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Abstract

This work introduces an innovative approach for the precise positioning of weather surveillance

radar (WSR) beam by applying geodesic methods in combination with corrections including

atmospheric refraction to situate the observations within a global reference frame. In this

unified framework, the collocation of disparate observational datasets may be accomplished.

One of the products of this thesis is the collocation code, which pairs observations in the same

space or identifies the closest matches, resulting in combining data from collocated radar voxels

from WSRs Chenies and Thurnham from the UK Met Office (UKMO). This is essential for

utilising WSR observations to examine ecological problems. The UK’s “Flying Ant Day” is

a unique phenomenon, characterised by the mass emergence of winged ants (Lasius niger)

making it an ideal case study. To enable this, using high-fidelity anatomical scans, the radar

cross-sections (RCS) of male and queen ants were simulated via electromagnetic modelling

software. Combining these RCS values with UKMO WSR observations the biomass and number

of ants was estimated: The average number of ants per km3, where there was ant activity was

between 104 − 105. These observations were collocated against a Citizen Science (CS) Survey

of ∼ 4700 responses over the period 2021 to 2022 of sightings of winged ants. The results

show insect activity at altitude above 200 m, peaks a few hours before the peak of the CS

responses of activity on the ground. The impact of the geodesic code written, underscores a

significant enhancement in accuracy within WSR applications. The altitude of ant emergences

typically could reach heights of 8 km. The improvement in altitude will facilitate research which

requires high fidelity in the vertical. The aeroecology study has demonstrated an approach

for quantifying the emergence patterns of these ant species with the UK Met Office, thereby

laying the groundwork for broader aeroecological monitoring that can be synergized with diverse

datasets.
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Chapter 1. Introduction and Background

Chapter 1

Introduction and Background

In an era of monumental environmental change and general ecosystem decay, robust moni-

toring, prediction and modelling is vital. The increasing frequency of extreme climate events,

such as heatwaves and storms (H. Lee et al., 2023; AghaKouchak et al., 2020; Fischer et al.,

2021), underscores the urgent need for continuous environmental observation. Weather Surveil-

lance Radar (WSR) plays a crucial role in providing meteorological data that supports both

weather forecasting and climate modelling (Saltikoff et al., 2019). Whilst insects serve as valu-

able bioindicators (Chowdhury et al., 2023) with significant ecological roles (D. L. Wagner et

al., 2021), their monitoring remains largely confined to local scales including radar aeroecology

(Didham et al., 2020). This interdisciplinary thesis seeks to advance WSR data processing

techniques to enable more extensive aeroecological insect monitoring, bridging the gap between

meteorological tools and ecological observation.

1.1 Aeroecology

Aeroecology is the study of ecology, life forms and how they interact with their surroundings

in aero, the aerosphere (atmosphere). The very nature of aeroecology is inherently interdis-

ciplinary, ecologists monitor and interpret the movement and behavioural trends of birds and

insects, atmospheric scientists provide insight into the atmospheric dynamics and drivers of

conditions for flight, engineers develop and maintain the instruments, data analysts store, anal-

yse, and disseminate information, and conservationists follow the shifts in patterns and help

to shape policy to implement protection (Chilson et al., 2017). Although aeroecology was first
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defined in 2008 (Kunz et al., 2008), its origins date back to the 1940s and 1950s when weather

radar was first used to study the movement and migration of birds (Lack and Varley, 1945;

Lack, 1959; J. Gauthreaux, 1970), demonstrating its history of interdisciplinary collaboration

between radar and ecology which continues to this day (Chilson et al., 2017; Shamoun-Baranes

et al., 2019; van Gasteren et al., 2019).

The aerosphere is an integral part of the ecosystem, host to an abundance of fauna that

rely on the aerosphere for at least part, of their lifecycle (Wilcove & Wikelski, 2008). Migration

is one of such life stage (J. W. Chapman et al., 2015), with the iconic Monarch butterfly’s

journey from Mexico to Canada serving as a well-known example (Reppert & de Roode, 2018).

Insectivorous aerial-hawking birds and bats (Norberg, 1986), depend on the aerosphere for feed-

ing. One particularly fascinating phenomenon, Flying Ant Day (Hart et al., 2018), serves as the

focal point of this thesis. During this event, ants exclusively use the aerosphere for mating and

courtship, marking a critical phase in their lifecycle (Noordijk et al., 2008; Helms IV, 2018).

This thesis will explore how advancements in radar technology can highlight different dynamics

of this behaviour.

1.2 Insect Monitoring Methods

Monitoring insects presents unique challenges due to their small size and overwhelming num-

bers. The sheer diversity of insect species, combined with limited understanding of their status,

has led the International Union for Conservation of Nature (IUCN) Red List to categorize many

insects as “data deficient” (IUCN, 2022). However monitoring is critical to understand the scale

and drivers of declines (Didham et al., 2020).

The study of fauna in the aerosphere presents distinct challenges to scientists, primarily

due to the physical inaccessibility and dynamic nature of the atmospheric environment. His-

torically, human observation provided the earliest insights into aerial fauna, and this method

remains fundamental in contemporary monitoring practices. Today, biodiversity monitoring

serves purposes such as assessing population dynamics and tracking ecological health. The

IUCN categorizes biodiversity monitoring techniques into six main types: acoustic devices and

sensors, optical devices, remote sensing, telemetry and tracking tools, olfactory devices and
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genetic methods (D. Dalton et al., 2024). Each approach has their own advantages and dis-

advantages, with suitability varying according to environmental conditions, target species, and

monitoring objectives. Long-term monitoring schemes are typically preferred, as they provide

insights into persistent trends and ecological changes beyond isolated case studies. However,

many of the listed techniques are labour-intensive, temporally and spatially constrained.

Monitoring of insects is typically spatially and temporally restricted due to the standard

methods employed. Each methodology has their biases and generally focusses on diurnal in-

sects.

Malaise Trapping involves a big, typically white, tent, and a killing bottle, the insects flight

path is intercepted by the tent and funnelled up into the killing bottle which is typically

filled with ethanol (Uhler et al., 2022). Whilst the malaise trap can be deployed con-

tinuously, it still lacks the temporal resolution, as its only when the trap is emptied the

cumulative biomass is collected.

Pan trapping involves a stake in the ground, and three brightly coloured bowls of different

colours representing a variety of flowers to attract different insects. The pans are just

above the ground and are typically filled with water and a little dish-soap to break the

surface tension to drown the insects, over the course of the day (O’Connor et al., 2019).

Pan trapping is good for pollinator insects but is not representative for beetles in the

vicinity (Campbell & Hanula, 2007).

Transect walks are where the entomologist walks along a set track periodically throughout

the day. They will use a net to catch and identify any airborne insects in the 1m3 volume

space in front of them; This is a non-lethal way of identifying insects but does require a

certain level of expertise not only to identify but also to catch insects efficiently. Transect

walks are most suitable for grassland and vegetative areas, but not suitable sweeping nets

for tree insects because they are not in air. These transect walks are used by the UK

Butterfly Monitoring Scheme (UK Butterfly Monitoring Scheme, 2024) and Pollinator

monitoring scheme (UK Pollinator Monitoring Scheme, 2024), providing consistent and

annual data crucial for detecting population trends.

Habitat surveys are localised site reports which assess the availability of critical resources;
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for example number and diversity of native and non-native plants, the amount of flower-

ing plants for pollinators generally or for specific species such as bees (O’Connor et al.,

2019). These can be combined with direct observations of insect activity Flower-Insect

Timed (FIT) counts, where over a designated time period usually in the temporal order

of minutes, one flower is monitored to count the number of visits from insects (UK Polli-

nator Monitoring Scheme, 2024). Habitat surveys, can be part of a long-term monitoring

scheme or to assess the impact or potential impact of a new development of the land use

(O’Connor et al., 2019).

Suction traps Rothamsted research operates a network of 16 suction-traps across the UK.

The traps use a fan to suck in a volume of air up to 40m above the traps which stand

at 12.2m tall. The traps are monitored and emptied daily from spring through autumn,

but weekly over winter. Despite catching all small =< 5mg insects, general biomass is

not recorded in these traps, rather just an aphid count. The aphids are filtered and then

sorted from the rest of the by-catch manually, which is an intensive process. This is an

example of long-term monitoring of a specific species (Petsopoulos et al., 2021) and is

used to provide farmers with a “risk forecast” of pests.

Light-traps Rothamsted also operate a network of 84 light-traps. The traps are monitored

largely by volunteers and contractors so collection varies, typically they are emptied daily

for the moths to be identified and recorded, no samples are taken (Bell et al., 2020; Bell

et al., 2013; Montgomery et al., 2021).

Acoustic Sensors are passive sensors which record the soundscape of their environment, to

understand ecological communication, wingbeats, abundance etc (Hill et al., 2018). Fre-

quency of the sensor and base-line noise of the environment can be limiting factors to this

methodology along with the intensive processing of data to isolate signals of relevance

(Montgomery et al., 2021).

Citizen science initiatives now play a significant role in insect monitoring. Annual surveys

such as the Big Butterfly Count (UK Butterfly Monitoring Scheme, 2024) and POMS’

pollinating monitoring (UK Pollinator Monitoring Scheme, 2024), to rapid responses to

pests with Asian Hornet Watch (Biological Records Centre, 2024). Involving the public

enables a geographic reach that could not be achieved otherwise. And can provide in-
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sight on temporal or environmental trends which may not have been recognised otherwise

(Garratt et al., 2019; Sumner et al., 2019; Cunningham-Eurich et al., 2023). The Zooni-

verse organisation (Zooniverse, 2024), provides another example of citizen science, which

empowers people to contribute to various forms of identification and provides a margin of

error (Fortson et al., 2011), not seen in any other format. Engaging the public can im-

prove science literacy, expand knowledge and interest in a subject, and has the potential

to mobilise local change (Walker et al., 2021; Jallad et al., 2022; Roy et al., 2024).

The diversity of methods show there is not one, universal solution to monitoring insects.

This multifaceted approach to monitoring will continue to be relevant. Radar is not part of this

standard tool kit of monitoring, despite the research of Vertical Looking Radars (VLRs) in the

early 2000s, and I think the summary of this thesis will help take us the next step forward to

considering WSRs for part of the mix.

1.3 Insects

Insects play a vital role in the Earth’s ecosystem, serving numerous beneficial functions. They

are a nutrient-rich food source for a wide range of wildlife, significantly contribute to decomposi-

tion processes and soil health, and provide essential biological control, such as ladybirds preying

on aphids. Crucially, insects are indispensable pollinators, with approximately three-quarters of

global crop species depending directly on insect pollination (Bartomeus et al., 2014). Terrestrial

arthropods, including insects, outnumber humans by over threefold, with an estimated biomass

of 0.2 gigatons on Earth compared to humans’ 0.06 gigatons (Bar-On et al., 2018). Insects also

contribute significantly to biodiversity with an estimated 2-3 million species (Grimaldi & Engel,

2005). The majority of insects are capable of flight or are wind dispersed at least one stage in

their lifecycle (Wilson, 1969).

Insects are among the most successful and adaptable organisms on the planet, having colonised

nearly every type of habitat on Earth; from the hottest deserts of the Sahara to the coldest

deserts of Antarctica; insects adapt to each extreme environment that would be inhospitable to

most other forms of life. Temperate and tropical rainforests are places where insects flourish

within the rich and intricate ecosystem at all levels, from below ground, to the forest floor,

right up into the canopies. Freshwater ecosystems host an abundance of insects and even the
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air forms the primary habitat for many insect species.

There are several factors that enable insects to exploit a wide range of ecological niches.

Their small size gives insects advantages such as allowing them to live in microhabitats such as

within the soil, inside plant tissues or on larger animals; their size can also help them conserve

energy, an important factor in environments where resources are scarce. On a similar vein, the

diversity of diets insects can survive on, contribute to their success in colonising all over the

globe. Insects can also have rapid reproductive cycles, from the order of days to several months.

Fruit flies, Drosophila melanogaster, are an example of this with their entire reproductive cycle

completing in around 10 days under ideal conditions (Kumar, 2014). Comparing this to birds

which is typically 4-12 weeks and mammals from a few months to a few years (Starrlight et al.,

2019), this rapid cycle can lead to large influxes of insects responding to the environment before

this is reflected further up the food web (Thompson, 1998).

Insects play a fundamental role in various ecological processes and ecosystem services. Around

90% of plants (Tong et al., 2023) rely on the animal kingdom, largely insects, for pollination.

Pollination is critical for the fertilisation of flowering plants which can then go on to produce

nuts, seeds and fruits. Insects have different rates of effectiveness for pollination, with honey-

bees typically the highest 39.8% (Garratt et al., 2019). However this is not the only factor,

quantity, type of insect and insect diversity can all have an impact on the quality of the fruit

produced; Garratt et al. (2014) study found that mineral levels differed and found yield in apple

trees tripled when 25 different species of honey bee and hoverflies were present.

One of the benefits of pollinators, as they move from plant to plant, cross-pollination can

occur, if the plant is of the same species. This accidental cross-pollination, has wide-reaching

benefits, increasing diversity, which in turn helps the species adapt to a changing environment,

disease and pests. As well as pollen, tiny seeds can also be transported by insects and ants,

playing an active role in seed dispersal (Li Vigni & Melati, 1999).

Without insects decomposition would look very different, carpenter ants are an example of

breaking down rotting woods which assists in decay and nutrient cycling with enriching the soil.

Staying with nutrients, insects are nutrient rich and a high protein source for birds and small
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mammals (Mwansat et al., 2015). Insects themselves are a complex web, with some, such as

ladybirds acting as “pest control” eating aphids which would otherwise demolish an entire plant.

Taxonomic classification is broken down into 7 broad categories, shown in Figure 1.1, with

the example being L. niger. Kingdom is the overarching category, encompassing all animals.

The next level is Phylum, there are roughly 35 animal phyla with humans belonging to Phylum

Chordata and insects to Arthropoda. Phylum Arthropoda are defined by segmented animals

with hard exo-skeletons. Order follows class, hymenoptera covers ants, wasps and bees, with

the defining features of four membranous wings. The two hindwings connect to the forewings

with multiple hooks. Another distinguishing factor is the females having a particular ovipositor

composed of three parts that can also pierce. Ants belonging to the family of formicidae. Genus

follows family, with lasius being one type. Species is the final classification, there are 115 known

species of lasius. Lasius niger is the species that is assumed it most dominant when examining

emergences in Chapter 5, (Boomsma and Leusink, 1981; Hart et al., 2018).

Figure 1.1: Taxonomic Classification for Lasius niger, from Kingdom to Species.

There are approximately 60 species of ant in the UK, with L. niger, also referred to as the

common black garden ant, as one of the most prevalent species (Boomsma & Leusink, 1981),

(Hart et al., 2018). Each year the new Queens leave the nest (Hart et al., 2018) on their nuptial

flight, to mate with the smaller, winged males, to then go and establish their own new colony

where the Queens can live for the next 20 or so years; having fertilised all their eggs in that
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single day the Queens have no reason to leave the nest again. The males, having fulfilled their

purpose, do not last more than a single day after their flight. The emergence of these winged

ants is colloquially known as “Flying Ant Day”, however, this is a bit of a misnomer as there

are actually multiple days of mass flights during the summer season (June-September) (Van

der Have et al., 2011), with Hart et al. (2018) narrowing this period down to July-August, with

97% of observations from the study occurring during this reduced time frame.

1.4 Global Declines in Insect Species

Insects are the largest and most diverse group of fauna on Earth. Their sheer abundance,

makes totalitarian statements of trends harder to make, and thus alarming when made. The

trend of global declines in insects is significant, with many high-profile studies (D. L. Wagner

et al., 2021; Hallmann et al., 2017; R. M. Dalton et al., 2023) highlighting the devastating

effect of the catastrophic loss of biodiversity and implications for ecosystems and ecosystem

services. The general trend of global insect declines has been documented over all insect taxa

indiscriminate of environment. Estimates predict around 40% of all insect species are at risk

of extinction (Sanchez-Bayo & Wyckhuys, 2019). In some areas such as the Puerto Rican

rainforests, the loss is even further pronounced with 98% of observed insect biomass decreased

over 35 years (Lister & Garcia, 2018). In Europe and the UK this trend is reflected in insect

population numbers, with Germany specifically showing a 75% decrease in flying insect biomass

over 27 years in protected areas in Germany (Hallmann et al., 2017), and in the UK a 55%

decline in upland pollinators (Powney et al., 2019). The loss of one insect species, may not

signal the collapse of an entire ecosystem, for example the black bog ant (Goulson, 2019) has

disappeared from wet heaths in Dorset and Hampshire in the UK with no apparent impact.

However, we are not just talking about the loss of one species, but “death by a thousand cuts”,

with multiplicity of factors contributing to this decline, within the wider picture of climate

change (D. L. Wagner et al., 2021).

1.5 Radar

Radar is an acronym that stands for RAdio Detection And Ranging (Doviak & Zrnic, 1993).

The concept of using radio waves for detecting targets has been around since the late 1800s

(Spartan Colloege of Aeronautics and Technology, 2021). In 1936, the pulsed radar was intro-
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duced (Probert-Jones, 2014) but it is not until 1941, when it is said to be, the start of using

radar for meteorology when a thunderstorm was tracked over the English Channel (Probert-

Jones, 2014). Although radars were initially used to track aircraft, meteorological signals could

always be seen (Probert-Jones, 2014) and towards the end of the 1940s, radar was developed

specifically for weather surveillance (Bent, 1943).

Weather Surveillance Radar (WSR) are specialised radar systems primarily used to monitor

atmospheric conditions and detect precipitation, storms, and other meteorological phenomena

from the micro- and local scales (< 1 km) to continental scale where multiple radars are used

in a network. WSRs emit pulses of electromagnetic (EM) radiation, typically in the microwave

spectrum, which reflect off precipitation droplets, ice crystals, insects, birds and other atmo-

spheric constituents. By analysing the strength, timing, and frequency shift (doppler effect) of

the returned signals, WSR systems can provide detailed real-time information on:

• Precipitation intensity and distribution

• Storm motion and structure

• Wind speed and direction

• Direction of severe weather phenomena (e.g., thunderstorms, tornadoes, hail)

• Monitoring of biological targets (e.g., insect and bird movements)

Now, dedicated radars for meteorology operate at much higher frequencies (∼ 1.4−18.7 GHz)

(English, 2019; Meteoworld, 2015) than those used for detecting aircraft, because hydrometeors

are an order or two smaller in magnitude, thus using shorter wavelengths allows the hydrom-

eteors to be better detected (English, 2019). WSRs incidentally observe biomatter, e.g birds

and insects (Vaughn, 1985; J. W. Chapman et al., 2011; Cui et al., 2019), in clear air, which in

meteorology circles is classified as clutter. The European Network for the Radar Surveillance of

Animal Movement (ENRAM) (Nilsson et al., 2019) and BirdCast (Eschliman & Horton, 2023)

use WSR to track birds. There are target cases of using WSR for insect monitoring e.g Vaughn

(1985), Cui et al. (2019), Stepanian et al. (2020), Anjita and J (2023), but this is yet to become

an integrated practice.

9



Chapter 1. Introduction and Background

Many countries have an established network of WSRs; for the United Kingdom (UK), the

Met Office (UKMO) operate 15 WSRs, providing near, complete national coverage as shown by

Figure 1.2.

Figure 1.2: “Locations of Met Office and Met Eirrean radar sites (labelled red dots) comprising
the Met Office 1-km radar-derived precipitation composite. The filled circles indicate distances
of 50, 100, and 200 km from the individual radars.” (Fairman et al., 2017)

Radars emit pulses of electromagnetic (EM) radiation. The emitted waves travel through

the atmosphere until they hit a target, where they are either absorbed or scattered (reflected

or refracted). After emission, the radar array will then switch to listen for the return echo;

the backscattering of the pulse it last emitted. In this listening period, the radar estimates the
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direct distance to each pulse using Equation 1.1, and bins the signals into their appropriate

range gates. A range gate is the binned distance, with the total distance defined as the time

delay between emission and receiving, equating to an approximate distance of “range”. The

direct distance between the target and the radar is calculated by using the speed of the EM

wave and the time taken between emission and the received echo shown by Equation 1.1 where

c is the speed of light, t is the pulse interval and r is the range.

r =
ct

2
(1.1)

Equation 1.1 is representative of a wave travelling through free space, in the Earth’s atmo-

sphere, refraction alters the path of the wave and thus this equation is not representative of the

actual condition and is used merely as an estimate.

1.5.1 Scanning Geometry

A radar has a geophysical location (ϕ, λ, hr) on a global reference frame. The altitude as a

standard format should refer to the altitude of the antenna above MSL and not the physical

footing of the radar on the ground. The horizontal pointing angle of the radar is referred to

as azimuth, as this azimuth is elevated, its reference frame is from the radar antenna. The

elevation angle θ, is also relative to the radar antenna, at θ = 0o the angle from the ground

to the antenna is approximately 90o at the local horizon, also demonstrated in Figure 1.3, at

θ = 90o, the antenna is zenith pointing (straight up).

There are nominally three different scanning strategies that a WSR employs; a Plan Po-

sition Indicator (PPI), which changes in azimuth but has a fixed elevation; a Range Height

Indicator (RHI), which is the opposite of a PPI with a fixed azimuth and changes in elevation;

and the stare, typically done in the vertical for geophysical calibration of ZDR (Fabry, 2015).

WSR, for meteorological offices around the world (Rennie, 2012; Darlington et al., 2016; Min

et al., 2019) typically use PPIs at a number of elevations, as this is the most efficient strategy

that covers the largest spatial area in the shortest time. A PPI can show the area that a storm

is covering and track it. RHIs are able to give greater detail in the vertical than a PPI, and are

able to show with greater specificity in vertical detail.
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Figure 1.3: Demonstration of Radar scans and their outputs. In green is the Range Height
Indicator (RHI) where the antenna has a fixed azimuth and rotates along the x-z plane, for a
change in elevation, the output shows a long range and detail in height at that angle (a vertical
cross-section). In blue is the Planned Position Indicator, which has a fixed elevation and rotates
along the x-y plane, so changes its position in the azimuth doing a full sweep to get a horizontal
cross section of the sky. The outputs are produced from Chilbolton Advanced Meteorological
Radar (CAMRa), created for Freya I. Addison’s MRes Dissertation 2017.

1.5.2 Volume

The radar beam is a volume; To visualise the beam, the radiation pattern of a radar is shown

graphically in Figures 1.4 and 1.5. The further out in range from the radar, the wider the beam

becomes. Equation 1.2 shows the relationship between range and volume, rrg is the length

of a range gate, or the distance between the midpoint of two consecutive range gates. The

main lobe, refers to the area of peak intensity. The main lobe would be what is considered the

theoretical radar beam in Figure 1.4, with the width the same as the beamwidth, as shown in

Equation 1.2. The main lobe is shown clearly labelled as the peak power curve in the top centre

of the diagram of the horizontal radiation pattern (Figure 1.4), and the sidelobes cover all the

other curves. Typically the main lobe is where the information for the return is received and

used, however in the case of a WSR, sometimes when there is an extended signal, which fills

a larger volume of space than the main lobe, the signal is truncated to the region of highest

sensitivity. Each radar will have its own unique radiation pattern, it is important to ascertain

where the sidelobes are and to reduce noise from the sidelobes. High sidelobe attenuation (the
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distance between the main lobe and sidelobe) is good and sidelobes can be further suppressed

with additional antennae typically used in the military where precision is important (Wolff,

n.d.).

VBeam =
π

4
r2(∆r2rg)θ

2
BW (1.2)

Figure 1.4: Horizontal cross-section of a radiation pattern with the main lobe (main beam),
due north, and the antenna at the center (0,0), the sidelobes and back lobes representing the
maximas of diffraction. (Wolff, n.d.)

13
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Figure 1.5: Vertical cross-section of a radiation pattern, x-axis in Nautical miles and y-axis in
feet. The lines are 0.5o steps (Wolff, n.d.)

A radar voxel, (the area of observation), is a volume section of the radar beam along a given

azimuth and elevation, at a specified range. The radar beam is broken up along the range into

range gates, of set length shown by Figure 2.2. In Figure 1.3, the pixels represent a radar voxel.

Due to the radar’s beam divergence, voxels closer to the radar have smaller spatial volumes

and thus higher resolution, accommodating fewer maximum targets. In comparison, voxels at

greater distances encompass larger volumes, reducing resolution by including more potential

targets.

