Limnol. Oceanogr., 47(5), 2002, 1394-1404
© 2002, by the American Society of Limnology and Oceanography, Inc.

Oxygen transfer across the air—water interface by natural convection in lakes
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Abstract

Oxygen transfer associated with natural convection in lakes and reservoirs was examined in a series of laboratory
experiments. A thin, cool surface water layer (2-3 mm in thickness) was formed by chilling the air overlying a
tank of surface area 0.6 m? and depth 0.6 m. The surface water layer became gravitationally unstable, resulting in
the formation of negatively buoyant thermal plumes, which penetrated through the total depth of the water column.
The spatia distribution of oxygen concentration at the air—water interface in the tank was visualized using a
fluorescence imaging technique to quantify the oxygen transfer driven by only natural convection. Pyrenebutyric
acid (PBA) at a concentration of 3.0 X 10~ mole L-* was used as the fluorophore, and the quenching of the
fluorescence by oxygen was used to produce a spatial distribution of dissolved oxygen. A light plane was generated
across the tank by the refraction of a laser light beam, and two-dimensional images were continuously acquired
with an intensified charge coupled-device (ICCD) camera. Analysis of these images revealed the sinking of cooled
water to transport oxygen, and the experiments enabled the quantification of the oxygen transferred from the air
into water at a range of heat fluxes. The results confirm that vertical penetration of cold-dense water can be a

significant source of oxygen for lakes and reservoirs.

“Oxygen is the most fundamental parameter of lakes,
aside from water itself...” (Wetzel 1975), and an improved
understanding of water quality issues is dependent on un-
derstanding how dissolved oxygen (DO) enters and is dis-
tributed through these systems. Oxygen and other gases enter
and leave a water body across the air—water interface. The
rate at which this occursis frequently parameterized as being
a function of the wind speed across the surface and on the
gas concentration in the water, relative to its saturation level
(Broecker et a. 1978; O’ Connor 1983). At times of high
wind speed and low DO concentration, the transfer rate into
the aqueous phase will be relatively high.

The study of gas transfer across an air—water interface has
generaly been conducted with reference to the ocean (for
example, Watson et al. 1991; Wanninkhof 1992). Here, sus-
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tained high wind speeds and deep, well-mixed surface layers
are the norm. Under these conditions, shear (i.e., wind) driv-
en transfers dominate (Brainerd and Gregg 1993). Lakes, by
contrast, are often topographically sheltered, affording them
protection against strong winds, and their smaller fetch
lengths lead to reduced wave generation compared to the
ocean (for example, Wanninkhof et al. 1985). Under these
conditions, the application of oceanographically derived for-
mulations for oxygen transfer with dependence on wind
speed may be questionable.

The problem is compounded if one considers the diurnal
variations of DO concentration and temperature in lakes.
During the day oxygen addition to the surface water by pho-
tosynthetic production can yield high dissolved oxygen con-
centrations, at times exceeding the saturation concentration
(Melak and Kilham 1974; Oldham and Imberger 1995). In
addition, the higher surface temperature lowers oxygen sol-
ubility. An increase in water temperature from 15°C to 25°C
results in an 18% decrease in oxygen solubility (Benson and
Krause 1984). Therefore, during the day the DO deficit at
the surface is likely to be at its lowest (possibly even absent)
and oxygen transfer into the lake will be reduced.

Wind speed and surface heat flux also display a pro-
nounced diurnal pattern, with inland lakes often having very
low wind speeds at night. As the surface layer is frequently
deepest and coolest at night, the oxygen deficit is at a max-
imum, making the potential for oxygen transfer greatest. The
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Fig. 1. Lake Tahoe data commencing midnight 25 February

1998. (a) Three day water temperature record from depths of 5, 15,
and 55 m at the midlake station. (b) Wind speed and air temperature
data for the corresponding period from 2 m above surface of Lake
Tahoe, measured at the U.S. Coast Guard pier.

absence of solar radiation and cooler air temperatures gen-
erally results in net cooling of the water surface at night, the
condition needed for natural (or penetrative) convection to
occur. This is illustrated by data from Lake Tahoe, Califor-
nia, USA (39°N, 120°W). Figure 1a shows thermistor traces
from three temperature loggers located at depths of 5, 15,
and 55 m below the surface over a 3-d period, commencing
at midnight on 25 February 1998. The sampling period of
the temperature loggers (OEl, Model 9311) was 2 min, and
the accuracy was 0.003°C. Figure 1b shows the wind speed
and the air temperature for the corresponding period. The
wind speed and the air temperature show a typical diurnal
pattern. During each day the surface water restratified, in-
dicating a net inward heat flux that compensated for the mix-
ing energy of the wind. However, at night, the wind and air
temperature dropped; the temperature of the surface water
decreased rapidly and became lower than that of the 55-m
depth, suggesting that there was active vertical mixing by
natural convection.

