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[2] We present a 26 day time series (October 2010) of physical properties (volume flux, flow velocity,
expansion rate) of a vigorous deep-sea hydrothermal plume measured using our Cabled Observatory Vent
Imaging Sonar (COVIS), which is connected to the Northeast Pacific Time Series Underwater Experiment
Canada Cabled Observatory at the Main Endeavour Field on the Juan de Fuca Ridge. COVIS quantitatively
monitors the initial buoyant rise of the plume from ~5 m to ~15 m above the vents. The time series exhibits
temporal variations of the plume vertical volume flux (1.93 —5.09 m3/s), centerline vertical velocity
component (0.11 — 0.24 m/s) and expansion rate (0.082 — 0.21 m/m ); these variations have major spectral
peaks at semidiurnal (~2 cycle/day) and inertial oscillation (~1.5 cycle/day) frequencies. The plume expansion
rate (average ~0.14 m/m) is inversely proportional to the plume centerline vertical velocity component
(coefficient of determination R? ~ 0.5). This inverse proportionality, as well as the semidiurnal frequency,
indicates interaction between the plume and ambient ocean currents consistent with an entrainment of ambient
seawater that increases with the magnitude of ambient currents. The inertial oscillations observed in the time
series provide evidence for the influence of surface storms on the dynamics of hydrothermal plumes.
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1. Introduction floor [Stein and Stein, 1994; Anderson and

Hobart, 1976; Bickle and Elderfield, 2004 ; Jack-
[3] Hydrothermal plumes, occurring mainly at  son et al., 2010; Adams et al., 2012] and induce
mid-ocean ridges, disperse the heat, chemicals, unique patterns of deep-ocean circulations around
and biological materials from the vents on the sea-  the vent fields [Thomson et al., 2003, 2005].
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Figure 1.

Bathymetry relative to COVIS (yellow star) around the Grotto mound (yellow ellipse) with contours in 1 m intervals.

The blue triangle denotes the location of the North Tower; the light blue rectangle defines the horizontal
cross-section area of the 3-D grid. (bottom left) Index map: the Juan de Fuca ridge and the Endeavour seg-

ment (red dot)

Traditional hydrothermal-vent studies have
depended on ship and submersible-based experi-
ments or moored self-contained instruments to col-
lect data that are mostly snapshots or intermittent
time series with limited durations [Bemis et al.,
1993; Rona and Trivett, 1992; Kellogg and
McDuff, 2010; Larson et al., 2007; Crone et al.,
2010; Xu and Dilorio, 2012]. These data are insuf-
ficient to resolve the interaction of a hydrothermal
system with the geological changes of a mid-
ocean ridge and the hydrodynamic influences of
the deep-ocean currents, both of which require
long-term continuous time-series measurements of
the plume properties of interest (i.e., temperature,
chemical concentration, volume flux, and flow
rate).

[4] In September 2010, the Cabled Observatory
Vent Imaging Sonar (COVIS) was installed in the
world’s first regional-scale underwater ocean ob-
servatory network Northeast Pacific Time-Series
Underwater Experiment (NEPTUNE) Canada
(http://www.neptunecanada.ca). COVIS quantita-
tively monitors the initial buoyant rise of a plume
from ~5 to ~15 m above the Grotto mound in the
Main Endeavour Field (MEF) on the Juan de Fuca

Ridge. This observed plume is the integrated prod-
uct of multiple high-temperature black-smoker-
type vents discharging from a partially isolated
sulfide edifice 10 m high and 10 m in diameter at
the north-western end of the Grotto mound (which
we call the North Tower of Grotto hereafter, Fig-
ure 1). Powered by the NEPTUNE Canada net-
work, COVIS scans the plume with acoustic
signals and records the acoustic backscatter from
the plume. Fiber optic cables of the NEPTUNE
Canada network transfer the acoustic data col-
lected by COVIS in near-real time to the Internet-
based Data Management and Archival System
(http://dmas.uvic.ca’/home), which provides free
data access to both the scientific community and
the general public. The advent of NEPTUNE Can-
ada and COVIS enables researchers to monitor
hydrothermal plumes in real time for long time
periods (up to years), which is beyond the capabil-
ities of traditional vent studies, and thus under-
stand the plumes’ interactions with geological and
hydrodynamical mechanisms.

[s] In this study, with a Doppler analysis of the
acoustic data collected by COVIS, we present a 26
day time series of the plume’s volume flux,
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(a) ..

