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Preface 
The 15 Early Stage Researchers (ESRs) in the LIKE project investigate topics in which lidar plays a significant 
role. This report summarises the potential and applications of lidars for estimating and investigating terrain-
induced turbulence since it is an important parameter in the design and planning of airports in complex 
terrain. The Large Eddy Simulation modelling is presented here as a novel tool for systematically investigating 
terrain-induced turbulence hazards. Also, a short description is given for two available lidar data sets 
measured near two exposed airports: the Leknes airport on Lofoten Island in Northern Norway and the 
Funchal airport on Madeira Island, Portugal. 
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Executive summary 
This report will explore the modelling and measurement of turbulence as an aviation wind hazard, focusing 
on the importance of lidar technology to the subject. Turbulence is an essential parameter for airport 
activities, as it impacts the safety of passengers and aircraft, the planning of new airports, and airline costs. 
The modelling will cover a case study at Lofoten Island, where an LES model is employed to assess terrain-
induced turbulence. The measurements will explore Doppler lidar data acquired at two sites: Lofoten and 
Madeira Islands. The measurement studies are in their initial stages and will be part of ESR15 and ESR5 future 
works.  
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1. Introduction 
Atmospheric turbulence is a potential aviation hazard in basically any flight stage (Sharman and Lane, 2016; 
Gultepe et al., 2019). It refers to rapid, irregular changes in the wind speed and direction that can occur in 
the atmosphere and impose a major concern to aviation, not only for passengers’ comfort but also for safe 
and efficient aircraft operations. As summarised by the World Meteorological Organization (WMO) (WMO, 
2022) the main turbulent hazards are described as follows: (1) clear-air turbulence (CAT) is usually 
encountered at the cruise altitude levels in the upper troposphere or lower stratosphere; (2) boundary layer 
turbulence (BLT) typically occurring in the lowest one or two kilometres, thus affecting the take-off and 
landing approach; and (3) low-level turbulence (LLT), which happens very close to the ground and is thus 
important for the final approach and touch-down. 

The two main mechanisms for the creation of turbulence in the atmosphere are wind shear and buoyancy 
(e.g., Stull, 1988), with their relative importance differing among the categories introduced above. CAT can 
be triggered by Kelvin-Helmholtz instabilities (Sharman et al., 2012; Trier et al., 2012) created by wind shear, 
the amplification, overturning and breaking of mountain waves (Kim and Chun, 2011; Doyle et al., 2011), or 
in the vicinity of large convective clouds (Lane et al., 2012). Thermal updrafts can induce BLT in daytime 
convective boundary layers, as well as 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 (Belo-Pereira and Santos, 2020), buildings and higher surface vegetation (Hon et al., 2020), or 
turbulence induced by starting and landing aircraft (Basse, 2020; Lunnon, 2016). Prominent examples of 
airports that are adversely affected by turbulence conditions are Hong-Kong (Chan, 2011), Madeira (Belo-
Pereira and Santos, 2020), Innsbruck in the Austrian Alps, and some smaller and larger airports in Norway, as 
Alta (Rasheed and Mushtag, 2014) or Trondheim Værnes. 

This report will focus on terrain-induced BLT in the vicinity of airports, which particularly endangers the glide 
path during the approach for landing. During landing, the aircraft is relatively slow and operates with reduced 
engine power, reducing manoeuvrability and corresponding limited reaction capability to external turbulent 
disturbances. Features of low-level wind shear and turbulence are known to follow spatial and time scales 
on the order of a few hundred meters and tens of seconds, making ground-based remote sensing 
measurements of high spatiotemporal resolution the primary choice for their observation and detection. 
Thus, we will address terrain-induced BLT under the aspect of air safety by a novel approach combining high-
resolution numerical modelling with observations from long-range Doppler wind lidar systems. 

So far, lidar measurements related to air safety have mainly been limited to LLT. Hong Kong Observatory 
(HKO) (Chan, 2009, 2011, 2016; Hon and Chan, 2020) was the first meteorology office in the world to develop 
and implement a low-level turbulence alert system. Due to the complex orography in its vicinity, Hong Kong 
Airport is frequently affected by low-level wind shear and turbulence. Doppler lidars were used to generate 
automatic wind shear and turbulence alerts to mitigate those wind hazards to air traffic. The turbulence 
alerts are based on the eddy dissipation rate (EDR), calculated by the structure function of the flow, derived 
from the difference of Doppler velocities measured at two points, spaced of a certain distance with high-
resolution azimuthal scans. The algorithm was based on the work of Frehlich, 2001, and EDR is the chosen 
metric to characterise atmospheric turbulence for aviation by the International Civil Aviation Organization 
(ICAO). Compared to flight data, retrieved EDR data with a Doppler lidar had a mean error of 20%. These 
values were used successfully to issue turbulence alerts with a probability of detection of 80%. Maps of EDR 
were also provided to support the forecasters at the airport. They revealed that the tall Congress building 
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just a few hundred meters upstream of the runway induced a significant part of the turbulence that affected 
one of the runways. 

