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Lars Arneborg 2, Jukka-Pekka Jalkanen4, Anders Tengberg 1 & Ida-Maja Hassellöv 1

Estuarine and coastal areas are important sources of methane emitted to the atmosphere through
diffusion or ebullition. These processes can be triggered by pressure changes and water column
mixing, which can be induced by ships. However, the contribution of ship-triggered emissions is
unknown and missing in current emission inventories. Here we show evidence of extensive ship-
induced methane emissions and an estimated methane flux (11.1 mmol m−2 day−1) from Neva Bay
shipping lane. The flux is 10–1000 times higher than reported global estuarine/coastal fluxes, and of
similar magnitude as aquatic methane emission hotspots. Our results indicate that ship-induced
pressure changes (30–60mbar) trigger methane emission, comparable with observed emissions
induced by tidal pressure changes. The ship-triggered methane emissions corresponded to a 22%
increase of emitted carbon dioxide equivalents, compared to the combustion related exhausts. Our
results demonstrate the need to include shipping lanes when assessing estuarine/coastal methane
emissions.

Methane (CH4) is the secondmost important greenhouse gaswhen it comes
to climate forcing, and understanding the processes governing CH4 emis-
sions is necessary to assess andmitigate global warming1,2. Recent estimates
of the global CH4 budget allocate 50–65% of the global CH4 emissions to
anthropogenic sources1 and 35–41% to aquatic systems. Marine CH4

emissions comprise 3.2–7.7%3 of the aquatic sources, dominated by shallow
coastal areas and estuaries4,5, where ship traffic often is intense6,7 (Supple-
mentary Fig. 1). Shipping is one anthropogenic source of atmospheric CH4

emissions, from fuel combustion and methane slip from engines using
Liquified Natural Gas (LNG)8–10. In addition, ship induced waves have been
reported to causepressure changes triggering emissionsofCH4 fromnatural
sources11,12.

In coastal areas, CH4 is emitted to the atmosphere via ebullition and/or
diffusive gas transfer5. Ebullition events often occur in a limited time and
space, which is why they can be difficult to capture during field sampling,
leading to underestimated total CH4 emission from the investigated
area12–16. Moreover, ebullition is not accurately measured from water sam-
ples of dissolved CH4

17, but requires methods capturing CH4 present in gas
bubbles, such as floating chambers12,18, eddy covariance (EC)
measurements16, or acoustic observations of bubbles13,15,16. Diffusive emis-
sion to the atmosphere occurs when the theoretical water concentration in
equilibrium with the air partial pressure is smaller than the actual water

concentration, and is governed by the magnitude of this concentration
difference and the turbulence intensity just below the surface19,20. Large
bubbles increase air-sea gas transfer21,22 and water depth and stratification
affect the rate and efficiency of CH4 gas transfer from the sediment to the
atmosphere14,23–26. Finally, a decrease in pressure can affect both diffusive gas
transfer and trigger ebullition events11–13,15,27–29.

Ships can impact the hydrodynamic pressure at the sea floor, through
waves or by the squat effect30 (a pressure reduction below the hull in shallow
water). Moreover, shipping can introduce large bubbles in the water
column31,32 and impact water column stratification31–34, and turbulence
intensity at the surface33,34. Hence, ships can trigger ebullition events, induce
pore water pumping, and increase diffusive gas transfer and bubble ascent.
The co-occurrence of intense ship traffic and areas with high CH4 flux
(Supplementary Fig. 1), indicates that ship-inducedCH4 emissions could be
an important process, requiring further investigation.

At water depths <10m, a majority of the CH4 emitted from the sedi-
ment as bubbles will reach the atmosphere5,14. In water depths >10m, the
air-sea flux rate of CH4 is higher in a well-mixed water mass compared to a
stratifiedwatermass23–26,35,36. Turbulent shipwakes often exceed 10mdepth,
frequently reaching depths >18m33,34. Hence, ship-induced vertical mixing
could play a role in increasing the air-sea CH4 flux in areas with intense ship
traffic. CH4 ebullition events induced by bottom pressure-drop have been
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observed in relation to water level changes from tides15,37,38 and wind-
induced surface waves13, as well as weather related drops in atmospheric
pressure27. Further, pressure drop caused by the passing of ship-induced
surface waves, have been observed to trigger ebullition events12 and pore
water pumping11. Consequently, we hypothesize that the largest impact
from shipping on air-sea CH4 flux is through ship-induced pressure drops
triggering ebullition events. Acknowledging all ships to have the potential to
cause CH4 emission is, to the best of our knowledge, a novel approach
compared to previous considerations limited to the use and combustion of
carbon-based fuels8–10.

The aim of this study is to quantify ship-induced CH4 emission in a
highly trafficked CH4-rich estuarine area and to compare its relative
importance to other ship-related and natural CH4 emissions. To investigate
the physical factors governing the occurrence and magnitude of ship-
induced CH4 flux, we used Detached Eddy Simulation (DES) Computa-
tional Fluid Dynamics (CFD)modelling in full-scale, to study the turbulent

shipwake and ship-inducedpressurefieldof two ships. Twofield campaigns
were conducted in the Neva Bay, Russia (2011 and 2012) (Fig. 1), where a
PicarroCRDS (cavity ring-down spectrometer)was used tomeasure carbon
dioxide (CO2) and CH4 plumes from passing ships39,40 (see “Methods” and
Fig. 2). The known dispersion of the CO2 plume, calculated frommodelled
values of fuel consumption from the Ship Traffic Emission Assessment
Model (STEAM) model41, was used to estimate the emission of CH4,
assuminga similar dispersionof theCO2andCH4plume (“Methods” andSI
Methods). For comparison, the natural CH4 flux in the Neva Bay estuary
was measured with a floating flux chamber connected to the CRDS
instrument, in a sheltered part of the Neva River mouth (Fig. 1). The Neva
Bay shipping lane is intensively trafficked by a large variety of ships42, and
the water CH4 concentration is high43, providing a suitable field location to
observe ship-induced CH4 emissions. As a majority of the world’s largest
ports44 are located in similar shallow estuarine environments (Supple-
mentary Fig. 1), where sediment CH4 production has been observed

23,24,45,46

(SI Table 1), the results presented in this study have implications for ports
and intensively trafficked areas worldwide.