Vvoxel =
π

3
rg tan

θbw
2

(r2i + r2i−1 + riri−1) (1.3)

Range resolution is dependent on the pulsewidth, the target, and the efficiency of the radar

receiver. To distinguish between targets the minimum distance between is half the pulse width

time as shown in Equation 1.4, with c, the speed of light, PW the pulsewidth and BW the

beamwidth.

rres = c · PW
2

=
c

2BW
(1.4)

The angular resolution is related to the beamwidth and beamheight of the radar, it is defined

by Equation 1.5, with r the direct distance between the voxel and the radar, and half the
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beamwidth angle θbw. The beam width is a Gaussian curve, where the power is greater than

the given set of lower limits of power. At a given range the resolution is approximately 3dB the

BW of the radar (American Meteorological Society, 2024a). The voxel resolution is proportional

to distance with the volume calculated in Equation 1.3. Equations 1.5 and 1.3 both make the

assumption that the beamwidth and beamheight are the same for simplicity’s sake, but note

this is not always the case. The beam width and height can be configured independently, for

example creating a wider beam height to cover a larger range of altitudes, useful for tracking.

AngularResolution = 2r sin
θbw
2

(1.5)

1.5.3 Radar Cross Section

The radar cross section (RCS) is the signature of the reflected energy of an object. RCS

is determined by the size, shape and reflectivity (its material and dielectric constant) of the

object as well as the radar’s emission frequency (Addison et al., 2022). A spherical object

composed of a single, uniform material possesses an inherent symmetry in terms of its radar

cross-section (RCS), which remains constant regardless of its orientation relative to the radar

system because its scattering equally distributes the radar energy in all directions (Li & Kiang,

2005). Conversely, real-world objects such as aircraft or birds exhibit anisotropic scattering

characteristics due to their non-spherical shapes and complex structures. As a result, their

RCS varies significantly depending on the direction from which the radar wave approaches or

interacts with them. This variation in RCS with orientation is a critical factor in radar target

detection, classification, and identification. The RCS of an ant is modelled in Chapter 4.

1.5.4 Radar Outputs

Single-polarization radars emit waves with a single orientation of the electric field, typically

either horizontally or vertically. On the other hand, dual-polarization radars emit signals with

both horizontal and vertical orientations simultaneously, as illustrated in Figure 1.6. This dual-

polarization capability allows for the collection of more information from the radar’s target

area. This additional information enhances the radar’s ability to distinguish between different

types of targets, as depicted on the right-hand side of 1.6. It is important to note that the

direction of the radar wave is perpendicular (orthogonal) to both the orientation of the electric
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field (determined by polarization) and the direction of wave propagation. This characteristic of

radar waves plays a significant role in how they interact with targets and surfaces.

Figure 1.6: Dual Polarisation for Radar impact on targets

The radar equation refers to the proportion of power received and is related to the radar

parameters, the path the signal takes and the properties of the target. Equations 1.6 (Fabry,

2015) is an example of a radar equation; Pr is the returned power, and Pt is the transmitted

power. A, is a group of constants. The first fraction of Equation 1.6 relates to the radar

parameters, with τ the length of the pulse,D, the diameter of the antenna, and λ the wavelength.

The second fraction is the path that the wave takes, T refers to the transmittance of the

atmosphere between the radar, point 0, and the range (r). σ, the final part of the equation

relates to the target properties (Fabry, 2015). The radar equation has different variations, in

the case of a weather radar, certain assumptions have to be made about the target, for example

the target properties if rain, would include the dielectric constant ||K||2 = 0.93 (Fabry, 2015).

Pr = A
PtτD

2
a

λ4

T (0, r)2

r2
σi (1.6)

In this thesis, the focus is on using WSR to survey insects, thus only select radar variables

are used; The reflectivity factor, Z, differential reflectivity ZDR, the cross correlation ratio ρHV

and the depolarization ratio DR.
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The reflectivity factor, Z, henceforth known as reflectivity, refers to the ratio of power received

by the radar antenna due to backscattered signals from a target. It quantifies the proportion of

incident radar energy that is returned and detected by the radar system. Equation 1.7 shows

that reflectivity, Z, is equal to the sum of the number of targets per unit volume N(D) and D

is the diameter of the target. Reflectivity can also be related to the Radar Equation 1.6, when

defined in logarithmic units dBZ. Equation 1.8, is specific for rain as the dielectric constant is

0.93 for water, and η refers to the radar reflectivity of precipitation (American Meteorological

Society, 2024b). A high reflectivity means a high proportion of backscatter, which indicates

there is a large surface area to be scattered back from, this could be from lots of tiny objects

or something very large.

Z =

∫ ∞

0
N(D)D6dD (1.7)

Z =
ηλ4

0.93π
(1.8)

Differential Reflectivity, ZDR, is the difference between the vertical and horizontal signals.

ZDR can indicate the shape of the targets’ profile that is facing the direction of the radar. If

ZDR is approximately zero then the face is close to a circle/spherical, if it is positive it is larger

in the horizontal orientation than the vertical and if negative, larger in the vertical orientation

than horizontal, the bigger the difference the greater the elongation.

ZDR = 10log(
ZH

ZV
) (1.9)

Cross Correlation coefficient (ρHV ) is the similarity between different targets within a scan.

It compares the power and phase for the returns in the horizontal and the vertical; very high

ρHV would mean the targets are similar, expected for a rain cloud.

In meteorological targets, it is common to have high ρHV and ZDR ≃ 1 in linear units

compared to all other targets (Kilambi et al., 2018). Equation 1.10 is the depolarization ratio

DR which represents this uniform relationship. It can be used to help identify the presence of

non-spherical particles, or other scattering mechanisms that can alter the polarization state of
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the emitted wave.

DR =
ZDR + 1− 2Z

1
2
DRρhV

ZDR + 1 + 2Z
1
2
DRρhV

(1.10)

Figure 1.7: Radar variables with idealised correlation to insect descriptors

Figure 1.7 shows an idealised version of what each radar variable could indicate in terms

of bioscatterers. Reflectivity is correlated with the number of targets, so a higher value of Z,

could indicate the presence of greater activity e.g of insects. Differential reflectivity is the ratio

between horizontal and vertical, with a low value of ZDR possibly indicating more spherical

targets, such as a rounded bee fly, and high values indicate elongated insects, so on a microscale

this could be thrips and on a larger scale, locusts. Directionality also plays a role in ZDR and

this is explored further in Chapter 4; for example, a bee, where the wings are not picked up

on the radar, head on could have very low ZDR when facing head on towards the radar. Low

ρHV could suggest greater diversity in the bioscatterers as shown in Figure 1.7. Migrating

insects falling at ρHV = 0.7 (Bachmann & Zrnic, 2007) or for insect swarms 0.8 ≤ ρHV ≤ 0.9

and precipitation above 0.9 (S. Gauthreaux & Diehl, 2020). DR can be used to filter out the

meteorological targets, leaving the rest of the data to be potential bioscatterers.
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1.6 Unifying Reference Frame

The methods of this thesis focus is on collocation; using multiple observations of a target,

together. To compare observations of a target, the frame of reference must be shared. For WSR,

the location of the instrument is given on a global reference frame, but the beam which contains

the observable measurements, is only relative to the radar, therefore either this position must

be transformed to also be on the global reference frame or, all other measurements made by

another instrument transformed onto the same reference frame as the radar beam.

The choice of a reference frame significantly impacts the utility and accuracy of cartographic

representations. Cartography originated from the practical need to navigate and retrace routes,

necessitating clear and functional maps. Traditionally, maps have been presented as flat, two-

dimensional images; however their usefulness does not depend strictly on realism but rather

on adequately capturing features necessary for their intended purpose. On local scales, the

projection of Earth onto two dimensions typically presents minimal distortion as exemplified by

the detailed Ordnance Survey maps of Great Britain, where altitude is effectively represented

by contour lines on a uniformly gridded surface. Nevertheless, when individual maps are com-

bined or scaled up, projection overlaps and distortions becomes evident. Different projections

prioritise different attributes; for instance, the Mercator projection preserves shape fidelity at

the expense of greatly distorting landmass areas. Ultimately, discrepancies between the Earth’s

true shape and the chosen projection directly influence coordinate accuracy, emphasising the

critical importance of selecting an appropriate reference frame for specific mapping objectives.

A geographic coordinate system establishes a three-dimensional grid over the surface of the

Earth. In contrast, a projected coordinate system represents a two-dimensional rendition of

the geographic coordinate system, achieved through a process of flattening that accentuates

specific regions while introducing distortions. Coordinate systems are therefore designed with

different intentions and that should be acknowledged. Latitude and longitude are not unique to

a single point in geophysical space as shown in Figure 1.8 (Ordnance Survey, 2020), where the

same coordinates are used over three different systems, Ordnance Survey (OS), World Geode-

tic System 1984 (WGS-84) and European Datum 1950 (ED50) showing a distance of ∼ 100m

apart. So, although coordinates can be transformed between systems, this transformation is
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only perfect in geometric theory, and thus there is error involved, where there is error in one

coordinate transformation, anything using that or multiple, there is the propagation of errors.

Hence a local coordinate system may initially give greater accuracy, reducing the amount of

transformations and working on a global scale, allowing continuity and greater definition of

errors (S.-J. Lee and Yun, 2025; Zhang, 2005; Yi, 2007).

Figure 1.8: Ordnance Survey comparison of a single location in latitude and longitude across
three different coordinate systems: OSGB36, WGS-84 and ED50, showing the 100 meters dif-
ference (Ordnance Survey, 2020).

The EPSG (European Petroleum Survey Group), holds a registry of all geodetic datums. In

this thesis, two coordinate systems are used, WGS-84 which uses the geodetic datum WGS-84

(EPSG:4326) (International Association of Oil and Gas Producers, 2023), and the UK’s post-

code system based on the British National Grid (BNG) which uses the geodetic datum OSGB36

(Ordnance Survey of Great Britain 1936) (EPSG:27700) (Ordnance Survey, 2022), these are dis-

cussed in further detail below.
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The World Geodetic System 1984 (WGS-84), first established in 1984, is a dynamic datum

continuously updated to reflect changes in the Earth’s physical characteristics. It employs an

Earth-centered geodetic model, incorporating gravity and magnetic field variations to accurately

represent Earth’s shape and orientation in three dimensions. Unlike two-dimensional projec-

tions, WGS-84 provides a comprehensive geographic coordinate system directly accounting for

Earth’s ongoing transformations, such as tectonic plate movements and subtle gravitational fluc-

tuations. Regular updates ensure that the datum remains precise, underpinning its widespread

adoption as the standard reference for global positioning systems (GPS), satellite navigation,

and aviation. The accuracy provided by WGS-84 ultimately enhances the fidelity of coordinate

projection and mapping applications worldwide.

The citizen science survey records postcodes, which operate on a local system. This sys-

tem has lots of idiosyncrasies, which are dealt with in Chapters 2 and 5, but to understand

where they come from, here, the background of the countries is explained. Great Britain is

formed from three countries; Scotland, England and Wales. The United Kingdom of Great

Britain and Northern Ireland, often shortened to the “UK”, is made up of four countries, Scot-

land, England, Wales and Northern Ireland. The Republic of Ireland (RoI) is a separate country

and is a member of the European Union. There are three crown dependencies: the Bailiwicks

of Jersey and Guernsey which form the Channel Islands, and the Isle of Man. Whilst they

have their own governance, laws and fiscal system, the monarch remains the reigning British

Monarch, (at the time of writing, King Charles III), thus the UK government on behalf of the

Crown is responsible for the islands’ defence and international relations. With this in mind,

although international stamps are not required to send post between the UK countries or its

crown dependencies, and the crown dependencies have their own post office, the postcode system

is the same across the UK and the crown dependencies. Postcodes operate on a local system,

and although these boundaries are not uniform, using grid references there is a transformation

to a global reference frame.

For a universal reference frame, one coordinate system is used, and for this thesis WGS-

84 was chosen. WGS-84 is a standard coordinate system in many areas, is international and is

used for the UK’s atmospheric research aircraft, which this thesis originally incorporated. In
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addition, using WGS-84 coordinate system allows for consistency between the various datums

and models that could be used.

1.7 General Shape

The shape of the Earth can be posed as a philosophical question, in practice it comes down

to perspective, who is asking the question and for what purpose? In terms of gravity, the Earth

is a blotchy ball, with indents and peaks. A person in the Netherlands might look out across

the land and visually interpret the Earth to be flat, but a sailor making a voyage out into the

everlasting horizon might disagree. An astronaut staring out of the ISS will see the Earth as

this magnificent sphere, “the blue marble”. Geometrically different shapes at different scales

can be applied for the shape of the Earth but the closest geometric fit for the Earth’s shape is

an oblate spheroid, a rotational ellipsoid.

Figure 1.9: Geoid courtesy of European Space Agency

Although the shape of the Earth can be geometrically defined as an ellipsoid, it is important
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to consider the topography. The Earth has no set discernible shape with undulating terrain,

mountains and great swathes of water. The mean sea level (MSL) is the estimated altitude of

the water if it covered the entirety of Earth. The Geoid is used to model the approximate MSL

between the ellipsoid and the Earth’s topography whilst also taking into account gravity, the

resultant shown by Figure 1.9. In terms of the radar, topography can result in beam blocking,

and altitude of the radar impacts refraction.

A coordinate system is mathematically tied to the model of the Earth. The datum pro-

vides the reference point of origin and orientation, mapping the coordinate system to a relative

position on the Earth. The geoid, sits between the real and modelled Earth. All of these parts

have to be considered in order to estimate the projected radar voxel relative to the Earth as

opposed to the projected voxel relative to the radar.

1.7.1 Models

Let us take a step back to frame the problem; from the radar’s perspective, how could the

location of the radar beam be estimated? This question involves selecting an appropriate Earth

model, each offering varying degrees of complexity and accuracy. It is here we can consider

the different possible models of the Earth; Flat Earth (FE), Spherical Earth (SE), Ellipsoidal

Earth (EE), plus the Earth’s Geoid (GE). s12 is the shortest path along the reference single

surface between two points. The initial location of the radar is known on our chosen coordinate

system (ϕ1, λ1, ha). The radars scanning information of azimuth (α12), elevation (θ1) and direct

range (r) gives the relative position to the radar, but using all six of these variables, s12 can be

estimated through the calculations covered in Chapter 2. The subsequent sections below provide

detailed descriptions and comparisons of these Earth models for the accurate calculations of s12

and ultimately the position of the radar voxels on the chosen coordinate system.

1.7.2 Flat Earth

The first model is Flat Earth (FE). Figure 1.10 shows the FE model with a radar at an

altitude of h0 above the ground. To determine its distance (sFE) along the surface of the FE

ground, the trigonometric Equation 1.11 is used, with the known hypotenuse our radar range

between the radar and the radar voxel, the elevation (θ) as the angle. This model is simple and

quick to compute. However, this is the least accurate model particularly with range from the
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radar as it does not take into account the shape of the Earth demonstrated by the increasing

gap between the bottom ray and the axes of the RHI in Figure 1.3.

sFE = r · cos θ (1.11)

hrg = h0 + r · sin θ (1.12)

Figure 1.10: Geometric calculations of radar beam relative to a Flat Earth Model. Radar range
(r); Altitude (h); Elevation (θ); Distance along the Earth (s)

1.7.3 Spherical Earth

The second model is Spherical Earth (SE). For the distance along the surface of the sphere,

a larger triangle is drawn out bisecting the sphere, as shown by Figure 1.11. Equation 1.13

defines the arc distance with ϕ from Equation 1.14 using the Cosine Rule. This model also is

efficient taking, and is most commonly used for radar (Prather & Hsua, 2019).

sSE = (R+ h0)ϕ (1.13)

ϕ = (r2 + (R+ h0)
2 − 2r(R+ h0) cos

π

2
+ θ (1.14)
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Figure 1.11: Geometric calculations of radar beam relative to a Spherical Earth Model. Radar
range (r); Altitude (h); Elevation (θ); Distance along the Earth (s); Radius of the Earth (R);
Angle of geometric centre of Earth, between radar and normal of radar beam (c); Normal of
radar beam (y).

1.7.4 Elliptical Earth

The third model is Elliptical Earth (EE). An ellipse in the first instance may appear simple,

an altered circle. However, although the equations of an ellipse are well known (Weisstein,

n.d.), they can not be expressed by the elementary functions which cover addition, logarithmic

and trigonometry (Weisstein, n.d.). Elementary functions are finite. For an ellipse, elliptical

integrals are used which, in principle are infinite. This means most calculations using Elliptical

Integrals will be truncated to produce a result thus having a limiting factor on accuracy (Bessel,

1825).
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Figure 1.12: Geometric calculations of radar beam relative to a Ellipse Earth Model. Radar
range (r); Altitude (h); Elevation (θ); Distance along the Earth (s); Radius of the Earth (R);
Semi-major axis radius of the Earth (a); Semi-minor axis radius of the Earth (b); Angle of
geometric centre of Earth, between radar and normal of radar beam (c); Normal of radar beam
(y); Latitude (ϕ); Distance between Normals centre of the Earth (d).

Equation 1.15 is the equation of an ellipse, in Cartesian coordinates, with a semi-major axis,

a and semi-minor axis, b, consistent with Figure 1.12. The relationship between a and b is

defined by eccentricity (e), the amount it deviates from a circle. Eccentricity lies between 0 (a

circle) and 1, it is defined by Equation 1.16. The Earth’s axis of rotation is about its semi-minor

axis, resulting in the Earth’s shape as an oblate spheroid, bulging at the equator, and squashed

at the poles. A rotational ellipsoid is made up of multiple of the same ellipse, or in this example,

one ellipse spun along the North-South Pole axis. Thus the equations of the ellipsoid can be

broken down to first examine the arc length of a single ellipse, and if the angle is along the

meridian lines latitude and longitude only one ellipse would ever need to be used.

x

a

2
+
y

b

2
= 1 (1.15)

The arc length is defined by Equation 1.17 (Karney, 2013) and is then written as an Elliptical
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Integral in order to be solved, with k the modulus of the ellipse and ϕ the amplitude. There are

multiple different Elliptical Integrals for different situations. Commonly used in cartography

(Fukushima, 2011) the Incomplete Elliptical Integral of the second kind is the length of the

meridional arc of a rotating ellipse, with the ϕ being the geodetic latitude and amplitude the

eccentricity. The Incomplete Elliptical Integral of the second kind is also used in (Rosch, 2011),

and has an existing “Ellipeinc” Equation 1.18 from scipy.special.ellipeinc thus, combined with

its intentional use in geodesy and cartography, this is the equation that is subsequently used.

e = (a2 − b2)
1
2 · a−1 (1.16)

ds =
√

(−a sinϕ)2 + (b cosϕ)2dϕ (1.17)

E(ϕ, k) =

∫ ϕ

0
[1− k sin2(ϕ)]

1
2dϕ (1.18)
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Figure 1.13: Normal section curve on an ellipsoid adapted from (Deakin, 2009). Geometric
calculations of radar beam relative to a Ellipse Earth Model. Radar range (r); Altitude (h);
Elevation (θ); Distance along the Earth (s); Radius of the Earth (R); Semi-major axis radius
of the Earth (a); Semi-minor axis radius of the Earth (b); Angle of geometric centre of Earth,
between radar and normal of radar beam (c); Normal of radar beam (y); Latitude (ϕ); Longitude
(λ); Azimuth (ψ); Distance between Normals centre of the Earth (d); Radius of curvature (υ);
Eccentricity (e).

Figure 1.12 shows a single ellipse, two dimensional, but the Earth is three dimensional, a three

dimensional version of an ellipse is an ellipsoid; Figure 1.13 shows a section A-B of an ellipsoid,

with the axis of rotation as b. The radar would be at point P1 and the radar voxel at P2. In

both Figures 1.12 and 1.13 the symbols represent the same values. For a sphere, the normal of

a point above the surface goes directly through the centre of the sphere y = N2, but for the

ellipse, with the exception of the poles and equator, the normal bisects the axis of rotation (b),

as shown by Figure 1.13, y ̸= N2. Equation 1.19 shows the trigonometric calculation for y, and

Equation 1.20 for the normal, N .

y = [(N1 + h1)
2 + r2 + 2(N1 + h1)r cos(θ +

π

2
)]

1
2 (1.19)
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N = a[1− e2 sin2 ϕ]−
1
2 (1.20)

1.7.5 Geoid

The final way to define s12 is by using the geoid. The geoid is shown in Figure 1.9, it establishes

the Mean Sea Level (MSL) as if the whole of the Earth was covered in water. The geoid model

is an approximation of the true shape of the Earth, combining the ellipsoid, topography and

gravitational elements (Burkholder, 2008). To establish a position on the geoid, corrections are

added from the ellipsoid equations to adjust between the models (Karney, 2011). Here, the

elliptical equations are put into context. For the case of the ellipsoidal Earth there are two

different approaches to elliptical integrals, either using latitudes, or using reduced latitudes.

Skew corrections are also included for the geodesic (Karney, 2013) and are detailed in Chapter

2, Sections 2.2.3 and 2.3.

1.7.6 Geodesy

With WGS-84 as the coordinate system; the geodesic distance is the shortest path (s12) be-

tween two points (ϕ1, λ1, ϕ2, λ2) along a single surface. There are two general problems to

be solved using Geodesy; One is the “Direct Problem”, where (ϕ1, λ1, s12, α12) are known and

(ϕ2, λ2) are to be calculated, and the “Indirect Problem”, where (ϕ1, λ1, ϕ2, λ2) are known and

(s12, α12) are to be calculated. Charles F. Karney published the python Geographiclib module

which solves the direct and indirect problem (Karney, 2013). The Geographiclib truncates the

Bessel Equation (Bessel, 1825) so it can be computed with a finite solution, the truncation

error is smaller than the rounding when using Institute of Electrical and Electronics Engineers

(IEEE) double precision (Karney, 2013), thus is a reasonable place to curtail the equation.

Bessel’s Equation gives solutions to Laplace and Helmholtz equations in spherical coordinates.

A global reference frame is required to compare observations of the same target from two

or more different instruments. WGS-84 is the chosen global reference frame for this thesis. In

terms of the radar, the position of the radar and where the beam is pointing (ϕ1, λ1, α12) is

known, but the position (ϕ2, λ2) of the voxel is unknown; however the direct range between the

voxel and the radar is known and this is the foundation to estimate (s12). Depending on the

model of the Earth that is being used, this can have a variety of different lengths.
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1.7.7 Summary

The reference frame for all observations must be the same for comparison. To know where

the radar beam is relative to the Earth, it is proposed that using Geodesy, remaining within a

single reference frame, the position of the radar beam could be known with greater accuracy to

the surface of the Earth.

1.8 Aim of the Thesis: Integrating Geodesy intoWSR Observations

for Aeroecology

WSRs remain an underutilised resource in aereoecological observations, despite their widespread

deployment and potential for high-resolution atmospheric observations (Bauer et al., 2019). This

thesis specifically addresses the central research question:

“How can the application of geodesy improve the integration of weather radar with other

observations in aeroecology?”

To effectively tackle this overarching question, the thesis is guided by several specific research

questions:

1. How can the implementation of geodesic calculations improve the spatial accuracy of radar

voxel positioning

2. What impact does enhanced spatial precision have on collocating radar data with supple-

mentary ecological and environmental observations?

3. How do these improvements affect ecological interpretations derived from radar data,

specifically regarding insect monitoring during significant insect emergent events?

Each question is systematically addressed through a structured series of investigations outlined

below:

Chapter 2: Methodology

• Presents the detailed development and implementation of the Geodesic Coding Radar

Toolkit. This pythonic toolkit integrates radar specific positioning with complex
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geophysical calculations from foundational work set out by Deakin (2010), advanced

geodetic computations using the GeographicLib Module (Karney, 2013), refractive

corrections laid out by Doerry (2013). It is designed specifically to enhance the

accuracy of radar voxel positioning and streamline interdisciplinary use; Users simply

input their standard radar data, and the module does the back-end calculations

and produces a positioning file, so the users can focus on the results rather than

understanding all of the complex mathematics.

Chapter 3: Verification and Initial Results

• Demonstrates the improved accuracy in radar voxel positioning achieved through

the implemented geodesic methodologies. This foundational step verifies that the

geodesic approach provides measurable improvements and establishes the precision

required for effective collocation.

Chapter 4: Determining the RCS of Alate Ants

• Before exploring a practical application of the enhanced collocation method, Chap-

ter 4 assesses the RCS of flying ants, which will be used in conjunction with the

collocation method to quantify the abundance of ants in Chapter 5, using anatom-

ical modelling of ants versus ellipsoids, partitioning body parts with representative

materials and analyses of presence of wings.

Chapter 5: Flying Ant Day

• Chapter 5 investigates the ecological significance of accurate voxel positioning and

data collocation by analysing insect activity during Flying Ant Day. It addresses

questions regarding the altitude distribution peaks of these emergences, general dis-

persal and biomass quantification, highlighting the ecological behaviours made pos-

sibly by improved radar precision.

1.8.1 Novelty and Hypothesis

The novel contributions of this thesis include:

• Development of a robust geodesic-based radar location toolkit to enhance spatial accu-

racy in radar data analysis, accessible to interdisciplinary researchers without specialized
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geophysical training.