One attempt to address BLT for air safety was undertaken at Keflavik Airport in Iceland (Yang et al., 2020) by 
studying vertical profiles of EDR based on the algorithm developed by Frehlich, 2001. The EDR profiles 
allowed them to determine at which altitude the turbulence occurred as well as its horizontal position 
relative to the lidar. 
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2. LES modelling of terrain-induced turbulence 
A turbulence modelling case study is going to be explored in this report, where PALM (Maronga et al., 2015) 
Large-Eddy Simulations (LES) model is employed at the Lofoten Island (Norway). The main results are 
summarized here, and a published paper (Wang et al., 2022) with extended results is attached to this report. 

2.1 Lofoten island 

As a first step, we performed a series of systematic LES model runs for the 16 cardinal wind directions and 
two different geostrophic wind speeds of 10 m/s and 20 m/s. This study (Wang et al., 2022; attached in this 
report) investigates the turbulence conditions in the surroundings of the existing Leknes airport (LKN) in the 
Lofoten islands. We studied the terrain-induced turbulence in the atmospheric boundary layer and 
performed a turbulence risk analysis on an idealised aircraft trajectory for 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 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 (10 m/s and 20 m/s). 
The results show that PALM can properly simulate turbulent flows for air safety-related investigations in an 
extended domain with high resolution and 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. These terrain-
induced turbulence patterns typically extend 5 to 10 km downstream, indicating of a slight increase in this 
extension with altitude. The highest turbulent kinetic energy (TKE) levels are observed in the middle of the 
atmospheric boundary layer (ABL), around 500 m altitude, more or less corresponding to the level of 
turbulence induced by terrain features in the free flow. 

A turbulence risk analysis along idealised flight trajectories shows that the turbulence risk conditions are 
substantially determined by the wind conditions and their interaction with the topography. Concerning wind 
speed, the results indicate that for a geostrophic flow below 10 m/s, the risk of aviation critical terrain-
induced BLT is rather low in the vicinity of LKN. At 20 m/s the situation has completely changed; the aviation 
critical threshold of 9 m2/s2 is exceeded for 14 out of 16 investigated wind directions. Two main factors 
influence the observed directional dependency of the turbulence risk, the topography’s orientation 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 observed, for the southwestern glide slope RWY02, the highest 
turbulence risk occurs under westerly winds, and for the northeastern glide slope RWY20, the highest 
turbulence risk is associated with northwesterly winds. 

This study presents a novel methodology as it uses, for the first time, a systematic LES modelling approach 
to investigate 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 still comprises a limited subset of cases, particularly 
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for higher wind speeds from critical wind directions. This is, however, beyond the scope of this proof-of-
concept study. It should also be emphasised that this study’s choice of aircraft trajectories 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. 
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3. Lidar measurements of terrain-induced turbulence 
Another option to collect information on air-traffic-related turbulence risks, besides computational 
modelling, is utilising on-site measurements. Therefore, this section explores ground-based measurements 
at two sites of interest: Lofoten and Madeira Islands. 

3.1 Lofoten island 
Between October 2018 and April 2019, Kjeller Vindteknikk (Norconsult) conducted on behalf of Avinor a lidar 
measurement campaign at several potential locations for a new/extended airport for the Lofoten islands. 
The locations and the main runway parallel scan direction are shown in Figure 1. The corresponding 
experiment periods are summarised in Table 1. 

 

 
Figure 1: Location of the lidar measurements during the Avinor campaign on the Lofoten islands. The 
purple lines indicate the scanning direction of the lidar beam, and the black ones the direction of the 

corresponding runways. Adapted from KVT, 2019. 
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The instruments used were 4 Doppler wind lidar systems (Leosphere WindCube WLS400) that mainly 
operated in runway-parallel stirring mode at an elevation angle of 3 deg, resembling the idealised glide path 
of an aircraft during the final approach for landing. This measuring mode provides high-resolution time series 
(ca. 1 Hz) of the line-of-sight (LOS) velocity along the lidar beam. Avinor has lately provided the data for 
scientific use in the LIKE project, and a basic quality control and analysis of the raw data has started as part 
of the research performed by ESR15. The average data availability at a distance of one nautical mile was 
slightly above 90%, reducing to about 66% for two nautical miles (KVT, 2019).  

