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Abstract: Space is one of the UK’s fastest-growing industry sectors of the last decade.
Recognising this, in 2021 the UK Government’s first National Space Strategy established
a new vision to make the nation one of the most innovative and attractive worldwide space
economies. As part of the strategic funding programme, in 2023, the UK Space Agency
(UKSA) funded a scoping study to assess the potential of satellite data to address issues
that the three North East England Local Resilience Forums face at all stages of implement-
ing the UK’s Integrated Emergency Management Framework (IEMF). Through dedicated
workshops convened by two North East England universities, regional stakeholders from
the emergency domain and related industries identified three case studies ripe for applying
satellite data in support of multi-agency IEMF activities. Master’s students in the UK’s
Centre for Doctoral Training in Geospatial Systems then undertook a month-long integrated
group project to assess the potential for satellite imagery to be applied in the identified
application areas. The research reported in this paper demonstrates how satellite imagery
may be adopted to help address challenges posed during power outages, for mitigating
illegal waste site fires, and during periods of snow and extreme cold. While the maturity
levels of satellite applications vary in the three case studies due to data availability and
image resolution, all three cases demonstrate that space data, particularly when augmented
with additional geospatial information, help to enhance IEMF analysis. It is anticipated
that the findings from the study will help stakeholders involved in IEMF management
appreciate the added value of integrating satellite data into their current processes and
analyses. By empowering key stakeholders to use satellite applications more effectively, it
is predicted that better decisions will be achieved, thereby improving emergency risk man-
agement. A prototype dashboard, an output of the research to demonstrate the potential of
space data for emergency management, is available online.

Keywords: electricity transmission; emergency disaster management; extreme cold; fire;
illegal waste site; snow; resilience management; satellite imagery
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1. Introduction

Over the last ten years, space has become one of the UK’s fastest-growing industrial
sectors, worth over GBP 18.9 billion in income to the UK economy and employing over
52,000 people in 2021 [1]. In alignment with the UK’s first National Space Strategy [2],
the UK Space Agency (UKSA) published a call in November 2022 for projects to research
and develop new space technologies. The call invited projects using or demonstrating
the potential of innovative technologies and feasibility studies in the space sector that
established new academic—industrial research collaborations [3]. Thus, the call aimed to
raise Technology Readiness Levels (TRLs) and help bring UK space activities closer to
commercial or practical use.

Supported by the Satellite Applications Catapult, the North East Centre of Excellence in
Satellite Applications (now Space North East England), Newcastle and Durham Universities
were awarded a four-month scoping study to assess the use of satellite applications for
emergency management in North East England. The study, entitled “R2-D2: Resilience to
Recovery—Data for Disasters”, built a core stakeholder cluster comprising three North East
Local Resilience Forums (LRFs), academia and the broader space community. The ambition
of R2-D2 was to raise capabilities, skills and competencies to enable decision-makers to
utilise space data to prioritise actions and deploy resources more efficiently and effectively,
thereby improving public services and safety. Over three phases of the project, workshops
helped to share analyses and findings with key stakeholders, exchange knowledge, and
facilitate discussion regarding the challenges and opportunities for innovation involving
space technologies within the emergency management domain.

This paper presents the key findings of the R2-D2 project in assessing the use of
satellite data during incident management for three different risks, jointly identified by key
stakeholders, faced by North East England’s LRFs: (1) snow and extreme cold; (2) illegal
waste site fires; and (3) national electricity transmission faults. The research addresses three
main research questions:

o  What satellite data are available to support impact assessment of snow, fire and
electricity transmission incidents?

e  How can satellite data support emergency management of these incidents?

e  What are the challenges and limitations in currently available satellite data for manag-
ing each incident type?

While the three case studies demonstrate that the current application of satellite
imagery largely depends on data availability and resolution, initial analyses highlighted
the added benefit of satellite data for integrated emergency management. This scoping
study facilitated a better understanding of currently available satellite data, demonstrating
examples of use and applications, and deriving lessons learned for future exploration.
To complement current shortfalls in available satellite data for specific incident types,
the scoping study identified additional geospatial datasets for a more holistic analysis in
emergency management.

The findings of this study are expected to benefit key local authorities and stakeholders
involved in emergency management, as well as the space research and innovation industry.
This will likely lead to better anticipation, mitigation and management of identified risks
that can impact local economies, as well as an opportunity for regions to develop improved
emergency management solutions utilising satellite data.
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2. Conceptual Foundations
2.1. Climate Change Impacts on the Environment and Society

Climate change is one of global society’s most significant challenges, with natural
hazards anticipated to become more frequent and intense due to the rise in weather and
climate extremes [4]. Extreme weather events, e.g., wind and rainstorms, can result in high
excess mortality and morbidity [5,6] and lead to adverse impacts, such as cold homes [7].
Heavy snow and extremely low temperatures significantly impact critical systems and
infrastructure [8,9], e.g., leading to adverse highway conditions [10]. With transport
representing a crucial lifeline, compromised roads can be highly detrimental to society as
movements between locations become hindered or prevented [11]. Extreme weather events
may also result in increased road traffic accidents, leading to injury and death [12], thereby
imposing significant financial and economic costs on society [13].

Severe weather can also cause power outages, as high wind speeds can make power
lines unstable and increase the chances of trees falling onto overhead lines [14]. Floods can
cause damage to power and utility services if flood water enters buildings, in addition to
posing difficulties in repairs to electrical points. While the UK energy regulator, Ofgem,
states that power outages must be restored within 12 hours of average weather or 24 hours
of abnormal weather events [15], this is often exceeded and secondary impacts, such as rail
service disruptions, can also persist.

North East England has experienced several severe winter storms in recent years,
including Storm Desmond (December 2015), leading to record-breaking rainfall and severe
flooding in parts of northern England, especially in Cumbria and parts of Scotland [16]; “the
Beast from the East” (February to March 2018), associated with Storm Emma, bringing 50 cm
of snow and blizzard conditions to the UK [17]; Storm Arwen (November 2021), bringing
strong winds, heavy rain, snow and ice, causing widespread power outages, transportation
disruptions, and damage to infrastructure across northern England and Scotland [18]. Storm
Arwen in particular demonstrated that the existing UK energy network was not sufficiently
resilient to severe weather, as falling trees caused extensive damage to power lines, leading
to extended electricity disruption for over one million customers [19]. Research suggests
that extreme weather events will likely become more frequent and intense [20]; therefore,
supporting multi-agencies in managing emergencies through relevant data on critical
infrastructure is pivotal to improving reliability and resilience.

2.2. Additional Anthropogenic Impacts on the Environment and Society

In addition to natural disasters, many locations in the UK are susceptible to anthro-
pogenic risks. One particular activity that poses a risk to safety and the environment is the
illegal dumping of waste. Illegal waste sites (IWSs), comprising both unlawful dumping
sites and official sites that have exceeded their legal permit limits, are a global issue [21] as
they can impact human health due to releases of highly toxic fumes [22] and pollute and
degrade air, soil and water quality, resulting in long-term ground contamination [23]. The
combustion of IWSs is also a regular issue that proves costly and endangers lives. Dealing
with IWSs costs the English economy an estimated GBP 1 billion annually, a figure that has
increased by 55% since 2015, and is recognised as a significant factor in preventing the UK
from achieving its climate ambitions [24].