• Empirical testing and demonstration of the impact of geodesic precision on radar voxel

accuracy and collocation reliability.

• Detailed radar cross-section analyses of alate ants, with implications for improving species-

level identification capabilities.

• Comprehensive ecological assessments enabled by accurate collocation, facilitating deeper

ecological insights during major aeroecological events.

1. Spatial Precision Hypotheses:

• Null: Increased spatial precision via geodesy does not significantly alter radar obser-

vation outcomes.

• Alternative i): Enhanced spatial precision consistently results in measurable improve-

ments in radar data accuracy and interpretation.

• Alternative ii): The impact of improved spatial precision is context-dependent, vary-

ing significantly with different observational scenarios.

2. Radar Cross Section Hypotheses:

• Null: No significant difference exists between male and female ants’ RCS.

• Alternative: A measurable and significant difference exists between the RCS of male

and female ants.

• Null: Ant wing presence does not significantly alter RCS values.

• Alternative: Wing presence significantly impacts the RCS of ants.

Through addressing these clearly articulated questions and hypotheses, this thesis aims to

substantially advance the integration of geodesy with weather radar technologies, thereby en-

hancing the precision, reliability and ecological applicability of WSR data in aeroecological

research.
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Chapter 2

Methods

The following chapter describes the tools used for observations and the methods for processing.

The chapter begins with the tools used; radar and a citizen science survey. The majority of

the chapter is on applying geodesy to the primary instrument for observations, the ground-

based weather surveillance radar. The methods will use the geodesic mathematics laid out in

Chapter 1, Section 1.6, and step by step show how it is implemented for calculating the geodesic

position information for every radar voxel, the Radar Voxel Location Code. The second part is

the Collocation Code, collocating between a ground-based radar and a secondary source. All

code produced has been written in Python by the author, Freya I. Addison, making up the

major body of the thesis. All code is appended, demonstrating the extensive work carried out.

The final description of this code demonstrates how methods one and two are applied to a case

study, Flying Ant Day and the validity of using these methods as shown in Results Chapters 4

and 5. This chapter concludes with the simulation of the radar cross section (RCS), using the

software Wipl-D (B. Kolundzija et al., 1996) and the further evolution of techniques which the

author Freya I. Addison originally developed for (Addison et al., 2022). The RCS provides a

tangible reference point of flying ants for the radar observations. The term biometeors is used

to indicate radar targets that are likely biological of nature; the conditions of the methodologies

focusing on isolating insects over plants/birds and more specifically flying ants.
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2.1 Instruments and Techniques

This section details the tools used within the research. The instruments were ground-based

weather surveillance radars (WSR) (X and C-band) and a citizen science survey, conducted over

a period of two consecutive summers. The radar is the primary instrument for observations and

the main subject of geodesic applications. Whilst the citizen science survey provides a method

of validation and wider context for the results from the Flying Ant Day case studies.

2.1.1 Weather Surveillance Radars

One research radar was used alongside the UK Met Office radars. Using multiple radars

demonstrates the versatility of the code with the aim of facilitating future integration into

standard radar processing practices.

Figure 2.1: NXPol 1deg PPI, dated 19/06/2017, location Chilbolton Observatory. The activity
is from biological scatters, most likely insects, appearing largely in the close range, first 50 km
radius from the radar.

NXPol is the National Centre for Atmospheric Science (NCAS) mobile X-band dual polarisa-

tion Doppler weather radar. This mobile weather radar was designed to detect different forms
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Radar Frequency (GHz) Wavelength (cm) Beamwidth (o) Distance between Range Gates (m)

NXPol 9.375 3.2 0.98 150
MO 5.625 5.3 1.10 600

Table 2.1: Radar Specifications

of precipitation with a focus on cloud microphysics and dynamics, however during clear days

insect activity is easily observed as shown by Figure 2.1, with the activity limited to the close

range of the radar, fairly homogenous and dominant in the lower dBZ range (under 15 dBZ).

Biometeors can be better detected by scanning at slower speeds at close range, and optimising

the radar (Neely III et al., 2018). Table 2.1, shows the relevant specifications of the NXPol

radar for the datasets used, with the full range of the radar being 150 km. The NXPol radar

has a wavelength of 3.2 cm so radar will be most sensitive to targets in this size factor.

The Met Office operates a network of 15 dual-polarisation C-band radars, covering the en-

tirety of the United Kingdom and Northern Ireland, complemented by an additional research

radar situated at Wardon Hill. This radar network employs a standardized scanning strategy

and operates continuously with regular calibration performed approximately every few months

to maintain accuracy. Detailed radar specification are provided in Table 2.1. Although minor

variations exist across the network, such as differences in beamwidth, the provided specifications

accurately represent the radars utilized in this study. Whilst the maximum operation range of

the Met Office radar network is approximately 255 km (Met Office, n.d.), however for the pur-

pose of biometeor observations, limiting to below 75 km, in line with the “good quantatitive”

data limits (Met Office, 2023) of the radar, and that due to the small size of insects, typically

biometeors are observed under 50 km from the radar (Stepanian and Wainwright, 2018; Dokter

et al., 2019).

Jersey has its own radar, and funded its own upgrade to dual-polarisation, in line with the

Met Office in 2016, whom they work closely with and share data. The RoI radars, are owned

and operated by the Republic of Ireland’s own meteorology office, Met Èireann, and are not to

the same standard as the UK and Jersey, being single-polarisation, however the Shannon radar

is being upgraded to a dual-polarisation radar in 2023 (Met Eireann, 2023).
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The MO radar, Wardon Hill, is used in Chapter 3 for the verification of geodesic positioning

of the radar beam. The requirement is a calibrated radar of known location, to observe a highly

reflective target of known location, for example a transmission mast. The Wardon Hill radar

was used by Darlington (2015) in his thesis, which included the calibration of the radar with

the Stockland Hill Mast, thus this was chosen due to the history.

The MO radar, Chenies is located at (51.68916o, −0.53055o) (Met Office, 2023), is used

in Chapter 5 for the case studies for Flying Ant Day. This radar was chosen, as was the closest

radar for the majority of the case studies on that day, with an average distance (s) of 51 km

between the radar and the survey respondents.

Post-processing backdated radar observations for biometeors is possible; however this would

only be advisable for as far back as the dual-polarisation upgrade. This is to give greater con-

fidence in classifying insects. However, the geodesic radar voxel location algorithms, could be

applied to any radar data, but most usefully applied to those wishing for detailed analysis and

corrections and collocated comparisons with other instruments or models.

2.1.2 Citizen Science Data

In response to the COVID-19 global pandemic and the UK Lockdown in 2020, where field-

work could not be carried out, alternate methods of research were employed by the Biodar

group; The author, Freya I. Addison, initiated a study on Flying Ant Day (FAD) engaging

fellow colleagues Dr Elizabeth Duncan and Dr Thomas Dally to support the expanded scope,

and together conducted a citizen science (CS) survey to detect the emergence of ants on their

nuptial flight. As the survey involves human participants, an ethics statement was written and

approved. This included the privacy of participants, protected by General Data Protection

Regulation (GDPR), which resulted in the locations of winged ants sightings reported to the

first half of the postcode only. The Ethics Number: LTSBIO-034, approved by the Faculty

of Biological Sciences Research Ethics Committee, University of Leeds, first in 2020 and then

updated for 2021 and the subsequent years.

The CS survey targeted the entirety of the UK and the Republic of Ireland to record sightings

of winged ants. There are approximately 60 species of ant in the UK with Lasius niger, also
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known as the common black ant, the most common species of ant that resides in the UK (Gam-

ble, Gavin, 2020). Each year, the new Queens leave the nest on their nuptial flight, to mate

with smaller, winged males, and establish new colonies. The males, do not last more than a few

days after their flight, but the Queens can live around 20 years, having fertilised all their eggs

in a single day (Kramer et al., 2016) . The emergence of ant is colloquially known as “Flying

Ant Day”, however this is a bit of a misnomer as there are actually multiple days with mass

flights during the summer season (June-September) (Hart et al., 2018).

The survey collected the following details: Date and time of the sighting, duration of the

sighting, whether the winged ants were on the ground or in the air, an approximate quantity of

ants, and the location given by the first part of the postcode. The citizen science data points,

are used as a reference as evidence of ants, to compare the radar voxel locations.

General Processing

The CS survey responses have to be processed before use due to the volume of data, as there

was over 2500 responses each year; the processing is to remove any erroneous data and format

it to make it more user-friendly. The survey was collected on a Google form, processed in a

jupyter-notebook, written by Freya I. Addison (the author), see Appendix and the outputs

provided in both a .nc and a .csv format with an additional .pkl file for the specific shape

geometry of postcode boundaries.

Time Processing

A quirk of the Google form was, that dependent on the device used, the date was either

inputted as dd/mm/yy or mm/dd/yy. Initially, the date question asked for users to input

dd/mm/yy until the issue was discovered and the question was amended. To counter this prob-

lem, the inputted date of observation was checked to see if it matched the date of entry or a

previous date.

Another issue encountered, was using the right time. This issue was predicted and thus

asked in addition to the time of first sighting, whether it was in the morning or afternoon. Part

of the processing of the data, the time of the first sighting was converted to the 24-hour clock

and checked against the submission timestamp.
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In total the datetime processing removed around 6 responses from the total dataset.

Postcode Processing

Firstly this checks to see if the postcode valid; does it exist in the postcode list (UK Governe-

ment, 2021), is there a common typographical error, for example a numeral zero where there

should be the letter “O”, or if is there an extra digit. If the postcode is invalid it is not appended

to the output file, but is printed out in the terminal for prosperity, these mainly appear to be

the postcode incodes.

If the postcode was within Great Britain, the area and boundary, in the form of a multi-

polygon, of that postcode is fetched from the ONS dataset. Using the Python module geo-

graphiclib (Karney, 2022), the central coordinates of each postcode are cross-referenced against

the positional coordinates of the MO radars, the Jersey radar, and those in the Republic of

Ireland. If the radar is within 200 km of the centroid of the postcode, then the radar number

and distance is appended to be used for collocation. When an area was provided from the ONS

dataset, it is appended, otherwise, 999.99 or nan is used without an area/polygon dataset.

The postcode area polygons are outputted to a separate file using pickle due to their complex-

ities of having some single multi-polygons for a postcode district, and multiple for a postcode

area, creating a large file. For the survey responses 2021-2022 the polygon file was 287.3MB

compared to the other file which was 7.6MB.

2.2 Geodesic Coding Radar Toolkit

The author, Freya I. Addison has produced two working and integrable products for the radar

community. The development of this toolkit involved extensive scientific study, the analysis of

multiple models and the integration of complex mathematical techniques. The multiple layers

of mathematics were rigorously tested to work with each other and adapted where necessary.

The iterations were tested dynamically across different conditions to achieve a product that was

adaptable, streamlined and accurate. The toolkit is appended for prosperity and is registered

with a doi: 10.5281/zenodo.15747473 (Addison, 2025).
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There are two main modules. The first, Voxel Location, uses only the radar data and cal-

culates the position (ϕ, λ, h) of every voxel in the radar beam. The second piece of code,

Collocation, is the collocation between the radar dataset and another instrumentation. The

Collocation code is the most important aspect for users, but is dependent on the first piece,

which is where the improvement lies between traditional and geodesic radar voxel location.

The radar data processing framework developed in this thesis consists of two primary com-

ponents: Voxel Location and Collocation. The first component, Voxel Location, operates ex-

clusively on the WSR data to compute the geodetic position, latitude (ϕ), longitude (λ), and

altitude (h), of every voxel within the radar beam. This geolocation is essential for spatially

resolving radar returns and underpins all subsequent spatial analysis. The second component,

Collocation, establishes spatial correspondence between the radar-derived voxel data and exter-

nal observational dataset (e.g., instruments or survey points). While the Collocation module is

the most immediately valuable for applied users, it relies fundamentally on the accuracy of the

voxel positioning computed by the Voxel Location module. The advancement presented in this

thesis lies in replacing traditional radar voxel positioning methods with a geodesic framework,

offering improved spatial accuracy over large distances or non-planar surfaces.

The full list of external Python modules used is documented in the code repository included

in the appendix. A key dependency is the GeographicLib library (GeographicLib), which en-

ables both direct and inverse geodesic calculations following the algorithms described by Karney

(Karney, 2013).

• Direct geodesic method, inputs the starting location (ϕ1, λ1), initial azimuth (α12) and

the geodesic distance (s12) to output the secondary coordinates (ϕ2, λ2)

• Indirect geodesic method, given the location of points one (ϕ1, λ1) and two (ϕ2, λ3), the

azimuth (α12) and geodesic distance (s12) can therefore be solved.

These algorithms are essential for accurately computing the spatial footprint of the radar

voxels on a geoid Earth reference frame an enables precise spatial integration with external

geospatial datasets.
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Figure 2.2: Diagram of radar beam and estimated voxel corner coordinates, latitude (ϕ), longi-
tude (λ), altitude above mean sea level (h).

The code is optimised to use matrices for the majority of the mathematics, however the

GeographicLib module (Karney, 2022) only accepts one-dimensional arrays which creates a

bottleneck. Further efficiencies could be achieved through parallelisation and by reducing the

number of corners outputted from the Voxel Location code, dependent on the purpose of using

the locations. The option to not include refraction will also slightly improve the time but

reduces the accuracy.
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Ranges (km) 10 15 20 25 30 40 50 75 100 150 200

Theoretical
Voxel Volume

(km3)

BW = 0.98o

RG=0.15km
0.00345 0.00775 0.0138 0.0215 0.0310 0.0551 0.0862 0.194 0.345 0.775 1.38

BW = 1.10o

RG=0.6km
0.0174 0.0391 0.0695 0.109 0.156 0.278 0.434 0.977 1.74 3.91 6.95

Cornered
Voxel Volume

(km3)

BW = 0.98o

RG=0.15km
0.00324 0.00733 0.0131 0.0204 0.0295 0.0525 0.0820 0.185 0.329 0.740 1.32

BW = 1.10o

RG=0.6km
0.0156 0.0358 0.0644 0.101 0.146 0.261 0.410 0.926 1.65 3.72 6.61

Table 2.2: Voxel Volume Differences with Range for Theoretical Idealised Volume and Cornered Volume

Figure 2.3: Diagram of radar voxel shape and coordinates,
latitude (ϕ), longitude (λ), altitude (h).

Elevation Azimuth Range Gate

Mid θ α r

Ω Max Min Min

χ Max Max Min

Υ Min Max Max

ζ Min Min Max

ϱ Min Max Min

τ Min Min Min

µ Max Min Max

ν Max Max Max

Table 2.3: Estimated Radar Voxel
Points
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2.2.1 Radar Voxel Location

The first piece of code computes the geodetic positions of the eight corners, referred to in

the code by the phonetic alphabet whisky, xray, yankee, zulu, sierra, tango, uniform and victor

(Ω, χ, Υ, ζ, ϱ, τ, µ and ν) and the midpoint of the voxel for every voxel in the main lobe of

the radar beam, as illustrated by Figure 2.3. While a true radar voxel has no sharply defined

edges, these corner positions, based on the half-power beam width, in Table 2.3, serve as a

practical approximation of the WSR observation and limit the bounds of the uncertainty in

its representivity. A conceptual representation of the voxel’s partial beam-filling geometry is

shown in Figure 1.4.

Voxel corners are estimated using the minimum and maximum values of the radar’s eleva-

tion, azimuth and range gates, as outline in Table 2.3. These boundary values define a frustrum

shown in Figure 2.3 that approximates the spatial extent of each voxel.

Table 2.2 presents a comparison between theoretical voxel volumes (calculated using ide-

alised beam propagation equations) and those computed from the approximated corner-based

method, for two radar configurations differing in beamwidth and range gate length. The analysis

shows that the discrepancy in voxel volume is most pronounced near the WSR, where geometric

distortion is greatest. However the difference decreases with range, and remains within approx-

imately 10%, a level of precision acceptable for most applications.

Importantly, the volume computed using the corner-based method is always smaller than

the theoretical value, ensuring that the approximated voxel lies entirely within the true beam

footprint. This conservative estimation enhances spatial accuracy when interpreting volumet-

ric data and is particularly valuable for defining strict collocation boundaries with external

datasets. The rationale for defining voxel corners is twofold:

1. To enable clearer spatial interpretation and visualisation of voxel geometry.

2. To support precise spatial filtering and matching criteria during collocation with other

observational instruments.

Initially the radar information gives use the geodesic position of the radar, the range, elevation
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and azimuth of the beam. To calculate the geodesic position of the beam, the geodesic distance,

s must be calculated, which requires N , y and c as depicted from Figure 1.12.

The appendix has the full version of the code or at doi (Addison, 2025) and Figure 2.4 shows

a summarised version of the code and is broken down into descriptive bullet points here.

Step 1. Read Radar Metadata The radar file is read in extract essential positional and

scanning parameters, including:

• Radar latitude, longitude, and altitude above mean sea level (MSL)

• Beam azimuth, elevation and range

• Beamwidth, beamheight, and range gate resolution

Optionally, the surface refractivity index Ns can be specified based on model output or

observations. If not provided, a default value of Ns = 313 is used, following (Doerry,

2013). These parameters are passed into a custom function named maths.

Step 2: Define Geodetic Constants Fundamental Earth constants from the WGS-84 el-

lipsoid model, semi-major axis (a) and semi-minor axis (b), are defined for subsequent

calculations.

Step 3: Unit Conversion All angular measurements are converted into radians for use in

trigonometric operations. Units are reverted to degrees as needed later in the process.

Step 4: Dimensional Tiling Any 1D arrays (e.g., azimuth or range) are tiled into 2D arrays

to allow calculations across the full beam volume.

Step 5: Initial Geometric Calculations Basic ellipsoidal geometry, depicted in Figure 1.12,

is computed, including:

• The ellipsoid normal (N) at the radar location

• Geometric parameters; angle c and length y angle c and length y. y is estimated first

using the Cosine rule and then c is estimated using Equation 2.1.

Step 6: Midpoint Estimation via Geoid Function The initial geodesic mid point of each

voxel is estimated using the Geoid function, described in Section 2.2.2.
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Step 7: Refraction Correction Refraction adjustments are applied based on the model pre-

sented in Section 2.3. This yields corrected elevation angles for the voxel center,

Step 8: Update Angle Calculations With the corrected elevations, the angle c is recalcu-

lated for all points within each voxel.

Step 9: Full Voxel Geolocation The Geoid function is rerun to compute the final geodetic

coordinates of all eight voxel corners and the midpoint.

Step 10: Altitude Band Verification A final height consistency check ensures that the new

altitudes remain within their designated atmospheric bands for refractive correction.

Step 11: Export Output File The final output is saved as a NetCDF file, containing the full

geolocation (eight corners and midpoint) of each voxel, along with the associated azimuth,

elevation and range values.

θ = 0; c = tan−1(
r

RRa
)

θ ̸= 0; c = cos−1(
y2 +R2

Ra − r2

2yRRa
)

c = Nan; c = tan−1(
r sin(θ + π

2 )

y
)

(2.1)
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Figure 2.4: Flowchart of the Voxel Location Code, which inputs radar variables, and then
outputs the voxel location points.
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2.2.2 Geoid Function

Figure 2.5 shows the flowchart of the iterative process of the Geoid Module. This module

takes the initial positional information of the radar and the ellipsoid calculations to estimate

the geodesic distance s, between the radar and the voxel point. ϕ2 is first estimated using

Equation 2.2, the great circle, then s is estimated using the elliptical equations, this is then

used to calculate the first geodesic estimates of ϕ2 and λ2 (position of the radar voxel point)

using the GeographicLib module (Karney, 2022). The correction for the offset, from great

circle and ellipsoid to geoid, as shown by Figure 2.2 needs to be added, to make it a proper

geodesic estimation; The skew normal correction (Equation 2.4) is applied first, which alters

the azimuth (α) value, and then the reduced latitude correction (Equation 2.5), (which takes

it from the great circle spheroid, to an oblate spheroid, an ellipsoid) (Vincenty, 1975) . These

iterative incremental changes improve upon each set of assumptions to go from the positional

information given for the radar voxels, range, to the geodesic distance across the Earth, to

achieve an estimate for the geodesic position of each radar voxel as the most accurate positional

information that can be achieved.

π < α < 1.5π; ϕ2 = ϕ1 + c

otherwise; ϕ2 = ϕ1 − c

(2.2)

Figure 2.5: Flowchart of the Geoid module, demonstrating the iterative steps to produce the
second position points.
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2.2.3 Corrections

For a sphere, the normal of a point above the surface goes directly through the centre of the

sphere, but for the ellipse, with the exception of the poles and equator, the normal bisects the

axis of rotation as shown by Figure 1.13. The normal length, y, is not the sum of the radius

and the altitude on an ellipsoid. The distance (d) between the centre of the ellipsoid and the

bisection of the normal is given by Equation 2.3 and shown in Figure 1.12.

There are two corrections, the normal (skew) correction, which is applied first followed by

the target height correction. The two corrections should approximately be equal and oppo-

site in sign (Krakiwsky & Thomson, 1974). The skew correction has less variation than the

target height correction, with the former not in excess of 0.03 across 100 km and the latter

normally below 0.5 arc seconds (Burkholder, 2008). The skew correction, Equation 2.4 is from

Burkholder (2008)’s Equation 7.73, using ρcc to convert to coordinate geometry. The target

height correction uses M , which is the meridian radius of curvature and N which is the radius

of curvature in the prime vertical. The target height correction is taken from Krakiwsky and

Thomson (1974)’s Equation 58. These incremental changes correct the position of the target

latitude and longitude point adjusting from elliptical to full geodesic coordinates.

d = υe2 sinϕυ = a(1− e2 sin2 ϕ) (2.3)

δαsn
∼=
ρcce

2s2

12N2
1

cos2
ϕ1 + ϕ2

2
sin 2α (2.4)

δαth
∼=
Mm

ρm

e2s2 sinα cosα cosϕ2
12Nm

(2.5)

2.2.4 Gravity Corrections

FE, SE and EE are models based on geometry, when working with real-world data, there are

further physical facets that impact the shape of the Earth. If the ellipsoid is used as the base

shape, what adjustments or corrections are required to get to the geoid?

The Earth bulging at the equator is broadly down to three things, centrifugal force, gravity

and density distribution. If the Earth was a single density that did not distort but was covered

in a layer of water (the sea), the gravitational pull would cause a bulge by only a single km.
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The actual measured axes are the semi-major axis of the Earth at a = 6378137.0000m and the

semi-minor, b = 6356752.3142m which is a difference of 21384.685 m or ∼ 0.3% (Newtspeare,

2011).

Merry and Vanicek (1974) uses an astronomical reference frame, and gives a gravitational

correction in the order of 10−2m. The Helmert method transforms between coordinate sys-

tems, there are some variations that take into account local gravity but these adjustments are

also in the order of 10−2m. So far these corrections cover the surface of the Earth. The at-

mosphere is not a vacuum and thus has a mass and gravity (Lin et al., 2020). However Lin

et al. (2020) shows that using a general gravitational affect is sufficient given the magnitude of

altitude and range of the radar. Therefore adding the atmospheric mass to the Earth’s centre

of mass, adds 0.87 mGal to observations made at mean sea level which is the equivalent of a

∼ 5m height offset, which is accounted for when using the geoid (Vanicek & Krakiwsky, 1982).

2.3 Refraction Correction

Refraction is the change in direction of an electromagnetic wave as it passes from one medium

to another. The bending occurs in the direction of the denser medium. Snell’s Law, Equation

2.7 is the relationship between the incident and refractive angle for an electromagnetic wave

travelling through the boundary of medium one and two. Figure 2.6 demonstrates the refractive

phenomenon very clearly in the real-world example of a ship appearing to float in the air above

the ocean. The example in Figure 2.6 (Morris, David, 2021) is a result of the difference in air

density, cold air is denser than warm air; at sea level, there is a layer of cold air and then warmer

air above, this bends the light from observer’s perspective on the shore. This effect causes an

apparent mismatch in locations according to the frame of the reference of the observer, as shown

by Figure 2.7. Refraction has an impact on the local elevation angle, height and range of the

target.

48



Chapter 2. Methods

Figure 2.6: Floating Boat courtesy David Morris via BBC (Morris, David, 2021)

Figure 2.7: Refraction Phenomenon

Calculating atmospheric refraction requires knowledge of the current atmospheric conditions,
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for individual ray tracing. Measuring the density gradient for a single ray, is difficult, thus an

average gradient could be used, this could be measured or modelled given various assumptions.

One model, could assume there is no change in the medium, the atmosphere is of uniform

density and thus no influence from refraction. Another model could examine how the mass of

Earth’s atmosphere is distributed; broadly speaking as altitude is increased the less dense the

atmosphere becomes. Another method could incorporate meteorology.

