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Abstract We describe a technique for measuring the layer
thickness of two interacting buoyant rotating gravity cur-
rents. The technique can be used generally to differentiate
between water masses in experiments with multiple sources
and is used here to simulate the dynamics of two adjacent
coastal river plumes. The plumes are generated using two
identical fresh water inlets, with blue and red dye indicating
upstream and downstream river flows, respectively. Two
parameters, normalized intensity and color ratio, are mea-
sured with a 3-CCD color video camera and used to develop
a two-dimensional (intensity—color ratio) calibration map
for layer thickness. The calibration is used successfully to
determine the depth field for the combined two-plume sys-
tem and to differentiate between the two plumes. This
technique is applied to compute the volumetric growth of a
large eddy near the freshwater source and the transport rate
of buoyant fluid away from the source in the coastal current.
The validation tests show good agreement between the cal-
culated plume volume and the input fresh water volume.

1 Introduction

When buoyant fluid is released near a vertical wall in a
rotating system, Coriolis forces guide the density-driven
flow along the wall (Griffiths and Hopfinger 1983). If the
buoyant fluid is introduced with initial velocity normal to
the wall, it forms a two-part structure, with an anticyclonic
bulge at the river mouth and a coastal current propagating
downstream (in the Kelvin wave sense, i.e., to the right in
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the northern hemisphere). This bulge circulation has
been observed at the mouths of the Columbia River
(Horner-Devine 2009) and the Hudson River (Chant et al.
2008). Nof and Pichevin (2001) suggested that the Coriolis
force associated with offshore bulge growth balances the
alongshore current momentum flux. In the absence of such
bulge growth, the alongshore momentum cannot be bal-
anced. A number of previous studies confirm the existence
of an unsteady bulge using numerical models (e.g. Fong
and Geyer 2002) and laboratory experiments (e.g. Avicola
and Huq 2002; Horner-Devine et al. 2006). In the presence
of an alongshore ambient current, the river plume can
evolve to steady state in which the source freshwater is
carried entirely in the coastal current and the bulge growth
ceases (Fong and Geyer 2002). In the two-river system, the
coastal current from the upstream river act as the non-
uniform ambient current to the downstream plume, with a
high velocity inshore and almost zero velocity offshore.
The primary motivation for experiments described here is
to test whether the downstream river bulge remains steady
with extra alongshore momentum from the upstream
plume.

Many advanced techniques have been applied to mea-
sure velocity and/or concentration fields in river plumes.
One recent method combines particle image velocimetry
(PIV) and planar laser-induced fluorescence (PLIF) to
measure two-dimensional velocity and concentration fields
simultaneously (e.g. Cowen et al. 2001; Horner-Devine
2006). However, neither PIV nor PLIF is ideally suited for
measuring the bulge growth rate since they only resolve a
single plane for the plume instead of the entire plume
volume. The scanning LIF method provides both time-
dependent and space-dependent concentration fields of the
buoyant plume (Tian and Roberts 2003). This three-
dimensional concentration field could be used to measure
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the bulge volume growth rate, but introduces significant
experimental complexity.

Optical thickness measurements can be used to deter-
mine plume volume, and thus, the bulge growth rate, from
a measured depth field with a relatively simple experi-
mental setup. In the optical thickness method, the thickness
of a dyed layer of fluid is measured by illuminating the
fluid from beneath and relating the measured intensity
(Cenedese 1998), chromaticity (Afanasyev et al. 2009), or
saturation (Zhang et al. 1996) to the thickness of the dyed
fluid. This method has been applied to measure layer
thickness in a number of two-layer systems (Linden and
Simpson 1994; Holford and Dalziel 1996; Cenedese 1998).
Afanasyev et al. (2009) used a wedged-shaped cuvette
filled with the same concentration of dyes to calibrate the
layer thickness and then calculated the complete (both time
and space dependent) depth field in a rotating fluid.

