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1 Introduction

Across the Arctic and other remote areas, shipping traffic is
increasing. The purpose of this research project is to explore
how the latest advancements in satellite-based technologies,
machine learning and physical modelling can be integrated into
supporting safety at sea in remote areas through enhanced
maritime situational awareness systems.

In recent years, shipping traffic in the Arctic and other remote areas, has
increased significantly across several maritime sectors. These often-uncharted
waters are characterized by a high degree of remoteness, high degree of
navigational risk and little means of communication. In combination with harsh
environmental conditions, near-real time maritime situational awareness is
difficult to achieve, yet vital to support crafts and vessels in distress in the most
effective and efficient way.

In this research project, DHI has, sought to support increased safety at sea as
well as efficiently localizing life rafts and small vessels in case of a distress
situation. This work has emphasized close cooperation with relevant actors
within shipping, fishing and tech. development. Through this cooperation DHI
has been exploring variety of different technologies as well as system concepts
with the purpose of understanding user needs and providing increased
decision support.

Initially, the project had a geographic focus centred on the Arctic, specifically
Greenland and Canada. During the project we have adjusted this geographic
scope, in agreement with Den Danske Maritime Fond, so that the project also
emphasises the North Sea and an inclusion of a focus on the Offshore wind
energy sector whilst still maintaining the Arctic focus in Greenland.

Throughout the project we have been seeking to balance research into
technological advancements whilst at the same time maintaining addressing
the outcomes and continuous learnings from the stakeholder involvement and
dialogue.

It is therefore our hope and ambition that the results and learnings from this
project will inspire and enrich businesses and decision makers across a wide
variety of Danish Maritime Sectors.

The expert in WATER ENVIRONMENTS C-6



1.1 Structure of the report

In this report we demonstrate the different aspects of the project through three
sections, reflecting the initial scope of the project:

1. User needs, user engagement and outreach activities allowing the
project to conduct a need based technical development.

2. Technical development and testing of existing and emerging
technologies based on the stated user needs.

3. Prototyping of a systems design, encompassing learnings from the
other parts of the project.

1.2 User needs, user engagement and outreach activities

Through various user interviews, workshops and meetings, user needs and
requirements have been collected as inputs for the technical development and
testing work package. Under this work package we have also conducted
various outreach activities allowing stakeholders to interact with and contribute
to the project.

1.3 Technical development and testing

During this work package DHI has tested a wide range of technologies,
technology setups and combining different data types. The list of tests
comprises:

Two Greenlandic test cases. One testing the application of corner reflectors,
investigating how small and portable corner reflectors can enhance object
reflectance and thereby object visibility in radar satellite images. During a field
campaign in Greenland field testing of corner reflectors and subsequent image
analysis was conducted. In another Greenlandic live test case a small tourist
operator boat was ‘hidden’ within an Area Of Interest (AOI) and the task was to
identify the location of the boat distinguishing it from a range of other objects
(e.g. ice) and tracking it over time.

During a Danish test case the combination of open-source imagery,
commercial high-resolution imagery, Automatic Identification System (AlS) data
and Radio Frequency (RF) data was tested in order to establish tracking of
individual ships.

In a Greenlandic case, a hydrodynamic drift model in combination with an
agent-based model was set up for the Nuuk fjord enabling a forecast and back
tracking of the location of drifting objects, such as vessels and life rafts. In this
case study, it was also investigated how environmental boundary conditional
parameters such as ice, coast lines and tidal conditions can be established
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solely by using remote sensing data and thereby overcoming the lack of such
data in many remote areas across the arctic.

In a simulated environment, increased connectivity based on VDES (VHF Data
Exchange System), also known as AIS 2.0 was explored in order to integrate
object detection workflows with state-of-the-art emerging communication
technologies enabling two-way communication and by that overcoming the lack
of connectivity in the Arctic and other remote areas. Such increased
connectivity would allow small amounts of data (e.g., search polygons) to be
updated continuously at homes base datacentre and shipped to first
responding operational units.

1.4 Systems Design

Based on the conducted user research in interviews, learnings from workshops
and lessons from the technological development, DHI has developed
prototypes of how a system for maritime situational awareness can look like.
The systems design is visualised in a user-friendly environment, enabling a
continuous dialogue on further development.

The expert in WATER ENVIRONMENTS C-8
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2 User needs, user engagement and
outreach activities

During the project more than 20 interviews and meetings have
been conducted with stakeholders within maritime operations.
Based on these interviews and meetings, user needs to mitigate
and reduce maritime operational risks have been identified.

2.1 User needs and user engagement

During the project, DHI has identified user needs and requirements through
several interviews, meetings and workshops. These companies and institutions
interacted with can be divided into three categories reflecting different
perspectives supporting the project.

End users and systems operators — have been able to give input to which
answers within maritime situational awareness they would need in their
everyday practice.

Equipment and technology providers — have been able to give input regarding
the availability and developmental state of different technologies and pieces of
equipment.

Interest organisations — have provided valuable input as to which needs and
interests their members and peers would have and by that provide input as to
which direction the technological development should take.

Table 1 - Overview over companies and institutions DHI has engaged with
during the project.

Type ‘ Name ‘ Country ‘ Date

TERMA DK September
2022
Gate House Maritime DK May 2022
Space Inventor DK August
2022
Sternula DK January
Equipment and 2022
Technology Capella Space US | October
providers 2022
Iceye Fl August
2022
Airbus DS FR November
2022
UnseenLabs FR August
2022
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VIKING Life-Saving DK November
Equipment 2022
Nerpilik GRL January
2022
Joint Arctic Command GRL May 2022/
2023
The Greenlandic GRL May 2022
Police
End Users and/ | Nuuk Water Taxi GRL May 2022
or system Danish Naval DK | February
operators Command 2022
Danish Fisheries DK February;
Agency June 2022
Drsted DK December
2022
Royal Arctic Line GRL February
2023
Danske Rederier DK January
2022
Oceans Network CAN August
Canada 2022
Interest
organisations Clear Seas CAN November
2022
SIMAC — Svendborg DK February
International Maritime 2023
Academy

When being interviewed, stakeholders mention many different needs within
measures to reduce their maritime operational risks depending on the scope of
their business. Some of these challenges and needs can be addressed or
mitigated using combinations of satellite data, solely, or in conjunction with
other data types, whereas others can’t. In the following, table 2, we have listed
groups of user needs expressed during the meetings listed above in table 1.

