





Article

Extended DataFig.1|CH,emissionrates for the (A) NS1A pipeline, (B) NS1B pipeline and (C) NS2A pipeline sections modelled using PBREAK (orange) and
CATHARE (blue). Note we do not show shaded uncertainty bounds (as in Figs. 3 and 4) to maintain figure clarity.
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Extended DataFig.2| Comparison of simulated landfall pipeline pressures
for NS1A, NS1B and NS2A obtained using CATHARE withreported pressure
data.Shadedregionsrepresent the upper and lower uncertainty bounds for
landfall pressure.On 26 September 2022, ref. 90 reported a pressure drop in
the NS2A pipeline overnight with pressure falling to 7 bar at landfall in Lubmin,
Germany. Thus, astabilized pressure was likely obtained before daybreak
around 07:00 UTC (brown circle). On 01 October2022at13:38 UTC, the DEA
were informed by pipeline operators that pressure stabilizationin the NS2A
pipeline had occurred at Russian landfall (green circle) (Danish Energy Agency,
personal communication). On 02 October 2022 at10:42 UTC, the DEA were
informed by pipeline operators that pressure stabilization in the NS1 pipelines
had occurred at Russian landfall (yellow circle) (Danish Energy Agency,
personal communication). These reported timelines are broadly consistent
with our landfall pressure time series computed using CATHARE.
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Extended DataFig. 3 | Seawater displacement of pipeline gas using Nord
Stream1bathymetric depth profiles (A) between Lubmin (Germany) and
the Gulf of Finland, and (B) within the Bornholm Basin. During the gas leaks,
some sections of the pipelines were most likely flooded. We computed the
Froude number® at the break sites from CATHARE results (Supplementary
Method1). The Froude number remains greater than1during the majority of
the CATHARE simulation and fallsbelow1only at low break velocity and
flowrate (less than100 t/hr). Thisindicates that the break flow inertia was
enough to prevent seawater enteringin the pipeline for the vast majority of the
pipeline natural gas release. Therefore, we assume that the flooding occurred
onlyinthe parts of the pipeline thatare located deeper than theleaks. The
pipeline sections higher than the leaks, or that are deeper than the leaks but
located behind a higher located sill, were not flooded because the remaining
natural gas pressure would have kept additional seawater from entering. Using

the pipelines’ coordinates®, we compute the length of the pipeline that is
located deeper than theindividual leaks and is not disconnected by higher
sections. Note that only detailed coordinates for the NS1 pipeline were
available, so the estimations are limited to NS1A and NS1B. Using the pipeline
diameter (1153 mm) and the derived flooded lengths (51 km and 11 km), the
flooded volumeis 53,549 m3and 11,605 m?3 for NS1A and NS1B, respectively.
We correspondingly estimate that 373 t natural gas (347 t CH,) isdisplaced.
Thisresultis sensitive for changes of the leak depth. Here we derived the leak
depth and pipeline depths only by co-location with the bathymetry. However,
the pipeline could be trenched into the seafloor or runslightly elevated. To
account for this uncertainty, we varied the leak depth by +2 m, which changes
thedisplaced CH,between137 tto 459 t. Considering the leaksin NS2A also
occurredinthe Bornholm Basinatadepth >70 m, itis reasonable to expect that
thetotal displaced CH, was less than1ktacross the three pipelines.
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Extended DataFig.4 | Time series of CH, mixingratios. Near Real-Time
(NRT; red) and Level 2 release (black) time series of CH, mixing ratios at
different sampling heights from selected ICOS stations between 26 September
and 3 October 2022 (BIR10 m’*?2, 50 m*>**, 75 m®2%; UTO 57 m®*?$; HTM 30m°”*8,
70 m’??°,150 m°®'°%: and NOR 32 m’7'%%; 58 m®>1°2, 100 m®*'°%). The ICOS time
series datademonstrate that CH, enhancements from the Nord Stream plumes