Results
Observed ship-triggered CH4 emissions
In the field observations 464 ship plumes were detected, of which 220 (47%)
fulfilled the data quality inclusion criteria in the emission analysis (see
“Methods”). Of the analysed passages 28% had a significant CH4 emission
(plume). Although delayed (44 ± 36 s), the CH4 emission generally had a
similar shape (Supplementary Fig. 2) and length compared to the CO2

plume (length 125 ± 77 s and 105 ± 36 s, for CH4 and CO2 respectively) (all
values presented aremedians and all uncertainties ± one standard deviation
(SD), unless otherwise specified). In 2012, the shipping lane was weakly
thermally stratified at 1m, with a uniform salinity �0.051 [psu] and an
oxygen saturation between 80 and 90% (Supplementary Fig. 3).

Ship type specific CH4 emissions (ECH4
) g s–1 are presented in Fig. 3.

Container and cruise ships had the largest and highest number of CH4

emissionobservations, aswell as thehighest percentage of passages inducing
emissions (77% and 76%, respectively) (Table 1). The two largest CH4

Fig. 1 | Map over the Neva Bay sampling area. Shipping lanes are indicated by
dashed blue lines and clear CH4 plume observations by dark blue circles. The
sampled section estimated to 5.46 km long and 0.12 kmwide (0.66 km2), is indicated
by the red dashed box. The location of theCTDprofile is indicated by the red star and

the chamber flux measurements by the black cross. The flood protective dam
enclosing the west side of the bay is indicated by the red line (road) crossing from the
south shore to the Kotlin island and over to the north shore.

120 m

14m
4m

HSHS

x
HI

CH4

CO2

Fig. 2 | Field work setup for the emission measurements in the shipping lane
channel.Note that the illustration is not true to scale. The smokestack from the ship
chimney is indicated as a grey plume and themethane emission in the ship wake as a
green plume. The inlet for the gas measurements was located on top of the sampling
vessel (orange ship) at 6.5 m (2011) and 8.5 m (2012) height (HI). The water depth
and dimension of the channel are indicated, as well as the distance between the
instrument and the ship (x). The ship height above water (HS) was estimated as the
keel to mast height minus the ship draught.
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plumes, induced by container ships, were >10 times larger than the con-
tainer ships’median value. Several CH4 emissions of similar magnitude as
the two container ship extremes, were present in the data not meeting the
quality criteria (see “Methods”), indicating that these high values are
extreme, but not unusual. Bulk andRoll on-Roll off passenger ships (RoPax)
had comparatively high median emission and large share of passages
inducing emission (57% and 56%, respectively).

The daily shipping lane CH4 emission from the sampled section,
estimated from a 24 h sampling period (see “Methods”), included 79
detected plumes of which 27% had a clear CH4 plume. The total CH4

emission and flux during the 24 h period was�120 kg day–1 and 0.2 gm−2

day–1 (11mmolm–2 day–1), respectively, for the section of the shipping lane
sampled during the campaign (Fig. 1). The increase in atmospheric CH4

concentration (volumemixing ratio (VMR)) was below 0.5 ppm for 77% of

the ship induced emissions and between 1.18 ppm and 4.77 ppm for the top
11% (7 passages). The diffusive sea-air CH4 flux measured using the flux
chamber in the Neva River mouth (Fig. 1), was �0.5 mmol m–2 day–1, i.e.,
around 20 times lower than the estimated shipping lane flux.

The average passage frequencywas 3.1 ± 0.41 ships h–1 and the share of
passages inducing emissions were 23 ± 5% (for frequency dataset, see
“Methods”). The share of passages of each ship typewas similar between the
days. A high-resolution temporal analysis showed that during the time
periods with no observed clear CH4 plumes, there were few passages of the
ship types frequently inducing CH4 emissions (cruise and con-
tainer) (Fig. 4).

Observed and modelled governing factors
CH4 emissions of different magnitude were visible during a range of wind
conditions (Supplementary Fig. 3). There was no correlation between ship-
triggered CH4 emission occurrence or intensity, with wind speed or direc-
tion. Higher wind speeds increase the background emission of CH4 due to
increased turbulence and diffusion18,20, however, our ship-triggered emis-
sions are calculated as emissions above background level (see “Methods”).
Likewise, there was no trend linking the occurrence andmagnitude of ship-
triggered CH4 emissions with air pressure or air temperature (Supple-
mentary Fig. 4). Thus, our results indicate that the physical parameters
governing the natural emission of CH4, are not the main factors governing
the likelihood or magnitude of ship-triggered CH4 emissions.

Large ship-induced pressure changes (ΔP) correlated with the trig-
gering (frequency) of CH4 emissions, with a threshold value around �60
mbar, above which all except two ships triggered a CH4 emission (Fig. 5a).
The two exceptions (orange data points > 60mbar) had an elevation inCH4,
but the baseline concentration variations were too large for the observation
to qualify as a Clear CH4 emission (see “Methods”). A mixture modelling
approach, integrating a logistic regression model and a log-normal regres-
sion model (see “Methods”), was used to investigate the relationship
between CH₄ emissions and the calculated ΔP estimate, ship length,
draught, and speed (Fig. 5). From the logistic regression model, odds ratios
(ORs) quantifying the likelihood of clear CH₄ emissions relative to no
emissions per specified unit increase, were calculated. The log-normal
regression model was used to estimate how the magnitude of the CH₄
emission would increase (the fold change) for the same unit increases. A
20mbar increase in pressure was associated with an OR of 4.37 (95% CI
2.99, 6.4) for triggeringa clear emission (i.e. 4.37 increase in likelihood) anda
2.99-fold increase in CH₄ emission magnitude (95% CI 2.67, 3.34) (Fig. 5).