Table 2 - Overview of user needs and requirements based on interviews and
stakeholder engagement during the project.

ID
UN-0100

UN-0200

Theme

Environmental
Situational
awareness

Environmental
situational
awareness

The expert in WATER ENVIRONMENTS

User Need

Operational sea
ice mapping

Mapping of
submerged
navigational
hazards

Source

Nerpilik, Nuuk
Water Taxi, SIMAC,
Drsted

Joint Arctic
Command,
Greenlandic Police,
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Royal Arctic Line,

Nuuk Water taxi
UN-0300 | Maritime Small boat and VIKING, Joint Arctic
situational life raft detection, | Command,
awareness object location Greenlandic Police
forecasting
UN-0400 | Maritime Identification and = Joint Arctic
situational tracking of ships =~ Command, Danish
awareness with no AIS Naval Command,
Danish Fisheries
Agency, TERMA
UN-0500 | Monitoring of Automatic Jrsted, TERMA
critical triggers
infrastructure concerning
maritime activity
near facilities
UN-0600 | Location of new Historic mapping @ 9rsted
Offshore of marine activity
Windfarms — small scale
fisheries

Based on the above table expressing categories of user needs it is clear, that
these user needs span broadly. Most of the expressed user needs are relevant
for search and rescue operations, either directly, or by mitigating or preventing
accidents or unintended activity to take place in the first place, and by that
minimizing navigational risk and increasing maritime safety.

In table 2 above, four different categories stand out. Maritime Situational
Awareness and Environmental Situational Awareness have both multiple
aspects and different use cases depending on the specific end users.

Regarding Environmental Situational Awareness, sea ice and submerged
navigational hazards (i.e., skerries) are both environmental factors constituting
major navigational risks, especially under Arctic conditions. Nautical charts
concerning Greenlandic waters do exist, but coastlines are misplaced by up to
1000m in west Greenland and as much as up to 5000m in east Greenland. A
systematic mapping of submerged hazards and shallow waters is absent.
During 19 years of hydrographic surveying only 0,1% of the surveyed area
covered depths 0-10m (DHI 2021), meaning that navigational high-risk areas
are unmapped, and navigators must rely on own experience and local
knowledge. Sea ice across the Arctic, including Greenland, constitutes a major
navigational risk impacting both safety as well as operational possibilities. As
an example, as offshore wind farm installations are pushing even further north,
sea ice constitutes an increased risk both in a surveying phase as well as in an
operational phase and a screening for areas with no or little sea ice
concentration is an important decision parameter.

At the same time both skerries and sea ice have an impact on where and how
fast drifting objects will travel. In a situation where objects need to be identified
based on satellite imagery, it is important to be able to distinguish between
man-made objects (boats and life rafts) and natural objects (ice floats and
skerries). In a search and rescue operation it is of outmost importance quickly
to be able to either identify the exact location of those in need, but also to
forecast their location when help arrives or narrow the search area. In this
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regard very high resolution (VHR) satellite imagery plays an important role, but
since these data are relatively costly to purchase, it is important to be able to
forecast an anticipated location of a drifting vessel based on last known
location. When setting up such drift models both sea ice and skerries are
important factors to consider and therefore the environmental parameters are
both important minimizing navigational risk, but also when performing image-
based object-detection and as input parameters in drift models.

Maritime situational awareness also stands out as an important topic, cf. table
2. Maritime situational awareness is broadly defined as knowing who is where
and when. More specifically two scenarios are mentioned:

1. Object location and forecasting, specifically targeted small boat and life
rafts, meaning identifying and forecasting the location of people in a
distress situation. This task is rather challenging under Arctic
conditions, since distances are vast and, in Greenland, no coastal
radar network exists. Identifying these small objects, distinguishing
them from ice and skerries in high resolution radar images has
consequently been a focal point in this project. Due to the dynamic
nature of this problem of knowing where a drifting object is at a certain
point in time, we have also worked with setting up hydrodynamic drift
models. These models rely on input data such as tidal information, ice
concentration and coastal topography, which we also establish based
Earth Observation (EO) data, and by that will create a flexible
methodology applicable to any remote anywhere tidal gauges are far
away.

2. Identification and tracking of ships with no AIS. This use case has
several potential causes. It can be caused by the fact the ship(s) in
question don’t carry any AlS transponder, the AIS transponder is
malfunctioning or in other cases where the AlS is switched off
deliberately. In any of the cases these ships constitute a security risk
both to themselves and to other ships, especially in densely trafficked
seas such as the North Sea. Also, under Arctic conditions this situation
applies in case of a distress situation, other means than AIS are
needed in order to narrow the search radius. During the project, we've
been exploring new and emerging technologies such as Radio
Frequency analysis, allowing satellites to pick up the signal from ship
radars, but also VDES.

2.2 Outreach activities

The technical results from the project have been disseminated through
conference presentations, workshops, webinars and guest lectures. During
these activities different use cases have also been discussed, serving as
inspiration for the participants but also serving as validation of the projects
internal working hypotheses, see table 3 below.
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Table 3 - Outreach activities has been important part of the project.

Date ‘ Participants

‘ Location

Organised by
Innovation workshop DK February
Danish Naval Command, 2022 14 DHI
Danish Fisheries Agency
Defense Industrial GRL May 2022 45 Danish
conference Industry
Future Greenland GRL May 2022 Greenland
400 Business
Association
Danish Fisheries Agency DK June 2022 Danish
Strategy seminar 20 Fisheries
Agency
Space Innovation event FR November Censec, The
2022 Royal Danish
Embassy in
100 France and
Aerospace
Valley
Webinar presentation — Online | November
titted: Remote sensing tool 2022 Clear Seas -
to de-risk navigational Centre for
decisions in uncharted (or 52 responsible
poorly charted) Arctic Marine
Guest lecture on Maritime DK February University
Navigational Risk 2023 25 College
Capital
The expert in WATER ENVIRONMENTS C-13




DHI)

3 Technical development and testing

In this section we are reporting the technical development
within environmental and maritime situational awareness and
the linking between these two. We start with detection of small
maritime objects, followed by seaice, coast lines and skerries.
The environmental parameters tie into a hydrodynamic model
concept enabling a forecasting and backtracking of the location
of maritime objects and by that narrowing the search area for
first responders. Ship radar (RF) detection and the emerging
VDES technology for enhanced connectivity is also explored.

