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Sudden mega natural gas leaks of two Nord Stream pipelines in the Baltic Sea (Denmark) occurred from
late September to early October 2022, releasing large amounts of methane into the atmosphere. We
inferred the methane emissions of this event based on surface in situ observations using two inversion
methods and two meteorological reanalysis datasets, supplemented with satellite-based observations.
We conclude that approximately 220 ± 30 Gg of methane was released from September 26 to October 1,
2022.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
In late September 2022, according to the Danish Energy Agency,
several leaks were discovered in the submerged Nord Stream 1 and
Nord Stream 2 gas pipelines in the Baltic Sea near Sweden and
Denmark [1]. On the morning of September 26, a leak from the
Nord Stream 2 pipeline was detected in a location (54.88� N, 15.41�

E) to the southeast of the island of Bornholm, Denmark. That eve-
ning, the North Stream 1 pipeline also started to leak in two loca-
tions (55.54� N, 15.60� E and 55.56� N, 15.79� E) to the northeast of
Bornholm (Fig. 1a). Although neither pipeline was transporting
natural gas at the time of occurrence of the leaks, they still con-
tained large amounts of pressurized methane, which was ejected
and produced large bubbles on the sea surface (Fig. 1b). As the
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pressurized methane leaked through the broken pipe and moved
toward the sea surface, the size of the bubbles increased as the
surrounding pressure decreased. Upon reaching the sea surface, the
vast bubbles disturbed the sea surface above the location of each
rupture. The Planet, Landsat-8, GF5-02-AHSI, Sentinel-2, and
Sentinel-1 satellites all acquired relatively precise imagery of the
bubbles. From September 26 to October 1, bubbles with diameters
of 0.5e0.7 km were observed by different satellite platforms
(Fig. 1c). The Danish Energy Agency announced on October 2 that
the gas leaks from the North Stream pipelines had terminated.

Methane, a more powerful greenhouse gas than carbon dioxide
of equivalentmass, has contributed 1.2Wm�2 to direct and indirect
radiative forcing since industrialization, making it the second most
important greenhouse gas concerning climate change [2]. Most
scientists and policymakers globally have reached a consensus
regarding the need to reduce and control methane emissions [3,4].
Because methane has a lifetime of approximately a decade, this
sudden mega leak of methane is likely to aggravate the already
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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Fig. 1. a, Locations of leaks in the Nord Stream 1 and 2 pipelines. The black dots identify the Integrated Carbon Observation System (ICOS) sites of Birkenes (BIR), Hyltemossa (HTM),
Norunda (NOR), and Ut€oeBaltic Sea (UTO), and the red stars represent the locations of the leaks detected on September 26, 2022. beg, Remote sensing imagery of the escaping gas.
bec, The remote sensing images of the area of the Nord Stream 1 pipeline leak on September 29 (b) and October 1 (c), which were acquired by the Sentinel-1 satellite. deg, The
remote sensing images of the area of the Nord Stream 2 pipeline leak, acquired by the Planet (d), Landsat-8 (e), GF5-02-AHSI (f), and Sentinel-1 satellites (g), from September 26 to
October 1, 2022. We use Coordinated Universal Time (UTC) throughout this paper.
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severe global climate change situation. Therefore, quantifying the
actual emissions associated with this incident is urgently required.
Here, using in situ and satellite observations, we applied a multi-
source inversion approach to estimate the rate of methane emis-
sion and its variation at the leak site of the North Stream natural gas
transmission pipeline and to quantify the total mass of leaked
methane.

