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Abstract

Geological carbon capture and storage (CCS) has been identified as a valuable tool in addressing
rising atmospheric CO; levels. In fracture zones, marine gas seeps can indicate compromised
storage integrity and must be identified for both pre-injection assessments and post-injection
monitoring. Traditional analysis of multibeam echosounder (MBES) water column data for
seep detection is labor-intensive and impractical, especially for large datasets. This study eval-
uates Espresso, an MIT-licensed open-source software, as a tool for efficient gas seep detection
through filtering and echo integration of MBES water column data. A known seep site in Byfjor-
den, Sweden, was used for validation, followed by application to sub-regions of a fracture-rich
CCS candidate area in the southwestern Baltic Sea. Echo-integrated grids revealed 17 seep-like
anomalies in the candidate area, particularly concentrated in one region. No spatial corre-
lation with mapped fault lines was found, suggesting a likely biogenic origin. However, seep
interpretation remains highly uncertain due to ambiguities in acoustic morphology, inclination,
and the absence of updated water current measurements. Several filtering limitations were
also encountered during this project, and ideas for potential improvements are discussed. The
results suggest that, while Espresso is a useful tool for preliminary seep detection, professional
software and supporting hydrological data remain essential for conclusive interpretation.

Sammanfattning

Geologisk infangning och lagring av koldioxid (CCS) har identifierats som ett vérdefullt verk-
tyg for att hantera stigande atmosféariska COq-nivaer. I marina sprickzoner kan gasutslapp, i
form av bubbelstrommar, indikera bristande lagringsintegritet och maste identifieras for bade
lamplighetsbedéomning fore injektion och Gvervakning efter injektion. Traditionell analys av
vattenkolumnsdata fran multistrale-ekolod (MBES) ar arbetsintensiv och opraktisk, sdrskilt
for stora dataméangder. Denna studie utviarderar Espresso, en MIT-licensierad 6ppen kéllkod-
sprogramvara, som ett verktyg for effektiv gasdetektion genom filtrering och ekointegration
av vattenkolumnsdata. Ett omrade med bekréiftade gasutslapp i Byfjorden, Sverige, anvén-
des for validering, foljt av tillimpning pa delomraden av ett sprickrikt CCS-kandidatomrade i

sydvéastra Ostersjon. Ekointegrerade mosaiknit avslojade 17 lackageliknande anomalier i kan-
didatomradet, sérskilt koncentrerade till ett omrade. Ingen rumslig korrelation med kartlagda
forkastningslinjer kunde pavisas, vilket sannolikt tyder pa gas av biologiskt ursprung. Tolknin-
gen forblir dock oséker pa grund av oklarheter i akustisk morfologi, lutning samt avsaknaden av
uppdaterade métningar av vattenstrommar. Flera filtreringsbegransningar patréffades ocksa
under detta projekt, och idéer till potentiella férbattringar diskuteras. Resultaten antyder att
aven om Espresso ar ett anvindbart verktyg for preliminédr gasdetektion, &r professionell mjuk-
vara och kompletterande hydrologiska data fortfarande avgorande for en tillforlitlig tolkning.

Keywords: CCS, Geological storage, Gas seeps, Multibeam, Hydroacoustics, Water column imaging,
Backscatter, Echo Integration, Sidelobe filtering, Baltic Sea, Arkona Basin, Climate change
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1 Introduction

Carbon capture and storage (CCS) is an increasingly
relevant climate mitigation strategy, and a critical as-
pect of its viability is the long-term integrity of geo-
logical storage sites (Chadwick et al., 2008). Leakage
indicators such as gas seeps, especially in areas with
prominent faults and fractures, can reveal potential
pathways through which injected CO5 may migrate to
the seafloor. Even in the absence of leakage, gas seeps
may indicate in-situ biogenic processes, and identify-
ing these is important for distinguishing future leak-
age from natural background seepage (Andersson et
al., 2023). Therefore, early detection of gas seeps is
crucial, both pre- and post-injection.

Traditional —manual analysis of multibeam
echosounder (MBES) water column backscatter
for gas seeps detection is labor-intensive and costly,
particularly for large survey areas (Mitchell et al.,
2022). Additionally, the inherently noisy nature of this
water column data (WCD) further complicates the
reliable identification of seepage features (Urban et al.,
2017). These challenges highlight the need for more
efficient and accessible tools for gas seep detection.

One promising method for anomaly detection is echo
integration, in which the WCD is vertically stacked into
a two-dimensional grid, creating a heatmap overview
where high-backscatter targets, such as gas seeps, can
be more easily detected from a top-down perspective
(e.g., Lamarche et al., 2019; Mitchell et al., 2022; Turco
et al., 2022; Urban et al., 2017, 2023). However, no
commercial WCD processing software currently imple-
ments this functionality.

This study investigates whether Espresso, a free and
open-source tool for WCD processing and echo inte-
gration (Schimel et al., 2024a), can be used efficiently
to identify possible gas seeps. To achieve this, two
datasets are analyzed: 1. a known seep site in Byfjor-
den, Uddevalla, Sweden, used as a validation case, and
2. a fracture zone in the southwestern Baltic Sea, cur-
rently under assessment as a potential CCS storage site
as part of a national Government Assignment.

The aim is to evaluate Espresso’s performance in
both controlled and uncertain seep environments, and
assess its suitability for integration into marine geo-
physical survey workflows of large-scale CCS site in-
vestigations.

This study was conducted in association with the
Geological Survey of Sweden (SGU) as part of their on-
going CCS assessment (Andersson et al., 2023, 2025).

2 Background

2.1 Carbon
(CC8)

Carbon capture and storage (CCS) involves captur-
ing carbon dioxide (COz) emissions and injecting them
into deep geological formations for long-term storage.
These formations must consist of a sequestration reser-

Capture and Storage

voir, i.e. a permeable sedimentary formation with high
porosity, overlain by low permeability caprocks. The
COs, is injected into the reservoir in a supercritical fluid
state, allowing large volumes of gas to be compressed
into much smaller volumes for storage (Rutqvist, 2012).

Once injected, the COs is retained in the reservoir
by a combination of geochemical and physical trap-
ping mechanisms. Geochemical trapping includes dis-
solution, ionic dissociation and mineral precipitation
(Okuyama et al., 2011), while physical mechanisms in-
clude capillary trapping (immobilization due to inter-
facial tension) (Benson and Cole, 2008) and structural
trapping by the sealing capabilities of the caprock,
which inhibits any meaningful amount of migration of
residual COy (Fleury et al., 2011).

CCS is considered a valuable tool to battle the chal-
lenge of the rise in atmospheric CO5, which recent stud-
ies have shown hit record high rates between 2023 and
2024 (Ke et al., 2025). Although successful implemen-
tations have been demonstrated within the last cou-
ple of decades (Haszeldine et al., 2014), concerns re-
main about leakage through faults, fractures or wells,
especially in marine environments (Oldenburg et al.,
2009). Monitoring strategies for possible seepage are
vital to ensure containment and evaluating storage per-
formance (Chadwick et al., 2008), although some stud-
ies suggest that fractures and/or leakage does not nec-
essarily mean inefficient long-term storage (Haszeldine
et al., 2014; Vielstadte et al., 2019). Nonetheless, inter-
national guidelines exist for evaluating a potential stor-
age site, including risk assessments of potential leak-
age in fracture zones (Dixon et al., 2014; International
Maritime Organization, 2012). In light of these risks,
it becomes critical to identify any present-day gas seep-
age when evaluating sites for CCS deployment. This is
particularly important along fault zones, where seep-
age can reveal existing migration pathways along the
fractures that may encourage leakage. When moni-
toring the region post injection, awareness of existing
marine gas seeps is also important to help distinguish
between leakage of CO5 from the reservoir and seepage
of natural origins (Andersson et al., 2023).

2.2 Marine Gas Seeps

Marine gas seeps, usually consisting of CH, or COq
(Lamarche et al., 2019), can originate from biogenic
sources in shallow seafloor sediments or from deeper
thermogenic hydrocarbon reservoirs (Suess, 2018). Ad-
vances in echo sounding technology, particularly the
maturation of multibeam echosounders (MBES), have
significantly improved the ability to study these seeps
over the past few decades. Research typically range
from identification and detection (e.g. Lamarche et
al., 2019; Mitchell et al., 2022; Nau et al., 2022; Schnei-
der Von Deimling and Papenberg, 2012; Schneider Von
Deimling et al., 2007; Spain et al., 2022; Urban et al.,
2017; Weber, 2021; W. Zhang et al., 2022; Zhao et al.,
2017, 2020), to quantitative methods estimating fluxes
and environmental impacts due to the powerful green
house gas characteristics of methane (e.g. Higgs et al.,
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2019; Leifer et al., 2006; Ruppel et al., 2024; Skarke
et al., 2014; Turco et al., 2022; Urban et al., 2023; Von
Deimling et al., 2010; Weber et al., 2014). In water col-
umn backscatter soundings provided by modern MBES
systems, gas seeps typically show up as (semi-)vertical
plumes, or flares, due to the strong acoustic reflection
of the bubbles (Fig. 1). This acoustic reflectivity is
caused by the large difference in acoustic impedance
between water and gas, as well as the size dependent
resonant frequency of gas bubbles, making them strong
acoustic reflectors (Colbo et al., 2014).

Fig. 1: Example of a marine gas seep flare, shown in the typical
“fan view” of water column backscatter data, together with some
typical acoustic artifacts. See Section 4 for details and more
examples.

2.3 Water Column Backscatter

Multibeam echosounders were originally developed in
the 1970s to map the seafloor by emitting a fan of
acoustic beams and measuring the return time and
intensity of each signal. Compared to single-beam
systems, MBES offers significantly greater spatial
coverage, enabling high-resolution bathymetric map-
ping. Over time, MBES systems have become increas-
ingly more sophisticated, providing not only precise
bathymetry but also detailed acoustic backscatter data
from both the seafloor and the water column (Hughes
Clarke, 2006).

