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Abstract. In late September 2022, explosions of the Nord Stream pipelines caused what could be the largest anthropogenic
methane leak ever recorded. We report on Landsat 8 (L8) and Sentinel-2B (S-2B) observations of the sea foam patch produced
by the Nord Stream 2 (NS2) leak located close to Bornholm Island, acquired on September 29" and 30™, respectively. Usually,
reflected sunlight over sea is insufficient for these Earth-imagers to observe any methane signal in nadir-vewing geometry.
However, the NS2 foam patch observed here is bright enough to possibly allow the detection of methane above it. We apply
the Multi-Band Single-Pass (MBSP) method to infer methane enhancement above the NS2 foam patch and then use the In-
tegrated Mass Enhancement (IME) method in an ensemble approach to estimate methane leak rates and their uncertainties.
This very specific NS2 observation case challenges some of MBSP and IME implicit hypotheses, and thus calls for customized
calibrations: (1) for MBSP, we perform an empirical calibration of sea foam albedo spectral dependence by using sea foam
observations in ship trails, and (2) for IME, we yield a tailored effective wind speed calibration that accounts for a partial
plume observation, as methane enhancement may only be seen above the NS2 sea foam patch. Due to large uncertainties, no
firm conclusion can be drawn from the single overpasses of L8 and S-2B. However, if we opportunistically assume that the L8
and S-2B methane leak rates are independent, we obtain a positive leak detection with a weak confidence, showing an averaged
dual-overpass (L8 and S-2B combined) NS2 methane leak rate of 415 & 321 t/hr. Overall, our work illustrates how implicit

method hypotheses need to be considered and compensated for in unusual observation cases such as this one.

1 Introduction

From September 26™ to October 2™, 2022, leaks occurred on the Nord Stream (NS) and Nord Stream 2 (NS2) pipelines in the
Baltic Sea. They caused intensive bubbling and extensive foam patches at the sea surface, as well as methane emissions that
could be one of the strongest methane leak events ever recorded (Sanderson, 2022). The Southern NS2 sea foam patch close
to Bornholm Island was observed on September 29" and 30" by Landsat 8 and Sentinel-2B (respectively), two Earth-imaging
satellites that are sensitive to large methane point sources (Varon et al., 2021). We report on those two observations, and exhibit
the challenges they come with to evaluate the NS2 methane leak rate.

Anthropogenic methane emissions are the second largest contributor to human-induced climate change, and their drastic

reduction is required to keep global warming below 1.5°C or 2.0°C (IPCC, 2021). In the past decade, developments in space-
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based methane observation have had a transformative impact on methane super-emitter detection and monitoring, and can
contribute to track progress towards the Paris Agreement goals (e.g. Nisbet et al., 2020). Among them, the TROPOspheric
Monitoring Instrument (TROPOMI, Veefkind et al., 2012; Lorente et al., 2021) measures back-scattered sunlight in the short-
wave infrared (SWIR) around 2.3 ym at 0.25 nm resolution, at a moderate 5.5 x 7 km? spatial resolution at nadir and with daily
global coverage. Global methane concentrations maps are drawn from these measurements using a full-physics approach which
accounts for geophysical variables besides methane (e.g. albedo, water vapour, aerosol optical depth, etc) that could interfere in
the retrieval process (Lorente et al., 2021). Its observations have been successfully used to detect and estimate anthropogenic
methane emissions arising from various point or localized sources (e.g. Pandey et al., 2019; Lauvaux et al., 2022; Schuit
et al., 2023). SWIR satellite instruments with higher spatial resolution (few tens of meters) have proved complementary by
enabling the identification of methane emission sources at facility-scale. These notably include the methane-dedicated GHGSat
constellation (Jervis et al., 2021) and Earth-imagers such as Sentinel-2 or Landsat 8. Earth-imagers are not spectrally resolved
like TROPOMI and were not originally designed to measure greenhouse gases. However, under the right conditions (bright,
quasi-homogeneous land surface), their methane sensitive bands (~ 100-200 nm in width) can be repurposed to retrieve large
methane concentration enhancements and image point source emission plumes (e.g. Varon et al., 2021; Irakulis-Loitxate et al.,
2022b). Like any other SWIR instrument, these Earth-imagers do not typically offer coverage over water bodies, because the
water albedo is too dark at nadir pointing. However, sun-glint observations over sea can allow methane plume detection with
these satellites as well (Irakulis-Loitxate et al., 2022a).