In our experiments, we need to determine the fresh layer
volume and also differentiate between fluids originating
from the two different freshwater sources. For this purpose,
we extend the existing one color optical thickness method
to two colors. The relationship between intensity and
thickness depends on the dye color, since attenuation
coefficients are different for different dyes. To account for
this, we determine a color-specific thickness calibration
and apply it differentially according to the color of each
pixel. We use the color ratio ﬁ based on pixel values in
the RGB colorspace to differentiate between two colors of
each pixel. After generating the two-dimensional (inten-
sity—color ratio) calibration map, we determine the depth
field for both the combined two-plume system and each

separate plume. We conduct two non-rotating tests to
determine the sensitivity of this two-dimensional thickness
calibration to dilution and mixing. The technique is also
validated with a known dye solution volume using both
non-rotating and rotating control volume experiment. The
technique is applied to the two-plume experiment. We
calculate the bulge volume growth rate and the coastal
current freshwater transport based on the measured layer
depth field. Finally, we use the color ratio to determine the
fraction of fluid at a given location in the plume originating
from each sources.

2 Experimental setup

The experiments were performed in an annular rotating
tank with R = 92 cm and r = 22 cm (Fig. 1a). The tank
was mounted on a standing table, which was leveled such
that the water level difference over one rotation is less than
0.1%. The table was rotating counter-clockwise throughout
the experiment. The details of the rotating table facility are
described in Horner-Devine (2006).

The experiment water tank was 25 cm deep and made of
transparent Plexiglas, with a 0.5-cm-thick Plexiglas lid
placed above it to minimize the wind shear stress.
A 91 cm x 122 cm x 0.8 cm LED Edge-lit light panel
(Luminous Film 2000 Lx daylight, 36.0 Watts) was placed
under the clear water tank to provide a uniform light
source. The difference in luminance from edge to center of
the light panel is less than 2%. A sheet of Plexiglas with
tracing film on top of it was attached between the light
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Fig. 1 Schematic of the tank configuration viewed from above (a) and the rotating table viewed from the side (b)
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source and the tank bottom to diffuse the light entering the
tank and further improve its uniformity. This small varia-
tion was further corrected using a reference image taken
before the experiment. Images were acquired using a
Panasonic PV-GS320 3-CCD color video camera that was
located 155 cm above the light panel and co-rotating with
the water tank (Fig. 1b). The video camera operated at 30
frames per second with a resolution of 760 x 480 (hori-
zontal by vertical) pixels. The 3-CCD color video camera
measured the intensity of light in the R, G, and B color
bands separately and saved it as digital data on MiniDV
tapes. It should be noted that the algorithm used to generate
the final RGB values that were recorded on the tape is
inherently lossy, and the resolution of the system is
somewhat degraded in this process.

Prior to each experiment, the tank was filled with salt
water and allowed to achieve solid-body rotation by spinning
up for 60 min, which is sufficiently larger than the homo-
geneous spin-up time scale E~"?f~" = 5 min, where E =
v/fH? is the Ekman number (Wedemeyer 1964). To generate
the inflow fluids, 1 ml of pure food dye (deep blue and cherry
red from ESCO FOODS Inc) was diluted to 2,000 ml using
de-ionized (DI) water. The two sources of buoyant fluid were
introduced into the tank just below the free surface of the
ambient salt water through 5 cm x 1 cm diffuser boxes.
Each diffuser consisted of a 6.25 cm® chamber filled with
sponge to provide uniform outflow velocity distribution.
They were affixed to the back of the coastal wall and sepa-
rated by 18.7 cm. The flow rates were held constant by two
identical magnetic drive centrifugal pumps (MARCH MFG
INC, Model 893-001-03) and measured independently by
two ball float flow meters (Key Instruments, 0 cm’/s to
26.29 cm®/s with 1.05 cm?/s accuracy). The temperature of
the buoyant source and the ambient tank water was measured
before and during the experiments using a thermometer
(DELTATRAK, —50°C to 200°C with 0.1°C accuracy), and
the salinity was measured with a refractometer (Cole-Parmer
EW-02940-41, 0-10% with 0.1% accuracy).

3 Measurement technique

To calculate the thickness field of the two-layer buoyant
rotating gravity current, the two-dimensional calibration
map was generated based on the measured intensity—
thickness and color ratio—thickness relationships. The
thickness calibration included five different red and blue
dye ratios: pure red, pure blue, 1:1, 1:3, and 3:1 (hereafter
referred to as red, blue, bl:rl, bl:r3, and b3:rl, respec-
tively). Each thickness calibration was done by filling a
wedge-shaped cuvette that was attached to the coastal wall
in the tank before the experiment.

