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Mechanical oxygenation has been suggested as means of reducing unwanted effects from
hypoxia but the near-field dynamics and thereby the potential impact from large scale
applications is poorly understood. We present results from a field experiment and model
study where the dynamics close to an oxygenator in a shallow coastal area in the Gulf of
Finland were studied. The oxygenator created a buoyant plume by pumping surface water
through a pipe into the bottom water at a rate of about 1 m?® s™'. A passive tracer (thodam-
ine) was added to the inlet of the pump and its lateral spreading was subsequently observed
in a relatively thin layer below the pycnocline. The dispersion of rhodamine was applied to
parameterize the entrainment rate in a plume model and the total outflow was increased by
a factor of about 7. A sensitivity study with different pump rates and cross flow velocities
were analysed.

Introduction

Eutrophication deteriorates water quality due to
elevated levels of phytoplankton biomass and
also leads to increased respiration and, in gen-
eral, a low oxygen concentration in the deeper
part of the water column. Hypoxia (O, <2 mg1™)
and anoxia, therefore, characterize many lakes
and coastal areas where “ventilation” by oxygen-
rich water from the surroundings cannot provide
enough oxygen for the mineralisation of organic
matter. Depletion of oxygen is lethal to higher
organisms and therefore leads to a significant
loss of biodiversity in aquatic systems. In sul-
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phate rich systems, low oxygen concentrations
may also block the iron cycle and cause a release
of iron-bound phosphorus from the sediment
(Lehtoranta et al. 2008). Release of phosphorus
lowers the ratio of dissolved inorganic N to P
(DIN:DIP) which, in turn, favours blue-green
algal blooms. In addition, anoxia and the pres-
ence of hydrogen sulphide (H,S) limits nitrifica-
tion (Joye and Holligbaugh 1995) and reduced
nitrate supply in turn reduce denitrification proc-
esses and thereby the removal of nitrogen from
the system (Tuominen et al. 1998). These direct
and indirect effects of hypoxia and anoxia can be
decreased through environmental management
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strategies which promote reductions of exter-
nal nutrient loads and counteract eutrophication
(Pitkdnen et al. 2007). Engineering solutions
have also been considered as a way to obtain an
improvement of the environment. Mechanical
oxygenation has been carried out successfully in
many Finnish lakes where pumping of oxygen-
rich surface water into the hypolimnion has
increased the oxygen concentration (Lappalainen
1994). Also pumping of O, into the water column
has been applied successfully in lakes (Liborius-
sen et al. 2009). Experiences from lakes have led
to suggestions of establishing similar solutions
in the open sea, and preliminary estimates of the
environmental and economic consequences have
argued for the feasibility of such solutions for the
Baltic Sea region (Stigebrandt and Gustafsson
2007). Thereby mechanical oxygenation could
support environmental management plans for
nutrient load reductions and speed up improve-
ment of the marine environment as compared
with effects of nutrient reductions from land
alone, where first significant improvements may
be expected after several years or decades after
they had been implemented due to the long resi-
dence time of nutrients in the sea.

Previous studies of oxygenation considered
both a method with direct pumping of surface
water into the water column and a method of
pumping air or O, where the subsequent bubble
formation also causes a rising buoyant plume.
Pumping of air (in comparison with pure oxygen
gas), in principle, may have negative conse-
quences for fish due to the dissolution of N,.
However, this effect has not been found to be
significant (Gafsi et al. 2009). Although the
dynamics inside the rising buoyant plume is
different between the two methods the general
plume dynamics is similar. The formation of a
buoyant bubble plume from pumping air or pure
oxygen into a stratified water column has been
analysed through integral plume models where
the conditions within the plume consider phase
changes together with the entrainment of sur-
rounding water into the plume (McDougall 1978,
Wiiest et al. 1992). Measurements of near-field
(~10 m) and far-field (10~1000 m) conditions
of temperature and velocity fields were analysed
close to a bubble plume located in a deep lake
and it was shown that an integral plume model
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could account for the plume characteristics, such
as plume temperature and width (McGinnis et
al. 2004). A one-dimensional plume model has
been applied in lakes where horizontally homo-
geneous layers are ventilated through vertical
mixing from a plume forced by bubbles or sur-
face water pumped deep into the water column
(Moshfeghi et al. 2005). These models are based
on a relatively simple parameterization of the
entrainment of surrounding water into the rising
plume where entrainment rates are determined
by buoyancy differences between the plume
and surrounding water. Such parameterization
of entrainment processes is in accordance with
laboratory studies of plume dynamics in strati-
fied environments (Turner 1979). Similar param-
eterizations have been applied in atmospheric
modelling of dispersion of pollutants from point
sources or in modeling of pollutants from waste
water outlets in the sea. Integral models provide
detailed information about the general dynamics
inside the plume but only limited information on
the far-field dynamics which is of main interest
when the influence from artificial oxygenation
is considered in the open ocean. The far-field
response from plume dynamics has been studied
around hydrothermal vents in the deep ocean
(Lavelle 1995), and also high resolution plume
dynamical models have been coupled to a far-
field circulation model (Choi and Lee 2007).
However, the understanding of the far-field influ-
ence of a rising buoyant plume in the water
column is still limited. Entrainment and the
influence from detrainment and lateral spread-
ing at the top level of the plume depends on
turbulent viscous and diffusive fluxes and these
processes are difficult to describe satisfactorily
in ocean circulation models.