These diurnal patterns are common in lakes and raise the
question of how and when atmospheric oxygen actually en-
ters a lake. Is it solely restricted to the coincidence of high
wind and low oxygen concentration, or are there other mech-
anisms that may become important when these conditions
do not prevail for extended periods of time? The times of
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most favorable concentration gradients for the inward trans-
fer of oxygen are at night, when the surface mixing is dom-
inated by natural convection and wind may be totally absent.
Existing models make no provision for dissolved oxygen
transfer under such mixing regimes, with virtually all models
possessing a strong dependence on wind speed.

Convective instabilities have been observed in the labo-
ratory (Katsaros et a. 1977), in lakes (Imberger 1985; Bru-
baker 1987), and in the ocean (Shay and Gregg 1986); how-
ever, to date there have been no field, laboratory or
numerical experiments conducted to look at gas exchange
under such conditions.

The present work describes and quantifies the oxygen
transfer associated with natural convection. To accomplish
this, a laboratory experimental facility was constructed in
which the destabilizing convective conditions that occur in
lakes at night or throughout winter could be reproduced. The
two-dimensional visuaization of the convection and the
quantification of the associated oxygen transport were
achieved using a fluorescence technique. Laser induced fluo-
rescence has been an active research area for a diverse range
of goals (see for example, Lakowics et al. 1992; Wolff and
Hanratty 1994; Cowen et al. 2001), and commercial sensors
based on the use of fluorescence do exist. However, the use
of fluorescence properties to spatially quantify and visualize
the oxygen transfer is novel.

Air—water exchange models

The transfer of a gas across the air-water interface is com-
monly represented as

N = K/(C. - C) )

where N is the gas flux, K, is the mass transfer coefficient
(or transfer velocity), and C, and C, are the concentrations
of the gas at equilibrium (or saturation) and in the bulk lig-
uid, respectively. While C, and C, can readily be measured,
K, must be modeled. There has been a clear departure from
the earlier film models (Whitman 1923) and surface renewal
models (Higbie 1935; Danckwerts 1951) toward models that
incorporate the hydrodynamic features of the flows. These
too have evolved in complexity, from the large eddy model
(Fortescue and Pearson 1967), where the hydrodynamics
were embodied in a single eddy length and time scale, to
the multiscale approach embodied in eddy diffusivity models
(Ueda et al. 1977; Kitaigorodskii and Donelan 1984). A
number of reviews (Brtko and Kabel 1978; Theofanous
1984; Brumley and Jirka 1988) have tracked the evolution
of such models.

Many of these models attempt to define common turbulent
length and velocity scales over the whole range of flows
(Brumley and Jirka 1988). In reality, however, the character
of turbulence differs depending on the mode of turbulence
generation. Hence, they suggested that each type of flow
should be considered separately. To date, virtually all models
that embody hydrodynamic features assume turbulence gen-
eration by mechanical shear. Laboratory experiments using
grid stirring (Fortescue and Pearson 1967; Brumley and Jirka
1987; Jirka and Ho 1990) or wind tunnels (Liss 1973) have
also investigated this mode. A departure from this was the
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work of Soloviev and Schlissel (1994) who, in attempting
to model gas transfer over a wide range of wind speeds, have
included convective effects. However, their formulation is
directed at oceanic conditions (‘‘cam’ is defined as wind
speeds less than 5 m s71) and still assumes an externally
imposed velocity.

Natural convection

The system considered here falls between the two ex-
tremes of the Rayleigh—Taylor problem and the Bénard—Ray-
leigh problem. The former is characterized by two semiin-
finite layers, the upper of higher density and the two being
separated by a sharp interface. The latter problem is char-
acterized by a broad region of unstable density gradient, con-
fined above and below. There is a large body of literature
describing these flows and the wide range of flows that fall
between them. Turner (1979) provides an excellent sum-
mary.

