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Summary
Doppler wind lidars are optimal tools to study the planetary boundary layer (PBL) and
to characterize wind and turbulence, which is of utmost importance for wind energy
applications. However, flow measurements using multiple lidars over complex terrain are
still scarce and there is need to further compare lidar measurements and outputs from
numerical models.

This thesis starts by demonstrating the usage of multiple coordinated scanning lidars
to observe multi-scale flow phenomena over complex terrain. A novel experimental dataset,
mainly composed by measurements from scanning lidars, was gathered from the planning,
execution and data analysis of the Alaiz Experiment, in northern Spain. Analysis of multi-
lidar measurements at Alaiz, along with multiple meteorological observations, identified
atmospheric hydraulic jumps, mountain waves, valley flow stagnation, among other flow
patterns. It was found that lee-side hydraulic jumps at the Alaiz mountain can potentially
take place up to 10% of the time, due to the frequent combination of topographical and
flow characteristics ideal for the development of such jumps. Furthermore, simulations
using the Weather Research and Forecast (WRF) model, with a nesting domain setup in
which the innermost domains were run using the large-eddy simulation (LES) capability,
reproduced the hydraulic jump episode in high detail and agreed with the observations
both in timing and flow features.

Subsequently, long-range profiling lidar observations were compared with the outputs
from the New European Wind Atlas (NEWA) project over both offshore and flat terrain
conditions. The NEWA outputs are a product of numerical simulations using the WRF
model with a local PBL scheme that assumes K-theory, i.e., that the vector of vertical
flux of horizontal momentum and the vector of mean vertical gradient of horizontal
velocity are parallel. The observations showed a misalignment between these vectors from
100 m up to 500 m for both onshore and offshore conditions. Idealized LESs carried out
with the WRF model also showed an almost perfect alignment, further demonstrating
that there is a need to investigate the conditions in which this misalignment occurs.

The findings in this thesis show that both multi-lidar measurements and meso- to
micro-scale numerical models are able to capture large-scale atmospheric phenomena
over complex terrain and that a long-range lidar aids for the improvement of the PBL
schemes used in numerical weather models.
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Dansk Sammendrag
Doppler vind-lidars er optimale værktøjer til at studere det atmosfæriske grænselag samt
at levere vind- og turbulensobservationer som er vigtige indenfor vindenergi. Brugen af
flere, samtidige, lidars til måling af vinde i komplekst terræn er dog ikke så ofte brugt og
sammenligning mellem sådanne lidar målinger og numeriske strømningsmodeller burde
foretages oftere.

Til at starte med bruger denne afhandling flere scannende og samordnede lidars til at
observere flerskala strømningsfænomener over komplekst terræn. Gennem planlægning,
udførelse og analyse tilvejebringes et nyt dataset ved brug af WindScanner-systemet
fra det såkaldte Alaiz Eksperiment i det nordlige Spanien. Analyse af målinger fra
flere lidars ved Alaiz samt adskillige meteorologiske observationer viser atmosfæriske
hydrauliske spring, interne tyngdebølger, opbremsende strømning i dalen, samt andre
strømningsmønstre. Det blev konstateret at hydrauliske spring på læsiden af Alaiz
bjerget kan være til stede i op til 10\% af tiden på grund af en ofte forekommende
kombination af topografiske og strømningsmæssige karakteristika ideelle for deres opståen.
Ydermere reproducerede modellen WRF (Weather Research and Forecast) de hydrauliske
spring i stor detalje, også med hensyn til timingen. WRF kørtes med teleskoperende
beregningsnet, hvor det inderste brugte “large-eddy simulation” (LES).

I en følgende del af afhandlingen sammenlignedes langtrækkende lidar observationer af
vindprofiler med simuleringsresultater fra projektet “New European Wind Atlas” (NEWA)
både over hav og land. NEWAs resultater er simuleret med WRF med en model af
grænselaget, der antager den såkaldte K-teori, i hvilken den vertikale fluks af horisontal
momentum antages at være parallel med den vertikale gradient af middelvindhastigheden.
Disse to vektorer viste sig gennem analyse af førnævnte lidarobservationer ikke at være
parallelle fra 100 m til 500 m over overfladen både til havs og til lands. Idealiseret
LES foretaget ved hjælp af WRF viste derimod at vektorerne er parallelle, hvilket viser
behovet for yderligere undersøgelser under hvilke forhold disse vektorer ikke er parallelle.

Resultaterne af denne afhandling viser at observationer med adskillige lidars samt
middel- til mikro-skala numeriske strømningsmodeller er i stand til at fange atmosfæriske
fænomener af en vis størrelse over komplekst terræn, og derudover at langtrækkende lidars
kan hjælpe til at forbedre grænselags modeller, som bruges i numeriske vejrmodeller.
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CHAPTER 1
Introduction

1.1 Motivation
We need to reduce the impact of climate change caused by anthropogenic greenhouse
gas emissions. Scientists agree that by 2050 it is possible to keep the global average
temperature below 2◦C relative to pre-industrial levels with, among other actions, a
fast-paced renewable energy transition (IPCC, 2014). It is expected that by 2050
renewable energy will represent 60% of the total installed capacity, roughly half from
solar photovoltaics and half from wind energy (DNV GL, 2020). Combining onshore
and offshore wind generation, this will represent an increase from 1280 TWh/yr in 2017
to 18500 TWh/yr in 2050. With such growth rates, along with projected reductions in
the levelized cost of electricity, wind ought to be one of the protagonists in the world’s
energy transition, however not without overcoming technological challenges.

Veers et al. (2019) argued that one of the three grand challenges of wind energy is
the need for a deeper understanding of the atmospheric flow physics across scales, from
thousands of kilometers in Earth’s weather systems to several meters where micro-scale
effects act on wind turbine rotors. To reach this point, the last 100 years of boundary-layer
meteorology evolved from near-surface observations to, in the last decades, multi-scale
simulations in addition to high-resolution measurements with instruments that can probe
the planetary boundary layer (PBL) remotely from the surface, the air and space (Lemone
et al., 2018). Nowadays, coupled large-scale weather models with micro-scale simulations
that also assimilate observational data are a reality; and it will not be long for us to
carry global numerical weather predictions with large-eddy simulations (Schalkwijk et al.,
2015).

A link between boundary-layer meteorology and wind energy lies in the growth of
wind turbines in size, which nowadays requires the vertical wind profile characterization
beyond the atmospheric surface layer. The current largest offshore wind turbines have
rotor diameters of 222 m, with expectations to reach 275 m by 2030 (GWEC, 2020).
Hence, wind turbine rotors are now immersed in the planetary boundary layer (PBL)
and, therefore, exposed to large-scale atmospheric phenomena, i.a., low-level jets and
gravity waves, which are yet to be studied in detail by wind energy scientists. In addition
to the size, modern onshore wind turbines will represent 80% of the installed capacity by
2050 (DNV GL, 2020) and will likely be deployed at more challenging locations in terms
of terrain complexity, i.e., on steep mountainous terrain.

In order to cover such heights and terrain complexity, lidar remote sensing instruments
are a powerful tool to probe the PBL using laser light. Such devices measure the Doppler
shift from backscattered light from aerosols particles traveling with the air motions (i.e.,
winds and turbulence). Stith et al. (2018) pointed out that Doppler wind lidars only
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became ubiquitous for atmospheric wind measurements in the 90’s, with the application of
off-the-shelf telecommunications technology using 1.5 µm-wavelength fiber lasers. Current
profiling, scanning and nacelle wind lidars are common commercial products for both
onshore and offshore wind energy applications, such as wind resource assessment and
power curve measurements (IEC, 2017).

However, the present-day solution of wind vector retrieval from commercial Doppler
lidars has to rely on the necessity to average the wind over a large volume, which assumes
homogeneous flow at the scanning positions. Although standalone lidar campaigns for
wind resource assessment are common practice, for power performance measurements IEC
(2017) currently only considers remote sensing application in flat terrain, yet only allowing
traditional anemometry in complex sites. There is, therefore, room for improvement in
lidar technology and scanning configurations to overcome such challenges of lidar-observed
wind and turbulence (Sathe and Mann, 2013).

Since wind lidars estimate line-of-sight wind speeds along the laser beam, which is
calculated from the measured Doppler shift, an ideal scanning configuration consists
of three spatially separated lidars with their beams aiming at the same point. Such a
multi-lidar infrastructure, known as a WindScanner system, was developed by Vasiljević
et al. (2016) and reduced the necessity of the horizontal homogeneity assumption, hence
providing a way to measure with a set of few scanning lidars the wind vector at multiple
positions over complex terrain. However, measurement campaigns using multiple scanning
lidars aiming the evaluation of numerical models are still scarce.

1.2 Panorama of observations and model
evaluation

Observational field campaigns have been performed by atmospheric scientists to mon-
itor and get insight into the PBL physics and to provide inputs for the validation of
meteorological and wind engineering flow models. With this regard, the Askervein ’82
and ’83 experiments can be considered a pioneering initiative for the study of flow over
hills, which set a standard for an experimental dataset (along with wind tunnel studies)
designed for numerical model validation (Walmsley and Taylor, 1996). Trailing this
study, Troen and De Baas (1987) developed a linear flow model that was validated using
the Askervein dataset and, moreover, due to its computational efficiency and accuracy,
was expanded to compute the wind climate for a European Wind Atlas (Troen and
Lundtang Petersen, 1989).

Three decades later, the New European Wind Atlas (NEWA) project brought together
the most recent measurement equipment, e.g., the WindScanner, and a meso- to micro-
scale model chain framework (Sanz Rodrigo et al., 2020) to deliver a freely available
high-resolution atlas (NEWA, 2019). As part of the validation efforts, Hahmann et al.
(2020) used data from meteorological masts mainly offshore or in flat terrain to perform
a sensitivity analysis and determine the meso-scale model setup. Dörenkämper et al.
(2020) compiled data from hundreds of onshore masts over several terrain conditions in an
extensive validation to assess the added value of the micro-scale downscaling. However,
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it is not enough to have a single meteorological mast in complex terrain, i.e., a higher
density and variety of instruments is needed to characterize the flow.

Mann et al. (2017) outlined the scientific plan of the full-scale experiments conducted
within the NEWA project, which aimed to cover distinct complex terrain conditions
and provide several high-quality datasets for model validation. The highlight of such
field campaigns was the Perdigão experiment (Fernando et al., 2019), a large endeavor
between the NEWA European consortium and many scientific partners from the United
States that resulted in the largest wind-mapping field experiment in complex terrain to
date in terms of density of instrumentation.

Perdigão took place in quasi-2D parallel double ridge topography 1 km away from
each other, where the wind climate was predominantly perpendicular to the ridges in
both directions. In comparison to the single-hill Askervein experiment, the average 10th
percentile of highest slope angles and the experimental domain from Perdigão are two
times larger than Askervein, i.e., 25◦ and 20 km2, respectively (c.f. Figure 1 in § 3.1).
The experiment was a big step towards the study of flow where thermal stratification
plays an important role in micro-scale topographical effects, where recirculation zones as
well as upslope (anabatic) and downslope (katabatic) valley winds are expected (Kaimal
and Finnigan, 1994).

This thesis takes one step further and chooses to study the Alaiz mountain range,
in northern Spain, where the topography occupies a large portion of the PBL, making
the flow highly influenced by synoptic and meso-scale patterns (Badger et al., 2014).
Sanz Rodrigo et al. (2013) has shown that Alaiz can be a suitable candidate for numerical
model evaluation, due to its bi-directional wind regime perpendicular to the mountain
ridge with a vast range of atmospheric stability conditions. Alaiz also hosts a wind
turbine test site in complex terrain, with nine years of wind measurements; hence this
site was selected as the last NEWA full-scale experiment. Using the same comparison
as above, Alaiz has a similar complexity of Perdigão in terms of terrain slopes but has
a domain ten times larger. On such scales, Kaimal and Finnigan (1994) pointed that
internal gravity waves initiated by hills dominate flow patterns.

The Alaiz site consists of a ridge-valley-mountain configuration, where topographical
features are 10 km away and with elevation changes up to 700 m. Scanning lidars
currently can measure up to ≈10 km, so this kind of instrumentation still has room to
cover the extensive domain of Alaiz, especially when combined in a multi-lidar setup,
although with a compromise in the spatial measurement resolution. The backbone of
this thesis encompasses the scientific planning, execution and data analysis of the Alaiz
experiment.

Moreover, numerical simulations over such a large domain with heterogeneous and
mountainous terrain are rare. Palma et al. (2019) presented first results of meso- to
micro-scale model evaluation using lidar technology over Perdigão, but only with a
qualitative comparison. Such simulations in complex terrain are cumbersome and have
several interlinked factors. Olsen (2018) showed that an accurate representation of
the topography and land cover are critical. Benchmark comparisons between models,
also using observational data, are usually one way of pushing the boundaries in model
development, both in complex terrain (Ivanell et al., 2018), but also over flat terrain
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and quasi-homogeneous flow conditions (Sanz Rodrigo et al., 2017a). Hence, there are
opportunities for further research with new observational campaigns in mountainous
terrain as well as multi-scale numerical model evaluation, both of which are covered in
this thesis using Doppler wind lidars.

1.3 Objectives and Hypotheses
The goal of the thesis is twofold. First, to investigate flow phenomena over complex
terrain relevant for wind energy using simulations and observations of the mean wind field.
Second, to provide insights from observational data that can improve the capabilities
of numerical models for atmospheric modeling under onshore and offshore conditions.
The first is accomplished with the planning, execution and data analysis of the Alaiz
experiment together with multi-scale wind field simulations carried out by collaborators.
The second part aims to evaluate biases related to the turning of the wind when comparing
meso-scale weather models and observations, with new insight into the relation between
eddy fluxes and mean vertical wind gradients. Here, the numerical simulations of vertical
fluxes of horizontal momentum and mean vertical wind shear are analyzed along with
observations taken in previous field campaigns over offshore and flat terrain conditions.

The scope of this thesis follows the general research question: “How Doppler wind
lidar measurements can be used to characterize multi-scale (up to 10 km) flow patterns
and aid the evaluation of meso- and micro-scale numerical models?”. To respond to this
question, the following hypotheses are tested:

• Multi-lidar measurements of the mean wind flow can portray flow patterns of
different scales, such as atmospheric mountain waves and recirculation zones with
features from 100 m to 10 km in mountainous terrain
• A multi-scale numerical weather prediction model can simulate atmospheric hy-
draulic jumps with similar timing and flow properties as those observed by a
multi-lidar setup
• The vector of vertical flux of horizontal momentum and that of the mean vertical

gradient of horizontal wind speed are aligned above the atmospheric surface layer.

1.4 Outline and publications
This thesis is structured in six chapters. In this chapter, the motivation, objectives and
hypotheses of the research are defined. Here is also a list of publications that resulted
from this work.

Chapter 2 contains a theoretical background of atmospheric flow over complex terrain.
The chapter is focused on mountain waves, with a review on previous observations and
simulations that were able to study atmospheric hydraulic jumps and gravity waves.
The aim of the chapter is to highlight the challenges and research gaps that this thesis
addresses.



1.4 Outline and publications 5

Three journal papers compose the main body of the thesis, which are presented in
Chapters 3 to 5. Each chapter is complemented with additional results, appendices and
discussions not included in the papers.

In Chapter 3, the main results of the Alaiz experiment are presented. A short context
of the experiment is followed by the paper that introduces the experimental setup and
studies in detail two selected flow cases, namely an atmospheric hydraulic jump and an
episode of valley stagnation flow. Dual-Doppler wind reconstruction results are then
presented, along with a catalogue of other interesting flow phenomena observed but not
analyzed. The chapter concludes with a discussion on the challenges of the Alaiz site for
numerical models.

In chapter 4, the hydraulic jump case is studied in more detail using further obser-
vations and the multi-scale capabilities of the Weather Research and Forecast (WRF)
model. In the paper, simulations and observations are inter-compared during a 24-h
period. The chapter also has a preliminary analysis of five other jump episodes.

Chapter 5 aims to analyze atmospheric wind profiles from lidar data and numerical
simulations to investigate biases between models and observations, particularly the
hypothesis of alignment between the momentum stress vector and the vertical wind
gradient.

The conclusions are summarized in chapter 6, with an analysis of each of three
research hypotheses and perspectives for future work. Below is the list of publications
directly related to this thesis.

Journal Papers
• P. Santos, J. Mann, N. Vasiljević, E. Cantero, J. Sanz Rodrigo, F. Borbón, D.
Martínez-Villagrasa, B. Martí, and J. Cuxart (2020). “The Alaiz experiment:
untangling multi-scale stratified flows over complex terrain”. In: Wind Energy
Science 5.4, pages 1793–1810. doi: 10.5194/wes-5-1793-2020

• A. Peña and P. Santos (2021). “Lidar Observations and Numerical Simulations of
an Atmospheric Hydraulic Jump and Mountain Waves”. In: Journal of Geophysical
Research: Atmospheres 126.4, e2020JD033744. doi: https://doi.org/10.1029/
2020JD033744

• P. Santos, A. Peña and J. Mann (manuscript in preparation). “Departure from
K-theory in the planetary boundary layer”.

Conference Contributions
• P. Santos, A. Peña, and J. Mann (2020). “Flux-gradient relation and atmospheric
wind profiles – an exploration using WRF and lidars”. In: Journal of Physics:
Conference Series 1618, page 032032. doi: 10.1088/1742-6596/1618/3/032032

• P. Santos, F. Borbón, E. Cantero, N. Vasiljević, J. Sanz Rodrigo, M. Courtney,
D. Martínez-Villagrasa, B. Martí, and J. Cuxart (2019a). “Multi scanning lidar
measurements for resource assessment: a case study in complex terrain”. In: Wind
Energy Science Conference (WESC 2019). Cork, Ireland. doi: 10.5281/zenodo.

https://doi.org/10.5194/wes-5-1793-2020
https://doi.org/https://doi.org/10.1029/2020JD033744
https://doi.org/https://doi.org/10.1029/2020JD033744
https://doi.org/10.1088/1742-6596/1618/3/032032
https://doi.org/10.5281/zenodo.3358598
https://doi.org/10.5281/zenodo.3358598
https://doi.org/10.5281/zenodo.3358598
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3358598

• P. Santos (2019). “The Alaiz Experiment (ALEX17): visualizing the flow in complex
terrain with multi scanning lidars”. In: WindEurope Conference & Exhibition 2019.
Bilbao, Spain. doi: 10.5281/zenodo.3108565

• R. A. Chavez-Arroyo, J. Sanz Rodrigo, P. Gancarski, E. Cantero, F. Borbón, and
P. Santos (2019). “Meso-to-microscale modelling of the Atmospheric Boundary
Layer: an open-science approach”. In: WindEurope Conference & Exhibition 2019.
Bilbao, Spain. doi: 10.5281/zenodo.3228082

Datasets
• P. Santos, J. Mann, N. Vasiljevic, M. Courtney, J. Sanz Rodrigo, E. Cantero,
F. Borbón, D. Martínez-Villagrasa, B. Martí, and J. Cuxart (2019b). The Alaiz
Experiment (ALEX17): wind field and turbulent fluxes in a large-scale and complex
topography with synoptic forcing. doi: 10.11583/DTU.c.4508597.v1

Technical Report
• E. Cantero, F. Borbón, J. Sanz Rodrigo, P. Santos, J. Mann, N. Vasiljević, M.

Courtney, D. Martinéz-Villagrasa, B. Martí, and J. Cuxart (2019). Alaiz Experiment
(ALEX17): Campaign and Data Report. Technical report May, page 106. doi:
10.5281/zenodo.3187482

Others
• L. Alcayaga, R. Floors, and P. Santos (2020). “Approaches in filtering data
from pulsed wind lidar”. In: IEA Task 32 webinar summary, pages 1–3. doi:
10.5281/zenodo.3909488

• P. Santos and A. Peña (2020). An atmospheric hydraulic jump at Alaiz: numerical
simulations and lidar observations. Media. doi: 10.11583/DTU.13003187

• P. Santos (2020). Dual-Doppler wind reconstruction at Alaiz. Media. doi: 10.
11583/DTU.13003184

https://doi.org/10.5281/zenodo.3358598
https://doi.org/10.5281/zenodo.3358598
https://doi.org/10.5281/zenodo.3358598
https://doi.org/10.5281/zenodo.3108565
https://doi.org/10.5281/zenodo.3228082
https://doi.org/10.11583/DTU.c.4508597.v1
https://doi.org/10.5281/zenodo.3187482
https://doi.org/10.5281/zenodo.3909488
https://doi.org/10.11583/DTU.13003187
https://doi.org/10.11583/DTU.13003184
https://doi.org/10.11583/DTU.13003184


CHAPTER 2
Flow over mountainous terrain

2.1 Atmospheric mountain waves
As discussed in § 1.3, one main contribution of this thesis is to advance the understating
boundary-layer flows over complex topography, being particularly focused on the obser-
vation of gravity-driven flows using scanning lidars. This chapter aims to outline the
theoretical background of atmospheric hydraulic jumps and lee waves and review the
recent studies where full-scale mountain waves were observed and modeled.

When the topography has an elevation difference in the order of the PBL height,
Kaimal and Finnigan (1994) argue that buoyancy effects are important to characterize
the flow at all times. Furthermore, the vertical movement of an air parcel flowing over a
large-scale topography tends to be restored by buoyancy, which may generate atmospheric
mountain waves.

A parameter to quantify the natural frequency of such vertical oscillations is the
Brunt–Väisälä frequency N , defined as

N = [(g/θ)(∂θ/∂z)]1/2 (2.1)

where g is the acceleration due to gravity, θ is a mean potential temperature and ∂θ/∂z
is the mean potential temperature gradient over the stable boundary-layer layer.

An analogy with the hydraulic theory is commonly used to describe large-scale
atmospheric mountain waves. Here, it is considered that the physical description and
scaling of a two-layer shallow-water flow can be somewhat applied in atmospheric flows,
where the bottom layer is the PBL and the upper layer the free atmosphere (Vosper,
2004).

The Froude number, FL, characterizes the nature of the flow by scaling N with
a characteristic topographical length scale, L, and a characteristic wind speed U as
FL = U/(NL). The length scale of the hill (L) can be taken either as a characteristic
length or height of the hill (Finnigan et al., 2020). This parameter can be seen as a
ratio between the flow inertia and the gravity forces acting on the flow. When using the
shallow-water equations (Long, 1953) for atmospheric wave studies, the Froude number
is generally expressed as the ratio between the mean wind speed over the PBL, U , to the
maximum wave speed, i.e.,

Fr = U√
g′H

(2.2)

where H is taken as the PBL height and g′ = g(∆θ/θ) is the reduced gravity, with ∆θ
taken as the potential temperature difference between the free troposphere and the mean
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PBL potential temperature.
Using this mathematical description of two-layer fluid flow past an obstacle, Long

(1954) presented water tunnel experiments over an isolated hill where a hydraulic jump
occurs in the lee side when there is a transition between Fr> 1, or supercritical, at
the hilltop to Fr< 1, or subcritical, at the lee side. Other results from Houghton and
Kasahara (1968) and Vosper (2004) also described under which conditions a hydraulic
jump can occur. Wheeler (2015) presented a historical discussion of the Froude number
and argued that in 1828 Bélanger was the first to claim that a hydraulic jump occurs
when Froude is greater than unity. Chanson (2009) revisited Bélanger’s work on the
physical description of steady one-dimensional fluid flow in an open channel and also
held as innovative his treatment of a stationary hydraulic jump.

An atmospheric hydraulic jump over mountains can be seen as a discontinuity in
the fluid-depth and air velocity under conditions with stably stratified katabatic winds,
where kinetic energy is dissipated (Baines, 1987). Although useful, the steady-state
two-dimensional two-layer model presented above proves to be simplistic to describe
the dynamics of three-dimensional atmospheric flow (Strauss, Serafin, and Grubišić,
2016). Figure 2.1 illustrates the hydraulic jump dynamics using a real-time unsteady
three-dimensional numerical simulation output, that will be detailed in § 4.1.

he
ig

ht
he

ig
ht

distance
Figure 2.1: Illustration of a hydraulic jump with (top) wind speed and (bottom) poten-

tial temperature fields. Warmer colors represent higher wind speeds and
temperatures. The grey line marks the height with a maximum potential
temperature vertical gradient.
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Here, the lee-side atmospheric hydraulic jump is portrayed by strong and stably
stratified downslope winds that experience a flow separation at the valley floor. According
to Strauss, Serafin, and Grubišić (2016), one distinct feature that differentiates the
hydraulic jump from atmospheric lee waves is when the rotor downstream extends beyond
the mountaintop level. Clarke (1972) combined observations from anemometer and
satellite images with numerical modelling to explain frequent atmospheric hydraulic
jump episodes at the Wangara experiment, in Australia (Hess, Hicks, and Yamada, 1981).
Based on this theoretical background, the following section finds potential research gaps
and advancements in this area based on the challenges faced in recent atmospheric
mountain waves studies that used numerical weather models and lidar observations.

