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[1] A turbulent convection model for a hydrothermal fluid discharging into a tidally
modulated, stratified cross flow is used to investigate time-variable conditions in plumes,
such as the one rising from Dante, a sulfide mound at �2175 m depth on the Endeavour
segment of the Juan de Fuca Ridge. That plume is the consequence of the coalescence of 10
or more small, individual plumes from chimneys discharging hot, salt-diminished fluid into
the near-bottom ocean. At Dante, the discharge encounters ambient horizontal currents with
speeds oscillating from near zero to a maximum of �7 cm s21, speeds which can bend a
plume more than 45� from the vertical. Model results are compatible with field
measurements of the plume footprint size and vertical velocity both 20 m above the source
when earlier estimates for Dante’s heat flux of �50 MW drive the convection. The small-
scale short period variability of velocities and properties distributions observed in the field
is mimicked in model results. Plumes pool above a source during periods of weak cross
flows but stream away from the source, with more diluted concentrations and lower rise
heights, at other times. Plume distributions, at identical cross-flow speeds, differ whether
the flow is accelerating or decelerating. Small changes in background hydrographic profiles
create differences in rise heights comparable to those caused by large changes in source
buoyancy flux. If put into an entrainment context, results suggest an entrainment coefficient
(aEFF) that varies from �0.11 to �0.025 with increasing height (2–76 m) above the source.

Citation: Lavelle, J. W., D. Di Iorio, and P. Rona (2013), A turbulent convection model with an observational context for a
deep-sea hydrothermal plume in a time-variable cross flow, J. Geophys. Res. Oceans, 118, doi:10.1002/2013JC009165.

1. Introduction

[2] Hot fluid injected into the ocean at the seafloor
almost always enters an environment where tidal currents
account for a substantial fraction of the energy in passing
flow. The subsequent advection of rising hydrothermal
plumes under those conditions is a story of fast flows that
lead to substantial plume bending and effluent streaming
away from the source and of slower flows that lead to more
upright plumes and effluent pooling above the discharge
site. Some of these effects on hydrothermal plumes were
recognized long ago by Rudnicki et al. [1994] and were
modeled in a simple way by Wetzler et al. [1998]. Detailed
acoustic observations [e.g., Jackson et al., 2003; Rona
et al., 2006] of hydrothermal plumes at the Main Endeav-

our Field (MEF) on the Endeavour segment of the Juan de
Fuca Ridge, a deep sea crustal spreading center, and partic-
ularly measurements [Xu and Di Iorio, 2012] at the sulfide
mound called Dante in the MEF have renewed our interest
in how these turbulent plumes respond to time-variable
flow and what model and measurements together can say
about source heat flux and dependence on other external
variables. In this paper, we report results from a 3-D, time-
dependent convection model for sources discharging into
time-variable cross flows and compare specific model
results to measurements made of the rising turbulent plume
above Dante and nearby Grotto.

[3] The literature on models of plumes in cross flows is
extensive, though most studies have been restricted to
steady cross flows. Reviews of that work include those of
List [1982], Hanna et al. [1982], Woods [2010], and
Mahesh [2013]. Plumes bent in steady cross flows have
been modeled analytically by, e.g., Fay [1973], and
numerically by, e.g., Devenish et al. [2010]. Models in the
first category are often said to be integral models because
an assumption of the similarity of variable distributions
within the plume allows an integration of equations over
all-but-one coordinate direction, resulting in a set of ordi-
nary differential equations for the plume development. The
seminal model in this category is that of Morton et al.
[1956]. Closure of those equation sets still requires parame-
terizing entrainment. Full 3-D time-dependent numerical
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models of rising plumes often include turbulence submo-
dels, an aspect that obviates direct parameterization of
entrainment, but turbulence models require their own clo-
sure assumptions. While more costly computationally than
integral models, they provide more situational flexibility
and permit modeling time variability and turbulence within
the plume, making the plume representations more
realistic.

[4] Three-dimensional time-dependent convection mod-
els of hydrothermal plumes in a cross flow are limited in
number. Lavelle [1997] used a turbulent convection model
to examine plume dependence on the Earth’s rotation, tur-
bulent mixing, and steady cross-flow speed. Using a cross-
flow convection model, Lavelle and Wetzler [1999] exam-
ined the chemical concentrations in neutrally buoyant
plumes following the mixing and ascent of diffuse-source
and high-temperature hydrothermal fluids and ocean bot-
tom water. More recently, Tao et al. [2013] have used a 3-
D model with an irregular telescoping grid but without
Earth’s rotation to look at, among other things, the depend-
ence of plume rise height on steady cross-flow velocity.
Like that work, our model includes a turbulence submodel,
but here importantly cross flow is time variable, effects
caused by the Earth’s rotation are allowed, and discharge
temperature and salinity anomalies with respect to back-
ground both influence the plume’s buoyancy. Examples of
model plumes in nonrotating, nonstratified oscillating cross
flows, are also few in number, e.g., Xia and Lam [2004] and
Kremer et al. [2007], though neither study has a hydrother-
mal context. A brief review of observational and modeling
work on deep-ocean plumes from high temperature hydro-
thermal discharges (i.e., smokers) has been provided by Di
Iorio et al. [2012]. Plume measurements at Dante are
described by Xu and Di Iorio [2012]. Plume measurements
above Grotto, a neighboring sulfide mound at the MEF, are
reported by Jackson et al. [2003], Rona et al. [2006], and
Bemis et al. [2006].

[5] Dante is an irregularly shaped sulfide mound, �15 m
wide and �30 m long, standing 25 m above the adjacent
seafloor located at 129.0979�W and 47.9492�N (Lamont-
Doherty’s Marine Geoscience Data System, http://
www.marine-geo.org/portals/ridge2000/vents.php). Vent
locations for Endeavour segment sites were provided to the
data portal by D. Kelley and D. Glickson of the University
of Washington [Merle, 2006]. Dante’s location is within
the Main Endeavour Field (MEF) of the Endeavour seg-
ment of the Juan de Fuca Ridge [e.g., Delaney et al., 1992;
Kelley et al., 2012]. The MEF is the second most southerly
vent cluster of five prominent clusters in the �10–15 km
long hydrothermally active section of the Endeavour seg-
ment [e.g., Veirs et al., 2006; Glickson et al., 2007; Kelley
et al., 2012]. All five major vent clusters sit within an axial
valley that has walls 100–150 m high separated by �1 km
[e.g., Delaney et al., 1992]. Stahr et al. [2000] estimated
that vents in the MEF together release heat at the rate of
650 MW; Delaney et al. [1997] and Veirs [2003] summa-
rize earlier heat flux estimates.

