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A U.S.–European collaborative field campaign with unprecedentedly dense instrumentation
collected data for process, modeling, and wind-resource-mapping studies at microscale.

D

uring 1 May–15 June 2017, some 70+ scientists,
engineers, and support personnel converged
on Vale do Cobrão, located in central Portugal
within the municipality of Vila Velha de Ródão, for a
unique field campaign designed to study microscale
details of mountain winds (Fig. 1). Dubbed Perdigão
(partridge in Portuguese) after a nearby village, the
campaign culminated a decade-long preparation
of European Union (EU) scientists to create a New
Digital EU Wind Atlas (NEWA) at microscale resolution (see sidebar). The topography of Vale do Cobrão
resembles a textbook case of a two-dimensional
(2D) valley within parallel ridges, with annual wind
climatology perpendicular to the ridges. Adding
value to the site is a lone wind turbine (WT) on the
southern ridge. In 2013, a group of investigators
from the United States was invited to join with U.S.
agency support, forging a productive cross-Atlantic
research partnership with complementary goals: understanding and modeling of microscale processes in
complex terrain, including wind turbine wakes (U.S.
group) and developing skilled microscale models
with enhanced wind energy physics that would help
NEWA (EU group; Mann et al. 2017). The principal
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investigators as well as science drivers are listed in
the supplemental material (https://doi.org/10.1175
/BAMS-D-17-0227.2).
More than 70% of the Earth’s land surface
is in complex terrain (Strobach 1991), and thus
mountain meteorology has attracted the attention of a wide range of constituencies, including
climatologists (Gobiet et al. 2014), fluid dynamists
(Fernando 2010), and wind engineers (Alfredsson
and Segalini 2017). Most past research has been on
mesoscales (~1–100 km), spurred by air pollution,
aviation, warfare, and energy applications. Large
field projects with mesoscale emphasis abound,
some examples being Vertical Transport and Mixing (VTMX; Doran et al. 2002), the Terrain-Induced
Rotor Experiment (T-REX; Grubišić et al. 2008),
MATERHORN (Fernando et al. 2015), and the
second Wind Forecast Improvement Project (WFIP2; Wilczak et al. 2019). More recently, however,
microscale flows in complex terrain have received
increasing interest owing to growing applications in
wind engineering (Clifton et al. 2014), firefighting
(Li et al. 2016), and winter sports (Kiktev et al. 2017).
Complex terrain is being increasingly pursued for
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electricity production is
approx imately proportional to the cube of wind
speed, small errors in wind
speed lead to unacceptable
errors in energy production estimates. This calls
for advances in wind forecasting tools, microscale
models in particular, for
which field data are imperative for understanding of
wind-energy physics and
model validation (Ayotte
2008). High-resolution
meteorological data are
scarce, however, and research and development
work over the past three
Fig. 1. The geographic location of double-ridged Vale do Cobrão (red star) in
central Portugal. A picture of the valley, looking northwestward (down valley),
decades have heavily relied
is in the inset. A single wind turbine is on the southern ridge.
on the single-hill Askervein experiment conductwind farms, especially in Europe, because complex ed in the 1980s (Taylor and Teunissen 1983) and a
terrain areas are readily found away from human few small-scale field experiments (Palma et al. 2008;
settlements and available flat terrain suitable for Berg et al. 2011; Lange et al. 2017).
wind energy production is at a premium (Alfredsson
The Perdigão field campaign was designed to
and Segalini 2017). Complex terrain offers the ad- gather a comprehensive dataset of unprecedented
vantages of wind amplification at ridges, flow jetting resolution to address knowledge gaps in wind-energy
through canyons, and remoteness from urban com- physics, develop new parameterizations, and help
munities with strict noise regulations. Conversely, validate models while contributing to NEWA objecturbulence levels, gustiness, and wind variability are tives. The campaign location (Fig. 1) offered many
much higher in complex terrain, stoking challenges advantages, including a (nominally) simple f low
to WT operations.
configuration. An assemblage of cutting-edge sensors
The WT rotors sweep the atmospheric bound- catered the science goals of participants that ranged
ary layer (ABL), which is characterized by shear, from multiscale physics studies, to wind mapping at
veer, stratification, gusts, and turbulence. Since ~25–50-m resolution, to turbine wake investigations,
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Fig. 2. The response of complex-terrain atmospheric boundary layer to south-southwesterly synoptic forcing
based on meso- and microscale simulations and Perdigão measurements (see supplemental material). The
synoptic flow is influenced by Serra da Estrela (e.g., Lousã-Estrela and Alvelos-Gardunha) mountains to the
northwest (~40 km) and by S. Mamede to the southeast. The height of the topography (see color bar), latitude
λ, and longitude φ are shown. Blue lines show synoptic flow and mustard yellow lines represent synoptic flow
disturbed by large-scale topography. Perdigão double ridges are shown by bumblebee-yellow lines. White lines
indicate mesoscale flow formed by strong interaction of synoptic flow with large-scale topography, and green
shows microscale flows within and surrounding Perdigão ridges swayed by local topography. Other predominant
approach flow directions also produce kindred complex 3D flows.

to noise propagation studies. The data are archived
in multiple locations and are expected to set the gold
standard for microscale model validation studies.
PROCESSES AND INTERACTIONS. The
design of Perdigão was guided by previous laboratory, theoretical, and numerical studies of (idealized)
flow over topographies (Queney 1948; Long 1955;
Brighton 1978; Baines 1998; Belcher and Hunt 1998;
Boyer and Davies 2000; Castro et al. 2003) as well as
field studies (Taylor et al. 1987; Walmsley and Taylor
1996). It was recognized that natural flows tend to
be capricious and represent a (nonlinear) mix of
processes mingled in a way as to obscure individual
phenomena. While Askervein is hailed as close to
an idealized axisymmetric topography, studies have
found that nearby mountains could influence Askervein flows (Kim and Patel 2000). Similarly, we found
that the initially perceived two-dimensional flow in
Perdigão rarely exists below and just above the ridges
[<600 m above mean sea level (MSL)] despite uniform
synoptic flow aloft (>1,000 m) because of topographic
steering. This three-dimensional (3D) nature of
the flow is schematized in Fig. 2, drawn based on
AMERICAN METEOROLOGICAL SOCIETY