2.2 State of the art
Finnigan et al. (2020) presented a comprehensive revision of flow over complex topography
and showed that gravity-driven flows are mainly studied in the context of large-scale
hill-valley wind systems, which is the case of this work. Several full-scale experiments
were conducted in the past decades, mainly to provide input for numerical weather
models and evermore refined large-eddy simulation approaches.

Juliano et al. (2017) performed large-eddy simulations using WRF output as forcing
in order to capture an atmospheric hydraulic jump in the coast of California with spatial
scales varying between 2 km and 200 km. Even for such a large-scale, their results
showed the Froude number transition from supercritical to subcritical. Studies in a
smaller scale, say a couple of kilometers, can take the advantage of direct numerical
simulations to resolve all turbulence scales, aiming to better explain the hydraulic jump
dynamics. In this context, Rotunno and Bryan (2018) performed high-resolution direct
numerical simulations and showed that a hydraulic jump is indeed simulated in cases
predicted by the shallow-water equations. Moreover, their results quantified the inherent
three-dimensional dynamics of this flow phenomena in terms of vorticity production.

The experimental campaigns in the 2000s that studied orographically generated
turbulence by hydraulic jumps usually relied on observations with either sparse spatial
resolution, e.g., using surface weather stations (Mobbs et al., 2005), or with a lower
temporal resolution, e.g., with airborne instruments (Gohm et al., 2008). Recent studies
gathered more detailed observations using lidar measurements to observe and characterize
atmospheric hydraulic jumps. Lehner et al. (2016) performed a full-scale experimental
campaign in a meteorite crater in Arizona with 1 km in diameter, where a dual-lidar
setup was used to observe a hydraulic jump episode.

However, scanning lidar measurements can also probe the atmosphere on a larger
scale and capture the mean wind flow around an area of several kilometers with a
sampling rate of less than 1 min per scan. Perhaps the most detailed observations of
large-scale atmospheric rotor-type flow using scanning lidars comes from Strauss, Serafin,
and Grubišić (2016), which presented wind measurements from a combination of scanning
lidars and aircraft observations. Their results cover a transect of tens of kilometers along
a mountain-valley system in California focused on capturing transient mountain waves
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and rotors. After drawing distinct flow case scenarios (c.f. Fig. 16 in Strauss, Serafin,
and Grubišić (2016)), the authors conclude that none of the observed cases could support
a simple distinction between lee-wave-type and hydraulic-jump-type rotors.

As mentioned in Chapter 1, the Perdigão experiment used multiple scanning lidars to
cover the area of the double-hill at that site and performed a highly detailed observational
campaign in 2017. Palma et al. (2019) presented a comparison between high-resolution
numerical simulations and multi-lidar measurements that captured a 24h period where
atmospheric lee waves were observed. According to the authors, the mountain wave
activity at Perdigão showed a wavelength similar to the distance between the ridges (≈
1.4 km), lasted for most of the stable period, and had a subcritical Froude number at
the hilltop.

Although many studies performed scanning lidar measurements in complex terrain,
not many were able to capture in detail the onset and evolution of an atmospheric
hydraulic jump. Therefore, further measurements in mountainous terrain are needed to
capture in detail such atmospheric mountain waves with both high spatial, O(10 km),
and temporal coverage (several hours). With this scenario, there is an opportunity to
observe mountain waves in more detail using long-range scanning lidars. This thesis
aims to combine multiple scanning lidars to measure the mean wind flow along a 10-km
transect with a spatial resolution of 75 m in order to capture such flow phenomena.
The Alaiz experiment, where such layout was implemented, is presented next. Then, in
Chapter 4, observations from this experiment will be compared with novel high-resolution
meso-scale numerical simulations.



CHAPTER 3
Conducting a full-scale wind

mapping experiment
The New European Wind Atlas (NEWA) project took advantage of the WindScanner
infrastructure (Vasiljević et al., 2016) and planned full-scale field campaigns at several
sites across Europe to build a dataset for numerical model validation (Mann et al., 2017).
The results presented in this chapter are a result of the scientific planning, execution
and data analysis of the Alaiz experiment, dubbed ALEX17, the last of such NEWA
field campaigns. The experimental site is in northern Spain, where the Alaiz mountain
hosts a wind turbine test site in complex terrain owned and operated by the National
Renewable Energy Centre (CENER). Figure 3.1 shows a view of the site from the top of
the Tajonar Ridge with an overview to the mountain range. To the south, the 6-km long
Elorz valley has mainly farmland and small villages.

Figure 3.1: View of the Elorz valley and Alaiz mountain from the Tajonar ridge. Source:
Cantero et al. (2019).

The ALEX17 field campaign was a collaboration between CENER, hosting the
experiment, with the Technical University of Denmark (DTU) and the University of
Balearic Islands (UIB). The complete experimental dataset collected between July/2017
to July/2019 is open access and was detailed by Santos et al. (2019b), which is part
of this thesis (c.f. § 1.4). Moreover, Cantero et al. (2019) presented the campaign
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and data report, with technical information, metadata and data availability from each
measurement instrument.

This chapter starts with a paper that introduces the novel measurements from
ALEX17, mainly related to the usage of multiple long-range scanning lidars that, when
combined, captured the mean wind speed of atmospheric flow features with up to 10
km. One main result is the characterization of an atmospheric hydraulic jump with such
large-scale features, which is described in detail using observations from the scanning
lidars combined with a range of meteorological measurements along the site. Another
novelty of the multi-lidar measurements from this experiment is the distinct Z-shaped
transect scan, put together with synchronized Dual-Doppler and Tripple-Doppler in a
10-km long continuous path that covers 2 km of the Alaiz mountain top, crosses the
Elorz valley and also covers 2 km of the Tajonar ridge.

Therefore, in section § 3.2 results from the Dual-Doppler wind reconstruction from
both the Alaiz mountain and Tajonar ridge are presented. These measurements illustrate
characteristics of the hydraulic jump, but also show periods of katabatic (down-slope)
and anabatic (up-slope) winds. The last section (§ 3.3) presents other flow patterns
identified by the multi-lidar measurements and discusses the challenges of this large-scale
and complex site for numerical model evaluation. This discussion points to Appendix A,
with preliminary results on a numerical model benchmark proposed to the scientific
community within the scope of this thesis.

3.1 The Alaiz Experiment: untangling multi-scale
stratified flows over complex terrain



Wind Energ. Sci., 5, 1793–1810, 2020
https://doi.org/10.5194/wes-5-1793-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

The Alaiz experiment: untangling multi-scale
stratified flows over complex terrain

Pedro Santos1, Jakob Mann1, Nikola Vasiljević1, Elena Cantero2, Javier Sanz Rodrigo2,
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Abstract. We present novel measurements from a field campaign that aims to characterize multi-scale flow
patterns, ranging from 0.1 to 10 km in a time-resolved manner, in a mountainous region in northwestern Spain
with a mountain–valley–ridge configuration. We select two flow cases where topographic-flow interactions were
measured by five synchronized scanning Doppler wind lidars along a 10 km transect line that includes a cross
section of the valley. We observed a hydraulic jump in the lee side of the mountain. For this case, the Froude
number transition from supercritical (> 1) at the mountain to subcritical (< 1) at the valley is in agreement with
previous experiments at a smaller scale. For a 1-year period, the measurements show such a transition about 10 %
of the time, indicating a possible high occurrence of hydraulic jumps. The second flow case presents valley winds
that are decoupled from the northerly flow aloft and show a stratified layered pattern, which is well captured by
the lidar scans and complementary ground-based observations. These measurements can aid the evaluation of
multi-scale numerical models as well as improve our knowledge with regards to mountain meteorology.

1 Introduction

Over flat and homogeneous terrain, such as areas far off-
shore, the difference between measured and simulated clima-
tological mean wind speeds at wind-energy-relevant heights
is in some cases less than 4 % (Olsen et al., 2017). This is
historically low although there is still economic value in re-
ducing it even further. However, over complex terrain, with
steep slopes and varying land cover, such differences can
be closer to 10 % (Dörenkämper et al., 2020) depending on
terrain complexity, implying large uncertainties on the esti-
mated annual energy production of wind farms. Even small
deviations in the terrain description over a given area may
result in substantial differences in the simulated flow (Lange
et al., 2017).

For the prediction of winds in complex terrain, mesoscale
models, typically covering scales down to a kilometer or so,
have to be coupled with microscale models that cover smaller
scales down to meters. Meso- and microscale models are fun-

damentally different in the sense that flow processes that are
parameterized in the former are resolved in the latter, while
several physical processes, e.g., cumulus clouds and convec-
tive systems, are included in the former but not in the lat-
ter. The scales that are at the interface of the two models
have been dubbed terra incognita by Wyngaard (2004), and
this experimental investigation aims to explore some sub-
mesoscale physical processes. New datasets from complex
terrain experiments with details on flow patterns covering
these scales are scarce and needed to evaluate and quan-
tify the uncertainty of numerical models (Mann et al., 2017;
Sanz Rodrigo et al., 2017). Apart from wind energy, untan-
gling flow over complex terrain is of general interest for the
mountain meteorology community (Serafin et al., 2018).

Over the last decades, experimental efforts have been con-
ducted with increasing density of instruments and types of
measurement aiming to better understand flow conditions in
hilly and mountainous terrain. A well-known experiment was
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performed at the Askervein Hill, which became the main ref-
erence in the development and validation of pioneering ana-
lytical and linearized flow models dealing with gently slop-
ing terrain (Salmon et al., 1988; Walmsley and Taylor, 1996).
Furthermore, the Cooper’s Hill experiment (Coppin et al.,
1994) used meteorological masts and sonic anemometers to
study the flow over a ridge as a function of atmospheric sta-
bility.

In more recent endeavors, Doppler wind lidars and air-
borne instrumentation have been used to characterize large-
scale phenomena over steep hills and mountain ranges. Two
examples of such are the terrain-induced rotor experiment
(T-REX, Grubišić et al., 2008) and the mountain terrain at-
mospheric modeling and observations program (MATER-
HORN, Fernando et al., 2015). T-REX focused on low-
level vortices formed downstream of a mountain ridge,
and MATERHORN was a multidisciplinary initiative to ap-
proach large-scale atmospheric phenomena in complex ter-
rain, where two major experimental campaigns studied ther-
mally driven winds with strong synoptic forcing. Back to
smaller scales, detailed scanning lidar and turbulence mea-
surements were performed at the escarpment of Bolund
(Lange et al., 2016; Berg et al., 2011), which detailed turbu-
lence characteristics under flow–terrain interaction. A blind
test followed to compare a wide variety of flow models
(Bechmann et al., 2011) and wind tunnel prototypes (Kil-
patrick et al., 2016; Conan et al., 2016; Lange et al., 2017).

With an extensive collaboration effort in the pursuit of new
insights on wind resource characterization, a range of exper-
iments, both onshore and offshore, were performed within
the New European Wind Atlas (NEWA) project to evaluate
meso- and microscale models (Mann et al., 2017). The ex-
periments made extensive use of a recently developed infras-
tructure that uses synchronized measurements from multiple
lidars, the so-called long-range WindScanner system (Vasil-
jević et al., 2016). The Kassel experiment, performed at the
forested hill Rödeser Berg in Germany, was used to quantify
the accuracy in the reconstruction of the wind vector with
distinct multi-lidar combinations and the lidar’s spatial aver-
aging effect on the turbulence spectra (Pauscher et al., 2016).
A methodology for the execution of experiments involving
multi-lidars was developed during the double-ridge Perdigão
experiment in Portugal (Vasiljević et al., 2017), which is the
largest experimental venture in complex terrain to date in
terms of density of measurement equipment (Fernando et al.,
2019). In parallel to the NEWA project, the second Wind
Forecast Improvement Project (WFIP2) also deployed a large
array of instruments to cover the area around the Columbia
River Gorge in the United States (Wilczak et al., 2019). This
experiment was also focused on the improvement of meso-
and microscale coupling methods (Haupt et al., 2019).

The Inn Valley, located close to Innsbruck, Austria, is a
site where extensive field campaigns took place to charac-
terize atmospheric processes with regards to mountain me-
teorology. Recent experiments used multiple wind lidars to

Figure 1. Illustration of the complexity of some atmospheric flow
experiments as a function of their area of coverage. The complexity
is in terms of the slope: the average 10th percentile of the highest
slopes. The inserts besides the markers show contour maps of the
relative elevation for each site, where blue and yellow colors repre-
sent low and high elevations, respectively.

obtain flow patterns to characterize cold-air pool erosion by
downslope mountain winds (Haid et al., 2020) as well as
cross-valley circulation cells using coplanar multi-lidar ob-
servations (Adler et al., 2020).

Figure 1 puts the Alaiz experiment in perspective of these
complex terrain experiments by comparing the area covered
and steepness of the terrain quantified by the upper 10th per-
centile of the slopes. The color in the inserts covers the eleva-
tion range of each site. In this context, Askervein can be seen
as a departure point that gave rise to experiments in larger
areas and steeper slopes.

With a small domain but a steep escarpment, Bolund left
the realm of gentle slopes and hence emphasized the limita-
tions of linearized flow models and eventual biases of non-
linear simulations. Due to the very small scales, neglecting
the effects of atmospheric stability did not lead to major vari-
ations in the flow pattern over Bolund (Berg et al., 2011). On
the other hand, in METCRAX II, scanning lidars captured
atmospheric hydraulic jumps and cool pool events inside a
meteorite crater in Arizona (Lehner et al., 2016). In Kas-
sel and Perdigão, larger areas were investigated that required
the use of long-range scanning lidars. Perdigão presents a
double-hill configuration, 1.5 km apart, which is dominated
by microscale effects, such as valley winds and recirculation
zones, but is also affected by thermal stratification effects that
can lead to internal atmospheric gravity waves under stable
conditions (Menke et al., 2019; Palma et al., 2019). T-REX
and WFIP2 are mountain range studies that are too large to
be fully covered by a single set of instruments but still have
similar thermally stratified flows presented in this study. In
the extreme of terrain complexity, the Inn Valley area hosted
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Figure 2. Location and overview of ALEX17. Panel (a) shows the experiment location (yellow rectangle) within the Iberian Peninsula. The
experiment is shown in panel (b), with CENER’s wind turbine test stands (red) and reference MP5 meteorological mast (purple), Acciona’s
wind farms (black), and the central position (CP, light blue) and a profiling wind lidar (WLS70, yellow). The color bars represent the height
above mean sea level in meters based on digital elevation models from SRTM (a) and lidar aerial scans (b) in UTM30 WGS84.

multiple experimental campaigns to cover such an alpine re-
gion.

As highlighted by Mann et al. (2017), Alaiz covers the
mid-range where both microscale and mesoscale effects are
prevalent. As shown in Fig. 1, Alaiz features similar com-
plexity as Perdigão but is an order of magnitude larger with
influence of topographic features that are 10 km or more
apart. The area to cover is still within the range of current
commercial wind lidars.

This paper firstly introduces the Alaiz experiment
(ALEX17), which aims to peer into multi-scale flow patterns
with mountain–valley interactions. Secondly, in this work,
we are describing two types of flow cases: a layered stratified
valley flow and a hydraulic jump, characterized with multi-
lidar measurements and multiple ground-based observations.

This paper is outlined as follows. In Sect. 2 we describe the
experimental layout and detail the measurement equipment.
Section 3 describes the site climatology, and the atmospheric
stability is assessed. In Sect. 4 we characterize and discuss
the two selected flow cases. Section 5 summarizes the main
findings and promotes this data collection as a tool for further
analysis and numerical model evaluation.

2 The ALEX17 experiment

2.1 Site characterization

ALEX17 took place in the Navarre region, in the northern
part of Spain. The experimental area encompasses the Alaiz
mountain range, a region at 1000 m a.m.s.l. (above mean sea
level) with a wind regime favorable for wind energy appli-
cations (Sanz Rodrigo et al., 2013). Figure 2a shows the ex-

perimental domain (yellow square) within the Iberian Penin-
sula with a 1 arcsec resolution elevation map from the Shuttle
Radar Topographic Mission (SRTM). The site is situated to
the northwest of the Ebro valley, a river basin enclosed by the
Pyrenees to the north and the Iberian system to the south.

The large-scale topographical features in the region ex-
plain the synoptic forcing present on this site. Jiménez et al.
(2013) performed mesoscale modeling with 2 km horizontal
resolution over 45 years and assessed the wind variability
over the region. Badger et al. (2014) presented a statistical–
dynamical downscaling to estimate a generalized wind cli-
mate in the same area. Apart from inherent biases between
model and observations, both studies showed two main cir-
culation patterns, with northwest (NW) and southeast (SE)
flow over the Ebro valley, with a channeling effect caused by
an orographic funnel formed by the large-scale features (see
Fig. 2a). The NW circulation is ordinarily called “cierzo”.
Badger et al. (2014) additionally showed that this effect is
intensified during stable conditions, where the stratified at-
mospheric boundary layer (ABL) interacts with the orogra-
phy more actively.

Figure 2b shows the area surrounding the experimental
domain with a 2 m× 2 m resolution terrain elevation map
based on airborne lidar scans (Chavez Arroyo, 2019). The
Alaiz mountain, to the south, hosts CENER’s wind turbine
test site in complex terrain with six test stands (red dots) and
a 118 m meteorological mast called MP5 (purple dot). The
other test site’s masts (not shown) are not part of this experi-
ment. To the south of the mountain plateau, 89 wind turbines
(black dots) belong to Acciona’s wind farms called Alaiz and
Echagüe, which shows that the site, although challenging, is
attractive for wind energy production.
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Figure 3. Instrumentation layout of the ALEX17 campaign within the 10 km× 10 km experimental domain centered at CP. The legend
details each type of measurement station. The transect scan (blue line), detailed in Fig. 4, is the focus of this study.

To the north of the Alaiz mountain range, most of
the measurement equipment is located at the Elorz valley,
500 ma.s.l., around the central position (CP, blue dot) of the
experimental domain. The valley is roughly 10 km wide and
6 km long, bounded by the Tajonar ridge, hereafter called
north ridge, which has its peak at 850 ma.s.l. Notice that,
as in the large-scale features, the Alaiz mountain and the
north ridge are not parallel, also shaping the valley as a fun-
nel. The land cover is heterogeneous (cf. Fig. 4 in Cantero
et al., 2019), with villages and distinct kinds of farmland dis-
tributed along the valley floor, as well as forest patches on
the slopes of the north ridge and the top of Alaiz mountain.

2.2 Timeline and instrumentation

The extensive measurement period (EMP) ran from
July 2017 to July 2019, comprising 2 full years of measure-
ments from the reference mast MP5 and from a long-range
profiling wind lidar (WLS70, Leosphere Inc., Saclay, France)
located at the north boundary of the domain (see Fig. 2b).
The Intensive Observational Period (IOP), when all sensors
had concurrent measurements, lasted for 5 months from Au-
gust 2018 to December 2018.

Figure 3 shows the 100 km2 experimental domain, with
CP at the center and details of the instrumentation layout.
Most instruments were placed in the valley floor, aiming to
investigate the topographic interaction on the flow between
Alaiz mountain and the north ridge in order to characterize
the wind regime at the mountaintop, regarded as the region
of interest for wind energy. Cantero et al. (2019) documented
the ALEX17 campaign, with detailed technical specifications
of each of the instruments, together with their geographi-

cal coordinates, as well as their operating periods and data
availability. Here, we summarize the instruments used in this
study.

2.2.1 Reference meteorological mast (MP5)

This is a 118 m meteorological mast located at the mountain-
top (42◦41.7′ N, 1◦33.5′W). We selected this mast as a refer-
ence because it has been measuring continuously since 2011
with the same configuration. The wind speed and wind di-
rection data availability at 118 m was 85.4 % between Febru-
ary 2011–January 2019. The mast is equipped with wind and
temperature measurements distributed in six main levels: 2,
40, 80, 90, 100 and 118 ma.g.l. (above the ground level).

2.2.2 Long-range WindScanner units

Five WindScanner units were distributed along the valley
floor, depicted with yellow markers in Fig. 3. By scanning
on vertical planes across the valley, it is possible to visualize
the dynamics of multi-scale flow patterns generated by the
interaction between the ABL and the topography such as at-
mospheric waves or flow-separation regions in the lee side of
the ridges. We configured the units to synchronously scan in
pairs and triplets, allowing the wind vector reconstruction on
top of the ridges and across the valley, shown by red and blue
lines in Fig. 3 and detailed in Sect. 2.3.

2.2.3 Meteorological masts (M)

Six 80 m tall meteorological masts were distributed across
the valley, marked with distinct colors in Fig. 3 for masts
with either cup/vanes or 3-D sonic anemometers. They are
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Table 1. Half-hourly repeating schedule of scanning strategies.

WindScanner First 10 min interval Second 10 min interval Third 10 min interval

WS1 North ridge scana Virtual mast (VM1)b North ridge scana

WS2 Virtual mast (VM2)a Transect scana South ridge scana

WS3 North ridge scana Transect RHIb North ridge scana

WS4 Virtual mast (VM2)b Transect scana South ridge scana

WS5 Virtual mast (VM2)b Transect RHI+VM1b Transect RHIb

Scans with a are fully synchronized and those with b start simultaneously at every interval.

located either on the valley floor or in the north ridge slopes.
They provide wind speed, wind direction, temperature, and
turbulent momentum and sensible heat fluxes (for the ones
with sonic anemometers) profiles at five main levels: 10, 20,
40, 60 and 80 m. In this study, we use Gill WindMaster Pro
sonic anemometers and air temperature measurements from
M3, M7 and M2, located at the north ridge slope, CP and
Alaiz foothills, respectively.

2.2.4 Surface-layer stations (S)

Due to the heterogeneous land cover, estimation of the hor-
izontal distribution of surface fluxes along the valley and
mountain slopes became a need. Nine surface-layer stations,
shown with gray markers in Fig. 3, were deployed for this.
Each station had a 2-D sonic anemometer at 2 ma.g.l., two
levels of temperature (0.36 and 2 m a.g.l.), and soil heat flux
measurements at a depth of 0.08 m along with soil moisture
and temperature at a depth of 0.05 m. These stations were
used in a previous study to successfully characterize the spa-
tial variability of atmospheric and soil patterns close to the
surface at the hectometer scale (Simó et al., 2019).

2.2.5 Central position (CP)

This is considered a major location of the experiment due
to its density of instruments (see Fig. 3). The CP is located
in the middle of the valley, with relatively flat surround-
ings and farmland as the predominant land cover. Apart from
WS2 and M7, there was (i) a radar acoustic sounding sys-
tem, windRASS (Scintec AG, Rottenburg, Germany), capa-
ble of measuring wind and virtual temperature profiles up to
400 ma.g.l.; and (ii) a surface energy budget (SEB) station,
able to estimate the four main components of the surface
energy balance (i.e., net radiation, sensible and latent heat
fluxes, and ground heat flux). Previous studies in the Ebro
valley used the SEB to quantify significant imbalances in the
energy budget (Cuxart et al., 2015) and observed the occur-
rence of low-level jets and katabatic winds with windRASS
(Cuxart et al., 2012).

2.3 WindScanner measurements

The planning of ALEX17 WindScanner scanning strate-
gies was built upon the experience of previous experiments
(Pauscher et al., 2016; Vasiljević et al., 2017; Menke et al.,
2019). ALEX17 used a combination of five long-range wind
scanners (LRWSs), which can be collocated with a point-
ing accuracy of up to 0.05◦ and synchronized in time within
10 ms (Vasiljević et al., 2016). The campaign lasted for al-
most 9 months from May 2018 to January 2019. The point-
ing error during the IOP was kept within 0.2◦ based on regu-
lar hard target mapping (cf. Table 4 in Cantero et al., 2019),
which represents a deviation of 14 m at a line-of-sight dis-
tance of 4000 m.

