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Abstract Atmospheric flow of cold air over mountain barriers in the Alpine region often gives a rise to
strong and gusty downslope wind, Bora. Such flows are often accompanied by atmospheric waves, generated by
the flow passing an elevated barrier. Such phenomenon can only rarely be observed visually and can generally
not be reliably reproduced by simplified numerical models. Orography‐induced atmospheric small‐scale waves
were experimentally observed on 25 January 2019 during a Bora outbreak in the Vipava valley, Slovenia. A
vertical scanning lidar, positioned at the lee side of the Trnovski gozd mountain and a fixed direction lidar, 5 km
apart in the Vipava valley, were used to characterize the density field. The flow exhibited a stationary jump after
the mountain ridge and, superimposed, an oscillatory flow pattern. High‐resolution numerical simulations
complemented the observations and supported experimental results on the flow periodicity but also on the wave
structures and propagation characteristics.

Plain Language Summary Airflow passing over mountainous barriers often leads to the generation
of atmospheric small‐scale waves. These waves play an important role in redistributing momentum and energy,
impacting atmospheric dynamics on both local and regional scales. Studying mountain regions as sources of
these waves has been challenging due to the highly nonlinear interactions between the airflow and often
complex terrain orography, compounded by a lack of meter‐scale high‐resolution observations and efficient
models. This study investigates the atmospheric waves appearing above Vipava valley, Slovenia, during a
strong and gusty downslope wind event known as Bora. Using high‐resolution remote sensing observations and
numerical simulations, we characterized the properties of these waves. Coordinated high‐resolution
measurements of atmospheric flow were obtained using two lidar systems—one positioned at the mountain site
and the other within the valley. Two‐dimensional lidar scans revealed a downslope Bora flow layer and its
sudden rise after the mountain ridge, which may indicate an hydraulic jump and is associated with small‐scale
waves observed further down the valley. High‐resolution numerical simulations of the atmospheric flow over
the actual terrain complemented and supported the observations of atmospheric structures above the valley.

1. Introduction
Wind flow over irregular orography excites gravity waves (Okamoto et al., 2011). These waves are also known as
mountains waves (Fritts & Alexander, 2003) in a case when a stably stratified airflow passes over an orographic
barrier, such as mountain (Stull, 2012). The airflow is displaced upward by the orography and it subsequently
oscillates in a vertical direction as it travels downstream of the mountains. While mountain waves are traditionally
described by linear theory, which assumes moderate wind speeds and gentle slopes, strong winds and steep terrain
can violate these assumptions, producing waves that differ from traditional mountain waves in terms of their
wavelengths and periods through nonlinear mechanisms. Time‐varying backgrounds, interactions with other‐
scale waves, and wave dissipation at large amplitudes—often driven by instabilities substantially modify
waves behavior. These processes frequently lead to the generation of secondary waves, which can propagate
further upward. Such waves can propagate vertically to the upper troposphere, stratosphere and even higher
(Banyard et al., 2021; Carslaw et al., 1998; Gerrard et al., 2004; Kaifler et al., 2023; Xu et al., 2017; Yamashita
et al., 2009; Zhao, 2018) or may be confined to a certain altitude range (Lott, 2016; Wurtele et al., 1996). Recent
studies (Dong et al., 2020, 2023; Fritts et al., 2020) have demonstrated that instabilities in the upper atmosphere
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can independently generate secondary small scale waves. This particular study focuses on instabilities which may
arise from wind‐orography interactions for a case of strong (Bora) wind flow over steep mountain barrier, aiming
to provide new insights into the generation of small‐scale waves through nonlinear mechanisms.