To assess the potential of oxygenation in the
open sea and to understand the primary physical
transports caused by a buoyant plume we inves-
tigated the dynamics around a buoyant plume
through intense measurements during a short
term field experiment in a coastal area where a
passive tracer was released within an oxygena-
tor. We used the high-spatial resolution data to
constrain the parameters in a new simple buoy-
ant plume model suitable for implementation
in large scale regional circulation models. We
first describe the tracer field experiment and the
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Fig. 1. The map of Sandéfjarden and its location in the
northwestern part of the Gulf of Finland. The oxygena-
tor was located in the centre of Sandéfjarden (marked
with an X).

buoyant plume model. We analyse the data and
use the observations to constrain a free param-
eter in the plume model. Finally, we apply the
model to determine the importance of stratifica-
tion, flow rate and the far-field currents for the
lateral dispersion at the top level of the plume
and discuss the application of oxygenation on
larger scales.

Methods
Rhodamine experiment

An intense short-term field experiment was car-
ried out on 3 August 2010 in Sandofjirden
located in the southern Finnish archipelago close
to the entrance to the Gulf of Finland (Fig. 1).
Siandofjirden has a maximum depth of about
30 m and is a semi-enclosed area with openings
towards the Gulf of Finland to the south and
to the surrounding archipelago through shallow
sills with depths down to 12 m. The deepest part
of the basin has a relatively small exchange of
bottom water with the surrounding areas and
is characterized by late summer—early autumn
anoxia in the bottom water. The field experi-
ment was designed to determine the dynamics
around a buoyant plume driven by pumping
water from 3 m below the surface down to a
depth of 17 m through a 0.8 m wide pipe with

Forced buoyant plume convection from oxygenation 39

4@‘7

pycnocline

T

q

Fig. 2. A scheme of the oxygenator. The oxygena-
tor pumps surface water into the bottom layer with a
constant flow rate (g). Surface water with a relatively
low density rises as a buoyant plume and entrains sur-
rounding water (¢). The plume reaches its top level and
spreads out laterally (Q) below the pycnocline.

a Mixox oxygenator. The Mixox oxygenator
pumps water through a pipe formed by a thick
plastic canvas with a large propeller mounted
at the top. The propeller sustains a relatively
constant flow rate of about 1 m® s™'. Such pump-
ing devices have been used in many Finnish lake
areas for mechanical oxygenation of the bottom
water (Lappalainen 1994). The circulation close
to the oxygenator can conceptually be described
by the downward pumping of surface water
at a constant flow rate (¢) causing an ascend-
ing buoyant plume from the pipe outlet and the
resultant entrainment (&) causes a significant
increase of the volume flow and the detrainment
and lateral spreading (Q = g + ¢€) occurs at the
level of neutral buoyancy between the plume and
the surroundings, below the pycnocline (Fig. 2).

Measurements of temperature, salinity,
oxygen and rhodamine were made on a closely
spaced sampling grid within a distance of 300 m
from the pump. Minimal external disturbance of
the water column was required during the exper-
iment and, therefore, two 100-m-long ropes were
placed in a shape of a N-S and E-W cross with
the pump in the centre. Floats were placed
as markers along the lines at 10-m intervals.
Two boats were operating during the experiment
and they were manoeuvred manually without
engines along the ropes to reduce mixing in the
surface layer. At distances larger than 50 m from
the pump the boats were manoeuvred by small
engines. The area had been influenced by the
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Fig. 3. Initial fields of (a)
temperature, (b) salinity,
(¢) o, and (d) O,. Profiles
from the YSI profiler are
measured at a distance of
50 m to the south (solid
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pumping from six oxygenators located in the
area from the beginning of July until 30 July,
when the oxygenators were stopped. A single
pump was started on 3 August at 12:03 and a
20% rhodamine solution was added to the intake
of the pump at a rate of 1.4 ml s™' from 16:03 to
17:39. Before the addition of rhodamine (13:00—
16:00) the initial fields of temperature, salinity
and oxygen around the pump were measured
within a distance of 50 m (Fig. 3). The seasonal
thermocline was located at about 10-m depth,
and the temperatures of the surface and bottom
waters were of 20 °C and 9.8 °C, respectively.
The salinity distribution was weakly stratified
with vertical differences between the surface
and bottom waters of about 0.4. An oxygen con-
centration below 4 mg 1! in the bottom water
indicated a relatively stagnant water mass. The
salinity distribution showed some spatial vari-
ability and this was also observed during the

line), north (dotted line)
and west (dashed line),
respectively.

