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A B S T R A C T   

From the shutting down of coastal tourism industries, the mass destruction of aquaculture, to the clogging of 
power station water intakes, marine ingress events have the potential to cause widespread disruption along our 
coastlines. To gain the ability to respond to such events, efforts are being made to advance the understanding of 
bloom events which predominantly present as large aggregations of jellyfish, or detached aquatic macroalgaes in 
the water column. This paper investigates the optimal flight search patterns with a focus on marine ingress bloom 
detection from unmanned aircraft systems (UAS). The detection performance of four flight search patterns are 
examined against five different bloom shapes. Monte-Carlo simulations are deployed to assess probable per-
formance of flight search pattern against variable bloom shapes. A total of 50,000 simulated flights were con-
ducted, offering a maximum of 500 million marine ingress objects for possible detection. A two phased flight 
approach is proposed, with first phase flights conducted as area search strategies, and second phase flights as 
datum searches for scenarios where some information of possible bloom location is available. Parallel sweep was 
found to be the best performing generalist flight search pattern, closely followed by the phase two search pattern 
expanding square. Crossing barrier was found to be competitive but appeared to lend itself towards specific 
detection scenarios with sector search being a consistently poor performing flight search pattern. This paper also 
investigates the comparative performance of visual line of sight (VLOS), extended visual line of sight (EVLOS), 
and beyond visual line of sight (BVLOS) operations. Increase of total survey area was found to increase bloom 
detection frequency, with BVLOS operations the highest performer successfully increasing bloom detection by a 
factor of 3.7. This paper exhibits the first assessment of flight search patterns within the context of drone-based 
detection of marine ingress bloom events. This should facilitate the development of an early warning detection 
system that can provide reliable warning to coastal industries prior to a marine ingress event occurring.   

1. Introduction 

Coastal industries regularly battle with the ‘marine ingress problem’ 
(Purcell, 2005; Flynn and Chapra, 2014). Marine ingress predominantly 
forms as large aggregations of jellyfish and submerged aquatic vegeta-
tion (Lapointe and Bedford, 2007; Kim et al., 2012), although other less 
conspicuous forms do exist as well (Maclsaac, 1996). Coastal industries 
such as desalination plants and nuclear power stations often require 
large volumes of water to operate; water intakes at these coastal loca-
tions can get clogged during marine ingress events, resulting in reduced 
productivity (Kim et al., 2012). For example, losses of revenue for nu-
clear power stations can potentially reach up to US$ 1 million dollars per 
day per reactor (Nuclear Energy Institute, 2015; Kim et al., 2016). This 
leads to a conflict between the running of the coastal industry, and the 

source of the biological matter that contributes to recurrent ingress 
events. This is of particular concern when considering the ecological 
importance of seaweed and kelp bed habitats, and the relatively un-
known ecological role played by many jellyfish species (Riascos et al., 
2018). However, other industries such as tourism, sporting events, and 
fin-fish aquaculture are not immune from marine bloom events and can 
be impacted by the same difficulties (Zoltan et al., 2005; Lippmann 
et al., 2011; Haberlin et al., 2021). Marine ingress is essentially unde-
sired biomass from the ocean that can potentially cause huge disruption 
for coastal industries, and is critically important within the marine 
environment due to this reality. 

Barrier netting systems have proven to be useful for aquaculture and 
coastal tourism (Vasslides et al., 2018), but have to be carefully 
managed to prevent biofouling and damage (Klebert et al., 2013). 
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Nuclear power stations and desalination plants often utilise multi-stage 
filtration procedures within their cooling water intake systems. How-
ever, with larger marine ingress events these systems can be overloaded 
(Wei et al., 2018). With the provision of early warning of an impending 
ingress event, coastal operators can initiate damage mitigation tech-
niques. Water intake rates can be reduced to levels where ingress debris 
can be processed by the inbuilt filtering systems. For more extreme 
volumes of marine ingress, an increased workforce can be brought onto 
site to assist the filtering systems by hosing down drum screens and 
removing excess biomass. Without prior warning, severe productivity- 
related delays can occur, leading to reduced site efficiency and poten-
tial damage to filtration systems (Kim et al., 2012). 

Currently, there are minimal options to detect the source of marine 
ingress events before their occurrence. Even if detection is possible, their 
ability to provide a reliable warning of an impending event is not 
currently available. Several studies have focused on the detection of 
jellyfish using environmental DNA (eDNA), however difficulties in the 
longevity of DNA in the marine environment are well documented 
(Thomsen et al., 2012). eDNA is primarily used for the detection of 
genetic material presence but not necessarily the current location of a 
species individual which does not lend itself towards the application of 
an early warning system (Minamoto et al., 2017). Ecological forecasting 
models have found success in highlighting environmental conditions 
that are significant predictors of medusae presence (Decker et al., 2007) 
but are not intended to pinpoint an exact ground-truthed location as 
would be required for an early warning system. Aerial remote sensing 
attempts at jellyfish detection have taken place, providing variable 
success rates across methods ranging from unmanned aircraft systems 
(UAS) (Kim et al., 2015, 2016; Schaub et al., 2018), light-aircraft 
(Houghton et al., 2006) to satellites (Becking et al., 2015). Remote 
sensing efforts to date have predominantly been focused on the use of 
RGB sensors, regardless of remote sensing platform. Contrary to the 
statement by Jo et al. (2017) that monitoring jellyfish with imaging 
satellites is not possible, there have been successful attempts at detecting 
jellyfish blooms (Thorn and Lambert, 2016). We do, however, agree that 
satellites on their own are not an appropriate jellyfish ingress moni-
toring platform. Predominantly due to the time taken to orbit and in turn 
access data, their comparatively low-resolution images, and the remote 
sensing challenges they face concerning atmospheric water vapour (Li 
and Wu, 2021; Rogozovsky et al., 2021). 

Marine ingress is frequently comprised of jellyfish-based events 
during summer, and submerged marine vegetation during winter 
months due to more stormy conditions leading to detachment of vege-
tation from their growing substate. Research focusing on the remote 
detection of the majority of marine vegetation is well established 
(Dierssen et al., 2015; Menu et al., 2021; Rowan and Kalacska, 2021). 
Seagrasses have been successfully detected and researched remotely for 
many years, with their sessile and high-density characteristics large 
contributors to the ease of detection. Despite not technically being 
vegetation, the remote sensing of microalgae blooms is also well docu-
mented due to their conspicuous nature, the tendency to form large 
blooms and their links to harmful algal blooms (HABs) (Weybright and 
Kelly, 2016; Kwon et al., 2020; Mardones et al., 2021). The toxins 
produced by microalgae blooms can cause reductions in habitat biodi-
versity by killing fish species and marine vertebrates through food chain 
biomagnification (Bricelj et al., 2012), but can also indiscriminately 
decimate groups of respiring animals due to their ability to induce 
hypoxic conditions (Hu et al., 2006; Mohd-Din et al., 2020). However, 
macroalgae blooms (MABs) are less well researched yet also have the 
potential to cause severe disruption to coastal industries (Gansel et al., 
2017; Liu et al., 2020). MABs can form through large-scale detachment 
from their region of growth, or can also grow on the ocean surface; 
resulting in the suspension of large quantities of biomass in the water 
column (Marx et al., 2021). This biomass can often end up scattered 
across inter-tidal coastal habitats (Fig. 1). This transition from a sta-
tionary growing location to one of mobility in the water column is often 

the most frequent cause of clogging of water intakes at nuclear power 
stations. 