Atmospheric waves and corresponding physical processes play an important role in redistributing momentum and
energy, thus making a significant impact on the atmospheric dynamics both on the local and regional scale (Emeis
et al., 2018; Strauss et al., 2016; Wagner et al., 2017). Their generated turbulence also pose a hazard to aviation
(Kuettner & Jenkins, 1953). In the Alpine region, particularly in the Dinaric Alps along the Adriatic coast, strong
wave activities are, under certain synoptic conditions, related to the strong, cold and gusty downslope wind Bora,
with wind speeds reaching up to 30 m/s (Grisogono & Belušić, 2009; Klemp & Durran, 1987; Klemp &
Lilly, 1975). Bora was found also associated with mountain wave breaking and Kelvin‐Helmholtz shear insta-
bility (KHI). During Bora, mountain waves usually propagate horizontally and eventually break over the
mountain ridges (Shestakova et al., 2018). Occurrences of mountain waves at heights considerably lower than the
orographic barrier were ascribed to hydraulic jumps in Bora flow (Klemp & Lilly, 1975; Shestakova et al., 2019).
The associated wave breaking and hydraulic jumps might be transformed into small‐scale waves.

Although the orography‐induced waves have been extensively studied throughout observational, modeling, and
theoretical research over the previous decades (Peltier & Clark, 1983; Pettre, 1984; Ralph et al., 1997; Shestakova
et al., 2019; Smith, 2019; Tsiringakis et al., 2017), their detailed structure and the three‐dimensional problem of
flow past the real terrain are still insufficiently understood (Li & Zhou, 2014). Numerical modeling studies related
to mountain waves mostly focused on mesoscale atmospheric models, such as WRF (Doyle & Jiang, 2006;
Toropov & Shestakova, 2014). Numerical modeling of mountain waves is an integral part of General Circulation
Models (GCMs), which provide essential tools for large scale atmospheric simulations. While large‐scale waves
dominate in typical conditions, small‐scale waves can emerge in regions of strong stratification, critical‐level
interactions, or nonlinearity in the lee of steep and/or small‐scale topography. These waves are more likely to
experience secondary processes, including breaking and transition to turbulence. More recent study increased the
model resolution from 10 to 1 km (Polichtchouk et al., 2023). Even so, these models cannot properly resolve these
small‐scale wave dynamics due to their limited spatial resolution. Hence parameterization schemes are employed
to approximate the effects of unresolved waves, as described by Beljaars et al. (2004). However, these param-
eterizations have limited ability to represent local atmospheric fine‐scale phenomena accurately. Significant
challenges remain in the areas of data acquisition, numerical modeling of small‐scale waves effects and their
parametrization in lower‐resolution models. These are a part of active research area (Vosper et al., 2018), within
which a variety of field campaigns took place in a recent time (Fritts et al., 2016; Jackson et al., 2018; Udina
et al., 2020).

Meanwhile, Computational Fluid Dynamics (CFD) and Large Eddy Simulations (LES) become more and more
popular in the last three decades as an important tool for studying atmospheric turbulence, atmospheric phe-
nomena and its effects (Allaerts & Meyers, 2017). Unlike GCMs and mesoscale models, which rely on param-
eterizations to approximate subgrid‐scale processes, CFD models may resolve a significant portion of turbulence
and small‐scale wave structures directly, providing detailed insights in small scale dynamics and interactions with
complex terrain (Jia et al., 2019).

Lidar observations have been used to study atmospheric waves for over a few decades (Ralph et al., 1997), of
which the most observations were acquired for the middle atmosphere (Banyard et al., 2021; De Wekker &
Mayor, 2009; Ehard et al., 2015; Gerrard et al., 2004; Hecht et al., 2018; Sabatier et al., 2018; Yamashita
et al., 2009; Zhao, 2018), while observations close to the ground and mountain source are rarely reported (Doyle
et al., 2009; Hill et al., 2010; Peña & Santos, 2021). Moreover, as lidars are predominantly used in vertical
scanning mode within the atmospheric research field, there is a lack of direct horizontal propagation observational
studies, which reports atmospheric waves and their properties. Up to now, the highest frequency atmospheric
waves were found to have periods of about 5–60 min (Banakh & Smalikho, 2016; Jia et al., 2019). Shorter periods
of small‐scale waves, which were expected to appear, for instance, when accompanied with turbulent Bora, have
not been observed yet.

