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Abstract

The presence of a seasonal thermocline likely plays a key role in restraining
methane released from a seabed source in the deeper water column, thereby
inhibiting exchange to the atmosphere. The bubble plume itself, however,
generates an upward motion of fluid, e.g. upwelling and may thereby be partially
responsible for an early breakdown of the seasonal thermocline. Measurements
at site 22/4b, located at (57°55'N, 1°38°E) in the UK Central North Sea, 200 km
east of the Scottish mainland, where gas is still being released since a blow out
in 1990, have been used to identify the generation of the seasonal thermocline,
and thus, the depth of the upper mixed layer and its breakdown in autumn. Data
derived from two landers, containing an Acoustic Doppler Current Profiler and a
Conductivity Temperature Depth recorder, were used to determine the mixed
layer depth and the breakdown of the thermocline. Mixing of upper layer fluid
into the lower layer has been inferred from large amplitude variations in the
near-bottom temperature.

The ADCPs estimate velocity profiles in four beam directions using Doppler
shifted frequency from acoustic pings sent out and received by four different
transducers in a specific configuration. Besides that, the intensity of the
backscattered sound per transducer is also recorded. Bubbles from the nearby
plume contaminate the signal during part of the tidal cycle, but in bubble free
periods, the mixed layer depth can be estimated using the acoustic backscatter
signal as local maxima. Results show that the thermocline broke down between
mid-October and early November, several weeks earlier than the breakdown of
the thermocline in nearby/comparable areas, likely caused by bubble-induced
downwelling at the site. The early breakdown of the thermocline was
accompanied by multiple occurrence of a strong jet-like structure, associated
with the seasonal tidal mixing front.



1. Introduction

1.1 Geologic Marine Methane Importance

Geologic marine seabed CH4 emission contributes significantly to the global
atmospheric budget of the important greenhouse gas, CH4 (Etiope et al., 2008).
However, there are significant uncertainties due to the complexity in its transport
across the water column to the atmosphere (Leifer and Patro, 2002) and a
paucity of measurements. One significant factor is the thermocline, which traps
dissolved CH4 in deeper waters, where it largely is oxidized by microbes (Rehder
et al., 1999; Scranton and McShane, 1991) minimizing its contribution to the
atmospheric budget. Although, the thermocline is a barrier to upwards CH4
diffusion and vertical fluid motions, bubbles pass through it, while carrying their
CH4 to upper waters, where it either is released directly to the atmosphere (e.g.
Leifer et al., 2006) or indirectly by sea-air gas exchange (e.g. Schneider von
Deimling et al., 2011; Clark et al., 2000). Based on timescale considerations,
Rehder et al., 1999) proposed that the relevant process is the transport to the
winter wave-mixed-layer, i.e., the deepest thermocline depth.

Marine CH4 emissions occur from all global coastal oceans from biogenic and
thermogenic sources (Judd et al., 2002). The latter are associated with
petroleum reservoirs, which often are under production. Petroleum basins under
exploitation such as offshore California, in the Santa Barbara Channel (Hornafius
et al., 1999), the Gulf of Mexico (Solomon et al., 2009) and the North Sea (Judd
and Hovland, 2007) are well known for natural marine seepage, contributing to
the regional atmospheric CH4 budget, particularly shallower seeps (Leifer and
Patro, 2002). However, few long-term observations of shallow basin-wide
emissions exist, although in cases like the Santa Barbara Channel, their
contribution is significant on a local scale (Bradley, 2013).

Emissions associated with fossil fuel industrial activity, natural geologic
emissions, and advection of terrestrial emissions contribute to elevated
atmospheric CH4 concentrations over the North Sea (Judd, 2015; Vielstadte

et al., 2015). The North Sea is an important petroleum production basin with
estimated reserves in 2001 of 19.5 and 17 billion barrels for the UK and
Norwegian sectors, respectively (Sem and Ellerman, 1999), providing 5.7% of
global supply in 2005 (Nakhle, 2008).

At the 22/4b site, a bubble megaplume (> 10° L d*!) is associated with a gas
blowout in 1990 in the central North Sea ~200 km from the Scottish mainland at
1.63°E, 57.92°N (Leifer and Judd, 2015), and has been the subject of studies for
many years (Rehder et al., 1998; Rehder et al., 2004; Schneider von Deimling
et al., 2007; Schneider von Deimling et al., 2015). This megaplume is by far the
strongest bubble plume quantified to date (Leifer et al., 2015), emitting an
estimated 90 L s! at 12 bar from a seabed crater with maximum depth of 120
m, while exhibiting strong upwelling flows. Herein, we present nearly one-year
long measurements of physical parameters, including velocity profiles,
temperature and salinity concentrations, by a benthic lander deployed in the
blowout crater and focus on the relationship and feedbacks between the strong
seasonal thermocline and fluid motions associated with intense bubble plumes
under the oceanographic conditions of the North Sea, such as tides and waves.



1.2 Circulation in the northern North Sea

North Sea circulation is dominated by oscillatory motions on the semi-diurnal and
spring-neap tidal frequencies based on the M2 and S2 components. Due to non-
linear interactions between the tidal components and topography, a residual
circulation is driven in the same direction as the tidal wave, which enters the
North Sea in the Northwest from the Atlantic and in the South through the
English Channel and follows an anti-clockwise circulation (Nauw et al., 2015;
Otto et al., 1990). At the 22/4b site, the M2 tidal current is (umz2, vm2)=(0.04,
0.23) m/s and the S2 tidal current is (usz, vs2)=(0.02, 0.09) m/s, derived from
results of the OSU Tidal Prediction Model Software applied to the European Shelf
(Egbert et al., 2010). Hence, the tidal current introduces primarily an alternating
south-to-north current with only a small west-to-east component.

