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Abstract: Topography-induced turbulence poses a potential hazard for aviation safety, in particular
during the final approach and landing. In this context, it is essential to assure that the impact of
topography-induced turbulence on the flight paths during take-off and landing is minimized already
during the design and planning phase. As an example of the siting and planning of a potential new
airport in complex terrain, this study investigates the distribution of terrain-induced boundary layer
turbulence in the vicinity of the current Lofoten airport at Leknes (LKN). For that purpose, large-eddy
simulations (LES) have been performed with the PAralellized Large-eddy Simulation Model (PALM)
on a 40× 45× 4 km3 computational domain around LKN. An initial parametric sensitivity study
resulted in a grid spacing of 50 m and an overall simulation time of 12 h for our individual model
runs. A suite of 32 model simulations for 16 different wind directions and two geostrophic wind
speeds of 10 ms−1 and 20 ms−1, was then performed and analysed. A turbulence risk analysis along
idealized flight trajectories shows that the high-risk conditions are substantially determined by the
wind conditions and their interaction with the topography. With respect to wind speed, the results
indicate that for a geostrophic flow below 10 ms−1, the risk of aviation critical, terrain-induced
boundary layer turbulence (BLT), is rather low in the vicinity of LKN. At 20 ms−1 the situation has
completely changed, as for 14 out of 16 investigated wind directions the 9 m2s−2 aviation critical
threshold of turbulent kinetic energy per unit air mass (TKE) is exceeded. In the northwesterly wind
scenarios, the largest areas with critical turbulence in the vicinity of LKN are observed.

Keywords: atmospheric boundary layer; terrain-induced turbulence; large-eddy simulation; aviation
safety; airport siting

1. Introduction

Turbulence refers to rapid, irregular changes in the wind speed and direction that
are present in the atmosphere and is a major concern to aviation, not only for passengers’
comfort, but also for safe and efficient aircraft operations [1,2]. Encountered by the aircraft,
turbulence brings sudden jumps and jolts that can compromise safety, in particular during
the landing approach, when the aircraft is relatively slow and its manoeuvrability corre-
spondingly low. In severe cases, abrupt changes in altitude of the aircraft may occur and
the pilot may suffer a momentary loss of control. As a consequence, pilots, dispatchers and
aircraft controllers attempt to avoid turbulence whenever possible.

In general, turbulence can appear in different forms and at any stage during a flight,
as, summarized by the World Meteorological Organization (WMO) [3]: clear-air turbulence
(CAT) is usually encountered at the cruise altitude levels in the upper troposphere; bound-
ary layer turbulence (BLT), typically occurring in the lowest one or two kilometres, thus
affecting the take-off and landing approach; and low-level turbulence (LLT), which happens
very close to the ground, and thus important for the final approach close to touch-down.
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The two main mechanisms for the creation of turbulence in the atmosphere are wind
shear and buoyancy [4], with their relative importance differing among the categories
introduced above. CAT, typically occurring at higher altitudes, can be triggered by Kelvin-
Helmholtz instabilities [5,6] created by wind shear, the amplification, overturning and
breaking of mountain waves [7,8], or in the vicinity of large convective clouds [9]. BLT
can be induced by thermal updrafts in daytime convective boundary layers, strong wind
shear, and mechanical forcing associated with complex terrain. LLT is usually caused by
wind shear and obstacles on the ground, e.g., the local topography close to the airport in
combination with buildings and higher surface vegetation [10].

Large-Eddy Simulation (LES) was originally proposed in the 1960s for simulating
turbulent atmospheric flows [11]. In contrast to RANS (Reynolds-Averaged Navier-Stokes)
based models, LES can explicitly resolve the dominant turbulent scales responsible for
most of the stress and turbulent kinetic energy (TKE), making it an ideal tool for a proper
turbulence characterization. With increasing computational capabilities, LES has nowadays
become one preferred methodology for the simulation of turbulent flow in the ABL. This
includes basic boundary layer studies for convective [12,13] and stable [14–16] stratification
or terrain induced flows [17,18], as well as a wide range of atmospheric applications, e.g.,
related to wind energy [19–21], or pollutant transport and dispersion in urban environ-
ments [22,23]. LES simulations for air safety purposes are, in contrast, still rather sparse
and often focus on the potential effects of vegetation and buildings on LLT affecting the
runway [24–26]. One recent study [27] has applied an LES approach for a case study to
provide realistic turbulence data as input for a flight simulator. The scale of turbulent
eddies in the atmosphere ranges from a few centimetres to kilometres, among which the
most damageable eddies are those with a dimension similar to and larger than the aircraft,
i.e., in the order of several tens to several hundred meters [10,28,29]. The chosen grid
resolution should therefore allow for an explicit calculation of those relevant eddies, while
the smaller turbulent fluctuations will be treated by an appropriate subgrid-scale (SGS)
scheme. This makes LES particularly suitable for turbulence modelling at a rather high
spatial resolution at a relatively low computational expense.