When the NS and NS2 leaks occurred, and in the following week, TROPOMI was not able to acquire exploitable data over
land in the Baltic Sea vicinity due to cloudiness. However, thanks to their finer spatial resolution, Landsat 8 (L8) and Sentinel-
2B (S-2B) have been able to perform nadir-pointing observations showing the Southern NS2 leak on September 29" and 30",
respectively. They did not benefit from sun glint, but the bright foam patch produced by the bubbling leak at the sea surface
reflected enough sunlight to consider using the observations, and assess whether a methane signal can be sensed. Besides
L8 and S-2B, GHGSat could point their instruments towards the same NS2 leak on September 30" and observe a methane
emission plume in glint geometry twice (GHGSat, 2022). After initial Twitter reports by the International Methane Emissions
Observatory (IMEO, 2022), Jia et al. (2022) published results for the Sentinel-2B observation, acknowledging significant
uncertainties in their methodology regarding the spectral reflectance of bubbles and the partial imaging of the methane plume.

This work first aims to show how Landsat 8 and Sentinel-2B observations of the Nord Stream 2 leak challenge implicit
hypotheses in methods usually applied for Earth-imager methane plume analysis and emission rate quantification. It then
proposes to account for identified issues by using customized calibrations, and to assess the possibility of using Landsat 8 and
Sentinel-2B to sense and quantify methane emissions from the Nord Stream 2 leak.

This paper is structured as follows: Section 2 describes general aspects about the materials and methods used in this work
as well as Nord Stream 2 specific calibrations. Section 3 presents the obtained methane leak rates. Finally, Section 4 highlights

the conclusions of this work.
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2 Materials and methods

This section describes general aspects of the data and methods used here, as well as the custom calibrations that are necessary

to adapt them to this singular Nord Stream 2 observation case.
2.1 Landsat 8 and Sentinel-2B satellite observations
2.1.1 General aspects

Landsat 8 (hereafter L8) is an Earth-imaging satellite with a swath of 185 km and a revisit time of 16 days. It measures reflected
sunlight over 10 different spectral bands located in the visible, short-wave infrared (SWIR) and thermal infrared, with spatial
resolutions ranging from 15 to 100 m (Roy et al., 2014).

The Copernicus Sentinel-2 mission comprises two Earth-imaging satellites (Sentinel-2A and Sentinel-2B, hereafter S-2B)
with a swath of 290 km and revisit time of 10 days each, and aims to monitor changes on our Earth’s surface. They measure
reflected sunlight over 12 different spectral bands located in the visible and SWIR, with spatial resolutions ranging from 10 to
60 m (Drusch et al., 2012).

Here, we use Top Of the Atmosphere (TOA) reflectance data observed by L8 and S-2B for two methane sensitive SWIR
spectral bands around 1.6 um (bands 6 and 11 for L8 and S-2B, respectively) and 2.2 ym (bands 7 and 12 for L8 and S-2B,
respectively). These L8 and S-2B SWIR observations have spatial resolutions of 30 and 20 m, respectively.

2.1.2 Nord Stream 2 leak observations

Figure 1 shows L8 and S-2B TOA reflectance observations of the NS2 methane leak (top panels) and exhibits, using simple
thresholds (see Supplements), the different pixel types (dark still sea, NS2 leak, cloud) included in the images by comparing s
and so TOA reflectance values (bottom panels). The L8 image acquired on September 29th, 2022, is composed of the bubbling
sea foam patch at its center, surrounded by dark still sea and cloud pixels. The S-2B image acquired on September 30th, 2022

is much cleaner and only includes the NS2 bubbling sea foam patch at its center, surrounded by dark still sea pixels.
2.2 Methane enhancement retrieval: the Multi-Band Single-Pass (MBSP) method
2.2.1 General description