Figure 2. Configuration of COVIS data acquisition. (a) Ver-
tical cross section of a standard COVIS 3-D plume image. (b)
Fan-shape beam pattern at each elevation angle 6.

centerline vertical flow rate, and expansion rate
sampled at 3 h intervals. The temporal variations
observed in the time series provide insight into the
interaction of the plume with both the tidal oscilla-
tions in the surrounding deep-ocean currents and
the surface wind-driven inertial oscillations. Sec-
tion 2 is an introduction to the sonar configuration
and data acquisition of COVIS, the data-
processing method used to obtain the time series,
and the quantification of the measurement uncer-
tainty. Section 3 summarizes the important obser-
vations in the time series. Section 4 discusses the
advances in COVIS data collection and explains
the potential causes of the observed temporal var-
iations in the time series. Section 5 includes con-
cluding remarks.

2. Methods

2.1. Acoustic Data Collection

[6] COVIS was deployed at 47 57'N,129 6'W,
approximately 30 m to the northeast of the North
Tower of Grotto, and 2197 m depth looking in the
southwest direction (Figure 1). Power and data
connectivity are supplied to COVIS through its
connection to the Endeavour node of the

NEPTUNE Canada cabled observatory. COVIS
takes samples every 3 h in three different modes
(imaging, Doppler and diffuse flow) for 3-D plume
imaging, volume flux quantification, and 2-D
imaging of diffuse flows. This paper deals with the
Doppler mode only.

[7] The primary component of COVIS is a state-
of-the-art imaging sonar, a variant of the Seabat
7125 developed by Reson, Inc. The 400 kHz
transmitting-receiving pair provides angular cov-
erage of 128  (horizontal) x 1  (vertical) with 256
beams at a resolution of 0.5 x 1. The 200 kHz
pair is used for diffuse flow measurements, which
are outside the scope of this paper. Figure 2 is a
schematic plot of the acoustic data acquisition
method. During one scanning cycle, the sonar first
rotates upward from elevation angle 6 =20 to
57" in 1 increments and then downward in 1°

increments to the initial position. The combination
of the upward and downward rotation processes is
called a sweep, which covers a vertical range of 35
m of the plume. At each 1  elevation angle,
COVIS transmits 40 pulses (pings) (20 pulses each
during the upward and downward halves of a total
sweep at each 1  elevation angle) of high-
frequency (396 kHz) acoustic signals with the
ping rate ~5 Hz toward the plume atop the North
Tower of Grotto. Multiple transmissions (to be
averaged), data acquisition and storage, and me-
chanical rotation of the sonar (with instantaneous
rotation speed ~1° /s) result in a combined upward
and downward rotation (a total sweep) time of 23
min. Two consecutive sweeps are executed with 3
h intervals between each pair. Table 1 summarizes
important sonar specifications.

[s] The spatial resolution along the acoustic line-
of-sight is R, = & ~ 1 m, where ¢ = 1495m/s is
the sound speed and 7= 1.5ms is the pulse
length. Applying a conventional beam-forming
technique, 256 beams are formed with azimuthal
angles from —64 to 64 , which comprises a 128"

Table 1. COVIS Doppler-Mode Settings

Azimuthal

Central frequency 396 kHz coverage 128

Pulse length (7) 1.5ms Azimuthal 0.5
resolution

Sound speed (c) 1495 m/s  Range of 200 ~ 57
elevation angle

Max ping rate 5Hz Vertical angular .
resolution

Pings for average (V,) 40 Spatial resolution  ().15 m
(R,) at 30 m

Sampling interval 3h Spatial resolution 1 m?
(R, at 75 m
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wide “fan”. The range of each beam extends to 75
m away from the sonar (Figure 2b). As the beams
diverge, the elemental scanning volume of COVIS
grows larger, causing resolution to become lower
as the range increases. For example, at 30 m range
from COVIS (where the North Tower of Grotto is
located, Figure 2a) the azimuthal distance between
two adjacent beams is R, =~ 0.3 m; the orthogo-
nal distance between two adjacent “fans” is
Ry =~ 0.5 m. As a result, the elemental scanning vol-
ume is R, = RyR..R, ~ 0.15 m?, which increases
to ~1 m> at 75 m range.

[v] The acoustic signals used for plume imaging
and Doppler measurements are backscattered by
the suspended particles and turbulence-induced
temperature fluctuations within the plume.
Although the relative importance of suspended
particles and temperature fluctuations to acoustic
backscatter remains to be resolved [Xu and
Dilorio, 2011], it does not affect the results pre-
sented here, because suspended particles and tem-
perature fluctuations have similar profiles across
the plume [Papanicolaou and List, 1988], and thus
produce similar backscatter patterns.