[6] Dante is just one of many venting complexes (e.g.,
sulfide mounds) at MEF discharging high temperature
hydrothermal fluids [Delaney et al., 1992; Cruse and See-
wald, 2010]. Dante alone hosts 10 or more high-
temperature small smokers distributed over its top surface

[Delaney et al., 1992]. Visual observations by the remotely
operated vehicle Jason2 and the manned submersible Alvin
together with acoustic imaging at Dante suggest the plumes
from individual smoker sources coalescence within a few
vertical meters of the top of the mound [Xu and Di Iorio,
2012]. Jackson et al. [2003] report from video observations
at the neighboring sulfide mound Grotto that five individual
plumes from vents within an area of 3 m 3 3 m had coa-
lesced at a height 4–5 m above source depth. Rona et al.
[1991] also observed two plumes with sources separated
laterally by only �3.5 m merging in a vertical distance of
�8 m above the top-most chimney orifice. Plume coales-
cence from multiple sources in other settings has been
measured in the laboratory and/or modeled by, e.g., Kaye
and Linden [2004] and Yamamoto et al. [2011]. It is the
coalesced plume from multiple too-small-to-resolve vent
chimneys that we model in this paper.

2. Model Design

[7] The model is a 3-D time-dependent turbulent con-
vection model. Convection is induced by the release of
hot, salt-diminished fluid from a localized source on the
seafloor into a moving, stratified, rotating (f-plane) overly-
ing ocean. The model is a version of the one described by
Lavelle [1997], enhanced to allow time-dependent cross
flow, simpler open boundary conditions, and separate hor-
izontal and vertical mixing parameterizations. The model
geometry is that of a parallelpiped into which fluid, heat,
and salt are injected at the lower surface ; the model
design currently disallows variations of bathymetry within
the computational domain. Together with the UNESCO
equation of state for seawater [Fofonoff and Millard,
1983], the following equations summarize this model’s
physics :
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K5ðAH ; AH ; AV Þ =Pr (9)

[8] Here t is time, ~u represents time-varying component
velocities (u, v, w) in the along-axis, cross axis, and vertical
directions, respectively, with w positive upward. Retention
of the substantial derivative terms in the w momentum
equation makes the model nonhydrostatic. The variable p is
pressure, q is density, q0 (1025 kg m23) is a fixed reference
density, g (9.81 m s22) is the acceleration of gravity, 2~X (p
sin (47. 95�)/12 h 5 1.08 3 1024 s21) is the local vertical
component of the Earth’s rotation vector, k̂ is a unit vector
in the vertical direction, and FB is a body force. The man-
ner of choosing FB is explained below.

[9] Potential temperature (h), salinity (S), and the
dynamically inert tracer C fields depend on~u, on diffusivity
coefficients (KH, KV) in the horizontal and vertical direc-
tions, and on source flux rates, e.g., QC. The functions
hBKG, SBKG, and CBKG, dependent only on z, are back-
ground profiles. The heat equation takes the form of a
potential temperature equation after multiplicative con-
stants q0 and CP are canceled in each term of the heat equa-
tion. CP is the specific heat of water (4200 J kg21�C21). In
actuality, a much higher CP (�6200 J kg21�C21) is more
appropriate for high temperature (�>350�C) hydrothermal
vent discharge, but that increase is offset in the product q0

CP by the fact that the density of the same high temperature
fluid is the order of 600 kg m3 [Burnham et al., 1969;
Bischoff and Rosenbauer, 1985]. Moreover, high effluent
temperatures are quickly reduced by mixing with cold ambi-
ent ocean water to temperatures <�40�C. Below that value
to freezing and for 0< S< 42 psu the UNESCO equation of
state [Fofonoff and Millard, 1983] is appropriate.

[10] Viscous mixing coefficients in the horizontal (AH)
and vertical (AV) directions depend on velocity shears via
the functions ~S

2

H and ~S
2

V and on grid length scales (e.g., lSH

and lSV) [Smagorinsky, 1993]. CSH and CSV, the Smagorinsky
coefficients, were given values of 0.14 and 0.04, which are
within the range of values commonly used [Smagorinsky,
1993]. The lengths lSH and lSV took values of (dx dy)1/2 and
dz, respectively, where dx, dy, and dz represent computa-
tional cell lengths. Small constant terms (AHMIN 5 5 3 1024

m2 s21 and AVMIN 5 5 3 1025 m2 s21) were added to the
variable parts of AH and AV to ensure a modicum of mixing
in regions of little velocity shear. The magnitude of AVMIN is
comparable to that estimated for the quiet, interior ocean
[Ledwell et al., 1993; Kunze and Sanford, 1996]. Where tur-
bulence isotropy is the norm, the shear square terms are not
often separated into functions ~S

2

H and ~S
2

V , but ocean stratifi-
cation breaks the isotropy. AH and AV are related to the cor-
responding eddy diffusivities (KH and KV) via a fixed Prandtl
number Pr (5 3.0). The ratio of Ri (i.e., the shear Richard-
son number) to Pr was also held at a fixed value of 0.167.
These values are similar to those of Venayagamoorthy and
Stretch [2010], for example, when Ri � 0.5.

[11] The terms involving functions ~a and aS are used to
suppress reflections at open boundaries of all outwardly
propagating waves generated in the domain interior and
allow, in effect, the outward passage of plume material
through the same boundaries [e.g., Lavelle and Thacker,
2008]. These ‘‘pretty good sponge‘‘ functions are nonzero
only over thin regions at the edges of the computational
domain. Their magnitudes grow quadratically over

typically a 10 cell distance from zero to values at the
domain walls that were consistent with the Courant condi-
tion for integrating stiff equations [Lavelle and Thacker,
2008]. The u and v velocities are sponged only in the x
direction and in the y direction, respectively, while varia-
bles w, h, S, and C are sponged on all four lateral (open)
boundaries and on the closed boundary of the domain lid.
The lid sponge suppresses reflections of upwardly propa-
gating waves, whatever their origin.

2.1. Numerical Considerations and Boundary
Conditions

[12] Equations (1–9) were solved in flux-conservation
form on a computational C-grid having dimensions of 192
3 128 3 162 (or 192 or 216) and a uniform cell size (dx, dy,
dz) of (1.0, 1.5, and 2.0 m). The momentum equations were
integrated implicitly using the method of Harlow and Welch
[1965] with leapfrog time steps. The Assel coefficient [Assel,
1972] was 0.0075 while the size of the time step varied over
experiments but was always at or near 1 s; the number of
time steps typically was 129,600. The transport equations
were forward-time and upstream-space differenced, with
numerical diffusion suppressed using the MPDATA scheme
of Smolarkiewicz and Margolin [1998] having two correc-
tion cycles. Lavelle [1997] provides additional details.