During take-off and landing, BLT and LLT are of major importance and their estima-
tion and forecast should therefore play a key role in the site selection and runway design
of an airport, in particular in complex terrain. Large parts of Norway, in particular along
the Western and Northern coast, are highly dependent on regional air traffic connections
and many of those regional airports are located in rather complex terrain and thus widely
exposed to orographically induced turbulence [30]. The Norwegian Meteorological In-
stitute performs to date operational turbulence forecasts for several particularly exposed
airports [31], based on the CFD code SIMRA [32]. However, the SIMRA model does not
explicitly resolve turbulence, does not calculate buoyancy, and the spatial resolution of the
operational runs is only 100 m.

We propose in this study a novel method for the systematic investigation of the
surrounding of a planned airport in rather complex terrain by systematic LES modelling. A
set of LES runs for 16 different wind directions and two different geostrophic wind speeds
of 10 ms−1 and 20 ms−1 aims to map potential turbulence hot-spots in the vicinity of the
new airport, in particular along the expected flight paths during landing and take-off. This
information is expected to provide guidance and decision support for the location of the
new airport and the corresponding flight route planning.

This paper is structured as follows. A brief introduction of the research site is presented
in Section 2. The simulation software and the data analysis method are described in
Section 3. Section 4 introduces the simulation results and discusses them in terms of wind
speed and direction (Section 4.1), and the impact of atmospheric stratification (Section 4.2).
Finally, a summary and conclusion, along with a short-term outlook of this study, are given
in Section 5.
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2. Study Area-Leknes, Lofoten Islands

Lofoten is an archipelago on the Northwestern coast of Norway, roughly located
between 68 and 69◦ N (see Figure 1a). It stretches over ca. 120 km in the SW-NE direction
and is characterized by complex topography, with the highest peaks exceeding an elevation
of 1000 m. The largest airport in the Lofoten islands is Leknes airport (IATA: LKN), which is
located in the Southwestern part of the island of Vestvågøy at 68◦09′09′′ N 13◦36′34′′ E. Its
runway lies approximately along the SSW-NNE direction (RWY03-RWY21) and has a length
of 891 m, limiting it for regional operations with rather small aircraft, e.g., the De Havilland
Canada models Dash-1 and Dash-8. Avinor, the operator of 44 state-owned airports in
Norway, is a wholly-owned state limited company under the Norwegian Ministry of
Transport and Communications, is recently investigating potential locations for a new
airport on the Lofoten islands [33], allowing for direct access to the region with larger
commercial aircraft. During this process, one year of observations with multiple scanning
wind lidar systems has been performed at selected locations. Anticipating the future data
availability of those measurements for research purposes, in particular for the comparison
with our model simulations, we have chosen Leknes airport as our study area.

Vestvågøy

Flaksta-

døya

Austvågøya

Leknes

Airport (LKN)

Lofoten Islands

(a) (b)

Figure 1. The location of the Lofoten archipelago on the coast of Northern Norway (a) and a zoom-in
on the location of Leknes airport LKN on the island of Vestvågøy and its surrounding geography (b).
The red box indicates the LES model domain used in this study. Credit: Google Map.

3. Materials and Methods
3.1. Simulation Setup
3.1.1. Simulation Model-PALM

Simulations for this work were performed with the PALM model version 6 revision
4579. PALM is an open-source, Fortran-based LES code, developed and maintained by the
Institute of Meteorology and Climatology (IMUK) at the Leibniz University in Hannover,
Germany. It is solving the spatially filtered, non-hydrostatic, incompressible Navier-Stokes
equations using the Boussinesq approximation [34]. Advection terms are used in the prog-
nostic equations and are realized by an upwind-based 5th-order differencing scheme [35]
with a 3rd-order Runge-Kutta time-stepping scheme [36]. For parameterization of the
eddies smaller than the grid spacing, PALM uses a subgrid-scale (SGS) model applying
a 1.5th-order closure method following Deardorff 1980 [37], revised by Moeng and Wyn-
gaard [38] and Saiki et al. [39]. This method is based on the hypothesis that the energy
transport by SGS eddies is proportional to the local gradients of the mean quantities. For
a detailed and general description of the PALM model, we refer to Maronga et al. [40,41].
PALM has been widely used in atmospheric boundary layer research for more than 20 years
and numerous studies of the atmospheric boundary layer have been performed with this
model [24,26].
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3.1.2. Simulation Suite and Parameters

Based on the parameter set as described in Table 1, we conducted two sets of sim-
ulations for two geostrophic wind speeds of 10 (Set10) and 20 ms−1 (Set20). For each
wind speed, simulations have been performed for 16 different wind directions (N, NNW,
NW, WNW, W, WSW, SW, SSW, S, SSE, SE, ESE, E, ENE, NE, NNE), resulting in a total
of 32 simulations. Every simulation output included hourly-averaged 3-D wind fields
at every simulation hour. The TKE and wind distribution were analyzed for the whole
computational domain.