The Rayleigh and the Prandtl numbers are the most im-
portant parameters describing convective flows (Turner
1979). For the Bénard—Rayleigh configuration, they may be
defined as

_ QgaATd®
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K

where « is the coefficient of thermal expansion, AT is the
temperature difference between the upper and lower bound-
aries separated by a distance d, « is the thermal diffusivity,
v is the kinematic viscosity, and g is the gravitationa ac-
celeration. The various forms of convection observed in a
horizontal fluid layer are a function of both the Rayleigh and
Prandtl numbers (Krishnamurti 1970). Below the critical val-
ue of Ra, = 277*/4 there is no motion; however, for water
(Pr = 7) the flow changes from a steady two-dimensional
flow (“‘rolls’) to a time-dependent three-dimensional flow,
and ultimately to afully turbulent flow at Ra > 14,000 Pros,
or 5 X 10* for water (Rosshy 1969). The laboratory facility
described below has been designed to produce fully turbu-
lent flows with Ra up to 10, well beyond the turbulent
threshold and approaching the conditions experienced in na-
ture. Lakes would typically have Rayleigh numbers in the
range of 10*-10%,

Experimental methods

Fluorescence background—Fluorescent oxygen visuali-
zation (FOV) was used to quantify the amount of oxygen
transferred from the air into water and to visualize the move-
ment of the oxygen enriched water. The primary concept of
FOV is based on the quenching of fluorescence intensity by
oxygen. The fluorescent dye used was pyrenebutyric acid
(PBA), chosen due to its fluorescence lifetime, quenching
rate by oxygen, and excitation and emission wavelengths of
fluorescence (Lee and Schladow 2000). Vaughan and Weber
(1970) provide a detailed study of the fluorescent properties
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Fig. 2. Schematic of the calibration apparatus.

of PBA. The Stern—Volmer equation represents the relation-
ship among fluorescent lifetime (f), fluorescent light intensity
(F), and oxygen concentration (C):

fD FO

f = 1+ KC (@)
where the subscript O is the value in the absence of oxygen
and K is the quenching rate constant. The PBA in the so-
lution starts to fluoresce when a laser light at the excitation
wavelength passes through the solution. The presence of ox-
ygen in the solution quenches the fluorescence of PBA and
decreasesits lifetime. The fluorescent light intensity decrease
correlates directly to the amount of oxygen and thus the
spatial variation of the light intensity can be used to deter-
mine the distribution of oxygen concentration in the solution.

Response of fluorescent light intensity to oxygen concen-
tration—A fluorophore for quantifying the oxygen concen-
tration in the water should have a sufficiently large oxygen
quenching yield factor to make it sensitive to oxygen con-
centration variations, and it should display no hysteresis in
its light intensity response to oxygen concentration. The be-
havior of PBA fluorescence in response to oxygen concen-
tration was determined with a specially constructed chamber
(Fig. 2).

A 0.1 M stock solution of PBA (from Aldrich Chemical
Company) in dimethylformamide was prepared and diluted
to 3.0 X 10® mole L~* in deionized water (Vaughan and
Weber 1970). Solution from a 1,000-ml flask was pumped
through a quartz cuvette (1 cm X 1 cm X 3 cm) and was
excited with a beam from a pulsed yttrium aluminum garnate
(YAG) laser with a 266-nm incident wavelength. The inci-
dent energy was about 1 mJ in a 10-ns pulse. The emitted
light, with a 340-nm wavelength, was focused into a mono-
chromator, and the fluorescence intensity was continuously
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recorded as voltage values. The voltage values were nor-
malized against the measured voltage of the incident beam
intensity, thereby eliminating errors due to fluctuations in the
incident beam intensity. A variable mixture of nitrogen and
air was bubbled through the solution in the flask to change
the oxygen concentration of the solution. The oxygen con-
centration was measured continuously by a YSI oxygen
probe that was calibrated using a Winkler titration method
(Fritz and Schenk 1974).

Tank experiment for two-dimensional visualization of ox-
ygen concentration variation—To simulate the air—-water in-
terface in a lake subject to pure natural convection, a 0.76
m X 0.76 m X 0.6 m (inner size) rectangular tank was used.
The walls of the tank were constructed entirely of 1.5-cm
thick Plexiglas to alow full visua access. The Plexiglas
walls and base were double glazed to provide the necessary
thermal insulation, with the panels separated by a 1-cm air
gap. A quartz window (3 cm in diameter and 1 cm in thick-
ness) was installed on one side wall of the tank above the
air—water interface to allow the laser beam to enter the tank.
The tank was filled with deionized water, and 0.1 M PBA
stock solution was added to make 3.0 X 1076 mole L-* of
PBA solution in the tank. The upper portion of the tank
comprised a Plexiglas lid chamber with a 0.5-cm thick alu-
minum plate forming the base of the chamber. Cold water
would be pumped through the lid chamber to provide a con-
stant temperature upper boundary condition that simulated
the conditions necessary for natural convection. Crushed ice
and dry ice packed into the lid chamber were aso used to
extend the experimental range. Three ducts (1 cm in diam-
eter) were placed in the lid to allow for exchange of gases
and to provide access for temperature and conductivity
probes. There was 3-cm thickness of air space between the
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surface of solution and the bottom of the chamber. A sche-
matic of the tank is shown in Fig. 3.