3.1 Detection and describing small maritime objects

Synthetic Aperture Radars (SARS) are radars placed on moving platforms,
such as satellites, and are extremely useful in EO. Their main advantages are
the large areas they can observe with high resolution, as well as all-weather
and day and night acquisition possibilities, which translates into high data
availability. These capabilities are crucial for time critical activities, such as
search and rescue operations.

In other projects it has been shown that the visibility of small objects, such as
dinghies is very low even in high resolution SAR images. Therefore, the idea
came up to test different corner reflectors that could be mounted on life rafts,
dinghies or small boats. Such an experiment was designed and carried out,
testing 5 different types and sizes of corner reflectors (fig. 1). The results
showed that the backscatter signal was the highest from an aluminium 30cm
corner reflector, followed by an inflatable SOLAS approved corner reflector.
The advantage of an inflatable corner reflector is that it can be integrated into
an inflatable life raft.

NS/
RN,

Vaerkse
‘Mﬁlumn varge

|-

Figure 1 - Corner reflectors enhance the backscatter, and thereby the
visibility of objects in a SAR image. Different sizes and shapes have
been tested.
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Based on the findings regarding size and material for applicable corner
reflectors, these we live tested in Greenland in collaboration with a Nuuk Water
Taxi, a local tourist operator and VIKING Life Saving Equipment (fig 2).

Figure 2 - Through live tests in Greenland, different setups for applying
corner reflectors have been tested.

The live tests showed a clear effect of the corner reflector in terms of increased
backscatter and thereby visibility, fig. 3 below.

103

Area

10?

Intensity

Figure 3 - object visibility is increased when mounting a corner reflector on a
life raft, but still ice floats of same size can show a higher backscatter.

On the other hand, what is also seen from the figure is that despite an
increased object visibility when a corner reflector is mounted, it is still very

The expert in WATER ENVIRONMENTS C-15



<

difficult to separate life rafts from ice floats based on back scatter intensity
alone.

When developing capabilities in describing the identified objects more
parameters are available for distinguishing between the objects in an image. In
figure 4 below object are described based on their location, length, width,
orientation and intensity.

Longitude Latitude Area Length (1) Width Length (2) Intensity

175 4 5 147.2 & 4

118 -51.027 4 7( 44 4 93.0 2

319 -51.125  64.560 2435 984 402 2491 47

212 -51.000 64.591 1752 89.6 28.6 147.8 5.8 17 degrees West

Figure 4 - Object size and orientation description are important parameters in
identfying the relevant objects

After refining the methodologies for object descriptions, another live test
around llulissat and in Nuuk Fjord was conducted. In these cases, objects, i.e.
ice floats (fig. 5 and 6 below) and boats (fig. 7 below) were detected and
described, based on their length, width, orientation and intensity.

Figure 5 - A zoomed image on detections around llulissat, with length
estimations. Other size statistics are also calculated. In this example the
objects have not been matched with AIS signal nor boats. This could easily
be done in a distress situation.
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Figure 6 - Detections over the VHR image provided by Capella Space. Lots of
smaller objects are detected on the North-West of llulissat. The detector
used, focuses on smaller objects (<50m) and ignores the large ice chunks.
All the detected objects are circled in red.

In the Nuuk Fjord case (fig. 7) a Targa 25.1 tourist boat with a length over all
(LOA) of 8,4m had positioned itself at an unknown location within a predefined
search area. Based on a tasked high resolution SAR image, the boat was
identified and described. The length of the boat was estimated to be 9,0 meters
based on the image analysis, meaning an overestimation of 0,6m or <10%.

In the case of a distress the analytical procedure would be to identify and
describe all objects in an image and match these with the relevant objects and
by that narrowing the relevant candidate objects.
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Figure 7 - Capella Space acquisition over the fjord, just North of Nuuk. The
different detected objects are circled in red and size information
calculated. A zoom on one object with a 93% size match with
the tourist boat demonstrates the accuracy of the detection
algorithm.

One of the learnings from working with the high-resolution SAR imagery was,
that the algorithms have to be adjusted to the sensors applied. Since
commercial data is also associated with costs for tasking data it has been
relevant to explore how much information it is possible to extract from free and
open Sentinel-1 SAR data from ESA.

3.2 Automatic ship and object detection in Sentinel 1 images

AlS is a navigation and anti-collision tool, which, if installed on a ship, regularly
transmits its position. The AIS may also contain additional information about a
ship, such as its size, water line height, current speed, or type. For large ships,
with gross tonnage above 300 tons, or fishing ships above 15 meters long, the
installation of a high-quality class A AIS transponder is mandatory. It is
advised, but not mandatory, to install a class B AlS for other ships, which
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transmits less regularly the ship’s position. Therefore, the position of all large
ships within a maritime area can be known through the AIS, while smaller ships
might only be detected through other means, such as SAR. In this work, we
used the AIS data as a reference to estimate the capabilities of ship detection
with Sentinel 1.

Ship detection

The ship detection was performed using a Constant false Alarm Rate (CFAR)
algorithm on the received backscatter intensity, on a moving window with an
adaptative threshold based on the local returns over the background. This type
of detector is further explained in works such as (El-Darymli 2013). This type of
algorithm is made to detect objects brighter than their background, which is
what happens for boats at sea.

The second goal of this work was to study the shape of the detected objects,
and to estimate the detected ship lengths.

Results

To demonstrate the ship detection capabilities of these algorithms, they were
applied to an area on the western part of the Baltic Sea, to imagery acquired by
Sentinel 1 on September 24", 2022, see figure 8 below. Despite being outside
the projects’ immediate area of interest, this area was particularly interesting
due to the situations happening around the Nord Stream pipelines, which
created an immediate need for maritime situational awareness. The area also
contains a high concentration of ship traffic, and high-quality AIS data is easily
available over the area.

The objects detected in the SAR image are circled in red, and the position of all
the ships at the time of the SAR acquisition with an AIS system are displayed
as yellow squares, which sizes varies with the ship size when it is known.
Docked ships transmitting AIS were ignored, and the detections over two wind
farms were removed, to focus on ship detection.