[10] Calibration factors are used to compute the
acoustic volume backscatter cross-section o, in
units m~! (see supporting information S1). The o},
values are averaged over the 40 pings at each ele-
vation angle. Taking the logarithm of ¢, gives the
volume scattering strength VSS = 10log ,(o5) in
units dB m~!, which is conventionally used to rep-
resent acoustic scattering intensity (the color
scales in Figure 2a). In addition, COVIS estimates
the plume velocity component along the acoustic
line-of-sight ¥, from the Doppler frequency shift
observed in the backscatter signals using the co-
variance method described in Jackson et al. [2003]
(see supporting information S2). The “fans”, each
composed of 256 line-of-sight beams of ¢}, and V.,
at successive elevation angles are stacked together
and interpolated to a uniform 3-D rectangular grid
(0.5 m interval in all three coordinates). We then
use the gridded o, and V, to estimate the plume
vertical volume flux, centerline vertical velocity
component, and expansion rate.

2.2. Plume Vertical Flow Rate Estimation

[11] In order to estimate the plume vertical volume
flux, the plume velocity component along the
acoustic line-of-sight V. is converted to the plume
vertical velocity component ¥ using the geometric
technique developed by Jackson et al. [2003],
which is summarized as follows.

2.2.1. Plume Centerline Location

[12] According to the “dominant eddy” concept
[Chu, 1994], a plume’s centerline can be defined
as an axis or streamline that describes the direction
of the coherent motion within the plume. Applying
the method developed by Rona et al. [2002], we
construct the centerline of the plume by connect-
ing the local maxima on successive horizontal
cross sections of the 3-D-gridded volume back-
scatter cross-section . Instead of searching for
the absolute maxima, the locations of which are
unstable due to the turbulence within the plume,
we locate the local maxima by fitting a 2-D Gaus-
sian curve to each cross section and pinpointing
the peak of the Gaussian fit. The choice of a Gaus-
sian function is motivated by both its ease of use
and its traditional application to describing the dis-
tribution of plume properties (i.e., flow velocity,
temperature, turbulent intensity) about the center-
line of the plume [Papanicolaou and List, 1988].
The mathematical expression of the 2-D Gaussian
curve is

op(r) = Ucexp(—g—;) + o4 (1)

r= = x0) + =)’ @)

where o, is the peak value of the profile given zero
background (o, = 0), r is the radial distance from
the centerline, [xo,yo] are the coordinates of the
Gaussian peak, b, is the e-folding radius of the
Gaussian profile (the distance from the peak to the
point where the o, decreases to 1/e (37%) of its
peak value). Note that b, will be used as a measure
of the plume radius to determine the expansion rate
later in the paper (section 2.3). As can be seen from
Figure 3, the above Gaussian profile gives a good
fit to the data. We then construct the plume center-
line by fitting a cubic curve to the local o, maxima
on successive horizontal cross sections (Figure 4).

2.2.2. Geometric Conversion

[13] We convert the plume velocity component
along the acoustic line-of-sight V. to the plume
vertical velocity component /¥ based on the cen-
terline location obtained using the method outlined
in section 2.2.1 and relative angles between the
acoustic line-of-sight, vertical and axial (tangential
to the plume centerline) directions shown in Fig-
ure 5. We use symbols in bold fonts to denote vec-
tors (i.e., velocities) and nonbold fonts for velocity
magnitudes and components in this and the follow-
ing sections.
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Figure 3. Volume backscatter cross-section o}, profile across a horizontal cross section at 12 m above the North Tower of
Grotto and the Gaussian fit. The cross-sectional profile is extracted from the 3-D gridded o collected on 10

October 2010.

[14] The first step is to calculate the magnitude,
V., of the plume velocity at a given point C on the
plume centerline. By assumption, the plume cen-
terline is also a streamline; therefore, the plume
velocity at C is in the axial direction (tangential to
the centerline) and thus its magnitude can be
obtained using the following equation

Vie Vie
Vo=t )
e.-e cos(v)

where V,. is the component of velocity along the
acoustic line-of-sight at C, e, is a unit vector tan-
gent to the plume centerline, e, is a unit vector
pointing from the sonar to C, and v is the angle
between e, and e, (Figure 5). Note that e, and e,
can be readily calculated using the plume center-
line and the coordinates of C in the 3-D grid. The
horizontal velocity at C is thus

Vi = (Veee - ey)ex + (Veee - ey)ey (4)

where e, and e, are unit vectors in the x and y
directions.

[15] The horizontal flow field within the plume is
a combination of ambient horizontal cross flows

(U,) and entrainment inflows (U,). We assume U,
does mnot vary in time during each sweep
(~23 min ) and only varies in the vertical direction
at any given moment; that is, for a given dataset
(time step), U, only varies vertically and is constant
along each horizontal plane. We also neglect the
contribution made by U, (see section 2.4 for the jus-
tification of this assumption). With these assump-
tions, the horizontal flow field inside the plume
simply equals U,, and thus Vj can be used as a
proxy of the ambient horizontal flows near Grotto.