Oz (mg I)

experiment, indicating influence from mixing
between the different basins in the area. The
density change due to the small-scale variation
in salinity observed at a distance of 50 m from
the oxygenator (Fig. 3b) was compensated by
corresponding temperature changes (this could
indicate mixing due to small-scale interleaving)
so the combined effect on density were small.
The initial density difference between the sur-
face water and 20-m depth were about 2 kg m~.

The supply of rhodamine was arranged from
a raft placed above the pump where a small pipe
connected a jar on the raft to the intake of the
pump. The flow of rhodamine was driven by the
hydrostatic pressure difference between the raft
and the intake, and the level in the jar was kept
nearly constant by continuously adding insoluble
material to the jar during the experiment such
that the flow rate of rhodamine was approxi-
mately constant. The experiment was carried
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out during calm weather conditions and the
meteorological parameters were measured from
a weather station, mounted on a permanent raft
station for monitoring the oxygenators, located
in the centre of Sandofjirden. The meteoro-
logical forcing parameters during the experiment
from 16:00 to 19:30 were (mean + SD): surface
air temperature = 19.3 + 0.1 °C, wind speed =
39 + 0.8 m s, wind direction = 37.5° + 8.6°,
humidity = 84% =+ 2%, air pressure = 1008.9 +
0.7 hPa, precipitation < 0.02 mm (i.e., practically
no precipitation) and a cloudiness of 7/8. These
observed parameters were used in the numeri-
cal simulations, as described below. The wave
height was less than 0.1 m.

One boat with a YSI 6130 rhodamine probe
and a temperature and conductivity sensor meas-
ured along the north—south and the east—west
direction at discrete depth levels of 2, 5, 8, 10,
12, 15, 20 and 25 m during the period of 16
to 20 hours. Finally a transect was made at a
distance between 70 and 300 m eastward of
the pump where the sensors measured continu-
ously at about 8-m depth. The second boat used
a TriOS fluorescence and temperature sensor
in the upper 16 m and measurements were per-
formed with a relatively high vertical resolu-
tion where rhodamine was observed. The two
florescence sensors were inter-calibrated before
the experiment started. Additional measurements
were made during the following two days after
the rhodamine was released but no rhodamine
was found in the area.

Current measurements were carried out in
2-m intervals in the upper 12 m with the perma-
nent ADCP-sensor located below the permanent
raft station. During the experiment from 16:08
to 20:08 the mean (+ SD) current speed and its
direction at 4-12-m depth were 2.9 £ 0.4 cm s’
and 108° + 13°, respectively. The current and
its direction in the upper 2 m were 52 + 1.6
cm s and 113° + 23°, respectively. Because of
the relatively weak currents during the experi-
ment, these were not included in the numerical
simulations of the rhodamine experiment. How-
ever, the effects from a far-field cross-flow on
the plume dynamics was analysed in a sensitivity
study (see section ‘Effects of far-field currents
and pump rate’).
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Model description
Regional model description

The regional model was based on the three-
dimensional circulation model COHERENS
(Luyten et al. 1999). COHERENS is based on
the primitive equations, the Boussinesq approxi-
mation, assumes hydrostatic balance and applies
an f-plane approximation. The model domain
covered a region of 500 x 500 m with a hori-
zontal grid spacing of 20 X 20 m and 30 vertical
sigma-layers. The vertical mixing was derived
from a k-¢ turbulence scheme, where a weak
vertical background turbulent diffusion coeffi-
cient of 10 m? s! was included. There was no
explicit horizontal mixing and a higher order
TVD-advection scheme for momentum and trac-
ers was applied to limit numerical diffusion. The
initial fields were determined from observations
of temperature and salinity before rhodamine
was released into the water. The open boundary
conditions were determined by a radiation condi-
tion for the barotropic mode (i.e. the method of
characteristics; Luyten et al. 1999). A no-flux
condition was assumed for the baroclinic veloc-
ity components and a scalar condition, deter-
mined from the observed initial conditions, was
applied for temperature and salinity. The meteor-
ological forcing parameters were assumed con-
stant during the experiment and the model was
forced by the observed mean values described
above.