Table 1 | Emission and vessel specifications per ship type

Ship type Nr. total
plumes

Nr. CH4

plumes
% CH4

plumes
CH4

[g s–1]
Length [m] Draught [m] Width [m] Speed [kts] Power [kW] ΔP [mbar]

Bulk 7 4 57% 3.56 175 10.1 28.5 11.1 3345 83.2

Cargo 74 4 5% 0.72 104 3.1 15.7 8.15 514 4.9

Container 26 20 77% 11.34 169 9.7 25.2 11.3 4867 61.3

Cruise 17 13 76% 5.42 279 7.9 32.2 12.2 5985 76.4

Other 6 2 33% 5.23 94 5.0 22.7 12.5 3272 38.3

Reefer 8 1 13% 6.62 150 9.1 22.5 11.8 3033 54.8

Ro-Ro 12 4 33% 1.12 153 7.0 20.7 10.7 2343 29.4

RoPax 9 5 56% 11.82 164 6.9 29.0 11.7 7918 52.4

Tanker (L) 33 7 21% 3.17 155 10.2 24.8 10.5 2913 56.8

Tanker (S) 22 2 9% 1.57 133 3.3 16.9 8.0 680 6.1

Tug 5 0 0%

Total 219 62 28%

The number of total plumes, CH4 plumes, the percentage of passages inducing a clear CH4 emission, and themedianCH4 emission [g s–1] for each ship type included in the emission analysis. The ship type
specificmedian length [m], draught [m], width [m], speed [kts], power [kW], and calculated estimated pressure change (ΔP) [mbar], of the ships categorised as having a clear CH4plume. Ro-Ro stand for Roll
on-Roll off cargo vessels, RoPax is Roll on Passenger vessels, Tanker (L) are tankers with a draught ≥5m, and Tanker (S) are tankers with a draught <5m. The other category included 1 crane ship (CH4

plume), 1 research vessel, 1 dredger, 2 vehicles carrier (1 CH4 plume), and 1 water tanker.

140

150

160

170

30

20

10

40

50

60

Bulk Cargo Container Cruise Ro-Ro RoPax Tanker (L)
n = 4 n = 4 n = 20 n = 13 n = 4 n = 5 n = 7

3.56
0.72

11.34 5.42
1.12

11.82

3.17

Fig. 3 | Observed CH4 emissions per ship type. CH4 emission [g s–1] for the seven
ship type categories which had more than three observed CH4 plumes (see “Meth-
ods”). Note the broken y-axis for the two highest container observations. The
number at each box indicate the median CH4 emission, indicated by the horizontal
line inside each box, the individual datapoints are denoted by grey x-symbols, and
grey diamonds show outliers. The number of passages (n) for each ship type is
indicated on the x-axis.
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This is in linewith theOR and fold-change calculated for the ship speed and
size (Fig. 5),which is expected since theseparameters affect the ship-induced
pressure. In summary, the results from the mixture model indicate a clear
relationship between increased ship-induced pressure and emission
occurrence and magnitude, described by the equation in Fig. 5.

There were also clear indications of ship size and speed threshold
values for the triggering of CH4 emissions (Fig. 5b–d). Ships with lengths
<125m and draughts <5m very seldom induced CH4 emissions, ships
with draughts >9m frequently induced large CH4 emissions, and ships
>250m long always induced CH4 emissions (Fig. 5b–d). Similarly, Larger
ship speed correlated with higher andmore frequent CH4 emissions, with
the largest CH4 emissions induced by ships with speeds >12 knots and
very few emissions induced by ships with a speed <9 knots (Fig. 5d),
indicating a potential speed threshold for emissions magnitude as well as

frequency. In addition to the threshold values, the mixture model results
showed a clear relationship between increased speed and size and the
likelihood and magnitude of the CH4 emissions. A 50m increase in ship
length corresponded to an OR of 5.41 (95% CI 3.15, 9.32) for clear
emissions and a 2.39-fold change in CH₄ emissions (95% CI 2.06, 2.77)
(Fig. 5). For ship draught, a 1 m increase resulted in an OR of 1.73 (95%
CI 1.47, 2.03) and a 1.76-fold change in CH₄ emissions (95% CI 1.49,
2.08), and a 1 knot increase in speed was associated with an OR of 2.35
(95% CI 1.81, 3.06) for clear emissions and a 2.37-fold change in CH₄
emissions (95% CI 1.82, 3.09) (Fig. 5).

TheCFDmodel results showed a large difference between the pressure
change (ΔP) field below the tanker (15–30mbar) and the RoPax
(30–60mbar) (Fig. 6). As the tanker corresponds to a ship not inducing
CH4 emissions, these results indicate that the ΔP threshold value for

a b

c d

Fig. 4 | Temporal variation of observed methane emissions. Estimated CH4

emission proxy (observed CH4 plume area [ppm s] multiplied with the wind speed
[m s–1], see Supplementary Methods for details) for the 2011 and 2012 frequency
dataset. (a) 30–31 August 2011, (b) 4 September 2011, (c) 28 June 2012, (d) 2 July

2012. The x-axis indicates the hour of the day. Circle colour indicates ship type, filled
circles are clear CH4 emissions and empty circles are no clear CH4 emissions. Error
bars indicate the total CH4 plume area uncertainty (se Supplementary Eq. (4)
in Supplementary Methods).
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triggering a CH4 emission lies between 30 and 60mbar, in good agreement
with our observations.