The circulation in the northern part of the North Sea is connected with the North
Atlantic through the Slope Current which approximately follows the 200-m
isobath along the European Continental Shelf from south to north. North of the
Shetlands it enters the North Sea in the Norwegian trench and exits as the
Norwegian Coastal Current (Figure 1). At slightly lesser depths (about 150 m)
the current turns clockwise around the Shetlands, forming the East Scotland
Atlantic Inflow, which flows south along the bathymetry. At 100 meter depth, the
Fair Isle Current (FIC) separates from the Slope Current (Turrell et al., 1996)
and enters the northern part of the North Sea between the Orkney and Shetland
Islands and follows the 100-m isobaths, in the process passing by the 22/4b site
(Figure 1). The FIC strength displays seasonal variability and has an average
velocity of about 0.1 m/s (ICES, 2005; Turrell et al., 1990) and is directed
approximately to the north at the 22/4b site following the bathymetry. See Nauw
and de Haas, 2013) and Nauw et al., 2015) for a complete review of North Sea
circulation with an emphasis on the hydrographic conditions around site 22/4b.

1.3 Seasonal Thermocline

The climatological temperature and salinity distribution in the North Sea has a
strong seasonal cycle. The highest seasonal variability occurs in the shallower
southern parts of the North Sea. However, in the deeper northern parts of the
North Sea, a balance between the tidal and wind-driven mixing on the one hand
and generation of buoyancy by solar heating on the other leads to the creation
and destruction of the thermocline (Bowers and Simpson, 1987). It is at the
transition between fully-mixed and stratified waters that mixing fronts occur.
Climatological temperatures observations (Berx and Hughes, 2009) show that
seasonal stratification starts in April/May in the central North Sea leading to
mixing fronts just south of and/or around the Dogger Bank (Holt and Umlauf,
2008; Nauw et al., 2015; Pingree and Griffiths, 1978).Starting in September, it
retreats to the north, passing across the 22/4b site sometime in November.
Between the end of December and the end of April, the entire North Sea is well-
mixed.

At the location of the tidal mixing fronts, sub-surface, along-frontal jets have
been observed with speeds of 0.02 to 0.16 m/s (Brown et al., 1999; Simpson
and Pingree, 1978; van Aken et al., 1987) and cross-frontal velocities of 0.04
m/s (Hill et al., 1993; Lwiza et al., 1991; Matthews et al., 1993). The along-
frontal jet is in near geostrophic balance; deviations from geostrophy lead to a
secondary circulation with upwelling at the mixed side of the front (Simpson and



Pingree, 1978) and surface convergence (Hill et al., 1993). The typical width of
the tidal mixing front is fairly narrow, only 2 km.

Stratification directly impacts the tidal current structure, because mixing is
reduced locally at the depth of the thermocline, thereby decoupling the upper
and the lower layers. The horizontal tidal current vector, which forms an ellipse,
can be decomposed into a clockwise and anti-clockwise circular motion. The
thickness of the bottom frictional layer is different for both rotational
components, which leads to a clockwise (anti-clockwise) rotation in the upper
(lower) layer (Maas and van Haren, 1987; Souza and Simpson, 1996; van Haren,
2000). A more subtle effect is the clockwise veering of the direction of the
maximal current speed (Lwiza et al., 1991).

A balance exists between processes that enhance the stratification, heating from
the atmosphere and fresh water discharge, and the ones that cause its
breakdown. The dominant processes in de-stratification are the (turbulent) heat
and momentum flux by wind and (breaking) waves at the seas surface and
shear-induced turbulence by bottom friction at the seabed. In general, turbulent
fluxes at the thermocline are small except under certain conditions, such as
breaking of internal waves which are generated by tide-topography interaction
(Rippeth, 2005; van Haren et al., 1999) and shear generated by inertial currents
following strong wind-forcing events (Knight et al., 2002; MacKinnon and Gregg,
2005; Rippeth, 2005; van Haren, 2000). Enhanced shear and mixing occurs
when wind-stress, the bottom shear-stress (which is mostly tidally-driven), and
the inertial shear-vector all are aligned (Burchard and Rippeth, 2009). The
processes that cause a breakdown of the thermocline were thoroughly examined
during the PRocesses of Vertical Exchange in Shelf Seas (PROVESS) experiment,
which was conducted in September and October of 1998 at 59° 19.70'N and 01°
00.22°E in 110 m water depth (Howarth et al., 2002; Figure 1). The actual
breakdown of the thermocline; however, was not observed during the period in
which the PROVESS experiment was executed. Model simulations indicated that
the thermocline breakdown only occurred in December of that year (Bolding

et al., 2002) and was related directly to the vertical heat flux driven by the
turbulent mixing across the thermocline. The hydrography at the location where
the PROVESS experiment was carried out is comparable to that of the 22/4b site
(Figure 1), suggesting that similar processes also are occurring here. The major
difference between the location of the PROVESS experiment and the 22/4b site is
the presence of the large-scale bubble plume and their vertical momentum at the
latter location and the FIC.

1.4 Bubble plumes and vertical fluid motions

Large natural bubble plumes from marine seepage (Leifer et al., 2009) and
engineered bubble plumes such as used in lake destratification (Wuest et al.,
1992) are associated with strong upwelling fluid motions. These motions are
driven by the buoyancy flux, Q, which accelerates fluid vertically. The strength of
the upwelling flow varies as Q%3, with megaplumes (>10°8 L day!) achieving
upwelling flows of one or more meters per second (Leifer et al., 2000; Leifer

et al., 2015; Wiggins et al., 2015). In the process, the upwelling flow distorts the
flow streamlines associated with currents (McClimans et al., 2000). The
upwelling flow carries deeper, cooler (denser) water to shallower depths, doing
work against stratification (Leifer et al., 2009); however, if the ambient-plume
density difference becomes too large, plume fluid detrainment occurs (Aseda and
Imberger, 1993), particularly near the thermocline, where water density changes
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rapidly. The upwelling flow extends outside the bubble plume creating an
upwards moving *momentum plume” surrounding the core bubble plume
(Milgram, 1983). Few studies have looked at the interaction between currents,
which are absent in lakes, but ubiquitous in the marine setting, and bubble-
plume upwelling flows. Currents distort the momentum plume, compressing it in
the upstream direction and extending it in the downstream direction (McClimans
et al., 2000; Leifer et al., 2009). Detrainment of suspended material from the
bubble plume can segregate detritus and upwelled fluids into the downstream
momentum plume (Leifer et al., 2009) including small, dissolving bubbles
(Wilson et al., 2015).