The full economic, social and ecological impact of MABs in coastal 
regions is not well understood, but pressure from commercial industries 
has begun to change this (Thompson et al., 2020). Research into the 
monitoring of MABs, and an early warning system, has been previously 
called for (Mcilwaine et al., 2019) but due to their low density, non- 
sessile and varied depth nature, advances have been slow. To deal 
with the increasing global rates of MABs, efforts must focus on 
improving the remote sensing techniques to detect and study them. This 
will require a comprehensive understanding of all the aspects 
comprising an early warning remote sensing system, from the charac-
terisation of the spectral signature to the detection capability of blooms 
in the marine environment. Recent work by Mcilwaine et al. (2019) 
identified the wavebands most appropriate for macroalgae marine 
ingress detection, and also presented the first multi-ocean, multi-sensor 
jellyfish bloom detection capability (Mcilwaine and Rivas Casado, 
2021). Without the ability to reliably detect, there is no possibility of 
providing a warning before an ingress event occurs. This reliability of 
detection must be inherent in whatever technology is used to provide 
early warning of marine ingress, be it jellyfish or MAB based. 

UAS have repeatedly been shown to have superior accessibility, 
resolution and price-performance balance compared to more traditional 
remote sensing techniques (Colomina and Molina, 2014; Schaub et al., 
2018; Kwon et al., 2020). Especially as found by Mcilwaine and Rivas 
Casado (2021) who showcase UAS based remote sensing, combined with 
Artificial Intelligence (AI), as a highly successful method of jellyfish 
detection (>90% classification accuracy) in the context of requiring 
rapid data access. However, UAS based remote sensing technologies are 
not without their own challenges. Rain, wind speed, and flight duration 
limitations - in addition to local legal policy - all provide challenges to 
UAS operations (Albajes-Eizagirre et al., 2011; Nahirnick et al., 2019; 
APA, 2020). Recent advancements in UAS technology have allowed new 
research avenues to be explored, from the mapping and classification of 
ecologically sensitive marine habitats (Ventura et al., 2018) to the 
quantification of marine macro litter (Gonçalves et al., 2020) and Ant-
arctic predators (Goebel et al., 2015). With a reliable platform for the 

Fig. 1. Example of a large section of macroalgae found in Cape Town, South 
Africa (Nov 2019). 
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remote sensing of ingress events, a move towards the production of an 
early warning system becomes feasible. 

To reliably detect and warn of inbound marine ingress events, UAS 
are the current best hope for prospective early warning schemes (Mcil-
waine et al., 2019). However, due to their relative infancy there is no 
current framework, or structured guidance, in place for surveying the 
marine environment. In this paper, a conceptual framework that con-
siders optimal survey routes, and takes into account the most common 
naturally occurring bloom shapes, is proposed. Bloom shape has the 
potential to highly impact the rate of successful detection with respect to 
the type of flight search pattern used, and it is vital to identify which 
search pattern can cope with the natural variability of the marine 
environment. Aircraft-based search and rescue efforts in the marine (and 
terrestrial) environments are well documented and transferable lessons 
can most certainly be applied to UAS based marine remote sensing. 
Optimisation of surveying routes is critical for any proposed operational 
framework to be successful (Auditorium and Washington, 1980). By 
both optimising and standardising survey effort (the anecdotal sum of 
survey duration, distance travelled and survey coverage), guidance for 
the early detection of marine ingress events could help provide the 
structure of a practical and workable early warning system. Many pa-
rameters can be altered to improve survey performance such as battery 
endurance, the type of the flight search pattern, but also how the overall 
mission is optimised for various shapes and sizes of marine ingress 
events. In some instances, satellite imagery can be obtained to ascertain 
bloom shape. However, if these data are not available, then detection 
can be gained from UAS flights at a desired location. Another question 
that would be beneficial to address; is there any advantage (to an early 
warning system) in optimising visual line of sight (VLOS), extended line 
of sight (EVLOS) and beyond visual line of sight (BVLOS) UAS opera-
tions. Through gaining the ability to fly further and even out of sight, 
additional avenues of potentially increased performance improve 
rapidly. This also in turn can allow reductions in the cost of flight op-
erations. However, an increase in flying further is not a prerequisite for 
BVLOS flight. BVLOS operations can in theory include small-area sur-
veys, with the defining factor being the pilot not having the ability to 
directly view the UAS themselves (Table 1). 

The type of UAS operation (VLOS, EVLOS, BVLOS) has the potential 
to greatly impact ingress detection, assuming comparable flight pa-
rameters. Fig. 2 visualises the coverage between the three forms of 
operation: visual line of sight (VLOS), extended visual line of sight 
(EVLOS), and beyond visual line of sight (BVLOS). The key difference 
between the three forms of operations are predominantly changes in 
potential maximum survey area (‘as the crow flies’), with substantial 

operational differences regarding personnel for respective mission 
types. As the wider usage of UAS expands, and not just for remote 
sensing tasks, it is critical to maintain a grasp on the type of operation 
(VLOS/EVLOS/BVLOS) due to rapidly changing legal policy (Davies 
et al., 2018) that may enhance or limit usage. A robust early warning 
framework should account for both jellyfish and MABs to have success 
upon deployment. 

The introduction of a framework for optimised UAS marine ingress 
detection would benefit a wide range of coastal industries; potentially 
prevent lasting damages and decrease marine ingress related reductions 
in productivity. An output of an optimised flight plan for a given oper-
ation type (VLOS, EVLOS, BVLOS) would be a significant improvement 
on current warning systems and operational procedures. Whilst also 
gaining the awareness of whether to apply a generalist approach or a 
situation-specific approach; this would be a huge benefit to the global 
battle against marine ingress. This paper aims to provide a conceptual 
framework that can provide the initial guidance for UAS marine ingress 
detection in the marine environment. This work hopes to become a 
practical tool that can be implemented by a wide range of coastal op-
erators, not just one specific industry, and determine the most suitable 
flight plan for a given combination of bloom shape, bloom size, and 
flight search pattern. It should also complement the work in Mcilwaine 
and Rivas Casado (2021) where algorithms to detect marine ingress 
were developed using convolutional neural networks. 

This study aims to contribute to the delivery of an optimised con-
ceptual framework for the UAS detection of marine ingress events. This 
will be achieved through the following objectives:. 

Assess the performance of various VLOS search patterns across the 
most commonly occurring bloom shapes.  

1. Assess the performance of various VLOS search patterns across the 
most commonly occurring bloom shapes.  

2. Quantify and explore the differences in detection performance of 
both VLOS, EVLOS and BVLOS flights.  

3. Develop a conceptual decision support chart to quickly ascertain the 
optimum flight plan. 

2. Materials and methods 

2.1. Site selection 

The framework was developed for the area surrounding Torness 
nuclear power station (East Lothian, UK) (Fig. 3). Torness nuclear power 
station is regularly affected by marine ingress and has water intake 
systems that are typical of other UK and global nuclear power stations 
and desalination plants. Torness is powered by two advanced gas-cooled 
reactors (AGR) with a water intake system consisting of large drum 
screens for filtration of debris. Each drum screen draws in large amounts 

Table 1 
Definitions of Civil Aviation Authority (CAA) regulated operation types (based 
on CAP 722 8th edition (Civil Aviation Authority, 2020)).  