Table 1. Summary of main parameters used in the simulation for this study.

Name Value

Grid resolution (dx, dy, dz) 50 m
Grid points 800× 900× 80

Simulated time 12 h
Number of timesteps 25,341

CPU cores 400
RAM allocated 32,768 MB

Initial surface sensible heat flux 0.01 Kms−1

Zonal boundary condition cyclic
Meridional boundary condition cyclic

Vertical boundary condition no-slip

3.1.3. Topography Data

The two-dimensional topography data was derived from the Norwegian Mapping
Authority (Kartverket) [42,43]. The original dataset used the European Terrestrial Reference
System 1989 (ETRS89) and the NN2000 altitude system. The datum was WGS89 and was in
Digital Terrain Model with a grid resolution of 10 m (dtm10). The original data was block-
averaged to fit the grid resolution of the corresponding LES simulation using MATLAB.

3.1.4. Domain and Boundary Conditions

The simulations used cyclic boundary conditions in both west-east (x) and south-north
(y) directions. This requires that cells near the boundaries of the domain are fluid cells.
As the Lofoten islands spread along the southwest-northeast direction, a truncation of
the topography had to be performed to match this criterion for the western and eastern
boundaries. Such a truncation has to be carefully chosen so that it doesn’t significantly affect
the atmospheric flow near the LKN airport, as well as the numeric stability of integration
at the boundaries of the domain. Ideally, the domain is chosen such that LKN is close to its
centre, and the truncation of topography avoids steep gradients at the edge of the domain.
What we need to avoid is that the potentially affected range in the downwind of the ridge
on the boundary, expected to extend about 10 to 15 times of its altitude [44], will not disturb
our area of interest around LKN. To achieve this, the horizontal size of the domain must
be at least 2.5 times larger than this range in both directions [45,46]. Consequently, we
chose for our study a rectangular simulation area between 13.17 and 14.04◦ E in longitude,
and 68.00 and 68.36◦ N in latitude. The northern and southern boundaries lie completely
in the ocean, the eastern boundary crosses the Lyndalsvatnet and the western boundary
follows the Kåkersundet channel between the Flakstadøya and Moskenesøya islands. All
boundaries were at least 19 km from LKN, and the steepest artificial edge by the truncation
appears in the northwestern corner with an altitude of approximately 150 m. Thus, we
are confident that our domain selection minimizes the effect of topography truncation.
The scattered residuals and islands at the southwestern corner of the domain were also
omitted. After the truncation, we end up with a rectangular box of 38.99× 42.73 km2 with
LKN located near the centre of the domain, see the red rectangle in Figure 1b. However,
the west and east edges of this domain still contain solid cells, and the size of this domain
(3899 × 4273) was not convenient for parallel computing, given the 400 cores we had on a
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high-performance computer (HPC) for simulations. Therefore, we added layers of fluid
cells at all boundaries to fulfil the requirement of cyclic boundary conditions, as well as to
make the number of grid points in every direction a multiple of 400.

In the vertical direction (z), the maximum height of the domain was set as 4 km. For
the boundary conditions of potential temperature, a constant surface sensible heat flux was
applied at the bottom, and the top sensible heat flux was calculated from the initial surface
sensible heat flux and the initial potential temperature profile. For the boundary condition
of horizontal velocity components, a no-slip condition was used at both the surface and the
top of the domain. The final computational domain was chosen as the 40× 45× 4 km3 box
shown in Figure 2.
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Figure 2. The topography map of the computational domain. Colors indicate altitude above sea level. The bold line
indicates the current runway of LKN, with its southeastern end LKNRWY03 and northwestern end LKNRWY21. The thin
line indicates the location of the vertical cross section through the domain in the direction of the runway, presented in Fig 7
and the Appendices E and F.

3.2. Methodology197

In our study we investigate the three-dimensional characteristics of air-safety rele-198

vant BLT, with particular focus on the conditions along the estimated glide paths during199

final approach towards landing. A main proxy to represent the turbulence conditions in200

a computational region is the resolved TKE, i.e. the turbulent kinetic energy explicitly201

resolved and directly simulated by the model. At every hour in the PALM simulation, for202

a unit of air mass, hourly-averaged cardinal velocity components (u, v, w) and squared203

cardinal velocity components(u2, v2, w2) were stored, and the hourly-mean resolved TKE204

was then calculated as:205

TKE =
1
2
[(u2 − u2) + (v2 − v2) + (w2 − w2)] (1)

Figure 2. The topography map of the computational domain. Colours indicate altitude above sea
level. The bold line indicates the current runway of LKN, with its southeastern end LKNRWY03
and northwestern end LKNRWY21. The thin line indicates the location of the vertical cross-section
through the domain in the direction of the runway.