[13] The source region of hydrothermal heat and salt
release was limited to a small seafloor area around the grid
center (x 5 0, y 5 0), which itself was shifted in the model
domain to a point 1/3 along the length of the domain x axis,
the x axis being the primary advection direction. Buoyancy
was injected at the domain’s lower edge, making the sulfide
mound’s top surface the origin for the z axis. The source
area varied over the set of experiments from 6 m 3 6 m to
4 m 3 4.5 m to 3 m 3 3 m (Table 1).

[14] Over the rectangular seafloor source region (Table 1),
the discharge was made to be jet-like with a uniform upward
velocity (w) of 0.1 m s21. To conserve mass, an equivalent
flux was directed into the seafloor over all the remaining cells
of the unsponged region. Replacing egressing hydrothermal
fluid from the Earth’s crust with ocean near-bottom water
must actually occur in nature [Johnson et al., 2010] though
the specifics of the actual fluid recharge still are poorly
known. Recharge flow speeds were �1 3 1024 m s21.

[15] The model domain was open on all four lateral sides
and closed on the top and on the bottom with the exception
for vertical flow in and out of the bottom as described. The
lateral boundary conditions for all variables (u, v, w, h, S,
p) were simple zero derivative conditions (e.g., @v/@y 5 0,
@h/@x 5 0) in both x and y directions. This is possible
because the sponge terms in equations (1) and (3) draw the
velocities and hydrographic/tracer variables back to back-
ground values in peripheral regions where the as are non-
zero. Vertical gradients of all but the vertical velocity were
given zero value at both the domains top and bottom; bot-
tom stress was zero because the computational domain’s
bottom edge (z 5 0) corresponds to the top of the sulfide
mound (2175 m), which is the seafloor only over a small
fraction of the total area of the domain. At the domain lid,
w was set to zero; the inflow-outflow at the domain floor
has already been described.

[16] Fluid motion is caused by a body force, FB, derived
from background currents uBKG and vBKG by asserting that
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the principal momentum balance at the domain periphery
under nonconvecting barotropic conditions is represented
in the following equation:

@

@t
~uBKG522~X 3~uBKG1~F B (10)

[17] This is the approach used in Lavelle [1997]. FB

might be viewed as a spatially uniform but temporally
varying sea surface gradient. FB was ramped so that the
fluid would be spun-up from rest over the initial two simu-
lation hours. Model results were recorded 24 times each M2

period over the first 36 h. In one experiment, data were
recorded every second over three 5 min intervals for use in
entrainment analysis.

2.2. Background Currents, Hydrography, and Source
Discharge Rates

[18] Thomson et al. [2003] measured currents deep
within and above the Endeavour segment axial valley at a
site approximately 1 km north of the MEF. Their deepest
current data showed that the M2 tidal and mean currents
were the most energetic components of the flow. Smaller
spectral peaks occur at diurnal periods and at 4 days. The
M2 tidal ellipse has a major axis of 3.6 cm s21 oriented
nearly along the axial valley and a minor axis of 0.25 cm
s21. Mean flow was also primarily in the direction of the
axial valley at 3.15 cm s21. Based on spectral energy con-
tent and with a need for cyclicity in model results for a
time integration of manageable length, background flows in
x and y directions past Dante were idealized to be:

uBKG5u01u1sin ð2pt=TÞ (11)

vBKG5v01v1cos ð2pt=TÞ (12)

where T 5 12.42 h and coefficients (u0, v0) 5 (3.15, 0.0) cm
s21 and (u1, v1) 5 (3.6, 0.25) cm s21. The x axis of the
model is oriented in the common direction of the mean
flow and the major axis of the M2 tidal ellipse.
[19] The current shear that Thomson et al. [2003] observed
and Thomson et al. [2005] and Berdeal et al. [2006] both
modeled in and above the axial valley is not addressable
with the present convection model because the model does
not encompass variable topography. On the other hand, out-
side a thin boundary layer, the velocity shear can be
expected to be small for the few tens of meters above the
source, where many of the acoustic measurements of
hydrothermal plumes have been made. Consequently, it is
nearest the model seafloor where the model results could be

expected to be most like observations, though above that
height the model can still inform us about plume features in
a more general way.

[20] Background hydrography was given two forms. In
three experiments (Table 1), the hydrography was based on
measurements made outside the axial valley. Those data
[Xu and Di Iorio, 2012] showed near linearity of potential
temperature and salinity with depth over the lower part of
the water column. Based on those measurements, the first
set of background profiles (linear hydro) were:

hBKG51:67326:66631024ðz2zSÞ (13)

SBKG534:61211:13531024ðz2zSÞ (14)

CBKG50:0 (15)

where z ranged from zS (5 2175 m) to as shallow as 1743
m.
[21] In other experiments (Table 1), the background
hydrography was based on data from a tow-yo CTD tran-
sect made within the MEF axial valley and passing over
Dante on 21 September 2007. The transect started at
47.9515�N, 129.0963�W and finished at 47.9464�N,
129.1002�W. h and S from three down casts that did not
evidence any clear effects of nearby hydrothermal dis-
charge were averaged to create the second set of back-
ground profiles (nonlinear hydro, Figure 1). The use of
these profiles acknowledges the near certainty that the
hydrography in the vicinity of active sulfide mounts is
altered by prior vent discharges. Juxtaposing plume results
from the two sets of profiles (Figure 1) allows examination
of the sensitivity of model results to minor changes in
hydrography.

[22] The source fluid was given a salinity of 29.3 psu
[Butterfield et al., 1994]. The fluid thus had added buoy-
ancy as the result of it being �5.3 psu fresher than the sur-
rounding ocean (Figure 1). The total heat flux at the source
was allowed to range from 20 to 80 MW (Table 1). Ginster
and Mottl [1994] estimated the heat discharge of Dante to
be 87.3 MW based on direct measurements at several black
smokers and on the total number of smokers observed.
Bemis et al. [1993] estimated the heat flux to be in the
range of 29.3–88.4 MW at Dante based on similar type
measurements and extrapolations.

3. Field Measurements of the Buoyant Plume
Compared to Model Results

[23] Several type of measurements of the plume over
Dante are available for qualitative comparisons to model
results : average vertical velocities in the plume at 20 m
above the venting level, the cross-sectional diameter of the
plume at 20 m, and several CTD profiles from the axial val-
ley near Dante that evidence hydrothermal discharge.
Acoustic backscatter observations of Grotto [Jackson et al.,
2003] also corroborate the occurrence of fine-scale spatial
and temporal variability of the plume that is conspicuous in
model results.