As noted, the major difference between the PROVESS and 22/4b sites is the
presence of the FIC and the bubble megaplume at the latter location. Wind-
driven and advective transports were negligible during the PROVESS experiment
(Luyten et al., 2002). Vertical transport at the 22/4b site also may be generated
by bubble-induced circulation and entrainment (Woods, 2010). In this study, we
hypothesize that bubble generated flows can cause the premature destruction of
a seasonal thermocline, such as is common in the North Sea marine
environment, and evaluate the hypothesis with data collected at the 22/4b site
during a field campaign.

2. Methods

As part of the 22/4b study in autumn 2011, landers were deployed inside the
main crater on a ledge at 118 m (Figure 2) slightly apart from most of the
seepage vents (see figure 4 in Leifer et al., 2015). The two GEOMAR landers
included 6000 m-rated logging systems to record conductivity, temperature, and
pressure by a SeaCAT C-T recorder (SBE 16plus V2 with Digiquartz pressure
sensor, Sea-Bird Electronics, Inc. Washington, USA), and an Acoustic Doppler
Current Profiler (ADCP, 300 kHz Workhorse Sentinel, Teledyne RD Instruments,
Poway, USA) that recorded vertical profiles of ocean currents and acoustic
intensities. Lander-1 was deployed during the GEOMAR research cruise AL374
with the R/V Alkor on 7 June 2011. Lander-1 was recovered by ROV and
swapped with Lander-2 during a survey campaign with the Dutch survey vessel
SV Noordhoek Pathfinder on 9 September 2011. Lander-2 also was deployed on
the same terrace, in an adjacent location and recovered on 19 April 2012 on the
Max Planck Institute research cruise HE377 by RV Heincke.

The sample interval of the C-T recorders on both landers was set to 5 minutes;
for the C-T on Lander-1 an ensemble averages of 20 measurements were
recorded, whereas the ensemble averages of the C-T sensor on Lander-2 were
based on only 5 measurements. An integration time of 5 seconds was taken for
the 10,000 psi Digiquartz pressure sensors to achieve a depth resolution of
better than 0.01 m. The sensor specifications of the new recorders
(http://www.seabird.com/sbel6plusv2-seacat-CTD) are provided in Table 1. The
salinity data showed significant drift and therefore was not used in the analysis.
Many of the ADCP settings of the Landers were the same for both deployments.
The salinity was set to So=35 PSU and the bin size was 1 m. Some of the
settings were slightly different (Table 2); especially the different time per
ensemble leads to different temporal resolutions of 144 and 96 cycles per day,
respectively.
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For processing, ADCP data above the sea surface (echoes) were removed. In
terms of acoustic backscatter, the surface is defined by the location where the
acoustic backscatter suddenly increases significantly. So, we define the sea
surface as the bin with the highest increase in acoustic backscatter compared
with the next deeper bin in the water column. This bin location is different for
each of the four beams as the lander was not level; pitch and roll influence the
bin location. Vertical bins then were mapped using pitch, roll, and heading
following the coordinate transformation method as described in the ADCP manual
(Teledyne RD Instruments, 2010) leading to the horizontal and vertical position
(X,Y,2)1,2,3,4 of the bins for each beam (1,2,3,4) w.r.t. the device. Data in the bins
above the mean distance between the device and the surface in the beam
direction were set to not a numbers (NaN) in the backscatter intensity data. Bins
above the minimum distance between the device and the surface in the beam
direction may be subjected to side-lobe interference and also were set to NaN in
the velocity data. The heights above the lander are corrected such that sea level
elevation is continuous between landers including the addition of 1 m to the
lowest depth bin to correct for the ADCP position w.r.t. the seafloor. The
calculation of Cartesian velocities from the radial velocities in the beam directions
assumes horizontal homogeneity, which is incorrect when bubble(s) rise through
the beams because they are not passive fluid tracers, but have distinct, size-
dependent rise rates compared to the motion of passive tracers of fluid motions
within the water column.

The level of horizontal velocity inhomogeneity is indicated by a high absolute
value for the error velocity, ver. High backscatter intensity (bubbles or bubble
plumes crossing the beams) was correlated with high |ver| and (an
unrealistically) high eastward velocity component. This likely is caused by a
failure of the horizontal homogeneity assumption. In velocity estimates, data
with |ver|>0.1 m/s were set to NaN and not used in the analysis; the same holds
for the data with ve=0, which result from the so-called 3-beam solutions.
Nevertheless, for both cases, data is retained in the echo intensity to better
distinguish bubble plume-driven flow, easily identified by the high acoustic
backscatter intensity, from undisturbed flow. The absolute value of the vertical
shear, |S| = (Z—Z)Z + (%)2, is derived from the vertical gradients of horizontal
velocities, u and v, over 4-m bins.

A least squares harmonic analysis (LSHA) was applied to the depth-averaged
values (u,7,w) using the freely available MATLAB program T_Tide (Pawlowicz

et al., 2002). In a LSHA, time-series are modeled as a sum of a finite set of
sinusoids at specific frequencies related to the astronomical tides, leading to
amplitudes (indicated with a capital letter) and phases (indicated with ¢) as well
as the long-term average value (subscripted 0), called residual. Unless stated
otherwise, we use the 35 most dominant tidal constituents.

Beside climatological Sea Surface Temperature (SST), Tcs and near bottom
temperature, Tcs (Berx and Hughes, 2009), also the 8-day composite SST data
from MODIS, Tus (MODerate resolution Imaging Spectrometer) L3 data product
(http://oceandata.sci.gsfc.nasa.gov/ have an imaging footprint of ~1 km and
were used in the analysis (Hosoda et al., 2007).
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3. Results and Discussion

3.1 Temperature measurements

3.1.1 Time-series analysis

The long-term near-seabed temperature time-series, T;s (Figure 3) obtained
from the two lander deployments shows temperatures ranged between 6.6 and
10.7°C. Maximum near-seabed temperatures of T;5=10.7°C are observed in the
end of November. Near-seabed temperatures decreased towards a minimum of
Tis~7°C by mid-February, thereafter stabilizing at T;s~7.2°C. From the peak in
the end of November until the February minimum, near-seabed temperatures
decreased approximately linearly.