The TOA reflectance data can be used to retrieve atmospheric methane concentration enhancements with the Multi-Band
Single-Pass (MBSP) method, first proposed by Varon et al. (2021). It relies on the relative change in TOA reflectance AR
between two spectral bands s; (around 1.6 pum, low sensitivity to methane) and s, (around 2.2 pm, strong sensitivity to

methane) computed as:

AR:CXSQ—Sl 0

S1
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Figure 1. Landsat 8 (left) and Sentinel-2B (right) images of the Nord Stream 2 leak for s1 (top), and s1 and s2 TOA reflectance comparisons

depicting different pixel natures and showing the standard MBSP c calibration line (bottom).

with ¢, a linear calibration coefficient fitted on all the pixels included in the target image, to account for any non-methane-
related spectral effects between bands s; and sy, most importantly the spectral dependence of the albedo. This calibration
strategy implicitly assumes that image-wide pixels are representative of the surface characteristics expected below the (po-
tential) methane plume. The rationale of MBSP is that deviations in the methane-sensitive so band from the expected s1/s2
ratio (captured in the fitted ¢ coefficient) are interpreted as methane enhancements. Pixels with AR < 0 relate to higher than
expected atmospheric absorption and yield positive methane enhancements. The translation of AR to methane enhancements

is performed using pre-computed look-up tables, generated through radiative transfer simulations.
2.2.2 Empirical calibration of the spectral dependence of sea foam reflectance in MBSP

Here, we seek to determine whether a methane enhancement signal can be retrieved from L8 and S-2B images of the NS2 sea
foam patch. No methane signal can be expected to be visible over the dark still sea or the clouds. Consequently, considering the
general description of MBSP given in Sect. 2.2.1, properly constraining the spectral dependence of sea foam albedo between
s1 and sq is critical to obtain non-biased methane enhancements through MBSP.

Whitlock et al. (1982) and Koepke (1984) show that we expect a TOA reflectance ratio sq/ss over sea foam of about 2 or

slightly lower (graphical reading). However, the only pixels representative of sea foam that can be observed in L8 and S-2B
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images of the NS2 leak are the ones caused by the leak itself, above which we also expect a possible methane enhancement
signal. Unlike a land image, it is thus not possible to assess whether the standard MBSP calibration can separate the spectral
impact of methane from the spectral dependence of the albedo for this specific NS2 case. This is particularly noticeable in
Fig. 1 for the S-2B image, where the standard MBSP calibration is driven by the NS2 sea foam patch (c = 1.96). This issue
similarly applies to the L8 NS2 observation, that also features an additional complication: very bright clouds are present in the
image, which in this case drive the standard MBSP calibration (c = 1.13). The NS2 observation case that relies on a small sea

foam patch thus calls for an external calibration of the spectral dependence of sea foam albedo.

Sentinel-2B s; TOA reflectance
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Figure 2. Example of sea foam observation in the Sentinel-2B image of a ship trail. Dark still sea and ship pixels have been removed and are

shown in grey and white, respectively.

We therefore empirically constrain the spectral dependence of sea foam albedo by using sea foam observations in ship
trails unaffected by methane plumes. We treat each satellite separately in order to account for their different instrumental
characteristics. By visual inspection of RGB Sentinel-2 and Landsat data on the EO Browser of Sentinel-Hub (2023), we
gather 27 and 38 images of ship trails for L8 and S-2B, respectively, located in the North and Baltic Seas from September
and October 2022. For each of these images, we separate ship and sea foam pixels from the dark still sea pixels by using
an empirically determined threshold 71, such that s; > 7;; and then separate sea foam from ship pixels by applying a second
empirically determined threshold 75, such that so < 7 (Supplement Tables 2 and 3). Figure 2 shows an example of sea foam
pixels extracted from an S-2B ship trail image. For each image, using sea foam pixels only, we perform a least-squares linear
fit (with an intercept set to zero) of s; as a function of sy to determine c;, the coefficient describing the spectral dependence
of sea foam albedo for the ¢-th image (see individual fits in the Supplements). For L8 and S-2B separately, we then compute
¢ as the mean of the individual calibrations. Figure 3 presents the results of this satellite-specific empirical calibration of the
spectral dependence of sea foam albedo. We obtain ¢ = 1.96 - 0.23 and ¢ = 1.91 4 0.22 for L8 and S-2B, respectively. These
are consistent with results presented by Whitlock et al. (1982) and Koepke (1984). Comparing the S-2B result to the slightly
higher standard MBSP calibration (¢ = 1.96) also confirms the above mentioned hypothesis that the standard calibration may