In total, 350 objects were detected in the SAR image, while only 121 ships had
an active AlS signal. Of these ships, 112 were detected and linked to the AIS
signal. The last 9 objects with a known position thanks to the AIS system, had
an average length of 13 meters and by that smaller than one would expect
detectable in a Sentinel-1 image, with a spatial resolution of around 10 meters.
Another explanation for not detecting these objects with high confidence could
be that they were only transmitting their position few times and had moved
significantly from their last known position at the time of the Sentinel overpass.
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Figure 8 : Sentinel 1 backscatter intensity over the Baltic sea's Western part.
Detected ships are represented by red circles, and yellow squares show the
AIS position of all ships with active transponders at the time of the
acquisition.

In general, detailed and precise ship length estimation is difficult to perform
with Sentinel 1, as its 10m resolution makes it difficult to delineate ships. It
however can give an order of magnitude for the ship length, and a specifically
trained model could improve the length estimation further using the received
intensity over the ship as an additional source of information to better
determine the ships’ size. Figure 9 presents two scatter plots, which present
the estimated ship length on the left, and the received backscatter on a
logscale, both as a function of the actual ship length as given by the AIS.
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Figure 9: On the left, the estimated ship lengths on the y-axis are plotted
against the actual ship lengths. The dotted orange represents y=x. On the
left, the maximum received intensity over the ship on alogscale are plotted
against the ship length.
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3.3 Combining multiple SAR data sources

By testing the combined temporal resolutions across the constellations from
Capella Space, Iceye, TerraSAR-X and CosmoSkyMed we found that 10-13
acquisitions per day were possible. We also found that these tasking options
were not evenly distributed across the day, meaning that morning and evening
hours had a denser coverage than during daytime. One aspect is tasking
another is downlink times, meaning the time elapsed from satellite overpass
until the reception of analysis ready data, ready for performing object detection
analysis. Again, we found variances, downlink times varies between less than
1 hour and up to 4 hours. In effect, this means that even though there is a good
spatial and temporal coverage regarding imagery tasking, the downlink
infrastructure still has bottlenecks and by that near-real-time monitoring may
not be possible under all conditions. This situation may change as more
satellite constellations are sent into orbit and new downlink infrastructure is
being installed. Nevertheless, since VHR imagery is commercial data,
monitoring costs need to be balanced against user needs. In this relation
forecasting the expected location of a drifting object is key since this will enable
users to narrow the area of operation as well as maximizing the chance of
successful image tasking in terms of finding the relevant objects and
overcoming some of the inherent shortcomings of accessing satellite imagery
real time. In a systems setup where images and drift models are combined it is
possible to use the images as a validation of the forecasting models.

3.4 Drift modelling in Greenland

As a central part of the Sat4Rescue we have developed a methodology
enabling a rapid set up and drift forecasting of remote areas. The method
combines global environmental data, earth observation data for obtaining local
environmental parameters and numerical flow and drift models and can predict
drift paths, grounding sites and other relevant parameters. In the following we
will describe environmental parameters (sea ice, coastlines, skerries, wind
speed and tidal information) followed by a description of the drift model setup
and results.

3.4.1 Mapping of sea ice concentration

Satellite-borne SAR is also an excellent source of information for sea ice
mapping in the Arctic, as its acquired data can be used regardless of the
meteorological conditions which are often a barrier for optical data in these
latitudes. Coupled with the high resolution from these instruments, it is possible
to create fine sea ice extent mapping, which is an important in distinguishing
between ice and boats/ rafts, but also as input data for hydrodynamic
modelling. However, rough sea conditions, often caused by high windspeeds,
are known to be difficult to differentiate from sea ice in Sentinel 1 imagery,
which is why additional data sources are required to improve modelling.

We trained two different models for sea ice extent and mapping following two
approaches:

e A pixel-based supervised Bayesian classifier,

¢ A deep Convolutional Neural Network (CNN).

Both approaches are explained further and their results to ice mapping on
Nuuk’s fjord are presented below.
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Bayesian classifiers

The first approach to sea-ice extent and concentration uses a pixel-based
supervised Bayesian classifier, which classifies each pixel as sea-ice or open
water on at 50 m resolution. This classifier was applied to a time-series of
Sentinel 1 images acquired from April 2022 to September 2022, and provided
particularly good results. A Bayesian classifier is a probabilistic classifier based
on the use of Bayes’ formula. For a given observation X, the probability of it
belonging to the class ¢, is given by:

p(cdp(xlc)

plecd) = =S

In this equation,
e The class k with the highest posterior probability p(c|x) is selected,
e p(x|cy) is the probability density function (pdf) of the observed
phenomenon,
e p(cg) is known as the prior, which can be used to encapsulate
additional external information to the classification process,
¢ p(x) is a normalization factor, which is the same for all classes.

This algorithm performs very well for polarimetric SAR data, as the polarimetric
matrix (C, in the case of Sentinel 1 data) is known to follow a complex Wishart
distribution. The derivation of the so-called Wishart classifier is given in (Lee
1999). This classifier is very well known and has been used extensively for
polarimetric SAR data classification since its introduction.

In the implemented classifier, Sentinel 1 data was used as the main source of
information for the classification, using the complex Wishart distribution as a
model for p(x|c,), and local wind speed estimates were used as a prior.

Sentinel 1 data and workflow

An entire workflow for Sentinel 1 data preprocessing was developed to keep
the maximum amount of information available for the classifier. In particular,
the Wishart classifier is known to achieve better performance when using the
polarimetric matrix C,. The workflow contains the following main elements:

e Automatic download of the data and orbit files from the Copernicus
portal, in the Single Look Complex (SLC) format, acquired in
Interferometric Wide (IW) mode.

e Calibration, debursting and thermal noise removal for complex data, in
workflow explained in (Mascolo 2021).

e Transformation of the SLC data into polarimetric matrices.

e Multilooking (additional noise removal).

o Range-Doppler projection of the acquisition on a 50m grid using the
local digital elevation model, which ensures a proper projection of the
imagery on the area. It is especially important to delineate coastlines
and avoid land signal spill-over, which would otherwise result in wrong
predictions along the coastlines.

