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Abstract: Wind shear at low altitudes represents a potential hazard to landing aircraft. Based on
two wind lidar data sets of one year, the occurrence of low-level jets (LL]s), the vertical wind shear
and the rotation of the wind direction were analysed. The lidar system was located at the sites of
Braunschweig in the North German Plain, Germany, and Clausthal-Zellerfeld in the low mountain
range Harz, Germany. The observed wind shear gradients between the altitude of 40 m and the
altitude of the maximum wind speed was in the range of —0.23s~! to +0.20s~!. The rotation
of the wind direction with altitude occurred both in clockwise and anticlockwise direction. The
ratio of clockwise versus anticlockwise occurrence of directional shear was 4:1 for Braunschweig
and 3:1 for Clausthal-Zellerfeld. The observed wind shear gradients were compared to values for
hazard potential of different levels for a typical aircraft. Although the LL] was not hazardous for
manned aircraft in any observed case, the awareness of LLJ helps to reduce the pilot’s workload and
possible pilot-introduced oscillations caused as a result of the wind shear and aircraft characteristics.
In contrast to manned aviation, the value of changes in wind speed and direction during LL]J
conditions can cause significant risks for unmanned aerial system operations with less than 25 kg of
take-off weight. This is a result of the lower airspeed-wind-speed ratio and the flight control and
flight planning.
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1. Introduction

Strong vertical wind shear can have two main negative and potentially hazardous ef-
fects on landing or departing aircraft: the disturbance of the flight path, such that the actual
flight path deviates from the nominal flight path, and the deviation of the instantaneous
approach or take-off speed from the nominal value. In particular, during the approach
phase, which is performed with low engine power settings and at low airspeed close to
the stall speed, the sudden change of wind speed or wind direction can lead to additional
workload for the pilot. Figure 1 illustrates the impact of decreasing and increasing head-
wind shear on aircraft for a landing procedure, assuming no intervention by the pilot. Both
cases assume a 3° glidepath as typically guided by the instrument landing system, and an
initial landing speed of v p.

In the first case (Figure 1, left) the aircraft is subject to wind shear with a decreasing
headwind. The further it approaches the ground, the more the airspeed (speed of the
aircraft relative to the surrounding air flow) is reduced and consequently lift is reduced,
subsequently leading to a larger descent angle as a result of the transient force imbalance.
Potentially the aircraft will land short of the runway. The second case (Figure 1, right)
assumes an increasing headwind on the same glideslope. As a result, the airspeed of
the aircraft is increased relative to the surrounding flow, and subsequently more lift is
generated, which results in a flatter descent angle or even a climb. The touchdown behind
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the runway threshold could make a go-around procedure necessary. A potential excess or
deficit in power due to wind shear requires an adjustment in engine thrust to avoid any
deviation between anticipated and nominal approach speed and glidepath. Because these
are unprepared situations for the pilots, the reaction on introduced disturbances take time
until the aircraft controls are set. Having an oscillation of the aircraft as the result of the
wind shear, the aircraft characteristics, and the delayed reaction of the pilot can result in an
increasing oscillation. This is named pilot-introduced oscillation.

For commercial aircraft during approach, the typical airspeed is in the range of 60 to
80ms~!, depending on the size and weight. The significance of low-level wind shear for
flight safety and potential hazard has been discussed in [1]: a distinction was made between
convective low-level wind shear, nonconvective low-level wind shear, and turbulence based
on spatial and temporal characteristics. In a study of wind-related aircraft accidents, low-
level wind shear was involved in 9.6% of the cases covering a 14-year period in the US, and
an explicit forecast of nonconvective low-level wind shear was strongly recommended [1].

In contrast to manned aircraft, the approach airspeed of typical unmanned aerial
systems (UAS) is much lower, in the range of 20 to 25m s~!. Furthermore, the operational
wind speed is much lower, typically up to 15ms~!. The encounter of wind shear during
approach constitutes a higher hazard potential, as it can be associated with unexpectedly
high absolute wind speed beyond the operational speed.
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Figure 1. Effects of decreasing and increasing headwind shear on landing aircraft (after ICAO [2]).
A/C s the aircraft, Vi p the landing speed, and Vyy the headwind speed.