Plume model description

A new buoyant plume model suitable for imple-
mentation in a regional circulation model was
developed, and it was coupled to the setup
of the COHERENS model described above.
The buoyant plume model was assumed to be
located within a single horizontal grid cell in the
regional model. In a large scale regional setup
the horizontal scales could be of the order of
about 1-10 km, but for the field experiment a
high resolution setup was applied with a hori-
zontal grid resolution of only 20 m. However,
even on a fine resolution horizontal grid of 20 m,
the plume dynamics is expected to take place on
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a much smaller spatial scale and therefore the
mixing and transport associated with the plume
can be considered a subgrid-scale process. The
coupling of the plume model with a regional
circulation model calculates the exchange of
substances between the plume and the surround-
ings explicitly, as described below.

The plume model permanently covers a
water column from the bottom (z = —-H) to
the surface (z = ) and mass in the plume is
conserved through the continuity and transport
equations (Egs. 1 and 2, respectively) for the
various dissolved substances transported through
the plume:

du, dv, ow, 0 W
ox dy dz
%4_ Jgu, N v, . Ipw,
or  ox dy 0z 2

A(U,.®.9,)=0

where U, v, w, are the velocity components in
the plume, and b, is the tracer concentration
in the plume. The transport between the sur-
rounding grid and the plume is described by the
advection operator A (U,, P, ¢p) where U, is
the horizontal (far-field) velocity vector in the
surrounding grid, and ® and (l)p are the tracer
concentrations in the surrounding grid and in
the plume, respectively. The plume is assumed
to cover a small area (0a) which is significantly
smaller than the area of the surrounding grid
cell (0A) and the timescale for substances in the
plume area is assumed to be sufficiently short
such that additional sink or source terms can
be neglected in Eq. 2. The assumption that the
plume covers a relatively small area is a reason-
able approximation when the plume model is
implemented in regional models with signifi-
cantly larger grid sizes than in the current setup.
The plume model is assumed to have a constant
volume V, = da(t)H,(t), where changes in water
level (H,) are compensated by changes in the
surface area of the plume. Horizontal transports
between the surrounding grid and the plume grid
are determined by an upwind scheme.

The buoyant plume model considers the
inflow to the oxygenator and the outflow is rep-
resented as a point source of buoyancy and dis-
solved substances. The buoyancy flux (F) at the
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bottom of the pipe is determined from the flow
rate through the pipe (7)) and the buoyancy as: F
= 7,B, where the buoyancy is given by B = g(o, —
0,)/0,- The densities ¢ and g, represent the den-
sity in the plume and in the surrounding water,
respectively, and g is the acceleration of gravity.
The water is assumed to ascend when B >0
and the entrainment of surrounding water then
depends on the horizontal buoyancy difference
and the height (zp) above the buoyancy source.
From dimensional analysis the entrainment trans-
port can be related to F" and z,as (Turner 1979):

e = €0F|/3ZP71/3 (3)

where ¢, is the entrainment parameter to be
determined below. Detrainment is assumed to
take place at the plume top level where B < 0.
A compensating return flow (y,) for balanc-
ing the entrainment from the “regional” grid
cell where the plume is located, is assumed
below the detrainment depth level and, cor-
respondingly, a return flow of 7, is assumed
to take place towards the intake of the pipe
(Fig. 4). The compensating return flow due to the
entrainment and pump intake results in a local
mass balance within a single vertical column
in the regional model. The compensation flow
will depend on turbulent viscosity and diffusion
intensities around the pump inlet and this return
flow would therefore be expected to occur on
a relatively large horizontal scale. In this high
resolution setup, the compensating return flow
occurs within a short distance of 20 m and this
is not expected to be representative for the real
flow. However, the compensation flow ensures
that there are no net vertically integrated sinks
and sources for temperature, salinity and other
substances. In a large-scale model application,
the return flow becomes correspondingly weaker
because of the larger horizontal grid dimensions
with typical horizontal scales of O(10% m, as
discussed further below.

Results
Observed rhodamine distribution

Initially the rhodamine was measured close to
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the pump and immediately after the introduc-
tion of rhodamine a first section was made in the
southward direction within a distance of 50 m
from the pump (Fig. 5a). Thereafter, a north-
ward section was measured within a distance of
45 m (Fig. 5b) followed by a westward section
(Fig. 5¢). In the westward section, rhodamine
was only observed within a distance of 40 m
from the pump, and this could be explained by
the observed weak eastward current. After the
end of the rhodamine release an eastward section
was measured and the rhodamine was more dis-
persed and may have been advected away from
the pump location (Fig. 5d).