Deep learning approach

We developed a second model as part of an open Al challenge, called
AutolCE, which aimed at training deep learning networks on the topic of sea-

C-22



DHI)

ice extent and classification. This challenge was organized by The Norwegian
Computing Center, the Danish Meteorological Institute (DMI), the Technical
University of Denmark (DTU), Polar View, Nansen Environmental Remote
Sensing Center (NERSC) and ESA (European Space Agency), and was
composed of close to 500 scenes labelled by DMI for training. The labelling
meant that this model would rather be suited for large area monitoring,
spanning hundreds of kilometers, and defining large regions where the sea-ice
concentration is evaluated. This challenge also included estimations of the ice
age (whether the ice is young or old), as well as the average floe size.

We trained a UNET model, which is a specific type of convolutional neural
network and is very well suited for semantic segmentation. This model was
trained and gives results on an 80m grid, and uses as input Sentinel 1
intensities and incidence angle, the distance from the closest shore, local wind
speed estimates, as well the AMSR2 wavelengths which contain relevant
information for sea-ice concentration. The trained model’s accuracy was
estimated on 24 test scenes and was estimated at a 74% R2 accuracy for sea
ice concentration.

Comparison between the two models

In order to compare the sea-ice concentration estimations between the models,
we created a workflow to apply the deep learning model to the S1 imagery
acquired over the Nuuk fjord. In general, the first model delineates very well the
sea-ice extent and floats. On the other hand, the deep learning model is less
precise, and tends to overestimate the sea-ice extent. Figures 10 and 11
illustrate the sea-ice extent and concentration estimates by the two models,
together with the corresponding Sentinel 1 intensity images, for a time point in
April 2022 and September 2022, respectively.

The results are quite different, due to the purpose of the deep learning model,
which was reflected by DMI’s scene labelling. The goal of this model was not to
perfectly delineate sea-ice, but rather to give large-scale estimations and find
regions with sparse sea-ice, which would appear as specific objects in the first
model. The dataset was also more focused on open sea applications, which
also means that this model had more issues with this specific application.
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Figure 10: Sea-ice extent and concentration for April 11", 2022. On the top,
the Sentinel 1 intensity in the HH and HV polarizations over the fjord. On the
bottom left, the sea-ice concentration as estimated by the Bayesian
classifier. On the bottom right, the sea-ice estimates as given by the deep
learning model.
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Figure 11 - Sea-ice extent and concentration for September 26th, 2022. On
the top, the Sentinel 1 intensity in the HH and HV polarizations over the fjord.
On the bottom left, the sea-ice concentration as estimated by the Bayesian
classifier. On the bottom right, the sea-ice estimates as given by the deep
learning model.

3.4.2 Satellite derived coastlines and skerries

Accurate coastlines and skerries for the study area around Nuuk, were derived
from imagery from the Copernicus Sentinel-2 satellites and used as input for
the mesh of the hydrodynamic model. The Sentinel-2 satellites have a spatial
resolution of 10m in the visible spectrum, allowing a detailed mapping of the
coastal zone.

The coastline and extent of the intertidal zone were mapped using a collection
of summer imagery from the period 2017-2020. For each image in the
collection, ocean and surface water was identified using a machine-learning
model trained on labelled imagery from the region. Due to a high topographic
relief and low sun elevation angles in the area, a significant part of the
coastline is in shadow in each image, thus a ray tracing scheme was used to
estimate shadow zones, and a separate classifier was applied in these regions
to improve the classification.

The resulting water maps were subsequently stacked to calculate the water
frequency for each pixel. From this information, coastlines were extracted by
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deriving contours of water frequency, allowing to estimate the location of the
coastlines at different tide levels.

The input data for the mesh for the hydrodynamic model was then created by
resampling the satellite derived coastlines to a coarser resolution, but first
smoothing the water frequency map to remove coastline features too small for
the hydrodynamic model to resolve, and then resampled to an average
resolution of 150m. The spatial smoothing and resampling can easily be
adjusted to the level of detail required for the hydrodynamic model. Finally, the
output was reformatted to construct a simple input for the mesh generating
module used for the hydrodynamic drift model.

3.4.3 Wind speed estimates

The second set of parameters, used as a prior, are the local wind speed
estimates at 10 meters height. These estimates were obtained from the ERA5
re-analysis dataset, which is distributed by ECMWF. The wind speed estimates
are available on an hourly basis, on 0.25° resolution grid. For each Sentinel 1
acquisition, the estimates at the corresponding hour were interpolated on the
same 50m grid. The prior itself was built as a non-linear function which
increases the open-sea prior probabilities for high wind speeds, and for which
the priors are equal for low wind speeds.

3.4.4 |ICESat-2 tide levels

The ATLAS sensor onboard NASA'’s ICESat-2 satellite, is a space based lidar
instrument, able to map the elevation of earth’s surface in very high resolution.
The ICESat-2 has 6 beams, ordered in three pairs, with a distance between of
3.3 km between the pairs, and 90m between the beams in each pair, and a
revisit time of 91 days.

Tide levels in the Nuuk region were estimated by classifying the sea surface
signal in the geolocated photon cloud, which appears as a strong reflection,
and comparing this to a reference surface height. The sea surface signal was
classified using a pretrained artificial neural network LSTM (Long short-term
memory) model. This model type can process entire sequences of data which
makes LSTM networks ideal for processing and predicting data, which is
required in the case of tidal predictions.

The model was trained on tracks covering a range of environmental conditions
at different geographic locations, to enable to model to correctly identify and
classify the sea surface signal obtained under different conditions. Further work
on identifying tracks with atmospheric noise or very low clouds, and additionally
classifying sea ice as a separate signal, could improve the results further. Only
tracks from the summer months with small concentrations of sea ice were
used, as higher concentrations of sea ice and ice bergs could lead to an
incorrect classification of the sea surface.

