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Abstract: Background: Drones, also known as unmanned aerial vehicles, could potentially be a key
part of future smart cities by aiding traffic management, infrastructure inspection and maybe even
last mile delivery. This paper contributes to the research on managing a fleet of soaring aircraft by
gaining an understanding of the influence of the weather on soaring capabilities. To do so, machine
learning algorithms were trained on flight data, which was recorded in the UK over the past ten
years at selected gliding clubs (i.e., sailplanes). Methods: A random forest regressor was trained to
predict the flight duration and a random forest (RF) classifier was used to predict whether at least
one flight on a given day managed to soar in thermals. SHAP (SHapley Additive exPlanations),
a form of explainable artificial intelligence (AI), was used to understand the predictions given by
the models. Results: The best RF have a mean absolute error of 5.7 min (flight duration) and an
accuracy of 81.2% (probability of soaring in a thermal on a given day). The explanations derived
from SHAP are in line with the common knowledge about the effect of weather systems to predict
soaring potential. However, the key conclusion of this study is the importance of combining human
knowledge with machine learning to devise a holistic explanation of a machine learning model and
to avoid misinterpretations.

Keywords: explainable AI; XAI; sailplane; gliding; soaring; SHAP; thermal; weather; machine
learning; random forest

1. Introduction

Methods of soaring have generated intense interest and investigation since the earliest
attempts at human flight [1]. The ability of larger birds, like the albatross, golden eagle and
the red kite, to extract energy from the relative movement of air masses in both vertical
and horizontal flight, without seemingly a flap of their wings, has received increasing
interest since the early 20th century [1,2]. This observation is especially relevant for the
flight patterns of larger birds, where ‘flapping flight’ would be unsustainable, due to the
increased energy expenditure [1]. Emulating this skill is the goal of glider pilots, in their
quest to stay airborne for as long as possible.

In general, soaring can be categorised into two distinct types of flight, known as static
soaring and dynamic soaring [3]. Static soaring is flight conducted in rising air, which is
commonly used by glider pilots. The choices available include the ability to fly in thermals,
generated by pockets of rising air, or to transit back and forth along a ridge to use the
vertical component of the wind blowing against the elevation (i.e., orographic lift, ridge
flying) [3]. Dynamic soaring is harvesting energy from flying through wind gradients. It
is a common sight in nature used by seabird populations, like petrels, who fly over the
Southern and Pacific oceans while rarely flapping their wings [4].

The focus of this study is soaring in land-generated thermals, a commonly used
technique in gliding circles to enable pilots who wish to remain airborne [3]. Thermals are
created by a mass of air rising due to changes in temperature or humidity, in relation to the
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other surrounding air, and in close proximity to the ground [3]. This parcel of warm air
rises due to its lower mass density forming a ‘thermal bubble’ [5]. At ground level, if the
air is homogeneously heated-up or contains the same moisture level, an equilibrium exists.
Therefore, it will not begin to rise (trigger), as no air is rushing in to take its place [6]. The
air will only rise when an instability occurs (e.g., a non-homogeneous ground surface, non-
homogeneous heating or air turbulence) [6]. The fact that thermals depend on instability,
have a limited lifespan and drift in the wind makes them difficult to predict with any level
of certainty [6]. Furthermore, thermals are transparent and there is, as of 2019, no reliable
way to measure this rising air apart from flying through it [6].

With the increase in interest in drones, also known as unmanned aerial vehicles (UAVs),
research into soaring flight is gaining rapid momentum. While progress has been made
on energy storage systems for UAVs, it is still a limiting factor for their operational use [2].
Therefore, research interests are once again pointing towards the merits of engineless flight
to extend flight durations [2].

UAVs have undergone significant development in that past decade [7]. Industries are
trialling this emerging technology in more and more diverse applications [8]. They can
offer substantial cost saving in agriculture through crop condition monitoring [7], weed
detection [9], irrigation scheduling [10] and pesticide spraying for precision agriculture [11].
UAVs can also support pasture management to optimise the rotation of grazing for cattle [12].
They can aid in disaster management by surveying difficult-to-reach locations post-event [13].
They can help firefighters to correctly manage wildfires [14]. They are especially pertinent
in flood detection and monitoring [15], as UAVs are more capable of providing the nec-
essary aerial images than their satellite counterparts [16]. Also, in the realm of ecological
preservation, UAVs can capture greater detail than satellites, allowing ecologists and au-
thorities to monitor the effect of tourism (e.g., ‘trampling’) in nature areas [17] or litter on
beaches [18]. In the construction industry, UAVs support tasks including the surveying of
earthworks, aspects of site management, progress monitoring, safety inspection and dam-
age assessment [19]. UAVs are a key player and a leading technology in the development
of smart cities [20,21]. They can aid traffic monitoring and infrastructure inspections of
roads, bridges, and power lines, as well as urban parcel and freight delivery [20]. They can
provide entertainment and advertising services, as well as security alarms [21]. It should be
noted that not all researchers and stakeholders agree on whether UAVs are suitable choices
for deliveries in the urban environment [22].