[24] Xu and Di Iorio [2012] measured spatially averaged
vertical velocity in the plume at a height 20 m above the

Table 1. Parameter Variations Over Each of the Six Numerical
Experiments Reported

Source Area Heat Flux
Domain

Upper Edge
Domain

Stratification

Exp. 16 6 m 3 6 m 50 MW 1851 m Linear
Exp. 17 4 m 3 4.5 m 50 MW 1791 m Linear
Exp. 19 4 m 3 4.5 m 50 MW 1791 m Nonlinear
Exp. 20 4 m 3 4.5 m 20 MW 1791 m Nonlinear
Exp. 21 4 m 3 4.5 m 80 MW 1743 m Nonlinear
Exp. 22 3 m 3 3 m 50 MW 1791 m Linear
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summit of Dante by acoustic scintillation. Their results sug-
gest plume hwi5 � 0:15 cm s 21 at times of near zero
cross flow. A model snapshot of vertical velocity in the x-z
plane over Dante (Figure 2a) shows a plume rising some
200 m above its source. To calculate model plume spatial
averages, a plume edge criterion must be set. We arbitrarily
use two possible criteria for the plume edge: where
w 5 0.02 m s21 or where CREL 5 C/CMAX 5 0.1. CMAX is
the maximum value of the dynamically inert tracer C in the
volume or on the plane of interest. The second criterion is

analogous to choosing an edge value >2 standard devia-
tions below the maximum if concentrations were distrib-
uted in Gaussian fashion. The model hwi in Figure 2a on
the plane 20 m above Dante is 0.07 m s21 using the veloc-
ity criterion and 0.089 ms21 using the CREL criterion. If the
edge criteria are amended to be w 5 0.05 m s21 or
CREL 5 0.3, the corresponding hwi are 0.103 and 0.122 m
s21, incrementally more like the measurements.

[25] The same small spatial scale (�1 m) variability
(Figure 2a) is made clearer by stacking 15 cm s21 velocity

Figure 1. Potential temperature, salinity, and r0 from measurements outside of the Endeavour axial
valley after fitting a linear regression line (‘‘linear hydro,‘‘ blue) and an estimate of ‘‘background‘‘ pro-
files within the axial valley in the vicinity of the Main Endeavour Field based on a CTD tow-yo (‘‘non-
linear hydro,‘‘ red). The buoyancy frequency of the linear profiles is 1.11 3 1023 s21.

Figure 2. (a) Model vertical velocities (w) on the plane at y 5 0 at a time of near zero decelerating
cross flow from Exp. 16 (Table 1). The cyan blue line represents the location of the path of acoustic scin-
tillation measurements from which vertical velocities and temperature variances at 2155 m depth (�20
m above Dante vents) were estimated [Xu and Di Iorio, 2011, 2012]. In the other two plots, contours of
the 15 cm s21 isovel on 14 equidistant x-z planes (29.5 m< y< 9.5 m) are represented with varying col-
ors for (b) Exp. 19 (50 MW) and (c) Exp. 20 (20 MW).
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isopleths (Figure 2b). The figure is a composite of contours
on 14 separate x-z planes spanning the y interval 29.5
m< y< 9.5 m at 1.5 m increments. The bulk of the contour
lines fall below a depth of 2050 m, some 125 m above the
source. Similar variability of velocity isosurfaces has been
seen in acoustic backscatter measurements of the primary
plume at nearby Grotto [Jackson et al., 2003; Rona et al.,
2006], at Monolith vent on the Cleft segment of the same
spreading ridge [Bemis et al., 2002], and at EPR 21�N
[Rona et al., 1991]. A notable difference in model results
(Figure 2b) and the observations just cited is that the height
reached by the 15 cm s21 model isovels is considerable
higher than in observations. Those differences must be
caused by site differences, e.g., hydrography or heat output.
Hydrography cannot be a factor in the case of Grotto
because of its close proximity to Dante (�40 m center to
center), but heat output may be. When Figure 2b is redone
using Exp. 20 model data (20 MW versus 50 MW heat out-
put), the number of 15 cm s21 contours is greatly reduced
and the vast majority of them occur within 45 m vertically
of the source (Figure 2c). This suggests that composite
source heat (and buoyancy) flux strongly influences vertical
advection speed. Rise height, on the other hand, is known
to have a weak dependence on buoyancy flux. More
emphasis on measuring the vertical velocity in plumes tens
of meters above a venting complex is thus suggested.

[26] Measurements of the plume rising from the north
tower of Grotto, a sulfide mound within 40 m of Dante, show
plumes (Figure 3) bending with passing currents and having
small spatial-scale intensity variations that can be attributed
to turbulence in the rising plume. The underlying data were

acquired with COVIS (Cabled Observatory Vent Imaging
Sonar) [Rona and Light, 2011], a device that measures acous-
tic backscatter from turbulent temperature variations and
plume particles; engineering concepts and sampling method-
ology are described by Xu et al. [2013]. In this case, every
3 h over a 40 min time period, COVIS’s wide but thin (1�)
acoustic beam swept up and down 37� vertically in 1�

stepped increments. Scattering intensity values were subse-
quently assigned to volume elements (0.5 m 3 0.5 m 3 0.5
m) of a parallelpiped (Figure 3). The red, purple, and blue
isosurfaces in each plot of Figure 3 are based on an average
of intensity values that fell within each small volume element
during each 40 min set of stepped vertical sweeps. The result-
ing relative acoustic scattering intensities, at three well-
separated times, show plumes bending differently in response
to time-variable ambient (unmeasured) currents. In Figure 3a,
the plume tilts slightly to the south, while in Figure 3b, pre-
sumably near slack water, the plume is nearly vertical. The
larger, northward tilt of the plume in Figure 3c is more repre-
sentative of the tidally modulated, mean advective flow to
the north encompassed in this paper’s model.

[27] A close look at the region near the top of mound
(Figure 3) shows that the plume aloft results from the coa-
lescence, after a few meters rise, of plumes from individual
sources near the top of Grotto. These data further imply
that the southernmost source on the north tower is the most
turbulent or most particle-laden, and thus probably contrib-
utes a larger flux of heat than the others. The small spatial-
scale variability visible in the scattering signal in each plot
of Figure 3 is a recurrent feature of the model variable
distributions.