[16] The next step is to calculate the plume veloc-
ity component in the vertical direction W), at any
given point P at the same altitude as the centerline
point C using the line-of-sight velocity component
V., measured at P and the horizontal velocity Vi
obtained in the first step. The equation applied is

Vyp — Vh . erp
Wy, = (0 (5)
in which the numerator eliminates the contribution
of Vy to V,,, where ey is the unit vector pointing
from the sonar to P and 6 is the angle between e
and the horizontal plane. The geometric relation-
ships among W,, V,,, and V}, based on which equa-
tion (5) is derived are shown in Figure 5b.
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Figure 4. Construction of plume centerline from the 3-D
gridded volume backscatter cross-section o, collected on 17
October 2010. Solid line: cubic fit; red dots: ¢, maxima on
successive horizontal cross sections. Note that this figure
shows a single instant of the plume centerline that varies with
instantaneous ambient horizontal velocity structure over time.

2.3. Plume Property Estimations

[17] The plume centerline vertical velocity compo-
nent W, could be obtained by substituting the
measured centerline acoustic line-of-sight velocity
component V,. and the calculated horizontal
velocity Vy, at the same altitude into equation (5).
Nevertheless, it is preferable to obtain W, as the
peak of the 2-D Gaussian fit applying a mathemat-
ical expression equivalent to equation (1) to the
calculated plume vertical velocity distributions on
successive horizontal cross sections of the 3-D
grid. The averaging nature of the Gaussian-fitting
process can help reduce the uncertainty in the W,
estimates caused by the turbulence inside the
plume and the intrinsic imprecision of the Doppler
velocity measurements [Jackson et al., 2003].

[18] We estimate the plume vertical volume flux O
by integrating the plume vertical velocity compo-
nent W, calculated using equation (5) over succes-
sive horizontal cross sections of the 3-D grid. In
order to reduce the error in W, estimates caused
by background noise and ambient oceanic cur-
rents, we define the boundary of the plume at 25,
away from the centerline, where b,, is the e-folding
radius of the plume (equation (1)). We then

eliminate the wvelocity estimates at the points
where the volume backscatter cross-section oy is
smaller than its value at the boundary of the
plume. According to equation (1), o} at the bound-
ary is approximately 2% of the o, maximum. A
region-growing technique is then applied to elimi-
nate the residual velocity signals outside the plume
area originating from the sporadic large o, values
outside the plume. It can be shown that this proce-
dure leads to a systematic 2% underestimate of the
volume flux. This bias is neglected in our uncer-
tainty quantification as being insignificant in com-
parison to statistical error.

[19] The expansion rate £, (m/m) quantifies how
fast a plume expands due to the entrainment of
ambient seawater into the plume. Consequently,
E . is a natural measure of entrainment because a
plume grows faster (with larger E,) under greater
entrainment. In practice, we reconstruct the 2-D
cross sections of the 3-D grid of the volume
backscatter cross section perpendicular to the
plume centerline determined in section 2.2.1. We
then fit the 2-D Gaussian curve (equation (1)) to
successive cross sections to obtain the e-folding
radius b,, of the plume. Finally, we determine
E. by performing linear regression on the growth
of b,, as a function of the height above the
vents,

b, =E.Z+ A, (6)

where Z is the height above the vents, and 4 is an
adjustable constant.

2.4. Justification of Neglecting the
Entrainment Inflows

[20] The geometric conversion described in sec-
tion 2.2.2 neglects the inhomogeneities in the hori-
zontal flow field inside the plume caused by the
entrainment inflows U,. Laboratory studies indi-
cate that |Ue| reaches a maximum on the plume
boundary and gradually decreases to zero toward
the plume centerline [Chaengbamrung, 2005].
Consequently, the horizontal velocity Vy, =U, at
the plume centerline and thus U, has zero or negli-
gible contribution to the plume horizontal velocity
Vi calculated at the plume centerline. As for the
flow field about the centerline, according to
the entrainment hypothesis [Morton et al., 1956],
the magnitude of U, at the boundary of the plume
is proportional to the plume’s centerline vertical
velocity component I,
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COVIS

Figure 5.

Grotto

(a) Schematic diagram of the integrated plume above the North Tower of Grotto under ambient horizontal flows with

plume velocities depicted on x-z plane for graphic convenience, which does not reflect the 3-D nature of the
plume’s behavior. C (red dot) is any given point located on the plume centerline at a certain altitude above
Grotto. p (blue dot) is any given point at the same level of C within the plume. Velocity notations: U, (thick
yellow arrow), ambient horizontal flows; V. (red arrow), plume velocity at C (note that V. is in the axial
direction according to the definition of plume centerline); V,., line-of-sight velocity component at C; Vj, (yel-
low arrow), horizontal velocity at C; W, vertical velocity component at C; V,,,, line-of-sight velocity compo-
nent at p; W, vertical velocity component at p. Note that the horizontal velocity at p is assumed to be the

same as that at C (see text and supporting information S4.2). (b) Geometric relationships among Wp, V,

Vh.

|Ue| = OCch (7)

where « is the entrainment coefficient. For a
plume discharging into seawater with strong hori-
zontal cross flows (|U,| > W,), the plume is bent
toward the direction of U,, which dominates the
horizontal flow field within the plume. In such a
case, U, can be neglected and Vi = U, every-
where inside the plume. For a plume discharging
with much greater initial velocity than the ambient
flow, the plume is largely vertical as it arises from
the source vents. In such a case, U, dominates the
horizontal flow field inside the plume and thus
cannot be neglected. However, we argue that
neglecting U, has negligible effect on the plume
volume flux estimation for the following reason.