2.3. Integrated Emergency Management Framework in the UK

The UK Civil Contingencies Act 2004 describes an emergency as an “event or situation
which threatens severe damage to the UK’s human welfare, environment, or security” [25].
Moreover, it outlines the UK’s framework for responding to and managing emergencies,
ensuring public safety and the continuity of services. Figure 1 shows the Integrated
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Emergency Management Framework (IEMF) model, which consists of a six-stage cycle that
supports the UK Government Cabinet Office’s resilience management and is used by the
UK civil protection sector.

— Anticipate Respond
Scan the horizon for emerging Implement the plan, adapt and
or changing risks (e.g. refer to learn
the National Risk Register)
Prepare
Validate and embed the
L) Assess integrated emergency
- . management framework
Assess risks and set priorities
— Prevent Recover ‘
.
When and where possible Recover to the new “normal” ‘

Figure 1. The UK’s Integrated Emergency Management Framework (IEMF) [25].

The UK Civil Contingencies Act 2004 constitutes roles and responsibilities involved in
emergency preparation and response. It classifies emergency responders as Category 1 (fire
and ambulance services, police, local authorities, Environment Agency and National
Health Service (NHS) bodies) and Category 2 (cooperating bodies responsible for their
sector, e.g., utilities, telecommunications and transport companies) [25]. Key emergency
responders and specific supporting agencies for a given region together form an LRF,
a multi-agency partnership made up of Category 1 and 2 representatives from local public
services, including the emergency services, local authorities, the NHS, Environment Agency,
and others [25]. The LRF’s geographical coverage of jurisdiction is based on police areas. In
the North East, these cover Northumbria, County Durham and Darlington, and Cleveland.
Initial discussions with three of the North East LRFs indicated that responders are often
made aware of potential applications of satellite data but might not have the knowledge,
access, or capacity to make the best use of the data before (building resilience), during
(responding to) and after (recovering from) emergency incidents.

2.4. Data Platforms and Providers of Satellite-Derived Information for Emergency Management

Numerous different data platforms today offer free or subscription-based access
to satellite imagery that has potential value to emergency management. For example,
the Copernicus Data Space Ecosystem, provided by the European Space Agency (ESA),
facilitates access to Sentinel-2, a constellation of two optical imaging satellites, Sentinel-2A
and Sentinel-2B [26]. Together, they provide multi-spectral images spanning 13 spectral
bands with high-resolution images of up to 10 m within a 5-day revisit time. However,
while Sentinel-2 data are valuable for various Earth observation applications, they have
limitations for use during emergencies in terms of spatial (too coarse to map and analyse the
impact of extreme weather events on critical infrastructure) and temporal resolution (revisit
time of five days is insufficient to assess rapidly changing environments and support real-
time response). Moreover, as an optical sensor, Sentinel-2 only collects usable data during
daylight hours, and is even then susceptible to, e.g., cloud coverage that is associated with
stormy weather, thereby not providing 24-h coverage.

As an example of a commercial provider, Airbus offers high-resolution optical imagery
at 30 cm (Pleiades Neo, seven spectral bands) or 50 cm (Pleiades, five spectral bands),
and SPOT imagery with a panchromatic resolution of 1.5 m and a multi-spectral resolu-
tion of 6 m through the Living Library on their OneAtlas platform [27]. Users can define
a study area by drawing a polygon, uploading geospatial boundaries or specifying co-
ordinates. However, costs compared to lower-resolution or freely available datasets can
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be a barrier to local authorities. Further, depending on the spatial area, daily imagery
might not be available due to the revisit time, potentially a shortcoming for emergency
management purposes.

Emergency management therefore necessitates a multi-modal approach to data colla-
tion. Further potential data sources include the Moderate Resolution Imaging Spectrora-
diometer (MODIS), an instrument aboard NASA’s Terra satellite collecting data at 250 m,
500 m and 1 km spatial resolutions [28], and Synthetic Aperture Radar (SAR), e.g., from
ESA’s Sentinel-1 satellites, providing continuous all-weather, day and night imagery of the
Earth’s surface. As Interferometric SAR can be used to detect changes in the Earth’s surface
with millimetre precision [29], this method could potentially be used to, e.g., detect height
changes in IWSs, fallen trees and collapsed power lines.

The value of satellite imagery can also be augmented and enhanced through further
location-based data. For example, in the UK, the Met Office Hazard Manager provides
emergency services with weather warnings, flood alerts and other hazard-related informa-
tion. The European Centre for Medium-Range Weather Forecasts (ECMWF) provides the
ERA5-Land dataset, which delivers hourly high-resolution information on atmospheric,
land and oceanic climate variables [30]. This dataset is used for diverse applications such
as climate monitoring, weather forecasting, emergency response and disaster management.

Several commercial providers actively use Artificial Intelligence (AI) and machine
learning algorithms to recognise specific patterns and trends in satellite imagery that help
identify sites impacted by storms and support various cross-disciplinary applications, in-
cluding highway infrastructure, electricity, railway and forestry. For example, LiveEO uses
3 m resolution imagery (Planet), Sentinel-2 imagery (Copernicus), in situ data (e.g., gas com-
position and temperature), SAR, and commercial (e.g., airborne lidar) data on demand [31].
This is used to garner information about vegetation location, height, species and vitality to
evaluate the risk posed to large infrastructure network assets by identifying trees that could
fall into power lines. Sile [32], for example, used satellite imagery to monitor and analyse
ground subsidence and the movement of objects over time to prevent substantial damage
to buildings. Everbridge [33] used Planet Satellite imagery to identify power outages
during critical events and notify emergency teams, and implemented Al to recommend
remedial action based on historical data. Other similar providers focusing on emergency
management include ICEEYE [34], which operates a radar imaging satellite constellation
for natural catastrophe mapping; MAXAR [35], which provides radar imagery and optical
imagery at 15 cm and 30 cm resolution for wildfire and disaster response; and Telespazio
Vega [36], which performs similar operations for natural disaster management.

3. Methodology
3.1. Study Area

The region of interest for this scoping study is North East England, which borders
Scotland to the North, the North Sea to the East, the Pennine Hills to the West, and the
county of North Yorkshire to the South (see Figure 2).

Despite being one of the lowest-performing economic regions of the UK, North East
England has a burgeoning space economy: In 2021, the region achieved an income of GBP
124 m and employed around 1300 people [1]. With a diverse landscape and a population
of approximately 2.65 million [37], the region also poses unique challenges for disaster
management. Due to its diverse geography (urban, rural, land and sea) within a small area
footprint, it serves as an appropriate testbed for assessing the application of satellite data
for emergency management purposes.
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Figure 2. North East England study area.