Figure 3. The hydrothermal plume above the north tower of the sulfide mound Grotto in the Main
Endeavour Field as imaged on 15 May 2013 at (a) 3, (b) 12, and (c) 18 h UTC. Measurements were
made using the Cabled Observatory Vent Imssaging Sonar (COVIS) [Rona and Light, 2011]. Acoustic
backscatter intensity decreases, i.e., plume dilution increases, by a factor of 10 over each step through
the sequence of red, purple, and blue isosurfaces. In (a) the plume bends slightly to the south, in Figure
3b the plume rises approximately vertically, and in Figure 3c the plume bends more strongly to the north.
Horizontal position units are relative to the location of COVIS.
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[28] Model plume footprints indicate effective footprint
diameters (dEFF) ranging from 11 to 14 m at 2155 m (Fig-
ure 4). The depth of 2155 m, cited often in what follows,
represents a level approximately 20 m above the vent orifi-
ces at Dante. Effective footprint diameters are those of
circles the area of which are equal to the sum of the areas
of all model grid cells at any one level that exceed the CREL

threshold. Over three experiments (Figure 4), Exp. 16 has
the largest effective diameter (14 m) at depth 2155 m, but it
also has the largest area (36 m2) at the source. Exp. 17 has
a smaller source area by a half (Table 1) and a smaller dEFF

by 21% vis a vis Exp. 16. The larger dEFF in Exp. 19 versus
Exp. 17 is a result of a change only in the background strat-
ification profile.

[29] These footprints are irregular in shape, and more
oval than circular, even though these snapshots represent
the plume at a time of minimum horizontal advection speed
(uBKG 5 8.2 31024 m s21). The irregularity in cross sec-
tions and concentrations is supported by the observations
of Bemis et al. [2002], Rona et al. [2002], and Jackson
et al. [2003] at other venting sites. A downward looking
acoustic backscatter multibeam image of the plume taken
by the ROV Jason2 hovering 30 m above Dante [Xu and Di
Iorio, 2012] suggests a value of �14 m for the diameter of
the plume at the height of these footprint results. The ROV
measurements, however, do not address the circularity or
noncircularity of the plume at this level, so the 14 m diame-
ter value can only provide a semiquantitative target for the
model plume diameter at that height.

[30] The CTD tow-yo transect (section 2.3) provided two
h and S profiles (Figure 5, red and magenta) indicative of
proximity to active hydrothermal discharge sites. In those
profiles (Figure 5), the maximum thermal anomaly is as
much as 0.2�C, while the salinity anomaly is noise-like. At
one of the two locations, the anomaly begins very near the
seafloor and extends to �2125 m, while at the other, the
anomaly begins higher up at 2160 m and extends above
2100 m. The anomalous fluid is buoyant (Figure 5c).

[31] Model profiles (Figure 6) demonstrate some of the
same features as the observations. Profiles in red (Figure 6)
were taken 10 m downstream of the discharge region when
the plume is bending, though not maximally, in the cross

flow. The heat anomaly disappears before reaching a height
of 2100 m because of that bending. The second (magenta)
profile is taken an additional 10 m downstream where the
plume has separated more from the seafloor and the top
edge is located higher in the water column. The salinity
anomalies (Figure 6b) are both small as they were in Figure
5b. The likenesses between modeled and observed profiles
are particularly encouraging, but the comparison is only
qualitative because the model is highly idealized and field
profile locations with respect to actual sources are not well
determined.

4. Expanded Model Results

[32] Six experiments (Table 1) were conducted to exam-
ine systematic differences in plumes as cross-flow cycled,
and when source heat flux, hydrographic profiles, and
source areas were varied. The number of experiments was
limited by the calculation time (4–6 days, 6–12 processors)
required for each and by the size (typically 61G) of each
resulting data set.

4.1. Dependence on Cross-Flow Speed

[33] The effect of mean plus tidal cross flow on hydrother-
mal plumes is exemplified in the vertical velocity plots of
Figure 7. The sequence (Figures 7a–7d) is (a) when cross-
flow speed is 34% of maximum and accelerating; (b) at max-
imum speed; (c) again when cross-flow speed is 34% of
maximum but decelerating; and (d) near zero u velocity. The
differences in plumes in Figures 7a and 7c are notable
because both were sampled at times of identical cross-current
speed (0.023 m s21). The causal difference is that Figure 7a
represents an accelerating flow and Figure 7c a decelerating
flow. In Figure 7a, the plume is starting to lose height by
bending, while in Figure 7c, the plume is recovering height
after a time of maximum cross flow (Figure 7b). The acceler-
ation stage has other consequences too, as will be elucidated
later. Maximum cross flow bends the plume 52� from the
vertical (Figure 7b). Turbulence causes fine-scale variations
in w of the kind observed by Jackson et al. [2003].

[34] As the plume bends in the cross flow, its footprint
on horizontal planes ordinarily grow larger. Contours of

Figure 4. Footprints of plumes as temperature, salinity, and potential density anomalies for, in
sequence, Exps. 16, 17, and 19. Each is an instance of a distribution at z 5 2155 m at a time of near zero
cross flow. All three experiments represent the same source buoyancy flux. The label dEFF is the diameter
of a circle having the same area as cells for which C/CMAX> 0.1. hwi is the vertical velocity at the same
height, averaged over the same cells.
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w 5 0.1 m s21 on the plane z 5 2155 m over a full tidal
cycle (Figure 8) show the ‘‘center of mass‘‘ of the w plume
moving downstream and then back over the source in this
oscillatory flow. At largest cross flow, the footprint extends

as much as 30 m from the source center. Multiple closed
contours of any one color document plume fractionation
consistent with the turbulent nature of the rising fluid. In
the Flow-Mow experiment, Stahr et al. [2000] surveyed

Figure 6. Model hydrographic profiles taken in the near vicinity of the model source after averaging
over the interval 29.5 m< y<19.5 m to suppress some of the small-scale variability. Downstream
sampling locations were selected so that model profiles would have the character of those measured in
Figure 5.

Figure 5. Hydrography from five down casts taken on a single �600 m long tow-yo transect down the
axis of the MEF axial valley, starting NNE of and then over Dante and on toward the Bastille-Puffer
hydrothermal edifice complex (e.g., vide map in Cruse and Seewald [2010]). Profiles in purple and red
show the effects of hydrothermal discharge, including negative buoyancy below 2100 m depth. The three
other h and S profiles were averaged to provide the nonlinear hydrography depicted in Figure 1.
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temperature over a sinuous pattern of closely spaced survey
lines all on a horizontal plane �90 m above the MEF axial
valley floor using the Autonomous Benthic Explorer (ABE)
[e.g., German et al., 2008]. Temporal variations in the tem-
perature field similar to those of Figure 8 must have
occurred during the course of the Stahr et al. [2000] meas-
urements, but the multiple vent complexes at the MEF, the
time-offset survey lines, and the overlapping footprints
from separate plumes would further compound an already
difficult interpretation of such measurements.