have captured some methane signal. Indeed, for given fixed {1, s2} values, a decrease in the spectral dependence calibration
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coefficient ¢ (compared to the standard calibration) reduces AR = (cs2 — s1)/s1, which translates to an increase of methane

enhancement through MBSP.
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Figure 3. Empirically determined sea foam albedo spectral dependence between s; and s, for Landsat 8 (left) and Sentinel-2B (right). Sea
foam pixels for all ship images are depicted (dots with different colors indicating different ships), along with their respective calibration
slopes (thin lines). The mean and 1-o standard deviation of the empirically determined sea foam albedo spectral dependence are shown

(thick full and dashed blue lines), along with the standard MBSP calibration (thick dashed black line).

MBSP can then be applied using these newly determined empirical calibrations (computing A R using ¢). Figure 4 shows the
methane enhancements obtained with the satellite-specific ¢ calibration values, and how s; and s5 TOA reflectance values com-
pare to them. For the L8 observation of the NS2 leak, the sea foam patch pixels show an s; /s ratio of 2.09 (red line), which is
slightly higher than the average empirical calibration of the L8 sea foam albedo spectral dependence (¢ = 1.96£0.23), but com-
prised within its +10 uncertainty interval. This negative difference overall translates to positive methane enhancement through
MBSP. On average, we obtain L8 methane enhancement values ranging from -2.5 to 15 mol/m?. Negative enhancements are
associated with pixels falling right of the s; /s2 empirical calibration line (low TOA reflectance values, at the sea foam patch
edges), and positive enhancements are associated with pixels falling left of the empirical calibration line (high TOA reflectance
values, at the sea foam patch center). The S-2B observation is similar but exhibits more noise, overall showing enhancements

from -2.5 mol/m? on the sea foam patch edges to about 8 mol/m? at its brighter center.
2.3 Emission rate quantification: the Integrated Mass Enhancement (IME) method
2.3.1 General description

If a plume is observed in the image resulting from MBSP, the associated emission rate can be quantified using the Integrated
Mass Enhancement (IME) method. This method was first proposed by Frankenberg et al. (2016) and its calibration and oper-
ational use was improved by Varon et al. (2018). Given a plume, the IME method relates the emission rate ) to the plume’s

total methane mass and its residence time in the atmosphere. We have:

U

Q=—1 > AXcw,i X a; (@)

L
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Figure 4. Methane enhancement results obtained through MBSP for Landsat 8 (top left) and Sentinel-2B (top right), pixels not belonging to
the foam patch have been filtered out and shown in grey. Comparisons of s; and s2 TOA reflectance (bottom) depicting different pixel types

and showing the empirically determined spectral dependence of sea foam albedo (thick blue line), and the s1/s2 ratio observed over the NS2

sea foam patch (red line).

with Uk, the effective wind speed transporting the plume, L = \/m the plume length, Xcp,;, the total column methane
enhancement of the i-th plume mask pixel, and a;, the area of this pixel.