The Effective Earth’s Radius Model (43R model) is widely used in meteorology circles (Amer-

ican Meteorological Society, n.d.), and approximates a constant impact due to refraction. The

4
3R model assumes that refractivity is directly inversely proportional with height and assumes

the model of the Earth is spherical. The corrected range from the 4
3R model is shown in Equa-

tion 2.6, where k = 4
3 . This theory is k = 0.143 (Sjoberg & Shirazian, 2012) for Geodesy.

However, the 4
3R model has been widely criticised, as far back as Bean and Thayer 1959 who

compared the 4
3R model to two proposed new methods. The work was brought about due to the

newer “long-range applications” (Bean & Thayer, 1959). From this study and in more recent

studies Haering and Whitmore (1995), Zeng et al. (2014) and Doerry (2013) it is clear that the

4
3R model is not an effective correction for refraction for altitudes above 1 km.

Figure 2.8: Refraction Diagram

Four main papers were assessed to determine an improved method to the 4
3R model, Haering
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and Whitmore (1995), Doerry (2013), Zeng et al. (2014) and Lin et al. (2020). The Sandia

Report (Doerry, 2013), first offers a relationship between refraction and altitude from (Bean &

Thayer, 1959) where the altitude is split into three ranges; 0-1 km, 1-9 km and above 9 km,

whilst it shows an improvement on the initial 4
3R model there were other models that performed

better. Sandia (Doerry, 2013) compares 2 main models to the 4
3R model, the first an iterative

numerical integration technique (INIT) and the average radius of curvature technique (ARCT).

The conclusions of the Sandia Report, suggest that making an estimation of N even if it is

wrong produces a better model than the 4
3R model. The INIT is better than ARCT however

the ARCT has the advantage of a single formula, both can take surface refraction but a best

guess can be used if unavailable.

r = ka(

√
sin2 ϕ+

2h

ka
− sinϕ) (2.6)

Haering and Whitmore (1995) and Zeng et al. (2014) both use temperature data in a gra-

dient refraction method. The gradient refraction method segments the beam to calculate the

local elevation angle. Each segment uses the previous local elevation angle to make incremental

adjustments due to refraction. Haering and Whitmore (1995) chose segment lengths of 1000

ft along the ray, and also truncated the number of segments to improve on computation time.

Some of the errors that can arise from this method are the fact that the refraction constant and

the meteorological data are all assumed to be constant along the same altitude layers, both in

space and time. And the relationship between refraction and altitude is unrealistic.

The general conclusion to draw is that using weather balloon observations/modelled tem-

perature for specific observations gives the most precise refraction; This is evident among the

studies (Haering and Whitmore, 1995; Doerry, 2013; Zeng et al., 2014). All of these methods

were examined using spherical and ellipsoidal Earth models, and treat the atmosphere in gen-

eralised layers, the addition of meteorological data improves this, but in cases of mountainous

regions or deep valleys, this would need reexamining. If temperature data i.e from a radiosonde

is available NASA/Zengs gradient refraction method would give the most accurate refraction

detail for the radar beam. However if no temperature data is available, Sandia’s INIT with
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approximation method is the best.

ni1θi1 = nt1θt1 (2.7)

t =

∫ t

i

n

c
dr = min (2.8)

ρavg =
1

ha − hs

∫ ha

hs

ρdh ≈ (
Hb

10−6Ns cosψg
)(
e

ha−hs
Hb − 1
ha−hs
Hb

) (2.9)

kavg =
1

1− Re
ρavg

≈ [1− (
10−6Ns cosϕgRe

Hb
)(

ha−hs
Hb

e
ha−hs

Hb − 1
)]−1 (2.10)

2.3.1 Refraction

The resultant refraction correction is broken down by altitude with the conditions specified

as followed: If the initial altitude of the voxel location, ha is under 6 km, the Bean and Thayer

(1959) conditions for Nb and Hb are used. If 6 < ha ≤ 9.5 km then Doerry (2013)’s Equation 26

are used for the conditions which are based on the relationship between refraction and altitude,

and an improvement from Bean and Thayer (1959). If the 9.5 < ha < 100 km then the iterative

numerical integration method from Doerry (2013) is used. µ is the convergence parameter,

which was determined to be 1 · 10−5 and η,m are the iteration parameters Doerry (2013)’s

Equation 51. The new elevation angle is estimated from either Lin et al. (2020) at Hb = 0

otherwise Doerry (2013).

2.3.2 Collocation

In the context of this thesis, the definition of collocation is when two observations occur at the

same point in physical space and time of the same target. In empirical applications, collocation

may not be achievable between instruments, thus determining the difference between sets of

observations will guide users between the ability to use observations together or independently.

The collocation code has two main variants, a column and the closest approach.

The column collocation code is a variation of a CVP (Column Vertical Product) found in

the radar community (Lukach et al., 2022 and Murphy et al., 2020). The new column product

is designed to compare radar voxels with a single point location, for example a citizen science

report which gives a singular coordinate value. The user first defines the radius of the col-

umn. Then, using the previously specified corners of the radar voxel (Ω, χ, Υ, ζ), the geodesic
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distance, s is computed between each corner and the single point using the Inverse from the

GeographicLib Module (Karney, 2022). The conditions are set as shown in Equation 2.11, that

all four corners to single point, geodesic distance s12 must be equal or within the radius limit

of the column. If these are met then the corresponding voxels and indexes values are saved for

output. Figure 2.9 demonstrates what this column would look like, of a 5 km radius around a

single point, an insect light trap, this was made using the NXPol radar, when it was based at

Chilbolton Observatory on the 14th of February 2018.

sΩ ≤ radiuscolumn

sχ ≤ radiuscolumn

sΥ ≤ radiuscolumn

sζ ≤ radiuscolumn

(2.11)
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Figure 2.9: 5 km radius of column of radar voxels over Bentley Wood Light Trap from the
NXPol Radar, located at Chilbolton Observatory on 14/02/2018.

The closest approach was created for multiple point comparisons, i.e when the secondary

instrument is changing its position in time. Collocation occurs, in this scenario, when the

secondary instrument is within the radar voxel at the same time. Time is limited in the first

instance, before the rest of the code. In Cartesian coordinates limits of an area would be imposed

by using y = mx + c however in a geodesic plane the limits imposed use the lines of azimuth

from each coordinate corner. Figure 2.10 shows, independent of altitude, the 4 corners of the

radar voxel, representing the minimum and maximum positions. If the azimuth line between

Ω corner and the secondary instrument is between the azimuths from Ω to χ and Ω to Υ and

the same from ζ then there is collocation. For the closest approach Equation 2.12 shows how

these limits are implemented. The limits are set by the user and should be informed by the

specifications of the radar. Then using numpy module arg partition (Numpy, n.d.) the closest

voxel to the secondary instrument is determined by s, altitude and approximate direct distance,
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so the user can determine the most appropriate voxel to use for their needs.

Figure 2.10: Four corners of the radar voxel on defined by the s, the geodesic distance along
the surface of the earth, as a birds eye view of the area covered on the surface of the Earth.

smid − gat < s12 < smid + gat

hΥ ≤ h2 ≤ hΩ

αrgmin− 1
2
θBW

≤ α12 ≤ αrgmax+
1
2
θBW

(2.12)
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2.4 Simulating Radar Cross Section

The radar cross section (RCS) represents the electromagnetic “fingerprint” of a target as

detected by a radar system. Under idealised conditions, this fingerprint can be simulated using

the WiPL-D Pro 3-D Electromagnetic Solver (B. M. Kolundzija, 1999; B. M. Kolundzija and

Djordjevic, 2002), a full-wave method-of-moments solver widely used for complex target mod-

elling. Prior to 2022, most electromagnetic (EM) modelling of biological targets, particularly

insects, assumed that wing structures had negligible influence on RCS. Standard modelling ap-

proaches typically approximated insect bodies using simple geometric shapes, most commonly

ellipsoids e.g., Drake et al. (2017), Mirkovic et al. (2019) and Wang et al. (2022).

The NERC funded BioDAR project (NE/S001298/1) challenged this assumption by asking

whether anatomically detailed insect models, including wings, significantly alter the simulated

RCS compared to ellipsoidal approximations. The findings demonstrated that wing structures

have a substantial effect on the resulting RCS.

In response, a novel RCS simulation methodology was developed by the author, Freya I.

Addison, and published as part of the BioDAR project (Addison et al., 2022). This methodol-

ogy incorporates anatomically accurate insect geometries into EM simulations. For the purposes

of this thesis, the approach has been further refined and extended to simulate the RCS of both

a male and female Lasius niger (common black garden ant) during flight.

The first step in generating a detailed model for RCS simulations involves acquiring a high-

resolution 3D scan of the insect specimen. This scan captures the overall morphology, including

key features such as the body, wings, and legs. However, raw scans often contain imperfections,

such as surface noise, holes, or missing anatomical structures, which must be corrected prior to

simulation.

To address these issues, the scan is either digitally cleaned or used as a reference for manu-

ally reconstructing the insect in 3D modelling software. The goal is to produce a watertight,

single-surface mesh that accurately represents the exterior geometry of the insect. In many

cases, incomplete or absent structures (e.g., wings or legs) are reconstructed manually to en-
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sure anatomical fidelity. Once the complete surface mesh is generated, it is reformatted and

exported into a format compatible with the electromagnetic simulation software, specifically,

WiPL-D Pro. The final model is then ready for input into the RCS simulation pipeline.

As described in Addison et al. (2022), insect specimens were scanned using the Micro-CT

scanner at the Natural History Museum (NHM), which generated 3D volumetric reconstructions

by capturing a sequence of 360o 2D X-ray projections around the specimen. These projections

are computationally stacked and processed to produce a high-resolution 3D volume of the target.

To ensure anatomical accuracy, particularly for winged insects, the specimens were prepared

with wings spread in a mid-flight position, similar to standard entomological display practices

(see Figure 2.11). This orientation maximises visibility of the full wing structure during scan-

ning.

For larger specimens (typically those exceeding 5 mm in length), such as Queen ants, the

insects were sputter-coated with gold-palladium. This metallic coating enhanced the contrast

of the insect’s exterior in the X-ray images by increasing surface reflectivity and helped to reduce

penetration depth, thereby limiting visualisation to the outer morphology. Prior to scanning

the central mounting pin (commonly inserted through the thorax for transport or display, as

shown in Figure 2.11), was carefully removed. Each specimen was than positioned on a foam

support to stabilise it during the scan, ensuring minimal movement and optimal orientation.
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Figure 2.11: Lasius niger taken by Dr Elizabeth Duncan in her laboratory. Pinned with wings
spread out in the mid-flight position; the right-hand side hindwing is missing, but the rest of
the specimen is intact, with all segments of antenna and legs present.

The native resolution of the Micro-CT scans obtained from the NHM was 0.0226 mm per

voxel. Due to the large files sizes generated, particularly for larger specimens such as the Queen

ant, data optimisation was necessary to facilitate downstream processing. As advised by the

NHM staff, the scan data were downsampled using the software Drishti (Y. Hu et al., 2020),

reducing the file size of the Queen ant model from 1.69 GB to approximately 26.9 MB without

significantly loss of anatomical detail.

The downsized volume was then imported into 3D Slicer (Fedorov et al., 2012), an open-

source platform for medical image analysis and 3D visualisation. Within 3D Slicer, a series of

preprocessing steps were applied:

• The scissor cropping tool was used to remove the extraneous material, such as the foam

support beneath the specimen.
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• A thresholding filter was applied to isolate pixel intensities within a defined range, thereby

enhancing contrast, reducing background noise, and highlighting the physical structure of

the insect.

• The model was then segmented to exclude areas outside the thresholded intensity range,

enabling focused analysis of the insect anatomy.

During this segmentation process, it is possible to enhance specific internal structures (e.g.,

organs), although certain fine features, particularly delicate appendages like wings, may be lost

if their intensity values fall outside the defined threshold range.

To repair surface discontinuities or minor gaps in the mesh, a smoothing algorithm was

applied. The final model was then exported in STL (.stl) format for the use in 3D modelling

and electromagnetic simulation. Figure 2.12 displays the processed Queen ant specimen within

3D Slicer. It should be noted, that this particular specimen was scanned without wings.
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Figure 2.12: Slicer Software, the top right box shows the model created from the slices, 2D
stack of CT images, the other 3 boxes show the 2D images from different angles. This specimen
is of a Queen Ant at 0.25 resolution of the original scan.

Following segmentation and export, the 3D insect models were imported into Blender, an

open-source 3D graphics and animation software (Blender Online Community, n.d.), for final

clean-up and alignment prior to simulation.

Within Blender, each specimen was reorientated to standardise the spatial configuration

across all models, ensuring consistency for simulation and comparison. The following alignment
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protocol was applied:

• The origin of the coordinate system was set to the geometric centre of the insect model.

• The head of the insect was orientated to face the positive x-axis.

• The ventral side of the abdomen (i.e., the underside, typically where the legs are posi-

tioned) was aligned with the negative z-axis.

This consistent orientation ensures that anatomical comparisons across different insect mod-

els are performed relative to a uniform reference frame, which is essential for reproducible RCS

simulations and analyses.

Once the insect model is correctly orientated in Blender, a clean up process is performed

to isolate the external structure for simulation. The model is first split using Blender’s “Sep-

arate by Loose Parts” function. All disconnected components, typically artefacts or scanning

noise, are removed, ideally leaving only the main insect geometry.

The internal structure is then examined. If internal features are minimal and easily dis-

tinguishable, they are manually separated and deleted. In cases where internal geometry is

too complex or poorly defined, remeshing tools are used to create a simplified surface mesh by

tracing over the original geometry. Any defects in the model, such as holes or missing limbs,

are corrected by duplicating similar features or manually reconstructing them.

In the case of the Queen ant model, internal structure was minimal and easily removed,

allowing the external geometry to be edited directly. Wings were absent in the scan and were

reconstructed using two reference images, Figures 2.13(a) from Pfeiffer (2017) and 2.13(b) from

Reddit (2017). These images were imported into Blender, then scaled and rotated to align with

the model. Using Blender’s polygon tool, wing outlines were traced and then extruded to form

a 3D structure consistent with the anatomical appearance.

The cleaned and completed model was exported as an STL (.stl) file and imported into

WiPL-CAD, the companion software to the WiPL-D Pro 3-D Electromagnetic Solver (B. M.

Kolundzija & Djordjevic, 2002). Within WiPL-CAD, the mesh was automatically rerendered
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(a) Lasius niger Queen ant, dorsal view from (Pfeif-
fer, 2017) (b) Alate Queen ant, side on profile (Reddit, 2017)

Figure 2.13: Reference images of alate Queen ants, used as a guide for shape and size to in
simulation model.

to reduce the number of plates whilst preserving the original geometry. This mesh optimisation

step is critical for ensuring simulation efficiency and accuracy. Plate size was configured based

on the radar wavelength, with the maximum plate dimension 2λ2 and any holes to < 1
2λ. An

optimised mesh was generated for each radar band used in simulation, specifically, X-band,

C-band, and S-band, ensuring compatibility with the different wavelengths. The right mesh

can reduce the amount of unknowns and improve the run time of the WiPL-D Pro simulation.

Thus one is created for each radar band, (e.g X-band, C-band, and S-band).

The WiPL-D simulations were run using the following standard configuration:

• Di3 Files: Off

• Integral Advanced: Enhanced 1

• Precision: Double

• Observation Mode (OM): Monostatic

• Units: mm, GHz, V
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Following the approach in (Addison et al., 2022), the insect model was segmented into anatom-

ical parts; body, wings and limbs shown in Figure 2.14, to allow dominant material-specific elec-

tromagnetic properties to be assigned, yellow for chitin, red for homogenised lesser borer beetle.

Using Blender’s manipulations tool, mesh plates corresponding to each anatomical region were

grouped and tagged accordingly. Material properties were assigned based on previous studies:

• The body was given the dielectric constant of a “homogenized blend of lesser grain borer

beetles” as used in (Nelson et al., 1998), (Stepanian et al., 2018a) and (Addison et al.,

2022) with a complex dielectric constant of ε = 34.3− j8.6

• The wings and limbs, primarily composed of chitin, were assigned a dielectric constant of

ε = 4.1− j0.16, following values reported in (Chen et al., 2020).

63



Chapter 2. Methods

Figure 2.14: WiPL-D Software, of the full Queen ant model. The red section of the body was
given the dielectric constant of 34.3, j-18.6 (Stepanian et al., 2018a) and the yellow section, the
wings and the limbs the dielectric constant of 4.1, j-0.16 (Chen et al., 2020).

To estimate the average RCS of the insect, two distinct electromagnetic simulations were

performed, each designed to account for different possible orientations of the insect relative to

the radar beam.

1. 1. Azimuthal Simulation (α− scan): In this simulation, the incident electromagnetic

wave is polarised horizontally, and the RCS is computed over a full 360o rotation in

the azimuthal plane. This configuration effectively simulates the insect rotating about

its vertical axis, analogous to a ballerina turning in place on a music box. It captures
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variation in RCS as the insect’s orientation changes around the horizontal plane.

2. 2. Elevational Simulation (θ − scan): In the second simulation, the incident wave

is polarised vertically, and the RCS is calculated over 360o in the elevation plane. This

represents the insect performing a forward rotation or a somersault, think woodlouse,

simulating changes in RCS as the insect pitches up and down relative to the beam.

These two scanning orientations are designed to approximate the wide range of possible flight

directions and body postures insects may adopt in free flight. By combining the results of

both simulations, a mean RCS value is derived that represents the insect’s average backscatter

signature across all possible incident angles.

With an average RCS of the male and female, the ratio of sexes is applied and then this

is used to map from the radar variables of our scattered targets to a tangible biological param-

eter. The assumptions made is the targets are homogenous ant swarm, with the RCS average

of ants, the number of ants can then be derived.
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Chapter 3

Results: Evaluation of Radar

Geodesic Algorithms

The author, Freya I. Addison, designed and wrote a new software package, in python, incor-

porating the geodesic location module (Geographiclib) (Karney, 2022), specifically to estimate

the geodesic location of radar voxels with adaptive refractive corrections, given the position of

the radar, elevation, azimuth and direct range. The Geographiclib module (Karney, 2022) re-

quires “s”, which is not known directly from radar. The author wrote the Radar Voxel Geodesic

Location (Module), to iteratively estimate the geodesic distance (s) across the surface of the

Earth between the radar and the radar beam. The Collocation module, also written by the

author, enables the radar voxels to be collocated with a secondary source, using either direct

distance, the geodesic distance across the Earth (s), or altitude.

The following chapter evaluates the two modules developed. The chapter assesses the perfor-

mance of both algorithms, the realism of their outputs, the process of validation, and compares

results obtained using different Earth models, as outlined in Chapter 1, Section 1.7. Since these

algorithms were created from scratch, transforming theoretical ideas into practical applications,

validation is the central focus. The context in which these algorithms were designed is also criti-

cal. Radar observations are recorded relative to the radar’s own position. In research campaigns

where multiple instruments aim to observe the same phenomenon, achieving collocation within

a universal reference frame is necessary. Furthermore, planning for cross-instrument collocation
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ensures better integration. By incorporating geodesy, the standard universal reference frame,

into radar positioning and scanning strategies, the likelihood of collocation between instruments

is maximized at the start and throughout the campaign. Post-processing verifies collocation,

accuracy, and the relative distance between coincident observations.

3.1 Validation

The principle behind verifying the validity of the Radar Voxel Location (Geodesic) code is

to corroborate a radar voxel location with a coincident target of a known location. The target

needs to be in direct view of the radar, above any ground clutter, and should have a distinctive

radar cross section, or be the only object with high reflectivity within the surrounding range

gates in order to be identifiable as the known target. This is done by using a highly reflective

object, for this case a transmission mast, of known location. A calibrated radar is also neces-

sary, the requirements of which are outlined in Section 2.1. If the peak reflectivity of the mast

appears in the same radar voxel that the collocation code selects, then the code is validated, if

they do not, then the collocation code does not work.

Validation requires both the direct and indirect methods with the known variables of: ϕ1,

λ1, ϕ2, λ2, α12, r. The Geographiclib module (Karney, 2022) is used with the direct method

(ϕ1, λ1, ϕ2, λ2) to deduce the azimuth angle between the radar and the mast, and the geodesic

distance, s. By limiting the azimuth, and approximating the range from s, the peak reflec-

tivity of the mast is found within the radar data. The exact azimuth and range of the peak

reflectivity are then put into the collocation code to calculate the coordinates of the mast, if

they are coincident with the known coordinates of the mast then the Geodesic code is validated.

The UK Met Office (UKMO)’s radars have a wide beamwidth of ∼ 1o (Darlington et al.,

2016). Stockland Hill transmission mast is situated (50.807o, −3.105o, 466m), standing at

237.4 m tall (Brown, 2014). As the mast has a known location and is within 50 km of the War-

don Hill radar it was selected to be the validation point for the Geodesic code. The Geodesic

distance along the surface of the Earth between the Wardon Hill radar and Stockland Hill mast

is s = 38693m; the radar voxel that encompasses this distance according to the Geodesic code

is the voxel at (r = 38700m, α = 268o, θ = 0.5o). Figure 3.1 shows that there is an extended
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peak above 40 dBZ at the predicted 38.7 km (42.5 dBZ) and another at 39.3 km (47.4 dBZ).

Figure 3.2 shows a single peak of 33 dBZ at range 38.7 km. This is because the mast’s size

and metallic composition makes it an object with high scattering properties, so much so that

the magnitude of its returned power is “sufficient to saturate the digital filters” (Darlington,

2015). It can be determined that the mast falls within the location of the 38.7 km range gate,

(shown in Figure 3.3,) as that is the centre of the peak reflectivity between all three radar voxels

displaying peak reflectivity, as illustrated by Figures 3.1 and 3.2, and thus the Geodesic code is

valid.

Figure 3.1: Wardon Hill Radar 268 azimuth, 0.5 elevation, reflectivity spike for positional
calibration with Stockland Hill Mast.

68



Chapter 3. Results: Evaluation of Radar Geodesic Algorithms

Figure 3.2: Wardon Hill Radar 268 azimuth, 1o elevation, reflectivity spike for positional cali-
bration with Stockland Hill Mast.

Only one validation is required, because the results are binary, either success or failure.

Moreover, finding a similar setup within a 50 km range of a radar is particularly challenging.

Figure 3.3 shows Stockland Mast, the cornered radar voxels, at θ = 0.5o ranges 38.7 km and

39.3 km and range 38.7 km at θ = 1.0o are displayed in red using the geodetic Earth model, from

the UKMO Wardon Hill Radar. These are the boxes which the radar signal is saturated. The

upper elevation voxel overlaps with the lower elevation voxels as the radar’s beamheight is ∼ 1o.
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Figure 3.3: Google Earth Image of area covered by peak reflectivity of Stockland Hill Mast
using the Geodesic model for the radar voxels (red).

Variable Mean Std Dev Median Q1 (25%) Q3 (75%) Max (abs)

lat diff deg 0.0000 0.0013 -0.0000 -0.0001 0.0001 0.0088
lon diff deg -0.0000 0.0022 0.0000 -0.0010 0.0010 0.0097
alt diff m 859.6290 1091.5812 294.4029 78.9826 1403.5379 3654.1227
s diff m 148.8844 157.3882 94.3501 35.0738 206.6754 980.6085

Table 3.1: Statistical Summary: Geodesic vs UKMO

The methodology was composed with the intent on using with research radars, but ultimately,

as the project evolved and calibration requirements became stricter, the UKMO radars were used

instead. The reason to stipulate this is because the UKMO now, provide a midpoint location

for their radar voxels. The UKMO use a translation from spherical cartesian coordinates to

Geodesic using the Proj4 and the azimuthal equidistant projection, this information was sent

in an email (Robert Scovell 2023, personal communication, 30th January). Comparing the

UKMO and Geodesic locations, the coordinates are fairly on par as shown in Table 3.1, although

Figure 3.5 demonstrates how the differences steadily increase with range from the radar and

the variability with the interquartile range shaded. The greatest difference in position between

models lies within the altitudes, shown in Table 3.1 and Figure 3.4. With a beamheight of
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1o, at 50 km this equates to approximately a voxel height of 0.87 km and the model altitude

differences are less than 34% of that voxel height. At 100 km, the voxel height is approximately

1.75 km and the altitude difference ∼ 43% of that value. At 200 km range this increases to

a difference of ∼ 68% of altitude difference over voxel height. The variation is increasing as

range increases so the averages look different; altitude differences average 87.64m in the first

50 km in the limited ranges and elevations inputted. The geodesic model used the standard

refraction value of Ns = 313 compared with the UKMO’s constant refraction value. According

to UKMO employee Robert Scovell (2023) they use the 4
3R model, as discussed in Section 2.3,

this does not hold up (Haering and Whitmore, 1995; Doerry, 2013; Bean and Thayer, 1959).

