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Assessing coupled human-flood interactions using LiDAR 
geostatistics and neighbourhood analyses

Morgan J. Breena, Abiy S. Kebedea and Carola S. K€onigb 

aDepartment of Civil and Environmental Engineering, Brunel University London, Uxbridge UB8 3PH, 
UK; bDepartment of Mechanical and Aerospace Engineering, Brunel University London, Uxbridge 
UB8 3PH, UK 

ABSTRACT 
The paper integrates well-established methods from other spheres 
of flood risk assessment in a novel way to explore the currently 
poorly understood Safe Development Paradox (SDP) phenomenon 
in coastal settings. The study contributes to addressing this know-
ledge gap based on insights from contrasting UK case studies: 
Portsmouth, Weston-super-Mare, and Southport. Differential ana-
lysis of historic LiDAR Digital Surface Models (DSMs) was used to 
identify temporal changes in the urban landscape to create a 
DSM of Difference (DoD), representing elevation change between 
two locations over time. Geostatistical testing, specifically t-tests, 
were then used to infer statistical significance of changes in urban 
development. The findings reveal a consistent pattern: following 
completion or improvement of large-scale structural coastal flood 
defences, there is subsequent, and statistically significant, 
increases in urban development within/near flood-exposed areas 
across all three case studies, contrary to the limited flood-exposed 
development in neighbouring settlements, with no comparable 
defences constructed during the same period. On average, new 
urban development occurs approximately 2 years after the com-
pletion of coastal flood defence projects. The study emphasises 
the importance of context-specific and neighbourhood analyses, 
considering settlement size, economy, and extraneous factors 
influencing the nature of development to better understand the 
SDP’s long-term implications.
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Introduction

Across the world, the number of urban residents has increased from 700 million, in 
1950, to 4.35 billion at present. Meanwhile, sea level has risen, on average, 20 cm over 
the past 2 centuries, with the rate of change accelerating to 3.2 mm/yr in the early 
twenty first century (Siegert 2015). Meanwhile an estimated 687 million people live 
within the � 5 m Low Elevation Coastal Zone globally (MacManus et al. 2021). The 
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rapid growth of urbanisation, coupled with rising sea levels, results in tensions at the 
coastal zone, the interface between the two spheres (land and the sea), raising long-term 
sustainability challenges. Yet, population growth and flood-exposed development con-
tinues (Hallegatte et al. 2013), increasing the likelihood of catastrophic consequences.

For example, Hurricane Katrina cost US$200 billion in economic losses (King 
2005), a disaster Burby (2006) argues was wholly avoidable and predictable. 
Exacerbated by well-intentioned yet short-sighted decisions to make hazardous areas 
‘safe’, a process the author calls ‘safe development’. The fundamental idea behind safe 
development is that land, exposed to natural hazard, can be made profitable by the 
construction of defences leading to ‘productive use’. Interventions geared towards risk 
reduction or adaptations, may in fact, inadvertently reinforce, redistribute, or create 
new sources of vulnerability (Magnan et al. 2016; Eriksen et al. 2021). In many areas 
coastal defences are built to protect people and assets against flooding, which in turn 
encourage further development in high-risk areas and inadvertently lead to increased 
exposure or vulnerability in the long term (e.g. Breen et al. 2022).

There is a common belief in flood risk management (FRM) programmes that the 
exposure of urban areas depends solely on socio-economic development and natural 
urban growth. Whereas had the expansion of urban growth been solely driven by 
demographic change, the spatial distribution would remain unaffected and not tend 
towards structural flood defences (Di Baldassarre et al. 2013b). Instead, growing pop-
ulations and higher value assets tend to be located near to the newly constructed 
defence and in exposed areas. This dynamic perpetuated the need for continuous 
upgrading of the pre-existing defences, leading to great population and asset place-
ment, and negating previous decreases in flood hazard with an increase in exposure, 
and potentially vulnerability (Tobin 1995; Burby 2006; Kates et al. 2006; Burton and 
Cutter 2008; Montz and Tobin 2008; Ludy and Kondolf 2012; Di Baldassarre et al. 
2013a). This can ultimately lead to the lock-in effect of a cycle of continued and pro-
hibitively expensive investments on maintenance and upgrades of defence. Whilst the 
defences may be built to a high-standard, such as the Dutch coastal policy of con-
structing flood defences with a 10,000 year return period, inevitably even the most 
improbable events do happen, and disaster can occur. Even those areas protected by 
flood protection measures are still exposed and potentially vulnerable: floods in New 
Orleans (2005), Thailand (2011), France (2011), and Germany (2021) (Fekete and 
Sandholz 2021) were characterised by a large number of breaches in flood defences.