The core of the rhodamine distribution was
observed to be centred in and just below the pyc-
nocline in the depth range 10-15 m. An averaged
vertical distribution was determined from the
measurements for each of the two instruments.
The averaged YSI-measurements were calculated
from 11 profiles in the four directions (N, N,
N35’ N45’ SIS’ st’ S35’ S45’ WIS’ Wzs and W35’ where
the index indicate the distance (m) of the station
to the oxygenator along each transect). The cor-
responding averaged vertical profile of the TriOS-
measurements was based on 4 profiles (E,, E,,
E , and E,) and was binned into 2-m depth inter-
vals in the depth range between 3 and 15 m. The
averaged vertical profiles from the YSI-instru-
ment showed a significantly elevated rhodamine
concentration at 12—13-m depth of about 21 pg 1!
and low average concentrations (< 2 ug I™') above
10 and below 15-m depth, respectively (Fig.
6a). The TriOS measurements showed a similar
increase of rhodamine in the depth range between
10 and 15 m with an average concentration
of about 20 ug I'' at 13-15-m depth (Fig. 6b).
Finally during the period between 19:00 and
19:30, the rhodamine “cloud” was searched for
at a depth of 14 m in a transect from a distance
of 300 m east of the pump and towards the pump.
Rhodamine concentrations of 1.8 and 32 ug I
was measured at a distance of 224 m (19:22) and
199 m (19:26), respectively, corresponding to a
mean plume velocity of about 88 m h™'.

Entrainment parameter

In accordance with the observed distribution
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Fig. 4. The buoyant plume model constitutes a con-
stant volume [V, = H (t)oa(f)] and the vertical layers
are defined by the surrounding grid in the circulation
model. The constant flow rate () transports water from
the intake level (k) in the regional model to the bottom
plume level (k). Transport in the plume increases due
to entrainment of surrounding water (¢,) and at the final
top level water is transported from the plume to the sur-
roundings. The return flow (y,) compensates the trans-
port due to entrainment and the pump intake.

of rhodamine we assumed that rhodamine was
transported from the bottom pipe outlet within
a buoyant plume which reached the top level
below the pycnocline. The subsequent lateral
dispersion of the rhodamine occurred in a rela-
tively well-defined thin layer with a thickness
of about 3 m, corresponding to the observed
distribution obtained from the averaged profiles.
This implied that the rhodamine distribution
close to the oxygenator could be approximated
as a steady state distribution after a relatively
short period. For example, the residence time of
a 3-m-thick circular layer with a radius of 30 m
is 2.4 hours if the transport is 1 m?® s'. When
additional transport from entrained water (about
5-10 m? s7) is taken into account, the residence
time of the plume layer is reduced to less than
30 minutes. The observed distribution supported
our assumption that the rhodamine distribution
could be regarded as being in a steady state close
to the oxygenator. The comparison below of the
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simulated rhodamine distribution during a short
period of 15 minutes, and about 1 hour after the
start of the experiment, can therefore be regarded
as representative for the steady state rhodamine
distribution close to the oxygenator.

The conservation of mass at the intake of
the pump requires a compensating inflow from
the surroundings, and in the plume model it was
assumed to occur locally within the column of
grid cells containing the plume. Correspond-
ingly, the local recirculation due to the entrain-
ment into the plume causes a downward trans-
port towards the outlet of the pump (cf. y, in
Fig. 4). The horizontal scale of the compensating
recirculation levels thereby becomes dependent
upon the grid size of the model. Few studies of
this recirculation around buoyant plumes exist
and numerical studies indicate that this recircu-
lation occurs on spatial scales on the order of
10°-10° m (Lavelle 1995) due to the preferential
isopychnal transport in the ocean. Therefore,
we expect this local recirculation to occur on
larger spatial scales than the applied grid size
of 20 m, and the local recirculation in the plume
model probably becomes more realistic when the
horizontal grid resolution increases to ~10° m
as typically applied in regional scale circulation
models. The dynamics of the recirculation is
dependent upon the viscous and diffusive turbu-
lent fluxes. However, these are critical processes
to describe accurately in regional circulation
models and due to the limited data set we there-
fore do not present a further detailed description
of these processes in this study.

The influence of the local recirculation was
simulated by considering a case with and without
local recirculation of rhodamine, whereas tem-
perature and salinity were recirculated locally in
both cases (Fig. 7). The density gradients around
the pump caused a weak recirculation which
was identical in the two cases. Without local
recirculation the rhodamine was confined to a
relatively narrow about 3-m-thick layer, whereas
the case with recirculation caused a significant
amount of rhodamine to be distributed in about
a 10-m-thick layer close to the pump in disagree-
ment with the observed distribution (not shown).
This simulation suggests that the recirculation
occurs on larger spatial scales than the applied
20-m grid resolution, and therefore we disre-
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Fig. 7. Distribution of rhodamine in an east-west sub-
section of the model domain after one hour after the
release (scale in yg I"). Velocity vectors (only every 8th
velocity vector is shown in the vertical) and contours
of the current speed. The oxygenator is located at a
distance of 250 m.

gard the local recirculation of the rhodamine in
the direct comparisons between simulations and
observations of rhodamine below.