In the present contribution, we analyze small‐scale waves observed in the Vipava Valley (southwestern
Slovenia). The valley is located 100 m Above Sea Level (ASL) and is flanked by the Karst plateau to the
southwest, which rises up to 334 m ASL, and by the Trnovski gozd plateau to the northeast, which reaches up to
1,495 m ASL. Located at the uppermost part of the Dinaric Alps range, the valley is frequently exposed to
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strong Bora outbreaks, making it an ideal site for studying orography‐related
atmospheric phenomena. In particular, this study aims to investigate the
complex interactions between the atmospheric flow and the mountainous
terrain surrounding the Vipava Valley, which are directly related to
appearance of downslope windstorm, small‐scale waves, hydraulic jumps
and other atmospheric flow phenomena. Central focus is given to charac-
terization of orography‐induced atmospheric small‐scale waves based on
coordinated lidar measurements from the mountain site and from within the
valley. Besides observations, special attention is given to numerical simu-
lations, which aim to provide a general perspective on the atmospheric
structures appearing within/above Vipava valley and complement the find-
ings from lidar observations.

2. Lidar Observations
2.1. Methodology

The measurements took place on 25th of January 2019. The atmospheric flow
on the lee side of the Trnovski gozd plateau was monitored using coordinated
lidar remote‐sensing measurements along with the in‐situ anemometers
measurements, at two locations: one just below the peak of the mountain ridge
(Otlica, 945 m ASL) and the other at the Vipava valley floor (Ajdovščina,
106 m ASL). The horizontal distance between those stations was 5 km
(Figure 1). The scanning Mie‐scattering lidar at Otlica, operating at 1,064 nm

with 10 Hz repetition rate (He et al., 2010), was oriented toward Ajdovščina (azimuth 225°) and provided two‐
dimensional Range Height Indicator (RHI) scans of aerosol backscattering coefficient for elevation angles be-
tween 12° and − 5° with 0.1° step. Each scan took approximately 4 min. In order to estimate the effects of scan
duration on the observed structures, the scanning measurements were operated with alternate scanning directions
(scans from 12° to − 5° and − 5° to 12°). Lidar was also used in a fixed mode at elevation angle of 0° to provide
10 min long time‐series of horizontal aerosol loading distribution between Otlica and Ajdovščina. Based on
measurements of aerosol backscattering coefficient by vertically pointing Raman lidar at Ajdovščina, operating at
1064 nm with 10 Hz repetition rate (Wang et al., 2019), it was also possible to retrieve transient dynamics of
atmospheric flow structures above the valley floor. Both lidars were deployed indoors and were not directly
mechanically affected by the wind. As both lidars used equivalent Mie‐scattering channel, operating at the same
wavelength, the thus obtained backscattering signals were averaged over 10 consecutive laser shots, digitized
with a range resolution (along‐beam range gate size) of 3.75 m and range square corrected after subtraction of the
background noise. The processed backscattering signals serve as indicators of aerosol loading, revealing aerosol
concentrations and distributions.

In addition to remote sensing, to further characterize the wind conditions in the valley, wind speed and directions
were monitored at both sites by two‐dimensional Vaisala WMT700 ultrasonic wind sensors.

2.2. Observation Results

On 25th of January 2019, a synoptic wind caused by a deep cyclone in the central Mediterranean sea resulted in a
typical Bora outbreak causing moderate wind gusts also in the Vipava valley. Average wind speeds measured in
the Vipava valley ranged from less than 3 m/s to 5 m/s in Ajdovščina and Dolenje (45.87°N, 13.90°E), while at
Zemono (45.86°N, 13.93°E) it was approximately 12 m/s. Overall wind gusts were reaching 17 m/s across the
valley. Predominant wind directions measured at the University of Nova Gorica in Ajdovščina were SE and SW
and typical Bora NE direction was measured in Dolenje near Ajdovščina. The predominant wind direction
measured at Otlica was N with average wind speeds of 10 m/s and gusts of approximately 16 m/s.