[35] The vertical velocity at z 5 2155 m averaged over
computational cells where w> 0.02 m s21 is inversely cor-
related (Figure 9a) with the x axis flow velocity, i.e., when
cross-flow u flow is strongest, the average value of w tends
to be smallest, and vice versa. An inverse correlation
between hwi and u, implicit in Figure 9a, has been observed
in acoustic scintillation measurements at Dante [Di Iorio
et al., 2012], though in the field measurements hwi depends
on u more strongly.

[36] The plume footprint area must grow larger at small
hwi and smaller at larger hwi if near constant vertical heat
flux across any horizontal plane is to be maintained. That is
exactly the case: using CREL> 0.1 as the criterion for the
plume edge, plume area on the plane z 5 2155 m is nega-
tively correlated with plume hwi (Figure 9b). In Figure 9b,
points in the top left are those associated with large cross
flows, while those in the bottom right correspond to condi-
tions of small cross flow. Heat conservation as a time aver-
age actually requires tracking horizontal as well as vertical
heat fluxes, but at small enough distances above the source
(e.g., z 5 2155 m), the bulk of the heat flux is vertical.

[37] The image of a plume depends on the variable that
is used to generate it. Consider Figures 7 and 10 juxta-
posed. The first set of plots is the plume expressed via w,
while the second set is the plume expressed via the dynami-
cally inert tracer C, though integrated over the y direction
(284 m< y< 84 m). In both Figures 7 and 10, the first plot
represents a time of cross-flow acceleration after a period
of near slack flow. During slack flow, C accumulates in the

neutrally buoyant region over the source, after which, as in
Figure 10a, the accumulation has begun to be advected
downstream (to the right). The accumulated mass in Figure
10a has advected out of the model region by the time (7.25
h later) cross flow is at its maximum (Figure 10b). As flows
begin to decelerate (Figure 10c), the height of the plume
top increases as do concentrations within most of the plume
volume. As advection again slows toward zero, the plume
continues to grow in size and concentration around the
level of neutral buoyancy (Figure 10d), but total C mass is
less in Figure 10d than in Figure 10a because the period of
slack water is just beginning. Said differently, the tracer C
pools above the source around the time of slack water and
streams away from the source with reduced concentrations
when cross flow grows large. Pooling and streaming of
plumes was highlighted by Wetzler et al. [1998] in puff
model results. A related fact is that the maximum flux of C

Figure 7. Vertical velocity in the plume on the x-z plane at y 5 0 at four times in the cross-flow cycle:
(a) cross flow at speed 2.3 cm s21 and accelerating in the x direction (north); (b) cross flow at maximum
northward velocity; (c) cross flow decelerating, but at identical speed as in Figure 7a; (d) cross flow
accelerating to the north from its minimum. Exp. 17.

Figure 8. Contours of the vertical velocity isopleth
0.1 m s21 on the x-y plane at z 5 2155 m at different times,
represented by difference colors, over a full cycle of oscil-
latory cross flow. Exp. 17.
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through the right domain boundary does not occur at the
time of largest flow velocity.

[38] Figures 10a and 10c are instances when x axis
speeds are identical, but in one case, flow is accelerating,
while in the other, the flow is decelerating. The obvious dif-
ferences in plume concentrations and shape in these two
plots will show up as hystersis when selected plume varia-
bles are plotted against cross flow speeds over a full-cycle
duration [e.g., Di Iorio et al., 2012]. With M2 tidal veloc-
ities at the seafloor often as large or larger than mean or
long period flows, the likelihood of similar sequences of
plume patterns in the real ocean is reasonably high.

[39] The mass of C per unit depth within the computa-
tional domain at various cross-flow acceleration stages dem-
onstrates the same result (Figure 11a). Here C integrated
over x (256 m< x< 120 m) and y (284 m< y< 84 m) is

plotted versus depth. Three instances each at times of slack
flow decelerating and slack flow accelerating all show plume
C mass within the near field (computational domain) is
larger at times of minimum rather than maximum cross
flow. In addition, more mass is present after slack flow when
flow is accelerating than before.

[40] Areal-averaged mass and mass flux at the down-
stream boundary (Figure 11b) show the large amplitude
variability of each, consistent with the arrival of C accumu-
lated during slack water and its passage out of the domain.
Both variables are 10 times their minimum values as accu-
mulated C advects through that plane. The u velocity, with-
out an absolute scale, is superimposed (Figure 11b).
Comparing pairs of curves show that maximum flux and
maximum tracer mass within the domain occur as the cross
flow accelerates. Minimum values (small negative) occur at

Figure 9. (a) Vertical velocity hwi in the plume at z 5 2155 m (black) superimposed on the horizontal
velocity (u) of the background flow (purple). hwi is the areal average of w over the region on the plane
z 5 2155 m where w> 0.02 cm s21. (b) The correspondence between hwi at 2155 m and the area of
upflow, in each case for computational cells where w> 0.02 cm s21. Exp. 16.

Figure 10. Dynamically inactive tracer C, integrated over the y direction, at four instances during the
cyclic cross flow. Concentration units are arbitrary but identical across all plots. Exp. 17.
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the time of smallest cross flow (equations (11) and (12)).
The differences in fluxes and integrated C at these two
times of identical cross flows reemphasize the hysteresis in
the convection-transport process.

4.2. Fine-Scale Variability

[41] As the plume moves downstream it spreads later-
ally. Figure 12 images the dynamically inactive tracer C,
the vertical velocity w, and the density gradient from Exp.
19 at a point 25 m downstream of the source. At this site
and time, the plume reaches to 1900 m height and has a cap
spread of nearly 160 m. The large spatial variability of the
signal is apparent in all plots. The vertical velocity still
exceeds 0.1 m s21 upward in the core of the rising plume,
but down-flow is evident on both outer edges of the plume
cap (Figure 12b). Density gradient anomalies are shaded in

Figure 12c. Unstable stratification (negative gradient)
occurs throughout the plume region, but particularly in the
lower plume of this downstream cross section. Along a rib-
bon at the upper edge of the plume cap, stratification is sta-
ble (Figure 12c). Individual unstably stratified fluid cells
randomly occur just below that ribbon, suggesting that in
the upper reaches of the cap, density overturning continues
to occur there.

[42] Fine-scale variability occurs in the time domain as
well. Figure 13 depicts three 1 h time series taken around
a time of minimum decelerating cross flow when the
plume is most vertical. Velocity w was sampled at
z 5 2155 m and at neighboring points around x 5 0, y 5 0
(see figure caption). The mean upward flow for all three
time series is 0.12 m s21 with a standard deviation of
0.064 m s21.