Type of operation CAA definition 

Visual line of sight 
(VLOS) 

The remote pilot must maintain clear sight of the UAS 
and surrounding area at all times during the operation. 
Any form of “image enhancing” devices such as 
binoculars are not permitted. The UAS must only be 
flown within the pilot’s eyesight (maximum 500 m 
horizontal distance from the pilot). 

Extended visual line of 
sight (EVLOS) 

Technically a form of BVLOS operation. Requires 
authorisation from the CAA but is not location-specific. 
Like with VLOS operations, collision avoidance is 
conducted through “unaided visual observation”. 
However, this is commonly mitigated by using 
additional observers dedicated to assisting the mission. 

Beyond visual line of 
sight (BVLOS) 

Any operations that are conducted at distances further 
than the pilot can directly view the UAS, and respond to 
and avoid other airspace users, with their own eyes. 
There is a requirement for mitigation that can prevent 
any threat of collision to aviation. CAA authorisation is 
mandatory and location-specific. Additional observers 
are not compulsory to conduct operations.  

Fig. 2. Visual line of sight (VLOS), extended visual line of sight (EVLOS) and 
beyond visual line of sight (BVLOS) operational illustration. 
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of water from the ocean and has a direct impact on how much power the 
station can generate at a time (Chae et al., 2008). 

Fig. 3 shows the zonation of the study area, with representative areas 
showing the theoretical maximum extent of VLOS, and EVLOS, flights. 
In turn, providing an easy-to-understand visual description of survey 
area coverage in relation to the water intake location. 

2.2. Generation of data 

Synthetic data were generated to simulate bloom shapes and flight 
search patterns. Within this context ‘bloom shape’ refers to the spatial 
composition of a generic marine ingress object, and flight ‘search 
pattern’ refers to the flight pattern that the UAS takes to survey an area 
when searching for a given marine ingress bloom. The analysis will be 
focused on optimising UAS flight plans, and makes no attempt at being 
able to discriminate between different types of marine ingress. Five 
distinct shapes of bloom were simulated to cover the most commonly 
occurring, natural bloom shapes; derived from imagery collected during 
jellyfish data collection flights conducted between 2016 and 2018. 
Despite being derived from jellyfish data, it is hoped that there are useful 
levels of transferability to macroalgae blooms. The bloom shapes 
investigated were as follows: ‘large coverage’, ‘clustered’, ’elongate’ 
‘small coverage’ and ‘circular’ (Fig. 4). The small coverage bloom shape 
looks unnatural in its representation, however is a common occurrence 
during bloom events due to the presence of anthropogenic structures 
(such as docks, jetties and piers). Each bloom, regardless of shape, 
consisted of 10,000 marine ingress objects to ensure equivalence of 

comparison when investigating search pattern performance. Blooms 
consisting of 10,000 objects were selected due to previous UAS imagery 
(greater than4,000 images) collected giving an indication of bloom 
extent; the same images were also used to develop JellyNet (Mcilwaine 
and Rivas Casado, 2021). 

All bloom shapes were created by individually hard-coding each 
shape within individual bespoke ’R’ scripts. The basis of bloom shape 
structure was built upon the principle of randomly filling matrix cells in 
relation to a designated cell position. Each script used a random distri-
bution function to randomly fill cells within the shape matrix using the 
plot.matrix package. In order to maintain exactly 10,000 objects per 
bloom, each iteration of bloom was coded to over-fill each shape with 
bloom objects, with a secondary bespoke ’hunting’ algorithm used to 
eliminate single bloom objects when blooms exceeded 10,000 objects 
(removal via the same random distribution function used to fill the 
blooms). This ensured each bloom had exactly 10,000 objects to allow a 
statistically robust and equal comparison across every iteration. This 
process had to be applied to all bloom shapes, and was essential due to 
the nature of the generation of randomised blooms, and in particular 
clustered shaped blooms; where a randomised number of clusters were 
generated, with a randomised number of bloom objects surrounding 
each cluster. This meant that in some instances, this would create bloom 
iterations of under or over 10,000 marine ingress objects. By ensuring 
bloom sizes were initially created marginally larger than 10,000 objects, 
and then trimmed down to a total bloom size of 10,000, equivalence was 
maintained for fair comparison across all bloom simulations. During the 
Monte-Carlo simulations, each of these bloom shape scripts were called 

Fig. 3. In-situ depiction of Unmanned Aircraft Systems maximum operational capabilities using Torness nuclear power station, East Lothian, UK, as an example: 
black square = nuclear power station, red circle = Visual Line of Sight (VLOS), blue circles = Extended Visual Line of Sight (EVLOS) extensions. Beyond Visual Line of 
Sight (BVLOS) (not depicted) could theoretically expand indefinitely. Green crosses suggest possible positions of pilot/flight observers on boats, as is common 
practice for marine surveys. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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into the main simulation script as and when required. 
Blooms were simulated within 4,000 × 4,000 cell matrices, with 

marine ingress objects represented by a binary value of presence or 
absence within a given cell. Each cell represented a real-world size of a 
common marine ingress object: an Aurelia aurita individual of 0.25 m 
diameter (Tombs, 2015), in turn defining a survey area of 1,000 × 1,000 
m. Once the matrices were generated, marine ingress objects were then 
randomly populated within the desired bloom shape and iterated 1,000 
times to complete their simulation cycle. Synthetic data generation for 
flight search patterns was based within the context of using a single 
generic UAS platform. This allowed representation of both fixed-wing, 
and multi-rotor platforms; the two most accessible and widely appli-
cable UAS platforms (Simic Milas et al., 2018). Flight search pattern and 
bloom simulations were processed using a high-performance computer 
(HPC) with the following specifications: Dell Precision Tower 5810, 
Intel Xeon E5-1650 v4 CPU, NVIDIA GeForce GTX 1080 GPU and 64 GB 
of RAM. 

A flight altitude of 100 m was assumed; providing the basis of image 
collection for each iteration of every flight scenario. As a consequence, 
the image field of view was 18 × 18 m (found to be a realistic image chip 
size) based on the real world flights conducted by Mcilwaine and Rivas 
Casado (2021). This would equate to a ground sampling distance of 1.63 
cm/px if using a common imager like a Sony Alpha a6000 mirrorless 
RGB sensor (sensor: 23.5 × 15.6 mm, resolution: 24.3 MP 6,000 ×
4,000) (Sony, 2021). Simulations were run within the statistical soft-
ware R 3.4.3 (R Foundation of Statistical Computing, Vienna, Austria) (R 
Core Team, 2017) with the following packages: ‘ggplot2′ and ‘plot.ma-
trix’. Flight simulations, for each unique combination of bloom shape 
and flight search pattern (scenario), were generated and iterated 1,000 
times (Fig. 5). This was conducted to provide a more realistic repre-
sentation of uncertainty when working with regional risk assessment 
simulations for the marine environment (Hayes and Landis, 2004). 