The methane concentrations monitored by the Integrated Car-
bon Observation System (ICOS) at several sites in the southern
Nordic region (Fig. 1a), and the transport of methane simulated by a
plume model, confirmed that the leaks affected a large area of
Europe within a short period following their initial occurrence.
Methane concentrations at the Birkenes (BIR), Hyltemossa (HTM),
Norunda (NOR), and Ut€oeBaltic Sea (UTO), located to the north of
the leak area, all presented multiple notable peaks and sharp
fluctuations in methane concentration from September 27 (Fig. 2a).
The simulation of the in-line plume rise calculation in the Com-
munity Multiscale Air Quality (CMAQ) model (Methods S1 in the
Supplementary) indicated that the methane was transported to
both UTO and NOR by early on September 27 (Fig. 2b and c). Then,
the plume shifted westward from late September 27 to 28, and the
methane reached the sea to the west of Norway after passing across
2

HTM and BIR (Fig. 2d and e). The plume then reached the United
Kingdom by September 28, and further westward transport
continued on September 29. Although the magnitude of the fluc-
tuations on September 29 was much lower than that on the pre-
vious two days, HTM still experienced marked fluctuations in
methane concentration (Fig. 2f and g). The methane leakage rate is
likely to gradually decrease as the pipeline gas pressure drops. The
leak continued on September 30 and affected regions to the east of
the leak area. The peak methane concentration at the Nordic sites
decreased as the leak intensity diminished, and the direction of
transport shifted. In comparison with the period before the leaks,
the highest hourly methane concentration during September
27e30 at HTM, BIR, NOR, and UTO increased by 317, 351, 306, and
63 ppb, representing increases of 17.4%, 15.7%, 15.1%, and 3.1%,
respectively, in relation to the pre-leak levels.

Although optical satellites can provide information on the radius
of methane bubbles on the water surface, such data are not
equivalent to methane emission rate. Here, we used three atmo-
spheric inversion methods (M1, M2, and M3) of different observa-
tions to quantify the methane emissions. M1 and M2 used different
atmospheric transport models (i.e., the Weather Research and
Forecasting (WRF)-the Community Multiscale Air Quality model



Fig. 2. a, Methane increments at the four ICOS sites of BIR, HTM, NOR, and UTO. beg, Plume simulations at peak concentration from September 26 to October 1, 2022.
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(CMAQ) [5] and Stochastic Time-Inverted Lagrangian Transport
(STILT) models [6,7]) and meteorological information (i.e., the Fifth
Generation Atmospheric Reanalysis of the Global Climate (ERA5)
[8] and Global Forecast System (GFS) [9] datasets), thereby
providing an assessment of transport errors. M3 mapped methane
emission from the sea surface with spaceborne imaging spec-
trometers by employing a simple Beer's law retrieval [10] and in-
tegrated mass enhancement method (IME) [11].

In M1 and M2, we estimated the temporal variation of methane
emissions from these leaks using in situ concentration measure-
ments from the four ICOS sites (BIR, HTM, NOR, and UTO) [12e15].
We determined the background methane level at each of the four
sites as the median of all September observations before September
26 and computed the methane enhancement by removing the
background value from the raw data.

In M1, we assumed an initial emission rate of 1000 t h�1, and we
used the WRF-CMAQ model to calculate the hourly concentration
contribution from September 26 to October 1 for each 12-h emis-
sion period at each station. The WRF-CMAQ simulation was driven
by 0.25� � 0.25� global meteorological fields from ERA5 with a
spatial resolution of 9 km. The methane emission rate for each time
period was then derived by applying an initial guess (1000 t h�1)
with the ratio of the simulated concentration contribution and the
observed methane enhancement. We also examined the uncer-
tainty of the emission estimates using alternative background
levels.

In M2, we used the STILT model to characterize atmospheric
transport. The STILT simulation was driven by 0.25� � 0.25� global
meteorological fields from the National Centers for Environmental
Prediction (NCEP) operational GFS analysis with a spatial resolution
of 0.1� � 0.1�. We first derived the sensitivity of methane
enhancement at each ICOS site to the emission rate based on the
STILT simulation, which computed the movement of particles
3

released from the leak. Then, we solved a Bayesian inverse problem
to estimate the hourly methane emission fluxes (posterior emis-
sions) [16]. We assumed a prior emission of zero from the leaks
with a Gaussian prior error of 2500 t h�1 and a Gaussian observa-
tion error of 30 ppbv, mainly attributable to uncertainty in the
transport model. We also calculated posterior errors to assess the
uncertainties of this inversion.