3.2. R2-D2 Project Structure

The R2-D2 project consisted of three distinct linear phases, each comprising a work
package (WP) that concluded with a knowledge exchange workshop. Representatives
from the following stakeholder groups attended the knowledge exchange workshops:
police force, local city and county councils, fire and rescue services, utility providers,
environmental agencies, LRFs, technology suppliers, Earth observation data providers
and academics.

e WP 1: Working group establishment and stakeholder workshop

The first phase of R2-D2 aimed to build a working group of stakeholders comprising
representatives of LRFs, Category 1 and Category 2 responders, academics and satellite
application experts. A total of 23 participants took part in a Spark Exploration Workshop
in Durham that was facilitated by the UK’s Satellite Applications Catapult (SAC). Prior to
the workshop, discussions with an LRF representative helped identify 10 key emergency
challenges that Category 1 and 2 responders have to deal with regularly in North East
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England. We used these identified key challenges in the first half of the workshop for
an opportunity mapping exercise using Post-it notes. Stakeholder attendees could select
which challenge was of most interest or concern to them, write the key problems associated
with each challenge, and pose a “how might we...?” question that required a solution. From
the initial list of 10 emergency challenges, the exercise narrowed the priorities down to
6: national electricity transmission faults, fire (major fire and IWS fire), low temperature
and heavy snow, surface water flooding, heatwaves and wildfire, and maritime pollution.

During the second half of the workshop, participants split into groups to discuss the
challenges stakeholders face in dealing with these six emergencies, and how satellite data
might potentially help decision-makers address these risks. Attendees rotated around
each challenge and prioritised the “how might we. . .?” questions to identify key potential
areas for innovation, the core stakeholders involved, what information was required,
and outline how satellite or other data sources may prove helpful in managing each
emergency situation.

e WP 2: Capability audit and outline data

The outcomes of the first workshop acted as a catalyst for further research into best
practices and the potential of satellite applications for emergency management, including
knowledge gaps identified by the LRF that could potentially be filled via satellite data;
user requirements (members of the LRF and whom they work with); how users access
data for decision-making and prioritising actions; what resolution and frequency of data
are needed; datasets available through government and commercial channels; advantages
and disadvantages of different remote sensing technologies, including synergies of data
from different satellites and sensors; and how satellite imagery fits with other existing and
emerging data streams.

WP2 culminated in a half-day workshop facilitated by the National Innovation Centre
for Data (NIC-D) in Newcastle upon Tyne. The second workshop involved 40 attendees,
including Newcastle and Durham University project partners, Category 1 representatives
(fire, police, and LRFs), Category 2 representatives (utilities), and 12 MRes students from the
Centre for Doctoral Training (CDT) in Geospatial Systems from Newcastle and Nottingham
Universities. The scoping outcomes from WP 2 were presented to the core cluster working
group and the CDT students.

e WP 3: Local piloting and business case development

A CDT MRes Group Project was a key component of Phase 3, comprising a month-long
10 ECTS Master’s module where students from Newcastle and Nottingham Universities
worked collaboratively on the R2-D2 project. The twelve participating students were split
into three equal groups, and each was allocated one of three key challenges that the North
East faces, as identified during the first Spark Workshop: snow /extreme cold, IWS fire,
and electricity transmission. Each student group was tasked to investigate open prototype
solutions using satellite and other geospatial data to address their identified core challenge.
Groups received support from stakeholders, industry and academia throughout the month-
long endeavour. Each group was assigned an industry mentor to discuss the challenge,
thereby ensuring that the project was informed by stakeholder input. Individual groups
met formally with their group mentors once per week during the month-long project and
each group was required to provide regular progress reports to their mentors and CDT
academics. After four weeks, students showcased their prototype solutions to stakeholders
in a Newcastle workshop to foster further knowledge exchange. The outcomes provide
recommendations to help emergency services develop an appropriate strategy for using
satellite data technologies.
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4. R2-D2 Case Study Results

This section presents example results of the capability analysis of satellite imagery
for supporting emergency services during incident management for the three selected
challenges of snow, IWS fire and electricity transmission.

4.1. Previous Use of Satellite Imagery for Managing Selected Emergency Management Situations

Snow and extreme cold: Snow data products are generated from various multi-spectral
instruments and satellite missions, including MODIS, Visible Infrared Imaging Radiome-
ter Suite (VIIRS), and Sentinel-1. The characteristic reflectance of snow cover is in the
0.3-1.0 um visible and 1.6 um infrared wavelengths [38]. Snow cover pixels are typically
derived from the Normalised Difference Snow Index (NDSI), where snow is detected if the
pixel value exceeds a threshold of 0.4 [39]. For example, Snapir et al. [40] combined optical
data from MODIS fractional snow cover and radar data from Sentinel-1 wet snow masks to
produce monthly dry and wet Snow Cover Extent (SCE) maps over a 55,000 km? area in
the Indian Himalayas. Lievens et al. [41] used Sentinel-1 data to measure snow depth in
Northern Hemisphere mountains. Buchelt et al. [42] used an empirical approach to identify
the start of run-off, end of snow cover, and SCE for dual-polarised Sentinel-1 SAR imagery
of Greenland.

Space-borne passive microwave radiometers have been used to measure snow depth,
snow water equivalent and snow cover area, but are limited due to the coarse spatial
resolutions [43]. However, active SAR satellites have much finer spatial resolutions than
passive radiometers, with, e.g., Sentinel-1 providing data at a 20 m resolution. While
researchers have used SAR to measure SCE, depth and melt rate [44], these studies have
primarily focused on high mountain regions where snow cover is prevalent for several
months, and there is an opportunity to acquire multiple cloud-free snow cover images.
Dry and wet snow cover have different effects on radar surface and volume backscatter as
a function of snow water equivalent at varying snow depths [45]. The change in backscatter
intensity can distinguish different stages in the snowpack cycle, including the moistening
and melting of dry snow into liquid snow run-off and snow-free ground [42]. The change in
backscatter intensity has been used in multiple studies to measure different characteristics
of SCE and wet snow extent. There has been little research into using SAR data to measure
sudden snow events in low-lying rural and urbanised areas, which could help extend snow
cover products from optical satellites where extensive cloud cover is often an issue.

IWS: Gill et al. [46] and Zhao et al. [47] used thermal and multi-spectral imagery for
the detection of waste dumping sites; however, as the methods did not provide information
on vertical height, they could only be used as detection rather than quantification methods.
Sentinel-1 supports multiple SAR polarisation modes (VV, VH, HH, HV), offering more
detailed information about surface properties, which may potentially provide additional
insight into the extent and severity of a fire incident. SAR processing can also detect changes
in the Earth’s surface characteristics, such as changes in the height of waste sites, both illegal
and legal. Comparing pre-fire and post-fire SAR images could help identify burn scars, as
the backscatter coefficient decreases significantly in the burned area. For example, Hosseini
and Lim [48] used SAR data from Sentinel-1 after the 2019-2020 Australian bushfires
to identify burned areas. SAR data can complement the analysis of areas where optical
imagery may be obscured by smoke and/or cloud cover.