3.1.5. Sensitivity Analysis

Although being an effective software to perform LES simulations, the expenses of
computational power for such an extended domain in PALM are still extensively high
(see Table 2). All the simulations were conducted on the HPC facility Fram, operated
and maintained by the Norwegian research infrastructure services (NIRS). In order to
balance simulation performance and computational expense, it is necessary that the grid
resolution, as well as the overall simulation period, are carefully determined and optimized
by sensitivity tests before conducting the full set of simulations. Therefore, we chose grid
resolutions of 25, 50 and 100 m, and ran the simulation with otherwise identical parameters
and topography data. The simulation time was initially set to 12 h to make sure the
simulations have enough time to converge and stabilize. The corresponding results are
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shown in Figure 3 and indicate that the increase in velocity variances and TKE over time
flattens distinctly at around 9 h. The simulations show, as expected, a clear increase in
TKE (black lines) for decreasing grid spacing. Here the main improvement takes place
for a refinement of the grid from 100 m to 50 m. A further decrease in grid spacing to
25 m improves the performance with respect to TKE resolution only marginally, consumes,
however, nearly 20 times more computational resources. Based on those results we have
chosen to perform the further simulations for 12 h with a horizontal and vertical grid
resolution of 50 m.

Table 2. Computational resource usage of one simulation in different grid resolutions. The simulated
time was 12 h for each test.

Grid Resolution Avg. Simulation Time Avg. Memory Usage Avg. Disk Write

25 m 20:21:56 493 GB 59 GB
50 m 01:15:36 141 GB 7 GB
100 m 00:17:22 111 GB 0.05 GB

Version May 27, 2022 submitted to Atmosphere 7 of 27

Figure 3. Comparison of mean resolved TKE and velocity variances for different grid resolutions (100 m, 50 m and 25 m)
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Figure 3. Comparison of mean resolved TKE and velocity variances for different grid resolutions
(100 m, 50 m and 25 m).

3.2. Methodology

In our study, we investigate the three-dimensional characteristics of air-safety relevant
BLT, with a particular focus on the conditions along the estimated glide paths during the
final approach towards landing. The main proxy to represent the turbulence conditions
in a computational region is the resolved TKE, i.e., the turbulent kinetic energy explicitly
resolved and directly simulated by the model. At every hour in the PALM simulation, for
a unit of air mass, hourly-averaged cardinal velocity components (u, v, w) and squared
cardinal velocity components (u2, v2, w2) were stored, and the hourly-mean resolved TKE
was then calculated as:

TKE =
1
2
[(u2 − u2) + (v2 − v2) + (w2 − w2)] (1)
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Note that the calculation in (1) is representing the resolved TKE per unit of air mass, so its
dimension is J/kg, i.e., m2s−2.

The simplest meteorological variables considered most important for aviation safety
are the F-factor [47], representing the wind shear ahead of the aeroplane, and the turbulence
dissipation rate ε1/3. These quantities are given by the Equations (2) and (3):

F = − c
g

∂u
∂x

+
w
c

l f

= − c
gl f

[u(x + l f /2− u(x− l f /2)t] +
wl f

c
(2)

ε1/3 ≈
(
(C1/2

µ K)3/2

lt

)1/3

≈ 0.67K1/2l−1/3
t (3)

here c is the flight path, g is the gravitational acceleration, µ is the wind component along
the flight path, w is the vertical wind component, K is TKE, lt is turbulent length scale and
l f is the minimum response distance in landing configuration, which is of the order of
∼500 m, corresponding to a time interval of about t = O(7 s). The coefficient Cµ has a value
of approximately 0.09. A comprehensive review of this theory is given in Eldsvik et al. [48].
Regions prevailed by the conditions F < −0.1 and ε1/3 > 0.5 m2/3s−1 correspond to severe
turbulence for commercial aircraft and represent potential danger [49]. These conditions are
easily met when K1/2 > 3 ms−1, so we chose 9 m2s−2 as the TKE threshold to distinguish
locations with high turbulence risk in our study.

In the investigation of aviation safety, we aim to analyze the potential risk a pilot
might encounter during the final approach and take-off. However, the realistic strategies
differ in terms of weather and visibility conditions, especially for airports near complex
terrain. As a simplified model, we defined a 3-degree aircraft glide slope at both ends of
the LKN runway to represent the approximate trajectory of an aircraft in our study [50].
In terms of aircraft landing, this model is very close to the realistic landing approach. For
take-off, this model is less precise as the pitch slope of the aircraft varies from 3–12 degrees
depending on the size of the aircraft, but still makes sense in analyzing the altitudes where
high turbulence risk occurs near the airport. In addition, an aircraft during the start of
take-off is considerably less vulnerable to the effect of terrain induced turbulence.

Based on this flight path model, turbulence hazard risks were then analyzed for all
simulations. For each scenario, data selection along the flight path was done as follows:
(1) coordinates of the intersections between the glide path and all the south-north surfaces
were derived, (2) for each intersection, 4 adjacent grid points were collected as sample
points. The sample points were then categorized according to TKE values and locations
(RWY03 or RWY21), and the frequency of grid cells exceeding the TKE threshold was
calculated to quantify the overall potential of turbulence hazard in each scenario.