The flight duration, or battery life of UAVs, is listed as a major shortcoming in various
applications [6,7,11,23], and it results in the requirement of complicated battery swapping
and recharging procedures [21]. To prolong the flight duration by enabling UAVs to soar
(i.e., extracting energy from the environment) has been suggested as a solution [6,13,24].
This could further reduce the energy requirement of UAVs [25] and, therefore, contribute
to the aim of net zero emissions. As the flight time of UAVs is not restricted by human
endurance, soaring UAVs would be able to stay airborne for longer periods [24].

An inherent disadvantage of sailplane soaring is that the glider must adjust their flight
path to incorporate thermals or fly along a ridge to gain a higher altitude before continuing
their journey [6]. Therefore, soaring may not be the most suitable way to gain altitude
for drones with time-sensitive deliveries. However, during competitions, pilots can reach
average speeds exceeding 135 km/h over 750 km lengths, with the highest performing
gliders (https://www.fai.org/news/looking-forward-2023-gliding-competition-season,
accessed on 11 October 2023). Also, many proposed application areas are not as time-
sensitive but require extensive flight times such as constant wildfire monitoring [14],
environmental monitoring [26] and general surveillance [23]. Therefore, the issue of flight
interruptions to enable soaring would not be a dramatic issue and could be solved by using
a fleet of UAVs.

This paper contributes to the research on managing a fleet of soaring aircraft by gaining
an understanding of the potential influence of weather on soaring capabilities. To do so,
machine learning algorithms have been trained on past sailplane flight data. Generating

https://www.fai.org/news/looking-forward-2023-gliding-competition-season


Smart Cities 2024, 7 165

the required flight data using autonomously soaring UAVs would be financially prohibitive.
However, the logbook data of glider pilots are plentiful and provide a low-cost alternative
for data acquisition. In short, the research provides a learning opportunity regarding the
operation of soaring UAVs and provides a valuable insight on how weather and operational
constraints influence the soaring capabilities of sailplanes to improve the efficiency and
time management of gliding sites. Furthermore, this study also highlights the importance
of combining human knowledge with explainable AI, to avoid misinterpretation.

2. Literature Review

The published literature available on gliding site optimisation is understandably rather
limited. The influence of weather on the operational management of a soaring UAV fleet is
also lacking in the public domain. Papers have been published investigating the use of soar-
ing in thermals to extend the flight of UAVs [3]. Over the last decade, various researchers
have addressed the challenges of autonomously centring in thermals, predicting the best
flight path through simulated updrafts, and more recently, autonomously identifying where
the thermals may be located in simulated environments. The tools and algorithms have
been developed for UAVs and/or competition glider pilots.

2.1. Soaring Gliders and Unmanned Aerial Vehicles

While the dynamics of soaring flights are well understood by humans, programming
the control laws to soar in unforeseen wind gradients and updrafts remained a challenge
in 2019 [4]. The location and strengths of rising air are generally random and difficult
to predict [6], because the shape, strength and location of thermals are influenced by
complex atmospheric conditions, as well as the time of day, season of the year, and the
undulation of the ground [6]. Examples of research on this topic include Dickmanns [27],
who focused on competition soaring to determine the best cross-country trajectory arcs.
However, they acknowledged that these results are only theoretical upper limits, which will
not be easily achievable in the real world, due to a lack of knowledge about thermal activity.
Chudej et al. [5] created a numerical model of thermal updrafts and implemented these
into the three-dimensional equations of motion. Lee et al. [24] developed an autonomous
soaring controller for an unpowered UAV and applied it in a simulated environment with
multiple thermals. Schermann et al. [6] proposed a stochastic optimisation problem with
the goal to optimise the flight trajectory through thermals for UAVs. Their control algorithm
suggests when the glider should climb in a thermal, depending on its strength, and when it
should ignore that thermal and continue to fly the track at a specific speed.

Heuristics (as in [24]) are a commonly used technique to find the location and strengths
of thermals [25]. It is an obvious choice, owing to the uncertainty of the updraft and its
strengths; making it difficult to formalise [25]. As the velocity of the rising air tends to
be strongest in the centre of a thermal [6], early research therefore focused on methods to
centre gliders in these thermals [24]. In fact, most of the research until 2012 was focused
on utilising thermals efficiently, as opposed to finding them [28]. Thanks to the increasing
computational power of onboard computers, several autonomous soaring algorithms have
been proposed and developed [6]. Some initial research has been undertaken on finding
thermals; for example, Cui et al. [28] used reinforcement learning to develop an ‘area
exploring strategy’ to seek and benefit from thermal updrafts. They tested their strategy in
a simulated environment with random thermals.