Applying machine learning algorithms to satellite imagery presents another possible
method for detecting IWSs. For example, Rajkumar et al. [49] used semantic segmentation
models on a new custom dataset of high-resolution multi-spectral satellite images from
WorldView and GeoEye with accurate semantic segmentation masks to detect landfill sites.
They found that using pre-trained models based on the ImageNet and SpaceNet datasets
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with transfer learning meant a small dataset (240 images) could achieve an accuracy of
0.83 and a mean intersection over union (mloU) of 0.401. Further work is required to
distinguish between different landfill types, which presents problems with sites showing
high variability in waste accumulation.

MOD11C3-V6 is a MODIS land surface temperature (LST) product with a spatial
resolution of 0.05 degrees (approximately 5 km) with daily acquisitions. The biodegradation
of organic waste causes the land surface temperature of waste sites to be higher than that
of their surrounding area [50], making it a valuable metric for the location of IWS. The
MOD13C2 product delivers the Enhanced Vegetation Index (EVI) at monthly epochs. The
EVI was chosen instead of the Normalised Difference Vegetation Index (NDVI) due to the
minimal error caused by atmospheric conditions and canopy background noise [51]. Lower
vegetation indices are often reported near waste sites [52,53], indicative of IWS location.

Electricity transmission faults: Several case studies have demonstrated how optical,
radar and nightlight satellite imagery can help to comprehensively monitor extensive
power networks, detect outages, determine the extent of power grid damage, and create
risk maps to indicate vegetation risks. Gazzea et al. [54], for example, used high-resolution
Worldview-2 8-channel imagery to help monitor vegetation along power lines, which poses
a risk to such infrastructure. Airborne LiDAR was used to validate the image segmentation
approach for a power grid in western Norway. Hartling et al. [55] deployed a hybrid
approach, combining airborne LiDAR with satellite data to identify vegetation risk to
power lines. While LiDAR provides data at a granular level, in particular helping map tree
heights, its cost and accessibility can impact its coverage and update frequency. However,
commercial high-resolution multi-spectral or hyper-spectral satellite imagery can also
be costly for coverage, e.g., at a city scale. Matikainen et al. [56] provided a detailed
overview of case studies using various methods (including SAR and optical imagery) to
map power lines and towers, monitor vegetation in power line corridors, and identify trees
that grow within the minimum vegetation clearance distance. They demonstrated how
other alternative options, such as airborne lidar, can improve data quality in areas where
satellite visibility is poor at ground level.

Cole et al. [57] demonstrated the ability of VIIRS Day/Night Band (DNB) imagery
from the Suomi National Polar-orbiting Partnership to monitor power outages following
Hurricane Sandy in 2012. They deployed a combination of satellite imagery and locally
relevant geospatial data for infrastructure and population to produce a power outage
monitoring network for continental USA and quantitatively estimate power outages re-
quiring repair. Shah et al. [58] also used VIIRS DNB imagery to detect power outages in
conflict-affected areas, monitor population distribution changes, identify infrastructure
damage and recovery, and assess economic impacts. Such studies often use satellite im-
agery together with other contextual geospatial information, such as infrastructure and
population data, to improve situational awareness. The inclusion of other sensor data, such
as lidar, allows improved analysis. Nonetheless, challenges remain in utilising nightlight
data. These include the impact of lunar illuminance and cloud cover on nighttime lights,
the temporal disparity between the event and its reflection in the data, and limited spatial
coverage or spatial resolution, which might not be suitable for detecting small-scale events.
Moreover, there are the associated costs involved in acquiring coverage at a city scale.

4.2. Available Data for Impact Assessment of Selected Incidents

The three R2-D2 stakeholder workshops helped create an overview of different data
categories useful for various emergency management case studies (see Figure 3). Category
1 and 2 responders can make use of these datasets to respond, map resources, assess
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vulnerability and identify major risk areas. The appropriate dataset depends on the incident
and end-user type (e.g., strategic, tactical or operational).

—
I Impact / Change data
Regular refresh of key datasets
I New remote sensing data provides updated risk maps in order
to support strategic planning
I On the ground data
—
—
Vulnerability data
o Risk and vulnerability is calculated to
Historic data : Be )
plan risk mitigation strategies
’ Weather / Climate data
—
—
I Geospatial Asset Data
Working map for day to day
operation
I Base Layer Map
—

Figure 3. Overview of datasets required in integrated emergency management.

The overview in Figure 3 highlights that, while there may be overlaps across the
different case studies, some data layers will be applied for specific instances. In the case
of low temperatures and heavy snow, stakeholders highlighted that an asset condition
register would be beneficial to show where snow has previously covered key infrastructure.
For major fires, a land use map would be beneficial to identify potential areas at risk. For
electricity transmission, weather forecasts help predict future power outage events and
map the temporal recovery. For all three incident types, in alignment with findings from the
literature, stakeholders emphasised the importance of change detection for the following:

e  Visualising where snow is covering key infrastructure;

e Identifying potentially illegal dumping sites and legal dumping sites acting outside of
their specifications;

e Identifying fallen trees and using light and dark nighttime images to show areas
experiencing power outages.

In alignment with the stakeholder requirement to synthesise different analyses into
a common framework easily accessible by various actors in different phases of emergency
management, the R2-D2 scoping study developed an open-source dashboard solution
using React. React is an open-source web-front library developed by Meta that provides
additional libraries. The dashboard further supports the Open Data Kit input form, which
aims to engage the public in data collection. Using the app, users can upload files or
photos and add comments, georeferenced using a web browser or an ODK-compatible
mobile phone.

Table 1 provides an overview of the different datasets used for the scoping project
across the three case studies.
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Table 1. Datasets for case studies in R2-D2 scoping project.

Dataset

Case Study Description and Justification

Satellite imagery

MODIS NDSI snow
cover [59]

Interferometric Wide Swath (IW) mode in ascending
orbit and relative orbit pass 30 from Google Earth
Engine (GEE) using the Earth Engine Python API

Version 0.1.341.

Snow /extreme cold

Sentinel-1 [60]

Analysis-ready data available through GEE. The
Sentinel-1 Toolbox applies standard SAR data
processing techniques, such as thermal noise removal,
radiometric calibration and terrain correction.

Snow /extreme cold

Using orbital properties that are “ASCENDING’, and

Sentinel-1 [60] IWS fire the relative orbit number 132 to ensure a constant
local incidence angle of the images.
Further geospatial datasets
Fire Statlons.(RZ—DZ IWS fire Address gathered from several sources and geocoded.
stakeholder input)
Used to calculate the percentage area that was

Lower Super Output . iy . e

IWS fire covered within the service area and measure resilience
Area (LSOA) [61] . - . .

based on its accessibility to fire stations.
The statistics of care homes within an LSOA were

Care home data [62] IWS fire joined with the resilience values to visualise

a bivariate vulnerability—resilience plot.

Northern Powergrid
[63]

Electricity transmission

faults Power outage statistics, updated several times daily.