4. Results

The main part of this study is dedicated to the spatial characterization of potentially
dangerous situations of terrain induced BLT, dependent on wind speed and wind direction.
In the following, we will present and discuss the simulation results of resolved TKE in the
form of horizontal cross-sections at different altitude levels over the whole domain, the
vertical cross-section defined by the orientation of the existing runway of LKN, and spatial
profiles of TKE along the aircraft glide path during landing. To simplify the notations, in the
remainder of the manuscript, the different model runs will be identified by the abbreviation
of the wind direction, followed by the number of the corresponding wind speed. For
example, the simulation with a 20 ms−1 northwestern geostrophic wind is abbreviated
as “NW20”.

4.1. Atmospheric Stratification

In PALM, the atmospheric stratification is determined by the wind speed and the
sensible heat flux at the bottom surface [51]. To investigate its effect on the turbulence
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simulations, we selected 3 heat flux cases: (a) 0.01 Kms−1, indicating near-neutral con-
ditions; (b) 0.1 Kms−1 representing moderately convective conditions and (c) 0.3 Kms−1

for strongly convective conditions. Otherwise identical simulations of these 3 scenarios
were performed for a geostrophic wind of 20 ms−1 from Northwest (NW) and the resulting
profiles of the resolved TKE along the glide path are presented in Figure 4. The profiles
show highly variable TKE values including several terrain induced peaks, with three of
them exceeding the threshold of 9 m2s−2. The maximum peak, in a distance between 5 and
10 km from the airport, reaches even above 25 m2s−2, indicating severe BLT conditions
induced by the terrain. However, the profiles for the different stability conditions are very
similar in shape and absolute value and indicate that atmospheric stability plays only a
secondary role in the creation of terrain-induced TKE. Thus we have chosen to only use the
heat flux value of 0.01 Kms−1 further on in this study.

Figure 4. Profiles of resolved TKE along the aircraft glide path under three atmospheric stratification
scenarios. Solid lines refer to RWY21, dashed lines refer to RWY03.

4.2. Turbulence Characteristics as Function of Wind Speed and Direction
4.2.1. Horizontal Cross-Sections

The horizontal wind field and resolved TKE field were analyzed for the complete area
of interest at the three heights of 100 m, indicating the layer LLT appears, 500 m and 1000 m,
roughly the level of the highest mountain tops. The key features of selected simulations
are described in the following section, while the corresponding plots of all simulations are
available in the Appendix A (Figures A1 and A2).

Figure 5 presents the results for the simulations with a geostrophic wind from NW
of 10 ms−1 and 20 ms−1 (cases NW10, left panel and NW20, right panel) at an altitude of
100 m. NW10 shows over the whole model domain considerably lower TKE values than
NW20, indicated by the darker blue colour. There is an indication of weak terrain induced
turbulence in the lee of the mountains, the TKE threshold of 9 m2s−2 is, however, hardly
reached or exceeded in this run. The simulations for NW20 show, in contrast, distinct
maxima in the TKE field that exceed the threshold nearly everywhere on the lee side of
the topography. Those patches of heavy terrain-induced turbulence extend typically for at
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least 5 km downwind from the initiating mountain ridges, before gradually dissipating.
No significant signal was found near the airport runway in either case, and the turbulence
condition in the valley of Vestvagøy was only moderate. This indicates a relatively low
probability for an aircraft experiencing LLT related safety issues at this level.

Figure 5. Horizontal resolved TKE (m2s−2) and wind conditions at 100 m height for geostrophic
wind from NW with 10 ms−1 and 20 ms−1 (cases NW10 and NW20). The color shading indicates the
resolved TKE, the black arrows represent wind speed and direction, and the grey lines indicate the
contour lines of the topography. The color scale is chosen in a way that the transition between blue
and red corresponds to the TKE threshold of 9 m2s−2.

One feature worth noticing in the horizontal cross-section plots is the turn of wind
direction relative to the geostrophic wind. In NW20, the wind direction at 100 m height is
more or less purely west, indicating a counter-clockwise turn of 30–40◦ from its geostrophic
start value. This can be explained by the effect of surface friction within the Ekman layer,
resulting in ageostrophic and cross-isobaric winds inside the ABL.