It is therefore of ever-growing importance to expand the pool of case studies and 
knowledge of the SDP, to aid translation from research to policy and practice. The 
application of LiDAR (Light Detection and Ranging) presents a widely used method 
of fast and remote data collection, allowing for changes in the built environment in 
flood risk areas to be quickly identified. This allows for faster processing, risk identifi-
cation, and detection of the hallmarks of the SDP: increasing exposed population and 
assets following a structural flood defence. Once the completion date of a structural 
project is known this method can be deployed using historic LiDAR data to compare 
development before the defence was upgraded/constructed to afterwards, identifying 
new buildings potentially linked to the structure. This paper presents a new method 
using readily available data, to assess the unintended consequences of structural 
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coastal flood protection, using Portsmouth, Southport, and Weston-super-Mare as 
case studies. These findings will advance understanding of the SDP, and other 
coupled human-flood emergent phenomena.

Data and methods

The United Kingdom provides an ideal backdrop for an analysis of the unintended 
consequences of structural coastal flood protection due to the long history of coastal 
engineering (e.g. Palmer 2018) coupled with large amount of (largely open-access) 
geospatial data availability (e.g. Rumson et al. 2020). Geospatial data can facilitate 
analysis of comparative or historical changes in an urban environment, and will pro-
vide an essential component of SDP analysis.

Exploiting the time dimension of LiDAR differential analysis allowed for longitu-
dinal analysis within this paper, showing changes in urban development, both before 
and after a structural coastal flood defences project. These changes in the height of 
buildings/urban landscape were statistically tested to identify significance. This analysis 
was employed as part of a case study approach, in order to assess urban development in 
tandem with local, national, and global economics, to unpick whether local FRM strat-
egy had an unintended impact on urban layout, which facilitated cross-sectional com-
parative analyses. These combined analyses draw key insights by applying this approach 
to selected contrasting case study sites to better understand the SDP in coastal settings.

Study site selection

The study focused on coastal settlements that had seen a structural coastal flood risk 
management project (building new or upgrading existing flood defences) being com-
pleted, whilst neighbouring settlements did not across this same time period. To iden-
tify candidate case study sites, locations with the greatest flood exposure, defined as 
population and housing density, shops, local government buildings, essential trans-
portation, telecommunications, and utility assets within the Flood Zone, FZ 
(0.1%AEP, Annual Exceedance Probability) and satisfy the above criteria were ana-
lysed. Furthermore, data on critical services and infrastructure, such as police, fire, 
and ambulance stations, hospitals, council buildings, supermarkets, and key transport 
hubs were identified from online sources (constabulary websites, county councils 
etc.). The comparative examination of these key elements on the maps combined 
with information on long-term Shoreline Management Plan (SMP) policy resulted in 
3 candidate sites: providing a comprehensive overview to ensure a selection of repre-
sentative case study sites (Rumson et al. 2020). Figure 1 illustrates the overarching 
approach for the site selection process.

Three contrasting case studies are identified: Southport, Weston-super-Mare, and 
Portsmouth, that fully satisfy the selection criteria (Figure 1). Southport has the most 
significant amount of exposed infrastructure out of the three study sites, with a sig-
nificant amount of the retail placed on the coastline, leaving food supply chains vul-
nerable (MacMahon et al. 2015). Weston-super-Mare had the largest area exposed of 
the sites, with the flat North Somerset Levels providing a large low-level hinterland 
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for coastal flood water to proceed into. Furthermore, all essential services are in the 
exposed area, causing issues in the ability of critical sectors to provide services in the 
event of a flooding emergency. Portsmouth has a high population density in 
the exposed area, especially towards the southern tip of Portsea Island. Towards the 
north-east of the island, there is heavy industry placed in the FZ, threatening the local 
economy. Furthermore, Portsmouth is an island city and relies heavily on the 
Portsmouth Direct Line (railway) as well as the A2030 and A3/M275 road corridors for 
traffic in and out of the island. These access routes pass through flood zones, and are 
vulnerable to coastal flooding, endangering those on the heavily populated island. For 
the neighbourhood analysis, these primary locations were compared to other similar 
nearby settlements which did not have a structural coastal flood defence built over the 
period studied. These comparative locations provided a control for the study.