 

Table 1: Location and period of the lidar measurements during the Avinor campaign on the Lofoten islands. 
Adapted from KVT, 2019. 

Lidar position Scan direction Start date End date Number of days 

Laukvik NE 10.10.2018 10.01.2019 93 

Laukvik SW 08.03.2019 10.04.2019 33 

Gimsøy NE 10.10.2018 16.01.2019 99 

Gimsøy SW 16.01.2019 10.04.2019 83 

Malnes NE 10.10.2018 16.01.2019 99 

Leknes North NE 23.01.2018 10.04.2019 76 

Leknes South NE 10.10.2018 10.04.2019 182 

 

Figure 2 shows the hourly averaged LOS velocity measured at Leknes South for about half a year, between 
10.10.2018 and 10.04.2019. The y-axis indicates the distance of the measurement point from the lidar. The 
maximum distance plotted (7000 m) corresponds to the chosen elevation angle (3 deg) to an elevation of 
366 m above the lidar position. Red colours indicate positive values of the LOS velocity, i.e., a South-Westerly 
wind component resulting in flow away from the lidar.  

 
Figure 2: Hourly averages of LOS velocity measured at Leknes South from 10.10.2018 to 10.04.2019 as a 

function of the distance from the lidar. Red colours indicate that the flow moves away from the lidar, while 
blue indicates the movement towards the lidar. 
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Figure 3: Standard deviation of LOS velocity over a 1-hour period, measured at Leknes South from 

10.10.2018 to 10.04.2019, as a function of the distance from the lidar. Reddish colours indicate values 
exceeding the threshold for potentially hazardous flight conditions. 

 

Figure 3 shows the corresponding standard deviation of the LOS velocity over one hour. Reddish colours 
indicate values exceeding the threshold of 9 m2/s2, indicating potentially hazardous flight conditions (Wang 
et al., 2022). Based on that plot, we have identified 5 high-risk events that will be analysed in more detail, 
forming the basis of an extensive comparison with LES modelling results for the next manuscript of ESR15. 

3.2 Madeira 
Located in the subtropical region (32.7°N, 16.9°W), Madeira Island, the largest island of the Madeira 
Archipelago, with 22 km width and 57 km length, has tourism as one of its main economic sources. The most 
common way to arrive at the island is by its airport. The Madeira International Airport (MIA), also known as 
Cristiano Ronaldo International Airport, is placed in the SE region of the island, near the shore, at Santa Cruz 
City. 

The island has a volcanic origin and presents a complex terrain, with a mountain range oriented in the WNW-
ESE direction. Just close to the airport, critical geographic formations modify and induce local flows in the 
vicinity and at the airport (Figure 4). To the right side of the runway, there is mainly the Atlantic Ocean; to 
the left, a steep mountain; and just after the runway threshold, there are valleys. Near the RNW23 is the 
Machico Valley, while just after the RNW05 is Santa Cruz Valley. 

MIA is considered by many as a challenging airport to operate since in the island there is the occurrence of 
strong wind shear (Miranda et al., 2020), island-induced wakes (Grubisic et al., 2015; Caldeira et al., 2014), 
turbulence (Belo-Pereira and Santos, 2020), hydraulic jumps (Grubisic et al., 2015), internal atmospheric 
waves (Araujo et al., 2010), and tip jets (Miranda et al., 2020). Adverse weather conditions restrict the 
landing/departure of aircrafts on the island (Belo-Pereira and Santos, 2020), causing an economic loss for 
airlines, which end up using more fuel to divert the route or wait for more favourable weather conditions, 
and for the island itself, which receives fewer tourists when flights are diverted.  

Aiming to assess the weather conditions that most influence the Madeira airport operations, a lidar was 
installed in MIA in 2021, by the Instituto Português do Mar e da Atmosfera (IPMA), and it is in operation until 
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nowadays. The equipment is located almost in the middle of the runway, on its west side, on top of a small 
building, which houses a pump system (Figure 5). The equipment is a 100s unit from Leosphere and was 
configured with Plan Position Indicator (PPI), Range Height Indicator (RHI), and Doppler Beam Swinging (DBS) 
scans.  The PPI scan has an elevation angle equal to 3°, swapping the runway from 42° to 220° azimuth.  The 
RHI was configured with an azimuth angle of 42° and elevation angles from 0° to 180°. Instantaneous 
snapshots of PPI and RHI measurements are depicted in Figure 6. 