Variations between the climatological near bottom temperature, Tcs, and the
maximum temperature at the lander, 7.5, appear to increase throughout autumn.
At approximately the same time that Tus crosses the near seabed temperatures,
the abrupt temperature swings observed by the lander in bottom temperature,
T8, ceased. The seabed temperatures, T.s, are a bit higher than Twys, suggesting
an unstable water column. Some of the difference could be due to the large
imaging footprint of MODIS in the presence of large-scale spatial temperature
trends, the fact that the data are 8-day composites and the potential for a skin
temperature bias (see below). However, there was good agreement between the
temperature values of the landers, T:5, and the observed CTD profile
temperatures, Tcmps, and between Twvs, and CTD profile SST temperatures, Tcrms
(Figure 3) obtained during the SV Noordhoek Pathfinder and RV Heincke cruises.
High-frequency T,z variations between the end of November 2011 and the end of
April 2012 are small, less than 0.1°C. This is in sharp contrast with the large
amplitude variation, AT;s, observed starting mid-summer and throughout
autumn of 2011, with amplitudes as large as AT;s=2°C. These likely were not
wave or storm driven as they are uncorrelated with high RMS wave heights or
wind stress (Figure 3). In 2011, the stormy season started with several short-
lived, weak storms in October, while November was relatively quiescent. Finally,
in December the weather became dominated by very strong storms. These large,
autumn seabed variations in T;s either were generated by horizontal advection or
by bubble-induced overturning or entrainment of warmer water from the upper
mixed-layer. However, creation of the observed temperature pattern would
require a front of sharply different seabed water masses to repeatedly cross the
22/4b site — a North Sea equivalent of the Gulf Stream - yet oceanographic data
for the deeper water-column (Berx and Hughes, 2009; Otto et al., 1990) do not
indicate such a persistent oceanographic feature in the central North Sea. This
makes horizontal advection a very unlikely mechanism contrary to bubble-
induced overturning or entrainment.

Tws first decreased below T on 9 November 2011.This suggests that the water
column became vertically well-mixed afterwards until summer stratification
began in 2012 after final recovery of the lander. From 9 November onwards, Twms
seems to be slightly lower than the lander temperatures measured near the
seabed, T:s. This may have to do with the fact that the satellite only observes the
temperature of the top most layer (skin temperature), which introduces a
negative bias of 0.1 to 0.2 K compared to water-column temperatures (Donlon
et al., 2002). Climatological data (Berx and Hughes, 2009) indicate a
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temperature difference of Tcs- Tce=0.7 K between the surface and the bottom in
November and Tcs - Tcg=0.3 K in December at the location of the 22/4b site,
indicating that the climatological breakdown of the thermocline likely occurred
between mid-November and mid-December in this area.

As noted, the large T;s variations observed during the end of summer and
throughout autumn 2011 abruptly ceased on 9 November once Tws < T:s (Figure
3). The local minima in T;s observed in the period from June to October
corresponds well with the climatological values, Tcs (Berx and Hughes, 2009),
whereas local maxima during this period most likely are related to downward
transport of warmer surface water. Most of these peaks occur during relatively
fair weather conditions as shown by the relatively low RMS wave height (Figure
3, lower panel). Two possible explanations include internal wave breaking and
bubble-plume driven fluid motions, specifically, the recirculation downwelling
flow, both of which could drive downward mixing of upper-layer water, yet are
unrelated to surface processes. Therefore, the abrupt cessation of large near-bed
temperature variations suggest establishment of a vertically well-mixed water
column on 9 November. In the next section we analyze the ADCP data to test the
hypothesis that these strong seabed temperature fluctuations are related to
bubble-plume upwelling and downwelling flows mixing warm upper-layer water.

3.1.2 Stratification of the water column

After deployment of Lander-2, a set of CTD casts was performed above the
crater and on each of the corners of the survey site (Leifer and Judd, 2015).
Figure 4 shows that the bottom of the mixed layer depth (MLD) is at ~13°C and
the top of the base of the thermocline (BTH) is at ~10°C, where MLD and BTH
are defined as the location where the vertical temperature gradient, dT/dz,
exceeds 0.1 °C/m. There seem to be indications that the location of the MLD and
the BTH vary with the tide. A LSHA was applied to the MLD and BTH with only
the M2 tidal constituent. The average height of the MLD (BTH) was 45 m (56 m)
and the amplitude on the M2 tidal frequency was 5.5 m (6.2 m). The height of
the MLD (BTH) exhibited a phase lag with respect to the tidal sea level elevation
of 198°(233°). In the next section a physical process will be proposed that can
explain such variability in the height of the thermocline.



3.2 ADCP observations

3.2.1 Total water depth, pitch, roll and heading

The pitch, roll and heading show a large change on 9 September (2011) when
Lander-1 was replaced with Lander-2 (Figure 5b,c). In addition, an anomalous
event occurred on 8 December around 20:15. Before this event, the mean lander
water depth was 111.7 m and after that the mean lander water depth increased
to 118.3 m (Figure 5a). This increase in water depth occurred simultaneously
with strong changes in pitch, from 6.4° to 0.8°, and heading, from 136.3° to
143.2°. Smaller changes in pitch, roll, and heading also were observed earlier.
This suggests that the lander either was located on an unstable plateau and/or
shifted under conditions associated with the anomalous event. The maximum
pitch and roll were 11.6% and 13.6 %, respectively, which is still within the
allowable tilt range of £15% for an ADCP.

The event on 8 December was recorded by a hydrophone system mounted on
the lander and exhibited strongly elevated acoustic energy extending in
frequency to 100 kHz and higher in a short pulse (Wiggins et al., 2015).They
interpreted this acoustic event as an eruption lasting for approximately 12
seconds. After the event, the broad-band sounds returned to quasi steady-state
in spectra and amplitude but at far higher levels than before the event,
suggesting a dislocation of the lander closer to the bubble seeps and from the
presence of higher frequency component, an increase in emissions. Also
consistent with this record were seabed morphology changes in the crater
observed during a ROV-dive in autumn 2012 (Linke, 2012), which documented a
new jagged rift (Wiggins et al., 2015; Figure 3), with a stronger bubble plume
than any observed during the autumn 2011 campaign from the crater wall.