Flight search pattern simulations were categorised into two phases. 
Phase 1: no information is currently known on the location of the bloom. 

Phase 2: some level of information is currently known as to the location 
of a bloom. These are sometimes referred to as an ‘area search’ (phase 1) 
or ‘datum search’ (phase 2). The reference of two phases is due to the 
context of investigating optimum flight search patterns for the detection 
of marine ingress for an early warning system. When there is no current 
information on bloom locality, then an area search (phase 1) should be 
deployed. However, when a successful locating of marine ingress has 
occurred during previous flights, subsequent flights should deploy a 
datum search (phase 2) as a matter of priority. This split was conducted 
to maintain alignment with well-established search techniques for 
maritime search and rescue efforts (Royal National Lifeboat Institution, 
2017). Phase 1 search patterns used were parallel sweep, and crossing 
barrier; phase 2 search patterns consisted of expanding square search, 
and sector search (Fig. 6). Phase 2 searches were initiated from a random 
ingress presence location within the simulated bloom, per iteration. 
Crossing barrier and sector search are both examples of repetitive flight 
search patterns; all four flight search patterns captured the same number 
of simulated images to ensure equivalence of survey effort across all 
flight search patterns. The performance of phase 1 and phase 2 flight 
search patterns were evaluated independently- i.e., simulations for 
phase 2 were not linked to phase 1 simulations. 

2.3. Investigation of optimised flight plans 

The primary output of the flight search pattern simulations were 
frequency counts of successful marine ingress detection within the 
simulated image capture area. The total counts of the simulations 
resulted in 1,000 individual frequency tallies per scenario; each unique 
combination of bloom shape and flight search pattern. The count of 
ingress detection was tallied through the flight search pattern over the 
bloom. With each iteration producing 10,000 marine ingress objects, a 
total of 200 million marine ingress objects were available for detection 
through the initial simulated flight search patterns. The median detec-
tion rate for each scenario is reported, across all iterations, along with 

Fig. 4. Examples of investigated bloom shapes: (a) Clustered; (b) Elongate; (c) Circular; (d) Small coverage; (e) Large coverage. Each cell represents an area of 0.25 
m × 0.25 m, with black marks indicating presence of a marine ingress object. The survey area is composed of 4,000 × 4,000 cells, therefore a total area of 1,000 ×
1,000 m. 

B. Mcilwaine et al.                                                                                                                                                                                                                              



International Journal of Applied Earth Observation and Geoinformation 108 (2022) 102729

6

the respective standard deviation (Table 2). This was completed to 
provide a more representative indication of central tendency across the 
scenario distributions, and their respective simulation iterations. This 
was conducted due to the output data being count data, and therefore an 
increased likelihood of skewness. 

The count frequency distributions were collated into multiple box-
plots to show both the variance and nature of each of the 20 unique 
scenarios with respect to each flight search pattern. This was conducted 
to provide insight and context to the range of flight search pattern 
performance (flights) across all 1,000 iterations per scenario. In turn, 

also providing information on the performance of each flight search 
pattern across the bloom types that were available for survey. There is 
currently no formal definition of what substantiates a bloom. The 
threshold value (beta) used to initiate a response to detection of marine 
ingress was selected at 50 counts per survey flight; with a field of view of 
18 × 18 m, equating to 50 images containing a minimum of at least one 
marine ingress object (and highly likely many more) in 900 linear me-
tres of survey. In the situation of a marine ingress bloom being present, 
this would certainly involve an amount of ingress that could cause 
moderate to severe disruption to coastal industries. From this point on, 

Fig. 5. Overall work-flow diagram summarising the methodological processes: using historic Unmanned Aircraft Systems flight images to provide information on 
bloom characteristics; generation of data for the five assessed blooms and four flight search patterns, and associated flight simulations; operational investigation 
using the best performing phase 1 and phase 2 flight search patterns and associated flight simulations; analysis of simulations outputs. 
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this threshold will be referred to as the “beta threshold” value. 

2.4. Impact of operation type 

By building on the results from flight plan optimisation (Section 2.3), 
we were able to explore and quantify the effect of changing operation 
type (VLOS, EVLOS, BVLOS) on the rate of success of bloom detection. 
Only the best performing flight search patterns identified in previous 
sections (per phase) were included in the assessment of the operation 
type. Flight search pattern and bloom simulations were conducted with 
the same simulation constants as previously stated. However, the total 
possible survey area increased with respect to operation. Maximum 
possible survey areas were as follows: VLOS = 1,000 × 1,000 m, EVLOS 
= 2,000 × 2,000 m, BVLOS = 9,000 × 9,000 m. 

3. Results 

3.1. Investigation of optimum flight plans 

The rate of detection for all configurations of flight search patterns 
and bloom shapes (Table 2) are for VLOS operation flight bounds. For 
every form of bloom shape, parallel sweep was the highest performing 
phase 1 survey style, but also overall flight search pattern. Crossing 
barrier was similar in performance to parallel sweep for both ‘elongate’ 
(88) and ‘circular’ (84) shaped blooms, but particularly struggled with 
‘large coverage’ (32) and ‘clustered’ (44) blooms. Expanding square was 

Fig. 6. Investigated flight search patterns: phase 1 = (a) Parallel sweep; (b) crossing barrier; phase 2 = (c) expanding square; (d) sector search. Red pin indicates 
datum for phase 2 flights. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Median detection rate of marine ingress simulations per scenario, per 1,000 replicates. Frequency tally of detection with standard deviation in brackets.   

Bloom Shape 

‘Large coverage’ ‘Clustered’ ‘Elongate’ ‘Small coverage’ ‘Circular’ 

Flight search pattern  Phase 1 
(area searches) 

Parallel sweep 85 (7.4) 95 (6.7) 96 (3.1) 107 (4.7) 108 (4.3) 
Crossing barrier 32 (10.0) 44 (18.8) 88 (6.5) 76 (7.8) 84 (9.4) 

Phase 2 
(datum searches) 

Expanding square 64 (6.6) 86 (7.2) 96 (3.1) 106 (4.6) 108 (4.4) 
Sector search 8 (2.6) 10 (3.7) 15 (1.6) 17 (2.0) 19 (2.1)  

Fig. 7. The impact of bloom shape on detection performance, depicted using 
the sum of median counts for each iterated flight search pattern scenario with 
respect to bloom shape. 

B. Mcilwaine et al.                                                                                                                                                                                                                              



International Journal of Applied Earth Observation and Geoinformation 108 (2022) 102729

8

the best performing phase 2 search style by a significant margin across 
all bloom shapes. Much in the same way as crossing barrier, sector 
search struggled most with ‘large coverage’ (8) and ‘clustered’ (10) 
blooms, but unlike crossing barrier, it also struggled with ‘elongate’ 
blooms (15). 