Met Office Warnings Electricity transmission Red, yellow, amber and green warnings, available
[64] faults several times a day.

Weather API [65] EleCtrIC1t¥aﬁﬁ28mISSIOn Wind speed, available at 30-minute intervals.
NASA Black Marble Electricity transmission . . .
Nighttime imagery [66] faults Landsat-8 data, available at daily resolution.

ERA5-Land [67]

Provides data on different weather conditions, such as
snow cover, snow density, snow depth, snowfall,
snow melt and surface temperature.

Snow /extreme cold

Copernicus Global Land Service:

Land Cover 100 m [68]

Provides spatial information on different classes of

Snow /extreme cold physical coverage of the Earth’s surface.

OS MasterMap Highways
network [69]

Used to calculate service area network based on

Snow /extreme cold .. .
driving distance.

4.3. Pilot Studies Investigating Satellite Imagery in Support of Emergency Management
4.3.1. Snow and Extreme Cold Incidents

This case study utilised archival Sentinel-1 imagery to identify snow cover arising
from Storm Darcy, which brought strong winds, cold weather and persistent snow showers
to parts of the UK between 7 February 2021 and 13 February 2021 [70]. Fifteen Sentinel-1 im-
ages were utilised, captured between 4 December 2020 and 28 February 2021 and evenly
spaced six days apart.

To create a set of seasonal snow-free reference SAR images, we determined snow-free
image dates using NDSI and cloud cover percentages in the MODIS snow data product,
where the average NDSI was <10% and cloud-free pixels were >20%. Through this filtering,
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Copernicus
global land
classes

MODIS
snow
cover

Sentinel-1
C band
SAR

and accounting for missing MODIS reference data on five dates, the SAR reference stack
contained three images (22 December 2020, 27 January 2021 and 26 February 2021), which
were reduced to a single image by computing the average pixel values in each of the VV
and VH channels.

In order to validate the wet snow pixel detection against the MODIS snow product,
the Sentinel-1 data were resampled to match the MODIS pixel resolution of 500 m x 500 m
by mean averaging across all pixels within the sample window. This process also applied
speckle reduction to the Sentinel-1 images, to overcome problems that affect SAR backscat-
tering snow cover detection algorithms [71], and improve performance in classification
tasks [72].

The backscatter coefficients were converted to decibels (dB) using the 10log;,(0?)
transformation and, similar to work by Snapir et al. [40] and Nagler et al. [44], we set

a threshold of —2 dB to determine wet snow pixels with respect to 055, — Urz’;} and

vh vh vv/vh vv/vh
Tsnow ~ Tpefr where Ogngy and Oref

reference images, respectively. Finally, cloud masks from MODIS and water masks from

are the backscatter coefficients for the snow and

Copernicus Global Land Cover [68] were applied to the scene to consider only cloud-free
land pixels and compare them against the NDSI values in the MODIS imagery.

Figure 4 visualises the individual steps of the methodology used to transform the
snow /extreme cold datasets described in Table 1.

Nifl):)“{s VV wet snow
extent
cover
A
Cloud » | NDSI>0 dB threshold » [ BRClond &
mask water mask
v Snow free dates T v
Re-samplezgngo Filter ,  Snowfree 3 c:),l:]vf:s‘iﬁl] :fd VH wet snow
»  re-project 20x > g extent
and 5005500 snow free SAR stack differencing

A
Storm Darcy

snow date

Figure 4. High-level overview of snow and extreme cold processing pipeline.

The SAR change detection identified 8878 snow pixels in VV polarisation and 16,330 in
VH, representing 28.8% and 52.9% of the total area, respectively. Figure 5 shows the extent of
these pixels across the study area. VV and VH identified significant changes in the west and
northwest of the region, located across the North Pennines and Northumberland National
Park, particularly in the high-altitude areas surrounding Kielder Water and Kielder Forest.
The analysis detected fewer change pixels in the metropolitan areas surrounding Newcastle
upon Tyne.

Comparing the number of changed pixels in MODIS NDSI indicates the proportion of
total snow pixels identified using the SAR snow detection analysis. Unfortunately, on the
snow image date of 8 February 2021, cloud cover accounted for 67% of the total MODIS
image, meaning less than a third of the data could be used to validate the snow detection.
Figure 6 displays the VV and VH snow detection classification and accompanying cloud
mask. For MODIS NDS], all values greater than 0 were classified as snow pixels, which
essentially included all areas in the unmasked data. Therefore, in both VV and VH data, the
pixels classified as “No Snow” indicate areas not identified using the SAR analysis but are
classified as snow pixels in the MODIS data (i.e., misclassified when using MODIS NDSI as
a reference).

From this, MODIS NDSI identified 7407 pixels as cloud-free snow pixels, with 32% of
these also being identified by the differences in the VV channel and 56% by the VH
channel. Whilst VH had better performance of the two, the results as to which polarisation



Remote Sens. 2025, 17, 1545

13 of 28

channel more effectively distinguishes the snow change are somewhat inconclusive, as
the number of misclassified SAR-snow/MODIS-no-snow pixels cannot be adequately
assessed due to the lack of any MODIS—no-snow pixels in the imagery. Validating change
analysis is challenging due to the lack of cloud-free reference images. An alternative is
using ground-based weather stations, but historical data are hard to acquire, and stations
are sparse outside metropolitan areas. The snow extent decreased significantly between
14 February 2021 and 20 February 2021, as shown in VV and VH images presented in
Figure 7. Although MODIS data could ultimately not validate these snow and ice cover
maps, they demonstrate the potential of Sentinel-1 to indicate the areas of persistent
snow cover and melt areas. Further work and validation of these results could be useful
in determining the spatial patterns describing where snow cover builds and subsides
over time.

N
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Figure 5. VV and VH change detection on 8 February 2021 with a threshold of —2 dB.
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Figure 6. Snow pixel change detection: (a) from VV polarisations; (b) from VH polarisations.
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Figure 7. Snow extent VV and VH polarisations: (a) 14 February 2021 (note limits of image scene)
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Epoch 1: Changes between the first
(24 April 2015) and second (6 May 2015) image

4.3.2. IWS Fire

Based on the methods described by Canty et al. [73] and Gorelick [74], this case study
utilised Google Earth Engine (GEE) and Sentinel-1 imagery to detect changes in the height
of a known waste site. We used four Sentinel-1 images (dated 24 April 2015, 6 May 2015,
18 May 2015 and 30 May 2015) of the former Alex Smiles Limited recycling facility in
Deptford Terrace, Sunderland, chosen as it was the location of rapidly changing waste site
heights in the weeks before its eventual closure in May 2015.

The analysis is based upon a sequential omnibus change algorithm (Canty et al. [75]),
comprising independent likelihood ratio tests that determine changes at each pixel location.
For each pixel position, the quotient of the F probability distribution for the two images
is used as a likelihood ratio test statistic [76] to decide whether a change has occurred
between the two acquisition dates at that position [77]. The image pyramid level for
calculations depends on the zoom factor, which is maintained at 10 m to ensure consistent
output. In addition, the algorithm has a “median” variable, which is ignored as the changes
the algorithm detects are small. If the variable were set to true, the p-values for each
likelihood ratio statistic would be passed through a median filter before being compared
to the significance threshold, reducing the ‘salt and pepper’ effect in no-change regions
caused by the uniform distribution of p-values.