3.2.2 Velocity

Lander-1 (Lander-2) had a fairly significant roll (pitch before 8 December 2011).
This means that beam 2 (beam 3) was nearly facing upward on Lander-1
(Lander-2) and that beam 1 (beam 4) was at an angle between 30 and 35°.
Side-lobe interference leads to unreliable velocity data in the upper 16% of the
water column for Lander-1; these percentages were 14% and 7% for Lander-2
before and after the 8 December 2011 event, respectively (white in Figure 7).
During periods of negative eastward velocities (ebb), the acoustic backscatter is
much smaller and shows a local maximum between 70 and 80 m above the
seabed (boxes in the middle panel of Figure 6). Particularly in the last four hours
without bubble influence this appears to correlate with a small velocity jump
between the upper layer with approximately zero velocity and the lower layer
with a velocity of ~ 0.2 m/s, especially between 19:00 and 23:00 UTC on 16
September 2011 (indicated by the box in Figure 6). The current structure is
influenced by turbulence damping at the thermocline, which affects the counter-
rotating tidal ellipses in a different fashion, creating local shear at the
thermocline (Maas and van Haren, 1987). Local maxima in the backscatter
intensity and shear are indications of the thermocline location and are used in
section 3.6 to establish a thermocline detection algorithm.



The daily mean eastward and northward velocity components for Lander-1 and
Lander-2 (Figure 7) seems to be slightly discontinuous between the period of
Lander-1 and Lander-2, which suggests that Lander-1 may have been located
closer and/or angled towards an area of active bubble plume emissions.
Horizontal current velocities above the bottom boundary layer appear to be
continuous before and after the event of 8 December 20:15 UTC, 2011, however,
vertical velocities show a marked jump to values approaching 0.5 m/s.

The residual depth-averaged velocity is (uo, Vo, Wo)=(0.23, 0.22, 0.20 m/s) for
the entire measurement period from 7 June 2011 to 19 April 2012. The analysis
only explains 16, 8, and 7 %, respectively, of the total variance of the time-
series of (&, 7,w) when retaining only the significant tidal constituents (usually
less than 10 out of the 35 astronomical frequencies). The M2 tidal amplitude is
the strongest contributor by far to the horizontal velocities and has an amplitude
of (Umz, Vm2, Wm2) = (0.10, 0.05, 0.01 m/s). The reconstructed velocity in the
northward (eastward) direction, retaining only the variability on the significant
tidal frequencies, varies between +0.18 and +0.28 m/s (+0.10 to 0.32 m/s),
which is slightly less than the observations at the forties site located at (57°43'N,
1°01’E), or 40 km to the southwest of the 22/4b site (Graham, 1985).

The time-series of the depth-averaged velocities in each of the earth coordinates
(Figure 8) clearly shows small changes related to the transition from Lander-1 to
Lander-2 on 9 September and larger changes associated with the 8 December
event. Also, a LSHA was applied to the individual periods and the results are
shown in Table 3. The most obvious changes occur in the residual (or tidally-
averaged) upward velocity, which increased from ~0.10 to ~0.33 m/s. This
change cannot be ascribed to an erroneous projection of the velocity data in
earth coordinates, in which horizontal currents are projected on the vertical
component, because the horizontal speed, defined:

Vh = W

does not show a significant change on 8 December, unlike the absolute speed
which is defined: V, = vu? + v2 + w?

One possible explanation is that the increase in the vertical velocity relates to the
different distance between the ADCP beams and the nearest bubble plume or
seep, a likely explanation of some of the changes in the passive acoustic
measurements (Wiggins et al., 2015). Apparently, in the third period the lander
was nearer to the bubble plume than in the first two periods, leading to a long-
term mean upward velocity of +0.33 m/s, which is comparable to the reported
unintentional and uncontrollable rise of the (neutrally-buoyant) submersible,
JAGO of ~0.17 m/s during one of its dives through the bubble plume

(Schneider von Deimling et al., 2015). JAGQO’s upwards velocity must have been
caused by the bubble plume upwelling flow momentum.

3.2.3 Thermocline detection algorithm

Turbulent transport induces upward advection of nutrients and suspended
particulate matter (SPM) from the sea floor, but is reduced significantly at the
thermocline. The latter effectively blocks nutrient and SPM transport. Light
penetration in the water column is reduced by SPM, which is constrained below
the thermocline, introducing a local optimum for algae and other species just
below the thermocline, indicated by higher acoustic backscatter (but also if
present, high turbidity, lower transmissivity, and an oxygen minimum layer).
This material causes a small local peak in the reflected backscatter intensity that
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a thermocline detection algorithm (TDA) was developed to identify. The
backscatter intensity profiles are stored for each of the beams separately. The
backscatter intensity was a bimodal distribution with the stronger local maxima
related to the highest acoustic backscatter from bubbles or bubble plumes -
bubbles are acoustically much more reflective than the reflective material at the
thermocline (the weaker local maxima). A clear threshold value could be
identified from the bimodal distribution of the backscatter intensity at the local
maxima, below which local maxima in the backscatter intensity are related to the
thermocline. The height above the seabed of the local maxima was determined
for each of the four beams, leading to four estimates of the height of the local
peak for every ensemble (velocity profile). A key assumption is that the
thermocline depth can be assumed to be much more horizontally homogeneous
than the vertical location of the bubbles or bubble plumes. Obviously, bubbles
rise to the surface while being advected horizontally through the beams of the
ADCP. As an example, beams at either side of the ADCP have their acoustic
footprint more than 130 m apart at 70 m above the device, due to the angle of
the beams of 20° from the vertical. Hence, for a bubble rise speed of 0.33 m/s
Table 3 and a horizontal speed of 1 m/s, the bubbles will have risen about 40 m
over the distance between the beams. In contrast, horizontal variations in the
thermocline depth over the beam spread distances should generally be much less
than 5 m. The TDA exploits this difference in horizontal homogeneity. Within
each period of an hour, the median is taken of the height of the local maxima
having an acoustic backscatter less than the threshold value for each of the four
beams. If at least 5 different heights within this hour were within 2 m of that
median value, the latter value was taken to be an estimate of the thermocline
height, Hr, and applied to the central time. See the Appendix for a detailed and
graphical explanation of the steps in the TDA.