measurements and simulations (see supplemental material). Notwithstanding this added complexity, basic
flow phenomena characteristic of 2D valleys were still
evident in Perdigão. Some flow processes studied by
the Perdigão investigators are summarized in Fig. 3
on the backdrop of an idealized 2D double ridge with
ridge-normal synoptic flow in the presence of a WT.
Two major mesoscale flow types are identified for
complex terrain: thermal circulation due to heating
and cooling of topography and synoptically forced
f lows through topographic features. The former
includes upslope (anabatic) and downslope (katabatic) winds driven by buoyancy forces and upvalley
and downvalley winds driven by temperature (and
hence local pressure) gradients along the valley axis
(Whiteman 1990). Flows emanated as a result of the
interaction of topography with synoptic flow are also
common, and such (mesoscale) flows need not follow the direction of thermal circulation (e.g., Fig. 2).
Synoptic flows are energetic, and so are the ensuing
circulations; thus, thermal circulation only appears
under weak synoptic conditions. On the microscale,
weak (~1 m s–1 at 2 m) thermally driven flows are possible via surface thermal inhomogeneities (Rife et al.
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Fig. 3. Possible microscale processes in an idealized 2D valley.

2002), which are usually overshadowed by microscale
flows (≥3 m s–1) resulting from synoptic and mesoscale
flows modified by the topography (Fig. 2).
When thermal circulation is dominant, nocturnal
katabatic flows draining down from the mountains
generate stable stratification in the valley. If exit
flow is nonexistent or restricted, cold air so drained
accumulates (or pools) in the valley. Internal wave
breaking, collisions between different katabatic flows,
seiching, and (directional) shear are common mixing
mechanisms in cold pools (Fernando et al. 2015). In
the morning, heating of the ground generates turbulent convection, and stable stratification is destroyed
through a complex sequence of processes, leading to
upslope flow and subsidence in the valley (Princevac
and Fernando 2008). Separation of upslope flow may
lead to deep convection and precipitation (Banta
1984). Evening transition begins with the radiative
cooling of the ground, whence upslope flow transitions to downslope flow accompanied by a rich variety of flow phenomena (Hunt et al. 2003).
When the synoptic effects are dominant, flow
behavior is governed by the stability of the f low,
typically characterized by a gradient Richardson
802 |
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number, a normalized mountain height, or height
normalized by the Monin–Obukhov length scale
(Kaimal and Finnigan 1994; Baines 1998). (In the
Perdigão study, however, the flow and fluxes were
strongly horizontally inhomogeneous, and thus the
use of Monin–Obukhov framework could not be justified.) When the flow is neutrally stratified and the
slopes are small, both the mean flow and turbulence
are distorted in a thin layer over the hill (Jackson and
Hunt 1975), but when the slope angles become larger
flow separation and a recirculation zone are possible.
When stably stratified, a myriad of flow phenomena
[e.g., topographically trapped (lee) waves, progressive
internal waves, rotors, hydraulic jumps, shear layers,
recirculation and upstream blocking] may appear. It
is customary to use the normalized mountain height
to describe flows for this case (Baines 1998).
When a succession of 2D ridges is present, separated
flows at the ridges and their interaction with the valley flow lead to a rich variety of unsteady phenomena
(Rockwell 1983; Rapp and Manhart 2011). Possible
flow types include coherent structures in shear layers,
entrainment, recirculation, and interactions between
separated flows (Cummins 2000). Topographic gaps

along the ridgeline are common, where additional flow
phenomena appear. In neutral flows, shear layers at the
gap interact with the lee slope and valley flows. Intriguing gap-flow phenomena are expected under stably
stratified conditions (Gaberšek and Durran 2004),
including leeside internal hydraulic jumps, flow jetting, gravity wave breaking, and undular bores (Baines
1987; Chen et al. 2004). In some cases, accelerating flow
plunges down the slope as a compact current, while
warming as it descends and causing vigorous mixing
in cold pools (Mayr et al. 2007).
Of interest at the Perdigão campaign was the WT
wake, especially the influence of atmospheric stability on wake dynamics. Stable stratification triggers
unsteady and oscillatory phenomena that modulate
wake signatures (Yi 2009; Barthelmie et al. 2016;
Yang et al. 2017) whereas convective turbulence may
obliterate wakes (e.g., Ching et al. 1995). The design of
Perdigão incorporated measurements of entrainment,
turbulence, trajectory, evolution, and recovery as well
as acoustic propagation (Hubbard and Shepherd 1991)
pertinent to WT wakes in complex terrain.
SITE SELECTION AND CLIMATOLOGY. In
a workshop held in January 2011, the NEWA consortium announced that the primary land-based field
campaign would be in complex terrain (see sidebar),
with emphasis on flow up to the height of modern
large WTs (~150 m). A 6–12-month extended monitoring program (EMP; with limited instrumentation
operating continuously) followed by a 1–2-month
intensive operational period (IOP; with all systems go)
was recommended. The selected site was to represent
challenges of wind resource and load estimations on
a representative topography (e.g., steep slopes, flow
separation). A moderate level of complexity was sought,
to build upon Askervein and other microscale studies.
In addition to traditional wind-energy-relevant parameters such as wind speed and turbulence profiles, the
campaign was to measure spatiotemporal gradients
and turbulent fluxes that affect the ABL stability and
the surface pressure for testing of methods for coupling
microscale and acoustic models. Evaluation of five
candidate proposals led to the selection of the Perdigão
site. Major deciding factors were the quasi-2D doubleparallel-ridge topography, approximate ridge-normal
annual wind climatology and horizontally isotropic
turbulence (see supplemental material), the presence of
only a few but disparate land-cover types, accessibility,
local community support, a single WT (ENERCON;
2-MW/82-m diameter) operational on the southern
ridge, and years of meteorological data available from
a 100-m mast collocated with the WT.
AMERICAN METEOROLOGICAL SOCIETY

