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representative of the bubble release at the scale of the SHR summit. Hence, flux estimations for
the SHR summit should not rely on single vent monitoring and should take spatial variability of
the bubble release into consideration by focusing on several of the main vent areas.

Because of the scarcity of flux data available and the challenges posed by measuring
methane fluxes at the seafloor, global estimates often rely on spatial and temporal extrapolation
of local, short-duration measurements (Weber et al., 2019). Although we are not able to quantify
the fluxes with our sonar data, to assume that the venting activity of a main vent is representative
of the general venting activity at the SHR summit might lead to overestimations or
underestimations potentially up to several orders of magnitudes (depending on the status of the
vent observed at the time of monitoring, and that of those not observed). Extrapolating such
estimates to even larger spatial and temporal scales (e.g. global estimates) would likely magnify
these errors even further, as SHR may not be representative of an "average seep" in terms of
venting activity. In this regard, the current global flux estimates could actually be less reliable
than previously thought.

This work shows that systematic monitoring of one plume, or a single vent, results in a
very incomplete understanding of the venting dynamics of the whole system. Furthermore, it
illustrates the value of underwater cabled observatories by providing timeseries data collected
systematically by an array of instruments and sensors, allowing detailed examination of process
linkages yielding a comprehensive understanding of the study area. The acoustic monitoring,
combined with in-situ CTD data, camera observations and 3D-photomosaic, was essential to
comprehend the short-term variability and the spatial distribution of the venting activity over the
entire summit,
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website (https://oceanobservatories.org/instruments/), the OOI Data Portal
(https://ooinet.oceanobservatories.org/) and the OOI Raw Data Archive
(https://rawdata.oceanobservatories.org/). Seismic data from the ocean bottom seismometers
(OBS) is available from the IRIS Data Management Center (www.iris.edu). Wave height data
from the surface buoys can be downloaded from the National Data Buoy Center of the National
Oceanographic and Atmospheric Administration (https://www.ndbc.noaa.gov/).
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List of Figure Captions

Figure 1. Top left: Location of Southern Hydrate Ridge. Top right: Map of the primary
infrastructure of the OOI Regional Cabled Array observatory (bathymetry data from GEBCO).
Bottom: Overview map of the SHR summit with the location of the OOI Regional Cabled Array
fiber optic cables, junction boxes and monitoring instruments. Shaded areas show the location of
the main known vents. Bathymetric data were collected on an RCA survey cruise in 2008 with
the AUV Sentry.

Figure 2. Temporal variations of the SHROS backscatter magnitude and CTD bottom pressure
between July 6 and July 22, 2018 (top plots) and between October 19 and November 8, 2018
(bottom plots). The backscatter magnitude non-linearly reflects the strength of the gas bubble
emissions. The bottom pressure plot shows the local mixed tidal regime with diurnal and
semidiurnal constituents, as well as the fortnightly neap/spring tidal cycles. Bubble release is
commonly stronger during ebb tide, and possibly also during spring tidal phases. However, some
ebullition events do not correlate with the tide and may be triggered by local accumulation of
pressurized free gas in the subsurface; the prominent peak observed on July 18, 2018
corresponded to the reactivation of the Summit-A vent after a very short venting interruption of
about 4 h; it did not affect the other vents at the SHR summit and happened during flood tide
within a neap tidal phase, hinting at shallow, local changes in the sediments.

Figure 3. a) Location of flare base points recorded with the SHROS between 6 July and 8
November 2018; the base points are grouped into clusters marking the location of the different
SHR vent sites. b) Location of the main and periphery vents (see Discussion) overlain on the
photomosaic; the main vent sites are all located on areas covered with microbial mats. c¢) Close-
up view of the SHROS location and the Summit-A vent, with the 3D photomosaic in the
background; a depression on the seafloor from ODP drill site 1949 (ODP Leg 204) can be seen
in the top-left corner as well as in the bathymetric data. d) Close-up view of the 3D photomosaic
at the Smokey Tavern vent showing the distribution of the microbial mats and the domed,
collapsed and hummocky areas.

Figure 4. Power spectral density plots of the bottom pressure and SHROS data. Both datasets are
dominated by the semi-diurnal constituents of the tide. For readability, the frequency units are
shown in cycles per day (cpd), and the diurnal (O1, K1) and semi-diurnal (M2, N2, S2) harmonic
constituents of the local tide are reported at the top of each plot.

Figure 5. SHROS magnitude data from 6 July to 22 July 2018 for each plume cluster (only active
clusters are shown). The vertical axis is logarithmic to facilitate visualization of low magnitude
variations. Absolute magnitude values cannot be compared between the clusters due to a distance
bias (see text) and are not shown.
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Figure 6. Top: consecutive 360° scans of the single-beam scanning sonar showing the start of a
high-ebullition event at the Einstein's Grotto vent area. The high-ebullition event starts at three
distinct bubble plumes consecutively; scans last about 3.5 minutes and are recorded clockwise
starting from the North direction (0° azimuth angle). The timestamps correspond to the start
times of the scans and the scan radii represent 10 m. Bottom: timeseries showing the variations
over 24 h (14-15 November 2019) of the total magnitude of each full scan (continuous line) and
the bottom pressure (dashed line). The four high ebullition events (peaks) occurred either during
ebb tide or at the ebb tide turning point. Each high ebullition event is marked by a sudden onset
and a slow decay; the largest peak corresponds to the ebullition event illustrated in the top six
scan images.

Figure 7. Variations of the SHROS magnitude of the Einstein's Grotto vent (dashed black line)
and the CAMDSB103 image-based bubble counts (red line). The timing of acoustic data peaks
coincide well with bubble count peaks. Some bubble count peaks were not detected by the sonar
because it has a lower sampling frequency (Ts = 2 h) than the camera (Ts = 30 min). The height
of the peaks cannot be compared because the sonar monitors all plumes occurring within the
entire Einstein's Grotto vent area, whereas the camera focuses on the base of a single plume.
Bubble counts lower than about 5 are below the accuracy of the counting method and might be
caused by false detection of bubble objects.

Figure 8. A pressure outburst was documented by the CAMDSB103 camera on July 23, 2018.
The camera images show sediment resuspension shortly (0 to 30 minutes) after the outburst.
Images taken after visibility improved show significant seabed changes including the presence of
a large well-lithified sediment block into the collapsed area subsequent to the blow out.
Scanning-sonar scans recorded before and after the event show that the seabed morphology at the
location of the outburst changed over an area of at least 3 m?. The hummocky area east of the
sonar is part of the Einstein's Grotto vent. The range of the sonar scans is 20 m. The laser
pointers on the camera images are 10 cm apart. In the difference plot, blue and red colors show
negative and positive differences respectively.

Figure 9. Left: progressive vector diagram showing the direction of water particle movement
from Oct 5 at 18:00 (plot origin) until Oct 9 at 18:00. The red segments highlight times when
upwelling flow were recorded by the ADCP. Right: ADCP current velocities and bottom
pressure data for the same time period as in the progressive vector diagram. The white areas,
marking data gaps in the velocity plots are mainly caused by the presence of bubble plumes
across the acoustic beams of the ADCP (Philip et al., 2016b). The grey bands in the pressure plot
indicate the timing of the bubble-induced upwelling flows imaged by the ADCP. The progressive
vector diagram clearly shows that upwelling flows are only recorded by the ADCP when the
dominant northward component of the bottom currents is weak or reversed. Considering that the
ADCEP is located to the south-southwest of the main vents, the tidally-influenced northward
currents deflect bubble plumes away from the ADCP, explaining why upwelling flows are rarely
detected during flood tides.
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