The best performing phase 1 search style for ‘circular’ shaped blooms 
was parallel sweep (108), closely followed by crossing barrier (84). 
Expanding square (phase 2) was an equally high performing search style 
for ‘circular’ blooms (108), however sector search severely struggled to 
reliably detect (19) in comparison to the other three survey styles. 
Despite this differential, sector search also struggled to detect well on all 
shapes of bloom, with it performing best on ‘circular’ blooms (19). 
‘Large coverage’ shaped blooms were the hardest to detect with respect 
to flight search pattern, with parallel sweep (85) and expanding square 
(64) being the clear leading styles respectively. This finding of best- 
performing survey styles was the same case for ‘small coverage’ 
blooms however with more competitive performance for phase 1 with 
crossing barrier (76) versus parallel sweep (107). Much like low-density 
blooms, ‘elongate’ blooms were most easily detected using parallel 

sweep (96 (phase 1)) and expanding square (96 (phase 2)) with crossing 
barrier also performing well (88). 

Across all four forms of survey style combined, there was a clear 
pattern in ease of detection with respect to bloom shape (Fig. 7). The 
bloom shape ‘large coverage’ had the lowest total median detection 
count of 189, with ‘circular’ having the highest with 319. Despite all 
replicates and simulations of bloom shapes maintaining the same 
number of marine ingress objects (10,000), bloom shape appears to 
significantly impact the success rate of marine ingress object detection. 
Fig. 8 shows the variability of counts for all 1,000 iterations of all 20 
scenarios. Crossing barrier was hugely variable in detection perfor-
mance, most notably for ‘clustered’ and ‘large coverage’ blooms. Parallel 
sweep was the most consistent performer across all bloom shapes, whilst 
simultaneously maintaining the highest detection performance across 
all five bloom shapes. Sector search had notably low variability in 
detection of marine ingress, however was also the worst-performing 
flight search pattern by a significant amount. Sector search was well 
below the designated performance threshold of 50 counts per flight, for 
all bloom shapes. The highest performing sector search iteration, of all 

Fig. 8. Count data variance and structure across all 1,000 iterations for each unique pairing of flight search pattern and bloom shape. Beta threshold indicated by red 
dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5,000 iterations, occurred for a circular shaped bloom. 
All four flight search patterns show the same general pattern in 

detection performance versus bloom shape. From hardest to easiest 
detection, this was ‘large coverage; ‘clustered’; ‘elongate’; ‘small 
coverage’; and finally ‘circular’ being the easiest to detect. The single 
exception to this trend occurred within crossing barrier simulations, in 
which there was a marked improvement in performance on ‘elongate’ 
blooms, and uniquely (versus other flight search patterns) had the 
highest median detection performance for ‘elongate’ blooms as well. The 
highest levels of variability per combination of flight search pattern and 
bloom shape occurred for crossing barrier; ‘large coverage’ and ‘clus-
tered’ bloom shapes showed the largest ranges of performance across 
iterations, with ‘clustered’ bloom shape iterations ranging from detect-
ing zero evidence of marine ingress objects to 96 detection events in a 
single flight. The median detection values for both of these scenarios fell 
below the threshold value of 50 confirmed detection images. Crossing 
barrier performed much better for the remaining three bloom shapes, 
with over 90% of all iterations performing above the threshold beta 
value. Despite this, crossing barrier remained the most inconsistent 
performer of all four flight search patterns. 

Parallel sweep was the highest performer of all four flight search 
patterns, and the only flight search pattern with all 5,000 iterations 
above the threshold beta value. Variability of performance across all 
bloom shapes was only bettered by that of sector search, showing evi-
dence of a consistently high performing generalist flight search pattern. 
Expanding square was very competitive with respect to parallel sweep, 
however performed worse on ‘large coverage’ blooms. Some iterations 
for the expanding square/’large coverage’ scenario were not above the 
threshold beta value, however only a very small proportion (<1%). 
Within the context of survey phases, parallel sweep was by far the best 
phase 1 performing flight search pattern, and expanding square beating 
sector search for the best performing phase 2 flight search pattern. 
‘Clustered’ blooms were the most variable in detect-ability, with ‘elon-
gate’ blooms the most consistent in detection across all four search flight 
patterns. Despite not being a primary concern of the work, it is inter-
esting to note the success of expanding square versus parallel sweep. 
Phase 2 flight search patterns should (in theory) be inherently lower 
performers due to the added variability of initiation of survey origin. 

3.2. Impact of operation type on flight plan performance 

Building on the findings of Section 3.1, parallel sweep and expanding 
square search were selected as the chosen phase 1 and 2 survey styles 
(Table 3). Operation type performance was assessed to include all five 
shapes of bloom per operation type. 

VLOS operations had a sum median detection rate of 882 across both 
survey phases and all five bloom shapes. EVLOS operation flights had an 
increased detection rate with 1,709 (by a factor of 1.94), with BVLOS 
flights having the highest detection rate of all 3 operation types (3,253). 
BVLOS operations had exactly nine times more potential theoretical 
maximum survey area compared to VLOS and produced an increase in 
detection rate by a factor of 3.69 times. 

4. Discussion 

Marine ingress blooms have the potential to devastate the produc-
tivity of a diverse range of coastal industries (Matsumura et al., 2005; 
Barath Kumar et al., 2017; Vaughan, 2018). Marine ingress mainly forms 
as one of two types of biomass from the ocean: jellyfish or detached 
macroalgaes. Due to their sub-surface nature, relatively little is known 
about what can initiate specific blooms, with jellyfish blooms being the 
least well understood (Mcilwaine et al., 2019). Macroalgae blooms 
(MABs) are easier to locate due to their more simplistic pathway to 
suspension in the water column, but more research into their relation-
ship with inclement weather systems would be hugely beneficial to the 
sector to ascertain causes of large-scale detachment from growing 

positions and vast increases in biomass growth. This research focused on 
five distinct bloom shapes, that are relevant for both jellyfish and MABs, 
and served as the spatial basis of variance within the conducted simu-
lations. By iterating simulations over all five types of shapes simulta-
neously, any shape specific performance correlations were collected and 
then collated within survey performance output. In the field, it is likely 
that blooms are not strictly of one shape, but a blend of a few as imaged 
by Schaub et al. (2018); Mcilwaine and Rivas Casado (2021). However, 
for the purposes of quantifying the performance of different survey 
patterns with respect to bloom shape, this level of shape complexity was 
not required. This approach also allowed an indication of flight search 
pattern performance for general deployment across a range of shapes. 