2022-10-01

were detected only briefly between 26 September and 3 October at several
stations. Discrepancies between NRT and Level 2 release CH, mixing ratios are
evidentatthe BIR, UTO and HTM stations. Initial tall tower estimates®**® were
based on NRT datasets, while the tall tower estimates presented in this study
arederived fromthe Level 2 release data.
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Extended DataFig.5|Nearground (-20-60 mheight) CH, plumes from the meteorological uncertainties (Methods). The scaling factors derived fromthe

Nord Stream pipeline leaks modelled for10ct2022at 00:00 UTC with ensemble members vary substantially inbothinversions, likely because of
ICON-ART’*” deterministic (D) and ensemble (M1-M40) runsinInversion 3 uncertainty inthe plumelocation. The 40 different meteorological ensembles
using the operational ICON deterministic and ensemble meteorological usedinInversion3illustrated here are all equally likely, demonstrating the
fields fromthe operational NWP (Deutscher Wetterdienst). Whirlpool-like uncertainty associated with comparing simulated plumes to ICOS station time
meteorological conditions across the Baltic region during the emission event series datathroughout the event. The background mapis plotted using the
made meteorological forecasting challenging. In Inversions 3and 6, we use country shape data from the German Federal Agency for Cartography and

meteorological ensembles of 40 and 11 members, respectively, to account for Geodesy (BKG).



Extended Data Table 1| Input variables used in the PBREAK and CATHARE simulations

Input variables’ Pipeline(s) Value (unit) Reference(s)
Initial pressuret NS1A, NS1B 165 barA 5, 26, 104 & Danish Energy Agency, personal communication
NS2A 103 barA 5, 105, 106 & Danish Energy Agency, personal communication
Initial gas temperature* NS1A,NS1B,NS2A 5x+25°C 107
Inner Diameter$ NS1A, NS1B, NS2A 1153 mm 26
Rupture Depth' NS1A 77+2m 30
NS1B 75+2m 30
NS2A 72+2m 30
D stance from fupture to NS1A# 1000£5km 26 &27
NS1B* 1006 + 5 km 26 & 27
NS2A**tt 1080 +20 km 26
Ditance frorh fupture to NS1A# 224+5km  26&27
NS1B* 218 +5 km 26 & 30
NS2A**tt 150 + 20 km 26
Pipe roughness NS1A, NS1B, NS2A 15 um 26 & 27
Percentage mass of CHsinthe  \g1a NS1B,NS2A 9322 % 348108

gas mixture¥t

‘Uncertainty bounds are only provided for variables that have not been explicitly reported in the literature which required us to estimate their values independently. ‘Initial pressures in the
pipelines are taken directly from values reported by pipeline operators to the Danish Energy Agency (DEA) (Danish Energy Agency, personal communication). Pressure values for NS1 pipelines
are corroborated by the steady state shut-in settle-out pressure reported in refs. 26,104. This pressure occurs when the pipelines are fully pressurized with gas but remain inactive, with no flow.
The pressures used in our modelling of NS1A, NS1B and NS2A pipelines are consistent with natural gas volumes reported by pipeline operators to the DEA%%%'° (see Supplementary Table 1).
All pressures are reported in Absolute bar (barA). ‘Estimated using average seawater temperatures measured over 15 years in the Baltic Sea'”’. We used multi-year average temperatures over the
entire Baltic Sea given the pipelines run over multiple oceanographic Basins. We have assigned an uncertainty of +2.5°C to this value to reflect the typical range experienced at the associated
depths in the Baltic Sea. *Taken directly from measurements reported in ref. 26. Our simulations assume the orifice size at the rupture sites were equal to the reported inner diameter of the
pipelines given the pipelines were reported to have completely ruptured®. 'Estimated by geospatially locating the coordinates of the leak sites to the nearest subsea terrain depths provided