Plume transport includes complicated three-dimensional and turbulent effects that require computer-intensive simulations to
be accounted for, if even possible given the randomness of turbulence. Through IME, the overall impacts of those effects are
presumably captured into a single effective wind speed, denoted Usgs. U is calibrated against the 10-m wind speed provided
by meteorological models (Ujgm) over a set of Large Eddy Simulations (LES) made for known synthetic emission rates, and
re-sampled according to a given instrument characteristics (spatial resolution, noise model, etc.). Varon et al. (2021) provide an
effective wind speed calibration model for Sentinel-2-like Earth imagers: Ueg = 0.33 X U1om + 0.45. Using this effective wind
speed calibration implicitly assumes that the plume is observed in the same conditions as those used for the LES calibration,

including for instance that the full extent of the plume is visible as per the given instrument sensitivity.
2.3.2 Effective wind calibration of partial plume observation in IME

The IME method is critically sensitive to the plume mask extent. For a homogeneous plume of N pixels, the source rate

@ increases linearly with v/ V. In practice, the plume is not homogeneous and the number of pixels above the instrument
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detection threshold relates to the emission rate, and truncating the plume mask because of external factors (low albedo, clouds,
etc.) biases (). This IME sensitivity stems from the effective wind speed calibration that relies on an LES sampling of whole
plume per the given instrument characteristics. Any systematic plume mask truncation therefore needs to be calibrated for. For
the N'S2 observation, only the small sea foam patch provides a high enough signal that could allow observation of part of the
methane plume, above its source. This specific case therefore requires a custom effective wind calibration.

We consequently re-purpose an ensemble of LES simulations computed for a 275 x 275 m? source area (grossly the NS2
foam patch size) by Maasakkers et al. (2022), scale them to emission rates ranging from 100 to 1000 t/hr, re-sample them
according to L8/S-2B instrumental characteristics and perform an effective wind speed calibration that only includes the pixels
located above the source area in the plume mask. We obtain the following NS2-custom effective wind speed calibration with
an outlier-resilient Huber regression: Ut = 1.88 X U1om + 0.52. This 1.88 calibration factor, close to 2, is consistent with
expectations from mass balance of a uniformly ventilated area source as shown by Buchwitz et al. (2017), and is significantly

different from the slope value given in Sect. 2.3.1, applicable for ideal conditions over land.
2.4 Ensemble approach for evaluating Nord Stream 2 leak rates as seen by Landsat 8 and Sentinel-2B

We use an ensemble approach to calculate the average methane leak rate from NS2, as seen by L8 and S-2B, using MBSP and
IME with our custom calibrations. We perturb six different parameters that impact MBSP and/or IME results to generate an
ensemble of leak rate quantifications:

(1) In MBSP, we perturb the empirical calibration of the spectral dependence of sea foam albedo determined in Sect. 2.2.2
by +10 in 0.10 steps.

(2) To capture the uncertainty in the background, we estimate a non-enhanced methane background over the NS2 sea foam
patch. It is computed by applying MBSP using a calibration coefficient exactly equal to the fitted s; /s2 ratio obtained from the
NS2 sea foam pixels, thus fully compensating for possible methane enhancements. We then compute the standard deviation
Oxcn, Of this background signal, and use it to shift the MBSP enhancement results by +10x,, in 0.10x,, steps.

(3) We perturb the plume mask extent by varying the minimum s; TOA reflectance value for a pixel to be included in the
plume mask. These minimum s; TOA reflectance thresholds cover [0, 0.07] for L8 and [0,0.045] for S-2B, with 0.005 steps for
both satellites. We use different maximum thresholds for each satellite because the maximum TOA reflectance observed by L8
in the NS2 patch is higher than for S-2B (see Fig. 1).

(4) We include four different 10-m wind speeds. Three come from meteorological re-analysis products: the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERAS (Hersbach et al., 2020), the Global Forcasting System (GFS) from
NOAA National Centers for Environmental Prediction (NCEP, 2000) and the Goddard Earth Observing System-Forward Pro-
cessing (GESO-FP, Molod et al., 2012). Furthermore, we include the in-situ wind speed measured at Bornholm airport, which
is located about 50 km away from the NS2 leak (IEM, 2023). For September 29" we obtain wind speeds of 4.1, 6.6, 4.8 and
3.6 m/s from ERAS, GFS, GEOS-FP and airport measurements, respectively; and for September 30t we obtain wind speeds
of 5.0, 6.3, 6.3 and 5.7 m/s, respectively.

(5) We perturb wind speed values by +50%, with 10% steps.
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(6) We perturb effective wind speed calibration coefficients by +5%, with 1% steps.
Overall, we get 3,201,660 and 2,134,440 ensemble members for L8 and S-2B, respectively, and report their averages, and

standard deviations as uncertainty.