From the classified sea surface signal, a smooth sea surface elevation was
estimated by a spline fit, using all photons classified as sea surface reflections.
The estimated sea surface was then compared to the reference surface, here
the geoid height, to estimate tide levels along the track at the time of the
satellite overpass. During the summer season of 2022, the tide levels were
estimated in 15 satellite overpasses.
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3.4.5 Hydrodynamic modelling

The hydrodynamic model is based on DHI's marine modelling system,
specifically the depth averaged flow model MIKE 21 FM. The model applies a
flexible spatial mesh (see figure 12 Ymaking it well suited for coastal Arctic
regions, which features complicated coastlines, fjords, and archipelagos (see
figure 13). The model can be set up for a specific region and is driven by
astronomical tides in the open waters, wind impacts and ice cover for the
period to be modelled. The model simulations can then provide detailed hourly,
or higher frequency if required, maps of surface elevation and current vectors.
The model is depth averaged but can be extended later to full 3-dimensional
description. The period simulated can either be hindcast of historical periods or
forecast, depending on availability of data.
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Figure 12 - The numerical mesh and bathymetry for the Nuuk Fjord
MIKE 21 model

The drift model uses the current maps from the hydrodynamic model to follow
one or more floating objects that can be released into to water. The drift model
is based on ECOLab, a generic process system, where for example floating
objects, for example a vessel, a raft, or persons, can be specified. The result of
the drift model is tracks of the modelled objects.
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Figure 13 - Example of a digital coastline for Nuuk Fjord, derived from
satellite observations, cf. section 3.2

In order to describe conditions at a specific site and period, the model require
the following data:

e Bathymetric data, describing the water depths in the area. There exist
global databases with bathymetry from e.g., altimetry and many areas a
surveyed for navigational purposes. In shallow areas DHI has a service
that can estimate bathymetry from satellite observations.

e Ice cover is derived from satellite observations, that are processed into
weekly ice concentration maps, see fig. 14 below.

e Surface winds over the sea. We use CFSR global wind database that has
hourly surface winds from an atmospheric model, see also section 3.4.3.

e An accurate digital coastline in a format that can distinguish islands, lakes
and land-sea boundary is required. Here we use the method described
earlier, where earth observations are used to delineate the coasts, see also
section 3.4.2.

e Tidal variations are described using DHI's global tidal model. The model
uses 10 constituents derived from several recent altimetry satellites, see fig
15 below.

As a case for testing the feasibility of the system, we have used Nuuk Fjord.
Partly because Nuuk Fjord has a relatively good coverage of data, we can use
for validation of the methods, and partly because it is one of the few places in
Greenland with continuous water level observations.
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Figure 14 - Ice cover used i8n the MIKE 21 Nuuk Fjord model. Ice cover is
derived from earth observations as described in section 3.4.

The model is set up for the whole Nuuk Fjord, as shown in fig. 14, and the
open sea in the vicinity of the entrance to the Fjord. In Nuuk Fjord, the currents
are dominated by the tides in most places. In fig 15 is shown a comparison
between the observed tides in Nuuk and those predicted by the model. Nuuk is
one of very few tidal stations in Greenland, so in remote areas, the data for
model validation are scarce. Instead, we have developed a method to utilize
satellite altimetry data. In the upper part of Figure 15 is shown a satellite track
crossing the model area and along each track is shown the error between
model and satellite observation. In the lower part of fig 15 a timeseries is
shown. From this, we see some noise in the satellite observations, but in most
cases the error is within one meter. Error sources are mostly uncertainties in
the processing from detection of the air-water interface or disturbances from
the coast.

The drift model is applied for a hypothetic case of a drifting vessel, starting
Southwest of Nuuk. In fig 16 below is shown the calculated track. In this case
it is a simple floater, but for future cases it is possible to define drift
characteristics similar to a small vessel, rafts or persons. It has not been
possible during the project to carry out field trials to validate the drift model.
This is consequently left for future work.

The expert in WATER ENVIRONMENTS C-29



2.0

0.0

Obs [m] - Obs
bty LALL SbES G000 Smos
oD B LI i B0 0 B NI e DI 0 B TG NI B )

MIKE 21 [m]

DHI)

M21 {0.00E;0.00N;0.00mMSL)
Scatter plot (2022-04-15 - 2022-08-31; T_ = 5min; dt = 5min}

30 N =37,553 (130.4days)
27 MEAN = 0.00m (0.0%)

2o BIAS = -0.02m (-2.0%)
AME = 0.16m (18.9%)
RMSE = 0.18m (23.0%)

Sl =0.23 (Unbiased)
EV =098

cC =089

PR =TT =1)

Il

Number of data points in each 0.02 m bin

Data (linear +- 5min)
1:1 Line (45%)
+  Quantiles (0.0 - 100.0%)
-~ - QO it y=1.13x-0.02

M21 [m] - Model

Nuuk_840 [m]

May June July
2022 2022 2022

6.0

4.0

2.0
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Figure 16 — on top of the hydrodynamic model an agent-based module is
applied in order to forecast the future location of a drifting object.
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3.5 Radio emitter detections for object location analysis

One of the challenges of maritime situational awareness is detecting boats,
vessels and rafts across the vast and remote areas across the Arctic or simply
the North Sea. In a distress situation AIS track often can provide a ‘last-known-
location’ from which a hydrodynamic model can take over and model a future
drift pattern and thereby narrow the search area. But sometimes AIS
transponders malfunction and they can even be switched off intentionally,
leading to ‘dark-vessels’, which in the case of off-shore operations, fisheries and
shipping may constitute a serious risk of either collision or not knowing what
activity takes place near an off-shore wind site, see fig. 17. Consequently, the
more emitters one would be able to track, the better overview one will have of
the area of responsibility, with the possibility of reacting in a distress situation,
preventing accidents or unintended incidents.

1000

Figure 17 Number of vessels per hexagon in May 2022 (derived from AIS).
The heatmap on the left features all vessels, while the heatmap on the right
displays only the fishing boats.

The satellite-based technology we tested could potentially overcome this
challenge by detecting radio emitters from dark vessels. Indeed, even with their
AIS off, most vessels emit radio frequencies through communication systems,
radars, or navigation devices. Identifying them would greatly improve the ability
to monitor and prevent the situations described above.

Our investigations have revealed promising results in the field of radio emitter
detections. Recently, we had the opportunity to collaborate with one of the
leading companies in the maritime surveillance industry, to conduct multiple
experiments using new satellite-based technology. This technology claims to be
able to identify, recognize, and track a broad range of radio emitters, which could
be beneficial for various applications, such as monitoring ship traffic or detecting
illegal fishing.