Applying the principles of ridge soaring in an urban environment, White et al. [3]
conducted a feasibility study of micro air vehicles (MAVs) soaring next to tall buildings.
Using a scale model of a building in a wind tunnel, they measured the vertical wind
velocity component and concluded that this is lower than the sink rate of their experimental
MAV. This indicates that soaring in the updraft next to tall buildings may be possible,
in a similar fashion to conventional ridge soaring. On the operational side of things,
Camacho et al. [25] proposed an architecture for the autonomous soaring of a swarm of
cooperative autonomous gliders, with a goal of maximising the cumulative energy capture.
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Coutinho et al. [13] proposed a glider routing and trajectory optimisation problem (GRTOP)
to find the best combinations of routes and trajectories for a fleet of UAVs, for use in disaster
management [13]. However, they only used the ‘equations of motion’ for dynamic soaring.
Dynamic soaring is of clearly more interest in the academic literature, compared to other
forms of soaring, for UAVs [4]. In contrast, this paper adds to the research on thermal
soaring, as the focus is on soaring UAVs in urban and rural environments over land. The
required wind gradients for dynamic soaring are rather uncommon over land, as they are
mainly found offshore close to the water surface [29], and this reduces the applicability of
such a soaring technique over land [29]. Also, the flight trajectory required for dynamic
soaring may be unsuitable for flight within cities [3]. As the long-term goal of this research
is to create soaring UAVs for application in rural or urban environments, this study focuses
on thermal soaring.

2.2. Contribution

This paper clearly differs from past research as it is not focussed on the actual process
of soaring. The focus of this study is on using explainable AI to gain an understanding of
how weather and operational constraints influence the soaring capabilities of aircrafts. This
study uses a real-world dataset, that has not been collected in a controlled environment, to
train a neural network (NN). The use of flight data from controlled experiments would not
always be applicable to the real-world situation of a gliding club. It is entirely possible that
the average flying duration is shorter on the best soaring days due to so many people being
there, and, therefore, the flight duration being restricted, in order to allow everyone to fly
the same glider. And, during hot weather, the efficiency of humans launching gliders and
pulling them back to the start point after landing may be reduced. On less thermic days, it
may be more of a struggle to stay airborne, but without additional demand for the glider,
flight durations of multiple hours are also possible. The same can happen to soaring UAVs;
their operational task may affect their ability to soar in thermals and therefore they are not
just weather-dependent. By using real data, this study considers these factors.

Understanding the influence of weather on soaring capabilities is key to UAV operators.
On days where there is not enough thermal activity, the operator must rely on battery
swapping or charging. On days with marginal weather, the operator may need to deploy
many drones to allow for sufficient time to thermal. Only a few drones are necessary on
great soaring days with quicker height gains. Given that explainability is considered a
perquisite to gain trust in machine learning [30] and AI [31], the paper does not only create
ML models, but uses explainable AI tools to understand the results.

In the short term, instead of having to rely on the wisdom of experienced glider pilots,
the models will support less experienced glider pilots in deciding which are the most
beneficial days for soaring flights. It can give impartial guidance on whether a day may be
more suitable for post-solo soaring coaching or pre-solo take-off and landing training. This
may increase the efficacy of running the airfield, as the flights on any given day may be
more predictable.

3. Methods
3.1. Dataset

The raw dataset includes over 1000 glider flights launched by aerotow, which took
place in the last 10 years at various gliding sites in the UK. While the dataset includes
flights in single seat gliders, almost 90% of the flights were instructional flights in 2-seat
gliders. The focus on instructional flights is to use flights with a dual purpose, where
soaring in thermals is used to gain height to fulfil a task, in this case to teach a student. In
the future, the task could be surveying or patrolling an area. Pure competition flights are
not suitable for this purpose, as the pilot’s goal is only to fly as quick as possible around
a course (e.g., a 500 km triangle). They could, however, be used for soaring in thermals
during time-sensitive deliveries. The instructional flights include aerobatic flights, thermal
soaring flights, launch failures (simulated/real), ab-initio training of a pre-solo student,
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post-solo student coaching and air experience flights. Based on this raw data, two separate
datasets have been created; one for the classification task, to predict whether a day was
good enough to soar in a thermal, and one for the regression task, in order to predict the
flight duration.