The outputs of the investigation into optimal flight plans were 
incredibly distinct with regard to the highest performing survey styles. 
For phase 1 survey styles, parallel sweep was by far the best and most 
consistent performer in detecting marine ingress objects. This is in 
congruence with what is found by marine search and rescue teams 
(Royal National Lifeboat Institution, 2017) and for the context of UAS 
surveying in the marine environment, is beneficial to know. Parallel 
sweep is an efficient and systematic area search, and for all shapes and 
forms of bloom, it performed the best. An argument could be made to 
deploy this form of survey route regardless of any other situational 
knowledge, and detection performance would likely be of practical use. 
Crossing barrier, in contrast, is structurally a very different search 
pattern (slidetodoc, 2021) and is originally intended for more niche area 
search demands. However, this does not mean it is limited to this usage. 
Predominantly meant as a repetitive curtain style search pattern to 
guard inlets and bays, the randomisation during the simulation process 
allowed an accurate and reliable performance measurement in such a 
way that ingress objects in the field would pass through the survey 
pattern’s proverbial ‘curtain’. Nonetheless, it was somewhat surprising 
to see just how well crossing barrier performed for both ‘circular’ and 
‘elongate’ shaped blooms. This is particularly enlightening concerning 
flight mission planning, crossing barrier is the most accessible and 
simplistic of all investigated. If a rapid response is required, there may 
be some value in quickly deploying a crossing barrier survey style (sli-
detodoc, 2021). A caveat to this approach though, is that it was not a 
good performer across all shapes and would likely require ground- 
truthing before deployment; thus leading to the natural question that 
if ground-truthing has already occurred, then a phase 2 (datum search) 
would be a more logical approach. If crossing barrier was to be deployed 
against ‘large coverage’ or ‘clustered’ bloom shapes, the source of 
reduced performance is likely due to the more linear search area flown 
unlike the greater area coverage of parallel sweep. It is hard to avoid the 
broad-spectrum high-performance output of parallel sweep as, not just a 
phase 1 search pattern, but as a search pattern for any given bloom 
shape or phase of survey for a prospective marine ingress warning sys-
tem. Despite the presence of many 90◦ corners within the search patterns 
(Fig. 6), it was assumed that UAS can follow the pre-planned routes with 
sub-metre accuracy, especially in the context of modern advancements 
in flight control software allowing far superior precision (Benassi et al., 
2017). Any deviations from this path, more likely from fixed-wing 
platforms as opposed to rotary UAS, should be well overshadowed by 
the much larger coverage of the imaging field of view. 

Phase 2 search styles were equally as conclusive as the outputs for 
phase 1; expanding square being the stand-out performer, and sector 
search only getting slightly under 20% of the detection performance (of 
expanding square search) for certain bloom shapes (‘circular’ & ‘small 
coverage’). A note of particular resonance is how well expanding square 
search did with respect to parallel sweep (phase 1). Both phase 2 search 
styles began their data collection from randomised points within the 
bloom. This was to simulate field scenarios in which some information is 
known regarding bloom location, but not necessarily more than one field 
of view’s worth of ingress accumulation coverage (18 × 18 m). Natu-
rally, there will have been a portion of simulated phase 2 flight iterations 
centred over the edge of blooms, spending a significant portion of data 
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collection time ‘missing’ that given bloom. It is hoped that with per-
formance reporting focused on median values, the reporting of these 
situations were not overly influential, however it would not be unrea-
sonable to assume it had some level of impact on the reduction of per-
formance versus parallel sweep. This leads us to the next question, is it 
even worth splitting the flights into two distinct phases? By initiating 
phase 2 surveys on prior spatial location information, it is logically 
sound to commence data collection at such locations. Despite the 
decrease in overall detection performance, potentially by commencing 
phase 2 flights in such a manner, phase 2 style flights would have an 
underlying yet unquantifiable increase in the assurance of improving 
current information on a given bloom. Within the context of an early 
warning system, this is incredibly useful for any surveys conducted. In 
light of the above, and with expanding square within 1% of the per-
formance of parallel sweep for three out of five bloom shapes, it is hard 
to deny the legitimacy of a double phased survey approach. On the other 
hand, sector search was significantly poor with regard to detection 
success, with it performing best on ‘circular’ shaped blooms (19), and 
worst on ‘large coverage’ (8). With a total median count (across all 
bloom shapes) of 69, equating to 15% of the capability of ‘expanding 
square’, it is clear that the ‘sector search’ survey style does not translate 
well to UAS surveying in the marine environment. This is likely due to 
sector search surveys originally being developed for surveying craft with 
a much larger field of view than a remote sensing UAS platform (Royal 
National Lifeboat Institution, 2017), and requiring more refinement to 
be translated as a UAS flight search pattern. 

The beta threshold of 50 was developed in response to previous 
knowledge of UAS surveying in the marine environment, and coming to 
a threshold with a realistically low probability of a false positive in the 
field. There are no widespread formal definitions of what constitutes a 
bloom (Mcilwaine and Rivas Casado, 2021), however regardless of this, 
the definition used in this work was used primarily for analytical rea-
sons; particularly within a decision making context of an early warning 
system. Further work is recommended to refine this threshold value, 
however naturally as a comparative value it would be not necessarily 
become more or less valid. The topic raises the broader question: at 
which point should a given coastal industry decide to react from 
warning provided via bloom detection. Does one single image detection 

of a bloom warrant an active response? Most likely not, but most 
certainly the beta threshold of 50 used here would do so. The percentage 
accuracy of the detection algorithm aspect of an early warning system 
also plays an important role here in the overall system. For a highly 
valuable coastal asset, would even one detection result be worth further 
investigation? Despite not being the focus of this work, it is also worth 
mentioning the pros and cons of false positives and false negatives of an 
early warning system. A false positive would be far more acceptable for 
all industries in comparison to a false negative, due to the huge potential 
impact of a marine ingress event. Dependent on the sensitivity of a 
coastal industry, they may wish to lower the beta threshold value in 
order to reduce the risk of false-negative action, or lack thereof. 

Using a beta threshold of 50, seven of the 20 scenarios (Fig. 8) had a 
large number of flight iterations that were either straddling, or below 
the beta threshold value. These flight search patterns could not be rec-
ommended for use; especially in light of the consistently high perfor-
mance of both parallel sweep and expanding square. Sector search for all 
bloom shapes was a very low performer and is not of any particular 
value in the context of an UAS early warning system. The uniquely 
elevated performance of crossing barrier on ‘elongate’ blooms is likely 
due to spatial compatibility of both the shape and the flight search 
pattern. This suggests potential use of crossing barrier for areas of in-
terest with narrow inlets, elongated man-made structures such as large 
docks, or other narrow waterways. Unlike sector search, there may be 
some value in further investigation of this finding due to the simplicity 
of crossing barrier deployment. Despite not lending itself as a strong 
generalist performer, crossing barrier does appear to have merit for 
certain specific circumstances. Parallel sweep was the highest performer 
of all four flight search patterns, without a single iteration of all 5,000 
falling below the beta threshold. For reliability of a deployed flight 
search pattern, consistency is most certainly a requirement. Despite 
parallel sweep not being the most consistent flight search pattern, it was 
only beaten in consistency of detection by the poorly performing sector 
search flights. The phase 2 flight search pattern expanding square was 
almost as good a generalist performer as parallel search. With the 
naturally occurring additional randomisation of a phase 2 flight, this 
result is worthy of recommendation as a practical flight search pattern. 
With regard to performance relating to bloom shape, there should be 
little surprise that ‘clustered’ blooms were the most variable to detect 
compared to other shapes; purely from a spatial randomisation point of 
view. Interestingly ‘elongate’ blooms were the most consistently 
detectable blooms, which may be in part due to their stretched spatial 
distribution. If a flight search pattern were to detect either end of an 
‘elongate’ bloom, it is highly likely it would continue on to confirm 
detection of the rest of it. 

