries were updated every 5 min by the WRF results on the 1.5 km grid. The time
step was equal to 1.5 s. The 24 hour (57600 individual time step calculations) animation [8]
consists of 288 frames averaged to 5-minute period (200 time steps), running at 5 frames per
second.

3.2. Lidar scanning
For this study we deployed measurements from four scanning-Doppler lidars [12] on top of the
ridges (LWRS #1 to #4, in Figure 1a). They performed range-height-indicator (RHI) scans
along transect A–B (SW–NE direction), covering a distance of up to 3 km on both sides outside
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°
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(a) At SW inlet (in Figure 1a), 715 m SW of SW ridge.

°

°

(b) At NE inlet (in Figure 1a), 715 m NE of NE ridge.

Figure 2: Froude number, wind speed and direction at hagl = 215 m agl, from 14 May 18:00
UTC until 15 May 18:00 UTC. FL = 0.32, critical Froude number.

of the valley and the region in between the ridges (Figure 1b). Measurements were taken
continuously during the upward movement of the scanning beams, with an averaging elevation
speed of 0.75◦ per second over a range of 3◦. Range gates were placed every 15 m up to a distance
of 3000 m and starting at a distance of 100 m from the scanners. The probe length (full-width
at half maximum) of the scans was about 30 m along the laser light propagation path. Thus
measurement volumes overlapped and the effective size of the measurement volumes increased
with distance because of averaging in the transverse direction while scanning. A single scan took
about 24 seconds to complete. We filtered the data using several consecutively applied methods
to remove measurements that are influenced by hard targets and other artefacts. The 24-hour
animation consists of 3168 individually acquired scans averaged to 5-minute intervals (11 scan)
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and runs at a speed of 5 frames per second.

4. Wind flow conditions: speed, direction and Froude number
Stratification was characterised by the Froude number, F = U/(Nhagl), where U is the wind

speed at hagl (215 m agl) and N , the Brunt-Väisälä frequency, is equal to
√
g/θ ∂θ/∂z, where g

is the gravitational acceleration, and θ and ∂θ/∂z are the potential temperature and its gradient
at the ridge height (hagl).

To monitor the flow development, we show (Figure 2) the computational results of the wind
speed and direction, and the Froude number southwest of SW ridge and northeast of NE ridge,
from 18:00 (14 May) to 18:00 (15 May). There are two main periods: until and after 00:00.
The northwesterly wind (270◦), rotates clockwise to NE (60◦), remaining almost perpendicular
(≈ 70◦) to the NE ridge (129.1◦) until 13:00. The wind rotation, which occurs within a relatively
short period of time (30 minutes), is noticed first (one hour earlier, at 00:00) in the south side of
the SW ridge (Figure 2a). The rotation, though fast, is accompanied by a wind deceleration from
more than 6 ms−1 to nearly no wind (less than 1 ms−1), between 00:30 and 03:00, with the Froude
number reaching a minimum of 0.003 at 02:45. The nighttime period, as expected, displays the
features of a stably stratified atmosphere, with a smoother wind speed time series compared
with the spikier shape during the afternoon, typical of an unstable convective boundary layer.

5. Flow patterns
In this section, we present the flow patterns over the double-ridge, based on the longitudinal
velocity along transect, streamlines, and potential temperature predicted by the computational
model, and the radial velocity measured by the lidars in transect A–B, Figure 1a.

5.1. Phase 1: single layer structure

Figure 3: 14 May 2017 18:15 UTC. Streamlines and longitudinal velocity. Computational results
are VENTOS R©/M micro-scale results (40 m grid) coupled with WRF results (1.5 km grid), based
on input data from NCEP; the terrain is plotted in white.

At 18:15 May 14, the westerly (≈ 270◦, Figure 2a) wind shows in Figure 3 from left to right.
Separated flow regions appear on lee-side of both ridges, starting at the top, due to adverse
pressure gradient; i.e., the flow displays characteristics of a neutral atmosphere. Based on [7],
assuming two-dimensional laminar flow, the critical Froude number FL = D/(Lπ), below which
no waves are possible and flow separation is boundary-layer controlled, is equal to 0.32; here, D,
the water tank depth in the laboratory experiment [7], was taken as the free atmosphere height,
equal to 1500 m, also equal to L, the width of a single hill in Perdigão. Given the differences
between the real flow and the laboratory experiment [7], the agreement between FL and the
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Froude number in Figures 2a and 2b can be considered as a rule of thumb that nevertheless will
be used as an indication of nearly unstratified flow between 18:00 and 22:00 May 14.

5.2. Phase 2: the low-level jet from NE and the two-layer structure

(a) Streamlines and longitudinal velocity. Computations as in Figure 3.

(b) Radial (along the laser beam) velocity, minus sign indicates flow towards the southwest (from
right to left in the plot). Scanning lidar results are composite of four range-height-indicator scans;
the terrain is plotted in grey.

(c) Potential temperature. Computations as in Figure 3.