Differential analysis

The study used historic LiDAR DSM raster datasets, obtained from the UK 
Environment Agency. These files had a resolution of 0.25, 1, or 2 m. Due to the 
nature of the study, analysing buildings, it is unlikely that such structures have a foot-
print less than 2 m2 (Heris et al. 2020) and therefore this combination of resolutions 
was considered sufficient. DSM files were selected from an equal number of years 
from before the local structural coastal flood defence was complete to afterwards, or 
the nearest year wherever possible. Rasters represent functionally large matrices of 
elevation data arranged in a grid with northings and eastings as row and column 
numbers, respectively (Figure 2), and allow mathematical operations to be performed. 
Consequently, geospatial analysis is conducted to identify temporal changes in urban 
development of an area by subtracting two DSMs of the same location at different 
points in time, providing a DSM of Difference (DoD) (see Equation 1).

DoD ¼ DDSM ¼ R2 - R1 (1) 

Figure 1. The process of site selection.
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Where R1 is the oldest DSM and R2 is the most recent DSM. The DoD simulation 
procedure, estimating elevation change, has been described as DSM differencing or 
differential analysis, and is widely used in physical geography, e.g. assessing the evolu-
tion of drainage basins (Brasington and Smart 2003), detection and estimation of 
landslides (Tsutsui et al. 2007), and estimating the change in sediment budgets 
(Wheaton et al. 2009). While the simulation of DoDs to identify flood exposure and 
urban environment change is a novel approach, the use of DSMs has long been estab-
lished in studying human settlements (e.g. Priestnall et al. 2000; Yan et al. 2015). 
Coupled with the large amount of research already using DSM differencing in phys-
ical geography, the analysis reported here also demonstrates knowledge transfer of 
the method to human geography.

The simulated DoD of settlement shows direct change in the urban landscape 
across time, providing an accurate method of longitudinal urban analysis, with the 
accuracy of the model directly linked to the spatial resolution of the DSM input. A 
conceptual schematic of the modelling process is shown in Figure 3. If the blue line 
represents an earlier DSM, say for example from 2010, and the red line represents a 
later DSM of the same location, for example 2020. Following Equation 1, urban 
change over the decade can be represented as shown in Figure 3. Hence, the new 
high-rise building constructed between the DSMs will be the only difference, and the-
oretically all else will be zero. However, in reality, this is unlikely. Natural elements 
of the landscape can also change, resulting in an increasing effect the larger the 
period between the DSMs is, producing natural noise: trees grow, foliage develop, 
beach morphology, and even tides can affect the DoD. Nevertheless, natural noise 
and LiDAR artefacts can be reduced, or often eliminated due to their scale: with dis-
regard to large tidal ranges, most natural growth/changes will be on the scale of centi-
metres (Sharma et al. 2010). Artificial structural changes would be primarily 

Figure 2. Demonstration of the components of a geospatial raster. Elevation values are contained 
within the two-dimensional cell, size dependent on the resolution of the raster.
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constructed for human habitation or use, providing a lower limit on identifying new 
development. This study assumes that a lower limit for identifying human-made con-
struction to be 3 m (Erener et al. 2020) (for excluding the effect of natural growth 
and changes from the analysis).

Geostatistical testing

Due to the large size of the DSMs, containing thousands of observations, the central 
limit theorem and the law of large numbers apply, enabling parametric inferential 
statistical analyses (Mascha and Vetter 2018). However, to minimise the computa-
tional demand associated with the length or direction of some coastlines, a threshold 
limit is considered for the sampling. Iterative optimisation revealed that a 500 m by 
500 m square was best for all resolutions, and enabled compatibility with smaller reso-
lutions whilst also ensuring the stability of the program.

Samples were collected randomly using a transect along the urban coastline from 
DSMs that were captured an equal amount of time preceding the construction of the 
defence to afterwards, based on data availability. Maintaining time period consistency 
when conducting the neighbourhood analysis was essential for comparability and 
minimisation of external influences.