Lidar data obtained at the mountain observational site, Otlica, with Bora entering the valley, consisted of hori-
zontal aerosol loading profiles in the total duration of 30 min. These profiles captured the flow dynamics in the
direction toward the valley. The observed atmospheric structures, represented by the time evolution of aerosol
loading range profiles (Figure 2a), were inclined at the same angle. Based on that, a 23 m/s horizontal waves
propagation speed was estimated. The streamlines of the atmospheric flow were extracted at a distance of about

Figure 1. Orography of the Vipava valley and the lee side of the Trnovski
gozd plateau. Monitoring stations, Otlica (45.94°N, 13.91°E) and
Ajdovščina (45.89°N, 13.91°E), are marked by red points. The lidar at Otlica
was oriented in the south‐west direction toward Ajdovščina and was scanning
elevations between 12° and − 5° (shaded area). The lidar at Ajdovščina was
stationary and pointed toward the zenith (white line).
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500 m from the Otlica station and the wavelet power spectrum was extracted using the least square spectral
analysis method (Ruf, 1999). It should be noted that lidars' blind zone is approximately 400 m, thus we selected
streamlines beyond this zone to ensure the reliability of the measurements data used for the flow characterization.
Atmospheric flow was found to be periodic, containing multiple periods (Figure 2b). The most significant period
of the observed structures was found to be as short as 18s, while longer periods from approximately 1 to 4.5 min
were detected as well. Aerosol loading was found to be strong up to 1.5 km horizontal distance from the Otlica
station, after which it weakened, due to downslope Bora flow. After 2–3 km horizontal distance from Otlica
station toward the valley, moderate aerosol loading is observed periodically every approximately 3 min
(Figure 2a). Besides that, lidar at Otlica was used in scanning mode, providing a two‐dimensional (RHI)

Figure 2. (a) Temporal evolution of horizontal aerosol loading profiles at Otlica. The observed structures are inclined at
23 m/s and the inclination angle is denoted by a dashed line. (b) Periodogram of the observed peaks in horizontal aerosol
loading profiles at Otlica. (c) Range‐height indication of aerosol loading at Otlica. Merge of two subsequent lidar scans: an
upward scan from − 5° to 12° at 09:57 and a downward scan from 12° to − 5° at 10:02 CET. (d) Temporal evolution of the
vertical aerosol loading profiles at Ajdovščina. Air mass streamlines at different heights are denoted by solid lines.
(e) Periodogram of the extracted streamlines from vertical aerosol loading profiles at Ajdovščina, obtained using least square
spectral analysis method. Black horizontal lines in periodograms represent 0.001 significance level. (f) Small scale atmospheric
wave obtained from 18s sampling and averaging of horizontal aerosol loading data (a). The blue and black lines represent waves
shifted for half a period (9s). Space between vertical black lines denote a period of such waves. Time is given in Central
European Time (CET) in hh:mm format.
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characterization of the atmospheric flow structures after the mountain range (Figure 2c). Downslope aerosol‐rich
Bora flow was evident from 1 hour data, which consisted of 4 min RHI scans. At approximately 1.5 km horizontal
distance from Otlica station, the aerosol‐rich atmospheric flow layer rose higher above the Otlica level due to a
secondary ridge about 150 m below Otlica in the direction toward the valley. The observed jump in the aerosol
concentration after the mountain ridge was stationary during the whole one‐hour observational period.

The vertical distribution of aerosol loading within Vipava Valley below 1.5 km ASL was monitored using the
Raman lidar. Stratified atmospheric layers with periodic atmospheric structures were observed in the time series
of vertical profiles of lidar range‐corrected signals throughout the Bora outbreak at the height of the Trnovski
gozd ridge and below (about 400 m) (Figure 2d) with typical amplitudes of about 100 m. The streamlines were
extracted at the height of Trnovski gozd ridge (about 1.2 km), the height of Otlica station (about 0.9 km), and at
the height just below the lowest mountain ridge (about 0.4 km). The wavelet power spectrum was extracted from
streamlines using the least square spectral analysis method. The most significant period of the waves above
Ajdovščina was found to be 180s, with the presence of considerably shorter periods as well (Figure 2e).

2.3. Interpretation of Lidar Results

The interaction of Bora with complex mountainous terrain was found to enhance the generation of small scale
atmospheric waves, as observed from lidar measurements at Otlica. The shortest period of such waves, attributed
to local micro‐orography terrain features, was found to be 18s. In order to demonstrate that what we observed is
indeed a wave, lidar data were examined as follows. Firstly, the lidar return signal was sampled in 18s (one
period) intervals. The obtained mean signal had a wavelike structure. Then, by delaying the sampling for 9s (half
of the period), a wavelike structure with an inverse phase was obtained, as presented in Figure 2f. The corre-
sponding wavelength of such wave is approximately 400 m, which is in agreement with the estimated wave
propagation speed (23 m/s).