Optimizing the entrainment parameter

The distribution of rhodamine was used for con-
straining the free entrainment parameter (¢,) in
the buoyant plume model. The model distribu-
tion was spatially averaged within a distance of
45 m of the pump and the resultant vertical pro-
file was compared to the observed mean vertical
distributions (Fig. 6). The difference between
model (C ) and observations (C, ) was quanti-
fied by calculating the residual at each depth
level as:
2
R= ZM 4)

O

obs

where the residual (R) was normalised with the
standard deviation at each depth level (o).
The residual was determined in an interval of ¢,
between 0.02 and 0.5 (Fig. 8a). A best fit value
of ¢, was determined by the minimum residual
value when integrated over the whole water
column averaged over a distance of 5-45 m
from the oxygenator in the period 17:15-17:30.
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In general, the residual decreased in the inter-
val from 0.02 to 0.35 and the best fit value was
found at ¢, = 0.25 (Fig. 8b). Influence from & on
the total detrainment, corresponding to the sum
of the vertically integrated entrainment and the
pump flow rate, was found to increase gradually
from 2 to 9 m’ s™' in the interval of ¢ (Fig. 8c).
The best fit value of ¢, = 0.25 caused a total
detrainment of 7 m* s7' implying that the initial
flow rate of 1 m® s™' was amplified by a factor
of seven due to entrainment of the surrounding
water.

Model solutions with the best fit value of ¢,
were vertically integrated and compared with the
corresponding observed rhodamine distribution
within a distance of 45 m from the pump. The
averaged simulated model content of thodamine
of 62 mg m~ was in general accordance with the
observed rhodamine distribution (Fig. 9). The
model solution showed a gradual decrease of the
rhodamine content from 108 mg m= at a distance
of 5 m to 40 mg m= at 45 m, which would be
expected from the radial spreading away from
the pump. The observed distribution of rhodam-
ine varied between 63 and 93 mg m~ except for
a minimum value of 31 mg m™ observed at the
western transect at a distance of 30 m from the
pump. This low value was probably due to the

versus the entrainment
parameter (¢).

small eastward advection in the area. However,
the averaged simulated rhodamine content was
in general accordance with the observed rhod-
amine.

A transient model simulation of the experi-
ment showed that after about 15 minutes a sig-
nificant amount of thodamine was simulated at a
distance of about 40 m from the pump (Fig. 10).
After one hour the rhodamine distribution was
still within a distance of 100 m from the pump
and the highest concentration was centred close
to the pump. After the rhodamine release was
stopped the simulated rhodamine distribution
moved outwards from the pump and the concen-
tration in the rhodamine cloud was reduced due
to mixing.

Effects of far-field currents and pump rate

The sensitivity of the plume model to changes
in the far-field current field and the total pump
rate through the oxygenator was analysed for
different values of a constant east—west cross
flow velocity (U) and pump rate (Q). Increasing
the horizontal velocity from zero to 0.1 m s™' led
to a significant decrease in the height of the top
level of the plume (Figs. 11 and 12). Doubling
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the impact from the far-field current field due to
the larger buoyancy flux from the oxygenator.
The horizontal velocity caused an exchange with
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the plume at all depth levels and this deepened
the rhodamine distribution compared to the rela-
tively thin layer of lateral spreading in the case
with no horizontal velocity. Increasing the cross
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Fig. 12. Model sensitivity to the cross flow velocity.
Solutions for the top level (solid lines) and total detrain-
ment from the plume (dashed lines) are shown in two
cases with a pump rate of 1 m® s (black) and 2 m® s™'
(gray), respectively. The plume source is located at
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The model analysis and the rhodamine exper-
iment provided information on the dynamics
close to the oxygenator on a relatively short time
scale. However, the environmental benefits from
oxygenation would be expected to be seen on
larger spatial scales, for example as a general
improvement of the bottom water oxygen condi-
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tions in the whole Sandofjdrden or even on larger
regional scales. Below, we discuss the results in
relation to the near-field physical dynamics and
also consider how these results could be applied
in the design of a larger scale experiment, for
example through application of several oxygena-
tors and/or application of oxygenation on larger
temporal and spatial scales.