The sampled DSMs were then put through a t-test, where each pixel of the raster 
was compared to the exact same point at the chosen later point in time, where LR1 
represents the selected pixel of R1, LR2 the selected pixel of R2 (Equation 2). The ras-
ter t-test (Equation 3) then produced a t-statistic which was compared to the signifi-
cance level (a¼ 0.05). Whilst a z-test should be used for large samples (n> 30) 
(Chang et al. 2006), at the time this was computationally not possible using R, and 
therefore t-test was used. However, at the large sample sizes provided by raster matri-
ces, t-scores tend toward z-score (Equation 4, Figure 4).

LR1 ¼ x, yð Þ 2 R1 (2a) 

LR2 ¼ ðx, yÞ 2 R2 (2b) 

Figure 3. Two DSMs overlaid: the blue line (older DSM) and the red line (newer DSM) (left panel); 
the resulting DoD (Xm) from the above differential analysis, using Equation 1 (right panel).
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t ¼
RðLR2 - LR1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðRðLR2 - LR1Þ

2
Þ- RðLR2 - LR1Þ

2

n−1

q (3) 

lim
n!1

RðLR2 - LR1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðRðLR2 - LR1Þ

2
Þ- RðLR2 - LR1Þ

2

n−1

q ¼ z (4) 

Results

This section presents the key results and insights on the SDP based on the findings 
from the three contrasting coastal case study sites. The maps show the spatial foot-
print of the urban landscape change dynamics while the tables summarise the statis-
tical analyses results.

Portsmouth

The Old Portsmouth and The North Portsea Coastal Scheme covers 10 km of the 
coastline of Portsmouth (Figure 5), most of the area is low-lying and the structural 
coastal flood defences that existed there before the scheme were reaching the end of 
their operational life. Using LiDAR vertical change as a proxy for the construction of 
new buildings identified some urban development near to the first coastal defence 
upgrades in Portsmouth (Figure 6): a new medium-density residential development. 
Elsewhere during this period, there was Admiralty Tower to the north of the new 
defence, but out of the Flood Zone, and the new industrial estate in the north-east of 
the island (Figure 6). During the second wave of coastal flood defence schemes, 
mostly dominating the northern and eastern side of Portsea Island, more new build-
ings were constructed (Figure 7). There were new industrial estates built in the Flood 

Figure 4. The t-distribution approaching the normal distribution as (n ➝ 1), where the degree of 
freedom, df, is n-1.
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Zone in the northeast of the island, in areas near to NPCS Phase 1 (Figure 7). The 
estate is entirely within the FZ and opened in 2018, two years after the flood defence 
scheme for that area of the island was constructed. This industrial estate, the largest 
industrial development in the city, brings 0.026 km2 of brownfield land back into use. 
The first phase of the North Portsea Coastal Scheme was designed to reduce the risk 
of flooding from the sea to 4,200 homes, 500 businesses and critical infrastructure 
over the next 100 years. The construction and upgrading of coastal flood defence 
structures can induce development within exposed areas greater than would otherwise 
be the case if the scheme was not conducted (Haer et al. 2020). Whereas Phase 2 and 
Phase 3 saw little development within the FZ boundary, both run alongside primarily 
outdoor recreation areas, limiting the ability to develop in these areas. The upcoming 
Phase 4, Phase 5, and Southsea scheme will give greater insights once they have been 
completed.

In southwest Portsmouth, a large new commercial centre was built on the seafront 
at Old Portsmouth (Figure 7) constructed 10 years after the original flood protection 
scheme was constructed. Thereafter, other new medium-scale development was con-
structed in the area, completed in 2019 as part of the upgrades to the WightLink 
ferry terminal. All within the Flood Zone.

Similarly, the construction of new buildings also occurred in Gosport, and whilst a 
lower density development than those in Portsmouth, there were still numerous new 
buildings (Figure 8), leading to the both having statistically significant results from 
the geostatistical testing for this period. Although The t-score was lower in Gosport 

Figure 5. Map of the structural flood protection schemes development across Portsea Island from 
2000 to 2020. This map does not include the currently in development Southsea scheme.