The difference in refraction models would explain the discrepancy in altitude. The significance

in altitude discrepancy is important as it is reflected in the atmospheric boundary layer, which

is the lowest level in the troposphere. This is where terrain and local atmospheric effects have

the biggest influence. Given altitude is fundamental for Numerical Weather Prediction Models,

local forecasts in particular would be impacted.
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Figure 3.4: Wardon Hill Radar scatter plot showing the spread of altitude differ-
ences (see Table 3.1) between the UKMO positional altitude data and the geodesic-
calculated values.

Figure 3.5: Wardon Hill Radar upper and lower quartiles shaded over median surface
distance differences (s in meters) between UKMO coordinates and geodesic calcula-
tions.
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3.2 Comparison Between Flat, Spherical, Elliptical and Geodesic

For the comparison between the models, refraction is not used in order to assess the geometry

and projection translations. Three locations were chosen from across the globe to demonstrate

the impact that location has when comparing the shape of the Earth models. The locations

are Wardon Hill, representing mid-latitude, La Reunion representing the equatorial region, and

Troll representing the Poles. The test azimuths, ranges and elevations are listed below in Table

3.2 and the statistical quartiles from python package statistics (The Python Standard Library,

n.d.) are listed in Tables 3.3 and 3.4.

s (km) 10, 15, 20, 25, 30, 40, 50, 60, 70, 80, 90, 100, 150, 200

αo ±165, ±150, ±135, ±120, ±105, ±90, ±75, ±60, ±45, ±30, ±15, 0, 180

θo 0.0, 0.5, 1.0, 2.0, 5.0, 7.0, 10.0, 12.5, 15.0

Table 3.2: Test parameters for s, α, and θ.

Elevation = 0.5◦

Radar Lower Quartile Median Upper Quartile

Wardon Hill
(50.81833, -2.55472)

δλ −1.59 · 10−6 1.12 · 10−6 4.98 · 10−6

δϕ −2.41 · 10−6 1.58 · 10−6 7.34 · 10−6

La Reunion
(-21.0803, 55.38930)

δλ −2.83 · 10−6 −7.51 · 10−7 1.24 · 10−6

δϕ −3.13 · 10−6 −7.16 · 10−7 1.36 · 10−6

Troll
(-90.00, 0.00)

δλ −2.62 · 10−6 −6.27 · 10−7 1.40 · 10−6

δϕ −7.98 · 10−6 −1.24 · 10−6 4.31 · 10−6

Table 3.3: The difference in latitude (ϕ) and longitude (λ) between the theoretical midpoint
of a radar voxel at elevation 0.5◦, located at mid-latitude (Wardon Hill), near the equator (La
Reunion), and the poles (Troll), between Geodesic and Flat Earth Model.

Elevation = 0.5◦

Radar Lower Quartile Median Upper Quartile

Wardon Hill
(50.81833, -2.55472)

δλ −4.17 · 10−4 −6.02 · 10−6 3.65 · 10−4

δϕ −5.72 · 10−4 0.00 5.78 · 10−4

La Reunion
(-21.0803, 55.38930)

δλ −3.64 · 10−4 1.89 · 10−6 3.66 · 10−4

δϕ −3.89 · 10−4 0.00 3.89 · 10−4

Troll
(-90.00, 0.00)

δλ −3.56 · 10−4 9.08 · 10−6 4.61 · 10−4

δϕ −1.15 · 10−3 0.00 1.15 · 10−3

Table 3.4: The difference in latitude (ϕ) and longitude (λ) between the theoretical Mid Point
of a radar voxel, at elevation 15o, located at mid-latitude (Wardon Hill), near the equator (La
Reunion) and the poles (Troll), between Geodesic and Flat Earth Model.
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Figure 3.6: Band 4 (h = 2500− 3000m), PPI over all elevation at specified altitude, splits into
“rings” from Chenies radars at 04:00 on the 9th July 2021.

The elements being compared between the models is the position; latitude, longitude and

altitude. For altitude, the averages were taken for each azimuthal ring, for the range, at single

elevations (θ). Figure 3.6 pictorially describes an azimuthal ring; at a single elevation there

will be just a single ring, but at multiple elevations, there are gaps between the radar cone at

different elevations, so when looking at one altitude band there will be gaps where no radar

data is present. Altitude was separated by elevation as altitude is dependent on elevation. For

the geodesic distance, s the averages were taken for each azimuthal ring, across all elevations

for each range; although there will be some impact on s due to altitude and terrain differences,

they are insignificant compared to range (r), and for the purpose of comparing models they

were not separated any further.
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Zooming out to look at the global differences, Figures 3.7 and 3.8 show the difference in

coordinates between the Flat Earth (FE) and Geodesic Earth (GE) models. Within Figures 3.7

and 3.8, the first row show the difference in latitude between FE and GE models over a given set

of longitudes and the second row show the difference in longitudes between FE and GE models

for a given set latitudes at the three test locations, Wardon Hill (mid-latitude), La Reunion

(equatorial) and Troll (south-pole). Figure 3.7 is representative of lower elevations, at θ = 0.5o

and Figure 3.8 is at θ = 15o representing higher elevations. The colours, represent every 30o

in azimuth from 0o <= α <= 330o. Figure 3.8 shows the higher elevations (θ = 15o) and thus

higher altitudes, here, there is a fairly even spread in δλ and δφ over the 360o of azimuth. At

lower elevations (θ = 0.5o), although there is some symmetry, the uniformity with range from

the radar as shown in Figure 3.8 is not there, and at certain azimuths, i.e α = 210o, 240o, in

Figure 3.7, some of the differences in models are much shorter or longer than at other angles.

Examining the difference in models further at θ = 0.5o, in Figure 3.7, it shows that Wardon

Hill has the smallest spread for the difference in latitude out of all the test locations ranging

from −7.82 · 10−5 ≤ δλ ≤ 2.55 · 10−4, positively skewed. Whereas La Reunion and Troll are

evenly spread with their min and max difference in latitude. For 90o ≤ α ≤ 270o, the difference

between models appears to have a symmetrical spread in δlatitude and for −90o ≤ α ≤ 90o

δlongitude appears to have a symmetrical spread across all locations. The general trend is the

greater the distance from the starting location, the greater the difference between Flat Earth

and Geodesy. However, the kinks and the varying differences show that terrain has an impact.

Figure 3.8 demonstrates clearly that the further away from the radar the greater the dif-

ference in models and thus at higher elevations/altitudes, terrain differences have less of an

impact, as shown by the symmetry of the differences. The difference between models at higher

elevations ranges from the order of −1 · 10−2 → 1 · 10−2 compared to ±1 · 10−4 for lower eleva-

tions. Longitude varies in a similar way, with coordinates at the Equator showing the smallest

differences and the largest at the Poles.
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Figure 3.7: Figure of multiplots at Elevation = 0.5o Individual coordinate differences of latitude and longitude between the Flat Earth Model and
the Geodesic Model, with refraction excluded. The three graphs represent a mid-latitude position of Wardon Hill, Equatorial with La Reunion and
the Poles with Troll.
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Figure 3.8: Figure of multiplots at Elevation = 15o Individual coordinate differences of latitude and longitude between the Flat Earth Model and
the Geodesic Model, with refraction excluded. The three graphs represent a mid-latitude position of Wardon Hill, Equatorial with La Reunion and
the Poles with Troll.
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At higher elevations, Figure 3.8 show there is a greater difference in the model positions by

a factor of ∼ 100. This is due to the altitude differences and the impact of the curvature of

the Earth which impacts the projection more. Low elevations, for example θ = 0.5o are similar

to a Flat Earth line at 0o so the expectation is the coordinates would be correlated, with the

differences largely determined by terrain differences. At higher elevations e.g θ = 15o, the line

of sight of the radar has greater deviation from the surface of the Earth and thus, as expected

there is a greater difference between the models.

The graphs in Figures 3.9 and 3.10 (Geodesic-Flat), are for location Wardon Hill, show

the quartiles from the numpy statistics package (The Python Standard Library, n.d.), these are

not error bars but represent the spread of the data with the upper and lower quartiles, and the

dot/cross representing the statistical median. The mean of the median altitude difference of

Geodesic-Flat over the 200 km distance, is ∼ 37.1m. At close range (≤ 50 km) the difference

in s is under 100m between each model. This is corroborated when comparing the coordinates

directly by s with the GeographicLib Direct method. As the range from the radar increases so

does the difference between the models, with the average being 500m and 800m respectively.

As range from the radar increases as does the altitude difference. With spherical versus geodesic

there is an exponential increase in difference.

Table 3.5 shows the distribution of altitude differences between Flat Earth Model and the

Geodesic Model without Refraction, for s, α and θ from Table 3.2. At the mid-latitudes, the al-

titude differences are significant, whereas at the equatorial regions and poles the first 30−40 km

the difference between models is insignificant. Generally Figure 3.10 and Table 3.5 show that the

Flat Earth model overestimates altitude. At r = 10 km, θ = 0.5o the beam height is ∼ 175m

so a 21% difference between models is significant. At r = 50 km the beam height increases

and the difference in altitude between models is 4.5% so is less significant. This shows, before

accounting for refraction, although closer to the radar altitude has greater similarity between

models, it has a bigger impact due to the size of the voxel than that at large ranges ≥ 50 km.
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Figure 3.9: Differences in geodesic distance across the surface of the Earth (s), between geo-
metric Earth shape models, using limited elevations.

Figure 3.10: Altitude difference between geometric Earth shape models, using limited elevations.

Dataset Stat 10 15 20 30 40 50 75 100 150 200

Wardon Hill
(50.81833, -2.55472)

Min 8.13 10.00 10.35 6.43 1.83 2.49 1.83 30.95 20.06 8.88
Mean 8.26e6 8.26e6 8.25e6 8.24e6 8.23e6 8.23e6 8.20e6 8.18e6 8.14e6 8.09e6
Max 9.98e6 9.98e6 9.97e6 9.96e6 9.95e6 9.94e6 9.92e6 9.89e6 9.84e6 9.79e6

La Reunion
(-21.0803, 55.38930)

Min 0.11 0.00 0.13 0.08 0.28 0.12 0.14 0.40 0.95 11.88
Mean 1.34 3.11 5.65 13.01 23.39 36.74 83.02 147.29 328.38 577.26
Max 3.53 8.23 14.89 34.05 60.97 95.62 215.83 383.56 859.31 1518.25

Troll
(-90.00, 0.00)

Min 0.11 0.00 0.14 0.10 0.24 0.07 0.25 0.21 0.40 12.86
Mean 1.33 3.10 5.64 12.98 23.34 36.66 82.85 146.95 327.61 575.92
Max 3.52 8.20 14.84 33.94 60.78 95.32 215.15 382.34 856.54 1513.30

Table 3.5: Summary Statistics (Min, Mean, Max) for Wardon Hill, La Reunion, and Troll Across
Direct Radar Range (km) between Flat Earth and Geodesic Models without Refraction.

Figures 3.11 and 3.12, using the parameters set out in Table 3.2, show the difference between
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the Spherical Earth model with 4
3R refraction correction and the Geodesic Earth model with

Ns refraction. The scale of the differences varies for where one is on Earth; in range and; ele-

vation. Understanding where the radar is situated on the reference frame, and the position of

the observations, helps contextualise the observations and where the possible uncertainties lie

when choosing a model.

Figure 3.11: FMO: Wardon Hill, FRU: La Reunion, FPO: Troll, the distribution of altitude
differences between Spherical Model of the Earth with 4

3R refraction and Geodesic Model with
Ns = 313 refraction.
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Figure 3.12: FMO: Wardon Hill, FRU: La Reunion, FPO: Troll, the distribution of difference
in distance along the surface of the Earth, between Spherical Model of the Earth with 4

3R
refraction and Geodesic Model with Ns = 313 refraction.

3.3 Errors

This section describes two sources of error for the Geodesic Toolkit developed. The first

lies with the “corner”, points of the voxel volume, predominately used for collocation. The

second source is from the GeographicLib module itself, quantifying this source of error enhances

confidence in the reliability and credibility of the module.

3.3.1 Volume of the Radar

The volume of the radar beam increases with distance from the radar, Equation 3.1 shows

how the radar equation is used to measure the volume of the radar voxeli, this is the theoretical

volume of the radar voxel. However, the theoretical volume is not used in the geodesic method

because of the requirement to bound the radar voxels; defining the edges and vertices of the

voxel establishes consistency for the voxel volume and allows bounds to be used. Bounds or

qualification limits can then be set for collocation with other observations. One shape that

81



Chapter 3. Results: Evaluation of Radar Geodesic Algorithms

could be used to represent the voxel volume is a cone, as shown by Equation 3.4. This is the

closest approximation to the radar equation however, a cone has a curved surface where vertices

would be needed, thus drawing corners is still an issue, and this volume shape does progress

the problem any further. A square pyramid, blocks the radar off into neat segments but misses

the curvature along the azimuth. The Pi slice can be visualised using Figure 2.2, it improves

on the square pyramid by including curvature along beamwidth and height line of sights. For

NXPol radar the pi slice has a percentage error of 5− 6%, decreasing inversely proportional to

the range demonstrated in Table 3.6. For the UKMO radar is 5 − 10%. The square pyramid

method overestimates the volume for NXPol by around 26% and 19− 27% for UKMO.

V =
π

4
r2i (ri − ri−1)θ

2
BW (3.1)

V =
1

3
[(ri cos

θBW

2
(2ri sin

θBW

2
)2)− (ri−1 cos

θBW

2
(2ri−1 sin

θBW

2
)2)] (3.2)

V =
θBW

2
r sin

θBW

2
(ri − ri−1)

2 (3.3)

V =
π

3
[(ri cos θBW (2ri sin θBW )2)− (ri−1 cos θBW 2ri−1 sin θBW )2)] (3.4)

3.3.2 GeographicLib

The assess the error in the GeographicLib module (Karney, 2022), with the three test lo-

cations, Wardon Hill, La Reunion and Troll, the Direct and Indirect methods were traversed

between to get an a maximum error in the order of 10−9 magnitude, showing that the error in

this module is insignificant. Table 3.7 show the errors for each location.
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Range (km) 10 15 20 25 30 40 50 75 100 150 200

Theoretical 0.00345 0.00775 0.0138 0.0215 0.0310 0.0551 0.0862 0.194 0.345 0.775 1.379
Square 0.00432 0.00977 0.0174 0.0273 0.0393 0.0699 0.109 0.246 0.438 0.986 1.75
Pi Slice 0.00324 0.00733 0.0131 0.0204 0.0293 0.0525 0.0820 0.185 0.329 0.740 1.32
Cone 0.00339 0.00768 0.0137 0.0214 0.0309 0.0549 0.0859 0.193 0.344 0.775 1.38
δTPS% 5.93 5.46 5.22 5.08 4.98 4.87 4.79 4.69 4.65 4.60 4.56

Table 3.6: Voxel Volume Changes with Range for θBW , ri − ri−1 = 0.15 km.

Location Variable Minimum Maximum Mean

Warden Hill
(50.8183, -2.5547)

α −7.29 · 10−12 7.29 · 10−12 −1.28 · 10−15

s −2.52 · 10−9 1.75 · 10−9 −6.13 · 10−12

La Réunion
(-21.0803, 55.3893)

α −2.32 · 10−12 2.32 · 10−12 0.00
s −1.99 · 10−9 1.87 · 10−9 −6.66 · 10−11

Troll
(-90.00, 0.00)

α −2.84 · 10−14 2.84 · 10−14 0.00
s −6.98 · 10−10 7.06 · 10−10 −1.28 · 10−10

Table 3.7: Inverse/Direct “Error”
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3.4 Summary

Regarding the multiplots Figures 3.7 and 3.8, for the elevation angle, θ = 15o, the difference

in latitude between flat earth and geodesic earth models are consistent, as is the difference

longitude. For low elevation where θ = 0 − 0.5o, there is variation. The variation in models

is due to localised differences, where the Flat Earth model does not vary but the geoid varies

with gravimetric and terrestrial differences, thus when close to ground, at low altitudes these

differences are emphasised but at higher altitudes the discrepancies are smoothed over as a

position at higher altitude is projected over a larger amount of land.

This chapter evaluates the two algorithms developed: the Radar Voxel Localization Algo-

rithm and the Collocation Method. The Radar Voxel Localization Algorithm estimates the

geodesic latitude, longitude, and altitude of each voxel within the radar beam, applying refrac-

tion corrections, and referencing them to WGS-84 MSL. The Collocation Method calculates

the geodesic distance, altitude difference, and relative position between radar voxels and a sec-

ondary data source. The chapter assesses the performance of both algorithms, the realism of

their outputs, the process of validation, and compares results obtained using different Earth

models, as outlined in Chapter 1.

Since these algorithms were created from scratch, transforming theoretical ideas into prac-

tical applications, validation becomes a central focus. The context in which these algorithms

were designed is also critical. Radar observations are recorded relative to the radar’s own posi-

tion. In research campaigns where multiple instruments aim to observe the same phenomenon,

achieving collocation within a universal reference frame is necessary. Furthermore, planning

for cross-instrument collocation ensures better integration. By incorporating geodesy, the cho-

sen universal reference frame, into radar positioning and scanning strategies, the likelihood

of collocation between instruments is maximized at the start and throughout the campaign.

Post-processing verifies collocation, accuracy, and the relative distance between coincident ob-

servations.

To conclude this section, the geodesic coordinates have been verified. The geodesic alti-

tude, with the refraction correction is an improvement upon the UKMO’s altitude for radar
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voxels. Geodesic location is the most accurate system to use over the entire globe. Coordinates

over flat terrain i.e a moor will have greater similarity to a flat Earth projection model, at low

elevations, than one which is over undulating surfaces for example rolling hills which would

be better represented by a geodesic model. At higher altitudes/elevations, the differences in

coordinates become negligible between the different models, thus either could be used, and FE

is more efficient, however the reduction in accuracy with altitude still shows the Geodesic model

is the superior one to use, regardless.
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Chapter 4

Results: Modelled Radar Cross

Section of Alate Ants

In this Chapter, the results of simulating a Queen and male alate ants’ radar cross section

(RCS) are described. The RCS of a target is dependent on the wavelength of the radar, the size,

shape and composition (dielectric constant) of the target. The total RCS was calculated for the

Met Office, C-band radars only with a 360o scanning strategy, and thus is not comparable to

vertically pointing scanning simulations or other frequency bands of radar.

The RCS of a target can be calculated through; theory, simulations or direct measurements.

Determining the RCS of insects, by direct measurements is inherently challenging (Addison

et al., 2022) due to the requirement of a known target, which would be difficult to define given

the nature of insect size, behaviour, and flight dynamics.

WSR typically operate within three frequency bands: S, C and X-band (World Meteoro-

logical Organization, 2023a) with S and C-band making up the majority within the WMO

(World Meteorological Organization, 2023a) Each band offers distinct advantages; For exam-

ple, X-band radars (2.5 ≤ λ ≤ 4 cm) have the capability to detect point targets, including

biometeors (Torvik et al., 2014; Bauer et al., 2024; Drake et al., 2024). In contrast, C-band

(3.75 ≤ λ ≤ 7.5 cm) and S-band (8 ≤ λ ≤ 15 cm) radars are optimized for capturing backscat-

ter from distributions of targets, which is crucial for large-scale weather observations (World
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Meteorological Organization, 2023b). For VLRs insects may appear as a point target (Smith

et al., 2000; Drake et al., 2017; Drake et al., 2024), but generally the S and C-band typically

observe insects as a collective mass, much like clouds. This makes estimating RCS for a group

of insects, such as a swarm of locusts or mayflies, more feasible (Stepanian et al., 2018b; Drake

and Reynolds, 2012; Knott et al., 2004; Melnikov et al., 2015), though species diversity can

still pose challenges. The RCS can also be used to estimate a biomass, as used through varying

methodologies in Kilambi et al. (2018), J. Chapman et al. (2002) and Stepanian et al. (2020).

Therefore even knowing a single insect’s RCS, has the potential to thread together the informa-

tion gap between radar observations and a tangible quantitative biomass of an insect swarm.

As the research on RCS simulations of insects is still in its infancy, this chapter will show

the results from two branches of models for obtaining the RCS of an alate ant; the anatomical

model (Addison et al., 2022), using a detailed render of an alate ant, and the second is prolate

ellipsoid model (Mirkovic et al., 2019).

4.1 Biological Description of Alate Ants

Figure 2.11 shows a typical Lasius niger ant which, as a Hymenoptera is divided into three

segments; the head, the thorax and the abdomen. The six legs of the ant, are jointed and

paired from each side of the thorax. The antenna has a distinctive elbow joint, with a longer

protruding initial segment, then a near 90o angle before the usual antenna segmentation. An

alate ant, has its wings coming off the mesothorax and metathorax.

Queen ants have a large variation in their mass across their lifetime, therefore the fresh

mass measured on or around their nuptial flight is the ideal mass to use. The alate male and

female fresh mass range is 3.10±0.23 and 26.035±2.405 mg (Boomsma & Isaaks, 1985) respec-

tively. The males have ∼ 2% smaller variation in their alate biomass than the Queens, with

the males at ∼ 7% variation in biomass and the Queens at ∼ 9% variation in biomass. The

average length of an alate male is 4.1 ± 0.6mm (Nature Spot, n.d.) and a Queen 8.0 ± 1mm

(Dimensions, n.d.; Ho and Frederickson, 2014).

The muscles grown in order to be capable of flight are very dense, and take up the ma-
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jority of the thorax (Matte & Billen, 2021) of an alate ant; once the Queen has mated and

landed, she will bite off her wings, and her flight muscles will start to decay, it is posited that

these muscles will provide the much-needed nutrients for her first batch of young (Matte and

Billen, 2021; Peeters et al., 2020). Regardless, within a few months, the flight muscles of a

L. niger Queen, will have reduced to insignificance and adipocytes (fat storage cells) grown

to occupy the space (Matte & Billen, 2021). The alate males, after their nuptial flight, will

die within the next few days. The window of time to measure the fresh mass of an alate ant

is narrow, the species, age of the colony, and time of year of flight can also have an impact

on mass, (Janet, 1906; Matte and Billen, 2021; Boomsma and Isaaks, 1985; D. Wagner and

Gordon, 1999), and the recording of dry versus wet mass will also impact, thus there are many

sources of error.

The anatomy of an ant is well known (Peeters et al., 2020; Matte and Billen, 2021; Fedoseeva

and Grevtsova, 2020). Every material, at different temperatures and for different frequencies,

has its own dielectric constant. The dielectric constant of an ant is not known. The antenna,

legs and connection between thorax and abdomen are majority chitin and are categorised as

such. Mirkovic et al., 2019 discusses the internal composition for the dielectric constant. The

Less Grain Borer Beetle (Nelson et al., 1998) was crushed and the dielectric constant measured

to give the approximate value of the body of the beetle, this has been used in multiple studies

since to represent insect bodies (Addison et al., 2022), (Mirkovic et al., 2019) and used here.

The wings and legs were given the chitin dielectric constant of 4.1-j0.16 extrapolated in Addison

et al. (2022) from Chen et al. (2020) and the body was given 34.3-j18.6 (Nelson et al., 1998;

Mirkovic et al., 2019). As mentioned previously, the flight muscles are much denser than the

typical body material and chitin, in addition, the temperature in-flight will be much greater

than anything measured inactively on the ground. Measuring the dielectric constant of an in-

flight ant, was beyond the scope of this thesis, and thus using the standard methodologies set

out in the existing literature Mirkovic et al. (2019), Addison et al. (2022) and Nelson et al.

(1998) was deemed sufficient for comparison.
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(a) Full Queen Ant

(b) Wingless Queen Ant

(c) Body Only Queen Ant

Figure 4.1: The three body types of the Queen Ant made on Blender. Top to Bottom. a) Full
Body, b) Wingless and c) Only Body.
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4.2 Data Processing

Previous research (Mirkovic et al., 2019), used ellipsoids to model insects for simulations of

insect RCS. (Mirkovic et al., 2019) paper shows the derivation of height to create the ellipsoid

models; Equation 4.1. The Biodar group did not record either the fresh or dry mass for the

specimens, so the mass was unknown. Hence as an experiment, the height was measured di-

rectly in WiPL-D using the measurement tool.

h =
6m

πdlw
(4.1)

Species Body Length (mm) Mass (mg) RCS (cm2) Source

Lasius niger (Q) 8.8 27.8 0.1 Measured, (Dimensions, n.d.), Derived

Xestia xanthographa 17 140 2.7 (Addison et al., 2022)

Spodoptera littoralis 17.5 95 1.0 (Riley, 1985)

Tipula oleracea Linnaeus 17.7 45 0.537 (Hobbs & Aldhous, 2006)

Episyrphus balteatus 11 22.3 0.734 (Wotton et al., 2019)

Table 4.1: Table of insect species where RCS was calculated at S-band, and their associated
size information.