3.1 Intensity-thickness relation

As described in Cenedese and Dalziel (1998), Cenedese
and Dalziel (1999), the dye attenuation theory derived from
the classical Lambert-Beer Law gives the attenuation ratio

](h,C) ___—ac
Io(h0) ¢ " (1)

where I(h, ¢) is the transmitted intensity of light passing
through a distance s of fluid with dye concentration ¢, and
a is the attenuation coefficient. The effects of absorbed
light by the tank bottom and lid, as well as the reflected
light by various interfaces between different media, are
minimized by normalizing the intensity of dyed water to
the transmitted intensity for the same thickness of undyed
water, Io(h,0), at each pixel.

For a dyed fresh buoyant layer on an undyed salty
ambient water layer, the actual relationship is approxi-
mately exponential, but the asymptote is non-zero (Cene-
dese 1998)

I(hl,c; h270)

_ —achy b 2
IO(HaO) ¢ - 7 ( )

where h; and h, are the thicknesses of dyed buoyant and
undyed salty water, respectively, H = h; + h;, is the total
water thickness, and b is the asymptotic value of I/, as the
layer of dyed water thickness h; — oo (i.e., H —o0). This
relation was derived for monochrome image of a colored
dye illuminated with white light. In our experiments, the
color image is captured in a primitive RGB base, and the
intensity is calculated by averaging the red, green, and blue
values for each pixel (Gonzalez et al. 2004). This relation
allows us to normalize the intensity of light transmitted
through the two-layer system to a one-layer system with a
total undyed thickness H (Fig. 2a). This normalization is
applied to each pixel in all images throughout the experi-
ment. The background intensity [, is the reference image
captured just before the fresh dyed water is injected into the
tank.

3.2 Color ratio-thickness relation

In the two-dye experiment, it is necessary to differentiate
between the blue and red water masses. Figure 2a suggests
that the intensity—thickness relationships depend on dye
colors. Therefore, the calibration uses a color ratio to define
the relative color content at each point. We introduce a
color ratio Ci = ﬁ for this calibration, where R,,, G,,,
and B, are the R, G, B values normalized to the back-
ground R, Gy, By values, respectively. In our experiments,
the RGB color ratio was found more effective than other
colorspace descriptions such as HSI, HSV, or Lab that we
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Fig. 2 The layer thickness
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tested. The profile of the color ratio Ci along the cuvette
varies nonlinearly with the thickness of the mixtures in
cuvette (Fig. 2b). All five different mixtures have a color
ratio =0.3333 at zero thickness because the no-dye image
has equal values of R,, G,, and B,. For thickness >0, the
color ratio increases for the red and bl:r3 cases, decreases
for the blue and b3:rl cases and remains approximately
constant for the 1:1 mixture. Finally, all the lines become
approximately flat for thickness greater than 3 cm. The
decrease or increase tendency of color ratios for larger
thickness region is due to saturation of the R or B values.
This does not have a significant effect on our experiments
since the thickness is generally below 3 cm and can be
avoided by further diluting the source dye.

We combined the intensity—thickness profiles (Fig. 2a)
and color ratio-thickness profile (Fig. 2b) to develop a
two-dimensional calibration map (Fig. 3). Thickness data
were interpolated onto a 91 x 91 grid with intensity as
abscissa, color ratio as ordinate, and thickness as color
index.

3.3 Buoyant water volume calculation

The depth field generated by two-dimensional calibration is

used to calculate the freshwater volume in the buoyant

layer. It is important to note that the optical thickness

method measures the effective layer thickness, defined as
1 C

= — [ C2)dz ~ —hyeu, 3
& | €@z ®)

he
Co

where C and Cj are the dye concentration in the plume
and the source, respectively. Here, C is the vertically
averaged dye concentration in the plume. In the two-
plume system, mixing occurs both between the two dyed
freshwater plumes and between each dyed freshwater
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Fig. 3 Two-dimensional (intensity—color ratio) calibration map gen-
erated from two thickness-dependent relationships, with intensity as
abscissa, color ratio as ordinate, and thickness as color index. Color
ratio versus normalized intensity of five different mixtures shown in
Fig. 2 and used to generate the calibration map are also plotted in the
figure

plume and undyed salt water. The dye concentration is
lower in the plume than in the source (i.e. C < Cp)
because of mixing. Thus, the real thickness of dyed water
in the tank is always larger than the effective thickness
we measured, as the plume is continually diluted by
entrained ambient salt water. However, since 5, represents
the amount of fresh water at each pixel location, it is the
correct thickness for determining the volume of fresh
water fluid masses. We calculated the total volume of
fresh water by