Prior to each experiment, the solution in the tank was
bubbled with pure nitrogen for 6 h to purge oxygen from
the solution. After the nitrogen bubbling was stopped, the
tank was kept stable without any disturbance for 1 h to create
a near-quiescent initial condition for the experiment. The
head space between the surface of the solution and the bot-
tom of the lid chamber was replaced with room air at a
velocity of approximately 10 cm s—2, an order of magnitude
lower than that required to initiate ripples on water surfaces
in general (Van Dorn 1953; Miles 1962; Kahma and Donelan
1988), and in particular for the given tank ‘‘fetch length”
(Caulliez et a. 1998). This precaution was necessary to
avoid reintroduction of oxygen prior to commencement of
the experiment.

An experiment was initiated with the cooling of the alu-
minum plate that formed the base of the lid chamber. Either
chilled water (5°C or 12°C) was circulated through the cham-
ber with constant flow rate or the lid chamber was packed
with ice or dry ice. The initial temperature of water in the
tank and the overlying air was typicaly 21°C, and the air
temperature decreased to a stable value (8°C and 14°C for
the cases of the chilled water circulation: 3°C and —3°C for
the cases of ice and dry ice) within 10 min. While surface
cooling in natural systems arises from a combination of fac-
tors, including radiant cooling and evaporation as well as
thermal conduction, the experiments relied almost solely on
thermal conduction. However, since the heat fluxes produced
were of a similar magnitude to those that could be experi-
enced in nature, the source of the cooling was not an issue.

For imaging experiments, a YAG laser with 266-nm laser
pulse was used to excite the PBA that was dissolved in the
water of the tank. The pulse frequency of the YAG laser was
20 Hz. As with the calibration, the voltage values were nor-
malized against the measured voltage of the incident beam
intensity. The laser beam was focused onto a cylindrical lens
that expanded light into a planar sheet of 1-mm thickness.
The two-dimensional light intensity field produced by the
light sheet was recorded on an intensified charge coupled-
device (ICCD) camera oriented at 90° to the light sheet. Im-
ages were recorded every 5 s for 3 h, this frequency being
dictated by the time needed to store each image. A black
and white ICCD camera with 577 X 384 pixels (Princeton
Instruments, model: ICCD-576G) was used with a 50-ns ex-
posure time. Each image covered an area of 10 cm X 8 cm
at the center at the tank, just below the water surface. Images
were stored on a computer hard drive and processed after
the experiment using image processing software (WinView,
Princeton Instruments). Each image was also transferred to
an 8 bit grayscale (0 to 255 integer value) TIF image file,
each file about 50 kB in size for further visualization anal-
ysis.

Calibration of ICCD camera response to oxygen concen-
tration—The detection systems of the ICCD camera were
calibrated with the laser light emission from PBA solutions
with different DO concentrations. Six rectangular quartz
tubes (1 cm X 1 cm X 3 cm) were filled with a known PBA
solution, each with a different DO concentration in the range
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Fig. 4. The calibration of light intensity versus oxygen concen-
tration at 21°C. Filled circles represent the values while the oxygen
concentration was decreasing. Open circles represent the values
while the oxygen concentration was increasing.

of 0.0to 9.0 mg L-*. The average light intensity in 10 pixels
at the center of the image of the tubes was used for the
calibration of the intensity versus oxygen concentration. Cal-
ibrated fluorescence intensity curves were used to convert
the image intensity to time-resolved oxygen concentration
profiles. The relationship of the intensity of PBA solution to
temperature has been described in Lee and Schladow (2000).
The sensitivity of fluorescence intensity to temperature is
small (less than 10% change over a temperature range of
35°C). The temperature effect on the fluorescence intensity
was therefore neglected in all the experiments.