Near-field dynamics and recirculation

Rhodamine was observed in a well-confined
layer of water spreading laterally from the pump
area, and only minor concentrations of rhodam-
ine were observed above the pycnocline. This
observation indicates that the flow associated
with plume convection from the pump only trans-
ports a very limited amount of bottom water
into the surface layer locally, and that the lateral
spreading mainly occurs below the pycnocline.
Therefore, the potential risk of directly transport-
ing nutrient rich bottom water into the surface
layer can be regarded as minimal with the applied
flow rate and the observed stratification. This is
an important finding, because it shows that the
risk of indirectly stimulating a phytoplankton
bloom through oxygenation can be considered
as small when a significant pycnocline separates
surface and bottom water. In this case, the density
difference was about 1-2 kg m (cf. Fig. 4). Cor-
respondingly, the risk of bringing bottom water
with a high concentration of hydrogen sulphide to
the surface can be considered to be limited. How-
ever, the near-field dynamics showed that even
though there were no significant transports across
the pycnocline there would still be an upward
transport of bottom water substances towards
the bottom of the pycnocline. Therefore, bottom
water nutrients may induce an increased subsur-
face primary production or, in the case of hypoxic
or hydrogen sulphide rich bottom water, it could
lower the sub-pycnocline oxygen concentration.
This would also have to be considered if a signifi-
cant deepening of the mixed layer could occur,
for example due to episodic and strong wind
forcing.

No significant amount of rhodamine was
observed below a depth of 15 m and at a distance
of 5 m from the pump. A direct influence from
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the pumping on the water close to the bottom
was therefore not observed during the 4 hours
when observations were made. The entrain-
ment of surrounding water into the rising plume
will establish a compensating current close to
the pump and thereby affect the circulation in
the bottom layer. Therefore, a recirculation in
the bottom water towards the pump may be
significant but the duration of the rhodamine
release was probably too short to re-circulate the
rhodamine back to the plume area through the
bottom layer. Model simulations showed a sig-
nificant far-field recirculation towards the pump
(cf. Fig. 7) induced by the entrainment of water
into the rising buoyant plume, and this recircu-
lation would imply a circulation, and therby a
ventilation, of deeper parts of the water column.
The simulated far-field recirculation is driven
by pressure gradient forces due to the near-field
changes in density.

The recirculation is a critical issue for deter-
mining the large scale impact on the surround-
ing environment from the oxygenator when it
is applied in the open sea. The recirculation
around buoyant plumes in the ocean is poorly
understood because previous studies, for exam-
ple plumes from waste water outlets, have pri-
marily focused on the dynamics and concentra-
tions within the plume rather than the dynamical
effects on the surroundings. The recirculation is
therefore an important issue for future research
on the effects from oxygenation. Also the pos-
sible dynamical coupling between the oxygena-
tor intake in the surface layer and detrainment
below may be important, in particular in shallow
or enclosed areas or where the stratification is
weak.

The role of pump rate, outlet depth and
cross flow

In general, a doubling of the pump rate from 1 to
2 m? s7! caused the simulated top level to change
by about one meter, i.e. the plume reached one
meter higher up in the water column in the case
with largest pump rate (cf. Fig. 12). The detrain-
ment was almost two times larger when the
pump rate was doubled. These results show that
the top level of the plume mainly is determined
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by the local stratification rather than the flow
rate, whereas the entrainment into the plume is
relatively sensitive to the applied pump rate and,
in this case, the detrainment rate scale propor-
tional to the pump rate.

The distribution of the buoyant plume from
oxygenation in the open sea may be affected by
the far-field current field. The model simulations
suggest that high current velocities would tend
to bend the plume before it reaches its maximum
top level. This behaviour can be compared to the
influence from the atmospheric flow on plume
dynamics, i.e. the bending of smoke from a
chimney in strong winds. Numerical ocean stud-
ies also suggest a strong relationship between the
horizontal velocity and the top level of a buoyant
plume (Lavelle 1997) in accordance with experi-
ence obtained from laboratory studies (Turner
1979).

In the experimental setup, the oxygenator
outlet at 17-m depth was located about 10 m
above the bottom. If it were placed closer to
the bottom a more direct impact from the oxy-
genator would be expected locally. Increased
mixing between the water from the outlet and
the surroundings could potentially be obtained
if the outlet was placed in the bottom boundary
layer very close to the bottom. In Sandofjirden,
the bottom boundary layer is expected to be
relatively thin (~1 m) because of the small tidal
forcing and the relatively weak bottom currents.
However, the rhodamine experiment showed that
the water from the oxygenator would mainly rise
as a buoyant plume and therefore the expected
direct effects from a lowering of the outlet would
be concentrated locally around the oxygenator.
Based on the operational experience with the
Mixox oxygenators in lake systems, the outlet
is normally located as high as possible in the
water column. In applications with relatively
high velocities in the pipe a shallow outlet will
provide more space for additional mixing below
the outlet and above the bottom. In principle, a
deeper location of the outlet would increase the
entrainment rates due to the larger density differ-
ence between the surface water and the deeper
water, and this would imply a larger recircula-
tion and therefore the indirect ventilation of the
near bottom water would increase. The change
in density between 17 m and the bottom is rela-
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tively small in Sandofjirden but this effect may
be important to consider in larger scale applica-
tions of oxygenation. If the outlet was placed too
close the bottom, i.e. within a few meters, and
with the current pump rates then temporary neg-
ative effects from increased resuspension of sed-
iment would need to be taken into account. Such
negative effects were not observed during the
experiment. To achieve a certain pump capacity
in a given area, a number of smaller pumps may
therefore be more suitable than applying a single
pump with a large pumping capacity.