BVLOS survey areas, unlike VLOS and EVLOS, are not precisely 
determined distances through civil aviation authority (CAA) guidance 
but are specifically granted for justifiable reasons on a case by case basis. 
A BVLOS area of 9,000 × 9,000 m was used following the author’s 
BVLOS application (CAA, 2021a) for other project work on the east coast 
of Scotland, UK. However, a BVLOS maximum survey area could theo-
retically be smaller or larger than 9,000 × 9,000 m and is uniquely 
specific for each BVLOS application. It is frequent, however, when going 
to the administrative effort of making a BVLOS application, that a 
sizeable flying area is to be obtained. In UK airspace, as governed by the 
CAA, VLOS and EVLOS operations are of fixed maximum area coverage 
and relatively easy to conduct. BVLOS, however, are bespoke designated 
areas and can be viewed as more than just an extension of EVLOS op-
erations. The first BVLOS authorisation was reported as being granted in 
April 2021 (CAA, 2021b), and our survey size of 9,000 × 9,000 m is 
based upon our own BVLOS application to fly on the east coast of 
Scotland as part of the UK government pathfinder project (Catapult, 
2020). 

The re-running of simulations to investigate the impact of operation 
type (VLOS, EVLOS and BVLOS) was highly successful in deciphering 
the broad-spectrum impact of the flying operation. Median counts of 

Table 3 
Median detection rate of marine ingress simulations per operation type, for 
1,000 replicates per bloom shape. Using the highest two performing flight search 
patterns. Sum of median frequency counts across all shapes of bloom per oper-
ation type.    

Operation type  

Bloom shape VLOS EVLOS BVLOS 

Phase 1 (Parallel sweep) Large 
coverage 

76 (7.1) 106 (9.0) 136 
(11.3) 

Clustered 90 (6.5) 185 
(19.0) 

425 
(78.8) 

Elongate 94 (3.0) 220 (8.9) 469 
(19.2) 

Small 
coverage 

85 (5.5) 175 (9.8) 346 
(16.9) 

Circular 111 
(6.2) 

178 
(10.5) 

256 
(15.2)  

Phase 1 total 456 864 1,632 
Phase 2 (Expanding 

square) 
Large 
coverage 

59 (6.3) 94 (8.6) 132 
(11.2) 

Clustered 81 (6.7) 180 
(19.9) 

424 
(79.1) 

Elongate 93 (3.1) 219 (8.6) 463 
(19.5) 

Small 
coverage 

84 (5.6) 175 (9.7) 344 
(17.0) 

Circular 109 
(6.0) 

177 
(10.3) 

258 
(15.4)  

Phase 2 total 426 845 1,621  
Grand total 882 1,709 3,253  
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individual bloom shapes were collated across the 5,000 total iterations, 
per phase, per operation type: a total of 30,000 blooms were analysed 
and assessed for the two selected survey styles (parallel sweep & 
expanding square – Table 3). The total median count for both survey 
phases (combined) were lowest for VLOS (882), followed by EVLOS 
(1,709) and then BVLOS (3,253). These results are to be expected in light 
of each operation type having an increasingly larger area of survey, in 
particular BVLOS with almost four times the detection rate of VLOS 
operations. EVLOS operations had an increase in detection capability of 
just under 93.7% compared to VLOS, as a result of doubling the theo-
retical total survey area to 2,000 × 2,000 m. 

BVLOS operations are extremely rare in the UK and are at the cutting 
edge of the progression of UAS operational technology both nationally, 
and globally (Davies et al., 2018). The total number of civilian BVLOS 
operations in the UK (as of July 2021) is expected to be below five. 
Whilst guidance and operational protocol catch up with platform ad-
vancements, BVLOS operations remain practically inaccessible for the 
vast majority of operators. However, if the aim for BVLOS is purely to 
increase operational area, EVLOS could provide the solution. EVLOS 
operations are not limited to 2,000 × 2,000 m as investigated here. An 
EVLOS operation of this size assumes 2–4 dedicated flight spotters 
assisting the mission, but in theory, this could be extended to greater 
distances (and by virtue, area). 

Truly distinct from both VLOS and EVLOS operations, BVLOS flights 
can be conducted without any direct visual contact between the pilot 
and the UAS (Civil Aviation Authority, 2020). BVLOS operations are not 
solely limited to attempts to increase the maximum theoretical survey 
area. In theory, a BVLOS operations area could be much smaller than 
that of a VLOS or EVLOS operation, but at a further distance from the 
pilot. BVLOS operations are generally more cost-effective (Fig. 10) due 
to being able to cover more ground, but also by being more efficient 
through requiring less take-off and landing manoeuvres. This reduces 
the demand on both UAS flight time and administration efforts in pre- 
flight planning. No spotters are required to conduct BVLOS operations, 
which also vastly reduces cost due to less personnel needed on the 
ground. In turn, these reasons have the potential to maximise surveying 
efforts in the marine environment and thereby the probability of col-
lecting useful data at the survey location. BVLOS operations present a 
better survey area coverage per unit day cost in comparison to both 
VLOS and EVLOS. With the increase in potential survey area of BVLOS 
operations, aerodynamic optimisation of UAS platforms becomes much 
more critical as a flight variable. The scale of BVLOS search areas often 
means that multiple flights may have to be conducted, with battery 
capacity of the chosen platform being the limiting factor in how long a 
survey can be conducted for. This in turn leads to the rise in importance 
of how aerodynamic a flight platform is, especially for certain UAS 
platforms where battery capacity is fixed and can not be improved. The 
aerodynamic efficiency of a flying craft is normally described by the lift 
(L) to drag (D) ratio. 

AE =
L
D  

where: 

AE = Aerodynamic Efficiency 
L = Lift 
D = Drag 

Fixed wing UAS platforms often have vastly superior aerodynamic 
efficiency in comparison to rotary platforms, and can cover much further 
distances due to this. The optimisation of the aerodynamic efficiency is 
commonly conducted by UAS manufacturers during production, how-
ever recent research is currently being conducted assessing this inde-
pendent of private commercial industry (Di Luca et al., 2020; 
Panagiotou and Yakinthos, 2020; Zhu et al., 2020). 

All early warning systems should at minimum consider the advan-
tages and disadvantages of the nature of the deployed strategy. In 
particular, whether a generalist or specialist approach is superior. The 
best generalist performing phase 1 search pattern was found to be par-
allel sweep (total median detection count = 491 (Fig. 9), with expanding 
square (460) for phase 2 searches. Due to how competitively ‘expanding 
square’ performs compared to parallel search for ‘circular’, ‘small 
coverage, and ‘elongate’; it would be advisable to strongly consider 
expanding square as an alternative phase 1 survey style. If using 
expanding square as a generalist approach, or even as a phase 1 survey, 
consideration should be given to the starting point of the survey. Unlike 
a datum search, one would be committed to initialising a survey from 
the central point of the designated survey area in the absence of infor-
mation of bloom location. There was no clear evidence of any benefit in 
using a survey style other than parallel sweep as a generalist approach, 
or in fact any other survey style, as a specialist approach for a specific 
bloom shape (disregarding a phased approach). This suggests that a 
repetitive flight programme would be most beneficial, repeating a phase 
1 flight consisting of a parallel sweep area search, and then in the sit-
uation of locating a bloom, switching to a phase 2 datum survey con-
sisting of expanding search. 