High-resolution profiles for temperature and electrical
conductivity—High-resolution profiles of temperature and
electrical conductivity were used to define the temperature
structure induced by the surface cooling. A microscale con-
ductivity—temperature instrument (Precision Measurement
Engineering) that comprised a four-electrode conductivity
probe and a thermistor assembly was used (Head 1983). The
conductivity sensor provided a good measure of the bound-
ary between air and water, and the thermistor provided a
direct measure of temperature as the fundamental variable
of convective instability. The spatial resolution of the pro-
files was about 0.1 mm. The conductivity probe had a time
constant of 0.004 s and a resolution of 2.5 uS m=% The
thermistor had a time constant of 0.012 s and resolution of
0.005°C (Head 1983). A stepper motor, controller, and lead
screw were used to drive the probe vertically. Another
thermistor was located at a fixed depth in the tank, and one
thermocouple was located above the water surface to mea-
sure the temperature of overlying air continuously.

Results and discussion

Response of fluorescence to oxygen concentration—Fig-
ure 4 shows the response curve of the light intensity mea-
sured by a monochromator versus oxygen concentration in
the PBA solution. The solution in the flask was bubbled with
nitrogen to expel oxygen for 30 min. The oxygen concen-
tration of the solution was increased from 0.1 mg L~ to 8.7
mg L~* by bubbling air through the solution while the light
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intensity was recorded continuously. The experiment was re-
peated while decreasing oxygen concentration by bubbling
nitrogen to verify that there was no hysteresis of the cali-
bration curve. The total fluorescent yield of PBA solution
was decreased by a factor of 0.77 over the range tested, a
23% decrease in intensity due to oxygen quenching. The
entire test (increasing and then decreasing oxygen) was re-
peated 10 times. The difference in the linear calibrations
generated was less than 0.1 mg L~ or 1%. This was attri-
buted to the fluctuations in the incident laser power, despite
normalization. Several other fluorophores were tested, in-
cluding Rhodamine-WT, Keton red-WT, tetra bromorhoda-
mine 123 bromide, biacetyl (2,3-butanedione), and tris (2,2'-
bipyridine) ruthenium (I1) chloride. Of these, PBA gave the
greatest dynamic response for the range of oxygen concen-
trations tested. No hysteresis was observed when the exper-
iments were performed with the room lights off. When the
room lights were on, the fluorophore appeared to saturate
over time, leading to hysteresis. Short timescale (millisec-
ond) photobleaching of the type described by Saylor (1995)
was also not detected, possibly because of the extremely
short (10 ns) laser pulse length. On balance, these results
suggest that with simple precautions PBA could be used to
quantify the dissolve oxygen concentration.

Preprocessing of images for oxygen concentration distri-
bution—Several steps were necessary to obtain accurate
two-dimensional visualization of the dissolved oxygen con-
centration. These are described below.

Normalization of planar light field—The planar light in-
tensity field produced by a cylindrical glass lens was not
homogeneous. In the horizontal direction, the central portion
of the light sheet was brighter than the edge portion. The
inhomogeneity was due to the Gaussian distribution profile
of the laser beam. To compensate for this, the horizontal,
nonuniform light field was normalized by athird-order poly-
nomial fitting method (Krauss et al. 1995), such that

X=ac¢+ bx?+cx+d (5)

where X is the normalized factor, x is the distance from the
edge of the image, a = —2.27 X 105 b = 0.738, ¢ =
—0.015, and d = 101.484. In the vertical direction, the light
field was inhomogeneous due to the progressive attenuation
of light through the water column. Light attenuation by the
water in the tank is governed by Lambert-Beer’s law and is
an exponential function of the concentration of absorbing
substance present (PBA) and the sample path length (Wayne
1988). The absorptivity of PBA solution was measured using
an ultraviolet spectrometer (Perkin-Elmer lambda one), and
the normalization of vertical light intensity in the image was
performed by an exponential fitting curve. The refraction
and reflection of light by the walls and laser light scattering
may also affect the nonuniformity of light intensity in the
image. To minimize the impact of reflection and wall effects,
it was necessary to minimize the area of the image but main-
tain a size large enough to evaluate the oxygen transfer at
the interface. An area 5-cm wide X 3-cm deep, (350 X 200
pixels) was used in the final two-dimensional image pro-
cessing. The full number of available pixels was not used to
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Fig. 5. Calibration line of light intensity versus oxygen concen-
tration in the image acquired from ICCD camera at 21°C.

eliminate the possible effect of vignetting (Cowen et a.
2001).