Discussion
The observed Neva Bay shipping lane CH4 flux (11.14mmolm–2 day–1), is
similar to reported fluxes from freshwater reservoirs and dams47,48, lakes47,
estuarine mudflats37,38, ebullition from CH4 hotspot regions on the Arctic
continental shelf 16, and in the upper range of observed fluxes in shallow
coastal estuaries and bays around the Baltic Sea14,49–51 (literature values in
Supplemenatry Table 1). The average and lower range of the previously

reported CH4 fluxes for Baltic Sea estuarine and coastal areas52–54 are 1–4
orders of magnitude lower than our observations. On a global scale, the
estimated CH4 flux from estuarine and coastal areas are ca 1–3 orders of
magnitude lower than our observed flux23,24,36,45,46,53,55 (Supplementary
Table 1), for continental shelfs it is ca 2–4 orders ofmagnitude lower46,51, and
the order of magnitude is the same as for rivers, lakes, and wetlands47,
indicating that the Neva Bay shipping lane is a CH4 flux hotspot.

The lower range Baltic Sea fluxesweremainly based on diffusive fluxes
(Supplementary Table 1) and would miss any potential ebullition-driven
emissions17, whereas most of the upper range observations (Supplementary
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Fig. 5 | CH4 emissions versus ship-induced pressure change, ship size, and
ship speed.Association betweenCH4 emission [g s–1] and (a) the calculated estimate
of the ship-induced pressure change (ΔP) [mbar], (b) ship draught [m], (c) ship
length [m], and (d) ship speed over ground [knots]. The dashed line depicts thefitted

mean trend, estimated using a logistic-log-normal mixture model (y). Blue dots
indicate observations categorised as clear CH4 emissions and orange dots are pas-
sages without clear CH4 emissions. Error bars indicate the 95% confidence interval
for the measurements (see Supplementary Methods for details).
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Fig. 6 | Modelled pressure change during ship passage. Pressure change (ΔP) in mbar, on the sea floor under the (a) RoPax and (b) tanker. The white horizontal lines
indicate the shipping channel edges. The grid lines are placed every 25 m.
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Table 1) and our shipping lane estimate were of the total flux including
ebullition. The Neva Bay CH4 water concentration is high compared to
other Baltic Sea areas43,52, hence a high diffusive flux is expected, as indicated
by the chamber fluxmeasurements. Still, the observed chamber flux was 20
times lower than the estimated total shipping lane flux from the CRDS
instrument observations. As the chamber measurement did not show pre-
sence of bubbles, it can be considered an estimate of the diffusive flux. Thus,
the occurrence of ebullition events could be a potential explanation for the
higher shipping lane flux, an hypothesis further supported by the observed
relationship between ΔP and CH4 emissions (Fig. 5), as pressure changes
have been shown to trigger ebullition events11–13,15,27,29.

The chamber flux measurement was made in a sheltered part of the
NevaRiver, after attempts tomeasure close to the shipping lane failed due to
waves. Although the shipping lane is more exposed and slightly deeper, we
considered the locations comparable for getting an order of magnitude
estimate of the shipping lane diffusive CH4 flux, as both locations are within
the Neva Bay estuary (Fig. 1) and have conditions favourable for methane
production and release (shallow areas and a large input of riverine organic
matter14,56). The highest previously reported summer CH4 diffusive fluxes
fromestuarine and inshore areas in theGulf of Finlandhave rangedbetween
1 and 2.8mmolm–2 day–114,50, and a global estimate for shallow shelf regions
presented a flux of >0.03mmolm–2 day–15, placing our chamber measure-
ment within one order of magnitude of previous estimates.

Our chambermeasurement and previously reportedfluxes can be used
to estimate the relative contribution of the shipping lane area (3.276 km2) to
the total CH4 emission of the entire Neva Bay area (400 km2)57. With an
ambient flux equal to ourmeasured chamber flux (0.5mmol m–2 day–1), the
shipping lane would contribute 15% of the total flux, and previously
reported fluxes (0.03 and 2.8 mmolm–2 day–1)5,14,50 give a rage of 3–77%. As
the ambient flux estimate is based on diffusive fluxes, it is likely and
underestimation. Nevertheless, the results indicate that ship-triggered
emissions could be a substantial contributor to the total CH4 emission in the
Neva Bay area.

Our observed top 10%highestmax peakCH4VMR in the flux dataset,
ranged between 1.18–4.77 ppm. They are similar to concentration increases
observed at Arctic continental shelf seep hotspots during ebullition ( >1
ppm)35, but ten times higher than storm-induced CH4 flux increase in
coastal Baltic Sea49 and reported CH4 slip peaks from LNG vessels8.

Ship-induced pressure changes of 15–20mbar have previously been
observed34, indicating that the modelled and calculated ΔP values are rea-
listic. Tide-related pressure drops of �20 mbar29 have been shown to
increase bubble release in aNorth Sea seepage area and tide-relatedpressure
changes of 92 ± 120mbar have been observed to trigger the onset of CH4

flares in a >1200m deep shelf slope seep15. Smaller changes in pressure can
also trigger ebullition, andobservations have shownan increase in ebullition
of 18% per mbar drop in air pressure27. Consequently, the calculated ΔP of
the observed vessels (0–120mbar) (Fig. 5) and the modelled ΔP field range
(15–60mbar) (Fig. 6), were both of a magnitude shown to trigger and
increase CH4 emission. Air pressure changes during our field campaigns
were of a magnitude that could influence the CH4 emissions (�22mbar),
but there was no correlation with regards to emission magnitude or fre-
quency (Supplementary Fig. 4).

Two of the largest ship types (container and cruise) triggered the most
frequent and largest CH4 emissions (Fig. 3, Table 1). However, mid-size
RoPax vessels had the largest median emissions, whereas one of the biggest
ship types (bulk) had the median. This suggests more complicated factors
than the ship size governing themethane emissions.Apotential explanation
to the high values for the cruise and RoPax ship types, is their twin screw
propeller configuration.The turbulentwake of twopropellers affects a larger
volume and area compared to a single propeller wake (Figs. 7, 8) and could
lead to a more efficient outgassing and air-sea exchange. This is in line with
observations33,34 and modelling results of ships of similar size and type34,
which report a deeper andwider penetrationofRoPax shipwakes compared
to the smaller tanker. However, all container ships had single propellers,
thus having two propellers is likely not the only parameter triggering CH4

emissions. Consequently, our results indicate a complexity in the factors
governing ship-induced CH4 emissions, and that there might be additional
ship type-specific parameters apart from speed, size, propeller configura-
tion, and ΔP, which needs to be taken into consideration. The additional
parameter ofmost interest is probably the hull shape (bulky or slender), as it
affects the ship-induced pressure and ship resistance. The operation of the
ship could alsobeof potential interest, as theway the ship ismanoeuvred can
affect the direction and intensity of the ship-induced turbulence.