Water column returns capture the strength of acous-
tic reflections from midwater targets such as gas bub-
bles, fish, or debris at varying depths (Colbo et al.,
2014). This dataset of backscatter intensities, com-
monly referred to as water column data (WCD), is in-
herently multidimensional. Each recorded value cor-
responds to a specific ping (i.e. one acoustic trans-
mission and its received echoes), beam (a directional
segment of the acoustic fan), and range (the distance
from the sonar to the reflecting target). Compared
to seafloor-focused datasets like bathymetry or bottom
backscatter, which typically store data indexed only
by ping and beam, WCD captures a full vertical pro-
file for each beam. This means that every ping-beam

pair will contain hundreds or even thousands of ad-
ditional values, each representing signal strength at a
different range from the sonar head through the wa-
ter column (Schimel et al., 2024b). This makes WCD
much larger in size and therefore impractical for data
transfer, processing and storage.

Another major challenge in working with WCD is
its susceptibility to noise and artifacts, especially out-
side of the minimum slant range (MSR, see Fig. 1).
Hughes Clarke, 2006, Nau et al., 2025, and Ryan et
al., 2015, all do an excellent job describing and sum-
marizing some of the most common artifacts, including
sidelobe interference, outer beam noise, nadir artifacts,
impulsive noise, transient noise, propeller noise, bub-
ble wash-down masking, and echo returns from direct
arrival or bottom bounces. Visual examples of some of
these artifacts can be seen in Fig. 1, and more will be
explored in Sections 4.1 and 6.1.

The aforementioned complexities of WCD presents
challenges for visualization and interpretation, partic-
ularly when scanning large volumes of data for subtle
anomalies like gas seeps.

2.4 Previous Work in Gas Seep Identi-
fication

Historically, detecting gas seeps has been done by man-
ually looking at the "fan view” (sometimes referred to
as "wedge view”) of each individual ping (see e.g. Fig. 1
for a visual example), scanning for characteristic acous-
tic anomalies that indicate seepage (e.g. Higgs et al.,
2019; Skarke et al., 2014; Weber et al., 2014). A sin-
gle MBES survey line can consist of thousands of in-
dividual pings, with regional scale surveys sometimes
amounting to hundreds (or even thousands) of survey
lines, indicating an immense amount of labor needed.
It has been reported that as much as half of a typical
12 hour shift during offshore surveys can be spent re-
viewing water column data using this manual method
(Mitchell et al., 2022).

Due to these limitations, considerable effort has been
put into the development of automated detection meth-
ods for gas seeps and other midwater acoustic tar-
gets. Early work by McGonigle et al., 2010, incorpo-
rated intensity thresholding in combination with ma-
chine learning techniques like PCA (principal compo-
nent analysis) and k-means clustering for the classi-
fication of benthic macroalgae (kelp). Schneider Von
Deimling and Papenberg, 2012, introduced a particle
imaging velocimetry (PIV) algorithm on rising bubble
patterns for automated bubble detection, although this
approach was limited to spatially separable groups of
bubbles and require high resolution in-situ monitoring
for any quantitative analysis. Zhao et al., 2017, showed
improved detection by extracting the morphological
features of gas flares from the intersect of threshold-
segmented images, though the method was limited to
seeps found within the MSR. This detection method
was later expanded on by introducing a Haar-LBP
detector for automatic classification, eliminating the
MSR restraint and achieving high accuracy rates (Zhao
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(a)

(b)

Fig. 2: Comparison showing the importance of processing the water column data for effective anomaly identification on an echo
integrated grid, including gas seep F from Section 4.2. (a) shows the full WC data gridded without any preprocessing, while (b) is
preprocessed and gridded with the parameters discussed in Section 3.2.

et al., 2020). The morphological characteristics of gas
plumes, such as the tall-and-narrow aspect ratio, were
also utilized by Weber, 2021, in conjunction with a cell-
averaged constant false alarm rate (CFAR) detector to
filter the test data down to a fraction of a percent, effec-
tively leaving only the suspected gas seeps. However,
this method could require different parameters depend-
ing on factors like water depth, echo sounder type and
specific target characteristics, limiting its full automa-
tion across different settings. Nau et al., 2022, also
used a series of thresholds and noise filters to extract
gas seep point clouds with high accuracy.

In more recent developments, some researchers have
started to explore the utilization of deep learning tech-
niques like convolutional neural networks (Hicks et al.,
2023; Manjur et al., 2025) with favorable results. An-
other promising line of research focuses on echo inte-
gration techniques, which aim to quantify backscatter
intensity across larger spatial volumes (e.g. Urban et
al., 2017).

Modern high-end commercial WCD processing soft-
ware, like FMMidwater from QPS (“FMMidwater”,
2022) and Echoview (“Echoview”, 2021), have devel-
oped tools to identify flares in WCD, typically based
around filtering of background noise and target identi-
fication of point clusters to separate seeps. They have
however yet to implement any functionality for deep
learning seep classification or echo integration.

2.5 Echo Integration

Echo integration (EI) is a method that quantifies
acoustic backscatter by vertically stacking water col-
umn data over a defined volume, producing a 2D-grid
raster allowing the visualization of many gigabytes of
data as a single heatmap, particularly useful for iden-
tifying anomalies across wide areas. While EI has long
been used for estimating biomass in fisheries applica-
tions (Colbo et al., 2014; Maclennan, 2002), the last
decade has seen growing interest to both identify, map

and quantify other targets in the water column, includ-
ing benthic macroalgae (Porskamp et al., 2022) and
gas seeps (Lamarche et al., 2019; Mitchell et al., 2022;
Turco et al., 2022; Urban et al., 2017, 2023). Most
of these studies include preprocessing and filtering the
WCD prior to integration and gridding to avoid gener-
ating noisy mosaics in which target anomalies become
difficult to distinguish (Fig. 2).

Urban et al., 2017, disregarded data outside the MSR,
and applied a median mask filter to reduce static ar-
tifacts. A 3D flare template was then used to correct
for bubble displacement caused by ocean currents, re-
sulting in more accurate geolocation of seep origins on
an 2D gridded "acoustic flare map”. While effective,
the method was not well suited to areas with com-
plex bathymetry. Urban et al., 2023, later expanded
on their previous work, using numerical simulation in
combination with echo integration to quantify gas bub-
ble emissions. Mitchell et al., 2022, demonstrated how
echo-integrated heat maps could serve as a powerful al-
ternative to manual geopicking from fan views during
offshore surveys, comparing El-based results to pre-
viously manually marked seeps from an offshore sur-
vey with over 600 detected features. The study ef-
fectively showed that manual methods not only had
lower spatial accuracy but also missed several seeps
entirely. Turco et al., 2022, applied echo integration to
MBES data to quantify the spatial extent of methane
vents at the southern Hikurangi Margin. By pairing
this with split-beam echosounder measurements that
allowed them to estimate gas fluxes from representa-
tive flares, they could extrapolate total annual methane
emissions across the region. This integrated approach
enabled one of the most comprehensive methane flux
assessments for the area to date.

2.6 Espresso

Espresso is an open-source research software, written
in MATLAB, designed for processing and echo integra-
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Fig. 3: The Ul for the Windows compiled Espresso. The main section on the right shows the map view, including the echo
integrated grids where acoustic anomalies can be detected from a top-down view. Top left currently shows the display parameters,
but includes tabs for file management, MBES line selection, data processing and mosaic generation as exported GeoTIFF files.
Bottom left shows the side stacked view, with the currently selected stacked ping range and beam angle indicated by the green block
on the EI grid. To the right of the stacked view we see the fan view displaying the current ping, denoted by the solid across-track
black line on the EI grid and the dashed black line in the stacked view. A seep has been marked with the geo-picking tool to create
a point feature that can be exported as a shapefile.

Fig. 4: Image from the Espresso User Guide, visualizing the workflow for the processing and gridding of water column data in
Espresso.


https://github.com/alexschimel/Espresso/wiki/User-Guide
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tion of multibeam water column data. It is available
under the MIT license and was originally developed by
researchers at NIWA (National Institute of Water and
Atmospheric Research, New Zealand) (Schimel et al.,
2024a). All source code is available at GitHub, as is a
Windows compiled standalone application with a full
user interface (UI). Espresso is built upon the MAT-
LAB WCD processing toolkit CoFFee, developed to
facilitate rapid processing of MBES data. As Espresso
is a research tool developed by researchers it has cer-
tain limitations when compared to commercial soft-
ware, such as lower positional accuracy and quality
sacrifices due to simplified processing (Schimel et al.,
2024b). Currently, it supports only a few MBES for-
mats: Kongsberg’s .all/.wed and .kmall/ kmwed, and
Teledyne-Reson’s .s7k. Nonetheless, it provides the
public with a set of powerful and easy to use WCD
processing tools, and has so far been used effectively in
research for gas seep flux estimation (Turco et al., 2022)
and benthic habitat mapping (Porskamp et al., 2022;
Schimel et al., 2020). Additionally, the built-in bottom
detect functionality also allows Espresso to calculate
and grid both bathymetry and seafloor backscatter.

Fig. 3 shows the main window for the Windows com-
piled version of Espresso. The top left contains tabs for
file management, line display, data processing, display
parameter setting and mosaicking. Before processing
and visualization, supported MBES files needs to be
converted to the specialized fData format arrays used
by Espresso and selected to load these into memory.

The data processing workflow in Espresso can be
broadly divided into three main stages:

(1) The "Mask selected data” options allow for un-
necessary data to be excluded from further analysis.
These options include noisy outer beams outside a set
angle, bad pings, a specific depth range from the sonar
or above the seafloor, as well as everything beyond the
MSR.

(2) For the measured backscatter signal to have any
use in quantitative studies, the signal must be corrected
due to the interactions caused by both water column
and seafloor, as well as the hardware and software of
the MBES system itself. This is known as "Radiometric
correction” (Schimel et al., 2018), and Espresso imple-
ments this with a user choice of desired output refer-
ence:

e S, - Volume backscattering strength
e TS - Target strength
e S, - Surface backscattering strength

These acoustic properties are formally and mathemat-
ically defined in Maclennan, 2002. In short TS can be
understood as the backscatter by a single point target
and is therefore useful as a corrected output when it
is important that a single fish returns the same echo
level no matter the depth, while S, is the backscatter
of 1 m? of a more diffuse target (like bubbles in a gas
seep) that is spread over a volume of water and there-
fore ensures consistency that a diffuse target returns a

consistent echo level at different depths. S, is similar
to S, but spread over a surface instead of a volume.
The Espresso User Guide does however point out that,
due to missing information from the raw MBES data,
absolute levels can not be achieved and the resulting
output will still vary from true calibrated values by a
constant offset. This radiometric correction is not fully
necessary for qualitative tasks, like gas seep detection,
but it still helps to paint a more accurate picture of
acoustic responses than the measured MBES backscat-
ter values.