In addition to in situ observations, methane monitoring data
from satellites were used for comparisons. In M3, we detected the
methane plume by using Landsat-8 and Sentinel-2 satellites. The
first step is the derivation of the methane concentration enhance-
ment (DXCH4

) map. The applied DXCH4
retrieval method is based on

the simple band ration between a band sensitive to methane and a
spectrally close band with no sensitivity (or minimum sensitivity).
In Landsat-8, we have used band B7 as the band with the highest
sensitivity and B6 as the closest band with the lowest sensitivity
and in Sentinel-2 bands B12 and B11 in the same order. Once we
obtained the DXCH4

map, we performed a plume mask to select
methane plume pixels and quantify the emission. Finally, we con-
verted the selected pixels into flux rate (Q) by applying the IME
method.

Using the methods described above (details refer to Methods
S2eS4), we performed temporal inversions for the leakage. The
temporal resolutions of M1 and M2 are 12 and 1 h, respectively. For
comparison, we averaged the results of M2 over 12 h to report
methane emission rates. Both M1 and M2 emission rates show an
overall trend of reduction as the leakage developed (Fig. 3c),
consistent with the trend of the inversion results produced by the
Norwegian Institute for Air Research [17]. Additionally, the results
for both M1 and M2 show strong agreement with the increase in
the number of leakage points. The two leaks in Pipeline 1 started
leaking approximately half a day to a full day later than the leak in
Pipeline 2. Both M1 and M2 present a significant increase in



Fig. 3. Relative enhancements based on satellite observations (aeb) and inversion
results of methane emissions from in situ observations (ced). Relative enhancement of
the plume at the Nord Stream 2 leak site was calculated from the Landsat-8-OLI sat-
ellite on September 29 (a) and from the Sentinel-2B satellite on September 30 (b). c,
The emission rate of individual leak sites on September 30 in M1 (blue) and M3 (gray),
with the black line indicating the uncertainty range. d, Inversion results of methane
emissions based on in situ observations. The solid line and the dashed line indicate the
12-h average and the linear fit of the emission rate, respectively. The gray shaded area
indicates uncertainty.
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emission rate on the morning of September 27. During the night of
September 28, another leak occurred in Pipeline 1, and the emission
rate rebounded. The estimated methane emission rate during
September 26e28 using M1 and M2 ranged from 1005 to
5340 t h�1 (M1) and 810e4961 t h�1 (M2). The Copernicus Atmo-
sphere Monitoring Service estimated the leak to be 175 Gg during
the first two days of the incident (September 26e27) [18], which is
slightly higher than our M1 and M2 estimates of 159 ± 21 and
119 ± 39 Gg during the same period (Table S1). Although the
models and algorithms of M1 and M2 are different, the estimation
of the total leakage is highly consistent, suggesting the reliability of
our estimates. Besides, we performed forward simulations using
the inverse emission results of M1 and M2, respectively
(Figs. S2eS3), and the simulation can reasonably capture the
methane enhancements observed at the four ICOS sites, which also
validates the reliability of our results. Because M1 provides a longer
time series, we used the M1 method to assess the total amount of
methane emission during the entire incident. The total amount of
methane leakage was estimated to be 220 ± 30 Gg before noon on
October 1; that is, slightly higher than the estimation of the Nor-
wegian Institute for Air Research (56e155 Gg) for the same period
[17]. This might be attributable to the fact that the two estimations
were based on simulations with different resolutions and different
observations.