To execute the ridge, transect and virtual meteorological
masts scans shown in Fig. 3, a total of seven scanning strate-
gies were designed and programmed. With more planned
scans than available lidars, each system was scheduled to per-
form a cycle of three scanning strategies, each lasting 10 min;
i.e., all trajectories are completed at least twice per hour (four
times for the north ridge scan). Table 1 shows the final sched-
ule for each lidar system.

The ridge scans, shown as red lines in Fig. 3, were
each composed of 40 evenly distributed points 50 m apart,
which followed the terrain profile at 125 ma.g.l. Table 1
shows which pairs of LRWSs were programmed to measure
synchronously by traversing the beams through the ridge-
line points (a), i.e., dual-Doppler measurements. The vir-
tual meteorological masts were defined by the intersection
of range-height indicator (RHI) scans. VM1 extended up to
1400 ma.g.l. and was measured with WS1 and WS5 during
the second interval, whereas VM2 went up to 1200 ma.g.l.
and consisted of three RHI scans performed by WS2, WS4
and WS5 (triple-Doppler). The RHIs were coordinated, i.e.,
not fully synchronized (b), with the laser beams not visiting
the same points of the virtual mast at the exact same time.

Figure 4 shows a cross section of the transect scan, de-
fined by the vertical plane spanned by WS3 and WS5. The
transect scan (blue dots) followed the terrain profile (gray
area) at 125 m a.g.l. The scan is measured synchronously by
WS2 and WS4 at 85 equally spaced points 50 m apart, start-
ing at the north ridge (location of VM1, light blue markers)
and ending at the top of the Alaiz mountain, where it met the
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Figure 4. Transect scan on the vertical plane spanned by WS3 and WS5 (yellow squares). Shaded areas represent the superimposed RHI
scans after a hard target filtering. The blue dots show the transect scan measured by WS2 and WS4 (out of the plane). The black dots indicate
the positions of the masts M3, M5, M2 and MP5 when projected onto the transect’s plane.

westernmost point of the south ridge scan. Two overlapping
RHIs with opening angles of 15 and 20◦, respectively, ex-
tend the scan curve upward. See table A1 for further details
of these RHI scans.

All RHIs had a range of 5 km, but valid measurements
are dependent on data filtering criteria that disregard re-
gions, e.g., with low clouds and fog, especially near the Alaiz
mountain ridge. Measurements from some meteorological
masts are here used to explain flow patterns measured by the
RHIs. Hence, the positions of M3, M5, M2 and MP5 were
projected onto the transect plane as reference (black dots).

Each RHI scan in Fig. 4 took ≈ 30 s, so we ensemble-
average 20 scans per 10 min period, computed twice every
hour. Before averaging a scan, two noise filters are applied:
(i) a hard target filter, which finds range gates with carrier-to-
noise ratio (CNR) larger than or equal to 5 dB and removes
all range gates beyond this point (see Fig. 4); and (ii) the
variation of the radial velocity vr between consecutive range
gates along each line of sight, which is estimated to filter out
values larger than 1.5 m s−1.

These multi-lidar scanning patterns provided 2-D and 3-D
wind reconstruction over the ridge scans (red lines) and tran-
sect scan (blue line), respectively. The combined Z-shaped
transect (Fig. 3) had a length of 10 km and is a unique fea-
ture of this experiment. Additionally, after the IOP all sys-
tems performed a 1-month campaign aiming at M7’s 80 m 3-
D sonic and storing, in addition to the wind speeds, the raw
Doppler spectra. The Z-shaped transect’s UTM coordinates
can be found in the Supplement.

3 Site wind conditions

3.1 Site climatology

The reference meteorological mast MP5 has 8 years of con-
tinuous wind speed and wind direction measurements from
a calibrated cup anemometer and wind vane at 118 ma.g.l.
Figure 5a shows the wind climatology with a wind rose from
the period between February 2011 to January 2019. The

Alaiz mountaintop presents a mean wind speed of 8.6 ms−1

at 118 m with a turbulence intensity of 7 % at 15 ms−1 as
well as a bidirectional regime, with prevailing winds from a
north-northwest sector (330–360◦, 32 % of total) and a south-
southeast sector (150–180◦, 23 % of total).

Figure 5b shows the wind rose of ALEX17’s 2-year ex-
tensive measurement period, from July 2017 to July 2019,
which has a representative wind regime when compared with
the long-term climatology. As the MP5 is located next to the
wind turbines during power curve measurements, it is sus-
ceptible to wind turbine wake effects with winds between
130 and 240◦ (see Fig. 3).

In complex terrain, the characterization of spatial variabil-
ity is critical to capture a full picture of the wind regime. Fig-
ure 6a illustrates this with the wind rose measured at the val-
ley floor by M5 during the EMP. Comparing the mountaintop
(Fig. 5) with the valley floor (Fig. 6a), we observe a turning
effect with NW and SE valley winds. Higher wind speeds
come from the SE, confirming the funnel effect caused by
the valley conical section with a larger area facing west (see
Fig. 2b). Furthermore, the turbulence intensity is higher at
the valley floor when compared to the mountaintop, being
11 % at 15 ms−1 at 80 m from M5 observations.

The combination of topographic features O(10 km) away
and elevation changes up to 700 m between the valley floor
and mountaintop poses a challenge to numerical models such
as the Weather Research and Forecast Model (WRF). The
NEWA project delivered a wind atlas for all European coun-
tries using WRF with a horizontal and temporal resolution
of 3 km and 30 min, respectively (Hahmann et al., 2020;
Dörenkämper et al., 2020). Here called NEWA-WRF, this
model output is publicly available and covers a 30-year pe-
riod (1989–2018).

Figure 6b compares the wind distribution measured at
MP5 during both the long-term reference period (February
2011–January 2019) and the EMP (July 2017–July 2019)
with the simulated distribution from NEWA-WRF also from
the long-term period. The model output was extracted at
the MP5 position using a linear interpolation of the nearest
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Figure 5. Wind roses of 10 min wind speeds observed by MP5 at 118 m for the reference period (2011–2019) (a) and during the EMP (b).
The calm threshold is 0.5 ms−1. Each bin contains a 5◦ wind direction interval and circular grid labels indicate the percentage of occurrence.

Figure 6. Panel (a) shows the wind rose of 10 min wind speeds at the valley measured by M5 at 80 m a.g.l. Panel (b) shows the wind speed
distributions at 118 m a.g.l. measured at MP5 during the reference period and EMP along with the modeled wind speeds from NEWA-WRF
for the reference period.

neighbor grid cells as well as the nearest vertical levels. Re-
sults show that the NEWA-WRF simulations underestimate
the mean wind by more than 1.5 ms−1, which is indicative
of unresolved speed-up effects in the mesoscale model. The
measured wind distribution further confirms that the EMP
contains a representative set of meteorological conditions.

An extensive study evaluated the mean wind speed bias
between measurements and NEWA-WRF simulations using
291 onshore masts over Europe, where complex sites are de-
fined as having 2 % of their slopes higher than 16.7◦ within a
radius of 3.5 km (Dörenkämper et al., 2020). Results showed
that the selected NEWA-WRF setup in complex sites has

a mean wind speed bias of −0.25± 0.83 ms−1. Based on
Fig. 6b, ALEX17 has a much larger systematic underesti-
mation of the wind speed when compared to NEWA-WRF’s
validation study, as expected since at MP5 20 % of the slopes
exceed 16.7◦. In order to improve modeling here we need to
further downscale NEWA-WRF using non-linear microscale
models.

3.2 Atmospheric stability

Monin–Obukhov similarity theory (MOST) is commonly
used to describe the mean and turbulence characteristics of
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Figure 7. Frequency of z/L at 10 ma.g.l. divided in stability classes per hour (a) and per wind speed (b) from measurements at M7. The
stability classes are found in Table 2. The time is in UTC.

Table 2. Definition of atmospheric stability classes within intervals
of z/L and respective quantity of 30 min profiles.

Stability class z/L No. of 30 min profiles

Unstable (u) z/L≤−0.2 572
Near unstable (nu) −0.2< z/L <−0.04 904
Neutral (n) |z/L| ≤ 0.04 1447
Near stable (ns) 0.04< z/L < 0.2 1115
Stable (s) z/L≥ 0.2 1054

the flow within the surface layer (Foken, 2006). MOST as-
sumes that, over horizontally homogeneous and flat terrain
(HHF) conditions, normalized atmospheric gradients such
as those of wind and temperature are functions of the di-
mensionless parameter z/L, where z is the height above
ground and L is the Obukhov length, which is defined here
as L=−(u3

∗Ts)/(κgw′T ′s ), where u∗ = (u′w′
2
+v′w′

2
)1/4 is

the friction velocity, κ = 0.4 the von Kármán constant, g the
acceleration due to gravity and Ts the sonic anemometer tem-
perature. The prime (′) denotes fluctuations and the overbar
a mean. The velocity components u, v and w refer to the
stream-wise, cross-wind and vertical velocity components,
respectively.

In ALEX17 we select the central position as a reference for
atmospheric stability, and we use z/L to evaluate the wind
profiles under different stability conditions for two predom-
inant wind directions. The CP is located on a plateau within
the valley floor surrounded by farmland, which is one of the
flattest and most homogeneous areas in the experimental area
but still far from HHF conditions. The climatology of sta-
bility is derived by computing z/L at 10 ma.g.l. from sonic
anemometer measurements at 20 Hz, computing the fluxes
over 30 min. We use the coordinate system described above
by applying yaw and pitch rotations, i.e., double rotation. Ta-
ble 2 shows the atmospheric stability classes given by z/L
intervals following the analysis by Berg et al. (2011) and the
number of 30 min profiles. The z/L parameter was chosen to

classify stability from a climatological point of view. For the
stratified flow patterns over complex terrain (Sect. 4), we se-
lect the Froude number since it is a more descriptive param-
eter for flow over obstacles (Kaimal and Finnigan, 1994).

The M7 3-D sonic anemometer closest to the surface is
at 10 m a.g.l. One year of measurements (from August 2018
to July 2019) are available from this sonic anemometer with
84.6 % of valid 30 min periods. Figure 7a shows the daily
cycle of dimensionless stability 10/L at M7. As expected,
stably stratified conditions prevail at night, whereas unstable
conditions dominate during daytime and peak around mid-
day. Figure 7b shows the behavior of stability with wind
speed, where a prevalence of neutral conditions with increas-
ing wind speeds is found. We have also performed a simi-
lar analysis using the gradient Richardson number with con-
current wind speed observations from M7 and potential tem-
perature profiles from windRASS. This parameter showed a
similar distribution of stability classes in terms of diurnal cy-
cle and wind speed bins (not shown).

Figure 8 presents the vertical profiles of the normalized
mean wind speed for two prevalent wind sectors at the val-
ley floor, namely a NW sector (300± 30◦) with 3193 30 min
profiles in total and a SE sector (120± 30◦) with 3120 30 min
profiles, both divided by stability classes. For each verti-
cal level, the shaded area represents the standard error of
the mean given by ±σ/

√
N , where σ is the SD and N the

number of observations. For the SE sector (Fig. 8a) large
differences can be observed close to the surface, showing
that the surface roughness’ fetch can be quite inhomoge-
neous for this sector but also likely influenced by land-cover
seasonal effects. Also, negative wind shears characterize the
stable class, which are potentially caused by valley drainage
flow (Serafin et al., 2018). Profiles from the NW wind sector
(Fig. 8b) resemble more flat and homogeneous conditions,
with increasing wind shear with stability and a similar nor-
malized wind close to the surface except for stable condi-
tions.
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Figure 8. Mean vertical wind profiles normalized with the friction velocity computed by the 10 min sonic anemometer (u∗10). Panel
(a) shows profiles within the 120± 30◦ sector, and panel (b) shows profiles within the 300± 30◦ sector based on wind directions at 10 m.
Shaded areas denote associated standard errors of the mean.

Furthermore, when dealing with mountain flows, the to-
pography occupies a large portion of the ABL and hence
plays a major role in the flow stratification. Disturbances in
the stable atmosphere caused by the topography may gen-
erate three-dimensional flow phenomena, among others at-
mospheric lee waves, rotors and hydraulic jumps (Kaimal
and Finnigan, 1994). The natural frequency of these vertical
oscillations is characterized by the Brunt–Väisälä frequency
N = [(g/θ )(∂θ/∂z)]1/2, where ∂θ/∂z is the potential tem-
perature gradient. The potential temperature is computed as
θ = T + 0.0098zasl, where 0.0098 Km−1 is the dry adiabatic
temperature gradient. The potential temperature gradient in
N is calculated by linear interpolation between the measure-
ments at 2 and 80 m for M5/M3 and between 2 and 113 m
for MP5.

The Froude number (Fr) is the dimensionless param-
eter given by the ratio of flow inertia based on a refer-
ence upwind wind speed U to the gravity forces acting on
the flow (Kaimal and Finnigan, 1994). Following the lin-
earized solution presented by Rotunno and Lehner (2016)
Fr = πU/2ND, where D is a height for the stably strati-
fied flow layer upstream of the mountain, also called the in-
version depth. The π/2 multiplier comes from a derivation
considering critical flow, i.e., Fr = 1. The scaling can also
be performed with a characteristic mountain height H .

We choose the inversion depth D to be proportional to the
high wind speed layer height from the lidar measurements
(cf. Fig. 9) and equal to 500 m; i.e., it is an empirical se-

lection based on this case study. The characteristic height H
is considered as the elevation difference between MP5 and
M7, which is ≈ 500 m; hence H ∼D ≈ 500 m. Fr is evalu-
ated at the Alaiz mountaintop (MP5) and foothills (M2), at
the valley floor (M5) and at the north ridge slope (M3) using
the same D. Furthermore, the characteristic wind speed U is
taken at 80 m at all positions.

It is worth noticing that the computation of Fr in this study
has some caveats, as neither U nor N represent the entire in-
version depth, and D is a characteristic length with a some-
what arbitrary value. Here, our aim is to investigate the rela-
tive changes in Fr , where we compare Fr estimations at the
mountaintop with the ones along the valley.

4 Selected flow cases

4.1 The lee-side hydraulic jump

An atmospheric hydraulic jump occurs when a two-layer
stratified flow encounters an obstacle and experiences an
abrupt and turbulent transition in the flow layer depth and
velocity, causing dissipation of kinetic energy in order to re-
cover part of the original potential energy that existed up-
stream (Kaimal and Finnigan, 1994). It is assumed that the
hydraulic theory can describe these high-amplitude mountain
waves with downslope flow in the lee side (Baines, 1995). It
differs from atmospheric gravity waves or lee waves since
it involves a stronger discontinuity and requires non-linear
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Figure 9. Superposition of dual RHI scans during the hydraulic jump period between 5–6 October 2018. The color bar represents radial
wind speed in meters per second (m s−1) with negative values representing flow from right to left. Each of the frames correspond to a 10 min
scan.

dynamics to be described, analogous to a shock wave when
sound crosses the Mach number.

Long (1954) performed water tunnel experiments and his
results show that the lee-side hydraulic jump occurs when
the topographical feature is comparable to the depth of the
upstream flow layer and there is a Fr transition between su-
percritical (> 1) at the mountaintop and subcritical (< 1) in
the lee side. The solutions presented by Houghton and Kasa-
hara (1968) and Vosper (2004) also predicted under which
conditions the jump occurs, based on H , D and a Fr scaled
with the maximum wave speed given by

√
g′D, where g′ is

a reduced gravitational acceleration.
METCRAX II identified jump-like episodes using co-

planar RHI lidars scans (Lehner et al., 2016). Whiteman et al.

(2018) used the latter lidar measurements to propose a con-
ceptual model of the jump, yet limited to the scales and par-
ticularities of the meteorite crater case study. Rotunno and
Bryan (2018) further performed numerical simulations of a
steady-state jump considering the full time-dependent three-
dimensional flow description. Results quantify the jump’s
evolution and structure based on potential temperature, vor-
ticity and turbulent kinetic energy.

We defined H ∼D ≈ 500 m in Sect. 3.2, which is arbi-
trary using observations from this episode. Therefore, this
choice can produce variations in the Froude number. Fig-
ure 9 shows four 10 min periods of co-planar RHIs during
one night where a hydraulic jump was spotted at the lee side
of the Alaiz mountain between 5 and 6 October 2018.
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Figure 10. Time series of wind direction (a) and Froude number (b) during the hydraulic jump case. The vertical dashed lines represent the
snapshots of Fig. 9.

The main southerly flow has negative radial wind speeds,
indicated by red colors, where a strong downslope wind
reaches the valley and performs the jump, which is non-
steady as the jump location changes with time. Long (1954)
also argued that when Fr decreases at the obstacle, the jump
moves towards the obstacle (mountain) and loses intensity.
Conversely, when Fr increases at the obstacle, the jump
moves further downstream and becomes more intense.

Figure 10 compares the wind direction regimes and Fr
numbers between the masts located at the mountaintop
(MP5), mountain foothills (M2), valley floor (M5) and north
ridge’s slope (M3). The M7 mast did not have valid tempera-
ture measurements during this period; hence it is not shown.
The southerly flow is maintained at MP5 throughout the pe-
riod, with easterly winds at the jump’s location. We observe
a transition between Fr > 1 at the mountaintop to Fr < 1
at the valley. According to Long (1954), the supercritical to
subcritical transition is strong evidence for the onset of a hy-
draulic jump, which is confirmed herein as well as in smaller-
scale experiments (Rotunno and Lehner, 2016).

Furthermore, the time evolution of the hydraulic jump de-
scribed by Long (1954) is also confirmed in this episode.
Between 18:40 and 22:40 Z the jump tends to move further
downstream as Fr at MP5 goes from 1 to 1.5. From 22:40 to
00:40 Z the flow loses intensity, the jump moves towards the
mountain while Fr at MP5 decreases from 1.5 to 1.2, and
the M2 measurements, in the lower portion of the hydraulic-
jump rotor, evidence reverse surface winds (Strauss et al.,
2016). Nonetheless, towards the end of this episode the lidar
measurements cease to show strong downslope winds into
the valley. The last scan of Fig. 9 suggests that the flow tends
to evolve to a lee-wave-type rotor, with Fr closer to critical
at the mountaintop (cf. Fig. 10b) and less of a closed rotor
circulation downstream.

Figure 11a shows a 10 min average snapshot (19:00 Z)
of the hydraulic jump episode, with wind and temperature
measurements from the surface-layer stations. The stratified
southerly winds close to the surface enter the Elorz valley
surrounding the Alaiz mountain through the eastern side. The

flow at the center of the valley (from S3, S8, S1 and S2) is
from the east. The wind speed from the along-valley stations
also shows the effect of topographical channeling; i.e., the
wind decelerates as the valley becomes wider. On the other
hand, the flow along the Alaiz slopes comes from the south
(see S5, S4 and S6) and remains almost steady along the
night. Wind at the northern part of the valley is weak, which
is also observed by the lidar scans, and the air stratification
is more intense, as shown by S7 and S9, located downstream
the hydraulic jump.

Figure 11b shows the same 10 min snapshot (19:00 Z) of
wind speed and direction profiles from S1, M7, M5 and win-
dRASS at the central position. The instruments at the CP
agree and show weak easterly winds. Additionally, the wind
speed profile at M5 further highlights the valley channeling
effect, with measurements located 1 km east and 20 m be-
low CP. The potential temperature profiles (Fig. 11c) from
S1, M5, and windRASS agree and show a thermal inversion.
The presence of a stratified valley floor with stagnant flow
agrees with similar observations of METCRAX II (Lehner
et al., 2016) but here in a horizontal scale 10 times larger.

This case shows that the lee-side hydraulic jump is char-
acterized by a Fr transition from supercritical Fr > 1 at the
mountain to subcritical Fr < 1 at the valley floor. After in-
specting the entire year period with concurrent data from
MP5 (mountaintop) and M5 (valley floor), approximately
35 % of all the stably stratified periods reproduce a similar
Fr transition. Thus, considering only southerly winds, the
occurrence of the hydraulic jump could reach 10 % of the
time, suggesting that the current dataset could be suitable for
a deeper study on such phenomena.

4.2 Layered flow induced by valley winds

During the hydraulic jump we have seen how winds at
the valley characterized the jump’s recirculation zone. Dis-
parately, with low wind speeds thermal stratification over
mountainous terrain can modulate flow patterns (Jiménez
et al., 2019) which, together with a heterogeneous land cover,
causes unequal heat fluxes (Martínez et al., 2010). Grubišić
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Figure 11. Wind conditions during the hydraulic jump case on 5 October 2018 at 19:00 Z. Panel (a) shows surface-layer stations’ wind
speed (U2 m) and wind direction (22 m), both at 2 m and potential temperature gradient between 0.36 and 2 m (1θ ). Panels (b) and (c) show
vertical profiles of wind and potential temperature at the valley from the windRASS, M7, S1 and M5. The dashed line marks the valley floor
level at CP.

et al. (2008) showed a three-layer flow structure in a valley–
mountain region under quiescent conditions, where up-valley
and down-valley winds are thermally driven and decoupled
from the mesoscale flow aloft. ALEX17 also presents valley
winds that develop into layered stratified flows.

An example is found during the night of 24 to 25 October
2018. For this case, the synoptic situation is dominated by
a strong wind of northern component whose intensity starts
to decrease several hours after sunset. Closer to the surface,
this general wind takes a western direction within the Elorz
valley. Figure 12a shows four 10 min periods of the co-planar
RHI scans representative of the evolution of the layered flows
within the valley. As in Fig. 9, the positive radial wind speeds
represent flow from left to right. Figure 12b displays the cor-
responding potential temperature profiles measured by the
windRASS and M5 at the valley center, where the air be-
comes cooler close to the surface and a thermal inversion
develops along the night, becoming very intense after mid-
night.

Before sunset (≈ 17:00 Z), the northwesterly flow within
the valley is coupled with stronger mountain winds aloft as
shown by the first lidar scan. A weak stably stratified layer
develops after sunset and surface winds adjust to a new equi-
librium where the valley topography has a major influence.
This layer depth increases as the thermal inversion develops
within the valley, producing a layering effect as seen by the
subsequent RHI scans at 22:10 and 00:10 Z (Fig. 12a). South-
westerly winds are present at the valley floor and over the
southern slopes, while a northwesterly flow remains within
the valley atmosphere aloft, still coupled with the mesoscale

wind. Both layers are stably stratified although with different
intensity. The thermal stratification at the upper layer remains
steady along the night, while the surface inversion evolves
very slowly until midnight (Fig. 12b).

Figure 13a shows a 10 min average snapshot (22:30 Z) of
the valley winds measured by the surface-layer stations, in-
dicating the southerly component of the wind at the valley
center and over the southern slope within the surface layer,
as well as the increment of the wind speed as the valley gets
narrower towards the east. The S7 and S9 positions show a
sheltered zone in the lee side of the north ridge, where the
wind is very weak together with the strongest surface ther-
mal inversion.

Figure 13b and c represent the wind speed and wind di-
rection measured at MP5 118 and at 80 ma.g.l. by distinct
masts across the valley. There is a persistent offset of 90◦ in
the wind direction between the mountain (MP5) and valley
(M2, M3, M5), while the general wind decreases throughout
the evening, as indicated by MP5. In consequence, the wind
speed also diminishes within the valley, intensifying the sur-
face cooling and generating a stronger thermal inversion at
the valley floor after midnight (Fig. 12b). This situation fa-
vors the development of a cold-air pool (Serafin et al., 2018)
which decouples the surface layer, with winds responding
to a local regime, from the southwesterly flow within the
valley (not shown). An elevated thermal inversion around
720 ma.s.l. (see profile at 03:10 Z in Fig. 12b) decouples the
valley atmosphere from the northerly wind aloft, increasing
the depth of the red band within the valley observed in the
RHI scan at 03:10 Z (Fig. 12a).
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Figure 12. Panel (a) shows the superposition of dual RHI scans during the layered valley winds period between 24–25 October 2018. Panel
(b) shows the potential temperature profiles measured by the windRASS and M5 at each frame in panel (a).

Figure 13. Panel (a) shows surface-layer stations’ wind speed (U2 m) and wind direction (22 m), both at 2 m and potential temperature
gradient between 0.36 and 2 m (1θ ) at 24 October 2018 22:30 Z. Panels (b) and (c) show the time series of wind speed and direction from
the masts, respectively. The vertical dashed lines represent the snapshots of Fig. 12.