(3) Schimel et al., 2020, described a "slant-range
signal normalization” (SRSN) algorithm that effec-
tively removes sidelobe induced artifacts, including the
strong ”specular artifact” that approximately marks
the MSR (see the strong curved red line in Fig. 1).
In essence, for each ping it calculates the average
backscatter level for every sample at a given range,
i.e. distance from the sonar. This average is then
subtracted from all samples at that range, followed by
adding back a reference level calculated from the aver-
age of the 11 most central beams, which are typically
less noisy. This process is then repeated for all ranges
in the ping. The filter therefore removes all noise that
is range-dependent, like sidelobe artifacts tend to be,
for all ranges in every ping. The SRSN algorithm is
implemented in Espresso as "Filter sidelobe artefacts”.
The combination of these three processing steps filters
the data to help separate interesting acoustic targets
without disregarding the noisy areas outside the MSR,
as seen in the left side of Fig. 4.

After processing, the water column data can be echo
integrated and gridded. The most important consid-
eration for this process is how to define the volume
to integrate. The depth slice for integration can be
chosen in two different ways; sonar referenced or bot-
tom referenced. Sonar referenced depth is simply the
distance from the sonar, i.e. approximately the hull
of the vessel. Choosing to integrate over a sonar ref-
erenced depth between 10 and 25 meters would then
integrate over the volume made up by all the pings
cutoff as 15 meter thick depth slices starting 10 me-
ters under the sonar. If bottom referenced integration
is instead chosen, the volume would be composed of
all the pings cutoff into 15 meter slices positioned 10
meters above the bottom. There is also an alterna-
tive to create multiple grids by integrating over several
depth slices, whether sonar or bottom referenced, with
a chosen thickness, referred to as 3D Water-column
gridding”. See the right side of Fig. 4 for a visualized
example of these different gridding methods. Other set-
tings include data decimation for saving memory and
processing speed up, as well as cell resolution of the
resulting grid. During echo integration, each sample is
first georeferenced according to the method described
in Schimel et al., 2018. Samples falling within the same
grid cell are then summed vertically and normalized by
the number of contributing samples.

Once all data has been processed and gridded, acous-
tic anomalies can be explored using the map view,
containing the grids from a top-down perspective, the
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Fig. 5: (a) Processing and (b) Display parameters used for the Byfjorden dataset.

stacked view, which displays a side-on compilation
of successive pings across a selected beam range, and
the fan view, which shows the backscatter of a single
ping in cross-track perspective (see Fig. 3). Any im-
portant findings can be geo-picked as point or polygon
features and exported as vector shapefiles, while the
grids can be exported as mosaics, in the form of Geo-
TIFF raster files. These exports can then be used in
e.g. GIS-software for spatial analysis and visualization.

In this project, Espresso served as the primary tool
for processing and echo integration of water column
data, with the aim of evaluating its effectiveness for
seep detection across a large spatial area in support
of a potential CCS project. Specific parameter choices
and dataset workflows are detailed in Section 3.2.

3 Materials and Methods

3.1 Datasets

Two water column datasets were used in this project:

1. A known gas seep site in Byfjorden (Uddevalla,
Sweden). This data was used for baseline vali-
dation of seep detection and helped to guide the
parameters later used for seep hunting in the sec-
ond dataset. This dataset will be referred to as the
Byfjorden data, and was collected on 25 April 2024
with the Kongsberg EM 2040 MBES. See Section 4
for details.

2. A small subset of a large survey area in the south-
western Baltic Sea, off the southern coast of Skane,
Sweden. This area is one of two large regions se-
lected by the Geological Survey of Sweden (SGU)
as a potential candidate for CCS utilization as part
of a national Government Assignment (Andersson
et al., 2023), and the aim of this project is to assess
whether Espresso is a valid tool to use for quali-
tative seep detection over the large faults in this
region. This data, which will here be referred to
as the Skane data, was collected in April and June

2024 using a Kongsberg EM 2040 Dual Rx system
with a wider swath angle. See Section 5 for more
information.

3.2 Workflow and Processing Parame-

ters

The general workflow for processing, EI gridding, anal-
ysis, and visualization of the water column data in this
project followed these main steps:

(1) Files for a region were located in Espresso’s
file manager and converted and processed using the
“Batch stacked WC export” tool, with the “Keep con-
verted files” setting enabled. This tool converts an
entire folder of raw WCD files to the fData format
used by Espresso, processes them using the currently
set “Data Processing” parameters, and then generates
screenshots of the stacked views for every line based
on the selected display parameters. Only one MBES
line is loaded at a time in this batch mode, ensuring
that system RAM is not exceeded, important given the
typically large size of WCD files. This functionality al-
lows for substantial amounts of data to be processed
overnight, avoiding the need to load lines manually
or risk software crashes. The resulting collection of
stacked view screenshots offers a high-level overview of
the dataset and the possible acoustic anomalies it may
contain. All stacked view screenshots from this project
are included in Appendix B.

(2) After all files were converted and processed, a
few lines at a time (due to hardware limitations) were
selected for EI gridding, as described in Section 2.6.
These grids, in combination with the corresponding
stacked views, were then manually inspected for acous-
tic anomalies. Polygon or point features were created
for any interesting anomalies using the built-in geo-
picking tool. Screenshots were also taken of the fan
view for visual reference. Additionally, GIF animations
were created from several consecutive pings for those
anomalies that were difficult to interpret by viewing a
single ping.
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(3) The "Mosaicking” tool was used to generate Geo-
TIFF raster files that were exported for each EI grid,
along with vector shapefiles of the created features.
These files were then imported into QGIS (QGIS De-
velopment Team, 2024) for mapping and spatial anal-
ysis.

While some initial exploration of both datasets was
done manually using selected lines to test appropri-
ate settings, the final processing and gridding parame-
ters were chosen with the objective of seep detection in
mind. The parameters used for the Byfjorden dataset
are shown in Fig. 5. The bottom filter was enabled
to avoid acoustic artifacts like beam smearing at the
seafloor, and the 0.5 meters closest to the seafloor were
excluded. The 5 meters closest to the sonar were also
masked out, as this region often contains vessel-related
noise like bubble wash down (e.g. Hughes Clarke, 2006)
and is not necessary for seep detection. No outer beams
or bad pings were excluded, in order to retain a com-
plete overview of the dataset, including its imperfec-
tions. Radiometric correction was applied with S,, out-
put, as this is appropriate for diffuse targets like gas
seeps, and sidelobe artifacts were filtered as described
in Section 2.6.

The Skane dataset was processed using similar fil-
tering, with one major exception: the exclusion of the
noisy outermost beams, due to the much wider swath
width used in that survey. Only the inner £70° beams
were retained to improve fan view readability by avoid-
ing overly wide acoustic coverage, while still preserv-
ing a reasonable survey area per line. Additionally, the
stacked view display was adjusted to show 600 pings
per block (instead of 400), to reduce the number of
screenshots per line. This was deemed necessary as
the Skane survey lines often exceeded 6000 pings, com-
pared to around 3600 pings per line in the Byfjorden
dataset.

EI gridding parameters (Fig. 5a, lower panel) were
selected based on the expected morphology of gas seeps
and informed by visual inspection of the stacked view
screenshots. A bottom-referenced 2D grid was chosen
to ensure that seeps originating from the seafloor were
captured, even in areas with variable bathymetry. To
reduce processing time, every other sample was dec-
imated, while all beams were retained for resolution
purposes. The lowest 2 meters above the seafloor were
excluded to suppress near-bottom noise from fish or
boulders. The upper limit of integration was set to 8
meters above the seafloor, focusing the grid on the re-
gion where rising flares are most likely to appear while
minimizing interference from unrelated targets higher
in the water column. This resulted in a 6-meter-thick
integration window. The Byfjorden dataset was grid-
ded at a horizontal resolution of 0.25 m, while the
Skane dataset was gridded at 0.5 m due to its wider
swath width and resulting lower spatial resolution.

Preliminary exploration of the known seep site in
Byfjorden showed that some seeps may only be visi-
ble in the upper water column (see Section 4.2). This
means that some seeps could be missed by the selected
grid parameters. However, in the context of a CCS pre-

study, it is reasonable to assume that meaningful seep-
age from deep geological sources would manifest more
prominently throughout the water column. Likewise,
minor near-bottom seeps with limited vertical extent
are more likely biogenic in nature and should not in-
dicate leakage risk. The 2-8 m window was therefore
chosen to strike a balance between coverage and focus.
A more narrow integration window (e.g. 3—4 m above
the bottom) might further suppress interference from
unrelated targets while still capturing major seepage
events, but at the cost of potentially missing subtle
features. The selected window aims to ensure thor-
oughness, even if it increases the number of anomalies
to manually assess, especially since awareness of even
minor biogenic seepage is important for distinguishing
future leakage signals during post-injection monitoring.

Finally, some additional grid variations were gener-
ated at a few select positions (e.g. Fig. 2, Fig. 21,
Fig. 22) to demonstrate how parameter choices can sig-
nificantly affect the output.

4 Test Case: Byfjorden

Since the presence of gas seeps in the main CCS pre-
study area was unknown, baseline validation of the fil-
tering, echo integration, and seep detection capabili-
ties of Espresso was first performed on a dataset where
seepage had already been confirmed. This reference
dataset was collected in April 2024 in Byfjorden, Ud-
devalla, during a survey conducted by the research ves-
sel R/V Skagerak (Goteborgs Universitet, 2024). The
expedition, led by Bonaglia et al. for the University of
Gothenburg (publication pending), utilized a Kongs-
berg EM 2040 multibeam echosounder to record the
WCD. A multitude of flare structures were discovered,
attributed to gas seepage from CHy rich sediments. All
six MBES lines used in this test case were surveyed on
the morning of 25 April 2024.

Section 4.1 examines systematic artifacts observed in
the dataset both before and after processing, in order
to evaluate the effectiveness of Espresso’s filters. Sec-
tion 4.2 presents a selection of seeps, illustrating how
different expressions of gas release appear in fan and
stacked views.