8 M. J. BREEN ET AL.



compared to Portsmouth (Table 1), being 0.053 and 0.329, respectively. These data 
reflect the changes that occurred in both locations, high-density development 
occurred in Portsmouth, and low-density in Gosport, however, this is more a reflec-
tion of the locations themselves: Portsmouth is already a city with a larger popula-
tion, constrained by Portsea Island, whereas Gosport is relatively less populated.

Whereas, in Gosport little development occurred outside of the Defence Munitions 
Gosport base (Figure 9). Changes within military bases should not be considered as 
they are extraneous to factors affecting the civilian population. Across this period 
there was limited new development or urban growth in Gosport, represented by the 
failure of the 2013-2022 Gosport raster t-test to be statistically significant. Despite 

Figure 6. Portsmouth 2005 and 2013 LiDAR DSM comparison. Southwest Portsmouth extract is 
inset (OpenStreetMap).
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similar economic conditions affecting both areas, new development occurred mostly 
in Portsmouth, in flood exposed areas, near to newly constructed or upgraded struc-
tural flood defences, as identified by the LiDAR differential analysis ─ this is a direct 
indication of the SDP.

Weston-super-Mare

Upgrades to the structural coastal flood defence at Weston-super-Mare were com-
pleted in 2010. Past coastal flooding events have extended beyond the frontage 

Figure 7. Portsmouth 2013 and 2020 LiDAR DSM comparison. Southwest and northwest 
Portsmouth extracts are inset (OpenStreetMap).
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properties into the town centre and up to one mile from the seafront. The scheme 
aimed to protect 3,830 residential and 637 commercial properties from flooding and 
improve the quality of the promenade for businesses, residents and visitors, to pro-
vide a major boost to the tourism trade and economic prosperity of the area. 
Meanwhile, the LiDAR DoD, produced by the differential analysis, suggests that a 
great amount of new development occurred over this period (Figure 10). Starting 
from the west and heading eastwards, the map shows new development on the pier, a 
new 5-10 m tall building, most likely the 2010 pier reconstruction following the fire 
in 2008. Continuing eastwards to the bulk of the new urban development where 
many tall buildings were constructed, and a couple of buildings were demolished, 
reflected in the map (Figure 10). Buildings to the south of the development were 
completed by 2014, whereas proceeding north the buildings were complete by 2018. 
Construction for all projects in this core started after the coastal flood defence 
upgrades were complete. Proceeding further east, there are two new residential estates 
constructed between 2012 and 2015. All of these new developments in Weston-super- 
Mare are located within the FZ. However, in contrast, there was little development in 

Figure 8. Gosport 2005 and 2013 LiDAR DSM comparison (OpenStreetMap).

Table 1. The results of the portsmouth raster t-test comparing the 2002 raster to the 2013 raster, 
and the 2013 raster to the 2022 raster (3dp).
Location Rasters Result Lower Bound Upper Bound p-Value

Portsmouth 2005 to 2013 0.329 0.273 0.385 �0.05
2013 to 2020 0.972 0.818 1.126 �0.05

Gosport 2005 to 2013 0.053 −0.067 0.175 �0.05
2013 to 2020 0.078 0.0156 0.171 0.10233
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the nearby town of Clevedon (Figure 11) and in Burnham-on-Sea there was the 
construction of a small housing estate 2 km from the coastline (Figure 12). Weston- 
super-Mare had statistically significant change of 0.622 (3 dp, �0.05 p-Value), com-
pared to −0.052 (0.065 p-Value) for Burnham-on-Sea and 0.005 (0.143 p-Value) for 
Clevedon (Table 2). With such low t-scores for both, Burnham-on-Sea and Clevedon, 
and a p-Value greater than the 0.05 ?-level, only Weston-super-Mare had statistically 
significant change from before its coastal flood defence was upgraded compared to 
afterwards.

Southport

New urban development following a structural coastal flood defence scheme was 
also apparent in Southport, whereby following the construction of the structural 
coastal flood defence in 2002 was followed by a large increase in building con-
struction in the area adjacent, all within the FZ (Figure 13). This new develop-
ment, Ocean Plaza, adjacent to the newly constructed structural coastal flood 
defence (Figure 13), was completed in 2002, with extensions to the site in 2004, 
linking the new retail park to the town centre. In contrast, Crosby (Figure 14) saw 
little coastal development, and none in the FZ. Likewise, for Blackpool, which 
over the 1999 to 2022 period saw urban growth around the railway station in the 
centre and a new stadium built towards the south, but none occurring in the FZ 
(Figure 15). The construction of the seawall began in 1997, taking 5 years, whilst 
the planning application for the Ocean Plaza retail park was received in 2000. 

