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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 one-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 improving our knowledge with regards to mountain meteorology.

1 Introduction

Over flat and homogeneous terrain, such as areas far offshore, the difference between measured and simulated climatological
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 reducing it even further. However, over complex terrain, with steep slopes and varying
land cover, such differences can be closer to 10% (Dérenkamper et al., 2020) depending on terrain complexity, implying large
uncertainties on the estimated 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, meso-scale models, typically covering scales down to a kilometer or so,
have to be coupled with micro-scale models that cover smaller scales down to meters. Meso- and micro-scale models are
fundamentally 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 convective systems, are included in the former but not in the latter. The
scales that are at the interface of the two models have been dubbed ferra incognita by Wyngaard (2004) and this experimental

investigation aims to explore some sub-meso-scale physical processes. New datasets from complex terrain experiments with
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details on flow patterns covering these scales are scarce and needed to evaluate and quantify the uncertainty of numerical
models (Mann et al., 2017; Sanz Rodrigo et al., 2017). Apart from wind energy, untangling 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 conducted with increasing density of instruments and types of measure-
ment aiming to better understand flow conditions in hilly and mountainous terrain. A well-known experiment was performed at
the Askervein Hill, which became the main reference in the development and validation of pioneering analytical and linearized
flow models dealing with gently sloping 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 stability.

In more recent endeavors, Doppler wind lidars and airborne instrumentation have been used to characterize large-scale phe-
nomena over steep hills and mountain ranges. Two examples of such are the terrain-induced rotor experiment (T-REX, Grubisi¢
et al., 2008) and the mountain terrain atmospheric modeling and observations program (MATERHORN, Fernando et al., 2015).
T-REX focused on low-level vortices formed downstream of a mountain ridge and MATERHORN was a multidisciplinary ini-
tiative to approach large-scale atmospheric phenomena in complex terrain, where two major experimental campaigns studied
thermally 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 turbulence
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 (Kilpatrick 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 experi-
ments, both onshore and offshore, were performed within the New European Wind Atlas (NEWA) project to evaluate meso-
and micro-scale models (Mann et al., 2017). The experiments made extensive use of a recently developed infrastructure that
uses synchronized measurements from multiple lidars, the so-called long-range WindScanner system (Vasiljevi¢ et al., 2016).
The Kassel experiment, performed at the forested hill Rodeser 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 averaging effect on the turbu-
lence spectra (Pauscher et al., 2016). A methodology for the execution of experiments involving multi-lidars was developed
during the double-ridge Perdigdo experiment in Portugal (Vasiljevi¢ 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 Gorge in the United States (Wilczak et al., 2019). This experiment was also focused on the improvement
of meso- and micro-scale coupling methods (Haupt et al., 2019).

The Inn Valley, located close to Innsbruck, Austria, is a site where extensive field campaigns took place to characterize atmo-
spheric processes with regards to mountain meteorology. Recent experiments used multiple wind lidars to 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 observations (Adler et al., 2020).
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Figure 1. lllustration of the complexity of some atmospheric ow experiments as a function of their area of coverage. The complexity is
in terms of the slope: the average™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 represent low and high elevations, respectively.

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

With a small domain but a steep escarpment, Bolund left the realm of gentle slopes, and hence emphasized the limitations
of linearized ow 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 variations in the ow pattern over Bolund (Berg et al., 2011). On the other hand, in
METCRAX I, scanning lidars captured atmospheric hydraulic jumps and cool pool events inside a meteorite crater in Arizona
(Lehner et al., 2016). In Kassel and Perdigao, larger areas were investigated that required the use of long-range WindScanner:
Perdigéo presents a double-hill con guration, 1.5 km apart, which is dominated by micro-scale effects, such as valley winds
and recirculation zones, but is also affected by thermal strati cation 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, too large to be
fully covered by a single set of instruments, still with similar thermally strati ed ows presented in this study. In the extreme
of terrain complexity, the Inn Valley area hosted multiple experimental campaigns to cover such an alpine region.
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As highlighted by Mann et al. (2017), Alaiz covers the mid-range where both micro-scale and meso-scale effects are preva-
lent. As shown in Figure 1, Alaiz features similar complexity as Perdigdo, but is an order of magnitude larger with in uence 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 rstly introduces the Alaiz Experiment (ALEX17), which aims to peer into multi-scale ow patterns with
mountain-valley interactions. Secondly, in this work, we are describing two types of ow cases: a layered-strati ed valley
ow and a hydraulic jump, characterized with multi-lidar measurements and multiple ground-based observations.