Figure 6 presents exemplary results for the simulations with a 20 ms−1 geostrophic
wind from NW (left column, NW20) and NE (right column, NE20) for three different ABL
levels of 100 m (top plots), 500 m (center plots), and 1000 m (bottom plots). The full set
of simulations for the three altitude levels can be found in Appendix A (Figures A2–A4).
The NW case shows in general overall slightly higher TKE levels and correspondingly also
larger areas affected by strong turbulence above the TKE threshold level. This indicates that
the effect of the orientation of the topography with respect to the wind direction plays an
important role. The highest TKE levels for both wind directions are observed in the cross-
sections at 500 m altitude, more or less corresponding to the average altitude of turbulence
inducing terrain features in the free flow. At 1000 m only the highest peaks can contribute
to corresponding disturbances, and their abundance is therefore considerably reduced.
Compared to the 100 m level, the higher cross-sections indicate also a clearly increased
downwind extension of the turbulent patches, often exceeding 10 km from their origin.
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Figure 6. Horizontal resolved TKE (m2s−2) and wind conditions at 100 m (upper panels), 500 m
(middle panels), and 1000 m (lower panels) for a geostrophic wind of 20 ms−1 from NW (left panels,
case NW20) and NE (right panels, case NE20). The color shading indicates the resolved TKE, the
black arrows represent wind speed and direction, and the grey lines indicate the contour lines of
the topography.

4.2.2. Vertical Cross Sections

The vertical resolved TKE field was also analyzed at the vertical cross-section in the
direction of the LKN runway from the surface to 1500 m. Plots of all simulations for 10 ms−1

and 20 ms−1 are available in Appendix A (Figures A5 and A6). Figure 7 illustrates the
distributions of TKE for the NW20 and NE20 cases, the glide slopes are indicated by the
thin black lines. In correspondence with the findings presented in Figure 6, we can observe
a clear discrepancy in the amount of resolved TKE between these two cases. In NW20,
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there are three turbulence hot spots intersecting with the glide slope, one in the direction
of RWY03, and the two others along RWY21. The maximum is observed at a distance of
approximately 5km from LKNRWY21, and its intersection with the glide slope is at around
400 m height. By referring to the topography, we can associate this maximum with the hills
next to LKN to the north. This maximum in NW20 extends to around 1000 m and quickly
fades until above 1200 m, in correspondence with the initializing peak Himmeltindan of
982 m height. In contrast, the general situation of resolved TKE in NE20 is low to moderate,
with only one area of slightly enhanced TKE at about 10 km south of LKNRWY03, located
in the lee of the hills next to LKN in the south. A possible explanation for such discrepancy
is the difference of orographic form drag the flow experiences [52,53], dependent on the
orientation of the turbulence initiating terrain relative to the wind direction. In addition
are the upstream flow conditions different for the two chosen wind directions. For NW20,
wind travels only above the ocean before reaching the hills, thus most of its kinetic energy
is preserved, providing more energy available for generating turbulent eddies. For NE20,
on the other hand, the wind has crossed over tens of kilometres of mountainous area when
reaching the hill, and parts of its kinetic energy has been dissipated due to frictional effects.
This general difference in wind speed can also be observed in Figure 6, where the leeward
created TKE in NE20. With significantly reduced wind speed, the TKE generated in the
leeward becomes less accordingly.Version May 27, 2022 submitted to Atmosphere 11 of 27

Figure 7. Map of resolved TKE (m2s−2) and wind conditions of NW20 and NE20. Color shade indicates resolved TKE, the
solid line at the surface indicates the current LKN runway with ends LKNRWY03 and LKNRWY21, thin lines indicate the
aircraft glide slope.
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Figure 7. Map of resolved TKE (m2s−2) and wind conditions of NW20 and NE20. Color shade
indicates resolved TKE, the solid line at the surface indicates the current LKN runway with ends
LKNRWY03 and LKNRWY21, thin lines indicate the aircraft glide slope.

4.3. Aviation Safety Risk Analysis on the Glide Slope

For an estimation of the potential of turbulence encounters in flight, we present spatial
TKE profiles along the slanted gliding path. As explained before, we have in this study
chosen a hypothetical constant glide angle for this purpose. With the availability of more
detailed flight route information for start and landing in the future, our method can be easily
adapted. Figure 8 shows the turbulence distribution along the glide slope for all simulations,
illustrating the potential turbulence risks and locations an aircraft might encounter during
start and landing. Dashed lines correspond to the simulations with a geostrophic wind
speed of 10 ms−1 (set10), solid lines to ones of 20 ms−1 (set20). The different colours indicate
the direction of the two glide paths originating from LKN airport, in blue the one towards
NNE (LKNRWY03) and in red the one towards SSW (LKNRWY21). For set10 the threshold
of 9 m2s−2 is never exceeded for any of the 16 different wind directions. Consequently, air
safety related issues due to terrain induced BLT are not to be expected for wind speeds
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below and around 10 ms−1. For most of the wind directions of set20, with exception of two
(S and NE), one or several peaks in TKE exceed the threshold, giving a clear indication that
terrain induced turbulence provokes a common and considerable aviation risk near LKN
when the wind speed approaches 20 ms−1. Fortunately, none of those peaks are situated in
the near-surface region close to the runway, meaning that it is not likely for an aircraft to
encounter strong turbulence at very low altitudes close to touchdown.