Figure 9. Gosport 2013 and 2020 LiDAR DSM comparison (OpenStreetMap).
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Despite the inherent flood risk to the area, the retail park was constructed, as the 
LiDAR analysis demonstrates. This growth in Southport is also demonstrable stat-
istically, which had statistically significant change in urban development of 2.548 
(3 dp, �0.05 p-Value), compared to 0.043 (0.872 p-Value) in Blackpool across the 
same time period (Table 3). The large urban growth in Blackpool (Figure 15) 
around the railway station was built as part of the Talbot Gateway project, 
approved in 2010 and then again in 2016, and is a large regeneration project, 
hence would not be picked up by the geostatistical analysis of Blackpool. In 
Crosby, between 2002 and 2008, the t-test produced a score of −0.137 (0.211 

Figure 10. Weston-super-Mare 2003 and 2022 LiDAR DSM comparison. Northwest Weston-super- 
Mare is inset (OpenStreetMap).
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Figure 11. Clevedon LiDAR 2003 to 2022 DSM comparison (OpenStreetMap).

Figure 12. Burnham-on-Sea LiDAR 2003 to 2022 DSM comparison (OpenStreetMap).
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p-Value) (Table 3). However, similar to Burnham-on-Sea, it is unlikely that 
Crosby encountered negative growth: growth in the town was so limited that the 
lower bound of the t-score pushed into the negative.

Table 2. The results of the Weston-super-Mare raster t-test comparing the 2007 raster to the 
2014 raster, and likewise for the Burnham-on-Sea and Clevedon rasters (3dp).
Location Rasters Result Lower bound Upper bound p-Value

Weston-super-Mare 2007 to 2014 0.622 0.548 0.695 �0.05
Burnham-on-Sea 2007 to 2014 −0.052 −0.107 0.003 0.065
Clevedon 2007 to 2014 0.005 −0.080 0.091 0.908

Figure 13. Southport 1999 and 2022 LiDAR DSM comparison. Central-west Southport is inset 
(OpenStreetMap).
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Figure 14. Crosby LiDAR 2002 to 2022 DSM comparison (OpenStreetMap).

Figure 15. Blackpool LiDAR 1999 to 2022 DSM comparison (OpenStreetMap).
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Case study synthesis

All three primary study sites experienced statistically significant growth at the coast-
line (Table 4). Moreover, these new developments were adjacent to newly constructed 
structural coastal flood defences. Whereas, this was not the case in 4 of the 5 com-
parative studies: Clevedon and Burnham-on-Sea did not see the same growth as 
Weston-super-Mare, Blackpool and Crosby did not see the same growth as 
Southport, and Gosport did not see the same growth as Portsmouth in the 2013 to 
2020 comparison. The exception to this, however, is Gosport in the 2005 to 2013 out-
put which saw statistically significant growth, albeit with a t-score a sixth of that of 
Portsmouth, reflecting low, but significant, urban growth in the area ─ a regeneration 
of the Royal Clarence Yard, a project ongoing since the 1990s.

Southport had the greatest t-score of the three case studies (Table 4), reflecting the 
large-scale growth that occurred on the coastline from the Ocean Plaza development. 
Whereas, of the three primary sites, Portsmouth (2005 to 2013) had the lowest t- 
score, reflecting the smaller scale medium density growth at the site during this time. 
However, it is clear from the data that structural coastal flood defence projects have 
an impact on urban development and that this is determinable using statistical 
analyses.

Discussion

As a phenomena, the coupled human-flood feedback of the SDP (also levee effect or 
safety dilemma) is relatively understudied, especially in coastal settings. Since its 
inception in 1945 (White 1945), research has been limited over the twentieth century, 
before increasing over the past two decades (e.g. Haer et al. 2020; Breen et al. 2022). 
The interlinks of policy and decision-making, and its potential lock-in effects, played 
out in the lead up to and aftermath of Hurricane Katrina and the subsequent dam-
ages to New Orleans, leading to the emergence of the terminology Safe Development 
Paradox, SDP (Burby 2006).