Normally, wind speed is expected to increase logarithmically with altitude within
the atmospheric boundary layer, associated with a deflection of the wind direction to the
right on the Northern Hemisphere due to the Coriolis force [3]. However, a phenomenon
associated with high vertical wind shear is the low-level jet (LL]): the wind speed does
not increase gradually with altitude, but the wind profile consists of a pronounced wind
speed maximum at low altitude, and the wind speed decreases again above the maximum
(e.g., [4]). The LL] has been observed worldwide (e.g., [5-10]) with different typical altitudes,
maximum wind speed, wind shear and diurnal distribution. Furthermore, dropsonde mea-
surements above the Pacific Ocean show a high variability of wind shear in the lowermost
150 m, containing a significant number of cases for both increasing and decreasing wind
shear [11], which is probably caused by an LL]J. Because of the different appearance at
various locations and different measurement techniques with various spatial and temporal
resolution, no universal definition of the LL] has been developed [12]. In the following, the
LLJ criteria of Baas et al. [6] are applied to wind lidar data, which have also been used, e.g.,
by [4,13]. An LL] event is identified if the following requirements are met:

e The maximum wind speed is at least 2ms~! and 25% higher than the minimum wind
speed at higher altitudes.

o If the difference of the wind speed maximum and the next local wind speed minimum
is smaller than 1 m s~ !, the minimum is neglected, and a subsequent minimum above
is taken into account.

e If no explicit minimum is found in the wind profile of a certain altitude range, the
minimal wind speed within the available altitude range is used as the minimum.
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¢ To ensure temporal continuity, only LL] events that are persistent for at least three
consecutive time steps of 10 min are counted as LLJ.

If these conditions are met, the wind profiles are classified as LL] and are all used
for the analyses of this study, irrespective of further conditions like atmospheric stability
or time of day. Different mechanisms can be involved that lead to the formation of an
LLJ. According to the original definition of Blackadar [14], the LL] is an inertial oscillation,
induced by the sudden decoupling of the friction force by the development of a stable
atmospheric stratification. This typically occurs by surface cooling after sunset, which leads
to the development of a temperature inversion. For this mechanism, the LL] is a nocturnal
phenomenon. The LLJ can be strengthened by orographic effects, such as the sloping
terrain in the Great Plains, where strong LL] events are regularly observed also during day
time [7,15]. Other mechanisms such as the land-sea breeze [16,17] and sometimes the
passage of frontal systems [18] can result in similar wind profiles. They are not inertial
oscillations and cannot be explained by the original concept of Blackadar [14]. However, all
wind profiles meeting the above mentioned criteria are considered here as LL], irrespective
of the underlying mechanism of formation, as they have the same effects on aircraft during
landing approach.

LLJ are important for regional climate as they modify vertical and horizontal fluxes of
temperature and humidity and are related to the development of convection [19]. The LL]J
phenomenon has gained significant attention with the increasing use of wind turbines. For
wind energy, on the one hand, the LL] is beneficial, as the increased wind speed obviously
enhances the power output as long as the wind speed is below the rated speed where full load
is reached. On the other hand, the LL]J is detrimental, as the wind shear has a negative impact
on rotor blades and wind turbines, inducing changes in oscillation and load [20]. The LL] has
been described in simulations of different complexity and resolution [21]. However, modelling
and predicting the LL] remains a challenging task (e.g., [22-24]). In changing climate, there
are indications that the LL] core altitude is expected to increase [25].

The goal of this study is to estimate the occurrence of hazardous conditions due
to vertical wind shear associated with LL] for commercial aircraft and UAS, based on
observational 1-year data sets at two different sites. It is not within the scope of the study
to analyse the hazard potential of turbulence or cross-wind conditions.

The article describes the wind lidar data sets that are used for deriving statistics on
wind shear in Section 2.1. The theory describing the impact of wind shear on approaching
aircraft and the limits for hazard potential are briefly introduced in Section 2.2. A flight
safety risk analysis is presented in Section 3. In the discussion, the risk assessment of the
observed LL] is presented for manned (Section 4.1) and unmanned aircraft (Section 4.2).
Finally, an overall estimation of the risk induced by LL] is provided in Section 5.

2. Materials and Methods
2.1. Wind Lidar Data Sets

The wind lidar system Windcube WLS 8-8 of Leosphere, France (now a Vaisala Com-
pany) was deployed for two periods of one full year at two different locations:

e Braunschweig Airport (52°19.3408' N, 10°33.2866' E) from June 2013 to May 2014
*  Clausthal-Zellerfeld, Institute of Electrical Power Engineering and Energy System:s,
TU Clausthal (51°47.9794' N, 10°21.1217' E) from November 2014 to October 2015

Braunschweig Airport is located at a representative location for the North German
Plain at an altitude of 84 m. The distance to the closest mountain range, the Harz in the
South, is around 50 km. The distance to the coast, both North Sea and Baltic Sea, is around
250 km. Therefore, the impact of orographic effects or land-sea gradients is limited.