Figure 6 provides an overview of the survey area,
displaying the echo-integrated grids. It highlights gas
seeps readily visible on the grid, seeps only detectable
through manual inspection, and other transient acous-
tic anomalies. Two zoomed-in panels illustrate the vi-
sual appearance of these anomalies on the EI grids.

4.1 Artifacts and Noise

The general background noise in the Byfjorden dataset
is illustrated by the representative ping in Fig. T7a.
Sidelobe induced artifacts, inherent to the Mills Cross
beam pattern used by Kongsberg MBES systems
(Hughes Clarke, 2006), are clearly visible. These ap-
pear as high-intensity returns outside the minimum
slant range (MSR), resulting from sidelobes in recep-
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Fig. 6: Map of the research area in Byfjorden, and its position relative to the town of Uddevalla, including echo-integrated
backscatter mosaics with two zoomed-in areas for detail. Marked on the map are gas seeps identified from the grid, seeps only
visible through manual inspection of fan or stacked views, and other non-seep acoustic anomalies (e.g. fish). Labels of capitalized
letters refer to anomalies explored in fan and stacked view in Section 4.2. Coordinate system: SWEREF99.

(a) (b)

Fig. 7: A representative single ping of the water column in fan
view from Byfjorden, (a) before and (b) after processing.

tion. A prominent static “frown-shaped” artifact is also
visible, consistent with what Schimel et al., 2020, de-
scribe as a transmit sidelobe artifact, caused by along-
track energy reflecting off the seafloor. This phe-
nomenon is also referred to as a bottom bounced echo
return by Hughes Clarke, 2006 (see Fig. 1 for anno-
tated artifact explanations). There seems to be a gen-
eral trend of intensity increasing with range from the
sonar, as well as some outer beam noise, even inside
the MSR. These features align with typical system ar-
tifact patterns observed for the EM 2040, as noted by
Nau et al., 2025.

Fig. 7b shows the same ping after applying the pro-
cessing described in Section 3.2. The radiometric out-
put correction has shifted the general background in-
tensity from around —60 dB to a range between —70 and
—80 dB. The sidelobe induced artifacts from reception
are well suppressed, as is the slant range-dependent
intensity within the MSR. This outcome is expected,
given the SRSN algorithm’s normalization of the data
by range (see Section 2.6). However, some sidelobe fea-
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(a) (b)

Fig. 8: Ping in fan view showing a typical example of the re-
peated artifact that persists throughout the Byfjorden dataset,
(a) before and (b) after processing.

tures may be slightly overcorrected, appearing weaker
than the surrounding background signal, especially for
the strong artifact that approximately outlines the
MSR. This could be due to a particularly strong nadir
return at the seafloor, elevating the mean backscat-
ter level subtracted during normalization. The bottom
bounced echo return is not filtered out, as it appears
at different ranges across the beam fan.

In the stacked views of Figs. 9, 10, 11, 12, and 13,
small rectangular green artifacts appear in a repeated
step-like pattern throughout the dataset. Some of
these fall within the 2-8 m bottom-referenced EI depth
range and are visible on the mosaic grids in Figs. 2
and 6, typically as elongated across-track anomalies.
One such artifact is shown in fan view in Fig. 8. A
strong, horizontal central-beam echo is visible, with
a radiating sidelobe in the outer beams. After pro-
cessing (Fig. 8b), the sidelobe is effectively removed,
though again slightly overcorrected, while the central
beam echo remains. This artifact pattern is most
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(a)

(b) (c)

Fig. 9: Seep A from Fig. 6; one of the most discernible seeps
in the set, even for the unprocessed data. Shown in (a) stacked
view as well as fan view (b) before and (c) after processing.

likely impulse noise caused by interference from an-
other echosounder, as suggested by the regular step-
like pattern in stacked views, consistent with examples
in Hughes Clarke, 2006, and Ryan et al., 2015.

4.2 Detected Gas Seeps

Several acoustic anomalies interpreted as gas seeps
were identified in the Byfjorden dataset. These seeps
exhibited a range of morphologies and intensities in
both the fan and stacked views, as well as varying de-
grees of visibility on the echo-integrated grids. In total,
24 out of 30 identified seeps were clearly visible on the
EI grids, while the others were discovered from inspec-
tion of the stacked views. 14 non-seep anomalies (e.g.
fish or noisy artifacts) were visible on the EI grids and
ruled out first after manual ping inspection, based on
morphology and/or motion pattern. The following ex-
amples illustrate different types of seep responses and
the role of preprocessing and integration parameters in
their detectability.

Seep A (Fig. 9) is one of the most acoustically promi-
nent seeps in the Byfjorden dataset, exhibiting a strong
and easily recognizable response in both raw and pro-
cessed water column data. Unlike a smooth, continu-
ous flare, the seep appears as a discontinuous vertical
stream of bubble-like reflections, suggesting either in-
termittent bubble release or clustering of bubble "pack-
ages”. Despite its segmented appearance, the vertical
alignment and intensity of the returns makes it unam-
biguous as a seep feature. It is clearly visible in both
the fan and stacked views, at least inside the MSR, and
serves as a useful reference point for the interpretation
of weaker or more ambiguous anomalies in the dataset.

Seep B, shown in Fig. 10, exhibits the classic colum-
nar appearance of a gas flare. Adjacent to it is a sec-
ondary anomaly (C) that also appears on the EI grid
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(b) (c)

Fig. 10: Typical cohesive vertical nature of a gas seep flare
(marked as B in Fig. 6.) seen before and after processing of the
water column data. Also visible is the acoustic anomaly C, a
sidelobe induced artifact from the strong response of the seep.
Shown in (a) stacked viewed as well as fan view (b) before and
(c) after processing.

(see top right panel of Fig. 6). The anomaly is con-
sistent with a sidelobe induced artifact resulting from
the strong acoustic return of the primary flare. Adjust-
ing the lower bound of the bottom-referenced EI depth
window upward from the current 2 m level would likely
have excluded this artifact from the gridded output.
The seep looks "cut” approximately at the minimum
slant range. This phenomenon, caused by the SRSN
algorithm, is also noted by Schimel et al., 2020, and
is due to the sidelobe artifact being stronger than any
other overlapping signal from the seep at the MSR.

Seep D, depicted in Fig. 11, represents a more subtle
case. It is barely discernible in either the stacked or fan
views due to its limited vertical extent, making it par-
ticularly difficult to identify when manually reviewing
thousands of pings. Nonetheless, it stands out clearly
on the EI grid, underscoring the value of echo integra-
tion for enhancing the detectability of faint or compact
features. Notably, increasing the lower bound of the in-
tegration window, an adjustment previously considered
to exclude anomaly C, would likely have caused Seep
D to be omitted as well, demonstrating the challenging
nuance of setting these parameters effectively.

How variations in vertical gridding parameters influ-
ence seep detectability is further highlighted in Fig. 12,
which presents two seeps with differing vertical distri-
butions. Seep E is confined to the upper 25 meters of
the water column and does not appear on the EI grid
due to falling outside the selected integration depth.
Seep F, in contrast, extends from the seafloor and
throughout the entire water column, making it clearly
visible on the EI grid as seen in Figs. 2 and 6.

Seep G (Fig. 13) offers another instructive example.
Although it is a clearly defined feature in the fan view,
it lies outside the 30° innermost beams defined in the
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(a)

(b) (c)

Fig. 11: Seep D, a minor seep that could be easy to miss (or
hard to interpret) in the fan view ((b), (¢)) when manually going
through thousands of individual pings, or when looking at the
stacked view in (a). It does however clearly show up on the EI
grid in Fig. 6.

(b) (c)

Fig. 12: (a) Seeps E and F in stacked view, (b) Seep E in fan
view and (c) Seep F in fan view. E is only visible in the upper 25
meters of the water column, making it unidentifiable on the EI
grid in Fig. 6, while F shows up as a vertical stream of bubble-
like targets from the seafloor all the way up through the water
column.
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(b)

Fig. 13: Seep G, a cohesive seep that happens to be outside
of the angular bounds needed to show up in the stacked view.
The stacked view in (a) is marked with a G at the ping range
where G would have showed up if a wider angle range for the
stacked view was used. However, it clearly appears on the EI
grid in Fig. 6. (b) and (c) shows the fan view before and after
processing respectively.

display settings for the stacked view for this project.
However, it is readily visible on the EI grid, reinforcing
the benefit of combining different viewing perspectives
during analysis. Detection methods that completely
disregard the typically noisy data outside of the MSR
(e.g. Urban et al., 2017; Zhao et al., 2017), would have
completely missed this seep.

5 CCS Study Area: Southwest-
ern Baltic

As part of a national Government Assignment to
evaluate the potential for geological carbon storage
in Sweden, the Geological Survey of Sweden (SGU)
was tasked with identifying and assessing candidate
offshore areas for CCS suitability (Andersson et al.,
2023). Two primary regions in the Baltic Sea were se-
lected based on geological and geophysical data: one
south/southeast of Gotland and one south/southwest
of Skane. This report focuses on the latter region
(Fig. 14), located in the southwestern Baltic Sea in
the Arkona Basin, where the presence of several known
fault zones adds complexity and makes gas seep detec-
tion an essential part of the preliminary site assess-
ment.

As detailed in the latest Government Assignment
progress report from SGU (Andersson et al., 2025),
recent core drillings have confirmed the presence of a
glauconite-bearing sedimentary unit in the Skane re-
gion, known as the Arnagergronsand, situated at a
depth of approximately 1250 meters. This unit has
been identified as a potential reservoir and consists of
different lithologies of glauconitic sand, sandstones and
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Fig. 14: Map over the CCS project area in the southwestern part of the Baltic Sea, just off the southern coastline of Skane,
Sweden. Marked on the map is all the MBES survey lines from 2023-2024, along with the documented fault lines. Also highlighted
are the three sampled areas investigated in this report. Coordinate system: SWEREF99

(a) (b)

Fig. 16: Overview of (a) Area 2 and (b) Area 3, with selected
lines for analysis highlighted in green.