Figure 8 shows a map of the study area with changes in pixels relating to the height of the
waste visualised. Epoch 1, changes between the first (24 April 2015) and second (6 May 2015)
images, shows many definite positive changes located around different areas of the Dept-
ford Terrace site. Epoch 2, changes between the second (6 May 2015) and third image
(18 May 2015), shows many definite negative changes. The third epoch, changes between
the third (18 May 2015) and fourth image (30 May 2015), shows both definite positive and
negative changes. Though more rigorous validation of the results is necessary, the analysis
demonstrates the potential for change detection using Sentinel-1 SAR images to monitor
waste site heights over time. Such analysis could be extended to aid in the identification of
IWSs, particularly if prior knowledge of potential sites exists.

Epoch 2: Changes between the second
(6 May 2015) and the third (18 May 2015) image

Epoch 3: Changes between the third
(18 May 2015) and fourth (30 May 2015) image
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Figure 8. Maps of Deptford Terrace, Sunderland, showing changes in the height of the IWS for
three epochs in May 2015. Red pixels are positive definite changes, blue pixels are negative definite
changes, and yellow pixels are indefinite changes.
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4.3.3. Electricity Transmission Faults

Following Storm Arwen in November 2021, a considerable number of rural villages in
the counties of Northumberland and Durham (both in North East England) suffered several
days without electricity [78]. NASA’s Black Marble Nighttime Lights product VNP46A2,
a VIIRS supporting a Day/Night Band (DNB) sensor, provides global daily nighttime
light data at a 500 m resolution. VNP46A2 is corrected based on clouds, atmospheric
conditions and lunar illumination [66] and can help detect the nighttime impact of low
light and indicate potential power outages resulting from storms. Including corrections
for bidirectional reflectance distribution function (BRDF) and considering noise reduction,
VNP46A2 can produce cleaner images than VNP46A1, a daily uncorrected product of the
nighttime radiance at the top of atmosphere (TOA).

For example purposes, we demonstrated the applicability of the VNP46A2 datasets
available through the GEE data catalogue for four sites in North East England that suffered
reported power cuts resulting from Storm Arwen: two rural areas (Wooler and Rothbury)
and one market town (Alnwick) in Northumberland, and the city of Newcastle upon Tyne.
Figure 9 shows the radiance level for all four areas. As the VNP46A2 product contains
quality flags to identify and mask pixels affected by clouds, the affected areas are excluded
in the output graphic, leaving blank values in the time-series graph.
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Figure 9. Time series of nighttime light radiance levels for four locations in North East England.

As reported by the local operator, Northern Powergrid, numerous households suf-
fered from power cuts on the night of Storm Arwen (26-27 November 2021): Alnwick
(c. 260 households), Wooler (c. 70) and Newcastle (c. 250) [78]. Following the night of
the storm, different households in these areas also reported power cuts. Unfortunately,
the night of Storm Arwen had cloud coverage of 100% over both Alnwick and Newcastle,
obscuring nighttime data. The nights of 27 November through to 08 December also all pre-
sented a high level of cloud coverage (92-100%) for the Alnwick area, with the exceptions
of 1-2 December and 6-7 December. Little nighttime light is recorded in the mean radiance
data for the nights of 28-30 November and 3-4 December. On 4 December, Northumber-
land areas (such as Wooler) and Newcastle reported further power cuts, leading to missing
recorded nighttime data from 4 to 7 December. From the night of 7-8 December, we see
the activity of nighttime radiance for the rural areas, indicating that power was restored,
which also correlates with the date Northern Powergrid estimated for power restoration.
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Figure 10 presents map outputs for two different nights upon which data were ac-
quired, and which are relatively important to the storm and its associated impacts for the
study areas. VNP46A2 quality flags are used to mask pixels affected by clouds, excluding
them from the output graphic. Figure 10a visualises Northumberland two nights after the
storm (28-29 November 2021) displaying restored power in the county, and (b) represents
the same night in Newcastle; (c) visualises the night following further reported power cuts
(4-5 December 2021) in Northumberland, and (d) the corresponding night in Newcastle.
As the households affected were estimated from available online sources, we suggest ob-
taining historical data from Northern Powergrid during Storm Arwen and overlaying the
nighttime imagery to understand the correlation between definitively known power cuts
and remotely sensed irradiance patterns as future work.

(a) Nighttime Radiance Levels following Storm (b) Nighttime Radiance Levels following Storm
Arwen (28-29/11/2021)

on 07-08/12/2021
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Figure 10. Nighttime imagery during Storm Arwen, following the storm, power cut and power restoration.

4.4. Synthesis

Figure 11 illustrates the developed geospatial dashboard solution for monitoring
IWS fire locations. The dashboard can be viewed online at https://r2d2.systems/ (ac-
cessed on 23 April 2025). The numbers in the figure correspond to the descriptions of the
following features:

(1) Menu with dashboard views for the different risks: Snow and extreme cold, electricity
transmission faults and IWS fires. Further potential work includes integrating a public
reporting tool and social media integration using public channels from authorities,
such as Northern PowerGrid reporting to customers on current incidents using the
platform X (formerly Twitter).

(2) List of different datasets for location-based analyses. Examples of layers include raw
data acquired directly from the source and post-processed analysis results.

(3) Satellite image view of the former Alex Smiles Limited recycling facility in Deptford
Terrace, Sunderland.

(4) View of the human vulnerability layer visualises resilience and vulnerability scores
using datasets defined in Table 1.
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Figure 11. Geospatial dashboard solution for managing IWS fires with the following features:
(1) Menu with dashboard views for the different risks; (2) list of different datasets; (3) satellite image
view and (4) human vulnerability layer.

While existing commercial dashboard solutions are available for various applications,
discussions with the stakeholders of the three case studies reported in this paper highlighted
funding as a significant barrier preventing the widespread use of such platforms. As a result,
a custom prototype geospatial dashboard solution was developed primarily using open-
source technologies, thereby minimising potential operating costs to the (primarily publicly
funded) agency stakeholders involved. The user-facing front-end of the dashboard was
built on the React framework, which allows for elements to be rendered in real time by
the server and reused throughout the dashboard, providing a consistent interface across
the entire system. Where appropriate, existing open-source components, such as Deck.GL,
were utilised to visualise map data. However, custom components were developed as
required. The React framework is widely used in modern web development, with almost
40% of web developers opting to integrate it into their development stack, as reported by
users of a 2024 developer survey of over 48,000 people [79].