The Queen ant was scaled in WiPL-D to fit within the typical size range of a Queen ant, and

then measured using WiPL-D’s measuring tools, and the measured size is recorded in Table 4.2

along the top row. In Table 4.2, W refers to width; L, length; and H, height, n quarter of the

number of plates WiPL-D uses to create the ellipsoid, a is the radius, b, is half the width and

c half the height.

The male ant used in this thesis came from a SketchFab 3D Blender Model, created by Se-

bastian Fiolet and is licensed under Creative Commons Attribution (Fiolet, 2020). The model

Queen Ant

Measurement W (mm) L (mm) H (mm) Mass (mg) n a b/a c/a

WiPL 3.2 8.8 2.7 27.808 16 4.4 0.363636 0.306818

Derived 1.885986 0.214317

Average 8.0± 1 26.035± 2.405

Male Ant

WiPL 0.93 3.4 0.91 2.87 16 1.7 0.273529 0.267647

Derived 1.73349 0.50985

Average 4.1± 0.6 3.10± 0.23

Table 4.2: Table of modelled ants, measurements of the features from the Radar Cross Section
(RCS) software, WiPL-D.
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was then run through WiPL-D CAD to transform it into the WiPL-D model and from there

scaled to a size that fell in the typical range of an alate male ant.

Figure 4.1 shows the three Queen Ant models, which were used for the simulations in WIPL-

D. Figure 4.1 a) is the Full body Model, which includes all the features including the drawn

wings. Figure 4.1 b) is the Wingless model, which has all the features of the ant, directly from

the CT scan. Figure 4.1 is the Only Body model, and has the body only, with the legs and

antennae removed in Blender and replaced with plates.

4.3 Model Simulation Results and Discussion

The two different derivations of the prolate ellipsoids were simulated, and their RCS compar-

ison is in Figure 4.2. The prolate ellipsoid using an estimated mass to derive the height is closer

in estimation to the real, or anatomically correct model of the Queen ant than the measured

height and thus is used for all further comparisons.

Two simulations are run, one for the horizontal wave, and one for the vertical. They are

run for 360o around the insect, to get the radar cross section for the different angles the insect

could be flying at. This is why, the results form a figure-of-eight, the peaks represent when the

insect is flying at 90o to the radar, the perspective of the full length of the insect, whereas the

minimum is when we are seeing the insect front on or from behind. The result is the average

RCS for the horizontal and vertical waves at each of the elevation positions for each azimuthal

position hence the 2D plots of Figures 4.2, 4.1, 4.4, 4.5 and 4.7 rather than a singular value.

The first simulations that were run were for the different body models of the Queen ant;

the aim was to recreate Figure 10 from the (Addison et al., 2022) paper, which is shown in

Figure 4.3. Acknowledging the prior research done by (Addison et al., 2022), Figure 10 was

recreated for the Queen Ant. Figure 4.3 shows the comparison for Full Body, Wingless and

Only Body and the prolate ellipsoid. The Wingless and Full model show very slight differences,

emphasized at 90o and 270o, however the difference is minor enough to justify not modelling the

wings for the alate male ant. This experiment agrees with previous research that membranous

wings do not impact the RCS value of a radar and agrees with (Addison et al., 2022) that limbs
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and antennae should be modelled.

Figure 4.2: Comparison of the modelled polarimetric RCS values (cm2) for the two types of
the derived prolate ellipsoid, measured height and derived height and the Queen Ant Full body
model. For a 9.4 GHz radar. Azimuthal Scan (Ballerina).
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Figure 4.3: Comparison of the modelled polarimetric RCS values (cm2) for the winged Queen
Ant for the Full body model, Wingless model, Only Body model and the derived prolate ellip-
soid. The RCS is for a 9.4 GHz radar.

In linear units, Figure 4.4 shows the difference between a Queen and a male ant. The shape

difference is similar to that of the ellipsoid comparison in Figure 4.5. Both Figures (4.4 and 4.5)

illustrate the significant sex difference in RCS value. The anatomic models’ RCS values between
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male and female have a greater difference of ∼ 100 dB more than their ellipsoid counterparts.

Along the horizontal line 180−0o, the ellipsoid models have a greater change in RCS value than

the anatomic models. The Queen models look more similar than the males in Figures 4.4 and

4.5, but this is slightly misleading as when comparing the ellipsoid and the anatomic model in

Figure 4.3 the differences are visually more clear cut.

Figure 4.4: Comparison of the modelled polarimetric RCS values (dB) for the winged Queen
Ant and the Male Ant. The RCS is for a 9.4 GHz radar.
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Figure 4.5: Comparison of the modelled polarimetric RCS values (dB) for the Ellipsoid versions
of the Queen and the Male Ant, with the height derived using Equation 4.1(Mirkovic et al.,
2019) The RCS is for a 9.4 GHz radar.

Figures 4.6 and 4.7 show the RCS value in cm2 at 5.6 GHz for θ = 0o. The Queen ant’s mean

RCS value is 0.1 cm2 for a 9.4 GHz radar and ∼ 0.28 cm2 at C-Band, 5.6 GHz. Table 4.1, is the

X-band RCS values for various insects, with the L. niger Queen used in this study on the top
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row. Although Table 4.1 does not show all the features, the table along with Figure 4 from Riley

(1985) shows that this value is in the right order of magnitude, with other research conducted

Addison et al. (2022), Hobbs and Aldhous (2006), Wotton et al. (2019) and Riley (1985). Figure

4 from Riley (1985) shows the mass to RCS relationship, and the Queen with a mass in the

order of 10−2 g should have a RCS value in the order of 10−1 cm2 which she does; and the male,

has a mass in the order of 10−3 g so should have a mass between 10−4 − 10−5 cm2 which he

does. With the Queen ant having a RCS value of 0.25 cm2 and the male of 1.15 · 10−5 cm2, at

5.6 GHz, this is means the male is approximately 0.004% of the Queen’s RCS size.

Figure 4.6: Modelled polarimetric RCS values (cm2) for the winged Queen Ant. For 5.6 GHz
radar.
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Figure 4.7: Modelled polarimetric RCS values (cm2) for the Male Ant. For a 5.6 GHz radar.

4.4 Summary

The average RCS of a Queen ant is: 0.11660082599656907 cm2 and the average RCS of a male

ant is: 6.00594496564492 · 10−6 cm2 at C-band. The simulations of the ants show a substantial

difference in RCS value between an alate male and Queen ant, a factor of ∼ 105. Thus, Queens

are likely to be the dominant signal rather than a mix of the sexes. The simulations also show,

that the membranous wings of Hymenoptera have an insignificant effect ∼ 0.5% on the RCS

of the specimen compared with the scaled wings of a Lepidoptera (Addison et al., 2022). The

values of RCS are consistent with studies that measure RCS (Riley, 1985; Hobbs and Aldhous,

2006). The models show improvement and significant difference with the modelling of anatomy
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compared with an ellipsoid, as is consistent in Addison et al. (2022)’s study.

Further improvements could lie within the dielectric constant. As every material has a differ-

ent dielectric constant which changes with temperature and the EM radiation interacting with

it. When modelling for a target, there are two components to consider, the dominant material

and the most representative. For an aircraft, it does not matter what it is filled with because

the external structure is the only aspect which the radar is able to see, although this can be

manipulated, for example small RCS values have been manipulated for stealth aircraft (Parker,

2017), but generally external material dominates. With insects, the Addison et al. (2022) paper

found that the wings were observed by the radar for the moth and therefore should be modelled.

Addison et al. (2022) showed that a different dielectric constant impacted the influence of the

limbs on the RCS of the insect thus for ants when in flight mode their thorax is immensely dense

with flight muscles and therefore how does that change the RCS of the insect. However through

a brief literature search the dielectric constant was within a single order of magnitude (Infor-

mation Technologies in Society, ITIS Foundation, 2024; Gabriel, 1996), thus was not considered

different enough to justify the time spent to split up the thorax on WIPL-D. However, having

the known dielectric constant of the ant at the correct temperatures for flight, given the temper-

atures of water make a difference (Andryieuski et al., 2015), would justify rerunning the models.

What should also be considered is the length of time each of the wing positions are at

over the flight, typically longer at a downward position that at top (Sane, 2003). Having this

distribution would help with the swarm estimations which is the next step from the individual

RCS to the modelled swarms and future biomass distribution comparison.
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Chapter 5

Results: Flying Ant Days

This final results chapter presents a practical case study that integrates the geodesic location

tool and radar cross-section (RCS) simulations of alate ants, focusing on a relatively homoge-

nous insect population during a temporally constrained biological event: Flying Ant Day (FAD).

A confirmed FAD occurrence was identified through a Citizen Science survey, and the result-

ing observations were collocated with data from the nearest UK Met Office (UKMO) Weather

Surveillance Radar (WSR) to demonstrate the ability of the geodesic methods developed in this

thesis.

While radar aeroecology has been explored in a range of studies (J. W. Chapman et al.,

2011,Stepanian et al., 2020, Vaughn, 1985 ,Martin and Shapiro, 2007, Bauer et al., 2024), in-

cluding the use of WSR for tracking birds (ENRAM, 2013), RCS simulations for bats (Mirkovic

et al., 2016), and Vertical-Looking Radars (VLRs) for insect monitoring (J. Chapman et al.,

2002), many limitations persist in both technique and instrumentation (Shamoun-Baranes et al.,

2019). WSRs are primarily designed for observing atmospheric microphysical processes such as

precipitation and typically operate with radar voxels spanning hundreds of metres to kilometres

(Nanding & Rico-Ramirez, 2019). This spatial scale is poorly matched to the centimetre-scale

size of insects, making species-level classification infeasible. However, this chapter demonstrates

that geodesic referencing can substantially improve the positional accuracy of WSR observa-

tions, enabling more precise collocation with other datasets. It further shows how WSRs can

be leveraged to monitor large-scale biological phenomena, such as Flying Ant Day (FAD), em-

phasizing their value for aeroecological research through high temporal resolution and broad

99



Chapter 5. Results: Flying Ant Days

spatial coverage.

As mentioned in Chapter 1, ants are one of the most abundant insects on the planet (Schultheiss

et al., 2022). As part of their normal lifecycle Queens and males emerge from their natal nest

to mate in the air, once mated, females drop to the ground and attempt to form a new nest.

During the copulation, enough sperm is transferred, to last the Queen her entire lifespan (Baer,

2011), up to 26 years in some species (Jemielity et al., 2005).

FAD is a phenomena in the UK which is engrained as a characteristic feature of the summer

period by the public; this annual emergence is a natural experiment which has a temporally

distinct pattern of activity, detectable by WSRs (PA Media, 2020). Despite numerous studies

such as Hart et al. (2018), Van der Have et al. (2011) and Helms (2017), the environmental cues

that trigger this emergence are not fully understood. For optimal genetic diversity, many nests

need to fly at the same time, and this is not communicated, so the question remains “How do

the ants know when to fly?”. This chapter details the ant emergences over 2021 and 2022 using

WSR observations with the developed geodesic method applied to the analysis to show how this

technique may give new insight into the dispersal, quantity and timing of these events; which

can pave the way for future ecologists and myrmecologists to explore further the dynamics,

conditions and behaviours of these emergences.

5.1 Citizen Science

The Citizen Science (CS) survey was conducted from 2021 to 2023, with a trial in 2020. The

two years of focus are 2021 and 2022 as the 2023 season was after the main processing and

submission of this thesis. These two years yielded 4806 responses; 2021 had a total of 2721

responses and 2022 totalled to 2085 responses. The population of the UK in 2021 was around

67 million (“Population estimates for the UK, England, Wales, Scotland and Northern Ireland:

mid-2021”, 2022) thus we must bear in mind comparatively, the survey responses are not sta-

tistically representative of the population.
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Figure 5.1: Map of all survey responses with valid date and location. Total responses in black,
the 11 FAD categorised by colour in the legend.

The classification for a FAD, was defined by the author as a day with ≥ 100 CS responses

of sightings. Throughout the season, there will be small flights of ants who opportunistically

look to mate, with Hart et al. (2018) reporting at between 65− 95% of days having flying ant

activity between 2012-2014 of their 97-day season. The focus here is on the large emergences

which could potentially be picked up by WSR. In 2021, there was a gap between under 60 and

above 100 for CS responses; thus, as the first year analysed, 100 was chosen to determine a FAD.

In 2022, there were only 2 days, which did not fit this categorisation, of 88 and 84 responses,

but they were consecutive to a classified Flying Ant Day.
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(a) The Population Density from the Office for National Statistics (Liveson, 2017),
2011 census data

(b) Flying Ant Day, Citizen Survey Responses (filtered by valid date and location)
from 2021-2022

Figure 5.2: Population vs Citizen Science Survey Responses Density of England and Wales.
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The first part of the survey, Question 1, asked respondents to provide the outcode of their

postcode (defined in Chapter 1, Section 1.6). Figure 5.2 illustrates the spatial distribution of

responses across England and Wales. On the left of Figure 5.2, panel a) shows the population

density of the 2011 census in blue (Liveson, 2017), whilst the right-hand panel displays the

response density of citizen science (CS) in red. The two distributions are broadly correlated,

with notable enhancements in certain areas, such as Leeds, reflecting a bias likely due to the

survey’s launch location. Encouragingly, every postcode area in England and Wales recorded

at least one CS response during the 2021-2022 period.

In contrast, Ireland and Scotland were less well represented, as seen in Figure 5.1. To address

this gap, outreach efforts in 2023 included collaboration with the Edinburgh Science Festival to

improve representation. The target species, Lasius niger, is considered a cosmopolitan species

across the UK and Ireland (Atlas, 2025), its relatively uniform distribution in survey responses

provides confidence in the spatial representativeness of the dataset.

Figure 5.1 also illustrates the temporal distribution of the reported emergence events, re-

vealing some regional differences. The 9 July 2021 case study was concentrated around the

Chenies radar and the North London area, whilst the FAD events 16-17 July 2022 show a

broader spatial spread, with notably higher activity in the eastern regions of the UK compared

to the west.

Question 2 asked participants to report the date of their ant sighting, enabling the iden-

tification of peak periods of ant activity. During July and August, 58% of days in 2021 and 43%

in 2022 had a least one CS response. Of these, 11 days were classified as “Flying Ant Days”

(FADs), 6 in 2021 and 5 in 2022, as shown in Figure 5.1. These numbers align with Hart et al.

(2018)’s study, who identified having at least five FADs per year.

Questions 3 to 5, addressed the timing of sightings, including the time of day, and perceived

duration of activity. L. niger are known to be active across the 24-hour cycle, but are typically

considered nocturnal due to the predominance of their foraging during nighttime. However, CS

responses are inherently biased toward daytime activity, particularly in estimating flight dura-

tion. Unless respondents deliberately observed the full flight event from emergence to nesting,
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Length of Sighting (hrs) <1 1-2 2-5 >5

Quantifiable (hrs) 1 2 5 8

Table 5.1: Citizen Science Survey, Question 5 Length of Sighting to quantifiable units for
processing and data analysis.

estimates of flight length are likely to be unreliable.

To standardise interpretation, responses were grouped using predefined duration categories,

as shown in Table 5.1, though this introduces additional subjectivity. A specific issue arose with

Question 4, “How long were the ants flying for?”, which was amended during the 2021 season to

include the clarification “Under an hour if on ground”. Even with the correction this resulted

in a large bias to “Under an hour”. Additionally, responses indicating durations longer than

five hours proved difficult to visualise consistently in subsequent analysis. To improve future

surveys, this question should follow “Were the ants mostly flying, on the ground, or both?” and

be reworded to focus more broadly on “activity duration” rather than flight time alone.

82% of respondents who recorded the time of their observation reported sightings during the

afternoon, with only 12% in the morning. This pattern may reflect both the genuine timing of

nuptial flight events and observational bias related to human activity patterns.

Figure 5.3 illustrates the timing of initial ant sightings reported by participants, revealing

a bimodal pattern with peaks around 11:00 and again in the late afternoon between 16:00 and

17:00. However, the time of initial sighting does not necessarily capture the full duration of

winged ant activity. Figure 5.4, which represents the reported periods of ant activity, shows a

different pattern, with the first peak occurring around 13:00 and another at 20:00.

To simplify reporting for participants, the citizen science survey asked respondents to in-

dicate the general duration of ant flight using multiple-choice options: < 1hr, 1−2hrs, 2−5hrs,

and “all day”, rather than asking for the exact time when activity ceased. This approach

minimised participant burden but also introduced some uncertainty, as most respondents were

unlikely to observe ants continuously from emergence to nesting. To interpret these responses,

Table 5.1 provides the assigned durations for each category.

Comparing the trends, the midday distribution in Figure 5.3 more closely approximates a

normal distribution than the corresponding data in Figure 5.4. Notably, there is a difference
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of two hours between the first peaks and three hours between the afternoon peaks of the two

figures, suggesting that earlier sightings tended to be of shorter duration (1–2 hours), while

afternoon activity often persisted longer (1–5 hours).

Further, Figure 5.4 shows that the majority of reports described observations of winged

ants both in flight and on the ground. Sightings of ants exclusively on the ground exhibited the

least variation in timing, while reports of flying-only ants displayed a more erratic distribution

throughout the day. Peak flying activity was observed from 17:00 to 21:00 (sunset), with a

smaller midday peak around 13:00 that corresponded with increased ground activity.

Figure 5.3: Initial time of sighting, grouped by hour from Citizen Science Responses on wit-
nessing alate ants across all dates in 2021-2022.
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Figure 5.4: Normalized Frequency of activity of alate ants. The time is taken from initial
sighting combined by the length of sighting quantified by Table 5.1, with the bottom purple
colour representing ants witnessed on the ground only; middle teal ground and flying; and top,
yellow flying across all survey responses.

5.2 Radar

The UK Met Office (UKMO) weather surveillance radars (WSRs) were used for the radar

analysis for FAD. The primary radar used was Chenies (51.689492o, −0.5302192o) which is

situated outside the M25, NNW of London. This section details some of the specific insect

processing of the radar, maintaining the assumption that the observations do not contain pre-

cipitation, and for the FADs the dominant signal will be ants, and thus instead of “insects” or

“bioscatterers” ants are used as default. When comparing to non-FAD, the same processing is

used as there is no general insect baseline to use as reference.
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5.2.1 Filtering

Filtering of the radar data was performed in two stages: first to remove general clutter, and

then to isolate insect targets using specific radar variables. To characterize baseline noise, a

clear-air reference period was identified on the 11th of July 2021, between 09:00 and 11:30,

verified using both archival meteorological records (EUMETSAT & University, n.d.) and the

CS survey, which confirmed this was not a Flying Ant Day. During this period, if the Clutter

Index, a named variable from the UKMO radar outputs, remained stable relative to its previous

value (t–1) across consecutive 10 minute intervals, these values were incorporated into a clutter

mask for subsequent filtering.

To identify insects, the methodology was adapted from (Kilambi et al., 2018), who devel-

oped equations to distinguish insects from other radar targets. Stepanian et al. (2020) built

upon this approach, introducing further criteria such as a 2 km altitude limit; however, in this

thesis’ analysis, the altitude limitations would be too restrictive when the intention was to to

examine the full vertical distribution of ants.

Figure 5.5 illustrates the effect of sequential filtering on radar observations for a representa-

tive day. Row 1 displays unfiltered data, highlighting the substantial noise present in raw radar

scans. Row 2 applies the initial filtering based on Equations 5.1, removing background clutter

but retaining some non-insect echoes. Row 3 employs the more stringent criteria from (Kilambi

et al., 2018), supplemented by a cross-correlation ratio (ρHV ) threshold of < 0.4 as per (Lukach

et al., 2022), resulting in further refinement and improved specificity for insect targets. Both

rows 2 and 3 exclude data identified as clutter during the clear-air reference period.

For this study, prioritizing certainty in insect detection was essential. Therefore, a more

conservative filtering approach was adopted, accepting the potential for false negatives to min-

imize false positives. The Kilambi et al. (2018) methodology proved most suitable for our case,

whereas the Stepanian et al. (2020) filters were tailored to mayfly swarms with well-characterized

emergence patterns and higher insect biomass. In some later plots, to emphasise the “swarm”-

like behaviour a separate refinement of 0.7 <= ρHV < 0.9 (Bachmann & Zrnic, 2007), (S.
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Gauthreaux & Diehl, 2020).

−12 < DRlog < 0

Z < 0

(5.1)

−12.5 < DRlog

Z < 45

ZDR < 5

(5.2)

Figure 5.5: Panel to show the effects of different filtering methods, columns are four hourly
intervals (08:00, 12:00, 16:00, 20:00), row one is no filter, row two is based from (Stepanian
et al., 2020), row three is based on (Kilambi et al., 2018) row two and three both have the clear
day filter.

5.2.2 Altitude

As discussed in Chapter 3, the (MO) radar voxel altitude estimates was compared with those

derived from geodesic calculations. Figure 5.6 presents a histogram of the differences in voxel

altitude for the first 2 km above ground level, using 200 m altitude bands. In this figure, blue

bars represent the geodesic altitude estimates (which include estimated atmospheric refraction),

while orange bars show the MO altitudes calculated with a 4
3R spherical Earth radius standard

atmosphere refraction (RSE), the “combo” is the overlapping number of coincident altitudes.

For an elevation angle of θ = 0.5o, the MO altitude values range from 155 to 2208 m, while the

geodesic altitudes for the same beam and range (r <= 127.5 km) span 185 to 1205 m. Figure

108



Chapter 5. Results: Flying Ant Days

5.7 further illustrates how these altitude estimates affect the interpretation of insect activity.

The top row displays the distribution of insect detections for θ = 0.5o, assuming activity is

evenly spread within the radar beam. The subsequent rows break down detections into 200 m

altitude bands up to 1 km. Two key observations emerge:

1. Range effects: Because each altitude band combines all relevant elevation rays, higher

altitude bands correspond to different ranges from the radar. Inner range rings (closer

to the radar) represent higher elevation angles, while outer rings correspond to lower

elevations.

2. Spatial isolation of activity: By splitting detections into altitude bands, distinct clus-

ters become visible. For example Figure 5.7(p) shows a distinct line of activity to the

NW of the radar at 20:00 however even in Figure 5.7(d) there is no distinctive feature.

At 12:00, Figure 5.7(b) shows there is lots of activity, but only by splitting into altitude

bands isolates the columnar activity.

Although these are still broad 200 m bands, isolating regions of interest allows for more

detailed analysis of insect distributions within the column. Figure 5.7 demonstrates that alti-

tude assignment has a significant impact on interpreting insect activity, and highlights notable

discrepancies between the MO and geodesic altitude estimates for detections meeting the depo-

larisation ratio (DR) criteria for insects.
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Figure 5.6: Histogram of Difference in Altitude between UK Met Office Position and Geodesic
with Ns Refraction Position, of Voxels for Chenies Radar.
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(a) 08:00, θ = 0.5o (b) 12:00, θ = 0.5o (c) 16:00, θ = 0.5o (d) 20:00, θ = 0.5o

(e) 08:00, 0 ≤ h ≤ 200m (f) 12:00, 0 ≤ h ≤ 200m (g) 16:00, 0 ≤ h ≤ 200m (h) 20:00, 0 ≤ h ≤ 200m

(i) 08:00, 200 ≤ h ≤ 400m (j) 12:00, 200 ≤ h ≤ 400m (k) 16:00, 200 ≤ h ≤ 400m (l) 20:00, 200 ≤ h ≤ 400m

(m) 08:00, 400 ≤ h ≤ 600m (n) 12:00, 400 ≤ h ≤ 600m (o) 16:00, 400 ≤ h ≤ 600m (p) 20:00, 400 ≤ h ≤ 600m

(q) 08:00, 600 ≤ h ≤ 800m (r) 12:00, 600 ≤ h ≤ 800m (s) 16:00, 600 ≤ h ≤ 800m (t) 20:00, 600 ≤ h ≤ 800m

(u) 08:00, 800 ≤ h ≤ 1000m (v) 12:00, 800 ≤ h ≤ 1000m (w) 16:00, 800 ≤ h ≤ 1000m (x) 20:00, 800 ≤ h ≤ 1000m

Figure 5.7: Panel plot of Filter Depolarisation Ratio, representing insect activity from Chenies
Radar over 9th July 2021. Columns are at 4 hourly intervals (08:00, 12:00, 16:00, 20:00), The
first row is the lowest elevation at θ = 0.5o are altitude bands (200-400 m, 400-600 m, 600-800
m, 800-1000 m).
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5.2.3 Biomass

In the context of this thesis, “biomass” refers to the estimated mass of biological material,

primarily insects, present in the atmosphere, as detected by radar. For FAD, it is assumed

that the dominant radar signal comes from alate ants, so the total measured biomass largely

represents the mass of these ants.