5 Summary and conclusions

This work introduces the Alaiz experiment (ALEX17) with
details on the main innovations in atmospheric measure-
ments, unique characteristics and two flow patterns observed
during the 8-month Intensive Observational Period (IOP).
ALEX17 is in a striking position in terms of scale and com-
plexity. The experimental domain is large enough for synop-

tic effects to be essential for flow modeling while still being
within the range of current long-range commercial lidars.

Additionally, ALEX17 requires the adoption of meso- to
microscale models. Palma et al. (2019) showed advance-
ments in such modeling schemes during the Perdigão ex-
periment, especially for stably stratified flows. ALEX17 yet
poses a further challenge in numerical modeling efforts be-
cause of its large domain size.
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The topographical features of ALEX17, with a non-
parallel mountain–valley–ridge configuration, lead to the oc-
currence of valley winds with quite distinct wind regimes
from the mountaintop, where wind rotates by up to 90◦ and
channeling effects are observed. To capture most of the wind
flow spatial variability, five scanning Doppler lidars per-
formed synchronized measurements of a unique 10 km tran-
sect line, covering a vast portion of the experimental domain.
The experimental report (Cantero et al., 2019) offers further
technical information on the campaign and dataset.

Wind measurements at the mountaintop are available since
2011; nevertheless ALEX17’s 2-year extensive measurement
campaign has been able to represent the wind climatology
well. When comparing available mesoscale modeling from
the New European Wind Atlas with observations, a negative
bias in the mean wind larger than 1.5 ms−1 pointed to the
need of further improvement of model performance at this
site. At the valley floor, vertical wind profiles with south-
easterly winds showed negative wind shear under stable con-
ditions, whereas for northwesterly wind profiles are more
canonical but still affected by land-cover inhomogeneities.

Using the multi-lidar scans we spotted a lee-side atmo-
spheric hydraulic jump episode. Measurements from masts
and surface-layer stations corroborated the formation and
evolution of the jump with long-established predictions
(Long, 1954). The Froude number transition from supercrit-
ical (> 1) to subcritical (< 1) was quantified and results sug-
gest that this type of stratified atmospheric wave can poten-
tially happen during ≈ 10 % of the time in this site.

The hydraulic jump is connected with high southerly
winds at the mountaintop. On the other hand, during strat-
ified conditions with lower wind speeds, valley winds be-
come decoupled from the mountain flow aloft due to ther-
mal stratification, favoring the formation of a cold-air pool
very close to the surface (Martínez et al., 2010; Conangla
et al., 2018). This case is illustrated with a layered flow pat-
tern measured by the lidar scans, where westerly stratified
valley winds interact with northerly winds aloft. Other at-
mospheric phenomena captured within the IOP shall be the
object of further studies.

We have characterized two multi-scale stratified flows re-
garded as challenging in terms of both their physical de-
scription (Serafin et al., 2018) and modeling (Sanz Rodrigo
et al., 2017). Other flow episodes, featuring, among others,
upstream flow blockage and lee waves, were spotted and can
be the object of further studies. These measurements will
provide aid to evaluate numerical models especially for test-
ing the effects of atmospheric stability on flow over complex
terrain.
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Appendix A: Lidar configuration for RHI transect
scan

Table A1. WindScanner position and configuration for the transect RHI scans.

Parameters WS3 WS5

(easting, northing) [m] (617 846.80, 4 732 496.43) (617 305.59, 4 729 848.75)
Elevation [m a.s.l] 487.21 545.92
Azimuth [◦] 191.55 11.55
Elevation (min,max) [◦] (3, 18) (1.58, 21.56)
Scan speed [◦−1] 0.5 0.666
Range gates (min:1:max) [m] (100:50:5000) (100:20:5000)
Accumulation time [ms] 1000
Pulse length [ns] 400
Points per range gate [–] 128
Signal spectral width [ms−1] 3
Specified physical resolution [m] 75

https://doi.org/10.5194/wes-5-1793-2020 Wind Energ. Sci., 5, 1793–1810, 2020
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3.2 Multi-lidar measurements
Dual-Doppler retrievals from both ridge scans, on top of the Tajonar ridge and the
Alaiz mountain, are presented here. Each ridge scan compromise of a 2-km line of 40
dual-Doppler coordinated measurement points which follows the top of the respective
ridge at a constant height above ground of 125 m. Figure 3.2 depicts a lidar measuring
the radial wind speed vr, at point M , averaged over a probe length lp by aiming the laser
beam along the unit vector ~n, i.e.,

~n(θ, α) = (sin θ cosα, cos θ cosα, sinα) (3.1)
where α is the elevation angle and θ is the azimuth angle. In profiling lidars, which will
be analyzed in chapter 5, φ is called half-opening or prism angle. The radial wind speed
is a projection of the wind vector ~V on the laser beam, defined here in geographical
coordinates. Hence, consider ~V = (u, v, w), where u is the zonal velocity, v the meridional
velocity and w the vertical wind speed.

North

East

Lidar

M

Figure 3.2: Schematic of a lidar beam with relevant angles to measure at a distance d
the radial wind velocity vr at point M , averaged over a probe length lp.

The radial wind speed can be expressed as,

vr(d, lp, α, θ) = ~n · ~V (~n, d) (3.2)
Considering two scanning lidars measuring vr1 and vr2 , the dual-Doppler measurements

will retrieve a 2D wind vector. Therefore, to obtain ~V either an assumption of w = 0 has
to be made or the retrieved vector will be a projection of ~V onto the plane spanned by
the intersecting beams ~Vp = (up, vp).

To measure the horizontal wind speed using dual-Doppler, it would be necessary
that the elevation angles are small enough (α < 5◦ to keep the error below 0.5%) not
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to contaminate w and underestimate the horizontal wind. Previous studies have shown
dual-Doppler retrievals at Perdigão (Menke et al., 2019), where such criteria is met.
Peña and Mann (2019) have also assumed w = 0 to reconstruct measured horizontal
wind speed variance from a dual-Doppler configuration over flat terrain. Another study
by Pauscher et al. (2016) analyzed different configurations of dual- and triple-Doppler
retrievals using five WindScanners as well as quantifying the impact of inflow angles on
dual-Doppler measurements.

At Alaiz, neither w = 0 nor small elevation angles are found. Sanz Rodrigo et al.
(2013) showed measurements from MP5 (mountaintop) where systematic non-zero inflow
angles are observed for all stability conditions. Cantero et al. (2019) presented the
elevation angle profile along both ridge scans, for each pair of WindScanners. For both
ridges and all four scanning lidars α > 5◦ throughout the scanning trajectory, reaching
values larger than 15◦ for the north ridge and ≈10◦ for the south ridge. Therefore, the
dual-Doppler reconstruction at Alaiz is expressed as,[

up

vp

]
=

[
sin θ1 cosα1 cos θ1 cosα1
sin θ2 cosα2 cos θ2 cosα2

]−1

·
[
vr1

vr2

]
, (3.3)

The magnitude of ~vp is computed for each of the 80 measurement points (40 at each
ridge) over 10-min periods. The data processing is done as follows:

1. Radial wind speed data from each scanning lidar is filtered using the same filtering
procedure applied in the transect RHI scans (see § 3.1) and averaged over 10-min
periods;

2. Each measurement point is reconstructed when both scanners have a valid 10-min
period at the intersection point;

3. The magnitude and wind direction of the reconstructed ~vp is computed.
Dual-Doppler retrievals were analyzed over three months from August 2018 to Novem-

ber 2018, considering as valid data filtered and reconstructed scans with more than 80%
available points along the ridge line. The north ridge was measured once every 20 min
for 122 days and a complete scan was reconstructed 75.2% of the time (6610 10-min
periods). The south ridge was measured once every half-hour for 107 days and a complete
scan was reconstructed 30% of the time at the Alaiz mountain (1538 10-min periods).
The measurement points at the mountaintop were quite distant from the lidars, with
d > 4500 m at the edges of the ridge scan. Another challenge to measure at the Alaiz
mountain was the high frequency of persistent atmospheric conditions with low-level
clouds or fog, which blocked the laser beams.

Figure 3.3 shows a sampled 10-min period with dual-Doppler measurements at Alaiz.
It is possible to observe that wind turbine wakes are captured in the wind reconstruction
at the mountaintop, showed by reduced wind vectors at two distinct positions. The
selected period (October 5, 2018, 23UTC) is actually a moment when the hydraulic jump
is underway, with strong southerly downslope winds at Alaiz and the jump occurring at
the valley centre (see § 3.1), which is also further confirmed with much lower reconstructed
winds at the north ridge top.
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For the complete Dual-Doppler time series, an animation with all valid 10-min periods
between August 2nd 2018 to November 15th 2018 is available from Santos (2020). This
animation shows the difference in the retrievals along the Tajonar ridge (75.2%) and the
Alaiz mountain (30%), but also portraits interesting periods when both measurement
transects were available. As an example, the dual-Doppler observations in the mountain-
valley-ridge configuration at Alaiz show katabatic or down-slope winds during the night
(e.g., August 8, 2018, 05:30UTC) and anabatic or up-slope winds during the day (e.g.,
Sep 27, 2018, 14UTC).
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Figure 3.3: Dual-Doppler reconstruction of a 10-min period from October 5, 2018, 23:00
UTC. The color bars represent (right) height above sea level and (above)
magnitude of the wind vector projected onto the plane of intersecting laser
beams.
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3.3 Flow catalogue and numerical model
evaluation

Other interesting flow patterns were observed at Alaiz, including internal gravity waves
and other hydraulic jumps episodes. Table 3.1 shows some intensive observational periods
(IOPs) were a specific flow pattern was captured by two (or more) scanning lidars along
with other ground-based observations. The table details the type of flow pattern, the
period and the prevailing wind direction at the mountaintop during the event. This
flow catalogue is the result of a quest for quasi-stationary periods where no atmospheric
waves or wind turbine wakes were present. According to these criteria, the IOP 4 was
selected and it is being used in a proposed model benchmark (see Appendix A).

From the two main wind directions at MP5, the flow catalogue shows that northerly
winds have conditions that favor the formation of internal gravity waves triggered by the
north ridge, which propagate along the valley and can even reach and influence the wind
flow on the mountaintop. Conversely, during southerly winds, the formation of hydraulic
jumps is expected, which consists of strong downslope winds that change the wind flow
at the valley and at the north ridge top.

IOP Flow pattern Period Wind dir. @MP5
1 Constant S-winds 10-10-18 – 13-10-18 southerly
2 Layered valley flow 24-10-18 – 26-10-18 southerly
3 Hydraulic jump 05-10-18 – 06-10-18 southerly
4 Constant N-winds 24-10-18 – 26-10-18 northerly
5 Gravity waves 01-08-18 – 03-08-18 northerly
6 Gravity waves 31-08-18 northerly
7 Gravity waves 04-09-18 northerly
8 Gravity waves 07-09-18 northerly
9 Gravity waves 10-09-18 northerly
10 Gravity waves 16-09-18 northerly
11 Hydraulic jump 15-09-18 – 16-09-18 southerly
12 Hydraulic jump 20-09-18 – 21-09-18 southerly
13 Hydraulic jump 26-09-18 – 27-09-18 southerly
14 Gravity waves 27-09-18 northerly
15 Hydraulic jump 10-11-18 – 11-11-18 southerly

Table 3.1: Flow patterns observed by multi-lidar measurements and ground-based obser-
vations.

In order to represent the atmospheric stability over a larger portion of the PBL,
Appendix B presents an atmospheric stability analysis computing a gradient Richardson
number (Rig) with vertical profiles of wind speed and temperature at the valley up to 80
m. Similar results are observed between Rig and the z/L analysis presented in § 3.1.
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Along with the studied flow phenomena and a flow catalogue, results from the wind
resource at the Alaiz mountain modeled by the NEWA-WRF output show that there
is still a significant bias, i.e., > 1.5 ms−1 underestimation in the mean wind at the
mountaintop.

Appendix A outlines the proposal of a numerical model benchmark at Alaiz. The
benchmark consists of a 96-h period selected from the flow catalogue (IOP 4) where all
instruments measure diurnal cycles and there was no observations of atmospheric waves.
Preliminary results show that WRF at 1 km resolution has a closer agreement in wind
speed and direction with observations than the NEWA-WRF output at 3 km. However,
both simulations lack to represent the wind in the leeward side of the north ridge. Such
micro-scale topographical effects, e.g., recirculation zones, have to be capture by coupled
micro-scale models.

Apart from the met mast measurements, one possible blind comparison for the
benchmark, where post-processed observations were not shared with participants, can be
performed with the Dual-Doppler measurements presented in § 3.2.

Apart from the benchmark period, modellers are free to study the more challenging
periods from the flow catalogue, were gravity waves and hydraulic jumps were spotted. As
the first step in this direction, the next chapter presents a comparison between numerical
models and observations during the hydraulic jump period between October 5th and 6th
2018 (IOP 3).
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CHAPTER 4
The atmospheric hydraulic

jump and mountain waves at
Alaiz

The hydraulic jump episodes identified in the experiment flow catalogue and analyzed in
§ 3.1 are perhaps the most interesting atmospheric phenomena from ALEX17, both for
its large-scale and the potential high frequency of occurrence. The natural question that
follows the experimental data analysis is whether numerical models can reproduce such
phenomena both in time and space.

The lee-side hydraulic jump over the Alaiz mountain is triggered by a stable upstream
flow approaching a gentle slope, which is then accelerated as it goes downslope in the
steep leeward of the mountain towards the valley. The boundary-layer becomes shallower
and the main flow springs up at the valley floor (c.f. Fig. 9 in § 3.1). Finally, the
flow experiences a deceleration as the boundary layer grows almost to the same level as
upstream, as if the flow recovered its initial potential energy.

As will be argued in this chapter, the combination of a gentle windward slope with a
steep leeward slope at Alaiz, along with frequent southerly and stable flow perpendicular
to the mountain ridge are ideal conditions to trigger this type of flow pattern.

Furthermore, the following paper presents novel numerical simulations and obser-
vations at Alaiz, where the WRF model has the innermost domain run in large-eddy
simulation (LES) mode and the multi-lidar RHI scans along the valley transect. A 24-h
period real-time WRF-LES setup ran for the hydraulic jump episode analyzed in § 3.1.
An animation, where simulations and observations are compared side-by-side, is presented
by Santos and Peña (2020).

Although the paper in this chapter presents only one selected hydraulic jump case,
which is the same as in § 3.1, other episodes were observed during the observational
campaign and are presented in § 4.2. The additional hydraulic jump cases are observed
by the multi-lidar setup and also present a constant and strong southerly winds with
Froude numbers close or larger than unity at the mountaintop.

4.1 Lidar observations and numerical simulations
of an atmospheric hydraulic jump and
mountain waves



1. Introduction
Hydraulic jumps and other related phenomena have been studied for many decades (Long, 1953; Lyra, 1943; 
Rayleigh, 1883), and readers are referred to the survey of Chanson (2009) for details on the progress of 
experiments conducted in controlled channels mainly. Although results from theoretical studies and con-
trolled experiments have provided us with the basis for understanding the jump mechanisms in the atmos-
phere, studies, and particularly, observations of atmospheric hydraulic jumps are not as common.

Clarke (1972) was perhaps the first one who attempted to combine large-scale observations with simulations 
to explain an atmospheric phenomenon, the “morning glory,” which is a frequent squall that occurs near 
dawn on the southern coast of the Gulf of Carpentaria, Australia, quite recognizable due to its narrow cloud 
bands. He concluded that the morning glory is a propagating undular hydraulic jump formed in a katabatic 
flow. He also suggested some of the conditions that favor the occurrence of such phenomena, among others, 
shallow inversions, steep slopes, and topographic funneling. However, observational studies of atmospheric 
jumps can be tracked further back (Manley, 1939; Holmboe & Klieforth, 1957). More recently, the studies 
of Mobbs et  al.  (2005) and Gohm et  al.  (2008) showed the close connection between mountain waves, 
downslope winds, and jump events. Other recent observational and numerical studies have further detailed 
the conditions at which atmospheric hydraulic jumps occur (Juliano et al., 2017; Rotunno & Bryan, 2018),

To understand how an atmospheric hydraulic jump develops, we can start by assuming, very simplistically, 
that the flow can be represented by a two-layer model, the lowest layer being the atmospheric boundary 
layer (ABL) and the upper layer the free atmosphere (Samuelson, 1992). In complex terrain, for example, 
mountainous regions, the depth of the ABL, h, can be of the order of the terrain elevation and the nature of 
the flow depends upon the Froude number (Fr),
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Abstract An atmospheric hydraulic jump was observed over the Alaiz mountain range and Elorz 
valley near Pamplona, Spain from radial velocity retrievals performed with two scanning lidars during 
October 5 and 6, 2018. The jump occurred on the lee side of the mountain close to its base and the jump 
location was observed more than 2 km further downstream of the mountain base inside the valley. 
Here, we simulate the two days using the multi-scale modeling capabilities of the Weather Research and 
Forecasting model. We find that the model is able to reproduce the hydraulic jump in high detail matching 
qualitatively well the timing and main features observed by both the scanning lidars and meteorological 
instruments on masts deployed throughout the area. The simulation results show that the jump starts at 
the beginning of the evening, right after the atmospheric conditions over the top of the Alaiz mountain 
become stable and the flow at the mountain top experiences a transition from subcritical to supercritical. 
The simulations also show that the jump lasts about 10 h until it moves close to the mountain top; then 
lee-wave activity dominates and lasts until late in the morning. The flow at the mountain top is only 
supercritical during the periods where the jump and the lee waves take place. The jump and lee-wave 
regimes can be distinguished from the simulation results by analyzing the ratio of the depth-average 
Brunt-Väisälä frequency to the depth-average mean wind speed both upstream and downstream of the 
mountain top.
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where 〈〉X indicates a vertical/depth average over the extent of X, U is the wind speed, and gr the reduced 
gravity,
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where g is the gravitational constant, ΘT the free troposphere potential temperature, and Θ the potential tem-
perature. The latter two expressions assume a well-defined inversion and that both U and Θ are relatively 
constant below h. Fr is defined as the ratio of the mean ABL wind speed to the fastest possible gravity wave 
traveling along the two-layer fluid interface (Juliano et al., 2017). When the flow experiences the transition 
from supercritical (Fr > 1), for example, on a mountain top to subcritical (Fr < 1), for example, on the lee side 
of the mountain or further downstream of the mountain base, an atmospheric hydraulic jump can develop. 
When the flow becomes supercritical at the mountain top, the inversion layer starts to restrict the vertical 
movement of the air. The ABL then thins over the leeward slope and the flow accelerates (downslope winds), 
until it reaches a region of reduced pressure gradient; mass convergence can eventually occur (usually close 
to the mountain base) and upward motion takes place. The latter is what we refer to here as a hydraulic jump.

Based on radial velocity retrievals from two scanning lidars mainly, Santos et al. (2020) illustrated an at-
mospheric hydraulic jump that started on a clear-sky autumnal afternoon over the Alaiz mountain range 
and Elorz valley in the northeast of Spain. Apart from previous results on smaller spatial scale experiments 
where hydraulic jumps (Lehner et al., 2016) and lee-wave activity (Palma et al., 2019) were observed and 
simulated, this is one of the first times in which a hydraulic jump is measured in high detail using scanning 
lidars. At Alaiz, the conditions are very favorable for the development of atmospheric hydraulic jumps. 
First, winds (southerly) on the windward slope and on top of the Alaiz mountain range are often nearly 
perpendicular to the ridge line; ≈25% of the time surface winds are south-southeast (Santos et al., 2020). 
Second, for southerly winds the mountain range has a gentle windward slope and a steep leeward slope. 
Third, geostrophic winds are strong in the region (Badger et al., 2014). Last, under southerly wind there is 
often a strong stable layer at the top of the Alaiz mountain (Rodrigo et al., 2013). We therefore speculate that 
atmospheric hydraulic jumps at Alaiz might frequently occur.

Here, we investigate the ability of the Weather Research and Forecasting (WRF) model to reproduce the 
atmospheric hydraulic jump observed at Alaiz and further analyze the conditions within which it develops. 
We start by introducing the Alaiz experiment (Section 2), in which the observations took place. Section 3 
illustrates and details the numerical setup used for the simulations performed with the WRF model. The 
results with regards to the simulations and their comparison with the observations are shown in Section 4. 
Finally, discussion and conclusions are drawn in the last section.

2. The Alaiz Experiment
The Alaiz experiment was conducted in the northeast of Spain, in an area southwest of the Pyrenees (see 
Figure 1-left) as part of a set of complex-terrain experiments carried out within the New European Wind 
Atlas project (Mann et al., 2017). The experimental area includes the Alaiz mountain range, the Elorz valley, 
and the Tajonar ridge (see Figure 1-right).

The intensive operational period took place from August 2018 to December 2018. Here, we use measure-
ments from five meteorological masts (M2, M3, MP5, M6, and M7), which were deployed around a transect 
connecting the Tajonar ridge and the Alaiz mountain top (Figure 1-right). From the 80-m tall masts (M2, 
M3, and M7), we use measurements from Gill WindMaster Pro sonic anemometers at 10, 20, 40, 60, and 
80 m above ground level (agl) and from Rotronic HygroMet4 hygrometers at 2, 10, 40, and 80 m agl (except 
for M3 where the hygrometer at 80 m was malfunctioning). From the 60-m tall mast M6, measurements 
from METEK USA-1 sonic anemometers at 10, 20, 40, and 60 m agl and from Rotronic HygroMet4 hygrom-
eters at 2, 10, 40, and 60 m agl are used. From the 118-m tall mast MP5, we use measurements from METEK 
USA-1 sonic anemometers at 40, 78, and 118 m agl and from Rotronic HygroMet4 hygrometers at 2, 40, 80, 
97, and 113 m agl. All sonic anemometer measurements were acquired at 20 Hz and the hygrometer meas-
urements at 1 Hz.
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Two long-range pulsed scanning lidars (WS3 and WS5), which are modified versions of Leosphere Wind-
Cube 200S units, were also used. The lidars performed range-height indicator (RHI) scans along the transect 
connecting the Alaiz mountain range and the Tajonar ridge, that is, the line composed by black dots in Fig-
ure 1-right. Figure 3-bottom illustrates the RHI scans of both scanning lidars on the transect over the terrain 
at the Alaiz experiment. A full RHI scan, which started at a close to 2° elevation and extended to about 20° 
elevation, took ≈30 s to be completed. RHI scans were performed up to a range of 5 km; for the WS3 the 
ranges were spaced 50 m apart and for the WS5 20 m apart. The RHI scans were performed twice every hour, 
with other patterns being executed in between. Further details of the experiment and instrumentation are 
provided in Cantero et al. (2019) and Santos et al. (2020).

3. Numerical Simulation
We performed real-time simulations using the WRF model version 
4.0.1. We setup the runs with five telescopic one-way nested domains, 
all centered at the position of MP5 (see Figure 3). All domains use the 
same amount of grid points in both horizontal directions (240×240) 
and their horizontal resolutions are, from the outermost to the inner-
most domain, 9000, 3000, 1000, 333.33, and 111.11 m, respectively. The 
model top was set to 5000 Pa with 61 vertical levels, where the first 20 
model levels are within the first kilometer from the surface.

The ERA5 reanalysis data at 0.3° (C3S,  2018) was used to force the 
model together with the Operational Sea Surface Temperature and 
Sea Ice Analysis (Donlon et al., 2012). The CORINE land cover clas-
sification (Copernicus Land Monitoring Service, 2018) and the global 
multi-resolution terrain elevation data 2010 at 30 arcsec (Danielson & 
Gesch, 2011) were used for the land use and for the terrain elevation, re-
spectively. The CORINE land cover categories were reassigned to those 
of the US Geological Survey classification (Anderson et al., 1976), as 
this is included within the WRF model distribution. The top frames 
in Figure  3 illustrate both the terrain elevation and land use of the 
innermost domain together with the positions of the masts and lidar 
transect. An extended transect along that performed by the lidar scans, 

PEÑA AND SANTOS

10.1029/2020JD033744

3 of 16

Figure 1. (Left frame) The location of the Alaiz experiment (red rectangle) in the northeast of Spain. (Right frame) A high resolution digital elevation map 
of the Alaiz experimental area in the red rectangle of the left frame. Black dots (nearly seen as a line) represent the locations where radial velocities were 
measured by two scanning lidars (cyan markers) in the Alaiz experiment. Masts are shown in red markers. The colorbar indicates the terrain elevation in 
meters above mean sea level.