Frequent outgassing of the sediments have been suggested to cause
CH4 depletion

11, requiring time to re-build the CH4 concentration between
ebullition events, but this is not supported by our results. On the contrary,
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Fig. 7 | Modelled ship-induced vertical velocities (uz) and turbulent kinetic
energy dissipation rate (ε) in the RoPax wake. Vertical cross section of the mod-
elled ship induced uz in m s–1 (a, b) and ε in m2 s–3 (c, d) over the wake width for the
RoPax case, at 5 s (a, c) and 20 s aft the propeller (b, d). Vertical cross sections of uz
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the propeller. Water depth is 14 m and indicated on the y-axis as distance from the
ship draught in metres.
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we frequently observed CH4 emissions from successive ships, and the two
largest emissions occurred within 25min of a previous CH4 emission
(Supplementary Data 1), indicating that successive ship passages increase
the likelihood of triggering emission. Our diverging results could be
explained by differences in CH4 production rate, as the previous study was
conducted in an oligotrophic and well oxygenated lake, where CH4 was
limited to the sediment11. In contrast, theNeva Bay is eutrophic57, has a high
water CH4 concentration

43 and ideal conditions for biogenic CH4 produc-
tion (see “Methods”), indicating that theCH4 concentration andproduction
rate is likely high enough to quickly re-build theCH4 concentration between
ship-triggered outgassing events. Alternatively, the environmental condi-
tions favourable for CH4 ebullition varies over time, and the timing of the
ship passage ismore important than the number of passages or type of ship.
However, during the time periods in 2012with few/no clear CH4 emissions,
there was only one passage of the ship types frequently inducing CH4

emissions (Fig. 4). This indicates that the type of ship is a more important
factor than the temporal variation in environmental conditions, but further
studies are needed to fully resolve the factor(s) governing ship-triggered
CH4 emissions.Moreover, therewere noobservations of short and intensive
CH4 emission peaks between ship passages, which would be expected if
natural ebullition was occurring, indicating that frequent event-type CH4

emission only occur if ships are passing.
Themodelling results show that theRoPax inducesmixing in the entire

water column (Figs. 7, 8), indicating that CH4 at the sea floor would be
brought to the surface by ship-induced mixing. This result is in agreement
with previous field observations33, where the median depth of ship-induced
turbulencewas 13m, frequently reachingdepths>18m, andwith aduration
of 5–10min after ship passage. Hence, with an average traffic of 2.3 ± 0.4
ships h–1, the Neva Bay shipping lane would be under frequent influence of
ship-inducedmixing, and thus a well-mixed watermass. The bubbles in the
turbulent wake31,32 will further increase the air-sea gas flux. Consequently,
ship-induced turbulence is likely increasing the diffusiveCH4flux rate in the
shipping lane. However, the respective contribution from increased diffu-
sive flux and the triggering of ebullition events is yet to be established, but
previous studies have shown that when ebullition occurs it exceeds the
diffusiveflux12,47,48. As ourmeasurementsweremade abovewater, the results

cannot be used to resolve the emission/ebullition processes in the sediment.
Hence, future studies should include in situ pressure observations and
underwater flux/ebullition estimates using acoustic instruments (i.e. an
echosounder or sonar)13,29,35. However, near ship in situ observations in
shipping lanes are challenging and needs to be further developed.

As biogenic CH4 production increases with higher
temperatures14,23,28,48,54, our observations are representative for the summer
period. Extrapolating our estimated daily total CH4 emission from theNeva
Bay shipping lane (117 kg d–1) for the entire summer period (13 weeks),
would give a total emission of CH4 of 10.7 Mg. Using a conservative
approach with a CH4 conversion factor of 27 ± 11 over a 100 year time
scale58, the CH4 emissions gives a greenhouse gas potential (GGP) of
0.29 ± 0.17 Gg CO2 equivalents per summer or 3.2 ± 1.8 Mg d–1. In com-
parison, a 20-year timescale and a conversion factor of 79.7 ± 25.858 gives
0.85 ± 0.39 Gg CO2 equivalents or 9.3 ± 4.3 Mg d–1. If the emissions are
extrapolated to the entire Neva Bay shipping lane, the values will be five
times higher (1.6 Gg). The daily variation in the occurrence andmagnitude
of ship-induced CH4 emissions, makes this an uncertain estimate, but it
gives an indication of the order of magnitude.

During a 24-h measurement period, the CH4 emissions when pas-
sing the Neva Bay, on average corresponded to 22 ± 13% (100-year
timescale) and 66 ± 30% (20-year timescale) of the CO2 GGP from the
ship’s fuel combustion (14 Mg d–1), for the ships triggering a clear CH4

emission. The percentage varied between ship types, with large tankers
having the highest percentage (35 ± 20%) and cruise vessels the lowest
(18 ± 11%), on a 100-year timescale. Considering that these observations
were made in 2011 and 2012, and the International Maritime Organi-
sation (IMO) goal of peaking greenhouse gas (GHG) emissions from
international shipping as soon as possible, reaching net-zero GHG
emissions by or around 205059, this percentage will increase. Moreover,
this ship-related emission will remain, as it is not addressed by the
current emission reduction strategy59. Considering the results of this
study, a potential mitigation for ship-induced CH4 emissions, would be
smaller and slower vessels, a measure which would also reduce the
emission of underwater noise60, hence give synergistic effects in reducing
the environmental impact from shipping.
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Our observations reinforce the challenge of assessing the large spa-
tiotemporal variation of CH4 emissions, and the importance of under-
standing the governing processes when planning field observations.
Generally, shipping lanes and intensely trafficked areas are avoided during
field observations. As shipping lanes are potential local CH4 emission
hotspots, they should be included when estimating natural emission/flux
fromcoastal and estuarine areas.Moreover, theprocess of ship-triggeredgas
flux in estuarine areas is not only affecting CH4 but could also affect
emissions of other GHGs in the water column, such as nitrous oxide (N2O)
and CO2. As N2O has an even higher global warming potential than CH4,
and is known to be produced in estuarine hypoxic areas46, it would be
relevant to include N2O emissions in future estimates of ship-triggered
GHG emissions from shipping lanes.