[21] Asis described in section 2.3, the plume verti-
cal volume flux is calculated through integrating
plume vertical velocity W, over horizontal cross
sections of the plume. According to laboratory
studies [Chaengbamrung, 2005], U, is axisymmet-

ps and

ric and pointing perpendicularly toward the plume
centerline when horizontal cross flows are negligi-
ble (in the case of vertical plumes). The error in
W, induced by neglecting the contribution of U, to
Vy, is also axisymmetric because of the linearity of
equation (5), and is thus canceled out in the inte-
gration adopted to calculate the volume flux.

2.5. Uncertainty Quantification

[22] The overall uncertainties in the plume vertical
volume flux QO and centerline vertical velocity
component W, stem from two major error sources.
First, we introduce uncertainty into Q and W, by
using an arbitrary plume boundary at 2b, away
from the centerline to filter the velocity estimates.
In order to quantify such “arbitrariness” of the
choice of the plume boundary, we allow the plume
boundary to vary from 1.75b, to 2.25b, and calcu-
late the corresponding variations in Q and W..
Note that the range used here is broad enough to
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Figure 6. Twenty-six day time series of (a) vertical volume flux O and (b) centerline vertical velocity component Wec along the
axial distance range 5 < § < 15 m for the plume above the North Tower of Grotto measured in 2010. (c)
Comparison between the 26 day time series of the expansion rate Ex (blue line) and the mean centerline verti-
cal velocity component <W¥, > averaged over the axial distance 5 < S < 15 m (green line). Note that the
white stripes in the time series indicate no data were collected at those times.

include all the reasonable choices of plume boun-
daries. The results indicate the uncertainty levels
are 27% in Q and 6% in W, (percent of the mean
value derived by using the default threshold with
plume boundary defined at 25, away from the cen-
terline, blue lines in Figure 8).

[23] The second source of uncertainty is the impre-
cision of the Doppler measurement of line-of-sight
velocity V,, which propagates into Q and W,
through the geometric conversion and integration
described in section 2.2.2 and 2.3. The total impre-
cision in V, estimates consists of contributions
from different sources including the intrinsic error
of the Doppler estimator, background noise, turbu-
lence in the plume and ambient oceanic currents,
and the bias due to finite resolution and gridding.
A major, and largely unknown, source of impreci-
sion is the turbulence in the plume. Therefore,
direct quantification of the overall imprecision in
V. is not feasible, and thus we use its standard
deviation V,; as a proxy (see supporting informa-
tion S2) [Jackson et al., 2003]. Propagating V.,
through the calculations described in section 2.2.2
and 2.3 following the rules given in Taylor [1982]
gives the uncertainty in Q and W, of 4% and 24%
respectively (percent of mean, Figure 8).

3. Results

[24] Figure 6 summarizes the 26 day time series
COVIS obtained for plume vertical volume flux Q,
centerline vertical velocity component W, and
expansion rate F£, at the North Tower of Grotto in
October 2010. The time series spans the beginning
sector of the plume from § = 5 to 15 m, where S
is the axial distance (distance away from the North
Tower of Grotto, approximately 13 m above
COVIS according to Figure 1, along the plume cen-
terline). Here we note the key observations. Both O
and W, show strong (>30%) short-term variations
within the measurement period, but no distinct long-
term trend (Figures 6a and 6b). The mean vertical
volume flux <Q > (not shown in Figure 6) averaged
over the axial distance 5 < § < 15m varies from
1.93 to 5.09 m?/s. The mean centerline vertical ve-
locity component < W, > (Figure 6¢) averaged over
the same axial distance varies from 0.11 to 0.24 m/s.
The measured expansion rate E,
(0.082 —0.21m/m) correlates negatively with
<W. > with a significant coefficient of determina-
tion R2 ~ 0.5 and a P value ~107° (a P value this
small indicates it is extremely unlikely the correla-
tion is an outcome of random noise). Note that the
above ranges for <Q >,< W, >, and E, are the
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Table 2. Mean Values and Standard Deviations (Std) of Q
and W,

S (m) S=5m S=10m S=15m

Mean Q (m?/s) 1.88 3.50 5.83

Std O (m?/s) 0.95 1.46 2.85

Mean W, (m/s) 0.21 0.18 0.16

Std W, (m/s) 0.06 0.06 0.07

Std/Mean W, 28.6% 33.3% 43.8%
(Observation)

Std/Mean W, 11.6% 12.5% 12.9%
(Tidal Loading)

Tidal Loading/ 40.6% 37.5% 29.5%
Observation

central 80% quantiles of their histograms (see Figure
S1). Table 2 summarizes the mean values and stand-
ard deviations of Q and W_.at S = 5, 10,and 15 m.