 

 
Figure 4: Madeira Island terrain representation from SRTM depicting the location of meteorological masts, 

a Doppler lidar, and the airport runway. 

 

 
Figure 5: The 100s lidar unit installed at the Madeira island airport. 
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The analysis of the lidar data is in its initial stages and will be part of the work developed by the ESR5 of the 
LIKE project. The goal is to perform a study employing lidar and meteorological measurements since the 
island also has a network of automatic meteorological stations (AME), Figure 4, together with meso-to-
microscale simulations. The simulations, with the Weather Research and Forecasting (WRF) (Skamarock et 
al., 2019) and VENTOS®/M (Rodrigues et al., 2015) unsteady Reynolds-Averaged Navier-Stokes (uRANS) 
models, enable a broader view of the flow beyond the measurement spatial and temporal resolutions. In 
contrast, the measurements allow the validation of the simulations at the same resolutions. 

 

 
 

 
Figure 6: PPI (upper) and RHI (lower) instantaneous scans at the Madeira airport. The positive LOS 

velocities (red colours) represent the wind flowing away from the lidar, while the negative LOS values (blue 
colours) represent the flow moving towards the lidar. 
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4. Conclusion 
This report aimed to give a perspective on using Doppler lidar and high-resolution computational modelling 
for turbulence assessment of the wind flow in the vicinity and at airports. Turbulence studies can add to the 
siting of new airports, improve the safety of airport activities (mainly during take-off and landing) and their 
efficiency, and reduce airline costs, for example.  

The Lofoten Islands study, which explored PALM LES simulations of terrain-induced turbulence at the Leknes 
airport, showed that high-resolution turbulence modelling is a valuable tool in characterising this 
phenomenon. The results enabled the identification of the turbulence extension and its unwanted effects on 
the islands. The turbulence was observed between 5 and 10 km after the ridges, on the leeward side of steep 
mountains. Additionally, an idealized flight trajectory analysis characterized the adverse turbulence features 
according to wind conditions (wind speed and direction). For RNWY03, westerly winds depicted a higher 
occurrence of turbulence risks, while for RNW32, northwest winds showed a higher association with 
turbulence risks. 

The studies of Lofoten and Madeira islands measurements with Doppler lidars are in their initial stages, but 
future analyses will be developed by ESRs 15 and 5. With the advance of the Doppler lidar technology and its 
understanding, it is expected that the lidar measurements at these two locations enable a deeper 
comprehension of the flow and adverse atmospheric conditions to the airport activities, such as turbulence.  
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The LIKE project in brief 
The project LIKE Lidar Knowledge Europe H2020-MSCA-ITN-2019, Grant no. 858358 is funded by the 
European Union and project partners. 

 

The project partners are DTU Wind Energy (DK, co-ordinator), University of Oldenburg (DE), University in 
Bergen (NO), University Stuttgart (DE), PoliTechnico Milano (IT), University Porto (PT), University in 
Stavanger (NO), Flensburg University of Applied Sciences (DE), Fraunhofer IWES (DE) and UL (DE).  

 

The project period is from 1st October 2019 to 30th September 2023 (4 years).  

 

LIKE fosters training and education of young researchers on emerging laser-based wind measurement 
technologies and their translation into industrial applications. 

  

Doppler Lidars (light detection and ranging) that measure the wind in the atmosphere remotely have reduced 
in price and increased in reliability over the last decade mainly done by European universities and companies 
serving the growing wind energy industry. This opens the possibility for new applications in many areas.  

  

LIKE improves, tests and refines the technology thus expanding these areas of application. LIKE promotes 
wind energy applications such as wind resource mapping using scanning lidars and control of single wind 
turbines or entire wind farms in order to increase energy production and reduce mechanical loads.  

  

LIKE maps unusual atmospheric flow patterns over airports in real-time and thus improves the safety of 
landing aircrafts. LIKE explores wind and turbulence under extreme conditions at the sites of future European 
bridges paving the road for optimal bridge design. LIKE trains 15 ESRs to an outstanding level at European 
academic institutions and industrial companies, thus forming strong interdisciplinary relations between 
industry and technical sciences.  

  

These relations are implemented through employment of the ESRs at academia as well as industry, and 
through inter-sectoral secondments. 

 

Project web-site is http://www.msca-like.dk/ 

 