3 Results and discussion: Nord Stream 2 leak rates

Figure 5 shows the distribution of leak rate values within the ensembles for L8 and S-2B. We obtain ensemble-averaged
methane leak rates of 433 £459 t/hr and 398 4449 t/hr for L8 and S-2B, respectively. These +=10 uncertainty intervals are
mainly driven by the perturbation of the empirical calibration of sea foam albedo spectral dependence (color scale in Fig. 5),
and by the shift in the methane background. Leak rates get lower and eventually negative with increasing empirical sea foam

albedo spectral dependence calibration values.
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Figure 5. Distributions of methane emission rate values for the Landsat 8 (left) and Sentinel-2B (right) ensembles. Ensemble means and
standard deviations are shown inset, along with the fraction of null or negative emission rates. The color scale shows the contributions of

different sea foam albedo spectral dependence calibration values to the overall distribution of leak rates within the ensemble.

The individual L8 and S-2B ensemble distributions have +1¢ uncertainty intervals that include zero emissions, and show
P(Q <0)=0.13 and P(Q < 0) =0.12, respectively. Consequently, considering these null-hypothesis probabilities higher
than 10%, no firm conclusion can be drawn regarding separate L8 and S-2B detections of the NS2 methane leak.

Because this NS2 observation case is singular and recent, very few results to compare to have been published. GHGSat
reports leak rates of 79 t/hr and 29 t/hr for their NS2 glint observations made on Sept 30" (GHGSat, 2022). Jia et al. (2022)
report no result for L8, and a methane leak rate of 72 & 38 t/hr for S-2B, while also acknowledging significant uncertainties
in their methodology regarding the spectral reflectance of bubbles and the partial imaging of the methane plume. The work
performed here precisely describes the origin of the challenges posed by these specific NS2 observations, and addresses them
through custom calibrations. All previously reported NS2 methane leak rates for September 30™ are comprised within our large
zero-including uncertainty range obtained for S-2B on that day.

If we opportunistically assume that the L8 and S-2B leak rate quantifications are independent (different satellites, but an

identical method to process observations), we can generate an ensemble representing the averaged combined L8 and S-2B
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NS2 leak rate. Because distributions in Fig 5 are not Gaussian, we perform 100 random draws of 1M elements from the
separate individual L8 and S-2B ensembles, from which we compute 1M element-wise averaged leak rates. On average, we
obtain an averaged L8 and S-2B NS2 methane leak rate of 415 4 321 t/hr, with P (Q < 0) = 0.06. Thus, under this favorable
assumption, considering the null-hypothesis probability lower than 10%, these results give weak confidence that the dual-

overpass combination of L8 and S-2B has indeed detected the NS2 methane leak.

4 Conclusions

We have evaluated the possibility of extracting methane emission information from Landsat 8 (L8) and Sentinel-2B (S-2B)
observations of the Nord Stream 2 (NS2) pipeline leak.

We have shown how the unusual observations of a sea foam patch surrounded by dark still sea (and clouds for L8) challenge
implicit underlying hypotheses in both the Multi-Band Single-Pass (MBSP) and Integrated Mass Enhancement (IME) methods.
For MBSP, we showed an external empirical calibration of the sea foam albedo spectral dependence is needed, and provided one
by using sea foam observations in ship trails. For IME, we showed that emission rate quantifications are critically sensitive to
plume mask truncation, and we provided an effective wind speed calibration customized to the NS2 leak, that is only observed
over a small sea foam patch.

Using these two-fold customized calibrations for MBSP and IME in an ensemble approach, we have assessed that no firm
conclusion can be made about individual L8 and S-2B detection of the NS2 methane leak. If we opportunistically assume that
they are independent, we obtain an averaged dual-overpass (L8 and S-2B combined) NS2 methane leak rate of 415 + 321 t/hr,
with only a small null-hypothesis probability P (Q < 0) = 0.06.