At a distance of about 1.6 km from Otlica site toward the valley, just after the secondary mountain ridge, a
significant vertical lift of the air mass was observed in lidar RHI scans (Figure 2c), which resembles a mild
hydraulic jump. After the jump, periodic atmospheric aerosol loading with a dominant periodicity of 3 min was
observed both in horizontal lidar measurements (Figure 2, a, for range ≥3 km) and in vertical lidar measurements
above the valley (Figure 2d). Those 3 min periodic atmospheric structures observed in the temporal evolution of
vertical aerosol loading profiles above the Vipava valley indicate lee waves. Assuming the constant wave
propagation speed as observed from Otlica measurements (23 m/s) we estimate their wavelength to be
approximately 4 km.

Finally, it is important to address an important factor that can affect lidar measurements, the beam divergence
angle, which changes the effective cross‐sectional area of the detection targets increasing with range. In this study,
the divergence angle of 0.5 mrad results in a cross‐sectional radius of approximately 30 m at a 2 km. This value is
significantly smaller than the typical wavelengths of the observed small‐scale waves. Thus, the impact of beam
divergence on the measurements is considered negligible for this study.

3. Numerical Simulations
3.1. Setup

Numerical simulations were performed using open‐source CFD software, OpenFOAM version 5.0 (OpenFOAM
Foundation, 2017). In order to represent the orography of Vipava valley as accurately as possible, the relief of the
region obtained from a Digital Elevation Model (Surveying and Mapping Authority of the Republic of
Slovenia, 2019) was incorporated into CFD numerical simulations. The computational domain of Vipava valley
and nearby Trnovski gozd mountain region is taken to be 9,600 m long in the northeast direction and 4,200 mwide
in the southeast direction, thus covering the measurement area of both lidars. The top boundary of the domain is
placed at 3,000 m ASL, while the bottom boundary represents the terrain with elevations ranging from 85 to
1,070 m. The adopted computational mesh is made of 5.2 M cells with hexahedra being the predominant type of
cells. Finer mesh is adopted in the inner region of domain, with cell sizes 16.25 , 32.5 and 16.25 m in the along‐
wind (x), cross‐wind ( y) and vertical (z) direction, respectively. Along‐wind (x) direction in simulation corre-
sponds to northeast wind direction (Bora), that is when the flow is incoming from the mountain side toward the
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valley. The vertical direction represent the height ASL. The outer region of domain, which is not of direct interest
for analysis, is characterized by a coarser mesh, being cells twice as big with respect to the central part.

Symmetry boundary conditions are applied at the top and side patches of the computational domain, while the
ground patch is set up as a wall, where no slip condition is applied for the velocity. It should be noted that the
roughness of terrain was not taken into account for the sake of simplicity. Velocity inflow and a null normal
gradient for the pressure field are applied at the inlet of computational domain, while at the outlet patch, normal
gradients are imposed to be null for the velocity field and the pressure value is set to be null. The mean value of the
inflow velocity was set to 18.4 m/s, which is an approximation derived from both anemometer measurements and
mesoscale ALADIN (2019) model results of wind profile at Otlica, for the time period of coordinated lidar
measurements on January 25. Such simplification of the inflow condition is retained due to the complexity of the
studied orography, which is expected to provide a strong mixing of the lower level of the atmospheric boundary
layer, thus generating vertical profiles differing from the standard logarithmic law found for flat terrains. Besides
the mean boundary conditions imposed at the inlet patch with mean velocity U = 18.5 m/s, the unsteady inflow
conditions were used in two simulations of this study. Unsteady inflow was generated using PRFG3 method
(Patruno & Ricci, 2018) along with the mean velocity of 18.5 m/s, as in the previous case. Turbulence properties
of the unsteady inflow were selected as an approximation for atmospheric conditions at a height of 200 m above
the ground and were calculated using relations for turbulence intensity and length scales described in detail in
Bervida et al. (2020), considering the roughness length of terrain category III according to Eurocode (EN 1991–1–
4:2005 (sl), 2019). Those considerations were chosen to provide realistic input conditions for the PRFG3 method
used to generate the unsteady inflow. Therefore, the turbulence intensity of the along‐wind (u), cross‐wind (v) and
vertical (w) velocity component was evaluated as 15.40%, 11.50% and 7.70%, respectively. Integral length scales
L of the velocity components u, v and w for separations in the x, y and z directions of domain were generated as:
Lxu = 258.11 m, Ly