Fig. 15: Overview of Area 1, with selected lines for analysis
highlighted in green.
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mudstones with varying grain sizes and carbonate con-
tent. Reservoir properties range from relatively poor
to very good, depending on porosity and permeability,
with the lower half of the Arnagergronsand deemed
to have the most promising characteristics. Overlying
the reservoir is a ~40-meter thick layer of fine-grained,
partially silicified limestone, topped by ~30 meters of
interbedded limestone and carbonate-rich mudstone,
judged to act as a satisfactory caprock. Together, these
stratigraphic units provide promising structural and
lithological conditions for COs sequestration, though
it should be noted that reservoir thickness and proper-
ties may vary across the region.

In addition to suitable porosity and permeability, the
high glauconite content of the Arnagergronsand makes
it particularly attractive for long-term mineral trap-
ping. Glauconite is a cation-bearing silicate mineral
with demonstrated potential to facilitate mineral car-
bonation reactions, allowing injected COs5 to form sta-
ble carbonate minerals such as siderite (FeCOgs) (Q.
Zhang and Tutolo, 2022).

Due to the prominence of fault zones in the area and
their potential to act as migration pathways for in-
jected CO3, SGU initiated extended marine geophysi-
cal surveys during 2023 and 2024, with additional work
planned for 2025. These surveys included seismic pro-
filing to map fault structures and stratigraphy, as well
as multibeam echo sounding to collect bathymetry,
seafloor backscatter, and water column backscatter.
All MBES surveys were conducted by the research ves-
sel Ocean Surveyor (Sveriges Geologiska Undersokn-
ing, 2025) with a Kongsberg EM 2040 Dual Rx system,
configured for a wider swath angle than for the Byfjor-
den test dataset, to increase area coverage per survey
line.

In total, more than 1700 MBES lines of water col-
umn data were collected across the region in 2023 and
2024, with each raw file typically ranging from 3 to 3.5
GB in size. This represents an immense dataset that is
impractical to analyze manually using traditional fan
view inspection alone. For this thesis project, a rep-
resentative subset of 33 lines, less than 2% of the full
dataset, was selected to evaluate Espresso’s echo inte-
gration capabilities for gas seep detection. These lines
were picked from three sub-areas, each positioned over
mapped fractures. The lines in Area 1 (Fig. 15) were
surveyed on 13 April 2024, while the lines in Area 2
(Fig. 16a) span multiple survey dates in April and June
2024 (17/4, 18/4, 22/4, 24/4, and 14/6). The lines
comprising Area 3 (Fig. 16b) were recorded on 13 June
2024.

6 Results

6.1 Background Artifacts and Non-
seep Anomalies

The Kongsberg EM 2040 used in this survey is a multi-
sector MBES system, meaning that its acoustic swath
can be divided into distinct transmit sectors. As de-
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scribed by Hughes Clarke, 2006, this technique im-
proves survey efficiency and data quality by enabling
wider swath coverage by reducing the intensity of the
specular sidelobe artifacts in the outer sectors. How-
ever, it also introduces visible boundaries between sec-
tors, or sector transitions (Nau et al., 2025), which be-
come apparent in water column returns. These transi-
tions were not visible in the more narrow swath of the
Byfjorden dataset, but a three-sector division becomes
clearly discernible in the Skane data due to its wider
angular coverage.

(a)

(b)

Fig. 17: Typical background noise for the Skane dataset, (a)
before and (b) after processing. The white dashed lines in (a)
denote the sector transitions and were added for visual clarity.
Five main artifacts remain after processing; 1. Typical outer
beam noise inside the MSR. in the port sector. 2. A less pro-
nounced but similar outer beam noise in the starboard sector. 3.
Typical sidelobe induced artifacts outside the MSR on the star-
board side of the central sector. 4. Weaker but similar sidelobe
induced artifacts outside the MSR on the port side of the central
sector. 5. Near-bottom sidelobe artifact in the port sector. The
survey vessel is traveling towards the southwest in the Espresso
map view (c), where the across-track black line indicates the ping
in question. Example is from Area 3.

These sector transitions are apparent in Fig. 17,
which shows a representative ping of the typical back-
ground noise for the Skéne dataset, both before and
after processing. Although much of the background
clutter is reduced by the radiometric correction and
SRSN filtering, several artifacts remain in the pro-
cessed ping (Fig. 17b). Artifacts 1. and 2., located
within the MSR in the port and starboard sectors
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respectively, illustrate typical outer beam noise (e.g.,
Nau et al., 2025). These are not effectively addressed
by the SRSN algorithm, which is designed to correct
for range-dependent patterns (see Section 2.6), but will
leave more beam-dependent anomalies such as these
largely intact.

Artifacts 3. and 4., outside the MSR in the central
sector, are sidelobe induced echoes that remain par-
tially uncorrected. While SRSN is designed to suppress
such range-dependent features, the sidelobe returns in
the central sector are stronger than those in the outer
sectors (as seen by the more intense red returns outside
the MSR in Fig. 17a). Because the multi-sector con-
figuration is intended to reduce sidelobe interference
specifically in the outer sectors, the average signal used
for normalization at each slant range beyond the MSR,
is biased by the cleaner outer beams. This may have
caused some of the central sector returns to persist.

Artifact 5., a near-bottom reflection in the port sec-
tor, does not appear fully range-dependent and may
stem from exaggerated sidelobe returns at the seafloor
in this wide-swath configuration, making it difficult for
the SRSN algorithm to filter.

(a)

(b)

(c)

Fig. 18: Example from Area 3 showing that acoustic targets still
can show up clearly on the EI grids, despite the noisy background
of the WCD.

Overall, these artifacts illustrate some limitations of
Espresso’s SRSN filter when applied to multi-sector
MBES data. While the multi-sector configuration im-
proves performance in the outer beams, it introduces
a sector-dependency to the signal returns that under-
mines the assumption of uniform range-dependence
central to the SRSN approach. Nevertheless, strong
anomalous targets in the water column still appear
to remain distinguishable on the EI grids despite this
background clutter, as demonstrated in Fig. 18.

A separate recurring anomaly is also present in the
Skane dataset, characterized by short-lived spikes of
noise, typically spanning one to three pings, that ap-
pear orthogonal to the track lines in the EI grids and
as thin vertical lines in stacked views. These anoma-
lies occur across a range of depths and survey areas but
vary in frequency and extent. Fig. 19 shows an exam-
ple, highlighting the noisy ping in both unprocessed
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and processed fan views, along with its correspond-
ing appearance on the EI grid. In the unprocessed
fan view, this artifact dominates the central beams,
though its full extent is difficult to determine due to
overlapping sidelobe noise outside the MSR. The ob-
served orthogonal pattern in the EI grids likely arises
from the way SRSN applies its range correction. Af-
ter normalizing by range, the algorithm reintroduces a
reference level calculated from the central-most beams,
assumed to be the cleanest. When these beams are in-
stead dominated by noise, the reference level contami-
nates the entire ping, reinforcing the artifact across the
swath and creating a prominent across-track band on
the EI grid.

(a)

(b)

(c)

Fig. 19: Example of one of the very noisy pings, here from Area
3, (a) before and (b) after processing. These pings show up as
prominent across-track lines orthogonal to the vessel direction
on the echo integrated grid (c).

The origin of this artifact remains uncertain. It
differs notably from the third party sonar impulse
interference seen in the Byfjorden dataset (Sec-
tion 4.1), which manifested as more regular step-like
patterns. One possibility is transient acoustic interfer-
ence from external acoustic sources or onboard elec-
tronics, though the exact cause cannot be confirmed in
the scope of this study.

Another class of artifacts observed throughout the
Skane dataset are near-bottom anomalies likely caused
by along-track sidelobe interference, particularly in ar-
eas with high bathymetric variability or from scattered



Victor Bdcklin - Department of Geological Sciences — Stockholm University, 2025

(a) (c)

(b) (d)

Fig. 20: Examples of near-bottom artifacts from Area 3, likely
caused by along-track sidelobe interference caused by the dy-
namic seafloor topography. Fan views in (a)—(c) show high-
intensity returns just above seafloor elevations, while (d) shows
the corresponding stacked view with marked artifact locations
(C-E), along a wavy and topographically complex bottom.

boulders on the seafloor. These artifacts are consistent
with those described by Nau et al., 2018, where com-
plex seafloor topography or hard, protruding targets
reflect transmit sidelobes back into the sonar, result-
ing in strong acoustic returns just above the bottom
creating characteristic artifacts.

Fig. 20 shows several examples from Area 3. The
fan views display high-intensity returns positioned di-
rectly in relation to seafloor elevations. As this data
was processed with an 0.5 m above-bottom mask (see
Section 3.2), their apparent position in the water col-
umn exceeds that threshold. Fig. 20d, a stacked view
covering the same region, highlights the prevalence of
these anomalies in areas with undulating bathymetry.
Some examples, including Artifact E, is also available
to view as GIF animations at the project GitHub. The
animation reveals the artifact transitioning from a free-
floating anomaly to one recognized as bottom by the
automatic bottom detection in Espresso as the vessel
passes over it. This behavior further supports the in-
terpretation that these anomalies stem from sidelobe
returns misinterpreted above complex or sloping ter-
rain.

Artifacts like these illustrate the risk of false pos-
itives when echo-integrating close to the seafloor, es-
pecially in rugged environments. Fig. 21 further em-
phasizes this point using a similar example from Area
1. The stacked view in Fig. 21a shows additional
near-bottom artifacts across a less topographically dra-
matic, but still irregular, seafloor. Fig. 21b presents
an EI grid generated using all processed data, with no
vertical integration limits applied. Several of the near-
bottom artifacts appear as bright, compact anomalies
that could easily be mistaken for gas seeps. In contrast,
Fig. 21c shows the result of echo integrating only the
2-8 meter interval above the seafloor, defined in Sec-
tion 3.2. The cleaner appearance of this grid highlights
the importance of setting appropriate vertical thresh-
olds during gridding to avoid excessive manual review
of non-seep anomalies.

A similar challenge arises when dealing with biolog-
ical targets in the lower water column. Fig. 22 demon-
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(a)

(b) (c)

Fig. 21: Example from Area 1 highlighting the importance of
excluding near-bottom data when creating EI grids. (a) Stacked
view shows near-bottom artifacts likely caused by protruding
features on the seafloor. (b) Gridding the full processed water
column (no vertical masking) produces many bright anomalies.
(c) Applying a 2-8 meter above-bottom integration window re-
duces false positives, resulting in a cleaner grid.