Despite the increases in research output, coastal research of the topic is limited, 
accounting for only 17% of all papers researching this emergent phenomena (Breen 
et al. 2022). The method presented here, used to identify development linked to the 

Table 3. The results of the Southport raster t-test comparing the 2007 raster to the 2014 raster, 
and likewise for the Blackpool and Crosby rasters (3dp).
Location Rasters Result Lower bound Upper bound p-Value

Southport 1999 to 2006 2.548 1.783 3.312 �0.05
Blackpool 1999 to 2006 0.043 −0.476 0.561 0.872
Crosby 2002 to 2008 −0.137 −0.352 0.078 0.212

Table 4. Summary table of the results from the raster t-tests in primary locations. These locations 
had a structural coastal flood defence constructed halfway between the rasters mentioned (3dp).
Location Rasters Result Lower bound Upper bound p-Value

Portsmouth 2005 to 2013 0.329 0.273 0.385 �0.05
2013 to 2020 0.972 0.818 1.126 �0.05

Weston-super-Mare 2007 to 2014 0.622 0.548 0.695 �0.05
Southport 1999 to 2006 2.548 1.783 3.312 �0.05
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upgrade of existing or construction of a new coastal flood defence, can help accelerate 
case study identification with the effect of having great impact on the existing sparse 
literature. LiDAR is frequently used in the coastal research community such as for 
mapping shoreline changes (Lin et al. 2019); identifying nearshore submerged and 
emergent ecosystems, coastal morphodynamics, and hazards created by SLR and 
storms (Brock and Purkis 2009); and determining vegetation height (Schmid et al. 
2011). Furthermore, the use of LiDAR has even been discussed within papers 
researching these coupled human-flood feedbacks, albeit a limited amount in the dis-
cussion of how LiDAR can be used to estimate elevation compared to local sea level 
(Gesch 2009; Armstrong and Lazarus 2019; Jiao et al. 2022). Moreover, the use of 
LiDAR has had application in the identification and delineation of new urban con-
struction: there are papers that reference the use of LiDAR to aid three-dimensional 
modelling and the extraction of property dimensions, and how changes in LiDAR 
can be used to update city maps with new development (Chen and Lin 2010; Zhou 
et al. 2020). Yet these have never previously been combined as a method for the iden-
tification of potential coupled human-flood feedbacks between coastal flood defence 
upgrade or construction and associated increases in urban development. This paper 
addresses that gap focusing on the selected UK case studies of Portsmouth, Weston- 
super-Mare, and Southport, representing contrasting settlement sizes with different 
economies. The quantity of the freely available geospatial data within the UK provides 
an ideal test bed, however, future research should endeavour to increase the inter-
nationality of this research and further global reach of SDP research, especially within 
the Global South (Breen et al. 2022).

The case study results reported in this paper also highlight the challenges in 
(re)developing a coastline: often these locations have either been previously devel-
oped, limiting scope in the size and density of such structures, and/or are being con-
strained by the sea itself. Moreover, the (re)development of these coastal brownfield 
sites are unlikely to withstand the front-loaded costs of regeneration, especially in 
weak economies (Leger et al. 2016). Coastal regeneration and (re)development 
schemes often face viability issues due to their peripheral locations and narrow local 
economies, frequently relying on a single industry and facing interdependency chal-
lenges with other sectors and/or regions. This is compounded by the economic cir-
cumstances of the study sites in the years following the Great Recession, which 
created greater pressure on greenfield land in coastal areas, rather than brownfield 
(Leger et al. 2016). The analysis also highlighted that the new exposed urban develop-
ment in Portsmouth occurred 5 years after the completion of the initial structural 
coastal flood defence in 2005. The second tranche of development was built from 
2017 to 2019, 3 years after the North Portsea Island Coastal Scheme Phase 1. In 
Weston-super-Mare, the LiDAR analysis revealed that new buildings were constructed 
across the 2014 to 2018 period, all within the FZ. These were built 4 to 8 years fol-
lowing the coastal flood defence upgrades. Then, in Southport, the analysis revealed 
that the retail estate was completed later in the same year as the structural coastal 
flood defence scheme, and then continued two years after until 2004. These are repre-
sented in the timeline below (Figure 16). Phase 2 and Phase 3 of the North Portsea 
Coastal Scheme are not included due to a lack of definitive exposed development. 
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Whilst some development also occurred in non flood-prone areas, medium to large 
scale development consistently was constructed in exposed areas hydrologically con-
nected to the new structural coastal flood defence in all three primary sites. This con-
sistency was not replicated in the comparative sites.