The acoustic backscatter data of beams 1 and 2 in Figure 9 represent the best
and worst case scenario for detecting the local backscatter intensity maximum,
respectively; data of beams 3 and 4 (not shown) are intermediate cases that
were included in the analysis. Beams 1 and 2 are on opposite sides of the ADCP
with apparently beam 2 apparently closest to the bubble plume. The bubble
plumes induce a periodically strong acoustic backscatter signal that completely
obscures the local peak in acoustic backscatter, which likely was induced by the
thermocline height. Unfortunately, most CTD-profiles were collected during the
period when the backscatter intensity structure was determined completely by
the bubble plumes passing through the beams. However, there is a reasonable
correspondence between the estimates of the average MLD from the TDA and
from the CTD profiles. A mid-depth local maximum in the absolute shear, |S]|, is
observed around the mean location of the MLD using the TDA or derived from
the temperature profiles (Figure 9c¢). The local maximum in the shear at the
location of the pycnocline is between 0.03 and 0.04 s and is comparable to the
vertical shear observed during the PROVESS experiment as shown by Knight

et al., 2002). In the latter paper, these shears were found to be associated with
inertial oscillations.

The variation in MLD seems to relate to the presence or absence of a bubble
plume influence. Especially, on 10 September, a more-or-less continuous rise of
~11 m in the MLD and BTH derived from CTD profiles is correlated to the
presence of high acoustic backscatter values throughout the water column.
During the following day, a similar rise of the local maximum in the backscatter
intensity from 72 to 78 m height above the lander was observed in relation to
high acoustic intensities. It is probable that upward flows generated by the
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bubble plume lift the thermocline locally by several meters, a process that ceases
to be observed in ADCP data when the bubble plume is advected away from the
beams.

3.3 Timing of the thermocline breakdown

Even though thermocline height appears to vary with the tide, daily mean values
and their standard deviation were determined whenever at least 10 estimates
were available for a day. The results in Figure 10 show that the thermocline
already is present at the start of the time-series in June 2011, which was
confirmed by the CTD-profiles taken before deployment of Lander-1 (see
temperature difference between surface and bottom in Figure 3). Moreover, the
thermocline then deepens until reaching a final depth of ~40 m below the sea
surface, where it remains throughout the summer. In early October 2011, the
mixed layer deepens further until it is no longer visible in the backscatter
intensity, starting around 16 October 2011. This is about two weeks earlier than
when Tus and T.:s converge (Figure 3). This could be the result of a failure of the
TDA towards the end of October. For example, the local maximum may deepen
to levels where it is obscured by the high acoustic intensities near the device, or
the maximum may exceed 90 counts, the threshold detection value. Visual
inspection showed a possible thermocline located at 30 to 40 meters above the
seafloor on 16 October, which was not captured by the TDA; however, it no
longer was separated clearly from the high acoustic backscatter signal from the
bubble plume and therefore is not shown in Figure 10.

Zooming in on the period October to early December shows a strong, almost
linear decrease of BTH indicated by the drawn line in Figure 11. The dashed lines
give the 95% prediction intervals, providing an estimate of the interval in which
future observations will fall. Note that these are much wider than the 95%
confidence intervals and therefore more suitable for extrapolation. Details on the
derivation of the prediction interval can be found in Appendix B.

The depth of the mid-depth maximum absolute value of the shear, |Smax|, follows
the same linear trend (bottom panel of Figure 11). The 4-bin averaged shear
itself contained significant noise; therefore, a 2 hour running average was
applied to calculate the shear with a further criterion requiring at least 5 profiles
to be available within the window. The extrapolated approximate height of the
thermocline, BTH, crosses the bottom boundary layer (~ 15 m above the
seafloor) at about 31 October; 95% confidence intervals show it to occur
between 26 October and 5 November. Within this interval, the maximum shear in
the bottom boundary layer (band with reddish colors between 5 and 15 m above
the sea-floor) suddenly disappears, indicated by the black box; here, the bottom
boundary layer appears to separate from the seafloor. This probably is related to
the interaction of the thermocline with the bottom boundary layer, causing the
lower layer to become quiescent (zero-flow) and the maximum shear layer to be
lifted above the thermocline. This suggests that the complete breakdown of the
thermocline occurred between 31 October and 11 November. Besides that, note
the intensified shear (reddish colors) near the surface from 25 November
onwards. This must be related to wind- and wave-driven shear in the near
surface layer (see Figure 3, bottom panel). However, by that time the
thermocline already had broken down, so intensified surface mixing cannot be
the primary reason for the thermocline breakdown.
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The timing of the breakdown also may be derived from the temporal behavior of
the horizontal velocities, because they could signify the passage of a frontal jet
(Brown et al., 1999; Hill et al., 1993; Simpson and Pingree, 1978; van Aken

et al., 1987). To remove variations related to the tides, a running window LSHA
was applied separately to the time-series of the horizontal velocities, u and v at
each depth. A window of 1 day was chosen and the LSHA analysis was applied
using only the (dominant) M2-tidal component having a frequency of 12.25
hours. This leads to an amplitude and phase at the M2 tidal frequency and a
residual (or mean) value for both the eastward and northward component of the
velocity at each depth. Using the tidal amplitudes and phases of the eastward
and northward components, the ellipse parameters of the M2 tidal flow also were
determined. The most obvious structure in Figure 12 is the reversal of the
residual northward current between 25 October (noon) and 29 October
throughout the entire water column. Within this period the maximum (absolute)
residual velocity (uo, vo) = (0.7,-0.25) m/s is observed at ~75 m above the
seafloor, whereas the time-mean residual velocity at this depth is (uo,vo) =
(0.3,+0.15) m/s. This phenomenon likely is related to a frontal jet-like structure
- similar ones have been observed in the southern part of the North Sea, albeit
with @ much smaller maximum along (cross) frontal velocities of only 0.15 (0.05)
m/s (Hill et al., 1993). In our study, additional (continuously weaker) jets appear
around 5, 13, 26, and 31 November. This suggests that in the period between
late October and the end of November, when the jets appear at a regular basis,
the bottom seasonal front moves repeatedly back and forth across the 22/4b
site. The frontal jets themselves are not the cause for destratification, they are a
result of the passage of the tidal mixing front.