3.1.1. Flights Used in Regression Dataset

The dataset for the regression task included flights launched by aerotow at two gliding
sites. None of the gliding sites were near a ridge or offered opportunities for wave flying.
Therefore, all the data came from attempts at thermal soaring flights. Only flights in the
twelve commonly gliders were used, to ensure that each had been used at least five times.
No flights in vintage gliders (e.g., the T21) were considered. The dataset represents just
over 1000 flights, with the following features:

NrSeats: a binary variable regarding whether the glider was a single seater or a
two-seater.

Spin/Aerobatics: flights that included aerobatic manoeuvres (e.g., chandelle, loop,
inverted flying, humpty bump, stall turn, quarter clover, roll), as well as spin and spiral
dive training for pre-solo and post-solo students.

Failed: simulated aerotow failures with a launch height of less than 800 ft.
Height: the height of the aerotow in ft.
Rate of Sink: the minimum sink rate (i.e., of each glider type as per manufacturer’s

manual of the glider). In sailplane terminology, gliders have a ‘best glide’, which cor-
responds to the furthest distance a glider can travel for a given height loss. And also a
minimum sink, which refers to the longest time the glider can stay airborne for a given
height loss.

No time limit: most gliding clubs have a maximum duration for flights in club gliders,
to allow all members to fly on any given day. This time differs between gliding clubs but
is usually around one hour or less. However, this time restriction usually does not apply
when a badge claiming flight is declared (e.g., 5 h flight, 50 km flight) or when there is no
demand for the glider. Also, syndicated gliders have different rules. In this dataset, it was
assumed that all flights with a duration of more than 70 min had no time restriction. This
feature had to be included to explain why most of the flights landed within the first hour
despite the weather being good, while some flights continued for hours.

Airfield: a binary variable of the location where the glider was launched.
Duration: the flight-time in minutes, as recorded in the logbook.

3.1.2. Flights Used in Classification Dataset

The task was to predict whether the weather was good enough on any given day for
the pilot to ‘get away’ (i.e., find a thermal). All flights launched by aerotow that did not
involve aerobatics, a flight on a ridge or contacted wave were used. The flights took place
at various gliding sites across the UK. Whether a glider ‘got away’ or not was determined
by calculating the expected flight time without thermals (Equation (1)):

texp = ttow + t f ly + u =
h
t
+ g ∗ h − l

s
+ u (1)

where:
texp is the expected flight time without thermals.
ttow is the time spent on tow behind the tug plane.
t f ly is the time spent flying.
u is the minimum time spent soaring to be counted as a soaring flight, in this case

12 min. If the glider extended the flight sufficiently, it can only be explained by having
soared in rising air.

h is the height of launch, typically between 1500 ft and 4000 ft for aerotow.
t is the climb rate in ft/min of the tug plane while towing a glider (assumed to be

300 ft/min). The tugs used in this dataset include light aircraft such as a Piper Pawnee,
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Robin DR400, Chipmunk, Rallye and Husky, and a microlight such as the Eurofox. All of
these aircraft have different performance capabilities and pilots have unique tug flying
habits. As most gliding clubs have more than one tug, it was not possible to determine
which one was used for each flight.

g is a factor of 0.7, applied to compensate for the fact that, as the purpose of the flights
was to teach students, the gliders rarely flew at their minimum sink rate. The exercises to
be taught (e.g., stalling, negative g, steep turns) have a much higher sink rate. Also, for
safety reasons, a student may be encouraged to fly quicker than the minimum sink speed
to avoid an inadvertent stall or spin.

l is the subtraction of 250 ft from the launch height to account for the fact that, to land
gliders, the glider turns for the final time at or above 300 ft and the air brake is deployed
to descend to the runway. Thus, around 250 ft is lost in a few seconds. Also, the speed is
increased before the final turn to the recommended approach and landing speed.

s is the glider’s sink rate, as stated by the manufacturer.
When the expected flight time without thermals is shorter than the actual time in the

air then the flight is deemed to ‘have gotten away’. If at least one flight ‘got away’, then the
day has been classified as sufficiently thermic. If no soaring flights were recorded and at
least two attempts were made, the day is classed as not good for thermal soaring. If only
one flight was performed on any given day, and the pilot was unsuccessful, this has been
removed, as they may just have been unlucky. The average number of flights per day is 2.7,
according to the datasets used for the classification task, and approximately 46% of these
days are categorised as thermic.