[25] Our  measurements of E, (average
~0.14 m/m) are consistent with the values reported
in a previous study (0.12 — 0.25 m/m) at the same
location using a different imaging sonar [Rona et al.,
2006]. The entrainment coefficient « (the constant of
proportionality relating the entrainment inflows U,
to the plume centerline vertical velocity component
W., equation (3)) [Morton et al., 1956] is a key pa-
rameter quantifying the mixing of the plume with
ambient seawater. Applying the formula generalized
in Papanicolaou and List [1988], we calculate the
entrainment coefficient o as

a = (5/6)E:/12, (8)

where the factor 1/1.2 is an empirical constant
reflecting the assumption that the acoustic back-
scatter has a cross-sectional profile as dissolved

7

tracers rather than velocity. Laboratory experi-
ments and numerical simulations have estimated «
for buoyant plumes in uniform or stably stratified
nonflowing (horizontal cross flows U, = 0) envi-
ronments (0.083+0.004, Fischer et al. [1979];
0.080 Tao et al. [2013], supporting information
S4). These estimates fall into the lower sector of
our calculated values (0.06 — 0.14).

[26] Figure 7 shows the smoothed, normalized
periodogram of W, (see supporting information S4
for the details of the calculation of the periodo-
gram). The periodogram has spectral peaks (with
<5% significance level) centered at the frequen-
cies consistent with the semidiurnal tidal constitu-
ents (~1.95 cycle/day) and the local inertial
oscillations (~1.5 cycle/day).

[27] Figure 8 shows the profiles (averaged over the
time series in Figures 6a and 6b) of the variations
of O and W, over the axial distance range
5 < § < 15 m. The color-shaded areas denote the
uncertainty levels coming from the two error sour-
ces mentioned in section 2.5. The total uncertainty
levels in the vertical volume flux QO and centerline
vertical velocity component . are approximately
31% and 30% of the results obtained using the
default plume boundary at 25, away from the cen-
terline respectively (blue lines in Figure 8).

4. Discussion

4.1. Advances in Data Collection

[28] To illustrate the uniqueness of the COVIS
data, we briefly review the few other recent efforts

L
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1.5 2 2.5 3

Frequency (cycle/day)

Figure 7. Smoothed and normalized periodogram of W, (refer to supporting information S4 for the details of the calculation of
the periodogram). The dashed line denotes the 5% significance level.
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Figure 8. Profiles of (a) vertical volume flux [Q] and (b) centerline vertical velocity component [/¥,] averaged over the 26 day
time series shown in Figure 6 with uncertainties caused by the imprecision of the line-of-sight velocity meas-
urements (source 2, red areas) and by filtering the velocity estimates with the plume boundaries defined at
1.75b,and 2.25b, away from the centerline (source 1, blue areas); blue lines: mean values calculated with
the plume boundary defined at 25, away from the centerline (see section 2.5).

at obtaining time series of plume velocity. Xu and
Dilorio [2012] used acoustic scintillation to obtain
a 40 day time series of plume vertical velocity at
20 m above the Dante mound in MEF. Although
this data set is longer, each time step only provides
a single mean velocity averaged over the 20 m
acoustic line-of-sight rather than the complete 3-D
data set of 1-m resolution cross sections at 10 dif-
ferent heights provided by COVIS. Crone et al.
[2010] collected 44 days of video of the near vent
(first 2 m) region of a hydrothermal plume dis-
charging from an individual black smoker on
MilliQ vent in the MEF; they used an optical anal-
ysis technique to obtain a 44 day record of flow
rate changes. While this is a longer record than
that obtained by COVIS, it only measures flow
from a single black smoker; as a result, extrapola-
tion is required to infer flow through the entire sul-
fide mound. In contrast, the plume COVIS imaged
is fed by all of the 5-10 black smokers distributed
on the North Tower of Grotto; thus COVIS’s flow
and flux measurements reflect more directly the
integrated flow through the North Tower portion
of the mound.

[20] Thus, the COVIS time series of plume vertical
volume flux, centerline vertical flow rate, and
expansion rate represent a significant advance in
data collection over earlier plume studies due to
the ability to track the evolution of the plume
(from ~5 to ~15 m above the vents along the cen-
terline) and due to the confidence with which the
plume is imaged (3-D resolution allows the plume
to be accurately located).