EVOLUTION OF A MEGAPROJECT

P

erdigão is the largest of five NEWA campaigns funded
by the European Research Area (ERA)-NET+, an EU
funding instrument contributed by eight EU nations. The
other NEWA campaigns are focused on forested hills (Kassel in Germany), offshore (northern Europe), large-scale
topography (Alaiz Mountain, Spain), and heterogeneous
forest (Hornamossen in Sweden). In NEWA, at least
10 years of mesoscale simulations with 2–3-km resolution
will be downscaled to microscales (~100 m; seconds to
hours) using statistical and dynamical (RANS and LES modeling) methods. Together with high-resolution field data,
this will produce maps of wind statistics at microscale grid
points and at wind turbine relevant heights, covering EU
member states and their exclusive economic zones (Mann
et al. 2017). NEWA will be a standard for site assessment
and a key tool for manufacturers and developers, public
authorities, and decision-makers.
The joining of U.S. groups in 2013 for the Perdigão
project and ensuing funding from the U.S. NSF in 2015
under the large field campaign category of the NCAR
EOL greatly enhanced the scope of the Perdigão project.
Under the EOL/NSF umbrella, the following were funded:
University of Notre Dame (UND), Cornell University
(CU), University of California, Berkeley (UCB), University
of Colorado Boulder (CU-Boulder), and University of
Oklahoma (UO). The microscale research group of the
U.S. Army Research Laboratory (ARL) joined in 2015 with
significant resources. The main EU Perdigão participants
were the DTU, University of Porto (UP), Institute of Science and Innovation in Mechanical and Industrial Engineering (INEGI), University of Oldenburg (UOL), Deutsches
Zentrum für Luft-und Raumfahrt e.V. (DLR), and Portuguese Institute for Sea and Atmosphere (IPMA). A series of
EU–U.S. group meetings and site visits between July 2013
and May 2015, a science workshop at University of Notre
Dame during 25–26 September 2014, a pilot experiment
in May–June 2015, and a comprehensive all-hands meeting
in 10–13 May 2016 in Vila Velha de Ródão, a town abutting
Vale do Cobrão, helped develop modus operandi for this
large international field campaign. The supplementary
material provides further details on participants. (Also see
www.eol.ucar.edu/field_projects/Perdigão; for video, see
https://perdigao.fe.up.pt/.)

The detailed climatology played the decisive factor
in selecting the IOP period. The region has an average annual precipitation of ~760 mm, nearly 80% of
which occurs between October and April owing to
Atlantic extratropical depressions. May and June
represent 12% of the total annual precipitation. High
gusts (>25 m s–1) and hail events take place in winter
and early spring, with occasional tornadic activity
from November to January. During late autumn and
winter, the minimum temperatures range from −4.7°
to 16.8°C and the maximum from 2.7° to 25.4°C. The
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Fig. 4. Diurnal variation of 60-m (a) wind direction and (b) wind speed on 1 Jun, a clear-sky S3 day, at different
towers on the ridge top (masts 37, 20, and 29) and in the valley (mast 25). Wind climatology of 60-m wind for
S3 regime (21 days) days during the IOP, at (c) mast 20 and (d) mast 25. Wind climatology for the entire IOP
period, at (e) mast 20 and (f) mast 25. Calm indicates the percentage of cases with wind speed <1 m s –1. Mast
locations are given in Fig. 5.

warmest and driest months prone to fire hazards
are July and August, with maximum temperature
on average exceeding 30°C for more than 21 days.
Considering all, 1 May–15 June 2017 was selected for
the IOP, with EMP covering the preceding 6 months.
The summer break coincided with most IOP days,
facilitating undergraduate and graduate student
participation.
804 |
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The daily climatology was crucial for operational
planning, for which a weather type classification
developed for the North Atlantic–western European
sector (25°–70°N, 30°W–10°E) by Santos et al. (2016)
was used. Accordingly, there are eight synoptic types:
S1, S2, and S3 (typical summertime types); W1, W2,
and W3 (wintertime types); and B1 and B2 (blocking-like types). The daily synoptic classification