At Clausthal-Zellerfeld, the lidar was installed on the roof of the building of the
Institute of Electrical Power Engineering and Energy Systems of TU Clausthal. Clausthal-
Zellerfeld is located at an altitude of around 600m in the western part of the Harz
mountain range.
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The wind lidar records data for a height interval from 40 m to 500 m with a vertical
resolution of 20m (25 height bins) and a temporal resolution of 7s, resulting from the
rotation of the laser beam along 4 axes. The data are averaged over intervals of 10 min.

Data processing for the LL] analysis was performed in two steps: first, each 10 min
profile was checked for data availability. If more than 12 data bins out of the 25 were
invalid (not a number, NaN) for any reason, the entire profile was not included in the
further data analysis. With too many missing measurement points in the profiles, it is
not possible to properly identify LL] events. This resulted in a data availability of 85.9%
for the data set from Braunschweig, and a data availability of 74.4% for the data set from
Clausthal-Zellerfeld. The data availability can be reduced due to low clouds and fog,
temporary accumulation of snow on the window of the laser beam, but also short periods
of instrument failure during the two years, e.g., for internal temperatures too high. The
difference in data availability between the two measurement sites can be explained by the
higher frequency of cloud and fog occurrence in the Harz mountains [26].

The influence of the arbitrary decision to use 12 missing data bins as criterion to
discard a 10 min profile was based on a compromise between high data availability and
the ability to identify LL] events. Taking into account only profiles with up to 6 invalid
data bins would result in a much lower data availability of 77.9% for Braunschweig and
61.1% for the Harz.

2.2. Impact of Windshear on Aircraft Motion

Based on the equations of motion for aircraft (see, e.g., [27]), different oscillations
around the three aircraft axes can be induced. Along the direction of flight, there are two
modes, one with short-time oscillations, called short period, which is heavily dampened.
Therefore, it is not necessary to consider it further here. In contrast, the other mode, called
phugoid, is only weakly dampened, and can be excited by external disturbances like wind
shear. Therefore, it is of importance for the current study. The phugoid is an oscillation
with periodically increasing and decreasing pitch angle (nose up and down) accompanied
by decreasing and increasing airspeed and altitude, exchanging potential and kinetic
energy [28]. It has a longer oscillation time in the range of typically 30 s to some minutes,
depending on aircraft mass and airspeed [29]. Aircraft are normally constructed in a way
that dampens the phugoid oscillation; however, it is usually only weakly dampened for
most aircraft.

However, wind shear has an impact on the eigenvalues wy pj, of the phugoid oscillation.
For an approximate solution of the longitudinal equations of motion (see [30]), the critical

gradients of wind shear f’gkak for aperiodic unstable oscillations can be calculated by:

wo e _i\/éi(é{ Zu M
where uyy is the wind component along the longitudinal aircraft axis (index k defines
the component in path-fixed coordinate system) , g is the gravitational constant and Vg
is the reference airspeed. This means that for an airspeed of 70ms~!, the oscillation is
dynamically stable within the range of wind shear of —0.4s~! and +0.135s7 1.

For positive wind shear, also called tailwind shear, the maximum allowed value for
stable oscillations is lower; therefore, positive shear is more critical to aircraft motion.

The impact of wind shear on eigenvalues only depends on the airspeed, which is size
and mass dependent. Therefore, commercial airliners with a typical landing airspeed in
the range of 60-80 ms~! are less capable of coping with high vertical wind shear gradients
than light aircraft with a typical landing speed of 30-50ms~!. Different levels of wind
shear for aircraft handling qualities have been defined by [31] and discussed in [30]: level
1 refers to normal flight conditions with no impact; for level 2, it is still possible to safely
control the aircraft, but with increased pilot workload, including the required attention
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and training to increased wind shears to prevent the pilot introduced oscillations during
approach; level 3 is accompanied with degradation of the mission efficiency.

2.3. Impact of Unexpected Wind Shear on UAS

Fixed-wing UAS in the typical size up to 25 kg have an operational speed in the range
of 12-30ms~!, the smaller, up to 10 kg, between 12 and 20 ms~! and the bigger UAS
between 20 and 30 ms~!.