3.1.3. Weather Data Used for Both Datasets

As no historical weather data from the gliding sites were available, the data from a
weather station in London have been used (http://nw3weather.co.uk, accessed on 13 Octo-
ber 2023). Eighteen different weather features were used: rainfall in mm per day, percent of
the day with rainfall (wet percent of day), mean humidity, minimum/mean/maximum
dew point, difference between the mean temperature and the mean dew point (temper-
ature minus dew point), minimum/mean/maximum temperature, temperature range,
mean pressure, pressure range, minimum/mean/maximum wind speed, maximum gust,
strength of thunder, sun hours, and percent of sun hours from the possible sun hours. The
strength of thunder was given as different categories (e.g., light, moderate, severe) and
were converted into a scale for the purpose of this study.

3.2. Regression

Random forest (RF) regression was used to predict the flight duration. RFs are one
of the most pertinent [32] ensemble machine learning technique [33,34]. As RFs are less
prone to overfitting [33], this makes them an ideal choice for the task in hand. The features
describing the flight (e.g., launch height and location) were constantly used. In addition,
each combination of the 19 weather features, allowing for all possible sample sizes from
one to nineteen (i.e., more than 500,000 combinations) were added to the model. The best
combination, based on the mean absolute error (MAE), was used for the explainable AI.

TensorFlow [35], keras [36], sklearn [37] and keras_tuner [38] were used for the ma-
chine learning. The models were trained using a MacMini (Dual-Core Intel Core i5, 2.5 GHz,
16 GB RAM). The test dataset size was always 25% and the validation split was 20%. To
ensure that the share of instances per class stayed the same across all datasets, the data
were split in a stratified way. The libraries ‘seaborn’ [39] and ‘matplotlib’ [40] were used
for the visualizations, alongside ‘numpy’ [41], and ‘pandas’ [42].

3.3. Classification

A random forest classifier was used to predict whether at least one flight on a given
day managed to ‘get away’ (i.e., soared in a thermal for a sustained duration). Like the
regression task, a RF was created for each combination of the 19 weather features. However,

http://nw3weather.co.uk
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no flight-specific variables were used, as the focus was on whether the day was good
enough to thermal and not on whether a specific flight ‘got away’. As four RFs shared the
highest accuracy value, the RF which had the highest f1-value of those four was used.

3.4. Explainable Artificial Intelligence

Due to the ever-increasing complexity of machine learning models [43] and the move
from symbolic AI systems to sub-symbolic systems [44], the research into explainable
artificial intelligence (XAI) is growing rapidly [45]. An early version of this is a ‘decision
tree’, which can provide individual explanations of the decision rules in, for example,
classification tasks [46]. However, visualizing these for humans to easily understand would
require limiting the scale of the decision tree to ensure interpretability at the sacrifice of
precision. To avoid this [47], this paper uses SHAP (SHapley Additive exPlanations [48,49]),
created by Lundberg and Lee. SHAP has been chosen as it is regarded as the ‘go-to’ feature
importance XAI technique [50]. For the purpose of this study, SHAP is used to explain
a model by illustrating the contribution of each individual feature to the prediction [50].
Following the suggestions by Thrun et al. [51], the goal was to explain the RF in a way that
is understandable for experts in the subject (e.g., pilots), and not only by AI experts. XAI
allows humans to ‘be in the loop’ [52], instead of blindly trusting machine learning models.

3.5. Limitations

A limitation of this study could be that the dataset is a real-world dataset and not
specifically created for this study. However, this is also the main contribution of this study,
as using real data from soaring flights is the best way to ensure that the models created
work in reality.

4. Results
4.1. Regression (Prediction of Flight Duration)
4.1.1. Random Forest

The goal of the regression is to predict the flight duration. The best MAE, for the test
dataset, is 5.74 min for the RF (Table 1). The best RF model includes only a few of the
weather features. In the random forest, the feature that is always used in the top 10 results is
the ‘wet percent’ of the day and the difference between the temperature and the dew point.

Table 1. The best RF with their MAE and features used.

MAE in Minutes

Features * 5.74 5.76 5.76 5.76 5.77 5.79 5.79 5.80 5.80 5.81

Mean Wind Speed X X
Maximum Gust X X X X X X X X

Temperature Minus Dew Point X X X X X X X X X X
Maximum Dew Point X X
Mean Temperature X
Maximum Temperature X X X X X X X X

Thunder X X X X X X
Rainfall X
Wet percent of day X X X X X X X X X X

Mean Pressure X X X X
Pressure Range X X X

* Weather features used in addition to the following features describing the flight: No time limit, Height, Rate of
Sink, Airfield, Spin/Aerobatics, NrSeats, Failed.