The dashboard is openly available at https://r2d2.systems (accessed on 23 April
2025) as a static technology prototype demonstration, showing several possible use cases
of the dashboard with data incorporated from various sources. This was performed to
showcase the dashboard’s capabilities to the stakeholders of the three case studies analysed
and highlight the key features that would benefit them should the dashboard be deployed
as part of a wider roll-out for real-world use. However, from its conception, the dashboard
was designed and developed to be easily scaled to a live-updating system for real-time
use. All the systems behind the dashboard, both the front-end interface and the back-end
processes for data handling, can be hosted on cloud services, taking full advantage of
their capabilities. Focus was placed on a possible deployment via Amazon Web Services
(AWS), although other comparable cloud providers could also host such a system. Due
to the distributed nature of AWS, this infrastructure can be automatically scaled to meet
the demand, ensuring high reliability and availability of the system even under high load
or in disaster scenarios in which other infrastructure may be unavailable, such as power
loss or physical damage to one or more data centres. If used appropriately, AWS can be
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an extremely cost-effective solution for hosting applications of this nature, with running
costs averaging approximately USD 0.20 per day during peak development and testing of
the current prototype dashboard.

The process for updating the dashboard focuses on pre-processing any new data
to be incorporated and providing key results in a common format for display on the
user interface. Testing and preliminary development were performed locally, with only
the visual outputs published online. However, the development chain was built in such
a way that the process could be automated. In particular, as illustrated in Figure 12, when
new data become available from providers, they are processed by a series of Python tools
to first convert them to a common data format before performing geospatial analytics.
Such data can then be made available to the front-end via an API, providing access to
static and dynamic data in near-real time, rendering end-user access to the most up-to-date
information possible. Using cloud features such as S3 storage buckets and distributed APIs,
the dashboard can provide access to a vast data collection, including historical archives,
with minimal load on the client to ensure fast access. Building the dashboard from smaller
components and pre-processing steps allows quick and easy expansion of the system to
other case studies, as required. Supplementary data, such as satellite imagery, are already
integrated into the dashboard and show selected tiles on the prototype dashboard available
online. It is possible to expand this to show full satellite image archives, including historical
imagery, to highlight changes in environmental data over time.

G AWS Cloud

Figure 12. Architecture of the R2-D2 dashboard platform, including data storage, processing steps
and distribution to the dashboard.

Moving forward, a fully deployed operational version of the dashboard would incor-
porate additional functionality for the live reporting of critical issues, with a WebSocket
system trialled to alert dashboard users of new or updated data as they become available
and highlight any major issues that may require further analysis. Where severe issues
are identified, cloud services such as AWS’s Simple Notification Service could be used to
directly alert key parties of actions that need to be taken via specific email or SMS updates.
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This can be directly integrated into the rest of the dashboard to act on data immediately as
they are processed, ensuring these critical issues are addressed with minimal delay.

5. Discussion on Recommendations for Utilising Satellite Data for
Integrated Emergency Management

While the literature consists of various works applying satellite imagery to assess land
cover changes, urban development and environmental impacts, this study aims to explore
the use of satellite imagery to consider the dynamic nature of risks identified by regional
stakeholders. Although current satellite data were not found capable of independently
supporting integrated emergency management in any of the three regional case studies,
the scoping study identified that combining satellite imagery with additional geospatial
datasets can help stakeholders, including LRFs, and manage and analyse the impact of
different risks. The strength of this study lies in its effort to explore several different avenues
of data collection and analysis, although not all case studies yielded equal results. Despite
the short-term duration of the scoping study, this research strengthened collaborations
across multiple agencies and, through a series of workshops, helped build and disseminate
knowledge in the North East England region. The following discussion suggests a list
of recommendations for future research and innovation in using satellite data to support
the IEMF.

e Implement change detection analysis for emergency incidents:

We suggest implementing change detection functionality for all three case studies.
Using such an approach, we can measure the change in snow build-up on critical infras-
tructure to respond to snow incidents. Determining the methodological accuracy for the
fire case study proved difficult due to unavailable ground-truth data from real response
sites and confidentiality issues around sites that have been, or are currently, under criminal
investigation. We recommend fine-tuning the approach to estimate the magnitude of the
height change (in addition to the direction of change). Magnitudes would allow for the
automatic ranking of suspected sites, which is particularly important for response to fire
incidents because the legal restrictions imposed by exceeded permits increase the fire risk.
In future work to respond to power outages, change detection can assist in monitoring
flooding events, the growth of vegetation near power lines, and the loss of electricity pylons.
Risk-prone or affected sites can be highlighted by comparing time series and overlaying
a change polygon onto the electricity network.

e Integrate social data for enhanced risk analysis:

The snow and power outage case studies would benefit from other social vulnerability
factors, such as data on “distance to nearest supermarket”. Due to its higher temporal and
spatial resolution of precise power outages and vulnerability data, we suggest acquiring
data from the Smart Energy Research Lab (SERL) to analyse the causes of power outages in
the future. The fire case study suggests integrating the proximity to the nearest fire station
and the incident site as further data layers. In accordance with Hirpa et al. [80], who utilised
ERADJ data as input to the Global Flood Awareness System (GloFAS) for flood forecasting
and early warning, ERA5 can aid stakeholders in incident management and provide
important variables for vulnerability assessment. As extreme weather adversely affects
disaster response times, we suggest integrating road network data to better understand
traffic conditions and improve emergency response.

e  Conduct vulnerability analysis:

The three case studies illuminated how different response types require more nuanced
data to complement current satellite imagery analysis. Health and well-being data can
help assess a community’s sensitivity to the hazard and capacity to adapt to it [81]. To
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identify areas with the most vulnerable populations during extreme weather events, Jones
and Mays [82] suggest including people aged 65 years and above, young children, people
with severe illnesses, homeless people and people with adequate heating or insulation,
and critical infrastructure, such as hospitals, elderly homes and community centres. Local
authorities, including health workers and social care personnel, can use vulnerability
analysis to implement policies and take mitigation actions to reduce the risks of cold
weather. The analysis results revealed some synergies across the snow and power outage
case studies, i.e., areas most vulnerable to electricity transmission failures were also likely
to suffer from low temperatures and snow events from winter storms.

e Data fusion:

To overcome the spectral limitations of high-spatial-resolution data, disaster manage-
ment organisations often employ data fusion techniques, combining data from multiple
satellite sensors with complementary spatial and spectral resolutions. For example, we
can combine data from Pleiades with sensors that provide TIR and SWIR bands, such
as Landsat or Sentinel-2, to create a more comprehensive dataset for effective disaster
management. This approach allows practitioners to leverage the high spatial resolution
of, e.g., Pleiades data while benefiting from the broader spectral information provided by
other satellite systems.

e  Develop geospatial dashboard solution with advanced analyses:

While R2-D2 started building the spatial data infrastructure through a prototype to
demonstrate capability, work on this initial prototype could continue. The initial dashboard
prototype on the three identified hazards can serve as a basis for stakeholder discussions
by providing a holistic overview, visualisation and analysis examples of the three specific
investigated incident types. Future work can enhance the dashboard’s utility and flexibility
by incorporating additional interactive features, allowing users to explore and analyse the
data more effectively. For example, for change detection analysis, we suggest a manual
analysis option for all three response types on the dashboard, allowing users to select
an area and period to investigate change. The GEE Python API enables users to fetch
the relevant number of open-access Sentinel-1 images (or Airbus Pleiades) and generate
the change detection polygons, which stakeholders can query, as demonstrated in the fire
case study.

e  Collaborate with emergency agencies for improved data availability:

High-resolution satellite imagery can involve significant costs. We suggest establishing
partnerships and collaborations between public and private organisations, cost-sharing
agreements, data access grants or subsidies, in-kind contributions, or joint research and
development initiatives to facilitate and standardise data sharing and ensure that multi-
agencies can access relevant data for disaster management. Collaborations can help balance
costs and maximise the use of high-resolution satellite data in disaster management dash-
boards. If multiple stakeholders need access to the same data, synergies can be achieved
and saving opportunities can be leveraged.