Figure 2. Telescopic nested domains (red lines) used for the WRF model 
simulations. All domains are centered on the meteorological mast MP5 
(see Figure 1-right) at the Alaiz mountain range. The colorbar indicates 
the terrain elevation in meters above mean sea level.
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which is used for the analysis, is also shown. The elevation profile of the extended transect is illustrated in 
Figure 3-bottom from two datasets, a 10-m digital elevation model based on lidar aerial scans and the eleva-
tion of the innermost domain of the WRF model. The main topography feature, namely the Alaiz mountain 
range, although smoothed, seems fairly well represented by the elevation used for the simulations, whereas 
the Tajonar ridge seems highly misrepresented. The Elorz valley is represented in the WRF input land cover 
as “dryland cropland and pasture,” most of the high elevation terrain as “deciduous broad-leaf forest,” and 
some elevated areas such as that where MP5 is located as “mixed forest.” The modeled land cover is, qual-
itatively, in good agreement with the land cover derived from high-resolution maps (Cantero et al., 2019).

The time step used for the outermost domain was 10 s and the nested domains used a 1:3 time step ratio, fol-
lowing the grid aspect ratio. The following physics schemes were used: WRF single-moment 5-class scheme 
for cloud micro-physics (Hong et al., 2004), Kain–Fritsch scheme for cumulus convection (Kain, 2004) for 
the outermost domain only, the MYNN level 2.5 planetary boundary layer (PBL) scheme (Nakanishi & 
Niino, 2009) for the three outermost domains, and the large-eddy simulation (LES) capability for the two 
innermost domains. The LES domains used the subgrid-scale model of Deardorff  (1980) with the prog-
nostic equation for the subgrid turbulent kinetic energy. The MYNN surface-layer scheme (Nakanishi & 
Niino, 2009) and the Unified Noah Land Surface model (Tewari et al., 2004) were used for all domains. The 
RRTMG scheme (Iacono et al., 2008) at 9-min interval was used for the shortwave and longwave radiation.

The simulation was performed with a cold start at 00:00 UTC on October 5, 2018 and lasted for 2 days (all 
times are hereafter UTC). The simulation was nudged toward the forcing reanalysis using spectral nudging 
for the two horizontal wind components and temperature on the outermost domain with a constant of 
0.0003 s−1. No upper level damping was used. Second-order diffusion on coordinate surfaces and two-di-
mensional deformation were used for the PBL domains, whereas three-dimensional turbulence mixing in 
physical space was used for the LES domains. All domains used a sixth-order positive definite numerical 
diffusion, as well as positive definite advection of moisture and scalars. Output for the innermost domain, 
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Figure 3. The terrain elevation (top left) and land cover (top right) of the innermost WRF domain. The locations of the different masts (red markers), lidar 
transect (black markers), and the extended transect (white markers) used for the analysis are shown. The colorbar indicates the terrain elevation in meters 
above mean sea level (top left) and the land cover from the US Geological Survey classification (top right). (Bottom) The elevation profile of the extended 
transect, where the positions of the scanning lidars (cyan markers), the WS3-RHI scan (brown markers), the WS5-RHI scan (ochre markers), and the locations 
of the masts projected onto the transect (gray vertical lines) are also shown.
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which we use to extract the results of the WRF simulations, was produced every 10 s. As the hydraulic jump 
was observed in the afternoon of the first day, we assume that the model is able to adequately spin up in the 
hours previous to the jump event.

4. Results
Here we analyze the results of the simulations and their ability to capture the hydraulic jump event. We also 
qualitatively intercompare the simulations’ results with the available measurements. When simulated time 
series are presented at the mast positions, the simulated variables are extracted from the grid cell closest to 
the masts locations. As the observations correspond to means over 10-min periods (except for the fluxes at 
MP5, which were computed within 30-min periods), when simulations are intercompared to observations, 
the 10-s outputs of the simulated variables are also time-averaged within the same concurrent period (un-
less otherwise stated).

An important parameter required for the computation of the Froude number in Equation 1 is the ABL 
depth. A common approach used in numerical models is based on the bulk Richardson number,
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where Δ0 refers to the difference of a variable at a given vertical level and its value at the surface (represent-
ed by the subscript 0), u and v are the two horizontal velocity components and so  2 2U u v , and z the 
height. In the Rib-like approach, h is the height at which Rib exceeds a critical value, Ribc. As pointed out by 
Richardson et al. (2013), observational and numerical studies have shown Ribc-values ranging from 0.1 to 
nearly 0.6. They argued that the range is broad due to the stability-dependence character of Ribc, which they 
studied by using large-eddy simulation results and wind tunnel data.

Here, we estimate h by computing Rib in Equation 3 at all simulated vertical levels and linearly interpolating 
between the two adjacent vertical levels at which a Rib-value of 0.25 is reached, as traditionally performed 
in PBL schemes. For the analysis of the results, it is important to remind the reader that this hydraulic jump 
occurs over the Elorz valley and on lee side of the Alaiz mountain when the flow over its wind side and top 
(where MP5 is located) is south; thus M2 closely describes the lee side/downslope conditions, M7 the valley 
conditions, and M3 and M6 feature further downstream conditions.

It is important to note that during both days (October 5 and 6, 2018), northern and western Europe were un-
der the influence of meandering westerlies. There was almost no background flow over the Iberian Peninsula 
with weak synoptic-scale forcing and low-pressure systems over the English Channel and the Tyrrhenian 
Sea are distinguishable. The simulated surface winds over the Alaiz mountain range are southerly, as over 
most of the area covered by the innermost domain, but they are southeasterly and easterly on the Elorz val-
ley. The Ebro valley forms an orographic funnel that produces two main flow patterns, with northwesterly 
winds (called El Cierzo) and southeasterly winds (Santos et al., 2020). The latter can be intensified when 
passing the gap between the Alaiz mountain range and the Tajonar Ridge. Badger et al. (2014) showed that 
south surface winds over the Alaiz mountain become stronger under stably stratified conditions.

4.1. Extended Transect

A qualitative comparison of the behavior along the extended transect of both the radial velocity observed 
with the two scanning lidars performing RHI scans and the simulated horizontal velocity is illustrated in 
Figure 4 for a number of 10-min periods during the 24-h period covering the jump event (October 5 12:00–
October 6 12:00). Within the region where the two RHIs overlap, we use the measurements from WS5 only. 
Negative radial velocities indicate flow toward the north, that is, toward WS3. For simplicity, only the hour 
and minute are stated hereafter; thus an event at 13:00 belongs to October 5, whereas one at 03:00 belongs 
to October 6. In the case of the observations, each period corresponds to the 10-min mean, whereas it is the 
instantaneous output of the model at the corresponding time.
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From 01:00 on the second day until the end of the period, RHI measurements from the WS3 lidar are not 
available due to loss of connection to the lidar. It is important to note that these observations and model 
output cannot be directly compared, since the former are radial velocities, thus a scanning pattern geome-
try-dependent projection of the horizontal velocity (mostly) and, the latter, horizontal velocities along the 
transect.

The series of contours starts at 16:30, which is about the time the simulations show a wave-like pattern in 
the flow for the first time. One can notice, from the observations, a distinct jet (red colors indicating negative 
radial velocities) over the Alaiz mountain top, but in the upper part of the RHI scan a small area of positive 
radial velocities (blue colors) appear; such change of sign in the radial velocity indicates an ABL depth close 
to or lower than the mountain height, which, as we show later, is in agreement with the estimation from 
the simulation outputs at MP5. The ABL depth is well observed until about 21:00 when it seems to thicken 
with time.

From the observations at 16:30, downslope winds appear all the way through the lee side of the Alaiz moun-
tain reaching the Elorz valley and it is not clear whether a hydraulic jump is already present. At the same 
time, the simulations already show a clear jump; here we first arbitrarily distinguish two types of waves, a 
“hydraulic jump” from a “mountain wave,” based on the location downstream of the Alaiz mountain top 
of vertical movement of the air, that is, the transition from negative (red) to positive (blue) velocities at the 
same vertical level; if the jump occurs downstream of the lidar at the base of the mountain (WS5), we refer 
to it as a jump and as lee wave otherwise. Later, we attempt to physically characterize these two regimes.

From 17:00 to 01:00, the RHIs clearly show a distinct hydraulic jump. At 17:00, the location of the jump is 
in the middle of the valley and at 19:00 it shifts upstream to a position close to the Alaiz mountain base. The 
jet then increases its strength and the jump location shifts back close to the middle of the valley until about 
22:00, when the jump location shifts back to the lee side of the mountain until it cannot be distinguished in 
the observations from 01:00 onwards.

The shifting of the jump location is slightly different in the simulations. From 16:30 to 18:00, the jump loca-
tion shifts downstream, then it moves upstream until about 20:00, downstream until 22:00, and finally shifts 
upstream until it reaches the mountain top. Between 01:00 and 03:00, the jump is “replaced” by moun-
tain-wave activity; although not shown, note that the simulations first portray a characteristic jump around 
16:15, which lasts until 02:15 when vertical movement of air takes place upstream the position of WS5. After 
03:00, the simulations no longer show extended downslope winds but, instead, portray wave activity with 
“jumps” departing at positions close to the mountain top. As illustrated, the change in jet strength through-
out the jump/mountain wave activity is qualitatively similar between both observations and simulations.

4.2. Time Development

Figure 5 illustrates the behavior with time of the simulated wind speed at all mast locations (shown in each 
of the frames) within the first ≈ 1,300 m agl during the event. Contours of the potential temperature every 
1 K are also included in the figure. At MP5, the jet becomes well defined below 200 m agl at ≈ 17:00 and, 
although it widens and thins during the shown period, its peak does not vary much in height. The ABL 
height estimation based on Rib at MP5 is also plotted, and as shown, it follows very closely the peak of the 
jet at MP5 during the whole period. Such an agreement provides us confidence on the accuracy of the Fr 
computations upstream (MP5).

The development of the downslope winds is clearly seen at the M2 position. The jet is below 200 m agl at 
17:00–01:00, then it rises until ≈03:00, and remains relatively steady at ≈800 m. Thus, the hydraulic jump oc-
curs downstream of M2 before 01:00, and between 01:00 and 03:00 the jump is being “replaced” by lee-wave 
activity as we also illustrate in the right frames of Figure 4. At M7 we observe a similar behavior of the jet to 
that at M2 up to slightly after 18:00. From about 18:00 to 21:00, the jet seems to rise up to ≈800 m agl and fall 
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Figure 4. Radial velocities retrieved by the scanning lidar systems (left frames) and simulated horizontal velocities (right frames) for different periods 
throughout the two days along the extended transect. The colorbar indicates the velocity in m s−1. The positions of the masts (projected onto the transect) are 
also indicated. Other details are given in the text.
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close to the ground and, before 23:00, it ascends back to ≈800 m where it remains relatively steady. At M3 and 
M6, we see a clear jet moving with height from slightly before 21:00 to close to 03:00 where it remains rather 
steady. Based on our distinction between “jump” and “lee wave,” the elevated jet at M7, M3 and M6 at about 
18:00–21:00 and 23:00–03:00 is a hydraulic jump; from 03:00 onwards we are looking at lee-wave activity.

As illustrated, the potential temperature contours follow the development of the jet closely, particularly 
at all positions downstream of MP5. For those positions, the jet nose is located close to the 299 K contour; 
however, estimations of the ABL height based on Rib do not agree with the jet peaks (not shown). When 
the jet is close to the ground, for example, between 21:00 and 01:00 at M2, the ABL height estimate follows 
the jet nose but when the jet peaks above 200–300 m, the ABL appears very thin using such estimate. This 
is because at these downstream positions, the vertical gradients of potential temperature and wind speed 
are rather high and low, respectively, and thus the Rib values are high and positive close to the surface. The 
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Figure 5. Time development of the simulated wind speed at the mast positions. The colorbar indicates the wind speed in m s−1. Potential temperature contours 
are shown in black lines. The ABL height estimated from the simulation outputs at the MP5 position is also indicated in the top frame (gray line).
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potential temperature contours also show that downstream of MP5, the flow cannot be represented by a 
two-layer model flow and, thus, the limitations of computing Fr from Equation 1 (Durran, 2003).

4.3. Vertical Profiles

Figure 6 illustrates observed and simulated vertical profiles of both mean wind speed (top frames) and po-
tential temperature (bottom frames) at six 10-min periods separated 3-h each to cover the event. The simula-
tions are plotted up to 800 m agl as wave activity is present at this level. One can notice, at least qualitatively, 
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Figure 6. Simulated (solid lines) and observed (markers) vertical profiles of wind speed (top frames) and potential temperature (bottom frames) at the different 
mast positions for a number of 10-min periods over the 2 days. The insert on the bottom-left panel shows the details of the profiles close to the ground. The ABL 
height estimated at MP5 is also shown (black dashed line).
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that the agreement between observations and simulations seems better for the wind speed than for the 
potential temperature, with the simulations showing an overall consistent cold bias at all levels and mast 
positions; the bias seems to be lowest at MP5 and decreasing close to the surface. At 15:00, observations of 
potential temperature (approximated using the dry-adiabatic lapse rate) at all positions other than MP5 are 
above 304 K and thus not shown for visualization purposes.

Except for the wind speed profiles at 15:00, the simulations show a jet within the first 800 m agl at all posi-
tions. At 18:00 the downslope winds at M2 are stronger than those at MP5 within the first 100 m (also seen 
in the mast measurements) and at M7 the values are nearly as those of MP5; the downslope winds thus 
reached the M7 location. At 21:00, the simulated jet at M3 and M6 is at ≈400 m agl and at these positions and 
for the rest of the night, this will be the minimum height of the jet; for M7 there are jets at 100 and 300 m agl. 
At 00:00, the simulations continue to show strong downslope winds at M2, which is clearly not noticed from 
the observations. At this time, the lee-wave regime starts “replacing” the hydraulic jump regime.

At 15:00, the simulated temperature profiles depict unstable atmospheric conditions close to the surface 
and a stable layer starting around 400 m agl at MP5, which closely matches the estimated ABL height. The 
simulations then show a clear stable atmosphere from 18:00 to 06:00, which is also the type of atmosphere 
that the observed profiles indicate, although the differences of temperatures between vertical levels are 
more abrupt in the observations than in the simulated values. At 09:00, the atmosphere becomes unstable 
close to the surface at all mast positions but with low inversions, particularly at MP5, which also match the 
ABL-height estimation closely.

4.4. Time Series

Figure 7 illustrates time series of a number of simulated and observed variables during the 24-h period cov-
ering the jump event. The estimations of the dimensionless mountain height H/h, where H = 582.89 m is 
the maximum height difference along the extended transect, and Fr, based on the outputs of the simulation, 
are also shown for the MP5 position.

We observe that the trends in observed potential temperature are followed by the simulations with the gen-
eral cold bias in the model output. The observed departure at midnight of the MP5 potential temperature 
from those at the other positions is well captured by the model. The simulated surface heat flux 〈w′Θ′〉0 
shows the same trend of the observations (all from instruments at 10 m agl but MP5, which uses one at 40 m 
agl), following an ideal clear-sky pattern during the first day, and becomes negative around 16:30 (earlier for 
MP5 than for the other positions), which is about the time where the jump was first observed. It becomes 
positive around 07:00 and, as we show in Sect. 4.1, waves on the lee side of the Alaiz mountain still appear 
in the simulation until about 11:00 (although results are shown until 09:00).

When compared to the observations, wind speeds are qualitatively well simulated by the model. MP5’s 
simulated wind speed, in particular, agrees very well with the observations; from the simulations at 80 m 
agl, the wind speed at MP5 is the highest except for a short period before 18:00 and at 21:00–01:00 where the 
highest wind speed at 80 m agl is simulated at the lee side of the mountain (M2). For the other positions, 
simulated and observed wind speeds agree best under low wind conditions. Between the periods 17:00–
18:30 and 21:00–23:00, the simulation shows the jump further downstream of M7 as the wind speed at this 
mast is nearly as high as that at MP5 and M2. Both observations and simulations show steady southerly 
surface winds during the 24-h period at the mountain top (MP5). The observations show that at the base of 
the mountain and at the valley (M2 and M7), winds are either west or east before 16:30 (simulations show 
easterly winds at these positions only) and the simulations show that winds at M2 and M7 become south for 
the periods when wind speeds at these two masts are close to those at MP5, further demonstrating that the 
downslope winds from the Alaiz mountain reach M7 and that the jump occurs downstream of M7. Obser-
vations and simulations at the positions close to the Tajonar ridge (M3 and M6) show close to south winds 
until close to midnight where simulated winds become mostly westerly at these two positions.

Hydraulic jumps are highly turbulent (Gohm et al., 2008; Strauss et al., 2015) and, therefore, we also show 
the simulated subgrid-scale turbulent kinetic energy (TKE) at 40 m agl. The resolved part of the TKE is 
damped and most of the time inhibited, particularly during the night time, due to the smooth mesoscale 
flow driving the LES (thus not shown). The subgrid-scale TKE follows the trends of the 80-m agl wind speed 
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at all mast positions, with largest values near midnight at MP5 and M2, relatively high compared to what 
we expect for such a stable atmosphere. The observed TKE at MP5 shows high values during daytime and 
rather low values during the night. The observed TKE at M2, and to some degree that at M7, have values 
distinctly higher during the night than during the day, following the behavior of the subgrid-scale TKE at 
these two positions. Particularly within the period between 21:00 and 22:00, the highest TKE values are 
observed at M2, which is right the period within which the jump is observed deepest into the Elorz valley 
(see Figure 4-left middle frames).

The time evolution of Fr (solid line in Figure 7-bottom frame) at the Alaiz mountain top (MP5) indicates the 
wave activity in the simulated atmosphere. At about 16:30, the flow becomes supercritical at MP5, which is 
right at the time of the first observed and simulated hydraulic jump, as we show in Sect. 4.1. After reaching 
a value close to 1.5, Fr does not vary largely until it decreases to about 1.0 around 08:00, and finally, drops 
below 1.0 at about 10:00. The parameter H/h also shows a sharp increase when the flow becomes supercrit-
ical; when Fr = 1 the ABL height is only about a tenth of the Alaiz mountain height. At 21:00, H/h returns 
to values nearly as low as those before the flow became supercritical and the ABL does not thin at the Alaiz 
mountain top any longer.
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Figure 7. Simulated (solid lines) and observed (markers) time series of potential temperature, surface heat flux, wind 
speed, direction, TKE, Froude number (solid line)/dimensionless mountain height (dashed line) from top to bottom 
frame, respectively, at the different mast positions. The observed potential temperatures for M7, M2, and MP5 are at 
80 m, for M6 at 60 m, and for M3 at 40 m. The observed wind speeds and directions for all masts are at 80 m, except 
at M6, where observations are at 60 m. The observed TKE values are at 40 m and scaled by a factor of five for better 
visualization. The simulated TKE value corresponds to the subgrid-scale part only. The simulations are extracted at 10, 
40, 56, and 72 m when compared to the observations at 10, 40, 60, and 80 m, respectively.
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4.5. Cross Sections

Contour plots of the simulated meridional velocity along six ≈11-km long cross sections at close to right 
angles to the extended transect, and separated about 1850 m, are illustrated in Figure 8 to analyze the extent 
of the hydraulic jump longitude-wize. The meridional velocity corresponds to the instantaneous output of 
the simulation on October 5 at 21:00, where the simulated horizontal velocity (Figure 4-right frames) shows 
a clear intense jump that, on the extended transect, appears around the middle of the Elorz valley. The jump 
reaches an elevation ≈ 1,500 m above mean sea level at the highest position close to the wind side of the 
Tajonar ridge base.

At the southernmost cross section (1), which is 3174 m south (and upstream) of the MP5 position, the sim-
ulation shows a relatively, longitudinal-wize, homogeneous velocity field with a distinct jet nose at about 
300 m agl. Although it is not shown, the zonal wind component at the jet area is nearly zero. Moving north-
wards to the next cross section (2), which is 1,323 m south of the MP5 position, the picture is similar but, in 
this case, the jet nose is located about 165 m agl. One can notice that on the easternmost area of this cross 
section (2) and close to the ground, the meridional velocity is negative indicating reverse flow as the eleva-
tion profile decreases on those locations compared to the elevation profile of the upstream cross section (1).

The next cross section (3), which is about 528 m north (and downstream) of the MP5 position, is at the be-
ginning of the lee side of the Alaiz mountain range. There downslope winds, with an intense jet nose about 
92 m agl, are simulated nearly at all locations, except for the area east of the extended transect in which the 
jet stays at similar heights as those of the upstream cross section (2). Along the first three cross sections, 
which are upstream of the lee side of the mountain range, the flow is generally supercritical (Fr > 1) with 
Fr values increasing both latitude-wize and westwards.

Moving northwards to the next cross section (4), which is 2,380 m north of the MP5 position, we are some 
hundreds of meters from the base of the Alaiz mountain (at the beginning of the Elorz valley) where the 
elevation profile does not any longer change much eastwards. East of the crossing of the extended transect 
the jet remains at nearly the same heights as observed on the same area of the upstream section (3). In the 
middle of the cross section (4), the jet nose is close to the ground as a result of the downslope winds reaching 
the valley and the jet strength is the highest of all cross sections. On the westernmost area of the cross sec-
tion (4), the jet nose rises up to about 550 m agl showing that the hydraulic jump also occurs at this position, 
which is downstream of the last extension of the Alaiz mountain range (these westernmost positions are 
already located about 2000 m from the base of the mountain).

The next cross section (5) portrays the situation within the middle of the Elorz valley mostly. The simulation 
shows the elevated jet from the hydraulic jump at most locations eastwards. East of the crossing with the 
extended transect, the jet nose reaches around 800 m agl, which is higher than the location of the jet nose 
on the extended transect (Figure 4-right frames) at the same time. Finally, the northernmost cross section 
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Figure 8. Simulated meridional velocity along cross sections to the extended transect (shown as vertical gray lines) at six latitudes on the Alaiz experimental 
area on October 5 at 21:00. The simulated elevation of the area is shown as a black wireframe. The colorbar indicates the velocity in m s−1. Other details are 
given in the text.
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(6) shows the situation over the Tajonar ridge. Close to the middle of the 
section and moving westwards, the jet nose is at lower levels (400–500 m 
agl) and slightly decreases strength. For the northern cross sections (4–6), 
estimating the ABL height via the Rib approach is limited, due to the low 
and high vertical gradients of temperature and wind speed close to the 
ground and, thus, computing Fr is challenging. Although not shown, at 
this particular time and three cross sections, the flow is supercritical close 
to the location of the transect (middle of the cross section) and becomes 
subcritical the farther we move east and west within the cross section.

It is important to notice that for all these cross sections (and for the whole 
innermost domain), the winds at about 2,000 m or at higher levels are 
from the west, whereas at low levels within the areas below the jet they 
are from the east or southeast. Particularly, at the southern areas of the 
Tajonar ridge, the winds close to the ground have a strong zonal compo-
nent (>7  m s−1). As we already mentioned, before the hydraulic jump 
event, surface winds over the Alaiz mountain range are south but they 
are southeasterly and easterly over the Elorz valley. At 21:00 and close to 
the surface, downslope south winds reach up to the middle of the Elorz 
valley and meet strong east winds flowing through the gap between the 
Tajonar ridge and the Alaiz mountain range. At the same time but at 
≈600 m agl, winds are south within the whole innermost domain and at 
≈1,600 m agl they are west. At 09:00, surface winds over the Alaiz moun-
tain range continue to be south but those over the Elorz valley become 
west as those simulated at ≈1,600 m agl or above.

4.6. A Flow Regime Diagram

Given the previous analysis and results from both observations and simulations, the phenomena taking 
place at Alaiz can be separated into two periods. First, a hydraulic jump takes place between 16:30 and 02:15 
and, second, lee-wave activity takes over lasting slightly after 09:00. Within these two periods, one could also 
say that when downslope winds are still present close or further downstream of the scanning lidar location 
at the base of the Alaiz mountain, we have a distinct atmospheric hydraulic jump and that we talk about 
mountain-wave activity otherwise. Fr, computed from the simulation outputs at the MP5 position, is above 
unity within these two periods and remains below unity for the rest of the time within the 24-h period. 
Therefore, we are interested in understanding the mechanisms leading to downslope winds reaching the 
base of the Alaiz mountain (and further into the valley) and those leading to lee-wave activity.