As a majority of the world’s largest ports44 are located in waters with
CH4 rich sediments23,24,45,46 (Supplementary Table 1), the contribution of
ship-induced CH4 emissions have global implications, and needs further
investigation. Hence, future studies should include in situ measurements of
the below-ship pressure, sediment CH4 flux, and CH4 concentrations in the
water, to better resolve the correlation between the ship-induced pressure
change andCH4 emissionmagnitude andoccurrence. To conclude,wehave
shown that ships do not only emit greenhouse gasses through fuel con-
sumption but can also trigger significantCH4 emissions fromnatural source
and, most importantly, that these emissions are frequently overlooked due
to a lack of sampling in shipping lanes.

Methods
Field campaign
During twofield campaigns fromAugust 25 to September 4, 2011, and from
June 27 to July 4, 2012, shipborne observations of ship plumes (NOx, SO2,
CO2andCH4)were carriedout in theNevaBay (Fig. 2 for illustrationoffield
work setup). A detailed description of the campaigns has previously been
published39, except for the CH4 measurements described in this work.

The inlet channel to Saint Petersburg in Neva Bay (Fig. 1), was the site
of ship measurements conducted during this study. Neva Bay is a shallow
estuarine lagoon located at the mouth of the Neva River, which is closed off
from theGulf of Finland by aflood protective dam61 (Fig. 1). The ship traffic
is limited to two designated vessel gates, with the 200m wide main vessel
gate located just southof theKotlin island61,62. The generalwater depth in the
bay is 2–5m, but between the main vessel gate and Saint Petersburg port
there is a dredged navigation channel which is approximately 14m deep,
120m wide, and 27.3 km long (Wärtsilä NaviPlanner Tool, Electronic
Navigational Chart) (Fig. 2). The sediment in the dredged channel and large
part of the area surrounding the channel, is silty-claymud61,63. The estuary is
well mixed with a low salinity (0.07–0.2 psu) and occasional intrusion of
brackishwater during surge events57. TheNevaBay is eutrophic, with a large
input of organic matter57 and high water CH4 concentrations have been
observed (mean 95 nmol L−1)43. The average water discharge from theNeva
River is 2490m3 s−1 64 with an estimated riverine CH4 of 0.25mol s−1 43. The
shallow water depth, large riverine input of organic matter, dam structure,
and low salinity of the Neva Bay65, provide ideal conditions for biogenic
production of CH4 in the sediment4,14,56.

Field observation instrumentation
The primary instrument used in the study was a Picarro CRDS (cavity ring-
down spectrometer) model G2304. This instrument sequentially measures
CO2, H2O, and CH4 values with a sampling frequency of 1Hz, with each
species being measured for approximately 0.3 s. The detection limits (3σ) for
CO2 and CH4 are 200 ppb and 1 ppb, respectively. The CRDSwas connected
to an inlet at a height of 5m through a 6mm Teflon tube. For water-air flux
measurements, a floating flux chamber was used, consisting of a plastic tube
with a height of approximately 200mm and a diameter of 130mm. The
chamber was connected to the CRDS by circulating air through it using an
external pump. The flux chamber required still water to give accurate mea-
surements, thus could not be used in the wind-exposed shipping lane and
was therefore deployed in a sheltered part of the Neva River mouth (Fig. 1).

To measure the speed and direction of the wind, a sonic wind metre
(Airmar 200WX-IPX7) was used, which transmits ultrasonic waves
between its two sensor heads. Automatic Identification System (AIS) data
for the observed ships were logged and used to obtain vessel specific
information about ship speed. In addition to gas measurements, water
sampling was conducted at different depths to measure oxygen levels,
salinity, and temperature using a Sea-Bird SBE19plus (Sea-Bird Electronics,
Inc.) CTD (conductivity, temperature, depth).

CH4 emission and flux calculation
The CRDS measures the volume mixing ratio [x] of a certain gas and for
each detected plume a time integrated value (xArea), was calculated
according to (Eq. 1):

xArea ¼
Z plume end

plume start
x½ � � ½xBackground�

� �
dt ð1Þ

where ½xBackground� is the background volume mixing ratio on either side of
the plume (Supplementary Fig. 5). A typical measurement of a by-passing
ship is shown in Supplementary Fig. 2, for both CO2 and CH4, and here the
distinct time lagbetween the twoplumes shouldbenoted.This clearly shows
that the plumes have different origin, i.e. ship exhaust and the wake water
behind the ship.More details of the area calculation of the plume are shown
in Supplementary Fig. 5. An in-house developed software (IGPS)46 was used
to identify CO2 and CH4 plumes in the CRDS observations and match the
plumes with ships in the AIS data. The instrument position, ship position,
and timestamps at the beginning and end for each analysed plume are noted
in SupplementaryData1.The IGPS softwarewas alsoused to calculatexArea,
max peak height, and the average and standard deviation of
½xBackground�(Supplementary Fig. 5).