For a quantitative comparison of the related risks, a statistical analysis of the turbulence
conditions along the glide slope was performed, following the methodology described
in Section 3.2. The probability of high turbulence risk is expressed by the frequency of
occurrence of extreme TKE values along the glide path, calculated as the ratio of grid cells
exceeding the 9 m2s−2 threshold to all grid cells along the glide path. The results of this
analysis are summarized in Figure 9. Among the 16 cases in set20, the most turbulent one
is NW20, with 17.3%, while the least turbulent case is NE20, which doesn’t have a single
high-risk case. The highest peak in the RWY21 direction is also found in NW20, which is
the maximum of above 25 m2s−2 we discussed in Section 4.2.2. The highest TKE value in
the RWY03 direction is found in SW20, which is related to the hills in the south of LKN.
By cross-comparing the profiles, we notice that the cases under adjacent geostrophic wind
directions share similar features in the locations and magnitude of TKE peaks, so it is logical
to discuss them in groups.

1. Southwesterly group (S20, SSW20, SW20, WSW20): The overall resolved TKE condi-
tion of this group is moderate, with a high turbulence probability of 3.6%. For the
direction of RWY03, main peaks are observed in the lee of Skottind. For RWY21, only
one high-risk area is found in SSW20.

2. Northwesterly group (W20, WNW20, NW20, NNW20): This group reports consider-
ably more turbulence hot spots than the others, with a high turbulence probability of
14.1%. According to the profiles, there are two common hot spots along the RWY03
slope, and another two along the RWY21 slope. If we assume an aircraft is approaching
along the RWY03 slope, it will first encounter intensive turbulence at approximately
750 m altitudes. This hot spot is located at the lee of the mountains on Flakstadøya.
The mountains there run north to south, maximizing the blockage effect on northwest-
erly winds, and, as a result, generating high turbulence levels. The aircraft will cross
high turbulence again at about 400 m in altitude. As discussed in Section 4.2, this hot
spot is related to the mountains to the south of LKN.

3. Northeasterly group (N20, NNE20, NE20, ENE20): The high turbulence risk of this
group is, 3.6%, again, moderate. Unlike the other groups, whose extreme values
distribute relatively evenly, most of the extremes in this group are found in the
major peak of ENE20. This peak stands out at about 20 km distance from RWY21,
located above two lakes (Urvatnet and Steirapollen), situated between the mountains
Helfjellet and Haveren. As discussed in Section 4.2.1, the wind field here turns
northeasterly, maximizing the interference with Haveren. As a result, high turbulence
levels are induced in the downwind region. The mechanism and wind setting of NE20
is quite similar, but the statistics yield results with huge contrast. By investigating the
turbulence distribution for the whole domain, one can observe that the total amount of
resolved TKE between NE20 and ENE20 is rather similar. However, due to the slight
shift in wind direction, the turbulence hot spot induced by Haveren, moves slightly
southeastwards to the lake Alstadpollen, making it undetectable in the cross-section
along the LKN runway.

4. Southeasterly group (E20, ESE20, SE20, SSE20): This group is least overall least
exposed to turbulence risks among the four groups, with a high turbulence probability
of 2.1%. There are no shared peak locations among the group members, instead,
various extreme values (with relatively low magnitude) spread in the region 10–20 km
away from RWY21, i.e., the northeastern part of the main valley on the Vestvågøya
island. The potential reason this group experiences the least turbulence risk is the fact
that the topography on the southeastern side of Vestvågøya is lower and gentler than
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its northwestern counterpart, but spread more continuously. Therefore, as the easterly
winds in this group interfere with the mountains, turbulent eddies are induced in a
larger area but with overall lower TKE intensity.
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Figure 8. Profiles of resolved TKE along the aircraft gliding path of set20 (solid) and set10 (dashed). Blue lines indicate the
slope in the direction of RWY03, red lines the one in the direction of RWY21. The dotted lines indicate the 9 m2s−2 high
turbulence risk threshold. Note the different range for the y-axis in the NW and NNW cases. The x-axis only denotes the
horizontal distance between a point on the glide slope and its respective runway end, there is also an elevation of approx.
50 m for every 1 km horizontal distance.

Figure 8. Profiles of resolved TKE along the aircraft gliding path of set20 (solid) and set10 (dashed).
Blue lines indicate the slope in the direction of RWY03, and red lines indicate the slope in the direction
of RWY21. The dotted lines indicate the 9 m2s−2 high turbulence risk threshold. Note the different
ranges for the y-axis in the NW and NNW cases. The x-axis only denotes the horizontal distance
between a point on the glide slope and its respective runway end, there is also an elevation of approx.
50 m for every 1 km horizontal distance.
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Figure 9. Distributions of resolved TKE along the glide slope in set20. Blue bars indicate cases on the RWY03 slope, orange
bars indicate cases on the RWY21 slope. For each case, the probability of high turbulence risk and its composition are
commented in the respective plot.