4.1.2. Explainable Artificial Intelligence (SHapley Additive exPlanations; SHAP)

The feature importance for the best RF regressors is shown in Figure 1. Obviously,
whether the flight duration was permitted to be longer than 60 min (‘No time limit’) is the
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most important feature. This was included as, at most gliding clubs, the flight duration is
usually limited to around 1 h, to ensure that all members have a fair opportunity to fly. For
badge claim flights (i.e., 50 km, 5 h) or when there is no demand for the glider, longer flights
are possible. The difference between the temperature and the dew point is the second most
important feature, which will not be a surprise in gliding circles, as this is a commonly
used value to identify the best time to fly. The launch height has a significant influence on
the flight duration as well.
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Figure 1. Feature importance.

SHAP has been used in this study to gain an understanding of each feature’s contribu-
tion to the RF model [50]. Figure 2 shows the global feature contribution on the prediction
of the RF. The y-axis illustrates the hierarchical order of the features in the RF. For each
feature, a horizontal distribution of the SHAP values are displayed. A negative impact is
shown as <0 and a positive impact is shown as >0. The blue colour represents a low feature
value, purple is an average value, and the red is high.
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The flight duration is clearly extended dramatically if there is no time limit, while
having one reduces the flight time slightly.
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If the difference between the temperature and dew point is significant, then the flight
time is increased: a fact that will not surprise glider pilots. For the interested non-pilot,
the dew point is the temperature when a given airmass becomes saturated. Together with
the temperature, the dew point can be used to calculate the height of the cloud base (see
Equation (2) [53]. The higher a glider pilot can ascend, the more chances there are to reach
the next thermal and increase their flight time.

hcloud =
(t − d)

2.5
× 1000 (2)

where:
hcloud is the height of the cloud base layer (ft);
t is the temperature (◦C);
d is the dew point (◦C).
A higher release height in the launch generally increases the flight duration, as the

tow (i.e., when the glider is on tow) takes longer. After release, a higher launch height
facilitates multiple opportunities to encounter thermals and staying airborne in the absence
of any thermal activity. However, some of these extra high launches (3000 ft to 4000 ft)
are also used for aerobatic training which, apart from the 15–20 min launch window, are
rather shorter in duration. Flights with the intended purpose of soaring in thermals are
commonly launched to 2000 ft. This explains why both the red and purple points (high
launches/standard launches) can be found extending the flight duration, while other red
and purple markers influence the duration slightly. The purpose of low launch heights,
around 1000 ft to 1500 ft, is to practice take-off, circuit, approach, and landing and, therefore,
the result of these is a relatively short flight.

It is more difficult to centre in a thermal when the wind is stronger and, therefore,
the probability is that there will be a reduction in the overall flight time. Also, pilots may
need to leave the thermal earlier to stay within range of the airfield, as the wind pushes the
glider downwind.

Flying is cancelled on a rainy day. Therefore, the average ‘wet percent of the day’ is
only 2.65% in the dataset. So, even a day where it rained 4% of the time is considered a
high value by this model. As glider pilots in the UK know, a brief shower is not always
the end of the flying day. In fact, it may ultimately be a good day before and after a frontal
system moves through. The risk of rain keeps the demand for gliders low, while there
still may be good thermal activity in the local area at other times of the day. It is not
surprising that the flight time is expected to increase when the ‘wet percent of the day’ is
higher than 2.65%. Such a low ‘wet percent of the day’ still leaves plenty of hours for flying
without precipitation.

The higher the rate of sink of the glider, the shorter the flight; and that is certainly
no surprise.

Participating in aerobatics during a flight reduces or increases the flight time, as there
are two different types of aerobatic flights: (i) formal aerobatic training flights, launched to
3000 ft to 4000 ft, which are usually only 20 min long, and (ii) unexpected soaring flights,
where the instructor uses aerobatic manoeuvres, such as a loop, to lose altitude, in order to
shorten the flight so that a student waiting on the ground can also fly.

The two different airfields where the flights were launched do not adversely influence
the results. However, it can be observed that the flights are slightly longer at one location;
this is perhaps due to the terrain of the surrounding countryside.

Figure 3 illustrates density plots of the weather features used in this study. Flights
took place across the whole year, even on cold winter’s days. While on most flying days,
no rain was reported, a brief shower certainly does not end the flying activity. The average
wind speed was generally less than 20 km/h (11 knots). Flights took place during full and
partial cloud cover, as well as on blue sunny days.
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4.2. Classification Task
4.2.1. Classification Task

A RF classifier has been trained to predict, based on the weather, the likelihood that at
least one flight soared in thermals successfully on a given day. The highest accuracy of the
test dataset is 81.2% (Table 2). Interestingly, the difference between the temperature and the
dew point (i.e., indicating the hight of the thermals) is not a commonly used weather feature.
While the flight duration largely depends on the thermal height, whether it is possible to
thermal on a given day depends on other features. Humidity and maximum wind speed
are most commonly used. It may appear as if each RF uses a completely different set
of features; however, in most cases, only the minimal value (e.g., minim temperature) is
replaced by the mean or maximum value (e.g., maximum temperature), or vice versa.