As an example of an unmanned aerial system, ALADINA is used in the
following [32]. It has a weight of almost 25kg and a wind span of 3.6 m and has been
applied for atmospheric research up to an altitude of 1000 m at different locations in Ger-
many [32-35], Benin [36], and Svalbard [37]. ALADINA is operated up to a constant
wind speed of 15ms~!; however, further parameters also have to be taken into account.
For gusty conditions, the maximum mean speed of safe operation is lower. Furthermore,
the character of the approach area influences the maximum wind speed for approach, as
additional turbulence may be created by buildings or trees. The maximum cross-wind
component on the ground for approaches is 5ms~!. Further, the minimum radius of curves
is strongly dependent on wind speed, and has to be taken into account for the mission
planning. The minimum airspeed of ALADINA is 18 ms~!. Below this airspeed, stalling
occurs and makes the aircraft uncontrollable. The approach speed for landing is therefore
25ms !, as low as possible to enable a smooth landing, but well above the stall speed
to avoid loss of control in the case of sudden changes of the wind speed and therefore
reduced airspeed. The measurement speed is 28 ms~!, which is normally applied during
the mission and provides minimum power consumption. The maximum airspeed that
should not be exceeded is 40ms~!. Above this airspeed, damage to the system can happen.

For LL] events, different hazards can be named:

1. High wind speed can exceed the operational wind speed resulting in unstable or
uncontrollable approaches

2. High wind shear/gust can exceed the controllability of the fixed wing UAS by reaching
or even falling under minimum airspeed or introducing massive oscillations.

3. Unexpected wind speed value and direction can result in a higher energy consumption,
resulting in low battery and loss of control situations.

4. Automatic approach (of commanded UAS autopilot control) is based on a steady
airspeed control and a constant sink rate control in the final approach phase. The
headwind component of the LL] event increases or decreases the ground speed. The
result is a too long or too short approach, resulting in a missed approach, low battery
situations or in worst case in an accident.

2.4. Processing of Experimental Data

The wind lidar profiles were filtered for completeness, and profiles containing more
than 12 invalid entries were discarded. Then, the profiles containing an LL] were selected
according to the criteria defined in Section 1. This resulted in the data set described in
Section 2.1. To determine the headwind, the wind vector was transformed to a coordinate
system aligned with the aircraft longitudinal axis for headwind at a reference height of 40 m,
as aircraft commonly land with headwind, and 40 m is the lowest available measurement
altitude. Wind shear was calculated with respect to this reference aircraft direction.

3. Results

In the following, the statistics of LL] wind shear is discussed, a flight safety risk
assessment is presented, and the impact on flight physics is shown. Overall, the percentage
of LL] occurrence of the valid profiles was 15% at Braunschweig (corresponding to a
total time of LL] occurrence of 1158.3h or 48.3 days) and 11% at Clausthal-Zellerfeld
(corresponding to 747.7 h or 31.2 days).
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3.1. Statistics of LL] Wind Shear
3.1.1. LLJ and Rotation of the Wind Direction

The rotation of the wind direction with altitude from the lowermost measurement
altitude of 40 m to the altitude of the LL] maximum wind speed is shown in Figure 2 for
Braunschweig and in Figure 3 for Clausthal-Zellerfeld. Normally, a rotation of wind speed
to the right is expected according to Ekman theory [3]. However, around one-fourth of the
LL]J events observed at Braunschweig were associated with a rotation of the wind direction
to the left.
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Figure 2. Relative Frequency distribution of wind direction rotation with altitude for the altitude
interval of 40 m to the maximum altitude of the LLJ for rotations to the left (n = 1460) and rotations
to the right (n = 5288) at the Braunschweig site.

0.22 T T T T T T T T
0.2 B
0.18 - B
20416

>
0.14 -

uenc

o 0.12 -

e fre

0.1

1V

0.08 -

Relat

0.06 -
0.04 -
0.02 -

0 L | | | L + - = | 1
-270 -240 -210 -180 -150 -120 90 -60 -30 0 30 60 90 120 150 180 210 240 270
Direction of Turn [Deg]

Figure 3. Relative Frequency distribution of wind direction rotation with altitude for the altitude
interval of 40 m to the maximum altitude of the LL]J for rotations to the left (n = 1311) and rotations
to the right (1 = 3066) at the Clausthal-Zellerfeld site.

For Clausthal-Zellerfeld, the rotation to the left was even observed in around one-third
of the cases. For situational awareness, this side force is relevant to pilots. However, side
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wind components do not influence the longitudinal movement of the aircraft and are not
further discussed here.