for the IOP is given in the
supplementa l materia l.
The most frequent weather
type during the IOP was
S3 (44%), characterized by
the Azores high and a high
pressure belt over western
Europe. On a typical clearsky day of S3 regime, winds
at 60 m exhibited a diurnal
cycle of thermal forcing
(Figs. 4a,b). At night and
early morning, the winds
are weak, with intensity increasing during early afternoon and peaking around
170 0 U TC (18 0 0 loc a l
time). The ridge-top wind
is northeasterly (NE) until
around 1000 UTC, shifting to southwesterly (SW)
and then to westerly (W)
around 1500 UTC before
becoming northwesterly
(NW) in the evening. The
valley nocturnal winds are
light and variable in direction, but as the upvalley
flow developed during the
day the flow direction stabilized to NW.
During the 21 days of the
S3 regime, on the southern
ridge line (mast 20, at 60 m,
to be discussed next) the
prevailing winds were W
to SW ranging from 5 to
Fig. 5. Instrumentation deployed at the Perdigão campaign. Color-coded sym8 m s–1. Wind speeds greater
bols indicate the type of instrumentation or tower type and the wind turbine
–1
than 8 m s are more fre(see legend below figure). Transects (1 and 2) and supersite locations (white
quent for W and NE winds
lettering) are shown. A cluster of instrumentation was placed in supersites
(Fig. 4c). Overall, W to SW
for focused process studies (also see Fernando et al. 2017).
winds are dominant with a
secondary maximum of NE
on the ridges (Fig. 4c). In the valley, as expected, the INSTRUMENTS AND SITING. The plurality of
wind speeds are lower, mostly ≤3 m s–1, and SE winds participating research groups permitted deployment
dominate (Fig. 4d). During the IOP period, the wind of dense arrays of instruments (Fig. 5) to examine
climatology indicates the dominance of ridge-normal the microscale granularity of atmospheric structure
component at the ridge top, similar to the S3 regime over an area of ~4 km × 4 km, thus delineating flow
(Fig. 4e) but with higher wind intensities when com- phenomena depicted in Figs. 2 and 3. The instrument
pared to S3 days (Fig. 4c). In the valley the wind regime siting was strategized to help address science goals
during the IOP (Fig. 4f) is also similar to S3 regime, within logistical constraints; as such, instruments
as a consequence of the prevalence of the S3 regime were mainly clustered in supersites, although some
during the IOP.
were spread around as needed. The observational
AMERICAN METEOROLOGICAL SOCIETY
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strategy relied on an intensive distributed network
of 49 active meteorological towers (masts), 18 scanning and 8 profiling lidars, 1 water vapor differential
absorption lidar (DIAL), 1 profiling radar, 1 profiling radar radio acoustic sounding system (RASS),
2 profiling sodar RASS, 2 radiosonde launch sites,
2 microwave radiometers (MWR), 2 tethered lifting systems (TLS), 1 scintillometer, 1 ceilometer, 9
acoustic sensors (microphones), 3 seismometers, 4
high-resolution microbarometers, and an aerosol
particle-sizing instrument. Also deployed was the
Collaborative Lower Atmospheric Profiling System
(CLAMPS), which includes a scanning Doppler lidar, Atmospheric Emitted Radiance Interferometer
(AERI), MWR, and a Vaisala WXT-530 weather
transmitter (Wagner et al. 2019).
The meteorological towers carried a total of 195
three-component sonic anemometers, 55 temperature–humidity sensors, 22 barometers, 8 microbarometers, 14 radiometers, 17 CO2/H2O gas analyzers,
13 wetness sensors, 16 heat/moisture flux sensors, 5
thermohygrometers, and 3 pyrgeometers. The instruments were mounted at heights 2, 10, 20, 30, 40, 60, 80,
and 100 m above ground level (AGL), depending on
instrument availability and science needs. All towers
recorded the local mean velocity, turbulence, heat,
and momentum fluxes using sonic anemometers to
help process and modeling studies. A subset of 16 of
the towers directly measured all terms of the surface
energy balance (flux towers). Given the complexity
and heterogeneity of terrain, the measurement footprint of each tower was limited, and hence an array
of towers was deployed along two representative
cross sections. They included i) two cross-ridgeline
transects, where the transect north of the orange site
(approximate center of the campaign domain) was
dubbed transect 1 and to the south was transect 2
(Fig. 5); ii) a line along each ridgeline; and iii) a line
along the valley. Transect 1 passed through a ~700 m
× 150 m × 55 m gap on the northern ridge. The campaign area was covered with a vegetative canopy of
variable height (mean height ~10 m). Tower measurements included observations from both below and
above the vegetative canopy. Even with this quantity
of instrumentation, not all of the heights could be
populated on each tower. The (standard) 10-m level
always had a sonic anemometer (even when it was
inside the canopy), and the 2-m level was used only
on transects 1 and 2; the latter was decided based on
in- and above-canopy flow interactions studies (e.g.,
Belcher et al. 2008) that called for measurements
across the valley in the tree canopy and availability
of sonics. Transects 1 and 2 offered studies of two
806 |
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types of canopies with different leaf areas indices,
with the latter affected by turbine wake when cross
ridge flow was present. The along-ridge 2-m flow
was deemphasized, as vegetation therein was sparse.
The National Center for Atmospheric Research
(NCAR) in situ Data Acquisition Software (NIDAS)
collected all tower data in real time through an extensive Wi-Fi network. Each sample was time tagged to
microsecond resolution. Several towers on the ridge
were augmented with seismometers and microbarometers to investigate high-resolution wind, pressure,
ground vibrations, and seismic response (Hu et al.
2017). A set of lidars along with aerosol sizing instruments were codeployed in the Orange Grove site to
compare wind speed profiles derived from Doppler
lidars vis-à-vis direct-detection lidars under varying
aerosol burdens.
Towers sampled the wind velocity, temperature,
moisture, turbulence, and fluxes at 20 Hz. The TLS,
radar wind profilers, MWR, sodar, and water vapor
DIAL measured vertical profiles at selected positions
and heights. A digital theodolite was used to survey
the position and orientation of each instrument
to a centimeter accuracy, allowing observations to
be placed in the context of topographic maps and
canopy structure measured from helicopter-based
topographic laser scans prior to the experiment
(Vasiljević et al. 2017).
Perdigão employed cutting-edge lidar technology.
The coverage was unique and extensive, with multiple
lidar units operating in coordinated or autonomous
modes, measuring flow and turbulence at 25–75-m
resolution. In this method, two or more scanning
Doppler lidars (Wang et al. 2016; Vasiljević et al.
2016) are configured to synchronously retrieve the
radial [line of sight (LoS)] component of winds at
the probe volume. Controlled steering of beams by
a master computer allows measurements within a
hemispherical volume in a three-dimensional continuum of points from about 50 m out to a maximum
of about 5 km. This coordination enables retrieval of
two (two or more lidars) or all three (three or more
lidars) wind velocity components without assuming horizontal homogeneity of the flow. Multilidar
analysis produces full-scale, time-varying, 3D maps
of wind velocities, turbulence, and Reynolds stresses,
covering horizontal areas of tens of square kilometers
and heights up to the ABL top (~1 km), following a
myriad of measurement surfaces including “mobile”
virtual towers (Calhoun et al. 2006). An antecedent
pilot experiment was conducted at the same site in
May–June 2015 to help configure lidar layout and
fine-tune scanning patterns (Vasiljević et al. 2017).

Fig. 6. Radiosonde data on 11 Jun (by UND and NCAR), with southwesterly synoptic forcing ~0400 UTC (weather
type W3). Blue is outside the valley (George site), and orange is inside the valley (Orange Grove site). Inset
shows the valley temperature at the 100-m tower (25). The Θp is potential temperature. Sites are given in Fig. 5.