The timeline (Figure 16) suggests that the largest gap between the completion of a 
defence to the start of associated urban development was 5 years, at Old Portsmouth. 
The second iteration of exposed development from Phase 1 took place 2 years after 
the completion of the defence. The average time from the completion of the defence 
to the start of construction of the exposed buildings was approximately 2 years.

Conclusion and outlook

As the coastal population continues to increase and as sea levels rise, challenges at 
the interface between these two spheres will become more commonplace: more peo-
ple need more housing, more assets, more infrastructure, leading to an increasing 
amount in flood-prone areas and therefore inevitably requiring a greater standard of 
protection. The SDP is a product of this, an infrastructural lock-in of coupled 
human-flood interactions induced by structural flood protection. Whilst research con-
cerning this issue is growing, there is a skewed focus towards fluvial flooding, with 
limited understanding of the issue in a coastal context. Therefore, a method of identi-
fying new urban development within flood risk areas and adjacent to these structural 
coastal defence structures would facilitate the research of new comparative case stud-
ies and increase the global coverage of study sites and draw generalisable lessons 
about the SDP in coastal areas. LiDAR has been used in adjacent scientific fields for 
decades now, the technology is proven and is employed widely, but its use in flood- 
exposed urban development identification is novel. It presents a quick and easily rep-
licable method for the identification of the emergence of these potential lock-ins.

This paper used Portsmouth, Weston-super-Mare, and Southport as case studies, 
comparing them to nearby settlements to draw key insights and to better understand 
the issues of SDP in coastal areas. Geostatistics were used in the three case studies, a 

Figure 16. Relative timeline of structural coastal flood defence construction or upgrading (dashed) 
and nearby exposed urban development (solid) since the start of the scheme. Portsmouth arrows 
are colour-coordinated to those used to schemes with associated development in Figure 1.
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differential analysis comparing two rasters of the same location across time to identify 
changes between the images, and a raster t-test to determine whether these changes 
were statistically significant. In all three locations, the construction or upgrading of 
structural coastal flood defence is followed by subsequent, and statistically significant, 
urban development, an indication of the presence of the SDP. All major new develop-
ment in each case study was located within, or just outside of the FZ: despite the 
inherent flood risk, construction occurs in these exposed areas regardless. On average, 
this development occurs approximately 2 years from the completion of the flood 
defence project, and the start of building construction.

Case studies were diverse, representing different settlement sizes and economies, to 
give an insight and testing the operability of the method across varying urban magni-
tudes. Portsmouth is an established city with a sizable population and independent 
and multilayer economy, Weston-super-Mare and Southport are smaller towns, 
Weston-super-Mare independent, and Southport economically tied to Liverpool. The 
size of a settlement had an impact on the density and type of development, 
Portsmouth had residential high-rises and large-scale industrial estates constructed in 
the FZ and adjacent areas. Weston-super-Mare had a mixture of high-density residen-
tial and medium-density service construction, with a new hotel, car park, restaurant, 
and retail centre built. Southport growth was primarily focused at the new retail 
centre, with low-density large-scale development. Whilst case studies share the com-
monalities of post-defence exposed urban development, the distinct characteristics of 
each location contribute to the variations in how this development occurs. These 
nuances highlight the complexity of the SDP issue and the need for context-specific 
analyses in understanding the interplay between structural coastal flood defence and 
subsequent urban growth. Studying new locations, especially globally, can help to 
expand the information base and gain better insights into these phenomena. 
Facilitating high-resolution LiDAR data collection, in assessing the coupled human- 
flood interactions induced by structural coastal flood protection, can aid in the 
pursuit of solutions and the development of policy that can aim to prevent these 
potential infrastructure lock-ins as greater protection incites greater development 
which necessitates further higher protection, resulting in the locked-in cycle, i.e. the 
SDP, highlighting the need for further research.
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