u = 76.40 m, Lzu = 51.62 m, Lxv = 54.45 m, Ly
v = 64.46 m, Lzv = 51.62 m, Lxw = 51.62 m,

Ly
w = 51.62 m and Lzw = 51.62 m.

Two different numerical approaches for unsteady flow simulations were used in order to capture the non‐
stationary features of the flow over Vipava valley, a scale adaptive simulations (SAS) and LES. Scale adap-
tive model which was used here is k‐w SST (Shear Stress Transport) SAS based on Egorov and Menter (2008),
which is an eddy viscosity model developed for flows with pressure induced separation and adverse pressure
gradient flows. The model provides LES‐like capabilities in unsteady flow regions and Reynolds‐averaged
Navier‐Stokes simulation capabilities in stable flow regions (Menter & Egorov, 2005). LES were performed
using one equation eddy viscosity model for modeling sub‐grid scales (Yoshizawa & Horiuti, 1985). In order to
assess how different combinations of turbulence modeling approaches and inflow conditions affect the simulation
of atmospheric flow structures over the Vipava Valley during Bora‐like wind and the agreement with the
experimental observations, three simulation variants were implemented:

1. Simulation “S1”: SAS and unsteady inflow (PRFG3)
2. Simulation “S2”: SAS and steady inflow (mean velocity U = 18.5 m/s)
3. Simulation “S3”: LES and unsteady inflow (PRFG3)

Furthermore, a passive scalar transport equation was implemented into OpenFOAM's solver in order to assess its
behavior in turbulent mixing:

∂T
∂t
+∇ ⋅ (uT) − ∇2 (DTT) = 0, (1)

where T is the transported concentration, u is the fluid velocity and DT is the diffusion coefficient divided by the
fluid density. Passive scalar was set to fill the lowest part of computational domain and the boundary condition
with initial value 1 was imposed at the inlet patch, so that all concentrations are expressed as a fraction of the
incoming ones.

The well‐known PISO algorithm was used for pressure‐velocity coupling. Simulations were run for 6000s, while
first 500swere omitted in order to avoid initialization effects on results. ThemeanCourant numberwas smaller than
1 and it was attained by using a time step of 0.22s. Mean variables (velocity, pressure and passive scalar) were
monitored at multiple vertical alignments, coincident with the real measurement site. In particular, the chosen
monitors were in the horizontal radius of about 300 m from the measurement site in Ajdovščina, Vipava valley.
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3.2. Simulation Results

The simulations used in this study are designed to capture the essential features of the Bora‐like wind over
complex terrain surrounding the Vipava valley, and as such, their results should be regarded as approximations
rather than precise predictions. The results of numerical simulations are presented in terms of the obtained passive
scalar fields and their comparison to lidar observations. SAS and LES results provided a detailed insight of the
flow structures within Vipava valley for the case when the wind is passing over mountain barriers with Bora
blowing from the northeast direction. For all simulation cases, scalar mixing in the valley was observed in the
vertical extent up to mountain height and about 200 m above it. While the SAS (S1 and S2) underestimated the
height of the flow structures, LES was found to best to describe the experimental data height (approximately

Figure 3. Temporal evolution of vertical aerosol loading profiles at Ajdovščina obtained by lidar and from numerical
simulations S1, S2 and S3. Color bars are given in arbitrary units, where red indicates maximum and blue color minimum
aerosol loading. The observed and simulated atmospheric structures exhibit periodicity with similar dominant period, while
simulation S3 (LES) best captures the observed height of atmospheric structures.