The sex ratio of L. niger during FAD is not well characterized, but it is generally thought

that males are more numerous than Queens. This is because males swarm in large numbers

to maximize genetic diversity, while relatively fewer Queens emerge to establish new colonies.

Literature estimates the proportion of Queens to males to be around 20% Queens and 80%

males, with a possible range from 14% to 30% Queens, based on studies by Boomsma and A.

(1990), Fjerdingstad et al. (2002) and Pearson (1987).

Given these ratios, and the radar cross-section (RCS) measurements discussed in Chapter

4, the radar signal is expected to be dominated by Queens, as they are significantly larger than

males. Therefore, when converting radar variables into biological parameters, the Queen’s RCS,

alone, is used as the reference value.

The conversion from WSR measurements to biological estimates involves several steps. Equa-

tions 5.3 outline this process. WSR reports the equivalent reflectivity factor Z in decibels (dBZ),

while the radar reflectivity η has linear units of cm2km−3. The conversion includes a factor of

103 to match the units, and incorporates radar wavelength λ, as well as the dielectric factor

|K|2, which depends on the refractive index and absorption coefficient of the target (see Chapter

2, Section 2.3). WSR uses the precipitation |K|2 = 0.93 (Nanding & Rico-Ramirez, 2019) as

default in their Z value, thus this conversion reveals the raw values. Once radar reflectivity η

is calculated, it is multiplied by the voxel volume to yield a total cross-sectional area (cm2).

Dividing this by the Queen’s RCS provides an estimate of the number of ants detected. Be-

cause the radar signal is dominated by Queens, the resulting count is adjusted by the average

Queen-to-male ratio (1:4). Finally, to estimate biomass, the number of individuals is multiplied

by the average mass of Queens and males according to this ratio.
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η = 103 · π
5

λ4
· Z · |K|2 · 10

dBZ
10

IATot = η · Vvoxel

RCSQueen = 0.11660082599656907

NumberAnts =
IATot

RCSQueen
· 100
20

Biomass = NumberAnts · (0.2 ·mMale + 0.8 ·mQueen)

(5.3)

For activity of the radar when taking averages, the average activity is taken for when the

conditions are satisfied. For example if only once in a period of four hours a voxel satisfies the

biomass conditions as laid out in Equation 5.3, then that is the value used for all the statistics,

if it satisfies it 40% of the time then the statistics are carried out for those 40% of times. This is

to show the average activity when insect activity is present, rather than looking over the whole

domain.

5.3 Trends of FAD

Figure 5.8 is a graph of Chenies radar, with a categorical x-axis, where the dates, are not

continuos, showing each of the eleven FADs. The lines are colour coded for the first seven alti-

tude bands up to 4 km and the grey scatter plots the number of CS reports that had Chenies

as the closest radar. Each altitude band has its own baseline level activity nominally starting

below 104, the altitude band 3-4 km is notably higher than the rest of the bands. The altitude

bands generally all follow the same trends, just to different degrees on the hourly scale. A FAD

appears to average at a peak of around 32,000 ants per cubic kilometre but on the 17-18 July

2021 this is exceeded by a factor of 10. The CS reports are for Chenies radar only, appear a

couple of hours later from the start of rise in density in the radar. There is an approximate

diurnal cycle shown in both the radar and CS data. The year 2022 FADs appear more evenly

distributed in terms of insect activity than 2021 for the Chenies radar.
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Figure 5.8: Average Number of Ants per km3 for Chenies Radar, split by altitude bands up to 4 km, for all Flying Ant Days, with the Citizen
Science Survey Results on the y2-axis.
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Figures 5.9 a), b) and c) are of the exact same measure but each show different amounts.

Encouragingly the trends are the same, but dependent on range limits, and altitude, different

quantities of biomass are estimated. Why is the median different, well, with increased range

there is an increase of voxels and the number of potential voxels with insects increases; addition-

ally there is an increase in volume and also the base-level of activity for the radar to register the

signal will be increased. This tells us that whilst Plan Position Indicators (PPIs) can provide

general estimates, by using precise geodesic positioning, and isolating hotspots of activity, our

biomass estimates will be more representative of the area in question.
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(a) Radar Volume out to 50 km

(b) Radar Volume out to 30 km

(c) Whole Radar Volume for the 13th to the 20th July 2021

Figure 5.9: Total estimated biomass for radar volume, for the time period 13th to the 20th July
2021, with Flying Ant Days recorded 16th to the 18th July.
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5.4 Case Studies

Two case studies are presented in this section, to do an in-depth analysis of the radar data

and bring in the CS responses too. The criteria was to be a flying ant day (≥ 100 CS responses),

with ±2 consecutive days to not be a FAD for comparison in general insect activity. The 9th

of July 2021 is the first case study, which had 78% responses within 50 km, and 92% within

75 km, the good range (Met Office, 2023), of the 118 responses closest to Chenies radar. A

separate analysis was done for all radars for the period 13-20 July, with the FADs 15-18 July

2021. This was to look at more generalised trends and differences, the consecutive days were

not completely clear, with precipitation in some areas.

5.4.1 9 July 2021

The 9th of July 2021 was an identifiable “isolated” case with 91% of the 129 survey responses

were around a singular radar, Chenies. Figure 5.10 is a series of PPI plots at elevation θ = 0.5o

and shows the activity, filtered for insects, in DR, for 7, 9, 10 and 11 July, unfortunately

Chenies was offline for most of the 8th of July, hence the different time series in Figure 5.10. On

9 July 2021 there is general increase in activity across all four time periods, there are some data

points which do not change across the days, which could be eliminated with further filtering or

normalisation. On 10 July 2021 at 16:00 there was a rain shower which is seen near the Thames

Estuary approximately (51.3o < ϕ < 51.7o) and (0.2o < λ < 0.5o). There was also precipitation

present on the 11th of July.
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Filtered Depolarisation Ratio of Insect Activity Map from Chenies Radar at θ = 0.5o, 7− 11th July 2021

(a) 07/07/2021, 08:40 (b) 07/07/2021, 12:00 (c) 07/07/2021, 16:00 (d) 07/07/2021, 20:00

(e) 08/07/2021, 21:40 (f) 08/07/2021, 22:20 (g) 08/07/2021, 23:00 (h) 08/07/2021, 23:40

(i) 09/07/2021, 08:40 (j) 09/07/2021, 12:00 (k) 09/07/2021, 16:00 (l) 09/07/2021, 20:00

(m) 10/07/2021, 08:40 (n) 10/07/2021, 12:00 (o) 10/07/2021, 16:00 (p) 10/07/2021, 20:00

(q) 11/07/2021, 08:40 (r) 11/07/2021, 12:00 (s) 11/07/2021, 16:00 (t) 11/07/2021, 20:00

Figure 5.10: Chenies Radar out to 127.5 km on 9th of July 2021 (Flying Ant Day) with ±2days. This is a full Filtered Depolarisation
Ratio Map, representing insect activity; with the most amount of activity in yellow and green.
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Insect Activity Map from Chenies Radar, 09/07/2021

(a) Alt:0-0.5km at 08:00 (b) Alt:0-0.5km at 10:00 (c) Alt:0-0.5km at 12:00 (d) Alt:0-0.5km at 14:00 (e) Alt:0-0.5km at 16:00 (f) Alt:0-0.5km at 18:00

(g) Alt:0.5-1km at 08:00 (h) Alt:0.5-1km at 10:00 (i) Alt:0.5-1km at 12:00 (j) Alt:0.5-1km at 14:00 (k) Alt:0.5-1km at 16:00 (l) Alt:0.5-1km at 18:00

(m) Alt:1-1.5km at 08:00 (n) Alt:1-1.5km at 10:00 (o) Alt:1-1.5km at 12:00 (p) Alt:1-1.5km at 14:00 (q) Alt:1-1.5km at 16:00 (r) Alt:1-1.5km at 18:00

(s) Alt:1.5-2km at 08:00 (t) Alt:1.5-2km at 10:00 (u) Alt:1.5-2km at 12:00 (v) Alt:1.5-2km at 14:00 (w) Alt:1.5-2km at 16:00 (x) Alt:1.5-2km at 18:00

(y) Alt:2-2.5km at 08:00 (z) Alt:2-2.5km at 10:00 (aa) Alt:2-2.5km at 12:00 (ab) Alt:2-2.5km at 14:00 (ac) Alt:2-2.5km at 16:00 (ad) Alt:2-2.5km at 18:00

Figure 5.11: Chenies Radar out to 127.5 km on 09/07/2021. Rows are in 500 m altitude bands, columns are time running from 08:00 to 18:00. Flat Insect Activity
from filtered Depolarisation Ratio.

119



C
h
ap

ter
5.

R
esu

lts:
F
ly
in
g
A
n
t
D
ay
s

Insect Activity per kilometre cubed Map from Chenies Radar, 09/07/2021

(a) Alt:0-0.5km at 10:00 (b) Alt:0-0.5km at 12:30 (c) Alt:0-0.5km at 15:00 (d) Alt:0-0.5km at 17:30 (e) Alt:0-0.5km at 20:00 (f) Alt:0-0.5km at 22:30

(g) Alt:0.5-1km at 10:00 (h) Alt:0.5-1km at 12:30 (i) Alt:0.5-1km at 15:00 (j) Alt:0.5-1km at 17:30 (k) Alt:0.5-1km at 20:00 (l) Alt:0.5-1km at 22:30

(m) Alt:1-1.5km at 10:00 (n) Alt:1-1.5km at 12:30 (o) Alt:1-1.5km at 15:00 (p) Alt:1-1.5km at 17:30 (q) Alt:1-1.5km at 20:00 (r) Alt:1-1.5km at 22:30

(s) Alt:1.5-2km at 10:00 (t) Alt:1.5-2km at 12:30 (u) Alt:1.5-2km at 15:00 (v) Alt:1.5-2km at 17:30 (w) Alt:1.5-2km at 20:00 (x) Alt:1.5-2km at 22:30

(y) Alt:2-2.5km at 10:00 (z) Alt:2-2.5km at 12:30 (aa) Alt:2-2.5km at 15:00 (ab) Alt:2-2.5km at 17:30 (ac) Alt:2-2.5km at 20:00 (ad) Alt:2-2.5km at 22:30

Figure 5.12: Chenies Radar on 09/07/2021. Rows are in 500 m altitude bands, columns are time running in 2.5 hourly increments from 10:00 to 22:30. Number
of Ants per km3 Insect PPI Map.
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Chapter 5. Results: Flying Ant Days

Figure 5.11 is another PPI panel plot, using range of Chenies radar out to 127.5 km. The

rows in Figure 5.11 are in 500 m altitude bands, and the columns are bihourly times from 08:00

to 18:00. The plots are single colour showing likely presence of insects in teal and the black x’s

mark the citizen science responses over the same period. Figure 5.11 shows us the difference of

insect activity in altitude bands but also the temporal differences with growth until about the

middle of the afternoon and then a decrease in activity. The altitude band of up to 500 m, is

range limited, due to the angle of the beam. With the cluster of responses at 16:00 and 18:00

there appears to be some level of insect activity above at all altitudes.

Figure 5.12 is using the swarming criteria with 0.7 <= ρHV < 0.9 and as seen it shows

much greater detail than that of Figure 5.10 and 5.11. The complete time series associated with

Figure 5.12 can be viewed at PhdGifs, but the selected timestamps in Figure 5.12 highlight the

dynamic, circular patterns (c, j, k, o and q) and breadth of dispersal observed throughout the

day. A persistent background “hum” of activity is apparent near the radar, likely attributable

to residual clutter or baseline noise. This artefact could be reduced through improved clutter

masking and normalization of baseline activity, further enhancing the accuracy of insect density

estimates.

Figure 5.7 i) a PPI at elevation of θ = 0.5 and shows an area of heightened insect activ-

ity at (51.5 < ϕ < 52.3,−0.1 < λ < 0.8). Figure 5.13 illustrates the temporal evolution of an

insect activity cluster over this defined region of interest from Figure 5.7 i), from 07:30 to 09:30.

At 07:30, elevated activity is observed within the 200–400 m altitude band, predominantly be-

tween the coordinates (52.1o < ϕ < 52.3o, 0.0o) < λ < 0.6o. Over the subsequent two hours,

this region of activity expands spatially, indicating the growth and dispersal of the cluster.

From Figure 5.13 i), the same area of activity initially presents as a single, coherent cluster

under the elevation conditions of θ = 0.5o. However, analysis across multiple altitude bands and

time intervals reveals additional complexity. By 07:40, the first emergence of activity above 600

m is detected, although this signal remains confined to a narrow horizontal range (0.0 < h < 0.2

km. By 08:10, the vertical distribution of intensity changes, with a pronounced peak forming

between 200 and 400 m. As time progresses, both the intensity and spatial extent of the cluster
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Chapter 5. Results: Flying Ant Days

(a) 07:30 (b) 07:40 (c) 07:50

(d) 08:00 (e) 08:10 (f) 08:20

(g) 08:30 (h) 08:40 (i) 08:50

(j) 09:00 (k) 09:10 (l) 09:20

Figure 5.13: Cluster 1 from Chenies Radar on 9th July 2021, Filtered Depolarization Ratio
representing Insect Activity.
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Chapter 5. Results: Flying Ant Days

increase, demonstrating continuous growth and vertical development throughout the observed

period.

These observations highlight the dynamic nature of insect clusters, with both spatial and

vertical expansion occurring over relatively short timescales.

Figure 5.14: Citizen Science Survey Winged Ants Sightings 9th July 2021

Analysis of the CS survey responses for this day reveals a pronounced peak in ant sightings

between 16:00 and 18:00 shown in Figure 5.14. By visually inspecting Figure 5.11 and and em-

ploying collocation tools, the cluster of relevant survey responses can be geographically isolated

within the region defined by −0.3 ≤ λ ≤ 0.1o longitude and 51.4 ≤ ϕ ≤ 51.7o latitude. Figure

5.15 focuses on the period from 15:00 to 19:20, spanning approximately hour on either side of

the primary CS sighting peak. In all plots there is higher values of biomass, 104 − 105 around

the kilometre mark and longitude −0.3o to −0.25o approximately which appears in every plot,

this is an artefact of the radar data, which should be ignored. Going through each time step

at Figure 5.15 a) 1500, the biomass is approximately 103 at 1-1.25 km. At 15:30, b) most of
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Chapter 5. Results: Flying Ant Days

the altitude band 1.5-1.75 km has a base level of about 10 g or less of biomass. At 16:00 the

higher altitudes are quite scattered with a low biomass, but at 16:30 whilst the Figure 5.15 d)

still looks scattered, the volume is filling in at higher altitudes and subsequently and increase

of biomass. At 17:00 the increase in biomass is shown at lower altitudes under 250 m and at

17:30 there is wide dispersal but more defined altitude gaps are appearing. The higher biomass

values are at latitudes north of 51.70 and largely in the first 500 m of altitude. 18:00 is sim-

ilar to 17:30 and there is further emphasis on the altitude, and slightly less volume covered.

18:30 there is a significant change, with good ground coverage of biomass below 250 m, there

is a large altitude gap spanning around 0.25-1/1.25 km.The ground cover continues to increase

until peaking at 18:45 (not shown) and by 18:50 it starts to decrease so at 19:00, Figure 5.15

i), the ground coverage is restricted to −0.15 ≤ λ ≤ −0.05o, towards the corner of the graph

there is still activity scattered over the altitudes, but by 19:20 the ground coverage has pretty

much gone, there is less activity in the corner, but a consistent more defined band of around

10 gkm−3 at approximately 1.75 km. These temporal changes are clearly captured in Figure

5.15, illustrating the dynamic patterns of flying ant activity throughout the afternoon.

Figure 5.16 presents a three-dimensional plot depicting the number of ants per cubic kilome-

tre within the restricted region defined by 52.0 <= ϕ <= 52.6, −1 <= λ <= −0.5 a subsection

from Figure 5.12. This time series illustrates the diurnal variation in ant number density, with

values rising and falling from the early morning through the late afternoon of the 9th of July

2021. Figure 5.16 is a focused subset of the broader PPI plot shown in Figure 5.12, which

captures the overall spatial distribution of insects on Flying Ant Day.

With the CS data, radar columns can be isolated over these regions to look at the dynamics

of activity. Figure 5.18 displays the time series of insect activity within a 5 km column centered

on the postcode (NW7) of a CS survey respondent. The centroid of the postcode, which covers

an area of 12.3 km2, was used as the reference location for analysis. According to the radar

data, peak activity in this column occurred at 10:00. However, the CS respondent first observed

ants, both on the ground and in flight, at 15:45, with activity lasting approximately 2–5 hours.
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Chapter 5. Results: Flying Ant Days

15:00 15:30

16:00 16:30

17:00 17:30

18:00 18:30

19:00 19:20

Figure 5.15: Cluster 3 from Chenies Radar on 9th July 2021, Biomass
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Chapter 5. Results: Flying Ant Days

Source Mean Median LQ UQ Min Max Voxel Count

Chenies - Overall 1973 80 37 214 3 522175 39759

Chenies - Day (0500–2100) 1512 83 40 200 3 395788 32288

Chenies - Night 3963 64 27 439 3 522175 7471

Thurnham - Overall 8681 94 36 490 2 979150 65122

Thurnham - Day (0500–2100) 8105 92 37 410 2 979150 46944

Thurnham - Night 10168 99 34 712 3 836124 18178

Combined Overall 6722 93 38 588 - - 101903

Combine Day (0500–2100) 6012 91 40 530 - - 76631

Combined Night 8165 97 33 706 - - 25272

Table 5.2: Biomass (grams) distribution between radars and combination for area Latitude
Limits (51.5o, 51.7o), Longitude Limits (0o, 0.25o) for 9th of July 2021.

The radar data indicates that the highest density of insect activity was observed at the 1 km

altitude band, with lower densities detected closer to the surface. Notably, despite the postcode

centroid being only 22 km from the radar, a clear discrepancy exists between the timing and

nature of radar-detected and ground-based observations.

The column of 5 km, is much larger than the W9 postcode area of 1.9 km2. Figure 5.19

shows the activity does not exceed 2 km over the whole day. There is an increase in ground

activity at 10:00 which spreads out and increases in intensity by 12:00, but by 14:00, majority

is further aloft and overall there is less volume with activity, there is a spatial increase and

intensity increase at 16:00 very little changes at 18:00 at 20:00 the space between active voxels

increases and at 22:00 the dispersal is increased and the volume covered is less.

For the postcode SE15, the area is 5.9 km2 which is similar to the column, however the

activity is largely isolate to North of 51.48o and West of −0.04o. The two notable exceptions

are at 12:00 and 16:00 where there is low density, but increased volume of ants spatially. The

CS report, noted only a few ants “Between 10 and 30”, both on the ground and in-flight from

15:30 for 1-2 hours, which although could correspond with the radar data, it is not conclusive.

There is a column of radar activity up to 2.5 km throughout the the time period largely at the

corner of the plot in Figure 5.20.

These column plots highlight how each method captures different aspects of ant emergence

and dispersal, underscoring the value of integrating both remote sensing and citizen science

data to fully characterize these events.
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Chapter 5. Results: Flying Ant Days

(a) 00:05 (b) 01:05 (c) 02:05

(d) 03:05 (e) 04:05 (f) 05:05

(g) 06:05 (h) 07:05 (i) 08:05

(j) 09:05 (k) 10:05 (l) 11:05

(m) 12:05 (n) 13:05 (o) 14:05

(p) 15:05 (q) 16:05 (r) 17:05

Figure 5.16: Cluster 6 from Chenies Radar on 9th July 2021, Number of Ants per km3.
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Chapter 5. Results: Flying Ant Days

(a) All Altitudes (b) Altitudes: 0-500 m (c) Altitudes: 500-1000 m.

(d) Altitudes: 1000-1500 m (e) Altitudes: 1500-2000 m (f) Altitudes: 2000-2500 m

(g) Altitudes: 2500-3000 m (h) Altitudes: 3000-4000 m (i) Altitudes: 4000-5000 m

(j) Altitudes: 5000-6000 m (k) Altitudes: 6000-10000 m (l) Altitudes: 10000-15000 m

Figure 5.17: Heatmap across all radars at different altitude bands for the period of 13-20 July
2021, to identify anomalies of activity over the 4 hourly time periods.
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(a) 06:00 (b) 08:00 (c) 10:00

(d) 12:00 (e) 14:00 (f) 16:00

(g) 18:00 (h) 20:00 (i) 22:00

Figure 5.18: Column of 5 km centered around NW7 postcode from CS Data centroid with
Number Density of Ants from Radar: Chenies on 9th July 2021.

129



Chapter 5. Results: Flying Ant Days

(a) 06:00 (b) 08:00 (c) 10:00

(d) 12:00 (e) 14:00 (f) 16:00

(g) 18:00 (h) 20:00 (i) 22:00

Figure 5.19: Column of 5 km centered around W9 postcode from CS Data centroid with Number
Density of Ants from Radar: Chenies on 9th July 2021.
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(a) 06:00 (b) 08:00 (c) 10:00

(d) 12:00 (e) 14:00 (f) 16:00

(g) 18:00 (h) 20:00 (i) 22:00

Figure 5.20: Column of 5 km centered around SE15 postcode from CS Data centroid with
Number Density of Ants from Radar: Chenies on 9th July 2021.
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Figure 5.21: Normalised Biomass for Chenies and Thurnham, with number of voxels of activity for 9th July 2021.
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Chapter 5. Results: Flying Ant Days

Figure 5.21 shows the normalized biomass for each radar and the combination; The y2 axis

shows the number of voxels within the defined area of Figure 5.22, that have insect activity.

In Figure 5.21, the normalized mean biomass is depicted for Chenies in red, Thurnham in blue

and the weighted (by volume) collocated voxels in green. Generally the two radars show the

same trends with a few notable exceptions. The first few hours Chenies has greater biomass;

04:00-08:00 the two radars are consistent in quantity and trends. The period from 09:00-11:00

shows a high number of voxels with activity but overall very low biomass and using Figure

5.22(e) and 5.22(f) this is demonstrated with greater clarity. For most of the day Thurnham

shows greater biomass than Chenies. Thurnham shows biomass peaks at approximately 15:00

and 17:30, this latter peak shows a marked difference from Chenies, these features can be ex-

amined more closely in Figure 5.22.

Figure 5.22 displays radar voxels from the Chenies and Thurnham UKMO WSRs, where

there is collocation, a weighted (by volume) average is used, in this Figure the average is the

median. The volume is also used to scale the voxels, most of the voxels are similar in size as

this area is fairly equidistant from each of the two WSRs, however Chenies is marginally closer

than Thurnham and thus has fractionally smaller voxels.

Table 5.2 summarises the daily biomass (g) for the area defined in Figure 5.22, with lati-

tude limits (51.5o, 51.7o) and longitude limits (0o, 0.25o). Table 5.2 distinctly shows there is

greater biomass at night than during the day, but greater dispersal during the day signified

by the increase in voxel count. The majority of the voxels between radars are similar between

location and times demonstrated by the consistency of minimum, maximum, medians and in-

terquartile range. General behaviour can be captured by the median, but the mean has greater

sensitivity to intense events.
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(a) 01:00 (b) 03:00 (c) 05:00

(d) 07:00 (e) 09:00 (f) 11:00

(g) 13:00 (h) 15:00 (i) 17:00

(j) 19:00 (k) 21:00 (l) 23:00

Figure 5.22: Median Number of Ants per cubic kilometre combined Chenies and Thurnham
matching voxels for the 9th of July 2021.
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5.4.2 13-20 July 2021

The next case study was for the time period 13th-20th July 2021, which contained FADs

15-18th July. Instead of focussing on a single radar, all the WSRs with data present are used

for analysis.

Figure 5.23(a) shows that there is an increase across the board in activity from mid 16th

July, and 00:00 to 08:00 on the 15th of July. Figure 5.17 shows a panel plot of heat maps, these

are to highlight “anomalies”. Figure 5.17 a) is of all the radars, and the whole radar volume, and

it looks quite different from the other plots. It shows there was an increase in activity largely

across all time bands predominantly on the 20th of July. On the 13th of July the last four

hour block of the day from 20:00 to 00:00 there is significantly less activity. The 15th-18th of

July are the FADs which is probably the expected increase, and whilst it shows some, its not as

significant as 08:00-16:00 on the 20th of July. However, that is not the full picture, we could do

this for each radar, but another way of looking it is through the altitude bands, which is shown

in the rest of the Figure 5.17. For 0-500 m, we see see no significant differences from 20:00-04:00

but from 16th onwards there is an increase in activity most significant on the 18th and 19th

of July, between 08:00 and 16:00. 2000-2500 m there is less significance but an increase is seen

more between the 17th to the 19th of July. The highest band, is more randomly distributed.