4.2. Sources of Temporal Variations

4.2.1. Tidal Loading Effects

[30] In previous studies, the tidal loading effects
have been reported to introduce tidal oscillations
into the flow rates [Crone et al., 2010] and chemi-
cal concentrations and temperatures [Larson et
al., 2007] of the hydrothermal plumes close to
the vent orifices. These near-vent tidal oscilla-
tions can propagate downstream (vertically) and
be observed at higher levels of the plumes. The
variations of the temperatures measured by
Larson et al. [2007] at high-temperature
vent orifices are <6% of the mean values. The
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variation in the flow rate within the beginning 2
m of the plume at a high-temperature vent meas-
ured by Crone et al. [2010] has a maximum
~40% of the mean value. Given the close prox-
imity of these observations to the vent orifices, it
is reasonable to consider them good approxima-
tions to the variations of the initial temperatures
and flow rates of the plumes observed in the re-
spective  studies. Using the formulations
described in Morton et al. [1956]; Morton
[1959], we calculate the variations of the center-
line vertical velocity at multiple levels (5, 10, and
15 m above the vent) of a buoyant plume caused
by the initial temperature and flow-rate variations
with the observed magnitudes mentioned above
(see supporting information S6). The results
(Tables 2 and S1) indicate the tidal loading
effects can potentially cause variations in the
plume centerline vertical velocity component
W. ~ 12% of the mean value, which is ~36% of
the observed temporal variations. Note that these
results are subject to additional uncertainty due to
using the variability magnitudes observed at dif-
ferent vents from Grotto; however, the paucity of
data gives no better idea of typical (if any)
variations.

4.2.2. Current-Driven Entrainment

[31] According to Thomson et al. [2003] and Veirs
et al. [2006], the semidiurnal frequency dominates
the tidal oscillations in the oceanic currents within
the axial valley confining the Grotto mound. In
addition, Berdeal [2006] observed significant iner-
tial oscillations in a 11 month (June 2001 to April
2002) time series of the near-bottom (<1 m above
seafloor) horizontal flows measured within the
axial valley approximately 100 m to the south of
the North Tower of Grotto [Berdeal, 2006, Figure
2.2]. The similar periodicity of the plume center-
line vertical velocity component W, as is indi-
cated by the presence of the semidiurnal
(~2 cycle/day) and inertial (~1.5 cycle/day) fre-
quencies in the spectrum (Figure 6¢), is therefore a
strong indicator of the plume’s response to the am-
bient oscillatory currents.

[32] As discussed in section 2.3, the plume grows
faster (with larger E,) under greater entrainment.
Larger measured values of E,, therefore, indicate
greater entrainment is occurring. Thus, the signifi-
cant negative correlation between E, and the mean
centerline vertical velocity component <MW, >
shown in Figure 6c¢ indicates the plume rises
slower under enhanced entrainment as more ambi-
ent seawater with zero or negligible vertical mo-
mentum mixes with the rising plume.

[33] According to previous laboratory and field
measurements [Fan, 1967; Rona et al., 2006; Xu
and Dilorio, 2012], ambient horizontal cross flows
(U,) can enhance entrainment. As reported in
Thomson et al. [2003], the currents within the
southern sector of the axial valley (where Grotto
is) can be decomposed as near-rectilinear tidal
oscillations (~3 cm/s, sweeping back and forth
along the axis of the axial valley with dominant
semidiurnal constituents) superimposed on a
northward mean flow (~5 cm/s). Such ambient
currents enhance and introduce tidal oscillations
into the entrainment at nearby hydrothermal
plumes. Through the negative correlation dis-
cussed in the preceding paragraph, the tidally
driven entrainment leads to the similar tidal vari-
ability (semidiurnal band) observed in the plume
centerline vertical velocity component W, (Figure
7). In addition, such reasoning explains the fact
that our calculated entrainment coefficients (/) are
in general larger than empirically determined val-
ues for buoyant plumes rising in nonflowing envi-
ronments (section 2.3).

[34] Although the tidal loading effects discussed in
the preceding section can possibly cause ~36% of
the temporal variations observed in W,, this theo-
retical estimation contradicts our observation: sur-
face gravity waves at pure inertial frequency have
zero sea-surface height variation; the sea-floor
pressure, the source of the tidal loading effects, is
thus free of inertial oscillations (see Figure S2 in
the supporting information), which contrasts with
our observations of strong inertial oscillations in
W.. Such a discrepancy, along with the significant
negative correlation of <W, > with E,, suggests
the dominant source of the temporal variations in
W. is the current-driven entrainment.