The research team operated out of a control center
located in Alvaiade within the Vila Velha de Ródão
municipality. Data arriving at the control center could
be viewed in real time or near–real time. Decisions
on day-to-day operations were made during a daily
planning meeting after inspection of latest data, upon
receiving project updates from participants, and reviewing weather forecasts from IPMA.
DATA COLLECTION AND USER ACCESS.
A data management working group selected by the
science team was responsible for developing a workable data policy that echoed community consensus.
It addressed the issues of using a common format,
metadata structure and content, and dataset documentation. Data collected by the bevy of diverse sensors
were uploaded to the Earth Observing Laboratory
(EOL; United States), University of Porto (UPORTO;
Portugal), or Technical University of Denmark (DTU;
AMERICAN METEOROLOGICAL SOCIETY

Denmark) repositories. Standard data formats [e.g.,
Network Common Data Form (netCDF)] were encouraged, including documentation of metadata. All mast
data were streamed to the control center and uploaded
to EOL repository after quality control. Other datasets
were collected using procedures defined by data producers and later uploaded to the archives depending on
the scope. The archives are periodically synchronized
to achieve consistency. As the datasets produced are
in great number and in many different formats, an escience computational platform that uses data servers,
distributed network and web technologies is in place
(Gomes et al. 2014) to assist users to locate datasets of
interest. The users may explore data in the following:
• UPORTO (http://perdigao.fe.up.pt),
• United States (www.eol.ucar.edu/field_projects
/Perdigão), and
• EU (www.neweuropeanwindatlas.eu).
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All parties agreed that Perdigão data should be publicly
available after 15 June 2018,
though it takes a longer time to
completely mirror the databases.
PRELIMINARY RESULTS.
General flow patterns. Mesoscale
flows induced by the interaction
of synoptic f low with regional
terrain were prevalent, which,
steered by local terrain, led to
surprisingly complex microscale
flows in Vale do Cobrão (Fig. 2;
supplemental material). The W
to SW synoptic f low produces
N to NE mesoscale flow at the
northern ridge, which, when
assisted by valley thermal forcing, may produce stronger nocturnal valley f lows than what
is expected under pure thermal
forcing. (Sometimes the synoptically and thermally driven valley
flows are in opposite directions.)
Figure 6 vividly depicts the SW
synoptic flow at >1,000 m MSL
(~6–10 m s–1) and N to NE or W
mesoscale circulation just above
the ridges (400–700 m) based on
radiosonde observations outside
and within the valley, indicating a layered f low with shear.
This is further corroborated
by the range–height indicator
(RHI) scans of quadruple lidar
retrievals shown in Fig. 7a. Of
the 20 scanning lidar units, four
were optimized to work as a
WindScanner system to generate
vertical slices of flow as shown.
Guided by the 2016 pilot experiment, four lidars were placed
pairwise on top of the two ridges
so both sides of the ridges could
be scanned (Vasiljević et al. 2017).
Fig. 7. Composite of quadruple scanning lidars, 10-min-averaged data by DTU (timestamp at the beginning of a
period). All scanners measure in a vertical plane from SW on the left side to NE on the right side, perpendicular
to the ridges, and the lidars are close to the summit of ridges (Fig. 5). The sign of the radial or LoS (along beam)
velocities is positive (yellow) from left to right (southwesterly) in all cases and negative (dark blue) is opposite.
(a),(b) Nocturnal stably stratified flow layers, (c) unstable flow during the late afternoon, and (d) wavy flow during
early night. In (d), G = Nh/U ≈ 0.1 (based on 100-m tower 20 on the southern ridge) or G = 0.75 (tower 29 on the
northern ridge). The value of G for other cases is discussed in the text.
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In Fig. 6, the near-surface flow is down valley (E
to SE), the same direction as the surface flow outside
valley due to deflection of N mesoscale circulation
by the northern hill, which generates a stratified flow
parallel to the ridge (Fig. 2). The stable stratification
within the valley is formed by radiative cooling, pooling of slope flows, and SE flow entering the valley. The
valley stratification, however, is weaker (0.05 K m−1;
from tower 25) compared to outside (0.08 K m−1;
radiosondes) because of valley mixing processes
depicted in Fig. 3 (Monti et al. 2002; Princevac et al.
2008).
The salient parameter describing stably stratified flow approaching normal to a 2D mountain of
height h with an approach velocity U and buoyancy
frequency N is the dimensionless mountain height
G = Nh/U (Baines 1998). Evidently, G > 1 is an indicator of the nonlinearity of flow. When G < 1, lee waves
of wavelength much larger than h appear with an
elongated separation bubble. When G ≈ 1, resonant lee
waves appear with a shorter wavelength. For G > 1 the
wavelengths become still shorter, rotors appear near
the surface, and wave breaking occurs above the lee
forming turbulent regions (Baines and Hoinka 1985;
Silver et al. 2019). For 0.5 < G < 2 upstream propagating columnar wave modes appear. Upstream blocking
occurs for G > 2, which is a 2D analog of the dividing
streamline concept (Leo et al. 2016).
Several parameters are used to describe the relative
importance of thermal and overlying flow (inertial)
effects. Mason (1987) introduced FM = (2U2θ/ΔBh*)1/2
to describe the effacing of valley stable stratification
by overlying flow. Here ΔB is the buoyancy contrast
between the valley and the overlying flow, h* is a
vertical scale of buoyancy perturbations, and θ is
the slope angle. Smaller Mason parameter FM implies
stronger stability at the ridge level and hence less
penetration of flow into the valley or less ventilation (i.e., vertical exchange across the ridge level). A
critical value demarcating synoptic and ventilation
dominated regimes is not yet reported. Alternatively,
some have argued that ridge-top ventilation is possible when G < Gc (Poulos et al. 2000), but a consistent
critical value Gc has not emerged, with available data
suggesting a range of 0.5–2.3.
Overall, the multiple-scanning Doppler–lidar approach provided an excellent space–time overview to
place Perdigão flows in the context of above discussion. High space–time-resolution lidar observations
of complex-terrain flow structures such as recirculation zones have been reported previously, but mostly
using single-scanning lidars (Lange et al. 2017). In
Fig. 7a, at 0400 UTC, G (~5) is very large at the ridge
AMERICAN METEOROLOGICAL SOCIETY