Application of oxygenation on larger
scales

The application of oxygenation on larger scales
can be assessed by applying the results above
on an idealized basin where the oxygen distri-
bution is considered in two homogenous sta-
tionary layers. If the basin area is 3 X 2 km
(approximately the size of the experimental area
in Sandofjdrden) and the bottom layer is 10 m
deep the transport of oxygen from an oxygena-
tor would be given as: F(O,) = ¢(O, - O, ),
where ¢ is the pump rate of 1 m* s and O, and

2sur
O, is the surface and bottom oxygen concentra-

tié:)ts, respectively. The surface concentration is
assumed to be close to saturation, i.e. about 10
mg 1!, and the bottom oxygen concentration is
assumed to be about 3 mg 17! (comparable to
the conditions in Sandofjirden, see also Fig. 3).
Liikanen et al. (2002) find that the sediment
oxygen demand of eutrophic lakes in Finland is
about 0.5-1 g m™ day™', and applying the lower
value as representative for the oxygen demand
in the idealized basin, this would imply total
oxygen consumption in the bottom layer of 3000
kg day™'. According to the flux estimate above,
the transport of oxygen from an oxygenator
to the bottom layer amounts to 605 kg day',
so about 5 oxygenators would provide enough
oxygen to balance the microbial consumption.
However, from the rhodamine experiment it is
appearent that the oxygenation would initially
affect the water below the pycnocline and there-
fore the oxygenated water would leave the area
if not the basin is enclosed or otherwise have a
limited exchange with the surroundings. This
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could be the case in a coastal bay or fjord where
there is no or limited exchange with the sur-
roundings in the bottom layer. Thus, the local
morphology has a large influence on the effect
from oxygenation. These limitations on the oxy-
genation of bottom water also apply on larger
regional scales if larger water bodies should
be oxygenated. For example, if oxygenation of
larger areas in the Baltic Sea is considered, then
the local stratification around the oxygenators
would determine the top level of the buoyant
plume and also the local current field would
have to be taken into account because the flow
field could reduce the top level significantly. The
oxygenation would then initially affect the water
at the top level below the pycnocline. On longer
time-scales (month—years), other effects would
have to be considered because the influence from
recirculation would then become important and
eventually the effect from oxygenation would
have a significant impact on the stratification.

Conclusions

The observed rhodamine distribution close to the
pump demonstrated the potential for ventilating
bottom water through artificial oxygenation and
elucidated the convective motion and near-field
dynamics. Water from the pump outlet rises as
a buoyant plume and thereby entrains a signifi-
cant amount of surrounding water in accordance
with previous laboratory studies of convective
motion. The rhodamine distribution showed that
the lateral dispersion of the plume takes place
in a thin few meter thick layer below the pyc-
nocline. This demonstrates that large transports
below the pycnocline can be sustained mechani-
cally with a relatively small energy usage for
pumping the surface water into the bottom layer.
The method theoretically serves the possibility
to oxygenate larger water areas with relatively
small energy. However, in practice the success
of this kind of artificial oxygenation will depend
on the local conditions, e.g. on microbial oxygen
consumption rate, stratification, season and basin
morphology.

Entrainment of water in the rising buoyant
plume led to a compensating recirculation in
the model simulations and thereby generated a
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bottom circulation to the depth of the pipe outlet.
However, the duration of the rhodamine release
was too short to observe this in the field experi-
ment.

A buoyant plume model was developed where
entrainment was parameterized from differences
in buoyancy between the plume and surround-
ing water and a free entrainment parameter was
constrained from the observed distribution of
rhodamine. The total detrainment from the plume
was found to be about 7 times larger than the
pump rate from the oxygenator. Mass distribution
of thodamine around the plume source and the
lateral dispersion was simulated in accordance
with observations. Model simulations showed
that increased pumping caused a modest increase
in the top level of the plume because this was
mainly determined by the surrounding stratifica-
tion. Corresponding simulations showed a high
sensitivity to the cross flow velocities where the
top level decreased significantly when the cross
flow was increased from 0 to 0.3 m s7".
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