in the European Marine Observation and Data Network (EMODnet) Digital Terrain Model (DTM) database®°. Reported depth errors in the EMODNet DTM used for the geolocated locations are
below +1m. We conservatively assign £2m uncertainty to our depth estimates to exceed these values by a factor of two. "Note we do not vary the total pipeline length in our sensitivity analyses
(see Methods), just the distances either side of the rupture points. *Given the rupture for NS1A occurred in the Swedish Economic Exclusion Zone (EEZ), pipeline lengths reported in ref. 26
indicate the rupture likely occurred <1004.9km from Russian landfall. Based on the coordinates of the leaks, we estimate there was approximately 5 km distance (by surface) between the leak
and the Swedish EEZ boundary. We therefore estimate the rupture occurred around 1000 km from Russian landfall. We assign an uncertainty of +5km to conservatively account for the fact

the distances reported in ref. 26 may have changed due to final optimisation of the pipeline route. *Given the rupture for NS1B occurred in the Danish EEZ, pipeline lengths reported in ref. 26
indicate the rupture likely occurred >1004.9 km from Russian landfall. The coordinates provided in ref. 26 indicate there was approximately 6 km distance between the NS1A and NS1B leak sites.
We therefore estimate the rupture occurred around 1006 km from Russian landfall. Like NS1A, we assign an uncertainty of +5km. “The exact route of the NS2A pipeline is not known. Previous
attempts by ref. 3 to cross-verify surface-level distances between the rupture points and landfall (calculated to be 1210 km) with the reported pipeline length (1230 km) were unsuccessful.
Accordingly, we assigned a higher uncertainty of +20km to this distance. "The distances reported refer to the southernmost NS2A leak site. "Note the value reported here (93% by mass) differs
to that reported in Extended Data Table 2 (96% molar) due to the different reported units. The uncertainty in this value (+2% by mass) is a conservative estimate of variations in Russian Natural
gas reported for 2021** and 2022'°¢, which differ by less than 1% molar.
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Extended Data Table 2 | Properties of natural gas mixture
used in PBREAK and CATHARE modelling

Component (unit) Natur_al gas mixtu're Naturgl gas mixture
used in PBREAK' used in CATHARE?

Methane (% molar) 96.39 96.39

Nitrogen (% molar) 00.29 00.29

Carbon dioxide (% molar) 00.37 00.37

Ethane (% molar) 02.81 02.95

Propane (% molar) 00.07 00.00

|-Butane (% molar) 00.04 00.00

N-Butane (% molar) 00.01 00.00

|-Pentane (% molar) 00.01 00.00

N-Pentane (% molar) 00.00 00.00

N-Hexane (% molar) 00.01 00.00

Molar Weight (g/mol) 16.63 16.59

. o 3
oSS SO 00
Density at 103 bar and 5°C (kg/m3) 95.09¢ 04.77

(Given by GERG-2008 EOS*5)

"Derived from average chemical compositions of Russian natural gas reported for 2021in ref. 34.
'The gas mixture is simplified from ref. 34. CATHARE simulations do not consider components
in the mixture that make up less than 0.1%. 'Used in Eq. 1 (oys,); see Methods.



Extended Data Table 3 | Bottom-up inventory estimates
derived from pipeline physical volumetric calculations and
comparison with PBREAK and CATHARE model outputs

Method NS1A NS1B NS2A Total
Initial pipeline Volumetric
inventories (kt CHa4)" calculation 191£5 191£5 1143 49614
Simulated pipeline PBREAK 1795 179 +5 99 +3 457 £ 14
emissions (kt CHs) CATHARE  183+5 183+5 106+3 47214
Simulated mass PBREAK 8+0 8+0 7+0 231
remaining in pipelines
(kt CHq) CATHARE 8+0 8+0 7+0 231
PBREAK 2+0 2+0 6+0 3+0

Mass discrepancy (%)t
CATHARE 03+0 030 03+0 030

Differences of 1kt CH, in the totals can occur due to rounding errors. ‘See Methods. Computed
using parameters derived from Extended Data Tables 1and 2. 'Mass discrepancy = (Initial
pipeline inventory - Simulated pipeline emissions - Mass remaining in pipelines) / Initial
pipeline inventory. See Supplementary Discussion 3.
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Extended Data Table 4 | Top-down estimates of atmospheric CH, emissions from the Nord Stream pipeline leaks and

comparison with simulated atmospheric emissions (NAER and NAE)