level; thus trapped lee waves are not supported. In
addition, the flow is conducive for upstream blocking, which is corroborated by upstream reverse flow.
The buoyancy jump at the ridge level was sufficient
to suppress ventilation. For Fig. 7a, small FM (~0.1)
aptly characterizes this weak ventilation. The layered
flow downstream of the aft ridge is a classic case of
strongly stably stratified flow. The vertical “disconnect” across the ridge top is clear from the change
of wind direction at the ridge level from NE aloft to
the SE in the valley. Figure 7b shows the scans taken
three hours earlier (0100 UTC) with G ≈ 1.1 and
FM ≈ 0.15 at the ridge level, showing proximity to a
(short wavelength) wave regime without ventilation.
Recall that these meso- and microscale flows are
sensitive to synoptic weather types (see supplemental
material), and the conditions discussed above are a
few of many possibilities.
Two examples of flow mapping using quadruplelidar RHI scans along the transect 2 are shown in
Figs. 7c and 7d. In both, the flow is generally from left
to right (southwesterly), roughly normal to the ridges.
In the late afternoon, a strong speedup of flow over
the first ridge is seen (Fig. 7c), with a recirculation
zone of light winds in the lee and an elevated shear
layer over the valley. Higher wind speeds occur over
the second ridge, again followed by an elongated
recirculation region. The recirculating zone within
the valley appears to be affected by the confinement,
and the recirculation zone behind the first ridge
does not reach the second. Two hours later, when
stable stratification is developing rapidly, the flow
becomes radically different (Fig. 7d). Here a large
pool of almost stagnant air extends for more than
a kilometer upstream of the first ridge, indicating
possible upstream columnar wave modes and some
blocking. A pool of stagnant air is also seen in the
valley, pushed toward the second ridge and forming
a dense air wedge. Recirculation zones in the wake
of the ridges are shallower and shorter than during
the daytime. The speedup on the second ridge is
slightly larger than on the first, and, interestingly,
the strongest winds occur a kilometer downstream of
the second ridge. The velocities before the “blocked”
region are generally weaker than after it, possibly due
to larger flow area. The winds above 1,000 m MSL are
generally very weak, or even slightly reversed. In this
case the wavelength matches the inter-ridge spacing
of 1,500 m, with a mean wind speed of 7.5 m s–1 in the
wave zone of N ≈ 0.03 s–1. The local N derived from
the 100-m masts on ridge tops is less than a tenth of
that above, but a few hours later into the night it does
increase close to the wave oscillation frequency. The
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Fig. 8. (top) Data retrieved from the virtual towers at (left) ~0000 and (right) 0600 UTC 8 May using data from
the OU (CLAMPS), DTU, and DLR lidars. The along-valley RHI from CLAMPS lidar (131 in Fig. 5, orange site) is
projected such that it shows the along-valley component of the horizontal velocity with positive values indicating down-valley flow (flow toward positive x direction). The vectors show the component of the wind from the
virtual tower retrievals projected into the along-valley plane. Note that DLR85 is the fully three-dimensional
virtual tower from the DTU Windscanner system (WS2, WS5, and WS6 indicates lidars 102, 105, and 106,
respectively. in Fig. 5; 102 and 106 are on the southern ridge and 105 is on the orange site). (bottom) The crossvalley components of the wind from four virtual towers and associated cross-valley RHI scans. The inserts in
the top panels illustrate the terrain heights and the positions of the plotted cross sections.

Fig. 9. Synchronized triple Doppler lidar measurements (by UND) at a virtual tower located in the middle of
the gap of the northeast ridge along the NW transect. The color map shows the wind speed (see color bar) and
arrows are the wind vectors. The times correspond to measurement times. The data were taken on 10–11 Jun
with S3 weather type (measurement latitude and longitude: 39.719°N, 7.736° E).
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Fig. 10. (a) DIAL relative backscatter in aerosol units and (b) absolute humidity at the Orange Grove site (highlighting aerosol and cloud structures up to 12 km by NCAR); (c) AERI absolute humidity at the lower Orange
Grove site (by UO); (d) MWR relative humidity (George site; outside the valley by UND); (e) relative humidity
and temperature at different levels from the 100-m tower (mast 25) near DIAL and AERI. In (e), black dashed
line indicates sunrise, and the orange line indicates sunset. Low clouds (LC); clear skies (CS); fog (F); thunderstorms (TS). Rain events are also indicated.

stability varies with height and evolves during the
night. Three hours later (not shown), the wavelength
decreased, a large bubble of slow moving air is developed in front of the second ridge, and the wavy
jet left the ground after the ridge. Such striking lee
waves appear during almost 50% of the IOP nights.
A reverse flow on the northern ridgetop is (barely)
evident in Fig. 7d.
Scans were also made to produce tall virtual towers
with dual lidars (up to 600 m) on the ridges, along
and across the valley, and to the northeast of the
ridges. The results broadly elicited the dependence of
valley flow on the weather type. An example of flow
variability in the valley for 8 May is shown in Fig. 8.
During that night, a temperature inversion forms
inside the valley (Fig. ES5) that persisted until shortly
after 0700 UTC, while sunrise was at 0515 UTC. In
the early morning a strong downslope flow was observed while later on the winds veered, downslope
flow weakened (Fig. 8), and the spatial variability
within the valley increased. Wave patterns could
be noted in the cross-valley flow throughout most
AMERICAN METEOROLOGICAL SOCIETY

of the night. The virtual tower analysis allows the
quantification of wind speeds in the waves, whereas
RHIs give only the radial velocities along the beam.
A synchronized triple Doppler scanning lidar was
deployed to obtain time series of true wind speed and
wind direction at (steered) mobile virtual towers, focusing on gap flow on the northern ridge (see supplemental material). Figure 9 shows a time series cross
section from a single virtual tower. In the evening, the
flow in a layer of ~100-m thickness was W to NW, but
it rotated to N, NE, S, and again to W flow from ~2100
UTC 10 June to 0100 UTC 11 June. Another spurt of
changes initiated at ~0200 UTC. The flow above this
layer also underwent rapid changes while reversing
the flow at times. This complex velocity structure
is consistent with data from proximate towers and
radiosonde launches.
Atmospheric moisture content was measured
using DIAL, MWR, and AERI inside the valley
and MWR outside, supplemented by tower instruments. Figure 10 is a composite of DIAL backscatter
(Fig. 10a) and absolute humidity (Fig. 10b), AERI
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Fig. 11. (a) Low-level clouds, penetrating below the WT, viewing from the northern ridge. (b) Thinner fog layer
near the valley surface, viewing from Foz do Cobrão (Fig. 5).