The 30% of LL] events at Braunschweig and 10% of LL] events at Clausthal-Zellerfeld
with a rotation of more than £45 ° influence UAS operation: depending on the wind speed
value, this rotation reduces or increases the headwind component and can cause hazards 2
and 3 mentioned in Section 2.3.

3.1.2. LL] Wind Shear Gradients

The wind shear between the altitude of 40 m and the LL] maximum varied between
—0.2s7! and 0.2s7! for Braunschweig and between —0.23s~! and 0.15s~! for Clausthal-
Zellerfeld. There are only a few similar data sets available. For a data set obtained in
Hanover (60 km West of Braunschweig), shear gradients up to 0.11s~! were measured [38].
Here also, wind shear conditions exceeding 0.11s~! occurred (3.24% of the LL] events at
Braunschweig, 1.23% of the LL] events at Clausthal-Zellerfeld). The frequency distribution
of vertical wind shear is shown in Figure 4 for Braunschweig and in Figure 5 for Clausthal-
Zellerfeld. All data sets of 10 min fulfilling the LL] criteria are included, and the relative
frequency of occurrence is shown for intervals of 0.005s~! separately for increasing and
decreasing headwind. The most frequent wind shear is below +0.05s5~! for increasing and
decreasing headwind and for both locations.

Directional wind shear with predominantly veering but also backing was also observed
during other LL] studies [38], but the frequency of occurrence was not quantified there.
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Figure 4. Relative Frequency distribution of wind shear from the altitude of 40 m to the altitude of

the LL] maximum at the Braunschweig site. All 5420 data sets of 10 min fulfilling the LL]J criteria are
included in the statistics.

3.1.3. LL] Maximum Wind Speed Values

Assuming that UAS operation is based on wind speed values near the surface (here, the
wind speed at 40 m altitude is used as reference), it would be possible to operate ALADINA
at the Braunschweig site for almost all the events when an LLJ occurred (Figure 6), as the
maximum wind speed limit of 15ms~! was not exceeded for the LL] days. At the altitude
of the maximum wind speed, the wind speed exceeding 15ms~! did not occur either
(Figure 7). However, even if the maximum wind speed is not exceeded, the UAS operation
can be endangered. The unexpected change in wind direction (see Section 3.1.1) or a wind
speed higher than expected can influence the flight (see Section 2.3 hazard 3—low battery).
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Figure 5. Relative Frequency distribution of wind shear from the altitude of 40 m to the altitude of the
LLJ maximum at the Clausthal-Zellerfeld site. All 3500 data sets of 10 min fulfilling the LL]J criteria

are included in the statistics.
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Figure 6. Wind rose diagram for all LL] events observed at the Braunschweig site at a 40 m altitude.

However, for the Clausthal site, the situation was different: according to the wind
speed measurements at a 40m altitude, the wind speed of 15ms~! was not exceeded
during LLJ events (Figure 8), but the wind speed at the maximum altitude was often above
15ms 1. Having this maximum above 15m s~1, all named hazards (cp. Section 2.3) can
occur. Hazard 1—maximum value—results in an unstable flight path control due to the
huge differences in ground speeds depending on the direction of flight. Depending on the
orientation of the turn along or against the wind direction, the waypoint acceptance radius
might be too small resulting in an endless attempt to get the waypoint. Measurement flights
at a calibrated airspeed of 28ms~! are impossible. Furthermore, by reaching headwind
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speed values over 20ms~!, flights in manual mode require a large energy consumption,
including a high propulsion load, with the risk of low battery or a propulsion overload.

HlVw > 30 m/s N (0°)
28 < Vw <30 m/s
26 < Vy < 28 m/s
24 < Vw < 26 m/s
22 <Vw <24 m/s
L ]20<Vw <22 m/s
18 < Vw < 20 m/s
T 16 <Vw <18 m/s
[ 14<Vwy <16 m/s
[12<Vwy <14 m/s
P10 < Vw <12 m/s
B8 <Vw <10 m/s
6 <Vw <8m/s
Hl4<Vw<6m/s W (270°)
2 <Vw<4m/s
0 <Vw<2m/s

E (90°)

S (180°)

Figure 7. Wind rose diagram for all LL] events observed at the Braunschweig site at the altitude of
the maximum wind speed.
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Figure 8. Wind rose diagram for all LL] events observed at the Clausthal-Zellerfeld site at
40 m altitude.