Although this study has illustrated how geospatial data analysis may be improved
using satellite imagery, there are several existing challenges facing its use and application
for emergency management.

e Data availability:

Due to a lack of data, this scoping study could not train and validate a machine
learning algorithm to detect the location of fire sites automatically, as these models rely on
high-quality training data. Previous studies, such as [49], used training data for computer
vision models from waste sites in Hungary, Serbia, India and Brazil. However, the existing
dataset is still relatively small, with approximately 200 images from 13 sites. Semantic



Remote Sens. 2025, 17, 1545

22 of 28

segmentation is the preferred method for addressing computer vision issues, such as landfill
detection, but creating accurate training masks demands significant manual effort. Despite
methods such as random rotation, flipping and Gaussian blur, it is challenging to detect
whether the model is overfitting the data or how well it would work on illegal landfill sites,
which vary in size significantly. Moreover, object classification has been tested only for
the fire case study and lacks cross-domain transferability. To test its validity, we suggest
creating a set of fire site rasters to validate the model. When deploying such a machine
learning algorithm for the snow and power outage case studies, we must create a training
dataset to identify blocked roads due to snow events. To maximise research investment, we
suggest implementing simple rule-based systems rather than machine learning to address
the challenges faced by LRFs.

e  Spectral resolution:

Pleiades data are limited to five bands (panchromatic, red (R), green (G), blue (B) and
near-infrared (NIR)) and may not be suitable for specific disaster management applications.
In scenarios where thermal detection is crucial, such as monitoring fire sites, the lack of
thermal infrared (TIR) bands can be a limitation. TIR bands are essential for capturing the
Earth’s surface temperature, which can provide critical information about the progression
of a fire or the structural integrity of infrastructure. Similarly, the absence of SWIR bands
can hinder effective monitoring and response when managing snow incidents. SWIR
bands can differentiate between snow and clouds, which appear similar in visible and NIR
bands. This differentiation is vital for accurately assessing snow cover and potential risks
associated with snow-related disasters. In 2023, SatVu launched HotSat, a satellite equipped
with a high-resolution thermal sensor able to capture surface temperatures with a resolution
of 3.5 m [83]. Despite its short-lived cycle due to technical challenges, it demonstrated the
potential of new satellite technology in this domain.

e  Temporal resolution:

Satellite data with high spatial resolution often have a lower temporal resolution,
resulting in less frequent updates on ground conditions. This trade-off can pose challenges,
for example, in monitoring power outages, as damage or issues may not be identified
quickly enough to allow for an effective response. Changes in infrastructure, such as
the construction of new transmission lines or the decommissioning of old equipment,
may not be captured promptly, potentially affecting the accuracy of risk assessments and
management strategies.

e  Data fragmentation:

Relevant requisite information for disaster management can be scattered across var-
ious organisations and systems. Different agencies are responsible for providing these
services and maintaining their data, which may or may not be publicly available. For
example, a centralised dataset of emergency service facilities or highway gritting routes is
currently lacking in the UK. This fragmentation further complicates gathering comprehen-
sive and up-to-date information for analysis and decision-making, rendering it challenging
to create cohesive outputs and analyse large multifactorial areas. This limitation can im-
pede the effectiveness of disaster management efforts by hindering the development of
a comprehensive understanding of the risks and resources available for response.

e Data volume and processing:

Users need significant computational resources and storage capacity to store, process,
and analyse large file sizes, which can be a constraint for users with limited IT infrastructure
such as the LRFs.
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e  Dependency on external software for advanced processing:

Before users can use Earth observation satellite data, they often require external pro-
cessing software, for which they may also need help to use. Using satellite imagery
for analysis also requires niche skills and knowledge of data access, integration and
transformation before insights can be integrated into further decision-making during
emergency management.

e Nighttime light satellite data:

The case study on electricity transmission faults proved the complexity and challenges
of using currently available nighttime data. Analysing current satellite imagery in isolation
is not as potent as it would be with further contextual and background information. Thus,
we recommend combining further geospatial-enabled datasets, such as reported power
outages, to better understand the impacts of a storm, such as power cuts and power
restoration. To verify visible “empty” values in rendered nighttime light data indicating
a possible power outage in the area, we suggest using the nighttime radiation values of the
same VNP46A2 dataset for a known location with a working power supply.

6. Conclusions

Satellite applications for use in public services are a key target market that the space
sector has found challenging to address in the UK. In mitigation and preparedness, access
to satellite imagery covering wide areas affected by incidents can help build resilience
that prioritises relief efforts and avoids or minimises future repair costs. Many of the
risks identified by the North East England LRFs, particularly those arising from extreme
weather (e.g., power loss, flooding, heavy snowfall, fire arising from heatwaves), occur with
increasing frequency, less predictably, and rising fiscal and societal costs. This scoping study
has helped to address the knowledge and data gaps of the end-users, who are potentially
the commissioners of future satellite data and services. Understanding or validating the
gaps and barriers further supports the information required by the industry for future
innovation and commercial opportunities, promoting the importance of investment in the
space sector.

Via a series of three workshops, we engaged with academic and industry stakeholders
and identified different high-risk incident types that the LRFs face in North East England.
The first workshop sought to gather insight into potential use cases and the value of satellite
data in the disaster preparedness response and recovery pipeline of the North East England
region of the UK. The second workshop presented a capability audit and different available
data sources. MRes student projects subsequently implemented three case studies to assess
the current state of satellite data and its applicability in integrated emergency management:
snow and extreme cold, IWS fire, and electricity transmission incidents. The MRes students
presented their results during the third and final stakeholder meeting. While the application
of satellite data is not equally advanced for direct deployment in all cases, this scoping
study has helped to draw important lessons learned and recommendations for future
research, including challenges related to data availability, quality of satellite data, and time
constraints. Addressing these challenges is crucial to enhancing the common operating
picture and situational awareness effectiveness during the management of emergencies in
the North East of England. We anticipate that a better understanding of the value of satellite
data and how they may be integrated into public service operations will enable future
collaborative research and development, and lead to the creation of Earth and geospatial
data analysts, supporting disaster management efforts and contributing to the safety and
prosperity of the region.
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