4. Summary and Conclusions

In this paper we have provided 5 different pieces of evidence to show that the
breakdown of the thermocline at site 22/4b most likely occurs on 9 November
2011, e.qg.

1) The Modis Sea Surface Temperature, Tws was lower than the near seabed
temperatures at the lander location after 9 November. Even though satellite
temperature observations may be subjected to skin temperature bias, this
suggests a well-mixed or nearly well-mixed water column.

2) The large amplitude temperature variations, likely caused by bubble-
induced overturning or entrainment, abruptly ceased on 9 November 2011.
Advection likely was not the cause for these variations, as horizontal near-
bottom temperature variations are too small in that area of the North Sea.

3) The height of the thermocline derived from Acoustic Doppler Current
Profiler intensity measurements was estimated using the thermocline detection
algorithm. Linear extrapolation of the location of the height of the thermocline
shows that the breakdown of the thermocline occurred between 31 October and
11 November (based on the 95% prediction intervals) and most likely on 5
November.

4) The local maximum in the vertical shear was located at ~20 m above the
bottom between 25 and 30 October and fell within the 95% prediction interval.
The location of the local maximum in the shear was identified as correlated with
the height of the thermocline. Soon after 30 October, the maximum shear layer
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becomes invisible in the high shear layer resulting from the near-bottom
boundary layer.

5) The breakdown of the thermocline or the passage of the seasonal front at
the 22/4b site is accompanied by a strong frontal jet of ~0.3 m/s between 26
and 29 October. It is about twice as large as previous observations of the
seasonal frontal jet in the North Sea (Brown et al., 1999; Hill et al., 1993;
Pingree and Griffiths, 1978; Simpson and Pingree, 1978; van Aken et al., 1987).
Moreover, the passage of the frontal jet is not restricted to one single episode,
but the frontal jet appears to move across the 22/4b site at certain intervals,
although it had weakened with every passage. The breakdown of the thermocline
likely occurs in phases; between the stratified period and the well-mixed period
there must be an intermediate phase in which the water column experiences
periodic stratification; in this phase a subtle balance exists between processes
that cause stratification and mixing processes. The strength of these processes
varies over time, such as for instance with variations in the heat flux, but also
with the tidal mixing strength (spring-neap) and space, e.g. mainly from
advective processes.

The thermocline breakdown at the 22/4b Site in 2011 was well before the
observed breakdown in 1998 at a similar location only 160 km to the Northeast
during the PROVESS study (Howarth et al., 2002). At the latter location, the
thermocline remained intact at least until 9 November, when a 2.1K temperature
difference between the surface (9.5°C) and the near bottom waters (7.4°C) still
was observed. In addition, model simulations for the PROVESS study indicated a
breakdown of the thermocline early December (Bolding et al., 2002). The
thermocline breakdown at the 22/4b site in 2011 also was earlier than expected
from climatology in this area (Berx and Hughes, 2009), which indicates a
breakdown in the end of November/early December. In Figure 10 of Nauw et al.,
2015), it can be seen that the difference in climatological temperature between
the sea surface and near-bed layer is very similar at both sites throughout the
year.

It appears that the breakdown of the thermocline near the 22/4b site in 2011
occurs anomalously early in the season with respect to nearby locations. Fluid in
the bubble momentum plume appears to rise at an average 0.33 m/s, whereas
the bubbles themselves rise at 0.25-0.30 m/s faster than the surrounding flow.
The bubble-plume induced flow likely causes additional turbulent mixing and can
generate entrainment of the surface mixed layer (WUlest et al., 1992). Therefore
the data are consistent with the hypothesis that strong bubble plumes provide a
mechanism that assists in breaking down of the seasonal thermocline.

The thermocline detection algorithm validity was confirmed in data collected
every 2 seconds with a coupled ADCP, e.g. having 8 beams to minimize bubble
contamination, on a lander placed in close proximity of a natural bubble seep
near Dogger Bank (Brussaard et al., 2013). Moreover, first inspection of the data
collected at Dogger Bank indicated high frequency wavelike structures in the
thermocline with periods of about 10 minutes.

Although the data analysis is consistent with the hypothesis of bubble plume
mixing affecting local thermocline breakdown, further detailed analysis of these
data and or collection of new datasets are needed to shed further insights into
bubble-plume-induced destratification and/or mixing processes at sea.
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Appendix A - Thermocline Detection Algorithm

The thermocline detection algorithm (TDA) consists of several different steps.
First of all, a peak detection algorithm is applied to the logarithm of the
backscatter intensity data, /og(I). A local peak in the vertical profiles of the log(I)
is defined as when the maximum value is at least 1.1 Counts higher than its
neighboring values just above and below (black dots in Figure A- 1, left panel).
Three local maxima can be identified in the example of Figure A- 1; the on at the
seafloor is related to the reflected sound being highest closest to the ADCP. The
second peak at about 30 m above likely is related to a bubble plume and the top
most relative maximum near 70 m height is likely related to the MLD. The right
panel of Figure A- 1 shows that the local maxima are bimodally distributed.
Bubbles are acoustically very reflective, whereas the thermocline has much less
reflective capabilities. Therefore it is safe to assume that the higher acoustic
maxima are related to bubbles and the lowest to the MLD. Thus, the maximum
threshold for local maxima associated with the MLD is set to /og(I)<4.5 (dashed
line).

The location of all local maxima between 9 September 2011, 17:15 UTC and 11
September 2011, 5:15 UTC are shown in Figure A- 2 for beam 1 only, where
local maxima with /og(I)<4.5 are marked black and the local maxima that fail
this criterion are marked white. Obviously, most of the white dots are either
related to being near-seabed values or they are related to high acoustic
reflections from rising bubble plumes. However, there still appear to be some
outliers in the derived MLD that are not removed with this criterion only.
Therefore, we apply the above described method to all four of the beams
individually (Figure A- 3). Areas where the dot-density is high are clearly related
locations where a local maximum is found below the threshold value in more
than one beam or at subsequent times; individual dots are observed at a depth
completely unrelated to the estimates of the MLD at nearby measurements in
time or space (e.g. other beams).