Atmosphere 2022, 13, 35

10 0f 13

4. Discussion
4.1. Hazard Potential for Manned Aircraft

Table 1 shows the limits of positive and negative wind shear associated with the three
levels of aircraft handling qualities, as introduced in Section 2.2. For both measurement
sites, the frequency of occurrence of wind shear in this range is provided. Positive wind
shear of level 1, which still has no impact on flight conditions, is encountered in 0.31% of
all LL]J cases in Braunschweig and in 0.84% of all cases in Clausthal-Zellerfeld. Positive
wind shear of level 2, with safe operations but increased pilot workload, is observed in
0.11% of the LL] cases in Braunschweig, and was not observed at all in Clausthal-Zellerfeld.
Positive wind shear of level 3 (degradation of mission efficiency) was not observed at all.
Negative wind shear of level 1 was observed for 3.17% of all LL] cases in Braunschweig,
and 5.5% of all LL] cases in Clausthal-Zellerfeld. Level 2 and level 3 conditions were not
recorded at all. However, this method does not take into account turbulence, which can
further contribute to wind shear.

Table 1. Comparison of the measured vertical shear gradients with the hazard potential limits at the
landing speed Vi p = 70ms~!, as specified in [31].

Occurrence Frequency

Limits . Clausthal
Braunschweig

Positive wind shear
Level 1 0.149s1 0.31% 0.84%
Level 2 0.163s71 0.11% 0%
Level 3 0.303s! 0% 0%
Negative wind shear
Level 1 —0.1s1 3.17% 5.5%
Level 2 —0.45s71 0% 0%
Level 3 —12571 0% 0%

4.2. Hazard Potential for UAS

For UAS, the hazard potential does not include the wind shear, because of the use of
an autopilot system controlling the attitude, including short and long period oscillations.
However, the unexpected encounter of wind speed too high for operation or an unexpected
rotation in wind can endanger UAS operation. The rotation in wind results in the increase
or decrease of the headwind component. With an increased headwind component, the
ground speed gets low and the flight time increase. For flights at altitudes of maximal
LLJ events this is an important aspect for flight planning and monitoring, to prevent low
battery situations. Furthermore, the rotation in combination with the smaller range be-
tween wind speed and airspeed of UAS in contrast to manned aviation influence more the
approach stability during crosswind situations. The risk of accidents can be reduced by a
higher approach speed during these situations, in combination with a solid flight planning,
including the evaluation of wind and environmental conditions and the maximum opera-
tional wind speed. Especially at the measured location of Clausthal-Zellerfeld, where wind
speeds exceeding 20 ms ! were observed at the maximum altitude (Figure 9), a situational
awareness resulting from a flight and weather planning is important as well as an appro-
priate definition of the maximum operational wind speed. By using the automatic landing
mode of common autopilot systems, even lower LL] conditions can have an important
effect on the operation. For example, by having a constant sink rate of 0.25ms~! within
the last 10 m above ground, a change of the headwind component by 5ms™! results in a
£200m approach distance, neglecting the previous approach part, and the interaction of
turbulences and the critical minimum airspeed.
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Figure 9. Wind rose diagram for all LL] events observed at the Clausthal-Zellerfeld site at the altitude
of the maximum wind speed.

5. Conclusions

In summary, statistics on LL] properties were shown for two data sets of one-year
wind lidar measurements at two different locations, one at the airport of Braunschweig in
the North German Plains, the other at Clausthal-Zellerfeld in the Harz Mountains.

The overall risk of LLJ for manned aircraft consists of the wind shear, but it was small
for the locations investigated here. It did not exceed the limits of safely controlling the air-
craft under normal conditions, which is in agreement with the findings of Proctor et al. [39].
However, additional workload is imposed on the pilots. Situational awareness is helpful,
and in some cases of landing manoeuvres, it might be necessary to turn around, especially
in cases of unstable approaches due to pilot-introduced oscillations. It is useful to make
pilots aware that in the case of an LL], the rotation of the wind direction can be opposite to
what is expected based on the normal Ekman spiral.

The overall risk of LL] for UAS consists of the maximum wind speed, which might
exceed the operating speed of the UAS, therefore making it difficult to follow the planned
mission, and having an impact on flight time.

All in all, it is recommended to be aware of the potential of LLJ conditions for both
manned and unmanned air traffic, which requires a basic understanding of generally
favourable weather conditions and knowledge of local weather phenomena. UAS LL]J
events especially have to be regarded within the definition of the maximum operational
wind speed and operational procedures.
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