Our work illustrates how implicit method hypotheses need to be considered and compensated for in unusual observation
cases such as this one. Our nuanced results with large uncertainties are not surprising: this exceptional Nord Stream leak event

pushed Earth imagers that were not initially designed to observe greenhouse gases - even less over water - to their very limits.

Data availability. Landsat 8 and Sentinel-2B data used in this work are publicly available and were retrieved from the Google Earth Engine
as 2 km-side square images of given targets, from collections LANDSAT/LC08/C02/T1_TOA and COPERNICUS/S2_HARMONIZED,

respectively. All images are listed in the Supplements.
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Tables 1, 2 and 3 list all the 2-km-side satellite images used in this work. Figures 6 to 12 show all individual fits for sea foam

observations in boat trails.

Table 1: Nord Stream 2 (NS2) leak satellite images used in this work

Satellite date Latitude Longitude Filters

Landsat 8 2022-09-29  54.877 15.409 Still sea:
$9 < 0.04 and s1 < 1.65 s9
Clouds: so > 0.04
NS2 sea foam:
S92 < 0.04 and s1 > 1.65 so
Sentinel-2B  2022-09-30  54.877 15.409 Still sea: 51 < 0.0045

NS2 sea foam: s; > 0.0045
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340 . e . .
Table 2: Landsat 8 ship trail images used in this work

#  Satellite date Latitude Longitude 73 T2

1 Landsat8 2022-09-02 55.972 11.196 0.0075 0.0400
2 Landsat8 2022-09-02 54.598 11.305 0.0050 0.0300
3  Landsat8 2022-09-02 54.268 11.699 0.0050 0.0250
4  Landsat8 2022-09-06 58.814 18.071 0.0050 0.0300
5 Landsat8 2022-09-10 59.847 25.522 0.0035 0.0250
6 Landsat8 2022-09-11 54.527 12.245 0.0040  0.0400
7  Landsat8 2022-09-11 54.537 12.220 0.0035 0.0200
8 Landsat8 2022-09-16 57.619 9.834 0.0080 0.0600
9  Landsat8 2022-09-16 57.627 9.851 0.0070  0.0250
10 Landsat8 2022-09-16 57.634 9.897 0.0080 0.0300
11 Landsat8 2022-09-16 57.682 9.814 0.0085 0.0300
12 Landsat8 2022-09-16 56.734 7.976 0.0080 0.0300
13 Landsat8 2022-09-25 57.122 10.760 0.0055 0.0300
14 Landsat8 2022-09-25 54.131 8.013 0.0065 0.0150
15 Landsat8 2022-10-02 57.574 8.855 0.0075 0.0200
16 Landsat8 2022-10-02 57.721 8.481 0.0055 0.0200
17 Landsat8 2022-10-02 57.611 9.921 0.0080 0.0250
18 Landsat8 2022-10-02 57.563 8.884 0.0065 0.0300
19 Landsat8 2022-10-04 54.461 10.261 0.0080 0.0150
20 Landsat8 2022-10-06 63.508 20.536 0.0065 0.0300
21 Landsat8 2022-10-06 54.878 13.070 0.0100 0.0300
22 Landsat8 2022-10-10 58.846 21.509 0.0070  0.0300
23  Landsat8 2022-10-15 56.613 17.809 0.0115 0.0300
24 Landsat8 2022-10-18 57.614 9.918 0.0105 0.0300
25 Landsat8 2022-10-18 57.674 9.774 0.0100  0.0500

Continued on next page
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Table 2: Landsat 8 ship trail images used in this work (Continued)

#  Satellite date Latitude Longitude 73 T2
26 Landsat8 2022-10-20 55.957 11.260 0.0250 0.0350
27 Landsat8 2022-10-20 55.169 12.888 0.0070  0.0200
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Table 3:

Sentinel-2B ship trail images used in this work

#  Satellite date Latitude Longitude 73 T2

1 Sentinel-2B  2022-09-02  56.700 7.823 0.0040  0.0400
2 Sentinel-2B  2022-09-02  56.748 7.958 0.0040  0.0400
3 Sentinel-2B  2022-09-03  54.369 11.981 0.0050  0.0400
4  Sentinel-2B  2022-09-03  54.390 11.992 0.0050  0.0400
5  Sentinel-2B  2022-09-06 56.851 11.812 0.0080  0.0600
6  Sentinel-2B  2022-09-06 56.856 11.840 0.0090 0.0300
7  Sentinel-2B  2022-09-06 57.456 11.453 0.0070  0.0300
8  Sentinel-2B  2022-09-07 54.574 18.878 0.0045 0.0400
9  Sentinel-2B  2022-09-09  55.789 10.741 0.0115 0.0350
10 Sentinel-2B  2022-09-13  54.315 11.833 0.0070  0.0400
11 Sentinel-2B  2022-09-13  54.541 11.410 0.0080 0.0150
12 Sentinel-2B  2022-09-13  54.530 11.427 0.0090 0.0200
13 Sentinel-2B  2022-09-16  56.032 10.737 0.0200  0.0375
14  Sentinel-2B  2022-09-19 57.676 9.673 0.0070  0.0400
15 Sentinel-2B  2022-09-19 57.464 10.935 0.0120  0.0300
16 Sentinel-2B  2022-09-19 57.472 8.615 0.0045 0.0500
17  Sentinel-2B  2022-09-30 54.982 18.303 0.0050  0.0500
18 Sentinel-2B  2022-09-30 54.876 17.373 0.0040 0.0350
19 Sentinel-2B  2022-09-30  54.830 13.773 0.0070  0.0300
20 Sentinel-2B  2022-09-30 54.304 13.980 0.0060  0.0400
21  Sentinel-2B  2022-10-02 57.681 9.873 0.0160 0.0350
22 Sentinel-2B  2022-10-02 57.794 9.230 0.0070  0.0410
23 Sentinel-2B  2022-10-03  54.613 11.309 0.0115 0.0400
24  Sentinel-2B  2022-10-03  54.629 11.311 0.0100  0.0500
25 Sentinel-2B  2022-10-06 54.448 12.055 0.0110  0.0400

19

Continued on next page



345

Table 3: Sentinel-2B ship trail images used in this work (Continued)

# Satellite date Latitude Longitude 73 T

26 Sentinel-2B  2022-10-06 54.442 12.008 0.0110  0.0400
27 Sentinel-2B  2022-10-07 54.880 19.232 0.0110 0.0200
28 Sentinel-2B  2022-10-10 55.528 15.159 0.0110  0.0300
29 Sentinel-2B  2022-10-12 57.679 9.650 0.0110  0.0400
30 Sentinel-2B  2022-10-12  57.621 9.932 0.0080 0.0400
31 Sentinel-2B  2022-10-16  54.292 12.024 0.0070  0.0300
32 Sentinel-2B  2022-10-16  54.580 11.277 0.0090 0.0300
33 Sentinel-2B  2022-10-16  54.568 11.278 0.0105  0.0400
34 Sentinel-2B  2022-10-19 57.788 10.140 0.0050  0.0300
35 Sentinel-2B  2022-10-19 57.673 9.715 0.0045  0.0300
36 Sentinel-2B  2022-10-20  54.800 13.774 0.0200 0.0300
37 Sentinel-2B  2022-10-30  56.678 17.251 0.0070  0.0400
38 Sentinel-2B  2022-10-30  55.284 14.162 0.0210  0.0400
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Figure 6. Individual Landsat 8 sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero

(173).
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Landsat 8 individual ship observations: 2/3
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Figure 7. Individual Landsat 8 sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero
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Landsat 8 individual ship observations: 3/3
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Figure 8. Individual Landsat 8 sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero

(3/3).
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Sentinel-2B individual ship observations: 1/4
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Figure 9. Individual Sentinel-2B sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero

(1/4).
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Sentinel-2B individual ship observations: 2/4
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Figure 10. Individual Sentinel-2B sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero
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Figure 11. Individual Sentinel-2B sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero

(3/4).
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Sentinel-2B individual ship observations: 4/4
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Figure 12. Individual Sentinel-2B sea foam observations in ship trails and least-squares linear regression lines with intercepts forced to zero

(4/4).

27