Figure 11. (a) Profiles of C integrated over the x-y plane extending laterally 256 m< x< 120 m,
y 5 284 m< y< 84 m for each of three time periods: near slack water after flow deceleration, near slack
water as cross flow begins to accelerate, and when cross-flow velocity is at a maximum. (b) Time series
of cross flow (black) and mass flux (red) averaged over the vertical y-z plane extending 284 m< y< 84 m
and 1851 m< z< 2175 m at the downstream exit (x 5 120 m). Exp. 16.

Figure 12. y-z cross sections downstream of the source at x 5 25 m for C, w, and dq/dz. Exp. 19.
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4.3. Dependence on Hydrography

[43] Experiments that differ only in background hydrog-
raphy also yield plumes of different vertical reach (Figures
14a and 14b). Nonlinear hydrography (Figure 1) has
smaller vertical gradients than linear hydrography in the
initial 225 m above bottom, but similar slopes above that.
The smaller near-source gradients should allow faster rise,
less dilution, and thus higher rise height. Larger vertical
velocities in the stem should also result in some differences
in the degree to which the plume bends in the cross flow.

[44] Juxtaposing results from Exps. 17 and 19 (Table 1)
shows that, indeed, the two plumes (Figures 14a and 14b)
are noticeably different in vertical reach. Linear hydrogra-
phy (Figure 1) with its larger gradients in the lowest 200 m
slows and stops plume rise in a shorter vertical distance.
On the plane z 5 2100, the average upflow for all cells
where w >0.02 m s21 is 6.9 cm s21 (linear hydro) and 7.7
cm s21 (nonlinear hydro), while the maximum upflows on
the same plane were 20.5 and 25.2 cm s21, respectively.
Higher above the source on the plane z 5 1950 m, average
w in upflows >0.020 m s21 is 2.5 cm s21 (linear hydro)
versus 6.4 cm s21 (nonlinear hydro).

[45] Plumes expressed via tracer C (Figures 14c and
14d) show differences in rise heights by �30 m. If plume
rise height were to be used to infer source buoyancy flux, a
difference in rise heights by �30 m (Figures 14c and 14d)
would make a difference in buoyancy flux estimates by a
factor of 1.6. The hydrographic differences do change the
degree to which the plume is bent over by the cross flow
(not shown). Nonlinear hydrography permits larger upflows
near the source, yielding a tilt angle of 47�. Linear hydrog-
raphy with larger vertical gradients and smaller upflow
velocities during the initial part of the ascent bends plumes
from the vertical by 52�, both at times of largest cross flow.

4.4. Entrainment

[46] Unlike integral models [e.g., Morton et al., 1956;
Hoult and Weil, 1972], numerical convection models do
not require an entrainment parameterization, but it is none-
theless true that ambient fluid is drawn into the plumes dur-
ing buoyant ascent. Convection model results can
consequently be cast into an entrainment parameterization
framework. Effective entrainment coefficients are derived
here for plumes experiencing nearly still cross flow, the set-
ting for the model of Morton et al. [1956]. Derivation of
effective entrainment coefficients when the plume is bent
over by a cross flow [e.g., Hoult and Weil, 1972] is left for
a later time.

[47] Vertical velocities exceeding 0.02 m s21 on the hor-
izontal plane at 2155 m (20 mab) during a time of negligi-
ble cross flow (Figure 15) show an irregularly shaped
plume footprint. The circle in light blue (Figure 15), cen-
tered at the w velocity weighted ‘‘center of mass‘‘ (xC, yC)
has an area identical to that of the footprint. The radius of
that circle will be designated rEFF. Around that same circle,
horizontal flow vectors have also been drawn (Figure 15),
the largest of which represents a speed of 0.054 m s21.

[48] In the integral model of Morton et al. [1956], hori-
zontal flow is radial into a plume stem having a circular
cross section. In our turbulent convection model experi-
ments, the cross section is never circular. Moreover, while

Figure 13. A 1 h time series sampled every second of
model vertical velocity within the plume core at z 5 2155
m, y 5 0, and x 5 10.5 m (black), x 5 20.5 m (red) and
x 5 1.5 m (purple). Exp. 17.

Figure 14. (a and b) Vertical velocity on the plane y 5 0 during a time of minimum cross flow from
Exps. 17 and 19. (c and d) Concentrations of tracer C integrated from 284 m< y< 84 m for Exps. 17
and 19. Differences in Figures 14a to 14b and Figures 14c to 14d are caused entirely by the differences
in the hydrographic profiles depicted in Figure 1. The height of the model domain in both cases (Table
1) exceeds the height interval shown.
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the overall sense of horizontal fluid flux is inward, not all
vectors are radially directed or inward. A few are outward
or nearly tangential to the circle. Entrained flow as depicted
in Figure 15 also changes rapidly in time.

[49] The effective radius (and upward flux, wFLUX, and
flux perimeter, SEFF) for the plume was calculated at each
of 38 equally separated levels between 2099 and 2173 m
and over three separate time intervals (Dt 5 12.42 h) cen-

tered at t 5 8.333, 20.75, and 33.17 h. At those times,
cross-flow speed was negligible and decelerating and the
plume was nearly upright. Around each of those times, six
hundred 1 s sample values of rEFF (and wFLUX and SEFF)
were calculated. Samples were then time-averaged over
each 600 s interval, providing three data points at each of
38 depths (N 5 114).

[50] Figure 16a shows the resulting rEFF ranging from
�4 m to >17 m over 2–76 m of plume rise. rEFF has a
strong correlation with depth. A least square fit of the
form:

rEFF5bðz02zÞ (16)

to the data yields the values b 5 0.162 7 0.006, and
z0 5 2203 m 7 2.6 m. The slope b is called the expansion
rate [e.g., Rona et al., 2002]. The variable z0 is the depth of
a virtual source point, virtual because it represents the
depth at which the source has zero radius. The unrealisti-
cally large value of z0 may be the consequence of the appa-
rent nonlinearity of rEFF in the 5 m nearest the seafloor
(Figure 16a). The value of b is in line with previous esti-
mates of b for other plumes at other hydrothermal sites. At
the venting edifice called Monolith, Bemis et al. [2002]
found a b value varying between 0.088 and 0.130. Rona
et al.’s [2002] value for b from EPR 21�N measurements
was 0.2 and Xu and Di Iorio’s [2012] integral model expan-
sion rate estimate for Dante was 0.196.
[51] In like fashion, 114 upward flux (wFLUX) values were
calculated, three each at 38 depths. Plume edge cutoff

Figure 15. Vertical velocity >0.02 m s21 on a plane 20 m
above the venting source. The area where w> 0.02 m s21 is
represented by a circle of equivalent area centered at the w
‘‘center of mass‘‘ (x 5 3.4 m, y 5 21.9 m). Vectors indicate
horizontal velocity across that circular boundary. The largest
vector represents flow at 5.4 cm s21. Exp. 19.