absolute humidity (Fig. 10c), MWR water vapor outside the valley (Fig. 10d), and tower measurements
(Fig. 10e) over 10 days dominated by the weather
type S3. Thunderstorm conditions prevailed during
the evenings of 24 and 25 May until about 1200 UTC
26 May, and a thick fog layer (~500–750 m) appeared
both in the valley and north of it on the morning of 26
May with moisture extending up to several kilometers
in height. Thunderstorms appear to be a moisture
source for fog; interestingly, the surface temperature

gradient here is low, with relative humidity at
saturation at all tower levels (Fig. 10e). Low clouds
appeared on 27 May to about 29 May at the ridge
height (Fig. 11a); this is masked as white in the DIAL
humidity data because near-infrared light does not
penetrate clouds or regions where absolute humidity
exceeds 10 g m–3. Elevated moisture layers occurred
on 31 May and 1 June within and possibly outside the
valley. In the morning of 2 June, after a day of clear
skies, the moisture layer collapsed with little moisture
aloft, and a layer of fog appeared near the ground both
inside and outside the valley (Figs. 10a–d). Unlike
on 26 May, the relative humidity here was 100%
only at the lowest tower level with a stronger nearsurface inversion, consistent with a thinner fog layer
(Fig. 11b). Given the lack of other moisture sources,
it is likely that radiative fog formed along the Ocreza
River located in the northwest end of the valley was
advected into the valley along the pathways in Fig. 2.
The broad consistency between remote sensors and
tower instruments here is noteworthy.
Fig. 12. WT wake measured during 2335–2345 UTC
2 Mar 2017 (by CU lidars). Vertical slices of the LoS
velocity expressed as velocity anomaly (m s –1) from
the planar mean value at three downstream distances
from the wind turbine (2D, 3D, 4D, where D is the
WT rotor diameter). The LoS velocity is negative
for winds approaching the lidar, thus positive values
indicate weaker winds (and thus the WT wake). Each
slice is perpendicular to the direction. The colored
dots indicate the locations of lidar measured velocity
deficit while the background velocity deficit fields are
interpolated using cubic spline. The small black circle
denotes the center of the WT wake, and the heights
shown are distances from the wind turbine hub height
(WTHH).
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Fig. 13. Flights from the (CU-Boulder) TLS on the morning of 14 Jun. The TLS payloads included a 1-kHz hotwire anemometer for measuring wind speed and a 1-kHz cold-wire for temperature fluctuations, in addition
to 100-Hz measurements of wind speed, temperature, pressure, and humidity and 1-Hz GPS measurements
of altitude, latitude, longitude, yaw, pitch, and roll. (top) Wind speed profiles are compared with those from
the collocated tower (cyan) and lidar (red) at the beginning (circles) and end (plus signs) of the flights. (bottom)
Values of ε from TLS are compared with those from the Windcube v1 profiling lidar using the method of Bodini
et al. (2018) at the beginning (circles) and end (plus signs) of the flight.

Wind turbine wake measurements. Perdigão science
goals included measurements and (microscale and
LES) modeling of WT wakes, for example, wake
dimensions, asymmetry, velocity deficit, meander,
turbulence, lofting and descent, and acoustic properties under varying stability conditions. To this end,
Doppler lidar scans from the Orange Grove site covered multiple elevations and azimuth angles with telescoping increments with greatest resolution at or near
the WT centerline. A full suite of scans, in addition to
velocity–azimuth display (VAD) and RHI scans, were
completed every 10 min. Out of 21,000 such scans
in the entire campaign, 2,000 exhibited WT wake
signatures (Barthelmie et al. 2018). During the IOP,
many more scans were conducted using additional
lidars. Observed signatures included wake lofting,
advection at almost constant altitude above the sea
level, and wake following the terrain (descending into
the valley). Figure 12 shows an example of measured
and interpolated velocity deficits in the WT wake.
The along-beam (LoS) wind speed just upstream
of the WT is ~3.5 m s–1, and conditions are stable.
Vertical slices of LoS velocity deficit perpendicular to
the wake direction are expressed as a function of the
AMERICAN METEOROLOGICAL SOCIETY

number of rotor diameters D (=82 m) downstream.
The wake remains aloft as it advects downwind such
that at 2D the wake velocity deficit is approximately
2 m s–1 and the wake is centered almost at the WT
hub height. Farther downstream (i.e., at 3D and 4D),
the wake remains aloft but the center moves slightly
downward while the shape becomes less circular and
the velocity deficit gradually decreases.
Wake turbulence, for example, the turbulent
kinetic energy dissipation ε, was profiled by a hot
or cold wire package attached to the TLS. Retrievals
of ε from the TLS [for the techniques, see Piper and
Lundquist (2004) and Lundquist and Bariteau (2015)]
located at the Lower Orange site about 10D downwind
of the WT are compared with ε from a collocated lidar
in Fig. 13. Elevated levels of ε (locally) were observed
at the proximity of WT heights, which can be related
to either the advection of wake into the TLS measurement volume or increased production of turbulence
at the ridgetop by shear. As seen in the successive
flights on the morning of 14 June, wind speeds above
the ridge top exceed those within the valley, while ε is
highest within the valley and below the ridge top. The
altitudes of maximum ε correspond to the altitudes
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at which the WT wake was observed simultaneously
by the scanning lidars, suggesting that enhanced dissipation in the WT wakes extends farther downwind
of the WT than previously acknowledged (Lundquist
and Bariteau 2015).
Acoustic propagation from WTs is strongly dependent on the local flow, stratification, and terrain.
Theoretical and numerical modeling of meteorological effects on sound propagation have demonstrated
how stratification and velocity profiles can profoundly influence acoustics (Zhu et al. 2005; Ovenden et al.
2009). These studies also advocated for reliable field
data for model validation. In this regard, coplanar

continuous RHI scans of inflow and WT wake by
two lidars in the plane of the wind direction over
the entire IOP, supplemented by concurrent noise
measurements at five fixed locations, provided valuable information. Further, a serendipitous shutdown
of WT allowed delineation of wake evolution and
acoustic response with and without the WT.
The WT shutdown occurred between 0400 and
0510 UTC 22 May. In the record shown in Fig. 14, at
0342 UTC, a SW low-level jet in the nocturnal boundary layer impinged on the WT with strong shear
and inclination to the rotor plane. Thereafter, the jet
followed the orography into the valley, and ascended
toward the second ridge.
A pronounced wake was
evident at 0350 UTC, which
propagated into the valley
with a wind speed deficit
larger than 50% up to 5D
or more downstream (cf.
Figs. 12 and 13). When the
WT was shut down 10 min
later, the wake disappeared
from the lidar scans, and
when it started operating
again after 0510 UTC the
wake reappeared.
At different distances
from the wind turbine, the
WT sound was best noticeable in the 80-Hz onethird octave filter (Fig. 15).
The signal attenuated with
growing distance from the
WT, and dropped remarkably by 15–20 dB at all locations during the shutdown
time. The 80-Hz sound is
discernible even at a distance of 942 m within the
valley with a level of 30 dB.