Calibration curve of intensity versus oxygen concentra-
tion—Figure 5 shows a calibration curve of light intensity
to the oxygen concentration variation in the ICCD camera
image. Such curves were generated immediately before and
after each experiment (as tank water was sometimes changed
between experiments), and the results averaged to produce
a unique equation for each experiment. Typicaly the stan-
dard deviation for each curve fit was less than 0.5% in con-
centration. About 43% of intensity decreased in arange from
0.0 mg L-*to 8.5 mg L. The observed quenching, derived
from the Stern—Volmer plot from the ICCD data (Fig. 5),
was larger than that from the monochromator (Fig. 4), since
the ICCD camera accepted the emitted light of PBA in a
wider wavelength range than the monochromator. The
guenching rate constant, (K), from Eq. 4 is given by the
slopes of these curves and is typically —0.0269 for the
monochromator (Fig. 4) and —0.0528 for the ICCD camera
(Fig. 5). The calibration curves were directly used to recreate
the oxygen concentration image from the light intensity im-

age.

The two-dimensional image of oxygen concentration dis-
tribution—Sequential images of oxygen concentration vari-
ation were produced from the image processing. A total of
2,160 images were processed for each 3-h experiment. Fig-
ure 6 illustrates the transfer of dissolved oxygen caused by
the convectively unstable conditions. Each panel shows the
oxygen concentration variation at four times during a 1-min
interval. The white background represents an ambient con-
centration of 0.08 mg L-* of oxygen, which was the mea-
sured initial condition. The shades of gray represent pro-
gressively higher oxygen concentrations. Absolute accuracy
of the oxygen measurements is better than 0.1 mg Lt of
oxygen, while resolution is approximately 0.03 mg L. For
clarity, the dissolved oxygen field is displayed in four con-
centration bands, although the data showed up to 256 dis-
crete levels. The multitude of gray tones when displaying all
the variations tended to blur the essential pattern. The con-
centration near the surface exceeded 6.5 mg L.

The oxygen-rich plumes have their origin in the thermal
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boundary layer. The thickness of the thermal boundary layer
was in the range of 2 to 4 mm (Fig. 6 and Fig. 8a). This
layer thickened in localized areas as parcels of cold, oxygen-
rich water accumulated before being shed and transferred
downward. This cycle of plume penetration was repeated
many times during an experiment. The time for one cycle
was variable, but in a range from 20 to 60 s. Figure 7 illus-
trates the plume penetration over a 20-min period, demon-
strating that the cold water carrying oxygen was plunging
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Fig. 7. Visuaization of oxygen plume penetration demonstrating spatial and temporal variability
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down to a lower part of the tank during the cooling exper-
iment. The locations of these thickening regions were con-
stantly changing and appeared to be randomly distributed.
The concentrations are shown in just two bands to highlight
the changes in the spatial and temporal distribution.

High-resolution profiles of temperature—High-resolution
temperature and electrical conductivity profiles were taken
at afixed location at either 5 or 10-min intervals during each
experiment. The electrical conductivity profile was used to
identify the exact position of the air—water interface in the
profiles, as a discontinuity in conductivity occurred at the
interface. By contrast the temperature profile was continuous
through the interface. Figure 8a shows five vertical thermal
profiles within 12 mm of the air—water interface. The profiles

were taken 30 min after the commencement of the experi-
ment and at 5-min intervals thereafter. A constant surface
temperature of approximately 8°C was maintained through
this experiment. The initial temperature of the tank water
was 21°C. Heat loss by thermal conduction dominated the
thermal exchange at the surface of the tank. As the temper-
ature in the tank decreased through the experiment, the heat
flux was not constant; however, the departure from a con-
stant heat flux was small (<1%) over the 30-min period
shown. Heat flux (H) by thermal conductivity in the exper-
iment could be calculated from the temperature difference
across the aluminum base plate in the tank lid, such that

H = -k, - 1) ©
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ing one experiment. Profiles start from the right at t = 30 min and
are shown at 30-min intervals for a 3-h experiment.

where A is the area normal to the flux direction, k is the
thermal conductivity of the medium (aluminum of the top
lid in tank: 237 W m~* K1), L is the thickness of the me-
dium (0.005 m), and T is the temperature at the surfaces.
The calculated heat fluxes in the experiments are shown in
Table 1.

The shapes of the temperature profiles near the interface
are similar to the ones observed by Katsaros et al. (1977).
The profiles tend to overlie each other, with the exception
of time varying deviations in each profile. The deviationsin
the temperature profiles represent different stages in the lo-
calized thickening of the therma source layer. What was
previously referred to as the thermal boundary layer, where
most of the temperature change occurs, is within 2—4 mm
of the boundary.