Figure 16. (a) Effective radius (rEFF) and (b) the upward flux as functions of depth in the lower reaches
of the plume in Exp. 19. Plume edge criterion was w> 0.02 cm s21. Six hundred 1 s sampled values at
each of three separate (Dt 5 12.42 h) times (t 5 8.333, 20.75, and 33.17 h) were time-averaged to provide
three data points at each of 38 depths between 2099 and 2173 m (N 5 114). Central sampling times were
chosen so as to capture data when cross-flow speed was negligible and the plume was nearly upright.
Slopes, intercepts, and 95% confidence intervals are indicated. (c) The effective entrainment coefficient,
aEFF, as a function of depth derived using equation (18).
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criterion remained w 5 0.02 m s21. The flux results plotted
against height (Figure 16b) also showed the relationship to
be linear. When least squares fit with a form analogous to
equation (16), the line slope was found to be 0.729 7
0.025, while the virtual source depth z0 was a more reason-
able 2179 m 7 1.4 m. With wFLUX proportional to z, the
vertical gradient of wFLUX is just the best fit slope (0.729).

[52] The plume radius increasing with height is a result
of fluid being drawn, or entrained, into the plume at each
level. Using an inverted truncated cone as a control vol-
ume, Morton et al. [1956] used Gauss’s theorem to require
that the difference in mass flux (for constant density)
through the upper and lower control volume surfaces be
equal the flux entering the control volume
circumferentially:

d

dz
pr2hwi52prhuri5ð2prÞaEFFhwi (17)

where r is the radius of the volume element at height z, hwi
is the cross-sectionally averaged w into and out of the vol-
ume element, and huri is a circumferentially averaged
radial inflow velocity. The seminal step in the Morton et al.
[1956] paper was the closure assumption, i.e., the replace-
ment of ur in equation (17) by the product of an entrain-
ment coefficient, aEFF and hwi.
[53] In the irregular pattern of the upflow areas as exempli-
fied in Figure 15, the generalization of equation (17) is

d

dz

ð
wdA5

ð
~v �~nds5aEFFhwi

ð
~v �~n
j~v �~nj ds5aEFFhwiSEFF (18)

where dA (5 dx dy) is the horizontal area of a computa-
tional cell, w is the upflow across that surface,~v is a hori-
zontal flow vector, ~n is a unit vector normal to each cell
side, ds is a cell edge distance (dx or dy), and SEFF is the
total perimeter length of wFLUX. Integrals are only over
cells meeting the threshold condition. The effective entrain-
ment coefficient, aEFF, represents the extension of the Mor-
ton et al. [1956] closure idea to the case of irregularly
shaped upflow areas (Figure 15). Equation (18) allows aEFF

to be determined when the vertical gradient of the upward
flux, the average vertical velocity hwi over the plume cross
section, and the length of the plume perimeter SEFF are
known.
[54] SEFF was determined for each of 38 depth levels
(2173 m–2099 m) and three time intervals in a manner
analogous to the wFLUX and rEFF calculations. Dividing the
flux gradient by the product of hwi and SEFF (equation
(18)) for each of 114 cases results in aEFF values that
decrease from 0.11 to �0.025 with increasing height (2–76
m) above the source (Figure 16c). At a height of 76 m
above the source, the average of three samples for aEFF is
0.030 (Figure 16c).

[55] The range of our aEFF values includes the value
(0.0833) often chosen as the entrainment constant for buoy-
ant convection in still, stratified environments [List, 1982].
Smaller values are often used in the case of buoyant jets
entering otherwise still environments. The variation of
aEFF with height was previously observed in results of an
axisymmetric convection model of a starting plume [Lav-

elle and Baker, 1994]. In that study, aEFF fell from maxi-
mum values at source depth to negative values in the plume
cap where the Morton et al. [1956] entrainment assumption
clearly no longer holds. Carazzo et al. [2008] examined the
effects of variable entrainment rates on rise heights in
stratified but otherwise calm environments and found that
source fluxes might be underestimated by factors of two or
more if variable entrainment was not taken into account.

5. Summary and Conclusions

[56] Plumes bent by time-variable cross flows result in
rise heights that are never constant and concentration at
fixed points downstream that are never quasi steady. Time-
variable cross flows cause pooling of effluent above the
source point, which leads to higher rise heights at times of
weak flow, and results in streaming of effluent away from
the source and smaller rise heights at times of strong flow.
The consequence is property anomalies in the form of
boluses of fluid that are intermittently, if not periodically,
advected downstream and away from a source region. The
near-ubiquitous nature of M2 tidal currents in the ocean
make this hydrothermal plume configuration one of the
most likely to be observed.

[57] The turbulent nature of the model yields plumes
with cross sectional and height variance qualitatively like
those observed acoustically in the field. Model results show
flow into the plume stem at any level is not azimuthally
invariant, or even always directed inward at every point on
the plume stem wall. Entrainment, as represented by an
effective entrainment coefficient, shows variability with
height above the source.

[58] Differences in rise height at minimum flow between
cases that differ only slightly in background stratification
(e.g., Figure 1) are considerable. Accurately estimating
hydrothermal buoyancy flux (B0) is thus even more prob-
lematic than caused by the weak theoretical dependence of
rise heights on B0 for linearly stratified environments. Ver-
tical velocity in the lower part of the buoyant plume is a
more sensitive indicator of source flux.

[59] Model studies, as in this paper, of the conditions
favoring plume bifurcation [e.g., Lavelle, 1997] or plume
puffing at a fixed frequency [Cetegen and Ahmed, 1993]
are possible next steps. Does the unsteadiness of the cross
flow prevent both or either from happening? Additional
studies of the effects of an Ekman boundary layer and
rotation are worthy substudies as well. The new
cabled observatories (e.g., Barnes et al. [2011]; http://
www.oceanobservatories.org/infrastructure/ooi-station-map/
regional-scale-nodes/) will greatly change the density of data
coming from hydrothermal source regions, providing, e.g.,
long high-frequency time series measurements of velocities,
turbulence, heat, and chemical concentrations. Numerical
turbulent convection models of this kind will undoubtedly
prove useful in unraveling complexities in those new
data sets.
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