Figure  9 illustrates a flow diagram based on simulation outputs for the periods in which Fr  >  1 at the 
mountain top (MP5). The diagram portrays the relation between the upstream (MP5) and downstream (M2) 
values of the ratio of the depth-average mean wind speed to the depth-average Brunt-Väisälä frequency both 
ratios non-dimensionalized by the mountain height H. Such dimensionless parameter is also sometimes re-
ferred to as Froude number. The Brunt-Väisälä frequency is computed at all half levels of the simulations as


ΔΘ ,

Θ Δ
gN

z
 (4)

where Δ represents the difference between two consecutive vertical levels. Note that the depth-averages in 
Figure 9 are performed over the extent of the mountain height H instead of the ABL height h from which 
Fr was computed at MP5.

As shown in Figure 9, at MP5 and M2 these dimensionless parameters can be above and below unity during 
the period in which Fr > 1 at MP5. At MP5 this parameter alone cannot be used to distinguish between a 
hydraulic jump and a lee wave case. However, the period portraying lee waves shows the lowest values at 
M2. Further, the lee-wave periods are characterized by the highest depth-average Brunt-Väisälä frequencies 
at MP5 (colors in Figure 9); they are nearly as twice as those corresponding to the values at the start of the 
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Figure 9. A flow regime diagram based on the simulations outputs within 
the period where the flow is supercritical at the Alaiz mountain top. Only 
values on the hour and on the half hour are shown for better visualization. 
The size of the circle indicates the depth-average wind speed in m s−1 (see 
legend at the top left) and the colorbar the depth-average Brunt-Väisälä 
frequency at MP5 in s−1.
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hydraulic jump event. Periods portraying lee waves are characterized by high depth-average wind speeds 
(≈10 m s−1) but the hydraulic jump is portrayed within the range of depth-average wind speeds. It should 
be noted that we were unsuccessful when using several parameters to construct a flow diagram in which 
the two types of flow regimes could be distinguished based on the upstream flow conditions only, among 
others, the dimensionless parameter NH/U (estimated at specific vertical levels), which is another form for 
the inverse of a Froude number that shows the same behavior as the Scorer parameter   2 2/N U , and a 
depth-average Brunt-Väisälä frequency but over the ABL height, partly because of the thin ABL at MP5. 
We can notice that downslope winds during 16:30–20:00, which turn further downstream into a hydraulic 
jump, are a result of a low depth-average wind speed at the mountain top (but “fast” enough for the flow to 
become supercritical). After 20:00 when the flow moves “faster,” both a hydraulic jump and lee waves may 
occur; if at the mountain top the air parcels experience vertical displacements at a high frequency, with the 
consequence of restoring forces to act on those parcels, lee waves are portrayed.

The findings in Figure 9 can be summarized as follows. At the beginning of the night, the flow can penetrate 
deeply into the valley because, although the wind is not strong, the stability is not that high. This leads to 
occurrence of hydraulic jumps at locations downstream of WS5. During the night, the increasing stability 
of the flow inhibits the penetration of the flow into the valley and thus the flow separates farther upstream.

5. Conclusions and Discussion
Radial velocity observations performed with two scanning lidars portray a distinct atmospheric hydraulic 
jump taking place over the lee side of the Alaiz mountain range and over the Elorz valley in the northeast of 
Spain during a clear-sky autumnal afternoon. Real-time atmospheric simulations performed with the WRF 
model are capable of reproducing in high detail the spatial characteristics and timing of the jump and the 
flow over the area, as demonstrated by comparison of the simulation outputs with observations from the 
lidars and from meteorological instruments on a series of masts spread over the area.

Both lidar radial velocity observations and simulations of the horizontal velocity show that the hydraulic 
jump starts at about 16:30, which, based on the analysis of the simulation outputs, corresponds to the time 
when the atmosphere becomes stable and the flow at the Alaiz mountain top experiences the transition 
from subcritical (Fr < 1) to supercritical (Fr > 1). Fr is here an ABL-depth average value computed from the 
simulation outputs only. The ABL depth is computed using the bulk Richardson number approach, which 
is traditionally used in numerical weather prediction models. From the simulation outputs at the Alaiz 
mountain top, the ABL depth matches very well the location of the peak of the jet. At the time of the flow 
transition, the ABL thins up to a tenth of the mountain height.

The simulations show that the jump lasts about 10 h until it moves close to the Alaiz mountain top. From 01:00, 
the simulations complement the scanning lidar observations and show that between 01:00 and 03:00, lee-wave 
activity takes over until late in the morning. Downslope winds over the lee side of the Alaiz mountain, which 
eventually develop into a hydraulic jump further downstream, appear under a flow regime with relatively high 
ratios of depth-average flow speeds to depth-average Brunt-Väisälä frequencies computed downstream of the 
mountain top, whereas both the hydraulic jump and lee waves occur within the range of values computed 
upstream. Based on upstream conditions only, lee waves occur during periods in which the depth-average 
Brunt-Väisälä frequency is high mainly because the flow cannot penetrate the valley at such degree of stability.

It is important to mention that when looking at the results of the domain that runs at a 333.33-m resolution, 
we can still distinguish the hydraulic jump and the wave activity clearly but without the spatial details and 
the timing of the results that correspond to the innermost domain. We also tried to test the limitations of 
the WRF PBL schemes in simulating the jump event by repeating the simulations but replacing the LES 
with PBL domains at the same horizontal resolution (we only tried the MYNN PBL scheme as for the three 
outermost domains). Any attempt to use a PBL scheme for the two innermost domains failed at the time 
where other parametrizations are called by the model (e.g., radiation). Increasing the height of the first ver-
tical level of the model, which from our experience aids at avoiding numerical errors particularly over hilly 
terrain using the WRF model, did not help.
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Given both that the upstream conditions, that is, those at the top of the Alaiz mountain, are key for the de-
velopment of the hydraulic jump, and that most of the high elevation terrain in the simulation corresponds 
to the same land use class, that is, deciduous broad leaf forest, we also performed a new simulation with 
a different roughness length value assigned to that land use class. The original simulation used a value of 
0.5 m, whereas the new one used a value of 0.05 m. The new simulation shows the hydraulic jump and 
lee-wave activity nearly with the same qualitative dynamics and general characteristics as the original sim-
ulation. Compared to the latter, the wind speeds of the new simulation at the mast positions are generally 
slightly higher, the downslope winds are also stronger, and the jump event takes place downstream of M7 
(at the valley) during a longer period. The wind directions before 00:00 are also steadily south at all mast po-
sitions compared to the more fluctuating behavior shown at M2 and M7 in the original runs. These analyses 
and sensitivity studies show that the modeling of mountain waves on the lee side of the Alaiz mountain de-
pends mostly on three ingredients: first, capturing the profile of the mountain (gentle windward and steep 
leeward slope), second, ABL winds perpendicular to the mountain/ridge line, and, third, the model being 
able to capture the atmospheric stability conditions at the mountain top. It will therefore be interesting to 
attempt the modeling of the flow over Alaiz using idealized simulations in the near future.

We chose the ABL depth to define the extension of the lowest layer of a two-layer flow model because, first, at 
the mountain top the computed ABL depth agrees well with the jet locations and, second, the Froude number, 
derived from ABL-depth average parameters, shows the transition from subcritical to supercritical flow at the 
mountain top timely. The height of the flow reversal could be another choice as seen from the radial velocity ob-
servations; however, reverse flow is not easily distinguished from the simulation outputs at the mountain top.

One might consider that the 111.11-m resolution domain is too coarse for the modeling the flow over ter-
rain of this complexity. It definitively is, but for the flow conditions that we study, the terrain input captures 
the profile of the Alaiz mountain well, as shown in Figure 3-bottom. This horizontal resolution is however 
not sufficient to capture the details of the flow over the Tajonar ridge. Further, with this horizontal resolu-
tion, the recommended time step is about six times that we used for the simulations as larger time steps led 
to numerical instabilities.

It is also important to note that when performing these multi-scale simulations, we downscale through the 
“terra incognita” scales (Wyngaard, 2004). It is therefore of interest to evaluate in future work whether some 
approaches, for example, those based on three-dimensional ABL parametrizations (Kosović et al., 2020), 
explicit filtering and reconstruction (Simon et al., 2019), and scale-awareness (Honnert et al., 2011), can 
help improving the numerical modeling of hydraulic jumps and mountain waves.

Other periods portraying atmospheric hydraulic jumps were spotted during the Alaiz experiment. During 
the evenings of September 15, 20, and 26 and November 10, the mast observations show southerly, stable 
stratified, and supercritical flow with strong speeds (>5 m s−1) at the Alaiz mountain top. The RHI scans 
confirm the presence of hydraulic jumps and lee-wave activity, which might be further analyzed to help 
understanding the conditions at which these phenomena occur and their impact on, for example, wind 
energy as the wind resources of this area are highly exploited for that purpose.

Data Availability Statement
The observational data associated with this work are accessible from Santos et al. (2019). We plan to use 
the same open-access data-sharing platform of the Technical University of Denmark (https://data.dtu.dk/) 
for the simulated data if required. An animation of the hydraulic jump episode can be openly accessed at 
https://doi.org/10.11583/DTU.13003187 (Santos & Peña, 2020).
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54 4 The atmospheric hydraulic jump and mountain waves at Alaiz

4.2 Other observed episodes
The experimental study of the hydraulic jump episode presented in § 3.1 shows that the
the prevailing south-southeast wind conditions is observed ≈25% of the time whereas the
Froude number transition between the mountaintop and valley floor at Alaiz can happen
up to 10% of the time. The real-time simulations of § 4.1 show that the selected model
can simulate the atmospheric hydraulic jumps with similar timing and flow properties as
those observed by the multi-lidar setup. However, these results are representative for a
single episode. Here, an analysis of four other hydraulic jump periods, pointed out in
§ 3.3, is presented.

The ALEX17 IOP period has at least five episodes where a hydraulic jump was
observed using the superposed RHI scans along the valley transect and meteorological
masts, including the one already analyzed above. Figure 4.1 shows wind speed, direction
and Froude number (Fr) observations for these cases. As expected, all periods have in
common the strong (>5 ms−1) southerly winds, Froude close or larger than unity at MP5
and Fr transition to subcritical (<1) at the valley (as argued in § 3.1).

Figure 4.1: Measurements of (a) wind speed and (b) wind direction from MP5 at 118
m as well as Froude number at (c) MP5 and (d) M5 during five episodes
(colors) where hydraulic jumps were identified.

However, using solely the Fr transition to argue the presence of a full-scale atmospheric
hydraulic jump is not sufficient, since this parameter comes from an idealized theoretical
framework of a two-layer flow past an isolated obstacle (Long, 1954; Houghton and
Kasahara, 1968). In this regard, Baines (1987) further added two caveats: (i) for the
case where two obstacles are present, this hydrostatic long-wave model may not be
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applicable and (ii) for atmospheric flows where the time scale of more than a few hours is
relevant, the Coriolis force has to be considered. As seen in this chapter, a supercritical
Fr upstream can represent a hydraulic jump or mountain waves. Hence, for all cases
identified here, the superimposed RHI scans were also analyzed to further confirm the
presence of a hydraulic jump.

Figure 4.2 shows lidar observations from a selected 10-min period for each of the
other four observed hydraulic jump episodes, which confirms that all selected episodes
have, in fact, the presence of a jump-like flow pattern and presented a Fr transition
from mountain to the valley. The 10-min period from September 20th shows an example
where WS3 was not working, but the jump flow feature can still be identified with one
RHI scan. On the last 10-min snapshot, from November 11th, it is possible to observe
stripes of unusually high radial wind speeds. This is caused by a contamination in the
backscattered light due to second return from a cloud layer. Appendix C presents a
simple method to trace the path of contamination from such second returns and reference
an algorithm to filter these data.

-15 -10 -5 0 5

Figure 4.2: 10-min snapshots of four additional hydraulic jump cases from Alaiz. The
color bar represents radial wind speed in ms−1 with negative values repre-
senting flow from right to left.
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CHAPTER 5
Evaluation of numerical
weather models with a

long-range profiling lidar
5.1 Motivation
Observations of wind components and turbulent fluxes across the planetary boundary
layer (PBL) are necessary to better understand, respectively, the turning of the wind
(Peña, Floors, and Gryning, 2014) and physical processes, e.g., cloud formation (Sandu et
al., 2013), that are often parameterized in meso-scale weather models such as the Weather
Research and Forecast (WRF) model. Long-term observations using radiosondes can be
inaccurate and cumbersome, making ground-based profiling lidars with a pulsed laser a
suitable candidate, since it can measure the wind at multiple heights simultaneously up to
2 km (or more), depending on aerosol content and atmospheric conditions. This chapter
aims to present the results of numerical weather model evaluation using a long-range
profiling lidar.

Previous studies presented results from 1-year measurement campaigns using the
WindCube WLS70 long-range profiling lidar (Leosphere Inc., Saclay, France). Both Peña,
Floors, and Gryning (2014) and Floors et al. (2013) observed the PBL at the Høvsøre
wind turbine test site, in Denmark, using sonic anemometers combined with the WLS70.
The former characterized the turning of the wind and geostrophic forcing conditions
from 10 m to 1200 m, whereas the latter compared mean wind profiles with WRF using
different PBL parameterizations.

During the Alaiz experiment, the WLS70 profiler measured in the outskirts of
Pamplona, in Spain. This location was selected because, according to results from
Dutrieux (2019), the wind profiles measured there would be less influenced by meso-scale
forcing. A preliminary data analysis from the Alaiz WLS70 campaign found promising
results in a first comparison with the space-borne atmospheric laser Doppler instrument
ALADIN (Karagali et al., 2019). However, a more detailed study on wind profiles and
momentum flux comparison with WRF would be cumbersome due to the surrounding
mountains combined with a heterogeneous urban environment.

Therefore, data from two previous 1-year campaigns were analyzed in this chapter.
The first is on offshore conditions at the FINO3 offshore platform, where Peña, Gryning,
and Floors (2015) performed a preliminary analysis showing high wind speed accuracy
compared with cup anemometers and a high data availability; the system only stopped
working during 8 days in a full year. The second campaign was in Hamburg, where the
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WLS70 was installed next to a 280-m TV tower instrumented with anemometers. This
dataset was previously used to characterize the Weibull parameters’ vertical profiles for
wind direction sectors with semi-urban and rural fetches (Gryning et al., 2014).

Based on previous studies (Berg, Mann, and Patton, 2013), this chapter aims to
use WLS70 observations at FINO3 and Hamburg to evaluate whether the K-theory,
applied by several PBL parameterization schemes, holds across the PBL up to 500 m.
The following manuscript is an extension of Santos, Peña, and Mann (2020), also part of
this thesis (c.f. § 1.4), that presented first results of a departure from the K-theory over
flat and homogeneous conditions, using observations from FINO3. This chapter aims to
generalize this conclusion, hence the guiding research question is: Is the vector of vertical
flux of horizontal momentum aligned with the vector of the mean vertical gradient of
horizontal velocity, as imposed by the K-theory?

5.2 PBL parameterization using K-theory
To run numerical weather prediction models we still have to rely on parameterizations
of the PBL, since it is still too computationally expensive to predict the global weather
using high-fidelity models such as LES. To properly represent the energy-containing
eddies of the PBL, turbulence closure schemes are proposed. Edwards et al. (2020)
claimed that there are no formal procedures to perform parameterizations and that this
process involves extensive analysis and validation with observational campaigns.

Perhaps the most used PBL scheme in the WRF model is the Yosei University (YSU).
However, a sensitivity analysis carried out by Hahmann et al. (2020) to select the WRF
model setup for the NEWA project compared the mean wind speed and wind direction
vertical profiles using several PBL schemes and concluded that a modified version of the
Mellor-Yamada Nakanishi-Niino (MYNN2) scheme (Nakanishi and Niino, 2009) gave
the lowest bias for most of the available sites. Moreover, Peña and Hahmann (2020)
compared idealized WRF simulations with observations over quasi-homogeneous and flat
terrain up to 250 m and showed that, under neutral conditions, the MYNN2 also has
a better agreement in the mean wind profile, while the YSU scheme overestimates the
wind shear and veer. This study also showed that observed values of the momentum
exchange coefficient, Km, are well described both by MYNN2 and YSU.

The objective of this chapter is evaluate the assumptions of the local MYNN2 PBL
scheme. For MYNN2, the turbulent momentum flux τ is modeled, according to the
K-theory, as the product of the momentum exchange coefficient with the vertical wind
gradient,

τi = −u′iw′ = Km
∂Ui

∂z
(5.1)

Here, we are interested in the potential misalignment between the turbulent stress
vector and the vertical gradient of the mean wind vector. Assuming the K-theory, these
vectors are aligned or, in the case of a negative Km, counter aligned. A positive Km

is defined as a down-gradient transport, where the momentum flux acts to diffuse the
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wind gradients. Contrarily, a negative Km defines the counter-gradient transport, i.e.,
the turbulent stress acts to increase the wind shear.

Helfer, Nuijens, and Dixit (2020) used high-resolution (150–600 m) LES hindcast
results of a large domain (100x100 km2) over the North Atlantic to study convective
momentum transfer. Their results showed vertical profiles of Km where a counter-gradient
transport is observed above the surface layer and in the cloud layer. Although the authors
presented a vector representation of the momentum budget, they do not investigate a
possible non-zero angle between the momentum flux and vertical wind gradient. Edwards
et al. (2020) pointed out that new PBL schemes with a non-gradient representation of the
large-scale transport were proposed, which, according to the author, are more realistic to
represent cloud processes and entrainment.

Previous studies have quantified a non-zero misalignment that depart from the K-
theory assumption. Berg, Mann, and Patton (2013) observed such misalignment using
a short-range profiling lidar up to 200 m over flat terrain. However, their LES results
under neutral, unstable and stable conditions modeled both vectors aligned throughout
the PBL. Kosović and Curry (2000) performed LES of the stable PBL and found a
misalignment of ≈ 10◦, but did not generalized their conclusions for other terrain and
wind conditions.

The following manuscript aims to investigate the misalignment between the momentum
flux vector and the vertical gradient of the mean wind vector both over onshore (flat
terrain) and offshore conditions up to 500 m, hence covering a large portion of the PBL.
This study uses both observations from a long-range profiling lidar, WRF model output
using the MYNN2 PBL scheme and idealized LES results.

5.3 Departure from K-theory in the planetary
boundary layer
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Abstract. It is well known that when eddies are small, the eddy fluxes can be directly related to the mean vertical gradients,

the so-called K-theory, but such relation becomes weaker the larger the coherent structures. Here, we show that this relation

does not hold at heights relevant for wind energy applications. K-theory assumes that the angle (β) between the vector of

vertical flux of horizontal momentum and the vector of the mean vertical gradient of horizontal velocity is zero, i.e., these

vectors are aligned. Our observations do not support this assumption neither onshore nor offshore. Here we present analyses5

of a misalignment between these vectors using measurements from a Doppler wind lidar and large-eddy simulations. We

also use real-time mesoscale model output for inter-comparison with the lidar-observed vertical profiles of wind speed, wind

direction, momentum fluxes, and the angle between the horizontal velocity vector and the momentum flux vector up to 500 m

both offshore and onshore. The observations show that within the height range 100–500 m, β =−18◦ offshore and β =−12◦

onshore, on average. However, the large-eddy simulations show β ≈ 0◦ both offshore and onshore. We show that observed10

and mesoscale-simulated vertical profiles of mean wind speed and momentum fluxes agree well, yet the mesoscale results

significantly deviate from the observations of the turning of the wind.

1 Introduction

Numerical weather prediction models, such as the Weather Research and Forecast (WRF) mesoscale model (Skamarock et al.,

2008), are widely used to simulate the atmosphere’s dynamics. WRF outputs are continuously applied for different purposes15

and in wind energy, in particular, are nowadays the common source of wind climatologies. A number of atmospheric processes

cannot be resolved at the mesoscale resolution, and so we have to rely on model parameterizations to characterize turbulence

within the planetary boundary layer (PBL). Hence, it is important to evaluate the ability of PBL parameterizations to reproduce

the atmospheric processes they are intended for.

Some limitations in mesoscale models are inherent from parameterizations of the PBL. These models use a turbulence20

closure of the vertical transfer of momentum, which is responsible for well-known and long-standing biases related to enhanced

diffusion and underestimation of the turning of the wind, especially under stably stratified conditions (Sandu et al., 2013), as

well as strongly baroclinic boundary layers (Brown et al., 2005). Therefore, accurate observations of the wind and turbulence

measures across the PBL, e.g., using remote sensing technologies, are valuable for the evaluation of PBL parameterizations

commonly used in mesoscale models.25

1



Ground-based Doppler wind lidars measure the wind speed with an accuracy comparable to traditional anemometry (Mann

et al., 2010; Hasager et al., 2013) and are able to reach heights up to 2 km, depending on the aerosol concentration in the

atmosphere. Measuring all heights simultaneously from a single instrument, e.g., with a pulsed lidar, removes uncertainties in

wind turning effects analyses when compared to using multiple instruments mounted on a meteorological mast. Such long-

range profiling lidars can also be used to estimate second-order moments. Mann et al. (2010) presented results with regards to30

the degree of turbulence attenuation originated from spatial averaging within the lidar measurement volume, while Sathe and

Mann (2013) provided an overview of methods to derive turbulence from lidar measurements. Lidar measurements therefore

provide a unique opportunity to evaluate the mesoscale models’ ability to reproduce turbulence characteristics and to improve

the suite of parametrizations that such models offer.

A number of PBL parameterizations in the WRF model are based on K-theory, in which the eddy fluxes are related to the35

mean vertical gradients of velocity:

〈u′w′〉=−Km
∂U

∂z
and (1)

〈v′w′〉=−Km
∂V

∂z
, (2)

where U and V , aligned with the geographical coordinates, represent the two horizontal mean wind components, u′ and v′ are40

fluctuations around their means, and 〈〉 represents an ensemble average.

The eddy diffusivity or momentum exchange coefficient Km can be computed differently in PBL parameterizations. As we

move higher in the atmosphere, the influence of the Coriolis force grows, which results in a misalignment between the stress

vector (−〈u′w′〉,−〈v′w′〉) and the mean wind vector (U,V ). Further, a departure from K-theory might occur as a result of a

misalignment between the stress vector and the vertical gradient of the mean wind vector (∂U/∂z,∂V/∂z). Figure 1 illustrates45

these angles, hereafter referred to as α and β, respectively, and defined as:

α= atan2(U,V )− atan2(−〈u′w′〉,−〈v′w′〉) and (3)

β = atan2

(
∂U

∂z
,
∂V

∂z

)
− atan2(−〈u′w′〉,−〈v′w′〉), (4)

where atan2(x,y) is defined such that it gives the angle of the vector relative to the x-axis.50

Consequently, β = 0° is inherently assumed in numerical models applying K-theory. Berg et al. (2013) observed vertical

profiles of β, which were non-zero, using measurements from a profiling lidar up to 200 m at Høvsøre, a close-to-flat site

in Denmark. However, as mentioned by the authors, the observed misalignment could have been a product of the surface

heterogeneity at the site.
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Figure 1. Definition of α and β relative to the mean wind vector, the vertical gradient of the mean horizontal wind speed vector and the stress

vector.

In a study focused on low-level jets over open-water fetch, Svensson et al. (2019) showed a mismatch between lidar-observed55

and WRF-derived along-wind momentum flux, where lidar-based second-order statistics were filtered due to the effect of the

probe volume when compared to sonic anemometer measurements. However, they did not address the limitations of the WRF

model with regards to the K-theory.

Using large-eddy simulation (LES) of the neutral, unstable, and stable over flat terrain, Berg et al. (2013) found β values

close to zero throughout the PBL. Kosović and Curry (2000) performed an LES of the stable PBL and found a maximum of60

β ≈−10◦, but they did not attempt to further investigate the misalignment (personal communication).