V=c¢ Z Z(he), (4)

xpixels ypixels

where & = 0.0112 cm? is the area of each pixel.
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The optical thickness method is sensitive to the selected dye
concentration because the intensity depends on the product
of the dye layer thickness and the dye concentration. We
conducted two tests to assess the sensitivity of the results to
the dilution and hence optimize the selection of dye con-
centration. The normalized intensity decreases approxi-
mately exponentially with the increasing dye concentration
for a fixed dye layer thickness of & = 3.25 cm (Fig. 4).
Cenedese and Dalziel (1999) suggested a value ¢, as the
maximum dye concentration, where the slope of the curve at
¢, 1s four times of the slope at ¢ = 0. The dye concentration
should be in the range of 0 < ¢ < ¢, to prevent a small error
in normalized intensity leading to a large error in concen-
tration. In our experiment, we determined ¢, = 1.04 ml/l for
red dye and ¢, = 1.60 ml/1 for blue dye. We selected a dye
concentration ¢ = 0.5 ml/l, which satisfied the above cri-
teria for both dyes based on Eq. 27 in Cenedese and Dalziel
(1999) with a maximum depth of 6 cm.

Another dilution test was designed to verify that the
diluted calibration would provide more detailed information
in a small range without changing the overall intensity—
thickness relationship. We diluted the 0.5 ml/l dye water
source at three different dilution factors: 1:1, 1:3,and 1:7. The
normalized intensity against modified thickness plot shows a
good agreement when each original thickness is divided by its
corresponding dilution factor (Fig. 5). Therefore, the dilution
does not affect the effective depth and the dyed water volume
we are trying to calculate in our experiment.

4.2 Mixing sensitivity test

We used a cylinder mixing experiment to test the sensi-
tivity of the two-color optical thickness method to mixing.

Normalized intensity (I/Io)

0.4 L L L L L L

Depth along the wedge [cm]

Fig. 5 Red dye dilution test comparing non-diluted dye water to 1:1,
1:3, 1:7 DI water dilution. The normalized intensities ///, are along
the calibration wedge and depths for different dilutions are scaled by
their corresponding dilution ratios

Equation 3 suggests that the effective thickness should
remain unchanged before and after the mixing. This is
because the product of the real depth and the dye con-
centration will not change based on the mass conservation,
although they both changed separately. The experiment
employed a Plexiglas bottomless cylinder supported by two
blocks on the bottom so that the buoyant water in the
cylinder cannot expand laterally, while the heavy salty
water can exchange with the ambient water through the
bottom. Selected volumes of fresh dye water were carefully
introduced into the cylinder at the surface with a sponge
end to minimize the initial mixing. We then used a piece of
plastic plate to stir the surface-dyed water gently. We took
images both before and after the mixing for comparison.
The ratio of intensity after mixing to before mixing was
selected as a quantitative criterion to determine whether
mixing affected the effective thickness. We did the mixing
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test for both 0.5 and 3 cm thickness of blue- and red-dyed
water. For all tests, the ratio was 1.0 with an average error
of 0.61%.

4.3 Control volume cylinder test

We carried out two validation tests to determine the
accuracy of the technique. The bottomless cylinder used in
the mixing test was placed in a non-rotating water tank and
partially filled with a known volume of buoyant dyed water
to create a layer of known thickness over the salt ambient
water. We used the dye concentration 1 and 0.5 ml/l
(hereafter referred as non-diluted and diluted, respectively)
in this test. We compared the thickness determined from
the optical thickness technique with the known layer
thickness to verify whether the measurement is accurate.
For this calculation, the normalized intensity and color
ratio were calculated from the cylinder RGB image for the
Icm by lcm square at the center of cylinder. Then, the
depth was determined by interpolation in the parameter
space defined by Fig. 3 and averaged over the 1 cm? area.
The calculated thicknesses based on the calibration map
were plotted against the known thicknesses (Fig. 6). Note
that the calculated thickness is outside of our calibration
space for depth greater than 5 cm for some undiluted dye.
Slight differences in the color ratio and intensity between
the calibration cuvette images and the experimental field of
view appear to shift these points out of range of the cali-
bration parameter space in Fig. 3. For the remaining
undiluted cases and the diluted cases, the calculated
thickness shows good agreement to the known thickness,
with the average error less than 10% for diluted dye and