(a)

(b)

Fig. 22: Example from Area 2 showing fish-like targets just
above the seafloor. (a) Stacked view reveals multiple low-lying
targets. (b) EI grid using a 2-8 meter above-bottom integration
window includes many of these as potential anomalies. (c) In-
creasing the lower limit to 3 meters removes most fish echoes,
reducing the number of non-seep anomalies.


https://github.com/vbacklin/marine_geo_thesis/tree/0edbbc663b2ee43c88b2fc6a852c666b50e006c3/Along-track%20bottom%20sidelobes
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strates this scenario using an example from Area 2.
The stacked view in Fig. 22a shows several small tar-
gets hovering roughly 1-2 meters above the seafloor,
which likely correspond to individual fish or small
schools. Some of these appear as anomalies on the
EI grid in Fig. 22b, created using the default 2-8 me-
ter integration window. When the lower bound of the
integration range is increased to 3 meters in Fig. 22c,
many of these fish-like targets are excluded from the
final mosaic. These two examples illustrate the trade-
off between thoroughness and efficiency: while a larger
integration window increases the chance of detecting
subtle seepage, it also introduces a greater number of
irrelevant anomalies requiring manual inspection.

This section presents a selection of acoustic anoma-
lies from the Skéne dataset that display some charac-
teristics typically associated with gas seeps. However,
none of these anomalies exhibit the clear and unam-
biguous flare morphologies seen in the confirmed seeps
from Byfjorden (Section 4.2). For this reason, they
are referred to here as "seep-like” targets or "possible
seeps”, reflecting the uncertain nature of their interpre-
tation (see Section 7.1 for further discussion).

These anomalies were identified through combined
inspection of the echo-integrated grids, stacked views
and fan views. If an anomaly was not deemed to
have enough seep-like resemblance in one of these view-
modes, it was omitted. The most prominent and am-
biguous examples are presented and discussed below,
grouped by the survey areas in which they were found
(Areas 1-3). A complete index of all identified seep-like
targets is included in Appendix A, including additional
pings for the examples shown in this current section.

Given that the spatial and vertical extent of many
of these anomalies is not easily discernible from a
single ping, animated GIFs have been generated for
each candidate seep. These animations are available
at: github.com/vbacklin/marine geo thesis. They
are highly recommended for readers seeking a clearer
understanding of the temporal and spatial character-
istics of each anomaly, and help to aid with interpre-
tation. For each anomaly, two animation versions are
available: 1. A standard version that shows pings in
chronological order, illustrating the real-time progres-
sion of the acoustic signal. 2. A temporally reversed
version, in which the sequence is played backwards.
This perspective is useful in visualizing the potential
plume structure by beginning at the presumed seafloor
origin and following the upward trajectory of the tar-
get. However, because this reverse perspective can in-
troduce interpretive bias, the forward-time version is
provided alongside it for contextual balance.

6.2 Acoustic Anomalies with Seep-like
Qualities

6.2.1 Areal

Four acoustic anomalies identified in Area 1 ex-
hibit characteristics consistent with possible gas seeps.
These targets vary in morphology, strength, and degree
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Fig. 23: Overview of the echo integrated grids created for Area
1, with labeled markers for any seep-like acoustic anomalies.

of ambiguity. While none display the clearly defined
flare shapes seen in the confirmed Byfjorden seeps (Sec-
tion 4.2), several show coherent vertical structure or
clustering patterns that warrant consideration. Fig. 23
shows the location of these possible seeps in relation to
the fault lines, as well as an overview of the EI grids.
The average distance between each seep-like target and
the closest fault line, calculated with the "Shortest line
between features”-tool in QGIS, was 543 meters. Pos-
sible seep D was the closest target with a distance of
275 meters.

(a)
(b)

(<)

Fig. 24: Possible seep A in Area 1, as seen on the (a) EI grid,
in (b) fan view and (c) stacked view. The stacked view shows a
typical vertical structure that could be indicative of a gas seep.
However, the structure does not look as cohesive as the typi-
cal flares seen in Section 4, instead looking more segmented as
smaller targets in both stacked view and fan view.

Possible seep A (Fig. 24) presents as a vertically ori-
ented anomaly on both the EI grid and in stacked view.
While the general geometry resembles a rising plume,
the signal is fragmented, appearing as a sequence of
discrete targets rather than a cohesive flare. This seg-
mented appearance is also reflected in the fan view and
interpretation remains uncertain.


https://github.com/vbacklin/marine_geo_thesis
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(b)

(c)

Fig. 25: Possible seep B in Area 1, as seen on the (a) EI grid,
in (b) fan view and (c) stacked view. The fan view shows a
small but cohesive and vertical flare shape. It is not visible in
the stacked view as it is far outside the 30° beam range used to
define the stacked view in Section 3.2.

Possible seep B (Fig. 25) appears as a small but
cohesive and vertically aligned target with a strong
backscatter response in the fan view. It is not visi-
ble in the stacked view due to its location outside the
30° beam range used for stacked view rendering (Sec-
tion 3.2). Despite its limited extent, the shape and
coherence make it a compelling candidate for a weak
seep-like feature.

(a)
(b)

(c)

Fig. 26: Possible seep C in Area 1, as seen on the (a) EI grid,
in (b) fan view and (c) stacked view. This anomaly does only
show up in a single ping, and consist of regularly spaced targets,
that could be interpreted as bubbles, traveling in what looks to
be a perfect angled line towards the sonar. These facts would
most likely indicate a digital artifact, and not a natural seep.

Possible seep C (Fig. 26) is visible in only a single
ping, with a strikingly regular arrangement of evenly
spaced reflections that align along a perfect diagonal
path toward the sonar. While this may at first resemble
rising bubbles, the regularity and single-ping duration
strongly suggest a digital artifact rather than a physical
phenomenon in the water column.

Possible seep D (Fig. 27) is a faint and narrow fea-
ture visible primarily in the central beams. It shows a
slightly tilted orientation in the fan view and a subtle
expression on the EI grid. Although its backscatter re-
sponse is weak, the consistent structure across several
pings supports its inclusion as a potentially interesting
but low-certainty seep-like anomaly.
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(a)
(b)

(c)

Fig. 27: Possible seep D in Area 1, as seen on the (a) EI grid,
in (b) fan view and (c) stacked view. This anomaly exists in the
central beams as a slightly angled flare with a relatively weak
backscatter response.

6.2.2 Area 2

Fig. 28: Overview of the echo integrated grids created for Area
2, with labeled markers for any seep-like acoustic anomalies.

Area 2 contains the largest number of seep-like
anomalies identified in the Skine dataset, with a to-
tal of 13 candidates. Compared to the weaker and
more compact anomalies observed in Area 1, many
of the anomalies in Area 2 appear significantly more
pronounced in both the stacked and fan views. These
features often span greater vertical and horizontal ex-
tents, producing clearer and more coherent shapes on
the EI grids, side-stacked views and individual pings.

A consistent challenge with interpreting these
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anomalies is their inclined geometry. Several targets
extend across multiple pings and are heavily tilted
away from the vertical axis, particularly toward the
northwest. While this may suggest current-influenced
gas plumes, it also complicates the interpretation, as
schools of fish or other mobile biological targets could
feasibly generate similar trajectories. Notably, the ori-
entation is not random as many of the larger, more
striking flare-shaped anomalies in Area 2 share the
same general inclination, with only a few, less defined
targets deviating from this pattern. This issue is ex-
plored further in Section 7.1.

Area 2 also differs from the other regions in terms
of overall data quality. The WCD here appears less
noisy, likely due to the greater water depths (25-30 m)
and relatively smooth seafloor, compared to the more
complex bathymetry and shallow conditions of Areas 1
and 3, although some of the static background artifacts
from Section 6.1 still persist.

Figure 28 provides an overview of the results in Area
2, with all 13 seep-like targets marked on the EI grids
and their proximity to the fault lines. A subset of
six of the most visually compelling and representative
anomalies are described in detail below, with the re-
maining examples listed in Appendix A. The average
distance between each seep-like target and the closest
fault line, calculated with the "Shortest line between
features™tool in QGIS, was 971 meters. Possible seep
J was the closest target with a distance of 295 meters.

Possible seep A (Fig. 29) is one of the more promi-
nent anomalies in Area 2. In the stacked view, it ap-
pears as a vertically structured flare that broadens with
height and shows a slight inclination toward the north-
east. The fan views, however, reveal a more horizon-
tally extended plume leaning strongly westward. To-
gether, these perspectives suggest the anomaly is in-
clined toward the northwest, consistent with its po-
sition and shape on the EI grid. While visually dis-
tinct and spatially coherent, the pronounced inclina-
tion complicates its interpretation as a classic gas seep.

Possible seeps C and E (Fig. 30) represent two con-
trasting cases. Seep C is notable for deviating from
the dominant inclination pattern in Area 2, appearing
to rise toward the northeast. It also features a small,
detached target approximately 6-7 meters above the
main structure, adding to its ambiguity. In contrast,
Seep E exhibits the more typical northwest-leaning ge-
ometry, consistent across the fan, stacked, and EI grid
views. The differing orientations of these two anoma-
lies, despite being found in relatively close proximity,
hint at either variable local currents or non-seep origins
for at least one of the targets.

Possible seep F (Fig. 31) stands out as one of
the most distinctly flare-like anomalies in the en-
tire dataset. The fan view reveals a well-defined
plume extending diagonally upward and westward from
the seafloor. The stacked view once again shows a
north /northeast tilt, supporting the interpretation of a
northwest-oriented plume. While visually compelling,
the pronounced inclination again raises uncertainty as
to whether the shape reflects a bubble plume influenced
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(b)

(c)

(d)

Fig. 29: Possible seep A in Area 2, as seen on; (a) stacked
view, (b) EI grid and two different pings in fan view ((c) and
(d)). The stacked view shows a characteristic flare shape that is
leaning slightly toward north/northeast (as the ship is traveling
south/southwest), while the fan views shows a westward direc-
tion that is more horizontally inclined than it is vertical. This
indicates that the possible seep is heavily inclined towards the
northwest, which lines up with what is seen on the EI grid, as
the marker shows an approximation of the possible seep origin.