Top-down Time measurement Leaks CHa4 emissions P-NAERnNs2a C-NAERnNs2a P-NAEai C-NAE
method is valid estimate (t/hr) (t/hr) (kt) (kt)
Satellite
IASI - ) . .
Inversion 1 28/09/22 00:00 All 281 — 346 kt Not applicable Not applicable 311 — 326 301 - 336
26/09/22 07:30 All 30 =1 kit Not applicable Not applicable 32 -35 31-36
27/09/22 19:30 All 16 + 1 ktt Not applicable Not applicable 293 — 308 284 — 318
IASI -
IME Method'4 28/09/22 07:30 All 161 + 4 ktt Not applicable ~ Not applicable 336 — 352 325 - 360
28/09/22 19:30 All 77 =2 kit Not applicable Not applicable 366 — 384 355 -390
NS2A 84 -113 117 -195 Not Not
- 13 .
GHGSar-C1™e 3009122 10:27 (NS2Ay) B4 =24 vhr (75-101%)  (104—174%  applicable applicable
NS2A 72 -101 105 - 182 Not Not
- 13 .
GHGSat-C4 30/09/22 12:54 (NS2A%) 24 £ 8 t/hr (64 — 90%) (93 — 162%) applicable applicable
NS2A 86— 115 117 - 195 Not Not
- 8 .
et 00922 10:07 (NS2A¥%) 2 £E5 e (77 — 102%) (104 — 174%) applicable applicable
L8 and S-2B 2%0:9362/(2)93225%%87) NS2A 502 + 464 t/hr 85 — 258 117 - 348 Not Not
ensemble’? (S-2B) ’ (NS2AY) (76 — 230%) (104 — 310%) applicable applicable
Tall tower inversions
Inversion 2 30/09/22 22:00 All 217 - 317 kt Not applicable Not applicable 426 — 447 430 — 456
Inversion 3 1/10/22 00:00 All > 230 kt§ Not applicable Not applicable 427 — 448 432 - 457
Inversion 4 1/10/22 11:00 All 410 £ 19 kt Not applicable Not applicable 431 — 452 439 - 463
Inversion 5 3/10/22 00:00 All 740 + 134 kt Not applicable Not applicable = 434 — 456 448 — 470
Inversion 6 3/10/22 23:00 All 155 — 450 kt! Not applicable = Not applicable 434 — 456 448 — 471
Ensemble 30/09/22 22:00 to . .
meanf 3/10/22 23:00 All 430 +216 kt Not applicable =~ Not applicable 426 — 456 430 - 471

“All dates are provided in the format dd/mm/yy hh:mm UTC. 'Consist of partial plume observations due to cloud cover and/or are underestimates due to the inability for the IME method to account
for IASI's vertical sensitivity, which is highest in the upper troposphere. Estimates are therefore not used to verify our simulated atmospheric emissions. ‘Adjusted emission rate assuming 89%

of emissions were released at the southern NS2A leak site based on the ref. 3 analysis. The adjusted estimates are discussed further in Supplementary Discussion 1. SFor the stations we obtain
minimum estimates of 228kt + 16kt (BIR), 96kt + 22kt (NOR), 60kt + 13kt (HTM), 54kt + 8kt (NILU), and 72kt + 31kt (UTO). Therefore, our best minimum estimate for the Nord Stream emission by
10ctober 2022 is 2230kt CH, (rounded to nearest 10kt; see Methods). 'Note that a maximum probability at 300kt CH, is derived through the Bayesian data assimilation. "Mean does not include
Inversion 3, which only provides a minimum estimate. Where ranges are provided, a central estimate is taken (e.g., Inversion 2 is treated as 267+50kt, and Inversion 6 as 303+148).