8 T T
—1:1 reference line
7k * red B
blue
A unknown mix A
—_ 6| v 1:1 mix B
£ O diluted red ¥ *
= 5l diluted blue & ]
B ¢ diluted mix
S
5 4f ¥ 7
L
<
3 3 1
[}
(@] Q
2 | 4
gL 4
%
5
0 L L L L L L L
0 1 2 3 4 5 6 7 8

Known depth [cm]

Fig. 6 The cylinder layer thickness validation test with four non-
diluted dyes (red, blue, unknown mix, 1:1 mix) and three diluted dyes
(red, blue, mix). Errorbars are shown for the non-diluted dye cases.
Many points with the layer thickness larger than 5 cm are missing
because they are out of calibration map region
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20% for non-diluted dye. This is also consistent with the
Cenedese and Dalziel (1999) criterion. A dye concentration
of 0.5 ml/l is below the cutoff, while 1 ml/l is very near the
cutoff which is expected a higher error in determining the
layer thickness.

4.4 Rotating table volume test

A further test was devised to determine the ability of this
technique to accurately measure the volume in a more
complex flow, using the two-river experiment, as described
in Sect. 2. In these experiments, inflow flow rate Q, table
rotation period T, and reduced gravity g’ were varied. Here,

g = ﬁ—:g, where Ap = py, — p is the density difference

between the source and ambient water, pg is the density of
the salty ambient water, p is the density of fresh water, and
g is the gravitational acceleration. For the particular run
discussed here, the upstream and downstream source flow
rates were equal, at 8 cm3/s, the rotation period was 15 s,
and the reduced gravity g’ was 4.5 cm/s>. We only con-
sidered the data from the first 25 s of the experiment,
which was before the river plume left the camera’s field of
view. We calculated the total volume based on the mea-
sured depth field and compared it with the known inflow
volume. The raw RGB image of the two plumes and the
corresponding computed depth field at 25 s are shown in
Fig. 7. The upstream (blue) plume enters the system
through a diffuser between x = 3.5 cm to x = 8.5 cm, and
the downstream (red) plume enters between x = 27.2 cm
to x = 32.2 cm. The interaction of the two plumes will be
discussed briefly in Sect. 5.

If we assume the layer thickness is constant within one
pixel, the volume of each pixel equals the area of that pixel
multiplied by its average depth. The total volume of
freshwater in the two-plume system can be calculated from
Eq. 4. This calculated volume should be equal to the
volume of buoyant water discharged into the tank through
both sources combined, which is given by

Vin = Qint~ (5)

The agreement between the measured plume volume
and the freshwater input (Fig. 8) confirms that the method
accurately accounts for the entire plume volume. The root
mean squared error for the first 25 s is 6.41 cm’, less than
4% of the total volume.

It is worth noting that this two-dimensional optical
thickness technique may be sensitive to individual cam-
eras. To address this question, we have recently intro-
duced a research-grade single-CCD Bayer pattern camera
(Point Grey Research Inc. GRAS-14S5C-C) for compari-
son. Although the pixel count on this camera is signifi-
cantly higher than 3-CCD camera, the de-mosaicing of
the Bayer information results in an effective pixel
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Fig. 7 Raw RGB video image
(a) and depth field (b) generated
from the two-dimensional
calibration map of Run7 after
25 s. The blue and red boxes
indicate the position of