(a) (b)

(c)

(d)

(e)

Fig. 30: Possible seep C in Area 2, as seen on; (a) stacked view,
(c) EI grid and (d) fan view. The structure consist of a vertical
flare (in stacked view) and a smaller separated shape about 6-7
meter above the main plume. This is one of very few possible
seeps that seems to be angled toward the northeast. Possible
seep E as seen on; (b) stacked view, (c¢) EI grid and (e) fan view.
The characteristic flare shape seems to be angled towards the
north/northwest, similar to several other anomalies in the area.
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by current flow, or the lateral movement of a different
type of acoustic target.

(a)

(b)

(c)

Fig. 31: Possible seep F in Area 2, as seen on; (a) EI grid, (b)
fan view and (c) stacked view. One of the most striking flare
shapes from Area 2, especially in fan view. Similarly to possible
seep A in Fig. 29, we can see the stacked view showing a slight
inclination to the north/northeast and a heavy inclination to the
west in the fan view, indicating a northwestern inclination.

(a)

(b)

(c)

Fig. 32: Possible seep H in Area 2, as seen on; (a) EI grid, (b)
fan view and (c) stacked view. The stacked view shows a very
typical flare shape of a relatively small possible seep. The fan
view and EI grid indicates the typical northwestern inclination
seen throughout the area.

Possible seep H (Fig. 32) is smaller in scale but
displays a clean, vertically structured shape in the
stacked view, with a slight north/northeast tilt. The
fan view reveals the typical westward inclination, mak-
ing the overall orientation of this minor seep-like target
consistent with the general northwest trend observed
throughout Area 2.

Possible seep K (Fig. 33) is among the more am-
biguous anomalies. Initially, it presents a plume-like
structure rising from the seafloor, resembling the other
northwest-leaning anomalies described above. How-
ever, as the ping sequence progresses, the structure
transitions downward, behavior that is atypical for gas
plumes. This unusual movement suggests either a sec-
ondary biological target that happen to coincide with
the main plume, or a single target exhibiting complex
motion, such as a school of fish traversing the water col-
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umn in an irregular pattern, without any actual seep-
age present.

(a)

(d)

(b)

(e)

(f)

Fig. 33: Possible seep K in Area 2, as seen on; (a) stacked
view, (b) EI grid and four different pings in fan view (c), (d),
(e), (f). Tracking the movement from the interpreted origin of
the possible seep, we first see a characteristic flare shape rising
with the typical inclined northwestern direction for Area 2. The
movement then shifts downwards without the typical flare shape.
Note that the order of the pings is reversed in a temporal sense,
to get a better sense for the possible seep morphology, starting
at the origin.

6.2.3 Area 3

No seep-like acoustic anomalies were identified in Area
3. Compared to the other regions, the water col-
umn data here is noticeably noisier, likely due to the
combination of shallow water depths, highly dynamic
bathymetry, and the wide swath angle used during data
acquisition. Figure 34 provides an overview of the EI
grids from this area, highlighting the lack of distinct
flare-like structures.

7 Discussion

7.1 Interpretation of Acoustic Anoma-
lies

In evaluating the acoustic anomalies detected in Area
2, a central question arises: do these features repre-
sent genuine gas seeps, or are they manifestations of
biological activity such as schools of fish? The inclina-
tion, directionality, and acoustic morphology of these
anomalies provide clues, but also introduce ambigu-
ity. It is however important to note that gas seepage
in this region would not be unexpected. Mathys et al.,
2005, documented the presence of gas-rich near-surface
sediments in the Arkona Basin. While their study area
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does not overlap directly with the dataset of this study,
it nonetheless supports the possibility of natural seep-
age in this broader geological context.

Supporting the gas seep interpretation is the mor-
phological structure of flare-like shapes, especially as
seen in the stacked view throughout the area. When
viewing the temporally reversed animations, several of
these anomalies resemble gas rising from the seafloor.
However, the strong horizontal inclination, commonly
towards the northwest, observed in the fan view is less
typical for seepage. Although there are examples of
tilted or angled plumes in the literature (e.g., Nau
et al., 2022, 2025; Rovere et al., 2020; Turco et al.,
2022; Zhao et al., 2017, 2020), they are generally not
as extremely inclined as those observed here, and often
occur in much deeper waters, with plumes extending
hundreds of meters in the water column. However, W.
Zhang et al., 2022, documented a similarly inclined gas
plume in 40-meter-deep waters of the South China Sea,
as seen from their 3D point cloud reconstruction. In
their case, the inclination was attributed to horizon-
tal current flow deflecting the bubble stream. A com-
parable interpretation could apply here, although the
hydrodynamic conditions in the southwest Baltic are
likely quite different, making it difficult to draw con-
clusions without accurate water current measurements.

The most recent publicly available water current data

Fig. 34: Overview of the EI grids created for Area 3. No distinct
seep-like acoustic anomalies were found.
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for the region comes from the Stena Skane Ferrybox
(Id 38058) (SMHI, 2023). Fig. 35 shows the location
of this current measuring buoy relative to Area 2. All
WCD associated with these anomalies were collected in
April 2024, but current measurements from the buoy
are only available up to January 2023. Calculating
the average flow direction for the most recent April
data (i.e., April 2022; see Appendix C for the Python
script used), yields an average direction of 290°, which
aligns well with the northwestern inclination in the gas
seep hypothesis. However, averaging all April measure-
ments between 2019-2022 results in a mean direction
of 240°, and some years exhibit nearly opposite trends,
for example 123° in 2021, making these data unreli-
able as proxies for flow direction on the specific survey
days in April 2024 due to their apparent variability.
The buoy is also located approximately 10 km away
from Area 2, and its measurements reflect only surface
currents. The true direction at the 15-25 meter depths
where the anomalies occur may therefore differ further,
due to processes like the Ekman spiral (Ekman, 1905).
Furthermore, the average current velocities, around 40
cm/s, may be insufficient to account for the degree of
lateral displacement observed. However, the typical
maximum velocities, which exceed 1 m/s, could per-
haps generate such an effect. Table 1 summarizes sur-
face current directions and velocities measured by the
buoy for April between 2019 and 2022.

Fig. 35: Map showing the position of the current measuring
buoy Stena Skane Ferrybox (Id 38058) in relation to Area 2 and
3.

The possibility of biological origins for these anoma-
lies cannot be dismissed. Herring (Clupea harengus),
known for their schooling behavior and high abundance
in the Baltic Sea (Havs- och vattenmyndigheten, 2023),
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Table 1: Summarized surface current data from the Stena Skane Ferrybox.

Time Period Average Average Median Maximum Avg. Velocity-scaled
Direction (°) | Velocity (cm/s) | Velocity (cm/s) | Velocity (cm/s) | Vector Direction (°)
April 2019 266 42 41 132 266
April 2020 138 41 39 168 125
April 2021 123 36 34 106 132
April 2022 290 40 38 106 189
April 2019 - 2022 240 40 38 168 225

are a plausible explanation. Herring are known to be
vessel avoidant (De Robertis and Handegard, 2013),
which could account for the downward movement seen
in the temporally forward animations. Further sup-
porting a biological interpretation is the observation
that not all anomalies rise toward the northwest; if
the anomalies were due to gas seeps, consistent current
flow would likely produce more uniform orientations
for targets in close proximity.

Another possible explanation is that some anomalies
may represent interactions between biological targets
and active seepage, potentially altering the morphol-
ogy and acoustic signature. This could be the case for
Seep K, which initially presents as a typical northwest-
leaning flare but then appears to descend in subsequent
pings. While methane cold seeps have been shown
to attract biological activity in deep-sea environments
(e.g., Astrém et al., 2018), no such findings have yet
been confirmed in shallow, more productive waters like
these.

It is also worth noting that not all anomalies need
to share a common origin. Despite certain visual sim-
ilarities, it is entirely plausible that some are true gas
seeps while others result from biological activity. For
instance, the more prominent flare shapes such as A,
E, F, G, H, and I may represent gas seeps, while more
ambiguous anomalies like B, C, D, J, K, L., and M could
be attributed to biological targets.

In summary, the data presented in this study, along
with the author’s limited experience in WCD interpre-
tation, have not allowed for a conclusive classification
of these acoustic anomalies.

7.2 Evaluation of Espresso as a Tool

Espresso offers several important benefits, particularly
in terms of time savings and early-stage anomaly fil-
tering, features that become especially valuable when
working across large spatial areas. Despite challenges
with interpretation and occasional data quality issues,
this study demonstrated multiple cases where the echo-
integrated grids revealed seep or seep-like anomalies
that could easily have been missed using only fan or
stacked views. This highlights the strong potential
of echo integration as a detection tool for gas seeps.
The software is user-friendly and delivers impressive
sidelobe noise filtering, particularly notable given that
Espresso is free and open-source. This filtering sig-
nificantly reduced visual clutter and made interesting
targets more identifiable. However, portions of seep-
like structures that extended outside the MSR were
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sometimes lost, obscuring their apparent seafloor ori-
gin. This was especially noticeable for the more in-
clined targets in Area 2. It is unclear whether this is
due to the SRSN algorithm itself or to the fact that
sidelobe noise outside the MSR overpowered the origi-
nal signal entirely.

The addition of some more features could further im-
prove Espresso’s usability and scalability. For instance,
the ability to export fan or stacked views directly as
PNGs, without relying on screenshots, would make
documentation easier. Additional batch processing op-
tions would also be valuable, particularly for gridding.
Currently, memory limitations restrict how many lines
can be loaded and gridded at the same time. A batch
function capable of loading, gridding, mosaicking, ex-
porting (as GeoTIFF), and unloading one line at a time
would make it possible to echo integrate an entire folder
overnight. Another useful feature would be the ability
create stacked fan views, i.e. averaging the along-track
backscatter for a set amount of pings. This would be
especially beneficial in situations where full flare shapes
stretch over multiple pings, like the larger structures
of Area 2 whose animations needed 30-40 consecutive
pings for proper visualization of morphology.

Choosing appropriate gridding parameters proved to
be a nontrivial task, with a constant balance between
thoroughness and efficiency. For broad-area pre-studies
like this CCS assessment, where quantification of seep-
age is not the primary goal and minor biogenic seeps
may be of limited interest, a narrowed vertical inte-
gration window may be preferred. For example, most
seep-like targets in Area 2 would likely have been de-
tected even if the echo integration window was reduced
to 3-4 m above the bottom, significantly decreasing
the number of gridded non-seep anomalies requiring
manual review. Given that the 33 lines analyzed here
represent less than 2% of the full dataset, a narrower
integration window would be recommended for large-
scale processing to achieve significant time savings.