Table 2. The best RF with their accuracy and features used.

Accuracy

Features 0.812 * 0.812 0.812 0.812 0.797 0.797 0.797 0.797 0.797 0.797

Mean Wind Speed X
Maximum Wind Speed X X X X X X X X X X

Temperature Minus Dew Point X X
Minimum Dew Point X
Mean Dew Point X X X X X
Maximum Dew Point X X
Maximum Temperature X
Minimum Temperature X X X

Mean Humidity X X X X X X X X X X

Sun Percent of Max Possible X X X X X X X X
Sun Hours X X X X X X X

Thunder X X X X
Wet Percent of Day X X X X X X
Rainfall X X X X X X X X

Mean Pressure X X X X X X
Pressure Range X X X X X X

* used for the explainable AI.

4.2.2. Explainable Artificial Intelligence (SHapley Additive exPlanations; SHAP)

The mean humidity is the most important feature (Figure 4); therefore, it is not
surprising that it is used in all top 10 RF classifiers (Table 2). Maximum temperature is the
second most important feature, followed by the maximum wind speed.
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As can be seen in Figure 5, the lower the humidity, the higher the chances for the
glider to ‘get away’ (i.e., soaring in thermals successfully). If the air is saturated with cold



Smart Cities 2024, 7 174

moisture it takes longer to warm, and, therefore, there are fewer opportunities to trigger a
rising airmass.
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Figure 5. SHAP summary plot (classification: was there at least one flight soaring in a thermal on a
given day?).

A higher temperature increases the likelihood that there will be at least one flight in
a thermal during the day. This is expected, given that it is far more likely to have a good
day of soaring in thermals in spring and autumn, while it is rather unusual to encounter
thermals in winter. However, hot temperatures are not a guarantee of a good thermal day.
Only low temperatures (i.e., blue dots) reduce the chance of ‘getting away’, while medium
and high temperatures (i.e., purple and red) may or may not increase the likelihood of a
good soaring day (i.e., located around 0 and +0.1 in Figure 5).

As said before, lower windspeeds make it easier to centre in thermals and therefore
increase the likelihood of a good thermal flight.

A low dew point reduces the likelihood of a flight in thermals, as does a low temperature.
If there are only a few hours of sunshine per day, as seen in winter or under a thick

layer of cloud in summer, thermals are generally inhibited and may switch off before
recycling. For the percent of maximum sun possible, some of the extreme values are seen
on the left-hand side of the figure, as both clear winter days and overcast days make soaring
in thermals improbable. The best time to soar in thermals is in the spring and autumn,
when clouds are indicating possible locations of soaring opportunities. While it is possible
to bump into a thermal on a summer’s day without any clouds, more experience or luck
may be required.

There is no very clear indication of the effect of the pressure differential during the
day. Completely static pressure may reduce the chance of thermals developing; however,
there is no obvious trend.

As explained before, ‘high’ rainfall and a ‘high’ wet percent increases the likelihood of
a flight in thermals, simply because a ‘high’ wet percent only refers to above 2.4%, as no
flying will take place when it is raining for most parts of the day. If there is a high chance
of thunder, flying is stopped for safety concerns, and, therefore, it reduces the likelihood of
‘getting away’.

5. Discussion

The explanations of the models derived from SHAP are in line with common glider
pilot knowledge. The study also highlights the importance of combining XAI with human
knowledge to gain a holistic understanding of the model, to avoid misinterpretation.

A higher release height in the launch can be used to predict the flight duration;
however, as evidenced by the SHAP values, it is not a linear relationship. Some of these
extra high launches (3000 ft to 4000 ft) are used for aerobatic training flights. The duration
of these is close to the average flight time. The actual free flight time being curtailed with
aerobatics is compensated for, by the longer period spent on tow (15–20 min). Some of
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the extra high launches are also used for thermal training and, therefore, have greater
durations. Flights with the intended purpose of soaring in thermals or general tuition are
commonly launched to 2000 ft. Some might ‘get away’ and have a longer flight, while
others do not. The purpose of low launch heights, around 1000 ft to 1500 ft, is to practice
take-off and landing and, therefore, almost always result in short flights.