Figure 4: 15 May 2017 at 02:00 UTC.

During the next four hours (22:00–02:00 UTC), a two-layer structure develops (Figure 4a
and 4b): an upper layer (above 1000 m a.s.l.), free atmosphere, made of southeasterly winds,
decoupled from the bottom layer (below 800 m) of low wind speed flow, driven by a northeasterly
jet flow of cold air at 500 m a.s.l. (Figure 4c). As the jet strength increases, the flow accelerates
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over the two-ridge topography, and internal lee-waves emerge. Separated flow regions do not
occur on the lee-sides, they are not set by pressure gradient and the Froude number is about
0.03 (Figures 2a and 2b). According to [13] the low-level jet (LLJ) originates from the plateau
between Serra da Estrela and Sierra de Gata mountain ranges, N and NE of Perdigão and
the turning of the wind direction is induced by slope and valley winds under weak synoptic
conditions.

(a) Streamlines and longitudinal velocity. Computations as in Figure 3.

(b) Radial (along the laser beam) velocity, minus sign indicates flow towards the southwest (from
right to left in the plot). Scanning lidar results are composite of four range-height-indicator scans;
the terrain is plotted in grey.

(c) Potential temperature. Computations as in Figure 3.

Figure 5: 15 May 2017 at 07:40 UTC.

The lee-wave pattern is the characteristic of most of the nighttime period, with Froude
number about 0.1 (Figures 2a and 2b). Figure 5, at 07:40, was selected among many, by
its quality to illustrate the atmospheric phenomena being present during this period and the
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(a) Streamlines and longitudinal velocity. Computations as in Figure 3.

(b) Radial (along the laser beam) velocity, minus sign indicates flow towards the southwest (from
right to left in the plot). Scanning lidar results are composite of four range-height-indicator scans;
the terrain is plotted in grey.

Figure 6: 15 May 2017 at 11:00 UTC.

ability of both the remote sensing and the computational techniques to capture them. The lee-
waves, triggered by the first (NE) ridge, have a wavelength of about the distance between ridges
(λ ≈ 1400 m, Figure 1b) and reach a height of 1000 m; i.e., they are trapped upwards by the top
homogeneous layer of southwesterly winds, with a transition layer in between, made of large and
highly stretched (length/height ratio higher than 10) vortex structures. The waves have a major
impact on the flow, yielding a high wind speed (6 m/s) at the top of the ridge, at a distance
of about 100 m agl, with consequences on the operation of wind turbines. The flow is almost
fully attached in the valley. In the lee-side of the second hill there is no wake vortex, as would
be expected under neutral conditions; on the other hand, after the hill at x = −1500 m and
close to the ground, a lee-wave-type rotor [14] was observed and predicted. Both lidar scanning
and computational model agree on the time of occurrence, length, height and location of this
region, which is also a large mass of cold air, as shown by the potential temperature in Figure
5c. The agreement goes through the whole nighttime, from the beginning until the end of the
lee waves, including cycles of creation and destruction of this rotor structure via hydraulic jump.
This is also an indication of the sensitivity of the flow pattern to the Froude number variation
experienced during the night.

5.3. Phase 3: the convective boundary layer and the end of the two-layer structure
The time of the establishment of an unstable atmosphere is typically 3 to 5 hours after sunrise (at
6:20), as can be seen on the Froude number increase after 10:00 (Figure 2). At 11:00, Figure 6,



WindEurope

IOP Conf. Series: Journal of Physics: Conf. Series 1222 (2019) 012006

IOP Publishing

doi:10.1088/1742-6596/1222/1/012006

8

both the computer model and the lidar measurements display high activity in the transition
layer, about 1000 m, reaching up to 1500 m. The wave-like structure is weakened, after which
a new cycle will be reinitialised.

6. Conclusions
The observations by scanning lidars of the Perdigão site showed a large variety of flow
phenomena, namely an accelerating low-level jet over two ridges, gravity waves with a length
equal to the inter-ridge distance, attached flow downstream of both ridges and a stationary rotor
1500 m downstream of the downwind ridge. All these characteristics were well reproduced by
the coupled models.

The good qualitative agreement between the results obtained by scanning lidar and
computational modeling increases our confidence in the use of either of these two techniques.
Many aspects of the physics of the atmosphere were disclosed that are relevant to wind resource
analysis and wind turbine operation, which cannot be revealed by point-based measurements.

As a final note, because Figures 3–6 cannot convey a comprehensive view of the flow, with all
its dynamics and complexity, we strongly recommend the viewing of the video [8] corresponding
to this study.
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[3] N Vasiljević, J M L M Palma, N Angelou, J C Matos, R Menke, G Lea, J Mann, M Courtney, L F Ribeiro,
and V M M G C Gomes. Perdigão 2015: methodology for atmospheric multi-Doppler lidar experiments.
Atmos. Meas. Tech., 10:3463–3483, doi.org/10.5194/amt-10-3463-2017, 2017.
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