This work presents mean wind and momentum flux vertical profiles computed both at an offshore and an onshore location

using observations from a long-range profiling Doppler wind lidar and the WRF model output from the New European Wind

Atlas (NEWA) project (hereafter NEWA-WRF), in which a K-theory-based PBL scheme was the choice (Hahmann et al.,

2020). The objectives herein are threefold:65

1. The comparison of onshore and offshore vertical profiles of α and β between lidar observations and the NEWA-WRF

output

2. Analysis of the behavior of β as well as the wind direction bias between lidar observations and the NEWA-WRF output

as a function of atmospheric stability

3. The evaluation of α and β profiles using idealized LESs under offshore- and onshore-like surface conditions.70

3



In the preliminary study of Santos et al. (2020), negative values of β were observed by analyzing offshore lidar measure-

ments. The present work extends the work in Santos et al. (2020) by assessing the validity of K-theory, i.e., whether or not

β approaches zero, using not only offshore but also onshore lidar measurements. Further, here we include the analysis of the

vertical profile of β using idealized LES with surface boundary conditions resembling onshore and offshore conditions. We

also discuss the consequences of the departure from K-theory for, e.g., mesoscale models.75

2 Methodology

2.1 Site and instrumentation

We present results from two measurement campaigns, one offshore and another onshore, where a long-range pulsed profiling

Doppler lidar (WindCube WLS70 from Leosphere) was deployed next to meteorological masts for one-year measurement

campaigns. Figure 2 shows the location of both sites: one at the FINO3 research platform (55°11.7′N, 7°9.5′E) and the other80

next to the Hamburg meteorological mast (53°31.2′N, 10°6.31′E).

4°E 6°E 8°E 10°E 12°E 14°E
52°N

53°N

54°N

55°N

56°N

57°N

58°N

North Sea

Figure 2. Map of northern Europe with the location of the offshore (FINO3) and onshore (Hamburg) sites as red dots. The colorbar indicates

the height in meters above sea level.

The WLS70 measured the radial or line-of-sight velocity vr at four azimuthal positions separated 90◦, namely vr,N ,vr,S ,vr,E ,vr,W .

This conical scanning pattern is performed with an angle of φ= 14.67◦ from the vertical. Pulses were sent to the atmosphere at

each azimuth during more than 2 s and the wind vector was derived every ≈ 10 s every 50 m from 100 up to 2000 m above the

lidar level. The lidar probe volume length, defined by the full width at half of the expected maximum (FWHM) of the lidar’s85

along-beam sensitivity function, is ≈ 75 m (Floors et al., 2013).
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At FINO3, the lidar was placed at 24.5 m above mean sea level (amsl) and measured for a full year next to a 100-m tall

meteorological mast, instrumented with cup anemometers at 30, 40, 50, 60, 70, 80 and 106 m. Hereafter all heights are referred

to amsl. Peña et al. (2015) combined the first nine months of cup anemometers and lidar measurements to characterize the

mean wind profile from 30 m up to 1000 m at the site.90

At the onshore site, the lidar was measuring for a one-year campaign 170-m away from a 280-m high television tower

located southeast of downtown Hamburg. The tower is instrumented with METEK USA-1 sonic anemometers from Metek

GmbH, at 50, 110, 175 and 250 m. Brümmer et al. (2012) showed a comprehensive introduction of the site and its wind

climatology. Floors et al. (2013) used these onshore lidar measurements, among others, to assess the influence of baroclinicity

on the measured wind profile.95

2.2 Data selection and filtering

The FINO3 dataset is selected based on the entire lidar measurement campaign, from September 2013 to October 2014. For the

Hamburg site, we select the first two months of measurements from 6 April 2011 to 2 June 2011 where the lidar was operating

without breaks and properly aligned with the north.

For both sites, the data are filtered according to the carrier-to-noise ratio (CNR), which can be used as a quality measure of100

the vr estimation. Values with CNR higher than −29 dB are considered valid in this work. Only wind profiles with valid data

at all heights up to 500 m are selected. In addition to the CNR threshold, data are excluded when the radial velocity exceeds

largely the median value over a 30 min period, i.e., |vr − ṽr|> 6ms−1.

From the observations, we compute 30-min statistics throughout this work. From a sample of 10926 30-min periods at

FINO3, we apply the above filters to get 76.2% of valid data (8323) up to 500 m. At the Hamburg site, 2719 30-min periods105

are filtered so we get 40% of valid full profiles (1089).

At FINO3, high frequency measurements from sonic anemometers were not available and so we cannot compute directly

the Obukhov length (L). Hence, we use the potential temperature difference as a proxy for atmospheric stability. The poten-

tial temperature difference is defined as ∆Θ = Θ30m−Θbuoy , where Θ30m is the potential temperature using concurrent air

temperature measurements at 30 m and Θbuoy is the water temperature measurement at 6-m depth from a nearby buoy. The110

criterion for stability classification reads simply as ∆Θ< 0 K for unstable conditions and ∆Θ> 0 K for stable conditions.

At Hamburg, sonic anemometer measurements at 50 m represent surface-layer conditions (Floors et al., 2013). Therefore,

we compute L using these measurements and define stability regimes as |L|> 500 m representing neutral, 0 m ≤ L≤ 500 m

stable, and −500 m ≤ L < 0 m unstable conditions.

For FINO3, the wind lidar derived wind direction and a vane at 100 m on the meteorological mast showed a wind direction115

offset of –11.7° (Peña et al., 2015). Thus, we apply this offset in our computations. At Hamburg, the lidar was aligned with the

north for the selected period, so no offset was applied.
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2.3 Observed and modeled momentum fluxes

The computation of momentum fluxes using a profiling lidar is based on the difference between the radial velocity variance

σ(vr) of opposing lidar beams, i.e., of two opposing azimuthal measurements. This was originally proposed by Eberhard et al.120

(1989) and more recently applied by Mann et al. (2010),

〈u

′w′〉
〈v′w′〉


=

1

2sin2φ


cosδ −sinδ

sinδ cosδ




σ

2(vr,E)−σ2(vr,W )

σ2(vr,N )−σ2(vr,S)


 , (5)

where δ is the lidar offset mentioned above, defined by the angle between the north and the vr,N laser beam.

Here, we assume horizontal homogeneity of the wind field, as we combine radial wind speeds from a number of points

which are separated by up to 261.8 m, at the 500-m height level. Therefore, we expect that the vertical profiles of momentum125

fluxes up to 500 m are better estimated using Eqn. (5) at the offshore than at the onshore site given the possible contamination

from surface inhomogeneities at the latter site.

We choose to evaluate the NEWA-WRF outputs in this work, which were described in detail by Hahmann et al. (2020).

This output offer time series of a number of meteorological variables covering the period of both lidar campaigns, with a

temporal and horizontal resolution of 30 min and 3 km, respectively, and seven vertical levels at 50, 75, 100, 150, 200, 250, and130

500 m. A linear interpolation over the spatial domain was performed using the nearest neighbor grid cells to extract the time

series at FINO3 and Hamburg locations. Hahmann et al. (2020) compared the mean wind speed and wind direction profiles

using several PBL schemes in the WRF model against observations from several meteorological masts, including FINO3. A

further comparison of the NEWA-WRF outputs using more meteorological masts was performed by Dörenkämper et al. (2020).

Results of these comparisons demonstrated that a modified version of the Mellor-Yamada Nakanishi-Niino (MYNN2) scheme135

(Nakanishi and Niino, 2009) resulted in the lowest wind speed bias at most sites.

The MYNN level 2 (MYNN2) is a local scheme, i.e., Km is derived from local quantities. We can thus estimate the local

momentum fluxes using Eqns. (1) and (2) from the NEWA-WRF output by computing first Km as

Km = lqS, (6)

where l is a master length scale, q =
√

2e with e being the turbulent kinetic energy (TKE), which in MYNN2 is based on the140

prognostic TKE from Mellor-Yamada (Mellor and Yamada, 1982), and S is a non-dimensional eddy diffusivity coefficient,

which accounts for atmospheric stability. Since l is not stored in the NEWA-WRF output, we derive it following the work of

Nakanishi and Niino (2009).

2.4 Idealized WRF-LES

Previous LESs under neutral, stable, and neutral PBLs performed with a surface condition typical of an onshore site showed145

β = 0◦ (Berg et al., 2013). We therefore performed two idealized LESs of a neutral PBL over a flat surface; one over water,

i.e., a roughness length of 0.0002 m, and the other over land, i.e., a roughness length of 0.65 m, which is the value found over

the urban sector at the Hamburg tower (Gryning et al., 2007). The LESs were performed using the WRF model (version 4.1.2)
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with a single domain of 7500 m×7500 m×2000 m in the two horizontal and vertical directions, respectively, with a horizontal

resolution of 15 m and a Coriolis parameter correspondent to the latitude of the FINO3 site and the Hamburg tower for the150

offshore and onshore simulations, respectively. The vertical grid spacing of ≈5 m was kept constant up to 250 m and stretched

out thereafter. We used a time step of 0.2 s and the subgrid-scale model of Deardorff (1980).

The simulations were performed for a dry atmosphere. The initial potential temperature was kept constant (289.5 K) up to

700 m, where we imposed an inversion of 10 K km−1 upwards. At all vertical levels, the initial u and v velocities were set to

11 and 0 m s−1, respectively, at FINO3 and to 10 and 0 m s−1, respectively, at Hamburg to try to match the highest observed155

values at both sites. MOST was applied at the surface via the WRF-in-built surface-layer scheme. The LES was run for 12 h, a

heat flux of 0 K m−1 was imposed at the surface, and periodic boundary conditions were applied.

The relevant parameters within the whole domain were output every 10 s within the period 10.5–11.5 h because we find the

highest velocity for both simulations within this hour. The statistics were computed over this one hour period (such as means,

variances, and covariances) and then spatially averaged over the whole domain.160

The total momentum fluxes were computed by adding the subgrid to the resolved parts. Note that the coordinate system, in

this case, is relative to the wind direction at the PBL top.

3 Results

The FINO3 and Hamburg sites are only separated by 267 km, hence they are influenced by the same large-scale weather

patterns. At both sites westerly winds are prevalent (Brümmer et al., 2012; Peña et al., 2015); therefore, we select for the165

analysis the wind directions 270°±45° and 275°±45° for FINO3 and Hamburg, respectively, using lidar measurements at 100

m as reference for the wind direction. At FINO3, this sector represents one with a several hundreds kilometers fetch, whereas

at Hamburg, this is the ‘urban’ sector, which is characterized by industrial buildings and warehouses (Brümmer et al., 2012).

The selected sectors represent ≈ 50% of the amount of winds at FINO3 and ≈ 45% for Hamburg. A sensitivity analysis on the

size of the wind sector was performed (not shown) and we did not find a significant difference on the characteristics vertical170

profiles of wind speed, wind direction and momentum fluxes.

Figures 3 and 4 show the vertical profiles computed from the lidar measurements (full lines) and concurrent computation

using the NEWA-WRF outputs (dashed lines) within the westerly sector of FINO3 and Hamburg, respectively. The shaded

area represents the standard error of the mean given by ±σ/
√
N , where σ is the standard deviation of each vertical level and

N the number of valid profiles up to 500 m. The mean NEWA-WRF’s PBL height is 925 m at FINO3 and 858 m at Hamburg.175

During stable conditions the profiles are thus close to the PBL top.

3.1 Bias on wind turning

When comparing the vertical profiles of horizontal wind components at FINO3 (Fig. 3a), the NEWA-WRF wind veers (turns

clockwise) with height in a lesser degree than what is observed. This underestimation of the turning of the wind is a well-

known issue from numerical weather models (Brown et al., 2005) and was previously observed using the instrument from this180
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Figure 3. Mean vertical profiles of (a) horizontal wind components, (b) momentum fluxes and (c) wind turning angles at FINO3. The full

lines are lidar observations (l) and dashed lines represent the NEWA-WRF output (m). All profiles are within 270°± 45° and are computed

from 3343 30-min samples, where the shaded areas represent the standard errors of the mean.

work (Peña et al., 2014). The wind turning is also not properly simulated at the Hamburg site (Fig. 4a), despite the simulated

zonal wind component of NEWA-WRF agrees well with the measurements there is a difference in the vertical profiles of

the meridional wind component. As previously mentioned, note that this type of pulsed Doppler lidar is ideal to quantify the

turning of the wind as it measures all vertical levels at once.

Figure 5 shows the vertical profiles of the wind direction bias between the lidar and NEWA-WRF for stable and unstable185

conditions at both sites. NEWA-WRF consistently underestimates the observed wind veer, with the highest bias under stable

conditions, as expected (Brown et al., 2005). The difference between onshore (Fig 5a) and offshore (Fig 5b) conditions is that

over water the wind direction bias is small (≈ 1◦) at 100 m and increases with height. Contrarily, over the urban fetch the bias

is quite significant (> 5◦) at 100 m and decreases towards the PBL top, where it reaches similar values to those at offshore

conditions. The wind turning bias behavior under stable conditions is in line with previous findings for offshore conditions;190

Simpson et al. (2018) argued that the PBL schemes generally enhance turbulence mixing under stable conditions, which results

in an underestimation of both the wind shear and wind turning.
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Figure 4. Mean vertical profiles of (a) horizontal wind components, (b) momentum fluxes and (c) wind turning angles at Hamburg. The full

lines are lidar observations (l) and dashed lines represent the NEWA-WRF output (m). All profiles are within 275°± 45° and are computed

from 616 30-min samples, where the shaded areas represent the standard errors of the mean.

One possible reason for the wind direction bias at both sites is systematic mismatch between the simulated and actual

stability condition. NEWA-WRF also outputsL, so we can compare the concurrent simulated and observed stability. At FINO3,

unstable conditions represent 85.5%, based on the observed potential temperature gradient for all wind sectors. By comparing195

the stability measures of simulated and observed wind profiles, we find that stable conditions are correctly simulated 76% of

the time, whereas 90% for the observed unstable profiles are also unstable based on the model output.

Under the urban sector at Hamburg, neutral conditions are predominant, as discussed by Gryning et al. (2007). For all sta-

bility conditions at Hamburg, the estimated PBL height from NEWA-WRF is above the measured profiles. When L computed

by the sonic anemometer is compared to the output from NEWA-WRF, we find that 60% of the observed stable profiles are200

indeed simulated as such, whereas the number increases to 94% for the observed unstable profiles.
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Figure 5. Mean profiles of wind turning bias at FINO3 (a) and Hamburg (b), given by the difference between the lidar and NEWA-WRF wind

directions (∆θ), under unstable (blue) and stable (green) conditions. The mean PBL height under stable conditions, based on NEWA-WRF,

is plotted as a horizontal green line.

3.2 Momentum fluxes and lidar’s turbulence attenuation

For the analyzed westerly winds, both the observed and NEWA-WRF vertical profiles of momentum flux (Figs. 3b and 4b)

show 〈v′w′〉 values close to zero and 〈u′w′〉 values decreasing in magnitude almost linearly with height. At both sites, there is

however an important mismatch between the lidar observations and NEWA-WRF for 〈u′w′〉. This can be caused either by the205

computations involving Eqn. (6) or turbulence attenuation due to the lidar’s spatial averaging (or both).

For the analyzed period, the observed and NEWA-WRF vertical profiles of velocity gradients are rather similar (not shown).

Therefore, if the bias comes mainly from the NEWA-WRF momentum fluxes, then our estimate of Km using Eqn. (6) can be

flawed. Yet, we know that the lidar-derived momentum fluxes have an inherent bias due to spatial averaging along the lidar

beam (Mann et al., 2010).210

To gain insights on the origin of this bias, we estimate the lidar’s turbulence attenuation under neutral conditions using

the turbulence spectral model of Mann (1994) (hereafter Mann model), with a turbulent eddy-lifetime parameter Γ = 3.9, as

recommended by the IEC standard (IEC, 2005). Γ describes the degree of anisotropy of turbulence; Γ = 0 corresponds to fully

isotropic turbulence. Figure 6 shows the ratio of the filtered to the unfiltered momentum flux 〈u′w′〉f/〈u′w′〉u as a function of
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the ratio of the lidar’s probe volume (i.e., the FWHM) to the turbulence length scale (LMM ). LMM is another parameter of the215

Mann model.

The black full line in Fig. 6 shows the prediction of the ratio 〈u′w′〉f/〈u′w′〉u using the Mann model. For a detailed

description of the calculations, refer to Mann et al. (2010). For the WLS70 used in this study, FWHM = 75 m, so we only

need to know the value of LMM to compute the degree of filtering. We can estimate the turbulence length scale using the

approximation by Kelly (2018),220

LMM ≈
σUh

∂Uh/∂z
, (7)

where σUh
is the standard deviation of the horizontal velocity and ∂Uh/∂z is the horizontal wind shear, which is computed

here using the polynomial of Uh suggested by Högström (1988). We account for the observations at all vertical levels of the

masts. The length scale at 100 m is computed as a linear interpolation between the closest measurements at each mast.

Figure 6. Ratio of the filtered to unfiltered momentum flux as a function of the ratio of the lidar’s probe length to the turbulence length scale

(LMM ). The dotted lines represent estimated values for onshore and offshore sites at 100 m.

The dashed lines in Fig. 6 show that the turbulence length scale estimated at FINO3 is larger than that at Hamburg, which225

results in a larger attenuation of the momentum flux at Hamburg (74.4%) compared to that at FINO3 (83.4%). As turbulence

length scales depend on atmospheric stability (Peña, 2019), we expect that the dominant unstable conditions at FINO3 result

in larger turbulence length scales compared to those at Hamburg where neutral conditions are more often observed.

By compensating the lidar-observed 〈u′w′〉 values at 100 m with the results in Fig. 6, we find a better agreement between the

lidar- and NEWA-WRF derived values. However, its worth noticing that the NEWA-WRF momentum fluxes are parameterized230

from Eqn. (6) so the simulated momentum fluxes do not necessarily have the same magnitude as the observations. Furthermore,
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the attenuation estimated in Fig. 6 is subject to uncertainties from the spectral turbulence model, the FWHM value, and the

LMM estimation (refer to Appendix A for the vertical profiles of estimated LMM at each site).

3.3 The angles of the stress vector with mean wind vector (α) and with mean wind shear vector (β)

Figures 3c and 4c show the vertical profiles of α and β for offshore and onshore conditions, respectively. As expected from the235

LESs of Berg et al. (2013), 〈α〉 is close to zero near the surface and increases with height. Furthermore, the results using the

NEWA-WRF output agree well with those of the lidar at both sites. However, note that a good agreement on 〈α〉 can be due to

a combination of biases in both wind direction and momentum fluxes.

The most noticeable discrepancy between the lidar measurements and the NEWA-WRF output is on 〈β〉, since we use K-

theory to derive the eddy fluxes with the NEWA-WRF output. This theory assumes this misalignment is zero. The misalignment240

〈β〉 for all heights is on average close to −18◦ offshore and −12◦ onshore. If we reduce the wind sector to ±30◦, the mean

〈β〉 for all heights is −17◦ offshore and −9◦ onshore, i.e., the result 〈β〉< 0 is not sensitive to the wind sector at neither of the

sites.

The β profiles and, hence, the validity of K-theory are sensitive to the vertical gradients of the mean wind. Therefore, we

expect that PBL schemes using the assumption of K-theory (such as MYNN2 and other local PBL schemes) show better245

performance when the vertical mean wind gradients are more significant, i.e., under stable conditions (Shin and Hong, 2011).

Figure 7 shows the vertical profiles of β as a function of atmospheric stability for both sites. To avoid the spikes seen in Figs.

3 and 4, the value at the third measurement height is here the result of a linear interpolation.

The vertical profiles of 〈β〉, derived from the lidar observations, show that the misalignment can be as small as ≈−7° on

average for offshore conditions and close to 0◦ onshore, under stable conditions. Additionally, under stable conditions 〈β〉250

approaches zero close to the PBL top. Although fluctuating, the 〈β〉 values under unstable conditions are always larger (in

module) than those under stable conditions at both sites, as expected.

3.4 WRF-LES

Figure 8 shows the WRF-LES results with regards to the turning angles for a neutral PBL over a water-like and a land surface

roughness. Over water and below 250 m (Fig. 8a), α is negative due, partly, to the higher impact of the subgrid-scale model on255

the 〈u′w′〉 term compared to the 〈v′w′〉 term. Within the range 250–550 m, α is comparable to the observed values at FINO3. β

is nearly 0◦ within a large portion of the PBL and increases (in magnitude) with height at the vertical level where both velocity

gradients and eddy fluxes are near zero. Within the range ≈40–200 m, β becomes slightly positive because of the combination

of the impact of the subgrid-scale model on the eddy fluxes and the excessive vertical wind shear within the surface layer that

the subgrid-scale model produces (Mirocha et al., 2018; A. Peña et al., 2021).260

Over land (Fig. 8b), α increases with height, is always positive, and is slightly higher than the observed values at the

Hamburg tower. β is, as in the offshore case, nearly 0◦ within the first ≈550 m. Due to the high roughness of the onshore case,

the resolved terms are less impacted by the subgrid-scale model and so β does not show a strong departure from zero within

the surface layer, although there is also excessive vertical wind shear.
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Figure 7. Vertical profiles of 〈β〉 for FINO3 (a) and Hamburg (b) under unstable (blue) and stable (green) conditions. The horizontal green

line marks the PBL height under stable conditions based on NEWA-WRF.

4 Discussion and Conclusions265

We extend the work from Santos et al. (2020) and present novel lidar observations that show a clear misalignment between the

vertical gradient of the mean wind vector and the stress vector, β, up to 500 m for both offshore and onshore conditions. The

measurements were performed with a long-range Doppler wind lidar on the FINO3 offshore platform and close to the Hamburg

weather mast. Such misalignment is assumed to be zero by the PBL schemes that use K-theory and that are normally utilized

within current numerical weather models and for wind resource assessment, e.g., the WRF model.270

The observed 〈β〉-values increase from≈−5◦ at 100 m to≈−20◦ at 500 m at both offshore and onshore sites. During stably

stratified conditions, where larger vertical wind gradients are present, β is still negative but larger than −10◦ and approaches

zero at the PBL top. The β value has a larger magnitude for unstable compared to stable conditions at all heights for both sites

and this magnitude increases with height onshore. Hence, the basic assumption of K-theory, which we utilize to derive the

eddy fluxes from the NEWA-WRF outputs holds better under stable compared to unstable atmospheric conditions, as expected,275

due to the larger coherent structures in the latter.

Our results show that the momentum flux vertical profiles derived from radial velocity measurements of a pulsed profiling

lidar agree with those derived from the NEWA-WRF outputs. We assess the filtering effect inherent to the lidar’s probe volume

13



Figure 8. Vertical profiles of turning angles computed from the idealized neutral WRF-LES over (a) water and (b) land.

averaging by combining the Mann model and estimations of the length scale for both sites. The angle between the stress vector

relative to the mean wind vector (i.e., α) derived from the NEWA-WRF outputs agrees well with the lidar-derived values, both280

offshore and onshore. This agreement is likely caused by a balance between the wind direction and momentum fluxes biases.

We observe an underestimation of the wind turning by the NEWA-WRF output at the offshore site and an opposite turning at

the onshore site. We speculate that this is mainly due to a wrong surface roughness assignment (or wrong land use description)

at around the Hamburg tower in NEWA-WRF. The wind direction bias is larger (in magnitude) under stable atmospheric

conditions for both sites. At the offshore site, the wind direction bias is small (≈ 1.5◦) at 100 m and increases with height,285

whereas the bias decreases (in magnitude) with height at the onshore site. Sandu et al. (2013) argued that such wind turning

biases in mesoscale models are the product of artificial enhancement of the mixing by turbulence closures, which in turn

modifies the Ekman pumping and has a direct impact on, e.g., the ability to simulate cloud formation mechanisms.

The idealized WRF-LESs both onshore and offshore also show β values close to 0◦ within the bulk of the PBL, further

demonstrating the need to investigate, first, the conditions at which this misalignment occurs and, second, the need to better290

represent the PBL with numerical models. Note that the simulations of Berg et al. (2013) and Kosović and Curry (2000) used

a different LES framework than our WRF-LES. A real-time WRF-LES, like performed by Schalkwijk et al. (2015), might be

useful for further investigating, e.g., whether or not forcing conditions affect the behavior of β.
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Appendix A: Length scale estimation

Figure A1 shows the vertical profiles of the estimated length scale LMM according to Eqn. (7) from observations at both sites.

At the FINO3 site, where unstable conditions are predominant, the length scales decrease with increasing wind speed, partly305

due to the dominant neutral stability under high wind conditions. Contrarily, within the urban sector from the Hamburg tower,

the length scale increases with increasing wind speeds, similarly to previous observations over flat and homogeneous land

(Peña et al., 2010).