Figure 9. Distributions of resolved TKE along the glide slope in set20. Blue bars indicate cases on the
RWY03 slope, orange bars indicate cases on the RWY21 slope. For each case, the probability of high
turbulence risk and its composition are commented in the respective plot.
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5. Conclusions and Outlook

This study investigates the turbulence conditions in the surroundings of the existing
Leknes airport in the Lofoten islands. We studied the terrain-induced turbulence in the
atmospheric boundary layer and performed a turbulence risk analysis on an idealized
aircraft trajectory with respect to different geostrophic wind speeds and directions. To
achieve these goals, a suite of simulation runs was carried out using the LES model PALM,
based on a high-resolution topography dataset near the LKN airport in the Lofoten islands.
Based on initial parametric sensitivity studies we have finally chosen a grid spacing of
50 m and a simulation time of 12 h for a suite of model simulations for 16 different wind
directions and two geostrophic wind speeds of 10 ms−1 and 20 ms−1. The results show
that PALM can properly simulate the turbulent flows for air safety related investigations in
an extended domain with high resolution at an acceptable computational expense.

According to the simulation results of the wind field and turbulence in the whole
domain, we demonstrated that the topographically-induced turbulence occurs in the lee of
steep mountains and ridges. Those terrain-induced turbulence patterns extend typically
5 to 10 km downstream, with an indication of a slight increase in this extension with
altitude. The highest TKE levels are observed in the middle of the ABL around 500 m
altitude, more or less corresponding to the level of turbulence inducing terrain features in
the free flow.

A turbulence risk analysis along idealized flight trajectories shows that the turbulence
risk conditions are substantially determined by the wind conditions and their interaction
with the topography. With respect to wind speed, the results indicate that for a geostrophic
flow below 10 ms−1, the risk of aviation critical, terrain-induced BLT, is rather low in
the vicinity of LKN. At 20 ms−1 the situation has completely changed and the aviation
critical threshold of 9 m2s−2 is exceeded for 14 out of 16 of the investigated wind directions.
Two main factors influence the observed directional dependency of the turbulence risk,
one being the orientation of the topography with respect to the wind direction, and the
fetch, i.e., the average upstream surface characteristics. Turbulent eddies in the lee form
are particularly efficient when the flow intersects almost perpendicularly with the steep
topography. The orographical form drag also plays an important role, as it affects the
average wind speed of the upstream flow. The main topographic features are SW to NE
oriented, with an average altitude decreasing from NW to SE. However, the southwestern
mountains, mainly on Flakstadøya, run north to south. From the profiles and statistics
we observed, for the southwestern glide slope RWY03, the highest turbulence risk occurs
under westerly winds, and for the northeastern glide slope RWY21, the highest turbulence
risk is associated with northwesterly wind.

This study presents a novel methodology as it uses for the first time a systematic
LES modelling approach for the investigation of the turbulence characteristics for two
geostrophic wind speeds and 16 different wind directions. Although the simulations
already cover a considerable range of relevant meteorological conditions for the operation
of a future airport, this study comprises still a limited subset of cases, in particular for
higher wind speeds from critical wind directions. This is, however, beyond the scope of this
proof-of-concept study. It should also be emphasized that the choice of aircraft trajectories
in this study is rather idealistic. Nevertheless, it already provides a very good indication of
the aviation relevant BLT risks in the vicinity of LKN. The design of our method allows,
in addition, for an easy adaptation as soon as more detailed flight route information for
take-off and landing will be available in the future.

A next natural step in the extension of this study would be a case study based com-
parison of the LES results with remotely sensed wind fields, e.g., collected by scanning
Doppler-lidars [26,54] or acoustic soundings [55] in the area. This could be accomplished
by either getting access to an already existing data set from Avinor, or by designing and
performing a new and targeted measurement campaign that would, in the context of
instrument placement and scanning patterns, highly benefit from the now available LES
data set.
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Appendix A. Figures of Full-Set Simulation Results

Figure A1. Horizontal wind and turbulence conditions (m2s−2) for the simulations of set10, z = 100 m.
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Figure A2. Horizontal wind and turbulence conditions (m2s−2) for the simulations of set20, z = 100 m.
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Figure A3. Horizontal wind and turbulence conditions (m2s−2) for the simulations of set20, z = 500 m.
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Figure A4. Horizontal wind and turbulence conditions (m2s−2) for the simulations of set20, z = 1000 m.
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Appendix E Vertical cross sections of the turbulence distribution along the LKN runway for the simulations of set10

Figure A5. Cont.
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Figure A5. Vertical cross sections of the turbulence distribution (m2s−2) along the LKN runway for
the simulations of set10.
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Appendix F Vertical cross sections of the turbulence distribution along the LKN runway for the simulations of set20

Figure A6. Cont.
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Figure A6. Vertical cross sections of the turbulence distribution (m2s−2) along the LKN runway for
the simulations of set20.
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