We also estimated the total methane emission using the pipe
dimensions and changes in gas pressure. First, from the inner
diameter (1.153 m) and length (1224 km) of the circular pipeline
[19], we calculated the pipeline volume as 1.27 � 106 m3. Next,
using the Natural Gas Density Calculator (https://www.unitrove.
com/engineering/tools/gas/natural-gas-density), and based on the
change in gas pressure (drop from 105 bar to 7 bar, see https://
www.archyde.com/from-105-to-seven-bar-pressure-drop-in-
nord-stream-2/), gas temperature (assumed to be 5 �C), and
methane content (assumed to be 96.5%) in the pipeline, we calcu-
lated that the change of gas density in the pipeline was
4

93.583 kg m�3. Finally, we calculated that approximately 115 Gg of
methane leaked from each pipeline, giving a total of approximately
230 Gg from the two pipelines. Our inversion (220 ± 30 Gg) is very
consistent with this calculation.

We further used two satellite images acquired by the Landsat-8-
OLI and Sentinel-2B on September 29 and 30 to detect methane
plumes over the Nord Stream 2 leak (Fig. 3a and b). For example, the
result derived from Sentinel-2B showed that DXCH4

was as high as
approximately 15 ppm (https://twitter.com/MethaneData/status/
1575928109463138304). According to the methods of Varon et al.
[11], the methane point emission could have been approximately
72 ± 38 t h�1. Although this emission rate is generally comparable
with our results derived from atmospheric inversions (i.e.,
122 ± 11 t h�1 for the morning of September 30 (Fig. 3c)), it
probably includes significant uncertainties attributable to two
possible reasons. First, the spectral reflectance of the bubbles (very
bright) might have contributed a large fraction of the reflected
radiance, which is difficult to separate from the absorption of
methane in the SWIR band. This probably leads to an over-
estimation ofDXCH4

. Second, the satellite imagesmissed a large part
of the plume (the one overwater) becausewater can absorbmost of
the sunlight in the SWIR range used for methane retrieval, espe-
cially in relation to the nadir observations of Landsat-8 and
Sentinel-2. Thus, considering the influence of both bubble reflec-
tance and water absorption, the relative enhancement of the two
plumes detected over the Nord Stream 2 leak is shown in Fig. 3a
and b.

Fortunately, the impact of the sea surface can be reduced for
satellites in the sun-glint observation mode [20], which was the
case for the GHGSat observations acquired on September 30. From
measurements over the Nord Stream 2 leak, GHGSat estimated a
methane emission rate of 79 t h�1 at 10:28:12 UTC and 29 t h�1 at
12:56:32 UTC. However, this large variation in emission rate within
a 3-h period might indicate the influence of different sunlight in-
tensities at the time of each acquisition. Muchmorework is needed
in the future to investigate problems with regard to satellite ob-
servations, particularly the avoidance of possible artifacts attrib-
utable to the impact of bubbles.

After the sudden mega leaks of the two Nord Stream pipelines,
satellite and in situ observations showed signals of significant
methane emission. Results showed that the ambient atmospheric
methane concentration in the southern Nordic region increased by
up to 17%. Using multisource observations interpreted with
different inversion systems, we estimated the evolution of the
methane emission rate during this incident. We found a leakage
rate of approximately 5000 t h�1 in the early stage of the event and
an overall gradual decrease in the emission rate thereafter. The total
amount of methane leaked was estimated to be 220 ± 30 Gg before
noon on October 1. This figure surpasses the Aliso Canyon gas leak
(100 Gg) that occurred in California in 2015 [21], making the Nord
Stream leak the largest gas leak ever reported. In IPCC (AR6) [2], the
100-year global warming potential compared to carbon dioxide of
methane ranges from 27.2 to 29.8. This means that 220 Gg of
methane has the same global warming potential as 6200 Gg of
carbon dioxide. Using the 2019 anthropogenic methane emission
data of the World Resources Institute (all converted to carbon di-
oxide equivalent (MtCO2e)) [22], the 220 ± 30 Gg of methane is
about 0.08% and 85% of global and Danish annual anthropogenic
methane emissions, respectively, and comparable to the annual
anthropogenic methane emission in Austria (6.20 MtCO2e). Un-
certainties in the prior error for emissions, background levels, the
small size of the spill area, bubble reflectance, and the high water
absorption caused unavoidable uncertainties in the derived results.
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