Figure 8b shows a set of temperature profiles over the full
depth of the tank. The profiles shown are at 30-minintervals,
commencing 30 min after the start of a 3-h experiment. What
is evident in these profiles is that the transport produced by
the convective plumes extended the full depth of the tank
and that the water column was maintained in a generally
well-mixed state during the experiment. Clearly, if the cool
water is being well distributed by the motions then the dis-
solved oxygen being carried will also be well distributed and
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Table 1. The oxygen transfer coefficients and heat fluxes in the
tank (temperature of water was approximately 21°C). AT is the tem-
perature difference between air and water, C; is the saturation ox-
ygen concentration, C is the initial oxygen concentration, C; is the
final oxygen concentration, F is the oxygen flux, K, is the oxygen
transfer coefficient, and H is the heat flux.

AT (°C) 7 13 18 24
C. (mg L) 85 85 85 85
C (mg L) 0.085 0.085 0.085 0.085
C (mgL?) 0.250 0.350 0.650 1.030
F(mgm=2day %) 7520 18130 25760  4309.0
K, (m day 1) 0.09 0.22 0.31 051
H (W m? 402.9 568.8 711.0 900.6

extend over the full depth of the tank. Despite the fact that
the temperature difference between water in the thermal
source layer and the ambient water was 13°C, the tempera-
ture fluctuations produced by the cold plume water in the
ambient water were only 0.1°C in locations away from the
interface, a reduction of 2 orders of magnitude (Fig. 8b).
This suggests that there is considerable entrainment occur-
ring as the plumes descend. Even close to the base of the
thermal source layer there appears to have been considerable
entrainment. The frequent occurrence of temperature gradi-
ent reversals in the profiles is a signature of active convec-
tive overturning. Temperature measured continuously at a
fixed point 5 mm below the surface showed temperature
fluctuations of order 1.0°C during a penetration event (Fig.
9), an order of magnitude less than the temperature differ-
ence between the ambient temperature at this depth and the
surface. Such a result is consistent with the oxygen mea-
surements in Fig. 6, where an order of magnitude reduction
in DO concentration compared to saturation at the surface
temperature of 8°C was observed. The penetration event | ast-
ed about 20 s, similar to the results of image analysis (Fig.
6). These results also justify the neglect of the temperature
effect on PBA fluorescence, since significant temperature
differences only occur within several millimeters of the sur-
face.
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Fig. 9. Temperature variation of surface water (at 0.5-cm depth)
during experiment, showing temperature of penetrating water. Sam-
pling frequency is one sample per second.



1402
Wind speed (ms™)
0 1 2 3 4 5
3 T T T v T
Wind :
------- Typel
Type II
—0oO— Type III

[\
1

© Wanninkhof et al.

Heat Flux
B Measured data

[u—
]

Transfer coefficient KL (m d'l)

o
1

500 750
. -2
Outgoing heat flux (W m")
Fig. 10. Transfer coefficient as a function of outgoing heat flux
from experimental results and as a function of wind speed from

classification proposed by O’ Connor (1983) and formulation by
Wanninkhof et al. (1991).
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Measurement of the oxygen transfer rate—The amount of
oxygen transferred from the air to the water was measured
for four values of temperature difference (heat flux). For
each case, the water in the tank was bubbled with nitrogen
for 5 h to extract oxygen from the water before commence-
ment of an experiment. The dissolved oxygen concentration
in the water was measured at seven different locations in the
tank using a Y SI oxygen probe (Model 59 dissolved oxygen
meter) immediately prior to commencing surface cooling.
The cooling was applied for 2 h. At the completion of the
cooling phase, CO, gas was passed into the air space be-
tween the cooling chamber and the water surface. CO, is
heavier than air and readily displaced the air through the
vent in the top of the lid, thereby halting any further oxygen
transfer. The tank was stirred with a stainless steel stir rod
for 20 min and the oxygen concentration was measured at
the same locations in the tank. The change in concentration
when multiplied by the tank depth and divided by the du-
ration of the experiment yielded the oxygen flux. The mea-
sured total oxygen flux for the four heat flux values is sum-
marized in Table 1. Assuming negligible oxygen transfer
(molecular diffusion) with zero heat flux, the data can be fit
with the equation

N = 0.0055H2 — 0.163H @)

where N is the dissolved oxygen flux (mg m=2 d*) and H
is the heat flux out of the tank (W m=2). The oxygen flux
increases significantly with an increase in the outgoing heat
flux. This is consistent with the results of Katsaros et al.
(1997), where the frequency of plume formation at the sur-
face increases with increasing heat flux. Combining Egs. 1
and 7, the oxygen transfer coefficients (K,) for four different
cooling rates can be calculated and the values presented in
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Table 2. Measured wind speed and calculated heat flux and ox-
ygen transfer coefficients for Lake Tahoe for the period 22 Novem-
ber 1998 to 22 February 1999.