A median depth and running window filter is applied with a window length of one
hour and a range of £2 m around the median value within that window.
Graphically, this filter is shown in Figure A- 4, where a box is placed with £0.5
hour around the central time and £2 m around the median value determined for
all values within that hourly window. Whenever at least 5 estimates of the MLD
are present within this box, the mean thermocline height, Hr, was applied to the
central time. For midnight between 9 and 10 September, only four estimates are
available, leading to Hr=NaN. For midnight between 10 and 11 September, 10
estimates are available and the mean thermocline height becomes Hr=75.6 m
(red dot).

Appendix B - Confidence and Prediction Intervals

A plausible range around a linear regression can be expressed by the confidence
and prediction intervals. To determine the confidence and prediction intervals the
following holds:

y =y xtys.e

With tcit the critical t statistic and where the standard error, s.e., is defined as:
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SS,

With syx the standard error of the estimate; p=0 for confidence intervals and p=1
for prediction intervals, n the number of degrees of freedom; x the average of
the x values and

n—2
55, = Z(xi —x)?

l
SS« is the standard deviation. The values of these parameters and the result of
the linear regression are given in Table B-1.
The 95% confidence interval leads to a space around the linear regression and
indicates that the probability that the true best-fit for the data is any straight line
that can be drawn in that space. However, if one takes any specific value of x
and wants to determine the range around the predicted value y with a 95%
probability, the 95% prediction interval is to be determined. The prediction
interval is wider than the confidence interval and therefore more suitable for
predictions outside the sampling data, e.g. in the case of linear extrapolation.

1 (x;—x)?
S.e.=syx\]p+;+l—
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Figures
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Figure 1: Map showing the key features of the topography of the North Sea and
the adjacent oceanic areas in relation to the proposed seasonal circulation
pattern in the northern North Sea and northwest of Scotland and the locations of
the 22/4b Site (bullet), the PROVESS site (star), and the Sleipner Platform (filled
square); A. stratified summer situation, B. mixed winter situation; ESAI - East
Scotland Atlantic Inflow; FIC - Fair Isle Current (modified from Turrell et al.,

1992).
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Figure 2: A. Overall 22/4b-4 crater topography, and B. Profile through 22/4b-4

crater including the approximate location of the lander on a ledge, C. Image of
the lander on the sea floor.
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Figure 3: Top: Time-series of the temperature (°C) on the landers (drawn), T;s.
Black dots represent the Sea Surface Temperatures (SST) at the location of the
landers based on the 8 day composites of the MODIS Level 3 SST maps, Tws.
Blue (magenta) dots represent surface (bottom) temperatures derived from CTD
casts, Tcrps (surface) and Tcerps (bottom). Red (green) dots connected with
dashed lines are the climatological values for the temperature at the surface, Tcs
(near the bottom, T¢g) at the location of the landers derived from the
climatological values (Berx and Hughes, 2009). Middle: RMS wave height (m).
Bottom: Wind stress (Nm=) using wind speeds at the nearby Sleipner platform at

58°22'N and 1° 55E (Figure 1).
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Figure 9: Logarithm of backscatter intensity, I, for beam 1 (top) and beam 2
(middle) and absolute value of the vertical shear (bottom) for 9 Sept 17:15to 11
Sept 5:15. White dots mark the location of the height of the thermocline above
seafloor using the thermocline detection algorithm and MLD and BTH are marked
as red dots derived from the analysis of the CTD profiles as shown in Figure 4.
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as outliers. The black box is referred to in the text.
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Figure 12: Semi-major axis or maximum tidal speed (top), residual eastward
(middle) and northward (bottom) current (m/s) from a running LSHA with a
window length of 1 day and based on the M2 tidal constituent.
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Figure A- 1: Left: Typical vertical profile of the logarithm of the backscatter
intensity. Local maxima are indicated with black dots. Right: Histogram of the
values of the logarithm of the backscatter intensity of beam 1 obtained between
9 September 2011, 17:15 UTC and 11 September 2011, 5:15 UTC. In both
panels: The detection threshold is indicated by the dashed line.
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Figure A- 2: Logarithm of the backscatter intensity of beam 1 (colors
background) and local maxima, which exceed values above and below by at least
1.1 Counts. Red dots indicate local maxima having a maximum lower than the
threshold value of 4.5 and white dots mark local maxima that exceed the
threshold value and are removed from the analysis, because they are clearly not
related to the MLD or BTH.
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Tables

Table 1: Accuracy, stability and resolution of the instruments

Sensor Initial accuracy Typical stability Resolution
Conductivity 0.0005 S/m 0.00003 0.00005 S/m
S/m/month
Temperature 0.0005 S/m 0.0002°C 0.0001°C
Pressure (Quartz, | 0.02% of full scale | 0.025% of full 0.0006% of full
10,000 psi) range scale range/year scale range for 1
sec integration

Table 2: Settings of the ADCPs on Lander-1 and Lander-2.

Lander-1 Lander-2
Deployment 07-Jun-2011 20:00:00 09-Sep-2011 17:15:00
Recovery 09-Sep-2011 13:20:00 19-Apr-2012 04:00:00

Number of bins

109

110

Time per ensemble

10 minutes

15 minutes

Pings per ensemble

70

50

Time per ping

00.57 seconds

18.00 seconds

Table 3: Residuals (subscript 0) and amplitudes (subscript M2) of the LSHA
applied to the depth-averaged velocities in eastward, northward and upward
velocities, u,v,w, respectively.

Entire time-series Period 1 Period 2 Period3
Uo 0.23 0.11 0.11 0.16
Vo 0.22 0.16 0.19 0.28
Wo 0.20 0.10 0.13 0.33
Um2 0.10 0.04 0.05 0.02
VM2 0.05 0.07 0.07 0.04
Wm2 0.01 0.02 0.04 0.01

Table B-1: Values of the parameters in the equations in Appendix B for
determining the 95% prediction interval.

Desciption Name Value
Slope m -2.2
Intercept b 7.8-10!
Number of observations N 258
Standard Error in the Sxy 5.5
Estimate

Average x X 7.6
Sum of Deviation squared | Sxx 5.4-103
t statistic t(a,df) 1.97
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