6-10 km biggest difference is on the 18th of July 04:00-20:00 encompassing the entire daylight

hours, but shows a strange decrease across most days between 00:00-04:00. 1000-1500 m altitude

band shows a more expected pattern with increases on the 16th-19th of July between 08:00 and

20:00 with the largest middle of the day on the 18th of July and the 19th of July. When looking

at individual radars, there were less areas of significance and more isolated to a specific time

period. On the 20th of July there was rain over large parts of the UK, which was not filtered out.

Figure 5.23(b) presents the general diurnal cycle of aerial activity during the study period.

A broad increase in activity is observed beginning on 17 July, peaking before a gradual decline

starting mid-day on 19 July. However, beyond this overall trend, the data reveal more nuanced

dynamics. Notably, each altitude band appears to maintain a distinct baseline level of activity,

an observation consistent across all radars, as shown in Figure 5.9. The background purple

shading in Figure 5.23(b) indicates nighttime periods, defined here as approximately 21:00 to

05:00. The diurnal cycles vary by altitude: activity in the 0–2.5 km and 2.5–3 km bands tends
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to be more synchronized, whereas higher altitudes, particularly the 4–5 km and 5–6 km bands,

exhibit markedly different temporal patterns.

The normalized total estimated biomass over the entire WSR volume shows most WSRs

having similar levels or correlated peaks with each other, Drium al’Starraig was greatly outside

of the normalised range with a dip three times as large on the 15th July, thus excluded from

Figure 5.23(c). Figure 5.24 and 5.23(c) shows most WSRs have peaks on the 16th, the 17th

or the 18th of July; The 19th of July sees elevation during the night and then dips back to 0

during the day and High Moorsley leading the way with another peak. Holehead, has a peak

on 15th starting before sunrise, High Moorsley also has a peak overnight of the 16th to 17th

of July. Drium al’Starraig has a wide peak of increased activity right the way through 17th to

19th of July. Castor bay increases slightly daytime on the 16th and 17th of July and then big

rise on 18th of July which gradually drops in time, but steeply in biomass through the night

into the 19th of July.

Figure 5.23(c) shows most of the radars with Drium al’Starraig excluded, the normalisa-

tion here was done for the 2 days before and after the FAD, the dotted lines represent the upper

and lower limits for estimated biomass sex ratios. The trend is clearer in this graph with fewer

extremes, with most WSRs having an increase on the 17th through to 18th of July which drops

on the 19th of July. Some radars have a peak on the 15th of July 2021.
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(a) Average Number of Ants per cubic metre over all radars for 4 hourly time bands for period 13th to the 20th
of July 2021, FAD 15th to the 18th of July.

(b) Average Number of Ants per km3 over all radars split per altitude band for period 13-20th July 2021, FAD
15-18th.

(c) Upper and lower limits are dashed lines, normalized biomass for period 13–20th July 2021, FAD 15–18th.

Figure 5.23: Summary plots of radar-derived ant activity and biomass across radars for 13–20th
July 2021. 137
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(a) Altitude: 1500-2000 m (b) Altitude: 2000-2500 m

(c) Altitude: 2500-3000 m (d) Altitude: 3000-4000 m

(e) Altitude: 4000-5000 m (f) Altitude: 5000-6000 m

(g) Altitude: 6000-10000 m (h) Altitude: 10000-15000 m

Figure 5.24: Timeseries Normalised Biomass 13-20th of July.
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5.5 Conditions

This thesis is about testing the geodesic methods and precision and not about making in-

formed analysis relating to environmental conditions and aeroecological behaviours, the follow-

ing section is a very brief to show the potential of what incorporating these different disciplines

could do. To investigate the environmental factors influencing Flying Ant Day events, 1 km

HadUK-Grid data for minimum and maximum daily temperatures were extracted for each

postcode corresponding to a CS Survey response. Data processing was restricted to days with

recorded sightings of winged ants; days without observations were excluded. This approach

was necessary due to the vast spatial coverage of the UK (over 240, 000 km2) and the temporal

extent of the flying ant season (approximately four months), which would otherwise result in

an unmanageable data volume with limited interpretative value for non-event days.

For days with positive CS reports, the minimum and maximum temperatures associated

with each postcode (outcode) area were analysed. Winged ants were observed in areas with

minimum temperatures as low as −1oC and maximum temperatures up to 40oC. Specifically for

flying (alate) ants, their presence was recorded in outcode areas where minimum temperatures

were above 3oC.

Additional meteorological context was provided using the Met Office Daily Weather Reports

(Met Office National Meteorological Library and Archive, 2021). Analysis of the synoptic con-

ditions revealed that the persistence of high-pressure systems over the UK is strongly associated

with multi-day Flying Ant Day events. However, high pressure was not a necessary or sufficient

condition for single-day events, as such a relationship was not observed. With sustained high-

pressure systems, the emergence of flying ants was guaranteed if the minimum number (5) of

FADs (Hart et al., 2018) had already occurred, which suggests a quantitative limit of ants for

each season.

A focused case study of the period 14–19th of July 2021, characterised by a sustained high-

pressure system moving from the southwest, revealed a clear spatial and temporal progression of

flying ant sightings. CS responses initially appeared in western regions and along a north-south

axis, before spreading to cover much of the UK and eventually concentrating along the southern
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and southeastern coastlines. During this period, daily minimum temperatures were generally

above 10oC, and maxima exceeded 20oC. Wind gusts remained below 20 knots, and mean wind

speeds were typically under 10 knots. Minimum grass temperatures below 7–8oC appeared to

be loosely associated with increased insect activity, as did total daily sunshine hours above 10.

However, these relationships were positive but weak and not sufficient to predict emergence

reliably.

The observed dispersal patterns, emergences occurring as broad spatial clusters, suggest that

combining these observations with modelled or interpolated wind fields could yield further in-

sights into the spread and movement of flying ant swarms. At this stage the only conclusions

that can be drawn, is that there is no single environmental factor that can determine or predict

the a Flying Ant Day emergence; but with experts and proper modelling this is an area of future

work.

5.6 Summary

This chapter demonstrates the successful integration and application of the novel geodesic

methodology and the simulation of the RCS of ants applicable for WSR observations to inves-

tigate a specific aeroecological phenomenon: the annual nuptial flights of ants in the UK. The

primary goal was to illustrate the effectiveness and utility of the geodesic techniques rather than

to draw definitive ecological conclusions. This is also the first time WSR have been used to

systematically study FADs.

Analysis revealed that ant emergences occurred on at least five distinct days across July

and August per year for all years study conducted. Using enhanced geodesic precision and data

collocation from multiple WSRs, the following key insights into FADs were obtained:

• Quantified the biomass of ant emergences during FAD

• Determined aerial densities during FADs

• Identified the altitudinal ranges of ant emergences

• Improved temporal resolution of FAD activity patterns
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CS observations provided complementary ground-based data but were subject to human

observational biases and were spatially limited to ground level. In contrast, WSR provided

observations beginning at approximately 100m altitude and extending upward, with volumes

ranging from hundreds of cubic meters near the radar to cubic kilometers at greater ranges,

at a temporal resolution of every 5 minutes. Significantly, WSR data indicated insect activity

extending frequently up to between 4 and 5 km.

Comparison of traditional UKMO spherical refraction models with the novel geodesic method

showed substantial altitude discrepancies. The geodesic approach provided more consistent

altitude-density distributions, highlighting peak insect densities in the 3–4 km altitude band,

whereas the UKMO model reported most densities inaccurately below 500m. WSR observa-

tions also identified two daily peaks in ant activity, with significant variation at local scales,

reflecting complex dynamics not captured by broader spatial analyses alone.

Detailed analyses at a high temporal resolution (every 5 minutes) highlighted insect den-

sities between 103 − 108 per cubic kilometre during intense emergences. Typical background

densities ranged between 104 − 105 of ants per cubic kilometre, with longerperiods of increased

activity averaging hourly densities from 103 − 106.

Biomass retrievals revealed considerable variability, with recorded biomass ranging dramat-

ically across radar volumes, from as low as 50 kg to upwards of 500,000 kg, suggesting in-

trinsic geographical, systematic, or methodological biases. Within targeted smaller volumes

51.50o ≤ ϕ ≤ 51.7o, 0.00o ≤ λ ≤ 0.25o, a ∼ 56 km2, baseline biomass typically ranged around 5

kg, spiking to around 20 kg during significant emergences.

Collocating two WSR voxels and combining the data is a fairly novel concept, the code

presented in Chapter 2, helps standardise this for potential a integration tool in the WSR com-

munity.

These results showcase how the improvement in geodesic precision significantly enhances the

interpretive power of WSR data, particularly regarding the vertical distribution of FADs. The

collocation methodology further enabled precise identification and analysis of specific emergence
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events, providing a powerful framework for future explorations of insect behaviour dynamics

linked to environmental conditions.

142



Chapter 6. Discussion and Conclusions

Chapter 6

Discussion and Conclusions

This thesis has woven together strands of several different disciplines, incorporating various

techniques to produce a novel contribution to the field. Although the final weave is incomplete,

as is typical in any body of scientific research, this chapter reflects on the journey undertaken,

summarises the detailed insights gained, and identifies areas that remain open for further ex-

ploration.

6.1 Motivation

The primary motivation for this thesis arises from a fundamental limitation in how Weather

Surveillance Radar (WSR) data are traditionally handled: observations are typically referenced

relative to the radar location, rather than their true positions within the surveyed atmosphere.

This issue is compounded by the fact that quantitative assessments of positional accuracy and

associated uncertainties are generally absent in standard processing routines, especially when

transforming radar data into various gridded coordinate systems. Given that WSR observa-

tions span large spatial scales, from tens of cubic metres up to kilometres, enhancing positional

precision and rigorously quantifying uncertainty would significantly broaden the applicability of

these observations. By designing and implementing a code toolkit intended for adoption by the

broader radar community, this thesis not only addresses these gaps within the aeroecological

research but also aims to influence standard processing practices, or at a minimum, prompt a

re-examination of current approaches to locational positioning and accuracy.
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This thesis does not attempt to comprehensively analyses or model all variables influenc-

ing radar observations or ant emergences. The literature review and preliminary exploration of

refraction provided insights into the complexity of this topic, clearing indicating that a com-

plete analysis would require an entire thesis in itself. Nevertheless, as demonstrated in Results

Chapter 3, even modest refinements can significantly improve upon the flawed methodologies

currently prevalent in standard WSR processing environments. A thorough modelling of envi-

ronmental and conditions was beyond the scope of this work, although it could have provided

deeper contextual detail for understanding the FAD conditions. Additionally, the constraints

arising from limitations in the Citizen Science Survey and a scarcity of ground-based obser-

vations, meant that the ecosystem feedback mechanisms and the behavioural aspects of flying

ants could not be extensively explored in this research, nor was it the primary focus.

6.2 Key Contributions

The research presented in this thesis significantly advances the positional accuracy of radar ob-

servations by integrating principles of geodesy and refining methods for addressing atmospheric

refraction. Specifically, it demonstrates that the widely use 4
3R standard method employed in

WSR systems, including by the UK Met Office (UKMO), is inadequate, and illustrates how

even modest improvements, such as applying a standardised refractive index (N value), can

yield meaningful enhancements. Discussions are already underway with the UKMO to imple-

ment this refined algorithm into operational use. Furthermore, the developed Coding Toolkit

is a substantial contribution, providing geodesic coordinates for radar voxel boundaries and of-

fering flexible matching criteria, including direct distance and altitude comparisons, the toolkit

facilitates more accurate and versatile integration of radar data, beneficial across various scien-

tific applications. The details of these contributions are outlined below.

6.2.1 Location of Radar Voxels

Accurate geodesic positioning (ϕ, λ, h) of radar voxels provides precise location data aligned

with a global reference frame. The UKMO currently includes geodesic coordinates (latitude,

ϕ and longitude, λ) within radar outputs, closely matching (within 0.01o) those computed in

Chapter 3. This consistency reinforces the validity of the methodology developed here and

demonstrates its potential utility for radar systems that do not routinely provide geodesic co-
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ordinates.

The methodology outlined in this thesis calculates voxel altitudes using fundamental geomet-

ric principles based on an ellipsoidal Earth model and aligns them with a universal reference

frame. Crucially, it integrates a flexible template to account for atmospheric refraction, accom-

modating approximate, modelled, or observed refractive index values. By contrast, the UKMO

standard practice of applying the refraction model assumes a simplified uniform spherical ge-

ometry over an ellipsoid, resulting in significant altitude overestimations.

Accurate altitude determination is critical for correctly collocating radar observations with

biological phenomena. For instance, Figure 5.23(b), highlights how insect activity layers vary

distinctly with altitude, underscoring the need for precision. Inaccuracies in altitude measure-

ment can significantly impact the analysis and interpretation of insect clustering and their

relationships to specific atmospheric and environmental conditions. For example, using the

UKMO standard method at a range of 127 km and an elevation angle of θ = 0.5o, altitudes

span from 155 m to an unrealistic 6190 m, whereas geodesically calculated altitudes range ac-

curately between 185 m and 2360 m.

Figure 5.6 further illustrates how different range rings at distinct altitude bands become

meaningful only through accurate geodesic computation across multiple elevations. Elevation-

based PPI plots can identify the spatial spread of insect activity, but applying precise altitude

constraints significantly enhances the clarity of localised events. Since insect flight dynamics

vary greatly, some insects are altitude-limited, while others rely on thermal uplifts for high

ascension, clear altitude delineation allows aeroecologists not only to gain deeper insights into

atmospheric biomass distribution but also refine insect identification based on radar-derived

variables. Additionally, it supports more accurate exploration of relationships between insect

behaviours and altitude, which vary according to atmospheric and environmental contexts.

6.2.2 Radar Cross Section (RCS) of an Ant

This is the first work to report the RCS of male and female ants. The striking difference

between the RCS reported in Chapter 4 between Queen and males ants is analogous to com-

paring an emperor penguin to an ant. Given the typical nuptial flight sex ratio, approximately
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20 Queens for every 80 males, this substantial disparity mean Queen ants overwhelmingly dom-

inate the radar signal, while males become effectively undetectable. During nuptial flights, the

Queen’s abdomen reaches its maximum size, typically more than twice the size of the male’s

abdomen (Keller & Passera, 1990). The wings of alate ants were simulated to not hold a signif-

icant difference on the RCS but the limbs did. Additionally, the thorax of alate ants is notably

dense (Matte & Billen, 2021). Future research might explore varying the dielectric properties

and temperature of thoracic material, potentially yielding different RCS outcomes and refining

the detection methodology.

6.2.3 Ant Species

Two notable temporal discrepancies were observed in the case studies presented in this thesis.

Firstly, there was a mismatch between the timing of citizen science observations and radar de-

tections, potentially resulting from altitude differences between ground-level observations and

radar sampling. Secondly, emergence events frequently occurred as two distinct peaks: an ini-

tial smaller emergence followed later by a larger one. This may be attributed to species-specific

differences in emergence timing, as different ant species typically initiate their nuptial flights at

varying times (Talbot, 1945), with Lasius niger typically outnumbering Lasius flavus (Boomsma

& Leusink, 1981). Additionally, environmental factors, particularly weather, can delay or inter-

rupt emergences, causing variability in flight timing, sometimes by several hours or even a day.

For example significant ant activity on the morning of the 17th July 2022 contradicted typical

timing patterns documented in previous research. These observations underline the need for

further detailed analysis and multidisciplinary collaboration, particularly involving ecologists,

to refine interpretations and deepen the understanding of ant emergence dynamics.

6.3 Future Work

This thesis has revealed important new insights into the aerial behaviours of ants, particu-

larly relating to the phenomenon known as Flying Ant Day (FAD). Nevertheless, fundamental

questions remain unanswered, echoing uncertainties highlighted in earlier work by (Hart et al.,

2018) and others: “Why do ants fly precisely when they do?” Addressing this core question

will require a sustained and multidisciplinary research approach, leveraging the potential for

the detailed tracking demonstrated in this thesis.
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A logical next step is the establishment of comprehensive, long-term monitoring programs,

extending and enhancing the methodologies pioneered by Hart’s citizen science approach by

(Hart et al., 2018). Such studies would ideally involve continous observations at multiple ant

nest locations spanning diverse environmental conditions and habitats, repeated consistently

over several consecutive years. Each observational site should be equipped with detailed local

instrumentation, including weather stations for atmospheric conditions, and additional sensors

for soil moisture, soil temperature, and radiation levels. High-resolution video monitoring at

these nests would enable researchers to systematically document key behavioural milestones,

such as the timing of hibernation initiation, emergence from hibernation, first appearance of

wings on alates, and the precise timing and duration of nuptial flights.

Detailed records from these observational studies could facilitate the development of pre-

dictive criteria such as accumulated ”degree days”, which might refine our ability to forecast

nuptial flight events based on localised environmental triggers. Alternatively, these data might

reinforce existing hypotheses that emergence is governed by complex interactions among mul-

tiple environmental variables, rather than singular deterministic factors.

In Feitosa et al. (2016)’s study of neotropical ants in the Atlantic Forest, the malaise trap

captures were generally limited to hourly counts between 07:00 and 18:00, Formicinae had a

shorter periodicity than the CS reports saw in our study illustrated in Figure 5.4, with the

Formicinae captured 12:00 and 18:00 peaking in mid-afternoon. Thus adding Malaise traps

next to nest sites to be counted hourly within a time frame representative of the activity from

the WSR and CS responses would be a complementary dataset to add in future studies.

Furthermore, advances in radar technology could considerably enhance our ability to track

and interpret swarm behaviour. Specifically, deploying vertically-looking radars near ant nests

may enable improved detection of initial emergence formation and ground-based dispersion pat-

terns. Using a Range Height Indicator (RHI) scanning pattern would enable greater detail in

the vertical resolution of the observations. Integrating ground-level observations with additional

radar scanning strategies will significantly enhance our understanding of the temporal and spa-

tial dynamics of emergent behaviour, allowing for more accurate interpretations of radar-derived
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biomass estimates.

Additionally, moving beyond the single-insect RCS simulations employed in this thesis to-

wards sophisticated, whole-swarm modelling represents another promising avenue. Detailed

dielectric constant measurements under realistic flight temperature and radiation conditions,

representative of actual WSR operating environments, would enhance the accuracy of radar

observations of insect swarms. Conducting formal, controlled, laboratory experiments to ac-

curately determine the dielectric properties of various insect species at relevant atmospheric

temperatures and radiation frequencies could significantly improve radar-based insect monitor-

ing techniques.

Finally, robust interdisciplinary collaboration should be pursued to integrate advanced at-

mospheric modelling, including wind profiles, atmospheric pressure variations, temperature

gradients, humidity, and soil conditions, with biological data. Such integrated analyses could

offer valuable insights into the specific environmental cues driving the emergence and flight be-

haviours of ants, ultimately refining our understanding of aeroecological processes and informing

broader ecological studies.

6.4 Reflections on Interdisciplinarity

Typically, a PhD involves becoming an expert within a narrowly defined niche, requiring a

clear element of novelty in the research. In contrast, the original saying “a jack of all trades”

once served as a compliment, highlighting someone’s ability to demonstrate proficiency across

multiple disciplines. These two perspectives, narrow specialisation versus broad interdisciplinary

knowledge, rarely intersect. However, this thesis explicitly argues for such an intersection, bring

together insights and methodologies from Geodesy, Weather Surveillance Radar, Software En-

gineering, Radar Aeroecology, Citizen Science and studies of Flying Ant Day (FAD).

The author’s primary expertise developed through this PhD lies in geodesy, with the coding

toolkit at the heart of the thesis deeply grounded in geodetic mathematics. Software engi-

neering provided the necessary framework to integrate and operationalise this toolkit, while

atmospheric science enabled its practical application within radar and aeroecological contexts.
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Consequently, radar aeroecology emerged as the overarching field that integrates these diverse

elements.

Despite the broad interdisciplinary nature of this research, there are inherent limtations to a

single researcher’s knowledge. In this thesis, such limitations particularly arose in two areas: the

behavioural ecology of ants, and detailed atmospheric/environmental processes. These specific

knowledge gaps are addressed in recommendations for future research.

Additionally, interdisciplinary work creates inherent tensions and complexities when trans-

lating concepts and validating methods across disciplinary boundaries. For example, a planned

results chapter on collocating radar and aircraft data was ultimately omitted due to challenges

including the absence of radar calibration and difficulties clearly relating aircraft-radar colloca-

tion outcomes to the aeroecological narratives, that finally brought the PhD together.

Furthermore, validation approaches varied significantly across the interdisciplinary spectrum,

encompassing technical, empirical and participatory methods. The citizen science dataset ex-

emplifies these complexities: although it provided valuable insights and high participant en-

gagement, the data quantity and spatial resolution, limited by postcode outcodes, constrained

meaningful volumetric comparisons and detailed population assessments. This reflects broader

methodological challenges inherent in comparing insect densities to radar beam volumes.

Finally, resource limitations and methodological complexities inevitably constrained the scope

of crossing multiple disciplinary boundaries. Recognising and addressing these limitations pro-

vides a clear direction for refining future interdisciplinary research efforts.

6.5 Conclusions

This thesis demonstrates that incorporating geodesic positioning into radar data process-

ing significantly enhances the spatial accuracy of radar voxels and their collocation with other

instruments or datasets. When atmospheric refraction is also accounted for, particularly in

altitude calculations, the resulting improvements enable high-fidelity analyses of the vertical

airspace, an essential advancement for aeroecological applications.
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WSR offers exceptional temporal and spatial coverage that far exceeds what is achievable

using traditional field-based or manual observational methods. It allows for continuous moni-

toring over large areas and can capture dynamic atmospheric and biological processes with high

frequency. However, radar systems are not without limitations. Chief among these constraints

is taxonomic resolution, radar can detect the presence of biological targets but cannot easily dif-

ferentiate species, and reduced sensitivity in the lowest atmospheric layers, particularly within

the first few hundred meters above the ground, where many insect behaviours of ecological

importance occur.

The refined geodesic precision significantly enhances the interpretive power WSR data for

aeroecology, particularly regarding the vertical distribution of insect emergences. Accurate ge-

olocation of radar volumes allows for finer vertical stratification of insect activity, revealing

subtle yet ecologically significant differences in altitude-specific emergence behaviours (G. Hu

et al., 2016; Chilson et al., 2012). For example, precise altitude measurements will enable re-

searchers to distinguish distinct layers of insect activity related to meteorological phenomena,

such as boundary layer dynamics and temperature inversions, which are critical determinants

of insect dispersal and migration patterns (Drake and Reynolds, 2012; Bauer et al., 2017).

The implementation of the collocation methodology further enhances this analytical capabil-

ity by aligning WSR observations with complementary environmental datasets, such as weather

station data, satellite imagery, and citizen science reports. This spatial and temporal alignment

permits robust identification and analysis of specific emergence events, creating opportunities

to explore how environmental conditions like temperature gradients, humidity fluctuations, and

wind patterns influence insect emergence dynamics (Stepanian et al., 2018b; Shamoun-Baranes

et al., 2019). The combined precision and collocation methods thus provide a powerful frame-

work for future explorations into insect behaviour, ecology, and their interactions with changing

climate and environmental conditions (Nieminen et al., 2000; Westbrook and Eyster, 2017).

The citizen science (CS) dataset collected as part of this research, while subject to spa-

tial and sampling biases, nonetheless provides valuable insight into the timing and distribution

of Flying Ant Days (FAD). These datasets help identify regions of frequent emergence and fa-
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cilitate focussed analysis around key radar sites. Despite inherent variability in public-sourced

data, the consistency of responses across multiple events supports the utility of citizen science

for guiding radar-based aeroecological studies.

A key contribution of this thesis is the quantification of RCS for both Queen and male

ants, revealing a striking disparity in detectability, with Queens dominating the radar signal.

Importantly, the study also demonstrates that the presences of wings in alate Hymenoptera

does not significantly affect their RCS, contrary to some assumptions. This has meaningful

implications for interpreting radar data and distinguishing between flying insect groups. Future

work exploring the dielectric properties of other common insect taxa in the UK, such as aphids,

will further support species differentiation and ecological inference from radar returns.

Moreover, the potential of Range Height Indicator (RHI) scans on FADs remains under-

explored. These vertical profiles could reveal more nuanced radar signatures associated with

ant swarms and help refine out understanding of their vertical distribution and movement pat-

terns.

Taken together, this research establishes that radar, when paired with precise geospatial

positioning and refined physical characterisation of insect targets, is a powerful tool for aeroe-

cology. It not only enhances our ability to track and understand insect emergent behaviours

such as FAD but also lays the groundwork for a broader integration of atmospheric radar in

ecological and entomological studies.
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