To calculate the CH4 emission [g s–1], denoted ECH4
, the ratio of the

measured time integrated areas of CH4 and CO2 was multiplied with the
modelled fuel consumption [gCO2

s–1] for each ship at the observed speed,
obtained using the Ship Traffic Emission Assessment Model (STEAM)
model41, as expressed in Eq. (2):

ECH4
¼ QCO2

�
R plume end
plume start CH4

� �� ½CH4Background�
� �

dt×MCH4R plume end
plume start CO2

� �� ½CO2Background�
� �

dt ×MCO2

ð2Þ

Where ECH4
is CH4 emission [g s–1],QCO2

is modelled CO2 emission [g s–1]
and the integrals correspond to the plume areas (xArea) from the measure-
ments. A CH4 molar mass (MCH4

) of 16.04 gmol–1 and a CO2 molar mass
(MCO2

) of 44.01 gmol–1, was used.
This approach is similar to the one used for remote measurements

of emission factors of NOx and SO2 [gpollutant/kgfuel]
39. It should be noted

that it is assumed that CO2 and CH4 disperse in the same manner in
height, despite their different origins. This assumes that these measure-
ments are conducted far enough away from the ships (>1000m) to allow
for a homogeneous mixing in the lower atmosphere. The dispersion error
associated with this assumption was estimated to be lower than 60%,
unless the vessel is large and passing very close to the instrument (full
discussion on dispersion error estimate available in the Supplementary
Methods and Supplementary Fig. 6). A dispersion error parameter was
not included in the emission uncertainty estimate (see Supplementary
Methods for uncertainty estimate calculation), as information about the
ship wind wake effect was not available.

The ship-induced CH4 emissions in Neva Bay were calculated for a
5.46 km long area in the dredged shipping lane channel (120m wide) where
themeasurements were generally carried out (Fig. 1). The total CH4 emission
per ship passage was calculated by multiplying the CH4 emission rate for
each ship with the time the ship spent in the shipping lane, based on its
speed. To be included in the CH4 emission calculation, a plume had to meet
four criteria: (1) have a significant CO2 plume; a CO2 plume was considered
as significant if the average volume mixing ratio (VMR) of CO2 was greater
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than three times the standard deviation of the CO2 background level on both
sides of the plume, and the area of the plume was greater than 20 ppm∙s., (2)
match with a single ship in the AIS database; co-occurring ship passages
disabled assignment of the observed ship induced CH4 emission to a single
ship, (3) have a complete observation which was free from interruptions by
instrument calibrations, and (4) originate from a ship present in the STEAM
ship database. For CH4 emissions, the categorization of a significant plume
(denoted clear CH4 emission) was more conservative than for the CO2

plume, with an average VMR of CH4 greater than four times the standard
deviation of the CH4 background level. The total daily ship-induced CH4

emission in the studied area was calculated by summing all the ship-induced
CH4 emissions from a 24-h measurement period (14:26:46 August 30 to
14:33:14 August 31, 2011). Observations fulfilling the four requirements for
inclusion in the CH4 emission dataset, were used directly in the total daily
emission calculation. Three observations had clear CH4 emissions, but lacked
a clear CO2 plume, a clear ship match, or was not present in the STEAM
database, and for those passages the ship type median CH4 emission was
used in the daily emission calculation instead of the ship-specific emission
(Table 1). The total daily ship-induced CH4 flux (FSL) (mmol m−2 day−1) in
the sampled area of the shipping lane, was calculated by dividing the total
daily ship-induced CH4 emission with the sampled section area (0.66 km2).

Frequency dataset
The daily CH4 flux in the shipping lane was estimated by dividing the total
daily ship induced CH4 emission by the area of the ship channel in the
sampled section. However, since the CH4 emission dataset only included
47% of all the detected plumes, it was not suitable for estimating the CH4

emission frequency. Therefore, an additional CH4 emission frequency
dataset was created, containing observations from five of the sampling days,
selected for their high volume of ship passages and favourable sampling
conditions. All detected emissions, except those observed duringmovement
and calibrations, were included in the frequency dataset. Nevertheless, a
large portion of the frequency dataset either lacked the AIS-data (6%), and
no shipwas allocated to the emission, or a significantCO2plumewas lacking
(32%). Thus, the CH4 emission rates could not be obtained directly using
Eq. (2). The CH4 emission can also be calculated if the dilution of the
observed plume is known, however, accurately calculating a dilution factor
for eachobserved plumewas outside the scope of this study.Nevertheless, as
the dilution is related to the wind speed, we calculated an emission proxy
(Eproxy) using the observedmixing ratio area xArea [ppm s] fromEq. (1) and
the wind speed Uwind [m s−1], according to Eq. (3):

Eproxy ¼ xArea � Uwind ð3Þ

Eproxy thus represents themagnitude of the observed emission corrected for
wind speed (with the arbitrary unit [ppmm]), which provides an emission
estimate which can be used to compare the relative magnitude of the ship-
triggered emissions betweenpassages. The emissionproxy clearly correlated
with the calculatedCH4 emissions (R2 = 0.8553) (Supplementary Fig. 7) and
was considered suitable to estimate emission frequency and indicate the
relative magnitude between emissions (see Supplementary Methods for
details).

All vessel informationwas retrieved from the Sea-web Ships66 database.
The uncertainty was calculated following the GUM (Guide to the Expres-
sion of Uncertainty in Measurement) ISO/IEC Guide 98-3:200867 (details
in Supplementary Methods).

Ship-induced pressure change calculation
According to Bernoulli’s principle, assuming negligible energy loss, the
decrease in pressure under the ship is proportional to the increase in square
of the water speed in a frame of reference following the ship. Here, the
change in pressure (ΔP) has been estimated according to Eq. (4):

ρ

2
U2

s�U2
0

� � ¼ �ΔP ð4Þ

whereU0 is the ship speed,which represents the upstreamundisturbedflow
towards the ship in a frame of reference following the ship, Us is the water
speed under the ship [m s–1], also relative to the ship, ρ is the water density
[kg m–3] (�1000 kgm–3, Supplementary Fig. 3), and -ΔP is the change in
pressure [Pa]. In a frame of reference following the ship, the water flowing
towards the ship needs to accelerate to keep the mass flux constant past the
obstacle. The amount of acceleration depends on the cross-sectional area
around the ship that is influence by its presence. If the width that is
influenced isw0, the average velocity inside this areaandoutside the ship can
be calculated from continuity according to Eq. ( 5), to be

Us ¼ U0 �
w0 × h

ðw0 × h� ws ×DÞ
ð5Þ

wherew0 is thewidthof the influenced area,ws is thewidth [m]of the ship,h
is the channel water depth (14m), and D is the ship draught [m]. This is a
lower estimate of themagnitudeof thepressure drop, since it is assumed that
the water accelerates uniformly around the ship in the whole cross-section,
whereas, in reality, the acceleration, and thereby the pressure drop, is larger
close to, and below the ship.