Compared to professional and commercial software
like FMMidwater or Echoview, Espresso does have
some limitations. These include the lack of 3D vi-
sualization, reduced positional accuracy and potential
compromises in data quality due to processing simpli-
fications. The use of MATLAB also introduces perfor-
mance constraints, as scripting languages are generally
slower and less memory-efficient than compiled alter-
natives such as C+-+ (Ousterhout, 1998). This remains
true despite the thoughtful performance optimizations
within Espresso, such as the use of memory mapping
to handle large data volumes (Schimel et al., 2024b).
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8 Conclusions

Echo integration of water column data is a valuable
technique for gas seep detection in large datasets. It
is particularly effective during the early filtering stages
of a study, offering a broad overview that can help pri-
oritize where to focus more detailed interpretation ef-
forts. For echo integration to be effective, background
noise must be filtered out. This presents a challenge,
as WCD is inherently noisy, especially due to sidelobe
induced artifacts. While no commercial software (to
my knowledge) currently offers MBES echo integration
functionality, Espresso provides a free, open-source al-
ternative with built-in sidelobe filtering. In this study,
Espresso proved effective in many cases, but strug-
gled with removing certain sidelobe artifacts for multi-
sector data, as well as a subset of extremely noisy pings.
The origin of this noise remains unknown, but its re-
curring nature and impact on data processing suggest
it warrants further investigation. Understanding the
cause, and how to mitigate it, will be important for
improving future WCD analyses.

In the CCS project area, several anomalies with seep-
like characteristics were detected, though their inter-
pretation remains uncertain. Notably, the identified
anomalies were not located directly above any mapped
fault lines. The closest was approximately 275 meters
away, with an average distance of 870 meters across
all anomalies. The most seep-like anomalies (A, E, F,
G, H, and I) were, on average, 1179 meters from the
nearest fault. This spatial pattern suggests a likely bio-
genic origin from shallow sediments, rather than leak-
age from deeper geological structures. This interpreta-
tion is supported by previous studies reporting gas-rich
near-surface sediments in the broader region (Mathys
et al., 2005).

While such biogenic seepage may not indicate a
risk for CO9 leakage in a CCS context, it is still im-
portant to characterize. Understanding the baseline
presence of natural gas emissions is critical for ef-
fective post-injection monitoring, where distinguishing
between leakage and natural seepage is essential. This
study covered only a small fraction of the total CCS
project area, and further work is needed to fully evalu-
ate the risk of potential CO5 leakage and overall CCS
viability of the region.

9 Future Work

For the CCS project:

e Expand the creation of echo-integrated grids to
additional fault lines in the broader fracture zones.
This would help efficiently prioritize areas for more
detailed manual analysis ahead of final assess-
ments regarding the viability of the Skane region
as a potential CCS site.

Conduct further analysis of the ambiguous seep-
like anomalies using professional tools such as FM-
Midwater. Extracting the features like 3D point
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clouds may provide a clearer understanding of
their origin.

Integrate a broader range of oceanographic data,
such as current velocity and direction, and biolog-
ical habitat distributions, to support interpreta-
tion and help distinguish between gas seeps and
biological targets. Findings should also be com-
pared with other geophysical data, such as marine
seismic data and sub-bottom profiles.

For gas seep detection:

This study has demonstrated the value of com-
bining echo integration with effective noise filter-
ing. Further development of advanced filtering
approaches, such as those proposed by Zhao et
al., 2020, Weber, 2021, and Nau et al., 2025,
holds great potential to enhance seep detection
and quantification when used in conjunction with
echo integration. Whether this progress will oc-
cur through expanded filtering functionality in
Espresso, or by commercial software adopting sim-
ilar techniques, remains to be seen.

As seen in Section 6.1, the current SRSN al-
gorithm in Espresso struggles with multi-sector
WCD, due to differing sidelobe behavior across
sectors. Omne potential improvement would be to
allow users to define sector transitions by beam
angle, unless some clever algorithm can be de-
veloped to identify the transitions automatically.
This would enable SRSN filtering to operate in-
dependently within each sector, where sidelobes
should be more range-dependent. While specula-
tive, this may offer a path toward better adapta-
tion of the SRSN algorithm to multi-sector sys-
tems and could therefore improve sidelobe sup-
pression in wider swath surveys, yielding cleaner
data for echo integration.

Emerging work on deep learning methods, such as
the use of convolutional neural networks for gas
seep detection (Hicks et al., 2023; Manjur et al.,
2025), appears highly promising. It is this au-
thor’s belief that such techniques will play an in-
creasingly central role in the future of automated
WCD target classification and detection.
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Appendices
Appendix A

This appendix contains a closer look at all anomalies deemed "seep-like targets” in Section 6.2. For every seep,
the following will be provided:

e Echo integrated grid.
e One or two pings in fan view.
e Marked stacked view.

e Link to GitHub folder containing additional pings in fan view, numbered in reverse chronological order,
and GIF animations (both normal and in reverse).

Area 1

As possible seep C only lasted for one ping (and is most likely digital noise), it will be omitted from this section.

Fig. 36: Possible seep A in Area 1. Link to folder: Area 1 - A
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Fig. 37: Possible seep B in Area 1. Link to folder: Area 1 - B

Fig. 38: Possible seep D in Area 1. Link to folder: Area 1 - D
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Area 2

Fig. 39: Possible seep A in Area 2. Link to folder: Area 2 - A
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Fig. 40: Possible seep B in Area 2. Link to folder: Area 2 - B
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Fig. 41: Possible seep C in Area 2. Link to folder: Area 2 - C
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Fig. 42: Possible seep D in Area 2. Link to folder: Area 2 - D
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Fig. 43: Possible seep E in Area 2. Link to folder: Area 2 - E

34


https://github.com/vbacklin/marine_geo_thesis/tree/0edbbc663b2ee43c88b2fc6a852c666b50e006c3/Seep-like%20targets/Area%202/A2%20-%20E

Victor Bdcklin - Department of Geological Sciences — Stockholm University, 2025

Fig. 44: Possible seep F in Area 2. Link to folder: Area 2 - F
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Fig. 45: Possible seep G in Area 2. Link to folder: Area 2 - G
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Fig. 46: Possible seep H in Area 2. Link to folder: Area 2 - H
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Fig. 47: Possible seep I in Area 2. Link to folder: Area 2 - I
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Fig. 48: Possible seep J in Area 2. Link to folder: Area 2 - J
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Fig. 49: Possible seep K in Area 2. Link to folder: Area 2 - K
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Fig. 50: Possible seep L in Area 2. Link to folder: Area 2 - L
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Fig. 51: Possible seep M in Area 2. Link to folder: Area 2 - M
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Appendix B

This appendix contains all batch exported stacked view screenshots, grouped in sections; Byfjorden, Area 1,
Area 2 and Area 3.

Byfjorden
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Skane
Area 1:
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Area 2:
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Area 3:
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Appendix C

Python script used for current calculations.

To run, download the script from GitHub at: github.com/vbacklin/marine geo thesis.. The data is down-
loaded from SMHI at; smhi.se/data/hav-och-havsmiljo/strommar/current/38058. Simply place the data, re-
named as “current data.csv”, in the same folder as the python scrip and run.

0O Ui Wi+~

import math
import numpy as np

def mean(vector):
s = sum(vector)
n = len(vector)
return s/n

def calculate average direction(d_ vector):

radians = [math.radians(d) for d in d_vector]
sin_dir = [math.sin(r) for r in radians|

cos _dir = [math.cos(r) for r in radians]

sin_ mean = mean(sin_dir)

cos_mean = mean(cos_dir)

rad avg = math.atan2(sin _mean, cos mean)
deg avg = math.degrees(rad avg) % 360
return deg avg

def calculate average scaled direction(vd vector):
sin_dir = [vsmath.sin (math.radians(d)) for (v, d) in vd_ vector]
cos _dir = [vkmath.cos(math.radians(d)) for (v, d) in vd_ vector]

sin_mean = mean(sin_dir)

cos_mean = mean(cos dir)

rad avg = math.atan2(sin_mean, cos mean)
deg avg = math.degrees (rad _avg) % 360
return deg avg

filename = "current data.csv"
with open(filename, ’r’) as f:
lines = f.readlines ()

directions = {"April,_2019": []
"April ,_2020": [],
"April,_2021": [],
"April ,_2022": [],
"April ,_2019_—_2022": [|}
velocities = {"April,_2019": [],
"April ,_2020": [],
"April,_2021": [],
"April ,_2022": [],
"April ,_2019_—_2022": []}
both = {"April,_2019": [],
"April ,_2020": [],
"April ,_2021": [],
"April,_2022": |[],
"April,_2019__2022": [|}
buffer = True
for line in lines:
cells = line.split(’;")

)

if buffer:
if cells[0] = "Datum_Tid_(UTC)":
buffer = False
else:
month = cells [0].split ('—")[1]
year = cells [0].split (’—")[0]

if cells[1]:
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56 direction = float(cells[1])

57 if month — 04 7:

58 directions [f’April ,_{year}’].append(direction)

59 directions[’April ,_.2019_—-_2022].append(direction)
60 if cells[6]:

61 velocity = float (cells[6])

62 if month =— 04 :

63 velocities [f April,_{year}’]|.append(velocity)

64 velocities [”April,_2019_-_2022"]. append(velocity)
65 if cells[6] and cells [1]:

66 if month — ’04":

67 both [f’April,_{year}’|.append((velocity , direction))
68 both[’April ,_2019_—_.2022"|. append (( velocity , direction))
69 for key in directions.keys():

70 avg dir = calculate average direction(directions[key])

71 avg vel = mean(velocities [key])

72 median _vel = np.median(velocities [key])

73 max_vel = np.max(velocities[key])

74 scaled dir = calculate average scaled direction (both[key])

75 print (f’\n{key}’)

76 print (f’Avg._direction:_{round(avg dir)}’)

7 print (f’Avg._velocity:_{round(avg vel)}’)

78 print (f’Velocity _median:_{round (median vel)}”)

79 print (f’Velocity _maximum: _{round (max_vel)}’)

80 print (f’Velocity_scaled_vector_direction:_{round(scaled dir)}’)
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