Heat flux ~ Wind speed K| eunx K Lwind

(W m-3) (ms?) (md?*  (md?
Maximum —736.4 14.9 0.34 1.64
Mean —221.5 3.64 0.037 0.4
Minimum 0 0.46 0 0.05

Table 1 and Fig. 10. These values can aso be regressed with
a second order polynomial to yield

K, = 6.293 X 10" 7H2 + 1.036 X 10 ¢H (8)

Relevance for oxygen transport in lakes—Figure 10 shows
the value of K, plotted against heat flux (the results from
our experiments) and against wind speed. These latter curves
are based on the classification and equations proposed by
O’ Connor (1983), where he distinguished between measure-
ments that were pertinent to oceans and very large lakes
(wind speeds greater than 20 m s%), those made at labora-
tory or small-scale field scale (wind speed less than 6 m s%)
and those in between. In Fig. 10, where we reproduce the
average curves he produced from a broad range of data, we
denote these three regimes as type |, 11, and I11, ranging from
the largest scales to the smallest, respectively. These curves
serve to indicate the great disparity that exists in this mea-
surement, a great part of which is due to the very different
condition under which experiments were performed. In ad-
dition, we plot the relationship derived by Wanninkhof et al.
(1991) for gas transfer in lakes. If we assume that the type
Il or type Il curves apply for wind-driven oxygen transport
for lakes that are topographically sheltered or of limited
fetch, then the transfer coefficient associated with natural
convection is always smaller for the range of variables
shown. However, this transfer coefficient is by no means
negligible. Using Lake Tahoe as an example (which, with a
surface area of 501 km? is barely a fetch limited and topo-
graphically sheltered lake), one can calculate the two transfer
coefficients. Table 2 shows the wind and net heat flux, as
well as the respective oxygen transfer coefficients. The heat
flux was calculated (see TVA 1972) using hourly averaged
data and then averaged for the period 22 November 1998 to
22 February 1999. The measured meteorological parameters
used to calculate the heat flux are the wind speed, air tem-
perature, relative humidity, longwave radiation, and short-
wave radiation. Although it is clear that the uncertainty in
al the wind based data is high, it can be said that natural
convection can have a magor impact on oxygen transfer.
Over the winter period the value of the convection-driven
oxygen transfer coefficient is approximately 9% of the wind-
driven oxygen transfer coefficient. However, on individual
days the fraction can rise to as much as 40%. Further, this
only partly reflects the effect on oxygen transfer. As dis-
cussed previously, the mass of oxygen transfer also depends
on the concentration difference, as given by Eq. 1.

Oxygen transfer associated with natural convection in
lakes and reservoirs was examined in a series of |aboratory
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experiments. A thin, cool surface water layer (2-3 mm in
thickness) was formed by chilling the overlying air. The sur-
face water layer became gravitationally unstable, resulting
in the formation of negatively buoyant thermal plumes,
which penetrated through the total depth of the water col-
umn. A fluorescent oxygen visualization (FOV) technique
was developed to quantitatively view the oxygen transfer at
the air—water interface. DO distribution at the air—water in-
terface was continuously visualized to provide the evidence
of the vertical sinking of cold water driving oxygen trans-
port. The technique provided a phenomenological descrip-
tion of plumes under a cooling water surface and the mech-
anism of oxygen transfer under a physically redizable,
ubiquitous set of natural conditions in the lakes. The oxygen
transfer coefficients and oxygen fluxes produced by the nat-
ural convection were measured at four near-constant heat
fluxes. For the range of temperature differences 7°C—24°C
(the range of heat fluxes 403—-901 W m~2), the oxygen trans-
fer coefficients (K,) were in the range of 0.09-0.51 m d-*
and the total oxygen fluxes (F) were between 752 and 4,309
mg m-2 d-*. The deep penetration of cooling water was also
observed from the temperature profiling in the tank, and it
was determined to be a significant oxygen source to the
deeper parts of a lake.

These experiments have gone part way to removing the
uncertainty associated with natural convection as a source of
oxygen. Calculated oxygen transfer at Lake Tahoe was seen
to be a small, but not insignificant, contributor to the sea-
sonal oxygen budget. On shorter time scales, as might apply
over afield experiment, the role of natural convection could
be more important, depending on the conditions. It is likely
that in systems that are more wind sheltered than Tahoe, for
example flood mine pits (Stevens and Lawrence 1998) or
deeply incised dendritic reservoirs, that this mechanism may
be even more important.
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