4.3. Effect of Atmospheric Forcing on
Hydrothermal Vents

[35s] Based on the -current-driven entrainment
mechanism described in the preceding section, the
near-inertial peak in the spectrum (Figure 7) sug-
gests the existence of significant inertial oscilla-
tions in the surrounding currents at Grotto during
the measurement period. Atmospheric forcing,
such as storms, can generate large inertial oscilla-
tions in the surface ocean. Part of the surface-
generated inertial energy exits the mixing layer as
internal waves that propagate downward to the
deep ocean [Thomson et al., 1990]. Therefore, it is
possible for the observed inertial oscillations to
have a surface origin.
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Figure 9. Amplitude of the inertial oscillations isolated

from the mean centerline vertical velocity component <W, >

shown in Figure 6¢ (blue) and daily averaged wind speed

observed by the buoy (Station 46005, National Data Buoy

Center) deployed 230 km to the south of Grotto (green).

[36] In order to investigate the relation between
the observed inertial oscillations and the atmos-
pheric forcing, we fit a sinusoidal function with
the observed inertial frequency (1.5 cycle/day) to
the mean centerline vertical velocity component
<W. > (see supporting information S5) to isolate
the inertial oscillations (Figure 6¢). We then com-
pare the amplitude of the isolated inertial oscilla-
tions with the daily averaged wind speed observed
by a buoy (Station 46005, National Data Buoy
Center) deployed approximately 230 km to the
south of Grotto (Figure 9). The typical scale
(~1000 km ) of the forcing wind in the open ocean
is much larger than the horizontal distance
(~230 km) between Grotto and the buoy. There-
fore, it is reasonable to expect high horizontal co-
herence between the wind fields at the two
locations. The amplitude of the isolated plume in-
ertial oscillations is significantly positively corre-
lated with the wind speed observed by the buoy
with a correlation coefficient R ~ 0.58 and a P
value < 107°.

[37] Given that the surface generated inertial
energy propagates downward at the finite group
velocity of internal waves, we anticipate a lag
between the plume inertial oscillations and the
wind speed. A cross correlation with a 13 day lag
increases the correlation coefficient to R ~ 0.69
with a P value < 107°. Assuming this time lag
reflects the time taken by the internal waves to
transfer the surface-generated inertial energy
downward to Grotto (at 2197 m depth), the vertical
group velocity of the internal waves is thus

 2197m
& 13days

=169 m/day . 9)

[38] According to Kundu and Thomson [1985], C,.
can be calculated as

vlewy - ew?]”
e 4 ffoN ’

(10)

where f is the “blue-shifted” inertial frequency
observed at the bottom, f; is the original inertial
frequency, U is the translation speed of a storm,
and N is the buoyancy frequency. Substituting
equation (9) along with f, = 1.4851 cycle/day,
U =5 m/s [Mei et al., 2012] and N = 0.001 Hz
[Emery et al., 1984] into equation (10) gives f =
1.5026 cycle/day. This value is very close to the
observed peak of the inertial band (f" ~ 1.5 cycle/
day, Figure 7) given the resolution of the spectrum
Af ~ 0.06 cycle/day.

[39] The significant correlation between the ampli-
tude of the isolated plume inertial oscillations and
the wind speed observed by the buoy, along with
the consistency between the observed and calcu-
lated “blue-shifted” inertial frequencies, suggests
the downward propagation of the surface-
generated inertial energy into the ambient currents
at Grotto. The inertial oscillations are then intro-
duced into the plume vertical velocity component
W, through the current-driven entrainment dis-
cussed in the previous section. This discovery is
evidence for the influence of atmospheric forcing
on the dynamics of hydrothermal plumes, which
was largely overlooked in previous vent studies.
Similar evidence was reported in Adams et al.
[2011] for the influence of surface-generated mes-
oscale eddies on the low-frequency background
currents around a hydrothermal vent field. The
downward propagation of surface-generated iner-
tial oscillations into vent fields has potential to
influence the transport of hydrothermal chemical
and heat fluxes and the dispersal of larvae of vent
animals.

5. Conclusions

[40] In this paper, we use the Doppler-processed
data from COVIS to measure a 26 day time series
of the vertical volume flux, centerline vertical ve-
locity component and expansion rate of the buoy-
ant plume discharging from a hydrothermal vent
cluster. We present methods of acoustic data proc-
essing and uncertainty quantification. The results
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support COVIS’s capability of long-term measure-
ment of the volume flux and flow rate of a hydro-
thermal plume with reasonable uncertainty levels.
The temporal variability of the flow rate shows
frequencies of the inertial oscillations and the
semidiurnal tidal constituents, which reflects the
plume’s response to the ambient ocean currents
within the axial valley through current-driven
entrainment. The observed inertial oscillations in
the plume’s flow rate suggest a significant influ-
ence of atmospheric forcing on the dynamics of
hydrothermal plumes.
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