We analyzed 13 acquisitions covering Danish waters, each acquisition covers
an area of roughly 400 kilometers by 400 kilometers. Figure 188 displays the
coverage of these acquisitions and shows the 921 detected radio emitters from
the June 21st acquisition as an example. Each radio emitter detection contains,
apart from a latitude and longitude, three features: radio frequency, the pulse
duration, and the time between two pulses.
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Figure 18 Coverage of the 13 Unseenlabs acquisitions over Danish waters (in
deep blue) and display of the detected radio emitters for one acquisition, on
June 21st, 2022, at 10h15

The AIS data from the acquisitions time is paired with radio emitter data; and
radio features, such as frequency and pulse characteristics, are attributed to a
unique maritime mobile service identity number known as the MMSI. By doing
so, we can link radio emitter signals to specific vessels and track them on
subsequent acquisitions, even if they are not broadcasting AIS signals.
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% Danish EEZ

Figure 19 Comparison of radio frequency detections from June 21st, 2022, at
20h15 with the Class A AIS data from the same time.

By comparing AIS and radio frequency points and analyzing the distance
between them, we determined that the spatial accuracy of the AIS detection
ranges from 1 to 5 km. However, we also discovered that a single radio
frequency acquisition is not sufficient to uniquely pair each emitter with an AIS
point. Indeed, ambiguities arise when multiple AIS points or multiple radio
frequency detections are near each other, see figure 19 above. As a result, one
AIS data point cannot be confidently and uniquely associated with a single radio
detection. This highlights the importance of using multiple acquisitions to
gradually improve the pairing quality and the quantity of vessels which
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characteristics are known. The identification and tracking capabilities therefore
also increase with the number of acquisitions.

During our investigations, we discovered that there can be variations in the pulse
characteristics of a single vessel over time. This variability can make it difficult
to uniquely identify vessels or track them over time. To address this issue,
additional features are currently being developed, involving complex signal
processing. This new feature is expected to be more stable than the frequency
or pulse duration and repetition time, which should improve the accuracy of
vessel identification and tracking. However, further research and experiments
are necessary to confidently determine the effectiveness of this new feature, and
its potential to significantly improve the overall performance of the system.

The identification of vessels necessitate that the tracked vessel sometimes turns
on its AIS signal with the correct position and information. This can be a limitation
for a vessel which systematically turns off its AIS.

Overall, our investigations have demonstrated the potential of this technology for
enhancing maritime surveillance capabilities.

In addition to identifying individual boats, radio-emitter detection also provides
valuable insights into vessel distribution (Figure 20). Not all AIS emitters emit
pulsed signals in the radiofrequency range of Unseenlabs, and not all radar
emitters necessarily emit AIS signals (such as recreational boats). This accounts
for the difference between RF data and AIS patterns. However, there is a strong
correlation between the two. Analyzing the differences between AIS and RF
patterns can provide useful insights and help identify areas where vessels tend
not to emit AIS data - which could be indicative of the presence of dark vessels.

Boat count - all AIS Unseenlabs coverage

il 7, / {

Some of the variation in the boat count is linked
to the limited coverage of Unseenlabs (the
darker, the more acquisitions)

This high-density area do not appear
20  inthe Unseenlabs data

__ Many Unseenlabs signals in these red spots
do not appear in the AIS data

Explained by the low coverage of UL
-40 in this area

6 8 10 12

Figure 20 Comparison of vessel density according to RF detections and AIS -
based on the 13 acquisitions.

3.6 Enhanced connectivity — AIS2.0

Lack of communication capabilities across the vast distances at sea is one of
the root-causes this project has been seeking to overcome. New technologies
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are emerging targeting this specific problem of connectivity. One of these
technologies is called VDES — VHF Data Exchange System. Essentially this
technology enables a two-way data exchange based on VHF, which is why it is
also called AIS 2.0. The technology setup is described below in fig. 21.

The use cases of this emerging service are many, e.g., receive virtual aids to
navigation, receive navigational warnings or receive weather bulletins. These
examples shows that it can play an attractive role in improving safety at sea by
increasing means of live communication. Since small amounts of data (approx.
2 lines of code) can be exchanged between e.g., ship and home base, sensors
can also collect data, send these back to home base, where advanced and
processing demanding models can be updated and the results sent back to the
ship.

This can e.g., also be updated versions of a drift model and by that updated
search areas can be sent back to the ship while they are on their way during a
search-and-rescue operation.

Measurement
Data
Smart .

Figure 21 - lllustration of the VDES technology. Source: Sternula.com

As part of a search-and-rescue service, different use case scenarios for AlS2.0
are here discussed. The general flow of the application would start with an area
being marked for investigation because of emergencies or other time-sensitive
needs. The application would then be able to split up the area and send
subsections out to specific ships in the vicinity. Updating of the given search
areas and updates sent back from the ships to the shore-side application would
be made possible in-order to facilitate quick response times and better targeted
search areas. The applications would start using simple and lightweight data
structures in order to ensure consistent data streams between the two parties
but could evolve in complexity as the communication network matures.
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Since the Sternula technology is emerging a test environment, called
LivingLab, has been set up. Interfacing with the LivingLab simulation tool from
Sternula allows users to experiment with creating applications covering all
aspects of ship-to-shore communication. Being able to develop the shore-side
application as a representational state transfer (REST) APl removes the need
for specific knowledge about more complex, domain-specific networking
protocols and lets the developer focus on the specific service and use case at
hand.

The applications would be built using tried and tested Python libraries such as
Shapely, FastAPI and rasterio. To accommodate the low bandwidth offered by
the VDES network service in its early stages, a simple and lightweight
encoding scheme is implemented for the data sent over the wire. A fault-
tolerant system would need to be implemented on both ship- and shore-side
application due to the intermittent nature of the VDES network, and keeping the
needed communication between the two parties at a minimum is of priority.
The shore-side application is kept simple, but the data received from the ship
might be fed to modelling software external to the shore-side application in
order to get more advanced analysis. This could then be fed back to the ship,
allowing for a real-time feedback loop which can operate in the potentially
intermittent nature of the network infrastructure, see fig. 22.

b)
Compute-heavy
modelling

process

a) -

_- +--------------------- -_- Y
Shor_e s!de VDES network Sh'p sugie
application _ _ _ C C oo e e e e D e e e e - - application

Figure 22 - connection between the two applications might be patchy and
needs to be accounted for when developing. b) offloading any heavy
processing to external applications allows the ship- and shore-side

applications to be easy to develop and maintain.