Relative contribution of ship-triggered CH4 emissions
The relative contribution of the ship-triggered CH4 emissions in the ship-
ping lane (ECH4 ;SL

) compared to the total Neva Bay CH4 emission, was
estimated according to Eq. (6):

QuotaECH4
;SL ¼

FSL � ASL

ðFNB � ðAtot � ASLÞ þ FSL � ASLÞ
ð6Þ

Where FSL is the daily shipping lane flux, ASL is the shipping lane area
(27.3 km � 120m), FNB is the ambient daily flux in theNeva Bay, andANB is
the Neva Bay area calculated as the total Neva Bay area (Atot) minus the
shipping lane area (ASL).

CFD modelling of ship-induced pressure and turbulence
To complement the field measurements, CFD simulations were performed
of two different ships in the environment studied. The objectives were to get
detailed information on the pressure field imposed by the ship and the
mixing incurred by the fluid motions caused by the propeller in the ship
wake. Detailed ship data were not available for any of the observed vessel,
such as hull design, draft, propulsion arrangement, or shaft rpm. Thus, two
generic ship models were selected as representative vessels for ship types
with different emission characteristics in the field observations, one single
screw tanker and one twin screw RoPax. The tanker had a waterline length
of 96.7m, beam of 15.4m, draught of 6.0m, and a speed of 10 knots. The
RoPax had a waterline length of 172.1 m, beam 14.4m, draught 6.8 m, and
speed 12 knots. The tanker geometry was similar to the vessels not inducing
clear CH4 emissions in the large tanker category (Supplementary Data 1),
and the RoPax vessel was similar to the RoPax vessels in the dataset, which
often induced clear CH4 emissions. The seafloor bathymetry was created to
mimic the water depth (14m) and width (120m) of the shipping lane, with
the depth outside the lane being 4m (Figs. 2, 6); the full area simulated was
700 × 550m.

The ships were simulated in full-scale using DDES (DelayedDetached
Eddy Simulation) modelling and the k-ω-SST turbulence model with wall
functions68. The open source libraries of OpenFOAMwere used to perform
the simulations69. In order to capture the turbulence generated by the
propeller and the induced rotational effects on the ship wake, resolved
rotating propellers were used in combination with a refinement box
stretching aft of the ship for several ship lengths. However, to save com-
putational effort, the ship generated waves were not resolved. At the ship
speeds in question, waves are small and are not expected to contribute
substantially to the pressurefield on the seafloor.Mesh sizeswere 22Mcells
for the tanker and 42M cells for the RoPax. Cell sizes around the propeller
were below 2mm transitioning to 10 cm in the wake region. Simulations
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were run for more than 30 s real time with a time step corresponding to less
than 0.05° of propeller revolution.

Statistical analysis
The relationship between CH₄ emissions and ship characteristics, including
length, draught, speed, and pressure variations, was investigated using a
mixture modelling approach. This method integrated a logistic regression
model to differentiate between the presence or absence of clear CH₄ emis-
sions, and a log-normal regression model to estimate CH₄ emission con-
centrations when emissions were detected. The equation for the fitted curve
followed the form in Eq. (7):

y ¼ 1
1þ ea�bx

� ecþdx; ð7Þ

where the first term represents the logistic function, the second term
represents the log-normal regression function, x is the value of the
explanatory ship-related variable (e.g. pressure change), and a, b, c, and d are
parameters estimated from the data. Odds ratios (ORs) from the logistic
regressionmodel were used to quantify the likelihood of clear CH₄ emissions
relative to no emissions per specified unit increase (20mbar pressure, 1m
ship draught, 50m ship length, and 1 knot speed) in the explanatory
variables. Additionally, log-linear quasi-Poisson regression was employed to
estimate fold changes in CH₄ emissions per specified unit of increase in these
variables. Analyses were performed using SAS Enterprise Guide 8.4.

The correlation between CH4 emission magnitude and temperature
and air pressure, was estimated as the R2 value from a linear regression fitted
to the clear CH4 emissions in the frequency dataset versus air pressure/
temperature measurements from the St Petersburg station in the Interna-
tional Surface Pressure Databank version 470. The correlation between
emission frequency and air pressure/temperature was tested using a single
factor analysis of variance (ANOVA) (alpha 0.05), with the null hypothesis
that the mean air pressure/temperature in the clear CH4 emissions group
(frequency dataset) was not statistically significantly different from the
mean air pressure/temperature in the no clear CH4 emissions group (fre-
quency dataset).

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper, its Supplementary Information files, and in
Zenodo with the identifier https://doi.org/10.5281/zenodo.1531315871, and
the International Surface Pressure Databank version 4 (https://doi.org/10.
5065/9EYR-TY90)70. Should any raw data files be needed in another format
they are available from the corresponding author upon reasonable request.
The AIS data and technical description of the world fleet used as input to
STEAM are governed by contracts with third parties and cannot be shared,
but these data are openly available for purchase from their providers.

Code availability
The IGPS software and its source code is the property of Chalmers Uni-
versity of technology and is not available for people outside Chalmers. All
calculations performed using the IGPS software are described within the
paper. STEAM and its source code are property of the Finnish Meteor-
ological Institute (FMI) and are not available.
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