15



Figure A1. The behavior with height of the ratio of the standard deviation of the wind to the vertical wind shear under onshore (black

markers) and offshore (red markers) conditions within the selected wind sector. Circles represent median values of all data and diamonds are

median values for wind speeds higher than 12 m s−1.
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Sanz Rodrigo, J., Shaw, W. J., Berg, L. K., Moriarty, P. J., Linn, R. R., Kotamarthi, V. R., Balakrishnan, R., Cline, J. W., Robinson, M. C.,

and Ananthan, S.: Large-eddy simulation sensitivities to variations of configuration and forcing parameters in canonical boundary-layer

flows for wind energy applications, Wind Energy Science, 3, 589–613, https://doi.org/10.5194/wes-3-589-2018, 2018.350

Nakanishi, M. and Niino, H.: Development of an Improved Turbulence Closure Model for the Atmospheric Boundary Layer, Journal of the

Meteorological Society of Japan. Ser. II, 87, 895–912, https://doi.org/10.2151/jmsj.87.895, 2009.

Peña, A.: Østerild: a natural laboratory for atmospheric turbulence, Journal of Renewable and Sustainable Energy, 11, 063 302,

https://doi.org/10.1063/1.5121486, 2019.

Peña, A., Gryning, S.-E., and Mann, J.: On the length-scale of the wind profile, Quarterly Journal of the Royal Meteorological Society, 136,355

2119–2131, 2010.

17



Peña, A., Gryning, S.-E., and Floors, R.: The turning of the wind in the atmospheric boundary layer, Journal of Physics: Conference Series,

524, 012 118, https://doi.org/10.1088/1742-6596/524/1/012118, 2014.

Peña, A., Gryning, S.-E., and Floors, R.: Lidar observations of marine boundary-layer winds and heights: a preliminary study, Meteorologis-

che Zeitschrift, 24, 581–589, https://doi.org/10.1127/metz/2015/0636, 2015.360

Sandu, I., Beljaars, A., Bechtold, P., Mauritsen, T., and Balsamo, G.: Why is it so difficult to represent stably stratified conditions in numerical

weather prediction (NWP) models?, Journal of Advances in Modeling Earth Systems, 5, 117–133, https://doi.org/10.1002/jame.20013,

2013.

Santos, P., Peña, A., and Mann, J.: Flux-gradient relation and atmospheric wind profiles — an exploration using WRF and lidars, Journal of

Physics: Conference Series, 1618, 032 032, https://doi.org/10.1088/1742-6596/1618/3/032032, 2020.365

Sathe, A. and Mann, J.: A review of turbulence measurements using ground-based wind lidars, Atmospheric Measurement Techniques, 6,

3147–3167, https://doi.org/10.5194/amt-6-3147-2013, 2013.

Schalkwijk, J., Jonker, H. J., Siebesma, A. P., and Van Meijgaard, E.: Weather forecasting using GPU-based large-eddy simulations, Bulletin

of the American Meteorological Society, 96, 715–723, https://doi.org/10.1175/BAMS-D-14-00114.1, 2015.

Shin, H. H. and Hong, S.-Y.: Intercomparison of Planetary Boundary-Layer Parametrizations in the WRF Model for a Single Day from370

CASES-99, Boundary-Layer Meteorology, 139, 261–281, https://doi.org/10.1007/s10546-010-9583-z, 2011.

Simpson, I. R., Bacmeister, J. T., Sandu, I., and Rodwell, M. J.: Why Do Modeled and Observed Surface Wind Stress Climatologies Differ

in the Trade Wind Regions?, Journal of Climate, 31, 491–513, https://doi.org/10.1175/JCLI-D-17-0255.1, 2018.

Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D. O., Barker, D. M., Duda, M. G., Huang, X.-Y., Wang, W., and Powers, J. G.: A

Description of the Advanced Research WRF Version 3, Tech. rep., NCAR/TN–475+STR, National Center for Atmospheric Research,375

2008.

Svensson, N., Arnqvist, J., Bergström, H., Rutgersson, A., and Sahlée, E.: Measurements and Modelling of Offshore Wind Profiles in a

Semi-Enclosed Sea, Atmosphere, 10, https://doi.org/10.3390/atmos10040194, 2019.
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CHAPTER 6
Conclusions

Novel measurements and multi-scale numerical simulations performed offshore and
onshore were used to characterize large-scale atmospheric waves and hydraulic jumps
in complex terrain as well as to compute biases between observations and simulations,
providing insights for improvement of numerical models. The main contributions of this
thesis are summarized below along with a discussion on the implications of the tested
hypotheses.

The Alaiz experiment dataset allowed to identify atmospheric flow phenomena in
an area with large horizontal scale and complexity. The ALEX17 dataset contains a pool
of case studies of large-scale flow patterns (see § 3.3) through multi-lidar measurements
and other ground-based observations that allow a better understanding of orographic
flows. These flow cases are relevant both for wind energy applications and mountain
meteorology. To the best of this author’s knowledge, the ALEX17 dataset has the longest
continuous measurement period of multi-lidar observations to date. The collected dataset
is publicly available (Santos et al., 2019b) and is currently being used by the scientific
community to evaluate numerical models (see Appendix A).

Multi-lidar measurements of the mean wind flow captured relevant large-scale
atmospheric flow patterns and characterized the wind regime in complex terrain. The
analysis of RHI scans at Alaiz showed that stably stratified southerly winds triggered lee-
side hydraulic jumps at the Alaiz mountain and, along with ground-based measurements,
it was found that these phenomena are frequently observed due to a combination of
topographic and flow characteristics.

Using a steady-state two-layer flow theory to describe a full-scale three dimensional
flow as the hydraulic jump have caveats. Two aspects that dissociate this episode from
an idealized rotor assumed by the two-layer model are the influence of the Tajonar ridge
downstream the mountain and the valley flow with channeling effects. Therefore, the
characterization of the hydraulic jump in this work relied mostly on the multi-lidar
observations and was based on: (i) the observed supercritical to subcritical transition, (ii)
lidar measurements showed that the downslope flow separation occurs at the valley floor
and (iii) the lidar-observed rotor downstream extended beyond the mountaintop level.

During the three-month period where all scanning lidars were working, synchronized
dual-Doppler measurements at the north ridge provided high-quality measurements
during 75.2% of the time. This is similar to previous studies (Menke et al., 2019)
and encourages further development of this technology towards wind resource and site
assessment. Since ALEX17, advancements both in software and hardware have been
achieved as well as methods for an improved multi-lidar campaign planning (Vasiljević
et al., 2020).

The multi-scale capabilities of the Weather Research and Forecast (WRF) model
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reproduced an atmospheric hydraulic jump in high detail and matched multi-lidar
observations both in large-scale features and timing. RHI scans from lidar observations
and simulations from real-time WRF-LES agreed well during a 24-h hydraulic jump
episode. For this period, results showed that the jump-like flow pattern is characterized
by a supercritical (> 1) Froude number and lasts for about 10 hours before evolving to
atmospheric lee waves. Both the hydraulic jump and the mountain lee waves appeared
in the simulations when the flow at the mountain top was supercritical. The simulations
presented, in general, a good agreement with the observed wind at meteorological masts,
especially at the mountain top, but still had significant biases close to the north ridge
and a persistent underestimation of the potential temperature across the domain (cold
bias).

The main limitation of such high-resolution meso-scale numerical model setup is the
treatment of the scales that lie in the terra incognita (Wyngaard, 2004). While the
meso-scale domains resolve the coherent energy-containing eddies and parameterize the
sub-grid processes, the innermost domains ran in LES mode may also resolve part of the
energy-containing eddies, i.e., potentially resulting in a double counting. Such approach
is different of a LES per se, where the grid length lies way within the flow’s inertial
sub-range, and hence being much smaller than the energy-containing scales. This issue
has not yet been resolved.

The vector of vertical flux of horizontal momentum and that of the mean vertical
gradient of horizontal wind speed are not aligned above the atmospheric surface layer.
The assumption of alignment between the vector of vertical flux of horizontal momentum
and the vector of vertical gradient of horizontal velocity do not hold for heights relevant
for wind energy applications, both over onshore and offshore conditions. Results of
vertical profiles between 100 m and 500 m from a long-range profiling lidar observed an
average misalignment of 12◦ onshore and 18◦ offshore, whereas the local PBL scheme
MYNN2 implemented in WRF assumes the alignment of those two vectors. Moreover,
idealized WRF-LES runs simulated an almost perfect alignment.

Although such misalignment apparently do not interfere in the wind profile, this
thesis speculates that it does have an impact on the vertical momentum transport of
moisture, which in turn might affects cloud formation processes (Saggiorato et al., 2020).
The biases in mesoscale models identified in this thesis have to be further investigated.
Sandu et al. (2013) related the wind turning biases of numerical weather models with
physical processes involving cloud formation on the PBL top. In this regard, Bony
et al. (2017) planned a large observational joint effort to go deeper into atmospheric
dynamics of cloud formation, where the results presented in Chapter 5 can be of use.
Furthermore, real-time LES results, such as the one used by Helfer, Nuijens, and Dixit
(2020), can provide the necessary tools to evaluate whether synoptic forcing conditions
might affect the conclusion that numerical models can not reproduce the misalignment
between momentum flux and wind shear vectors.

Differences between model and observations are further studied by computing biases
in the wind direction under distinct atmospheric conditions. These results provided
vertical profiles of wind and turbulence across the PBL, which can further be used to
advance meso-scale model parameterizations.
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The findings of this thesis point to a better understanding of flow over complex
terrain as well as for the potential and current limitations of the WRF model and
WRF-LES both onshore and offshore. The major outcomes of this work involved: (i)
the planning, execution and data analysis of a full-scale atmospheric experiment, (ii) the
description of an atmospheric hydraulic jump from observations and simulations, (iii)
further confirmation of the departure of the K-theory in the PBL, and (iv) the planning
of a model benchmark open for the scientific community.

6.1 Perspectives & Future Work
The ongoing ALEX17 benchmark is awaiting the submission of model results, where
a first comparison between multiple numerical models will be done using the ALEX17
dataset. The 2D wind vectors at 125 m agl. from the dual-Doppler measurements
as well as the wind profiles at all six meteorological mast locations can be compared
with the model output. Furthermore, IEC (2020) listed Alaiz, along with the other
NEWA experiments, as a high-quality dataset for numerical model evaluation. This
technical recommendation suggested the use of such datasets to evaluate models that
can potentially be used in a procedure for power performance assessment in complex
terrain sites, i.e., a numerical site calibration.

Regarding the usage of multi-lidar measurements for wind resource assessment,
upcoming multi-lidar campaigns, e.g., within the RECAST project, aim to implement
the most recent advancements in campaign planning (Vasiljević et al., 2020) to have a
proof-of-concept of multi-lidars for wind resource assessment. Along with the atmospheric
hydraulic jump and dual-Doppler measurements, this thesis has contributed with data
processing methods and filtering criteria that can be directly applied in future field
experiments.

One natural extension of the multi-lidar measurements to measure the wind vector is to
use the ideal setup of three lidars aiming at the same point. Triple-Doppler measurements
from ALEX17 are available during one month, where all scanning lidars aimed at the
same 3D sonic anemometer and also stored the Doppler backscatter spectrum. Wildmann
et al. (2019) used the Doppler spectra to extract the turbulence dissipation rate from
scanning lidar observations. The usage of the backscatter spectra might be able to
provide better higher-order wind statistics.
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APPENDIXA
ALEX17 Diurnal Cycles

Benchmark
One of the Alaiz experiment’s main objectives was to provide a high-quality dataset
for numerical model evaluation, with observations covering a large domain in complex
terrain where the synoptic forcing had to be considered to model the micro-scale wind
conditions (Chavez-Arroyo et al., 2019). The International Energy Agency (IEA) Task 31
“Wakebench” came forward to help plan and set up a model benchmark for the scientific
community with the ALEX17 dataset. Firstly, the main results of the experiment were
summarized and presented to the scientific community1, to receive feedback and inputs
for which kind of models could be interested in participate.

The ALEX17 benchmark was then designed for unsteady numerical models that
could reproduce the site’s diurnal cycles. Since at Alaiz we expected a strong interaction
between meso-scale forcing and micro-scale effects (Sanz Rodrigo et al., 2013; Badger
et al., 2014), the goal was to involve participants working on meso-to-micro-scale models
(Sanz Rodrigo et al., 2017b). Previous work on this type of coupling was conducted
(Olsen, 2018), so it was possible to extend the analysis and check the viability of modeling
this site.

The selected diurnal cycles were chosen based on a 96-h period were no atmospheric
waves or wind turbine wakes (during southerly wind conditions) were present (cf. Sec.
3.3). Hence, the focus of this comparison is on the model’s ability to characterize wind
conditions rather than to simulate wind turbine wakes or atmospheric waves as done,
e.g., in Chapter 4.

The selected 96-h period from has constant northerly winds at the mountain top, with
wind speeds varying from 4 to 15 m s−1. All atmospheric stability conditions were present.
In the case of steady-state models wanting to participate, four periods where winds were
quasi-steady at different thermal stratification levels were selected. A benchmark guide2

was posted online to detail the input data provided for the models as well as the available
validation data.

The meso-scale input dataset used the WRF model with the same setup as in Hahmann
et al. (2020). The time series were provided with a horizontal resolution of 3 km and the
meso-scale tendencies with 9 km.

A first step consisted on comparing the WRF input with the validation data, i.e.,
vertical profiles at four locations along the ridge-valley-mountain transect: M3, at the

1ALEX17 summary available from: https://thewindvaneblog.com/the-alaiz-experiment-alex17-
revealing-mountain-valley-large-scale-flow-patterns-6176416dbf2

2ALEX17 Benchmark guide available from: https://thewindvaneblog.com/alex17-diurnal-cycles-
benchmark-a-large-domain-in-complex-terrain-b5029e94485

https://thewindvaneblog.com/the-alaiz-experiment-alex17-revealing-mountain-valley-large-scale-flow-patterns-6176416dbf2
https://thewindvaneblog.com/the-alaiz-experiment-alex17-revealing-mountain-valley-large-scale-flow-patterns-6176416dbf2
https://thewindvaneblog.com/alex17-diurnal-cycles-benchmark-a-large-domain-in-complex-terrain-b5029e94485
https://thewindvaneblog.com/alex17-diurnal-cycles-benchmark-a-large-domain-in-complex-terrain-b5029e94485
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leeward side of the North Ridge (NR); M7, at the valley centre; M2, at the windward side
of the Alaiz mountain and MP5, at the mountain top. Figure A.1 shows the comparison
between ensemble-averaged vertical profiles of observations with the WRF benchmark
input and a down-scaled WRF time series at 1 km over the last the 72-h period (the first
24 h were used to spin up the model).

Figure A.1: Average wind speed profiles from WRF at 3 km (blue lines), 1 km (red
lines) and observations (black dots) at four positions along the ridge-valley-
mountain transect.

The WRF input down-scaled to 1 km has a better agreement than the provided 3 km
input, specially at the mountain top and the windward side of Alaiz. Both spatial resolu-
tions miss to represent, to some extent, winds at the valley centre (M7). Furthermore,
the greatest challenge lies at the leeward side of the ridge, where a topographical wake
is present. Both model results overestimate the wind speed due to the lack of terrain
resolution. As seen in Chapter 4, even with an innermost domain of 111.1 m the input
terrain for WRF do not reproduce the Tajonar ridge’s steepness.

Figure A.2 shows the 72-h time series at the mountain top (MP5) for the WRF 1-km
simulations and observations at three different heights. The model results follow the
observations for wind speed and direction both in terms of intensity and time evolution.
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The simulations also show northerly winds at the mountain top decreasing along the
period, but with some unrealistic wind directions at 80 m and 120 m.

Figure A.2: Time series of wind speed and direction at three heights (see legend) from
WRF at 1 km (red lines) and observations (black lines) at the mountain top
(MP5).

Figure A.3 shows the 72-h time series along the valley. For all valley positions, WRF
at 1 km captures the diurnal cycles but has a large overestimation at leeward side of the
north ridge, as discussed for the mean wind profiles. When comparing the time series at
10 m and 80 m, WRF also shows a significant overestimation of the thermal stratification
and, hence, the wind shear. The wind shear mismatch is likely due to, among other
factors, a misrepresentation of the land cover at the site.

The ability for the meso-scale output to reproduce the wind direction was discussed
in chapter 5, being a critical siting parameter in complex terrain. Figure A.4 shows the
observed and simulated (1-km WRF) wind roses at the four mast positions at 80 m,
except for MP5, which is compared at 120 m. The simulated wind direction overestimates
the turning of the wind at the mountain top and windward side, as expected from the
analysis in chapter 5. At the valley centre, the westerly valley winds also have a bias in
the simulation results. At the leeward side of the north ridge, the model does not capture
the westerly winds, instead modeling them as northerly, as WRF does not properly
represent the topography.

The preliminary comparison presented herein will be expanded to other variables,
such as sensible heat flux and turbulent kinetic energy. Moreover, the multi-lidar RHI
scans and Dual-Doppler measurements along the ridge and mountain are available as
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Figure A.3: Time series of 10-min wind speeds at 10 m and 80 m from WRF at 1 km (red
lines) and observations (black lines) at distinct positions along the valley.

further validation data. The benchmark guide proposes a standardized model output
that can go into a script3 which compiles the results and provides a comparison with
observations.

Currently, the ALEX17 benchmark is awaiting submission of results from participants.
It is expected contributions from unsteady models, e.g., WRF-LES and LES as well as
steady-state Reynolds-averaged Navier-Stokes models. This PhD project has contributed
to the planning, data curation and management of the benchmark.

3Open-source evaluation script available from: https://github.com/iat-cener/alex17

https://github.com/iat-cener/alex17
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Figure A.4: Wind roses of 10-min wind speeds from WRF at 1 km (red) and observations
(black) at four positions along the ridge-valley-mountain transect. Each bin
contains a 10◦ wind direction interval and circular grid labels indicate the
percentage of occurrence.
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APPENDIX B
Gradient Richardson in

complex terrain
Results from chapter 3 quantify the climatology of stability close to the surface with
the Obukhov length at 10 m. One could argue that the stability classes can be distinct
over a larger portion of the boundary layer, e.g., with a spatial scale in the order of the
hydraulic jump flow. Hence, here another parameter is shown to characterize the vertical
wind profile behavior with stability.

The Richardson number can also be used to characterize the stability of the atmosphere
(Kaimal and Finnigan, 1994). Here the gradient Richardson number Rig is computed as,

Rig = g

θ

∂θ/∂z

(∂U/∂z)2 (B.1)

where ∂θ/∂z and ∂U/∂z are the potential temperature gradient and mean wind shear,
respectively. The potential temperature is computed as θ = T + 0.0098zasl, where 0.0098
Km−1 is the dry adiabatic temperature gradient. Atmospheric stability classes based
on Rig are adapted from Mohan and Siddiqui (1998) and shown in table B.1. Note that
the stability classes from 1/L and Rig are not equivalent and therefore cannot be used
interchangeably.

Stability class Gradient Richardson Rig
unstable (u) Rig < −0.75
near unstable (nu) −0.75 ≤ Rig < −0.18
neutral (n) −0.18 ≤ Rig < 0.008
near stable (ns) 0.008 ≤ Rig < 0.5
stable (s) Rig ≥ 0.5

Table B.1: Definition of atmospheric stability classes within intervals of Rig..

Rig is also computed at the CP during the IOP, where measurements from M7’s sonics
and sodar RASS were concurrently available based on 30-min averages. To calculate
the mean wind shear over complex terrain we fit an analytic profile in the form of
u = u0 + A ln z + B ln z2 + C ln z3 to all five levels of sonic measurements from M7.
This form was used in previous experiments in mountainous areas (Stiperski, Calaf, and
Rotach, 2019) as an extension of the polynomial form proposed by Högström (1988).
Wind shear values with a root-mean-square error of the best fit lower than 0.3 m s−1 are
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considered valid (94% of total) without imposing a critical Rig (Galperin, Sukoriansky,
and Anderson, 2007; Burns et al., 2011).

The potential temperature gradient was taken directly from the profiling sodar RASS
using a logarithmic approximation between 40 and 80 m. The θ profile measured from a
single instrument is ideal since it eliminates synchronization issues between instruments
as well as further uncertainties from multiple sources. The Rig values with concurrent
wind measurements from M7 and potential temperature profiles from the sodar profiling
RASS included 81.8% of the total 30-min periods considered valid. Figure B.1a shows
a histogram of Rig, where the vertical dashed lines represent the limits of the selected
stability classes, given by table B.1. As in the classification with Obukhov length, all Rig
stability classes have similar amount of profiles, but unstable conditions are predominant.

Stability
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Figure B.1: Histogram of Rig measured at the CP during the IOP along with the sample
size of each stability class (a). The dashed vertical lines show stability ranges
(see table B.1). Panel (b) shows the normalized mean vertical wind profiles
for each stability class, where the logarithmic wind profile is also illustrated.

Figure B.1b presents the normalized mean vertical wind profiles for all wind sectors,
divided by stability classes. The full line represents the logarithmic wind profile 〈U/u∗〉 =
(1/κ) ln (z/z0), with z0 = 0.015 m adapted based on the ALEX17 roughness map (Santos
et al., 2019b). Large differences for each stability class close to the surface show that
the surface roughness’ fetch can be quite different for each stability class. At 80 m
the normalized wind speed becomes less stability-dependent. For neutral conditions,
the log-law describes the mean profile up to 40 m. As expected, negative wind shears
characterize the stable class, potentially caused by valley drainage flow (Serafin et al.,
2018).



APPENDIXC
Path of lidar contamination

due to second returns
Lidar measurements are susceptible to an unreal estimation of radial wind speeds (vr)
even for reasonable values of carrier-to-noise (CNR) ratio. One possible source of such
contamination comes from the backscattered light along the laser beam from hard targets,
e.g., mountains or cloud layers. These signals can arrive as a second return for a particular
measurement point and cause ambiguity in the vr estimation.

For pulsed lidars, laser pulses must have a pulse repetition frequency (PRF) that
guarantees a full round trip to the greatest distance to be measured (∆r) for a particular
pulse, i.e., the maximum PRF is c/(2∆r), where c is the speed of light. Figure C.1
considers a lidar measuring at M where a cloud layer (or another hard target) is located
at a height h.

Lidar
M

Figure C.1: Schematic of the lidar beam measuring at point M with relevant variables
for the second return path calculation.

Varying the measurement distance d it is possible to determine the angle Φ at which
the second return will appear in a lidar scan, e.g., an RHI, where

Φ = arcsin
[

h

(d+ ∆r)

]
(C.1)

The scanning lidars used for the Alaiz experiment were set to have a PRF=20 KHz,
hence able to measure up to ∆r = 7.5 km ideally. Figure C.2 shows the calculated second
return paths for this case considering three possible h values. The vr contamination path
due to second returns has a larger curvature as h increases.

When performing RHI and scans up to several kilometers away, such curved lines
with contaminated radial wind speeds are expected. Figure C.3 shows one case from the
Alaiz experiment, where second return paths were identified during October 11th 2018.
These are RHI measurements averaged over a 10-min period and filtered for CNR values
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Figure C.2: Second return paths for three h values given PRF= 20 KHz and ∆r = 7.5
km.

within −28 and −5 dB. Negative radial wind speed values represent flow towards the
lidar.

Figures C.3a and C.3b show a stripe of contaminated vr that is within the ABL and
passes through the area of interest, in this case, a virtual met mast (green markers),
causing an underestimation of the mean wind speed. In both periods, the scans are
filtered out mostly around 1800 m, most likely due to cloud layers ,which were reasonably
frequent during the experiment’s IOP.

Figures C.3c and C.3d show that, for both periods, the second return path for
h = 1800 m overlaps well with the contaminated measurements. This method can assist
in the identification of invalid data during post-processing steps. The way to remove
such data is with filtering algorithms that can go beyond CNR and account for vr values
along the scan. Alcayaga (2020) proposed a filtering method using a clustering algorithm
that aims to filter out the second return contamination presented here.
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Figure C.3: RHI scans during two periods with second returns from October 11th 2018.
Top panels show filtered scans during (a) day and (b) night and bottom
panels (c) and (d) show same periods with second return paths given by
h = 1800 m. The green markers are the positions of a virtual met mast.
The color bar represents radial wind speeds in m s−1.
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