The ship-side application is kept as slim as possible, to limit the required
compute resources needed on ship. More complex data structures could be
sent from the ship-side application depending on the resources available as
well as the potential network bandwidth at the time. Data such as timeseries of
the current weather conditions, local traffic updates and ship metrics could be
sent back to the shore-side application through the fault-tolerant
communication and further enhance modelling capabilities. Similarly, more
dense data streams might be fed to the ship-side application, including full
raster imagery of a given area, local high-resolution meteorological data and
communication from authorities and other ships.
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4 WP3 - System Design

As part of this project, considerations have also been made in terms of how the
technological development and research can be wrapped into a search-and-
rescue operational systems design. Below are some examples of the
functionalities that are built into the proposed systems design based on on user
interviews specified in section 2.

First, critical information is specified, fig 23. This involves description of the
objects in distress which is crucial during the image-based analysis to match
the identified objects with the relevant search criteria.

@ SatdRescU a 0 @

Critical information

Last known AIS signal Additional AIS signal data
Retrieve AlS information on the boat if available Where was the boat last observed

@ Retieve AIS @ Retrieve AIs

Boat description

Boat width (in meters) @ Boat lenght (in meters) == MMs! '0)

00 .| 00 m 00 .| 00 m 000 00000000

Figure 23 - Object characteristics are critical information.

Secondly, last known position is recorded, fig. 24, which is important for the
agent-based model to have a specific starting point. Multiple starting points can
also be implemented to allow for uncertainty of the exact starting point and to
investigate for drift convergence. Further, the last known position may be
updated as time elapses and either radar satellite images or RF data are
received.
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Critical information

| Boat's last known position X

Personal
Search by name of the last know position or simply place the pin

Who Is missl g dimage(s)

Ole Lars.

i | +
Nielsen ast known position &

09:25AM  77.895235,-19.282589

48

Travelling

Origin plec
From when

ngit

It exact coordin €hoose position

N -~ T

Figure 24 - Last known location is the starting point for the agent-based
models. This may be updated as EO-data is received.

Part of the system also addresses image analysis and therefore also tasking of
VHR commercial imagery, fig. 25. In a fully developed system, such tasking
capabilities would probably be done via a third-party provider, since several
companies specialize in exactly the tasking part across EO-data providers.
Obtaining the most favourable data agreements is nevertheless not a trivial
undertaking. DHI has specialised in this during the last 20 years. As also
discussed in section 3.1, the tuning of object detection algorithms is sensor
specific and therefore it is important to only consider data that is well suited
under the specific conditions, e.g., Arctic conditions.

w Sat4RescU

Available information

v & Signalments people
4 @ Details Boat

~ @; Satellite images

(® images automatic retrieval °°2 SatellieImages Last known position
Imiages retieved: 09:25AM  77.895235,-19.282589
( on demand images
Automatic -

@ @ Current position

10:15 - tomorrow Sentinel

v 2. Destination details Thiie o4 oapiton S
@® 1015-today  Sentinel

v & Download data (O 2315-t0day Sentinel

Searched object occurrence likelihood (12h) Legend: past time prediction time granularity  1h ~ P

Now  *1h  #2h  43h

Object last seen

-5h -4h -3h -2h -1h
Start of search

10 Jan 2023
11:50 (GMT-3).

Figure 25 - tasking of high-resolution imagery is important for the object
detection.
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The systems design considers both the home-base front-end as well as the
front-end onboard the rescuing ship, fig.26. Therefore met-ocean parameters
are also important decision variables as is navigational decision support in
terms mapping of submerged skerries and rocks as well as ice mapping. These
parameters will enable the rescuing ship navigating towards their target in the
safest possible way.

w

Sat4RescU

Available information

€ Map Layers

v & Signalments people Parameters

Wave height [m]

v § Details Boat
Wind speed [m/s]

v e@ Satellite images ¥ Water current [m/s]

&  Water temperature ['C] © )

v @ current position

Map View
v & Destination details
& Rockmap &

v & Download data % Icemap @

o
Searched object occurrence likelihood (12h) Legend: past time prediction time granularity 1th ~ %

Now

Object last seen
v

-5h -4h -3h -2h -1h +1h +2h +3h
Start of search

10 Jan 2023
11:50 (GMT-3)
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L
Available information 5 € Map Layers X
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Wind speed [m/s]
b @ Satellite images ‘ % Water current [m/s]
on Water temperature [°C]
> @ Current position
|
5 Map View
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»
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e
Searched object occurrence likelihood (12h) Legend: past time prediction time granularity  1h ~ ¥

Object last seen
v

| -5h -4h -3h -2h -1h Now +1h +2h
Start of search
10 Jan 2023

Figure 26 - a variety of navigational decision parameters for on-board
navigation is also considered in the proposed systems design.
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5 Findings and conclusions

No single data source can provide a comprehensive overview of maritime
activities, being maritime situational awareness or environmental situational
awareness. Combining multiple data sources is necessary to obtain a complete
and accurate picture of vessel traffic and maritime operations. AIS and RF data
are undoubtedly two very important and valuable sources of data available, as
it allows for the identification and tracking of vessels in real-time as well as a
screening of large areas, which is highly relevant under Arctic conditions.

In addition to AIS and RF data, SAR is another important data source that can
provide valuable information for maritime situational awareness. In this project
it has been demonstrated in several cases how SAR data can detect vessels in
all weather conditions and can be used to identify and track vessels that do not
transmit AIS signals. Contrary to RF emitters, they do not present the
ambiguity that radio-emitters detections present. However, SAR coverage is
smaller than RF acquisitions and the current state of the technology (revisit
time and tasking) does not yet allow for accurate and continuous tracking of
vessels. Despite these limitations, SAR data is a valuable complement to AIS
and radio-emitter data, especially over small to medium-size areas of interest
(on the order of 10 to 100km). The development of a hydrodynamic drift tool
enriched by eo-data during this project is seen as a major achievement since it
allows for a flexible setup that can work independently from resource
demanding logger data and other field measurements. By that we have
demonstrated in this project how the combination of satellite data and
advanced modelling can play an important role in an integrated search-and-
rescue decision support system. The design of such a system has been
prototyped and functionalities discussed.
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