Fig. 14. Coplanar dual scans (10-min-averaged flow field) by DLR in a cross
section of the Perdigão valley, in plane with the WT. (top) WT operating;
(middle) WT shutdown; (bottom) WT operating again. The arrows indicate
the flow direction in the plane and the color shading represents the absolute
wind velocity. During this period, N = 1.7 × 10 –2 s –1 measured by the upstream
MWR (indicated).
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MODELING. Improvement of microscale and
turbine-wake models is
a central task of NEWA;
hence numerical modeling
was a part of the planning,
execution, and data analysis phases of the Perdigão
campaign (Veiga Rodrigues
et al. 2016; Vasiljević et al.
2017). In one study, the

Fig . 15. Acoustic intensity measurements by DLR based on one-third octave bandpass filter at 80 Hz. The
measurements are taken at three different distances from the wind turbine (121 and 251 m on the ridge,
and 942 m in the valley).

output of simulations based on nested WRF, microscale, and turbine models (a model chain) was
compared with Perdigão radiosonde observations.
The Advanced Research version of the Weather Research and Forecasting Model (ARW-WRF, v3.8.1)
was used to simulate mesoscale f low with three
nested domains (37.5-, 7.5-, and 1.5-km grids). The
1.5-km domain output was further downscaled to
microscales through one-way dynamical coupling
using the WRF large-eddy simulation (LES; 300- and
150-m grids) and Ventos/M unsteady Reynoldsaveraged Navier–Stokes (RANS) (40-m grid) models,
as shown in Fig. 16a (see supplemental material for
details). Figure 16b shows model–data comparisons for wind speed, direction, and temperature.
Microscale simulations in general reproduced flow
details better, but no model captured all the details
of flow. Improvements to land surface dynamics and
subgrid parameterizations of the microscale models
are being pursued.
In a second study focusing on turbine wake, simulations from mesoscale (6.7-km horizontal resolution) to microscale (10-m horizontal resolution) are
performed with five nest levels in WRF. The WT is
represented using a generalized actuator disk model
at 10-m resolution (Aitken et al. 2014; Mirocha et al.
2014). Special attention is given to the development
of appropriate length scales on each domain using
the lateral perturbation technique of Muñoz-Esparza
et al. (2018) and considering “gray zone” issues
(Zhou and Chow 2014; see supplemental material).
Figures 16c and 16d show a WT wake simulation
in WRF LES at 10-m horizontal resolution for SW
stably stratified flow, which captures (wake) coherent structures as well as upstream flow blocking well.
AMERICAN METEOROLOGICAL SOCIETY

The wake descends into the valley under these stable
conditions, similar to that seen in Fig. 14.
EPILOGUE. The Perdigão campaign was conceived
by the needs of the burgeoning wind energy sector to provide high-fidelity forecasts at microscale
resolution for complex terrain winds. Existing
forecasting models are predicated by the scarcity of
high-resolution data, and hitherto only a handful of
comprehensive datasets are available at microscale
resolution (e.g., Askervein). The Perdigão offered a
reasoned extension of Askervein—flow in a nominally 2D double ridge of moderate complexity. The
campaign was a trailblazer in multiple fronts: it used
cutting-edge hardware (e.g., multiple lidar technology), software (rapid data transmittal and viewing,
thus supporting adaptive control of the campaign),
and an unprecedentedly dense network of instrumentation at microscale. Perdigão is the largest land-based
field project that has been supported by EOL/NCAR
hitherto, and it represented a veritable U.S.–EU partnership. While innovative technologies were adopted,
the Perdigão team admits that at present the oldfashioned mast-based wind sensors are as versatile
and perhaps more robust with regard to durability,
operability, accessible scales, and cost. Some of the
EU towers were left operational to cover data over an
annual cycle. Perdigão represented diversity of gender, countries, nationalities, institutions, scientists,
staff, disciplines, and students. Notwithstanding the
prima facie configuration of a parallel double ridge
with ridge-normal flow, the flow in the valley and
surroundings were strongly 3D because of the valley end effects, nearby mountains, and topographic/
thermal inhomogeneities. This article described
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Fig. 16. (a) Downscaled topographic maps of domains used in the meso- to microscale model chain. The locations
of two measurement sites used for comparisons in Fig. 16b are indicated (by UP and UND). (b) Comparison of
the measured (left) wind speed, (center) direction, and (right) temperature in the lower atmosphere with WRF,
WRF LES, and RANS- Ventos/M models at 2318 UTC 18 May 2017. The simulation started at 1200 18 May and
covered 24 h (6-h spinup is considered within this period). (c) Vertical slice across the valley showing in-plane
velocity contours (m s –1) and the turbine wake at 2136 UTC 21 May for nested WRF LES at 10-m horizontal
resolution. Wind turbine location is indicated by × (by UCB). (d) Plan view of the horizontal velocity (m s –1) of
(c) at approximately 80 m above the ground level for nested WRF LES. Topographic contours (black) are shown
at 50 m intervals. Turbine wake is outlined with green oval (by UCB)

campaign details and a preview of initial results, as
a precursor to many forthcoming journal articles.
The comprehensive (mirrored) databases, supporting documentation (including a project movie), and
continuous updates to the permanent archives will
help scores of current and future researches in fundamental studies and numerical simulations.
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