It is certainly no surprise that a higher rate of sink of the glider reduces the flight duration.
According to the SHAP summary plot, aerobatics both increases and reduces the flight

time. The correct interpretation of this fact requires knowledge of the way the ‘pilot in
command’ teaches students. There are two different types of instructional aerobatic flights:
(i) flights as part of an aerobatic training course, launched between 3000 ft and 4000 ft,
and (ii) unexpected soaring flights, where the instructor uses aerobatic manoeuvres to lose
altitude and end the flight, giving others the chance to fly. The latter is clearly indicative of
a longer flight duration, while the first examples are usually only 20–25 min long. This is
clearly visible in the SHAP summary plot but requires additional knowledge beyond the
dataset to understand this factor.

The difference between the temperature and dew point provides a clear indication of
the flight duration. It is indicative of the cloud height and, therefore, the height of thermals.
Higher thermals increases the possible height gain resulting into more opportunities to
reach other active thermals. However, the height of thermals has no bearing on whether at
least one glider manged to find a thermal on a given day.

Wind is an important factor for both the flight duration and whether soaring in
thermals was possible. It is more difficult to centre in the thermal when the wind is strong,
and pilots may need to leave the thermal earlier to stay within range of the airfield, as the
glider is pushed downwind.

The fact that, according to SHAP, higher amounts of rain increase soaring capabilities
may be surprising, as most would expect the opposite. However, flying is cancelled on a
rainy day. There are no flying data from rainy days in this dataset. Therefore, the average
‘wet percent of the day’ in this dataset is only 2.65%. Even just 4% of rain is considered a
high value. As glider pilots in the UK know, a brief shower is not the end of the flying day.
In fact, it may ultimately be a good day before and after a frontal system moves through.
Also, the possibility of rain keeps the demand for gliders low and therefore offers more
opportunities to soar in thermals. This example highlights that it is important to know the
dataset and its peculiarities before trying to understand the results of an explainable AI.

The humidity, temperature and sunshine are not necessarily key features used by the
RF regression, but they are important for the classification task.

A lower humidity increases the likelihood that at least one glider managed to find a
thermal on a given day.

Obviously, most soaring in thermals takes place in the warmer season. A higher
temperature increases the likelihood that there will be at least one flight in thermals on
the day. However, a high temperature is no guarantee of an increase in thermal-soaring
capabilities, but a low temperature makes finding a thermal improbable, which can clearly
be seen on the SHAP summary plot.

In general, thermals are unable to fully develop with only a few hours of sun per day
in the winter or under a thick cloud layer in summer. The best time to find a thermal is
generally during the warmer months of the year, when the sun has enough strength to heat
the ground. Clouds are an indication of the possible track and final location of thermals,
which makes finding thermals more predictable. While it is possible to simply bump into
a thermal on a blue summer’s day, more skill or luck is required. All these factors can be
seen in the SHAP plot.

6. Conclusions

The paper has two main contributions: first, the paper illustrates why explainable
AI needs to be combined with human knowledge of both the subject as well as the pecu-
liarities in the dataset, to avoid misinterpretations. Secondly, the paper contributes to the
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published research by predicting the soaring capabilities of sailplanes using data from real
instructional glider flights. The latter goal (i.e., gliding site optimisation and understanding
the influence of weather on the operational management of a soaring UAV fleet) has not
yet attracted significant attention in the public domain. Published papers have mainly
focused on investigating the use of soaring in thermals to extend the flight of UAVs as well
as methods (i.e., control algorithms) to enable an aircraft to soar like a bird.

The RF regressor, which predicts the flight duration, achieved an MAE of 5.7 min. The
RF classifier, which predicts the probability that at least one flight was a flight in thermals
on a given day, has an accuracy of 81.2%.

The explanations of the models derived from SHAP (SHapley Additive exPlanations)
are in line with the common knowledge of experienced glider pilots. The influence of
features like the wind strength, humidity and the difference between temperature and
dew point are all within the shared vocabulary of an experienced glider pilot. However,
the study also highlights the dangers of relying solely on the explanation offered by an
explainable AI. Instead, it is important to combine explainable AI with human knowledge
to gain a holistic understanding. Both the range of situations covered by the dataset as well
as subject expertise (e.g., glider pilots) need to be appreciated to avoid misinterpretations.
For example, correctly interpreting the assertion by SHAP that more rain increases the
ability to soar requires the knowledge that no flying takes place when it rains all day
and that these days are, therefore, not included in the dataset. A frontal system moving
through the area may come with slight rain but could bring favourable thermal-soaring
opportunities. Interpreting the effect of aerobatic manoeuvres on flight durations (i.e., both
increasing and reducing the flight time) requires knowledge of the instructor’s way of
teaching, to understand the explanations given by SHAP.

This study uses actual weather observations for their prediction. As the next step,
the machine learning models should be trained on weather forecasts instead of real obser-
vations. Doing so would ensure that the models are able to predict the potential soaring
capabilities of the following day.
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