This paper is outlined as follows. In section 2 we describe the experimental layout and detail the measurement equipment.
Section 3 describes the site climatology and the atmospheric stability is assessed. In section 4 we characterize and discuss tt
two selected ow cases. Section 5 summarizes the main ndings 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 above the mean sea level (asl) with a wind regime favorable for wind energy applications (Sanz
Rodrigo et al., 2013). Figure 2a shows the experimental domain (yellow square) within the Iberian Peninsula 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 explain the synoptic forcing present on this site. Jiménez et al. (2013)
performed meso-scale modeling with 2-km horizontal resolution over 45 yr and assessed the wind variability over the region.
Badger et al. (2014) presented a statistical-dynamical downscaling to estimate a generalized wind climate in the same area
Apart from inherent biases between model and observations, both studies showed two main circulation patterns, with northwest
(NW) and southeast (SE) ow over the Ebro valley, with a channeling effect caused by an orographic funnel formed by the
large-scale features (see gure 2a). The NW circulation is ordinarily called “Cierzo”. Badger et al. (2014) additionally showed
that this effect is intensi ed during stable conditions, where the strati ed atmospheric boundary layer (ABL) interacts with the
orography more actively.

Figure 2b shows the area surrounding the experimental domain with a 2x2-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 experiment. To the south of the mountain plateau, 89 wind turbines (black dots) belong to Acciona’s
wind farms called Alaiz and Echagtie, which shows that the site, although challenging, is attractive for wind energy production.

To the north of the Alaiz mountain range, most of the measurement equipment are located at the Elorz valley, 500 m asl,
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 m asl. Notice that, as in the large-scale features, the
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Figure 2. Location and overview of ALEX17. Pan@) shows the experiment location (yellow rectangle) within the Iberian Peninsula. The
experiment is shown ifb), with: CENER's wind turbine test stands (red) and reference MP5 meteorological mast (purple); Acciona's wind
farms (black); the central position (CP, light blue) and a pro ling wind lidar (WLS70, yellow). The colorbars represent the height above
mean sea level in meters based on digital elevation models from SRTM (panel a) and lidar aerial scans (panel b) in UTM30 WGS84.

Alaiz mountain and the north ridge are not parallel, also shaping the valley as a funnel. The land cover is heterogeneous (c.f.
Figure 4 in Cantero et al., 2019) with villages and distinct kinds of farmland distributed along the valley oor, 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 two full years of measurements from
the reference mast MP5 and from a long-range pro ling wind lidar (WLS70, Leosphere Inc., Saclay, France) located at the
north boundary of the domain (see gure 2b). The Intensive Observational Period (IOP), when all sensors had concurrent
measurements, lasted for ve months from August 2018 to December 2018.

Figure 3 shows the 100-Kivexperimental domain, with CP at the center and details of the instrumentation layout. Most
instruments were placed in the valley oor, aiming to investigate the topographic interaction on the ow between Alaiz moun-
tain and the north ridge in order to characterize the wind regime at the mountain top, regarded as the region of interest for
wind energy. Cantero et al. (2019) documented the ALEX17 campaign, with detailed technical speci cations of each of the
instruments, together with their geographical coordinates, as well as their operating periods and data availability. Here, we
summarize the instruments used in this study.