Geophysical Research Letters 10.1029/2024GL112400

WANG ET AL. 7 of 10

 19448007, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
112400 by A

rea Sistem
i D

ipart &
 D

oc, W
iley O

nline L
ibrary on [18/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1,100 m ASL). Turbulent flow structures observed in simulations were well transported throughout the inner part
of the domain, owing to higher mesh resolution in that part.

In order to investigate the observed periodicity of the flow, we report the time evolution of the passive scalar
variable at the vertical alignment of points in the computational domain (located at x = 4500 m, y = 2655 m),
which approximately corresponds to experimental location of the measurement site in the Vipava valley. Results
are presented in Figure 3. For the purpose of comparison between experimental and numerical results, we reported
the time evolution of aerosol loading obtained by lidar along with simulation results. Numerically obtained
temporal evolution of aerosol loading indicated periodic behavior for all simulation cases, so we furthermore
assessed the periodicity using the approach described below.

In particular, for detection and characterization of periodic signals, the Lomb‐Scargle method was used (Van-
derPlas, 2018). Periodograms were calculated from time histories of passive scalar value for four different lo-
cations in a computational domain which were nearest to the location of the experimental site in the valley and for
height equal to 800 m ASL. The signal from numerical simulation was found to be periodic, with a number of
significant periods. The most significant period of passive scalar value, obtained for four different locations in the
vicinity of the actual lidar measurement site in computational domain was found to range from 1.89 to 4.58 min
for simulation S1, from 2.52 to 3.30 min for simulation S2 and from 2.65 to 4.02 min for simulation S3. Periods
obtained from numerical simulations were found to be in a close range of experimentally obtained 3 min. These
results suggest that the periodicity observed experimentally in the flow structures above Vipava valley is induced
by the orography.

4. Conclusions
In this paper, we investigated orography‐induced atmospheric small‐scale waves during flow over complex
terrain by means of high‐resolution lidar measurements and CFD numerical simulations. Our results confirm and
highlight the role of orography‐induced instabilities in generating small‐scale waves, expanding the traditional
understanding of small‐scale wave dynamics and provide new insights into the role of high and steep orography in
generating small‐scale (high‐frequency) atmospheric waves, which receive little attention up to now.

Coordinated lidars measurements provided simultaneous information about vertical and horizontal airflow
dynamics at the lee side of the Trnovski gozd plateau. The inclination angle of observed atmospheric structures
in horizontal lidar measurements revealed a constant atmospheric small‐scale waves propagation speed of
approximately 23 m/s. Atmospheric flow above and within the Vipava valley exhibited complex periodic
behavior, with multiple periods being detected. The shortest period of atmospheric waves, attributed to local
micro‐orography features, was found to be 18s and was detected in lidar measurements at the mountain site. The
wavelength of these waves was estimated to be 400 m, which agrees with the evaluated wave propagation
speed. Such short‐period waves have not been observed previously in this context. The small‐scale waves above
the Vipava valley were found in both vertical and horizontal lidar scans, with a dominant period of 3 min. Under
the assumption that wave propagation speed measured at the mountain ridge was the same as for the waves
observed within the valley, the wavelength of small‐scale waves was estimated to be 4 km. Furthermore, RHI
lidar scans obtained from the mountain site detected the rise of downslope Bora flow after the secondary
mountain ridge, which appears as a mild stationary hydraulic jump that is often associated with Bora mech-
anism, but rarely observed due to the challenging nature of capturing such phenomena.

Numerical simulations results were analyzed in a qualitative manner and were found to support the observation
data above the Vipava valley. In particular, similar flow periodicity as observed in the lidar data (3 min) was
reproduced by all simulations, while the height of the observed flow structures was best reproduced by LES. Good
agreement between observation and simulations indicates that flow periodicity observed within the Vipava valley
is due to particular orographic settlement.

Data Availability Statement
The observational data set and the simulations output presented in this article are provided by the Center for
Atmospheric Research at University of Nova Gorica (Wang et al., 2025). All simulations presented in this work
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were performed using OpenFOAM 5.0, which is open‐source and available at https://openfoam.org/version/5‐0/.
The PRFG3 method used for initial and boundary conditions setup in simulations S1 and S3 can be found in
(Bervida et al., 2020; Patruno & Ricci, 2018).
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