A notable limitation of the simulations is the homogeneous nature of 
the simulation cells; the location where a marine ingress object may, or 
may not, have been located. All cells were of identical size and did not 
account for the heterogeneous sizes of marine ingress objects in the field. 
Despite this restriction, due to the comparative nature of this work, the 
inclusion of this heterogeneity is not essential. Ingress object drift is 
another notable exclusion within the simulated blooms and flights, 
however in the context of the duration of UAS flights (commonly be-
tween 30 and 60 mins (Mesas-Carrascosa et al., 2015, 2016; Sherstjuk, 
Zharikova and Sokol, 2018)), and the slow rate of surface and sub- 
surface object drift (Li et al., 2019), it was deemed not constructive to 
the overall simulation. When randomised over thousands of iterations, 
whereby drift effects would result in an equivalent impact on detection 
capability across-the-board or oppose each other and culminate in a 
cancelling effect. This is a consequence of the symmetrical nature of the 
investigated survey patterns and would not be the case for asymmetrical 
search patterns. The simulations also follow the assumption of 100% 
successful detection of marine ingress objects within the field of view of 

Fig. 9. Overall search style performance on all five forms of investi-
gated bloom. 
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the UAS imaging system. In the field this would not be the case, however 
for the purpose of this work, the importance lies in consistency for 
legitimate comparison. The discrimination of the different types of 
marine ingress is an important feature by any early warning system. 
Despite it not being a focus of this work, it is still worth mentioning that 
any algorithms developed for the real-world detection of marine ingress 
should be able to cope with multiple forms of ingress; be it jellyfish or 
macroalgaes. Other minor forms of marine ingress that don’t cause 
significant issues such as silverfish would not be worth attempting to 
detect due to the lack of disruption they can cause to coastal operators. 
The ability to discriminate between various forms of problematic mac-
roalgaes was conducted by Mcilwaine et al. (2019) and it would be 
worthwhile for further research to investigate jellyfish in the same 
manner. 

The production of a decision chart (Fig. 11) is a step towards a 
functioning early warning marine ingress detection system. At this 

current time, there has been no work identifying optimal flight plans in 
the marine environment for marine ingress using UAS remote sensing. 
Coastal operators currently work off meteorological correlation risk- 
based systems, and if moving to positively identified ingress blooms 
using UAS remote sensing, they deserve clarity on what flight parame-
ters to be using. 

A field investigation that would be of interest would be to assess 
which flight pattern (over 1,000 s of flights) detects a bloom quickest. 
This was not a focus of this work but would be complementary to 
investigate building on the findings of this paper. Further work to build 
on this paper would be to investigate the impacts of various platform 
features on bloom detection, such as: flight speed, flight heights and the 
associated field of view changes, and the resolution of the on-board 
sensor. A similar investigation into the effect of environmental condi-
tions would be equally enlightening. Particularly, the variation in 
detection performance due to change in wind direction/strength and the 
reduction/gain of flight duration as a result. By moving towards a 
standardised framework for marine ingress detection, the overall per-
formance of detection and the ability to prevent losses of generation (or 
revenue for non-power station coastal industries) gradually increases. 
With a deployable finished framework that can account for many more 
flight parameters, the impact of problematic marine ingress bloom 
events should reduce to a much more manageable level when used in 
tandem with effective mitigation measures once a warning has been 
provided. No real-world testing of the simulation findings was carried 
out due to the immense difficulty of finding real-world blooms to test the 
various strategies on. However, there are no indications from the sim-
ulations (or the logic therein) that would dramatically impact overall 
flight performance in comparison to one another. To build on the work 
described in this paper, the authors recommend further investigation 
into encompassing more variables in their simulations. Investigation 
into the effects of differing ground sampling distance, wind buffeting 
and battery endurance would be worthy of consideration. The real- 
world deployment of the strategies discussed in this article would be 
of valuable contribution to knowledge as well, to ground-truth the 
findings of the extensive simulations conducted. There are situations in 
which marine ingress may occur in both forms of jellyfish and macro-
algae. It would be prudent to build on the work conducted by Mcilwaine 
and Rivas Casado (2021) in order to add macroalgae detection classes 
into the detection algorithm so that both forms of marine ingress can be 
detected using the same single discrimination algorithm. 

This work delivers the assessment for quantifying the optimal flight 
search patterns for marine ingress detection in the context of using UAS 
as a remote sensing platform. Within the context of moving towards a 

Fig. 10. Indicative relationship between financial cost of operation and increase in maximum theoretical survey area. Maximum distance for BVLOS is 
just indicative. 

Fig. 11. Decision chart for UAS deployment for an established operation type 
(VLOS, EVLOS and BVLOS). 
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functional early warning system for marine ingress, it is hoped that the 
provision of reliable early warning can aid coastal industries in pre-
venting unnecessary losses and downtime from disruptive blooms 
(Hamner and Dawson, 2009). Examples of such preventative measures 
are protective aquatic barrier curtains (Zielinski and Sorensen, 2016), 
increased labour force for manual washing of filtration systems and pre- 
emptive reductions in water intake to prevent longer-term disruption 
(Nuclear Energy Institute, 2015; Wei et al., 2018). Through the intro-
duction of this paper’s findings, losses due to the impacts of marine 
ingress should hopefully be reduced. Future projects are recommended 
to investigate the current state of UAS technology, and what final steps 
are required to attain a fully functioning marine ingress early warning 
system. This is particularly crucial due to how rapidly this field of 
research is advancing on a yearly basis (Davies et al., 2018). The current 
global trend is an increase in disruptive ingress events, in both the two 
most common forms; jellyfish (Mills, 2001) and MABs (Spanakis et al., 
2014). For our global coastal industries not to suffer further, especially 
in the post-COVID-19 era of extreme economic uncertainty (Baker et al., 
2020), it should be a key priority to react proactively to these hazards 
and not reactionarily. 

5. Conclusion 

After completing a total of 50,000 simulations, the outputs showed a 
clear result in which flight search pattern was both the highest 
performer, but also most consistent for detecting marine ingress. Parallel 
sweep was the best performing flight search pattern, closely followed by 
expanding square. These were coincidentally a phase one and phase two 
flight search pattern respectively. It was also found that type of flight 
operation had a significant impact on marine ingress detection, with 
performance improvements (over VLOS) of 94% for EVLOS and 269% 
for BVLOS for a comparable density bloom but increased maximum 
theoretical survey area. With regard to bloom shape, large coverage 
blooms were the hardest to detect with circular blooms the easiest. The 
field testing of the findings of these simulations is recommended, as well 
as progressing the complexity of simulations if there is a demand to do 
so. With the occurrence of marine ingress blooms notably increasing 
around the globe, the effects of global changes are becoming more and 
more apparent. Thus, it is vital to continue this line of research if we are 
to maintain functionality and maximise the operational capacity of key 
coastal industries; particularly aquaculture, desalination plants and 
nuclear power stations. The impact of improving our understanding of 
marine ingress events is wide-ranging and will likely become increas-
ingly important if we are to achieve our COP26 carbon neutrality 
agreements. Especially with nuclear power being the foundation of a 
reliable low-carbon energy economy. 
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