(a) RGB image

E
upstream and downstream %
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0 10 20 30 40 50 60 70
(b) Depth field
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5
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x [em]
400 are located in the shallower region, results from both the
7 cameras satisfy the volume balance.
3501 7
3001 & ] L
_ 5 Application
5 250t A 1
2 In this section, we describe the application of the two-
§ 2007 4 i dimensional optical thickness method to the interaction of
B 150} 4 , two river plumes in a two-layer rotating environment. As
= - described in Sect. 2, blue and red dyes represented
100F - 1 upstream and downstream fresh water rivers, respectively.
sol s —input volume | Effective depth fields of both the red-dyed plume and blue-
; ©_Calculated volume dyed plume were calculated, and the bulge volume and
0¢ : : : : coastal current transport were subsequently determined
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Fig. 8 Comparison of the calculated total volume based on depth
field (circles) to the total volume discharged into the tank (black line)
before any buoyant fluid exits the view field (0 < ¢ <25 s). The rms
error is less than 4%

resolution that is approximately the same as the 3-CCD
camera. The research-grade camera is a 14-bit CCD, and
so the resolution of the color information is finer,
although the effective camera resolution is not as good as
14-bit. The comparison between two cameras suggests
that the calibration maps are different case to case,
especially for the larger layer thickness. Two calibration
maps are consistent at the smaller thickness region, while
the research-grade camera shows more variation in the
deeper region. However, since most points in the plume

from the depth field.
5.1 Separated bulge volume

One main purpose of the two-plume experiment is to test
whether the downstream bulge volume reaches steady state
due to the momentum flux from the upstream coastal cur-
rent. To address this question, we calculate the downstream
(red) bulge volume at various times. To evaluate the
effective depth of each of the fluids in the mixing region,
we assume their percentages vary linearly with the color
ratio. Because there is some variation of color ratio in pure
red and pure blue, we define the water with color ratio <0.3
as water that originated from the upstream source, with
color ratio >0.5 as water that originated from the down-
stream source, and in between the percentage of the fluids
from upstream increase linearly with the color ratio (Eq. 6)
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0 if Ci<0.3;
7% downsiream = 4 0.5+ 5 x (Ci —0.4) if 0.3<Ci<0.5;
1 if Ci > 0.5.

(6)

The result of plume separation at 6T is shown in Fig. 9.
The purple region between the two plumes may be
explained by two possible reasons. First, it is the mixing
region between the two plume. The interaction between the
upstream coastal current and the downstream bulge has
high mass exchange and then forms this mixing region.
Alternatively, it may be due to the subduction of the
upstream plume under the downstream plume, as described
by the two-plume theory in Cenedese and Lerczak (2008).
In their analytical model and laboratory experiments, the
two river plumes tend to align vertically with the upstream
coastal current underneath the downstream plume because
the upstream fluid has more opportunity to mix with the
higher-density ambient water. Viewed from above, it tends
to be purple because a portion of upstream plume is
covered by the downstream plume.

In order to compute bulge volume, we need to identify
the region of the field of view occupied by the bulge and
exclusive of the coastal current. This is somewhat com-
plicated due to the fact that the bulge expands in the

(a) Combined plume

20
c
9
10 ®
e
0
0 20 40 60
5 (b) Upstream plume
g
10 =
g
N 3
0 20 40 60
5 (c¢) Downstream plume
~ 5
510 =
2 o
20 o =]
0 20 40 60
X [em]

Fig. 9 Discrimination of red and blue source fluid in the plume.
Combined plumes showing fraction of blue source fluid at each pixel
at t = 67T (a), upstream (blue) plume depth field (b), and downstream
(red) depth field (c). The purple region in a indicates the mixing
region. The blue and red boxes indicate the position of upstream and
downstream sources, respectively
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alongshore direction. We assume that the bulge has a linear
alongshore growth rate and adjust the field of view for our
image interrogation accordingly. For the upstream bulge,
the situation is different because it would never continue to
grow laterally because it hits the downstream plume. We
calculated the upstream and downstream bulge volume
separately based on Eq. 4 from their depth fields. Both
plumes grow at exactly the same rate, and the sum of their
volume is equal to the total entering freshwater volume
(Fig. 10 insert).

5.2 Two river plumes’ evolution

Six examples of two-plume evolution are shown in
Fig. 11a—f, corresponding to ¢ = T, 57, 107, 207, 307,
and 37T (T = 15 s), respectively. The upstream plume
reaches the downstream plume after 0.67, and the two
plumes begin to interact with each other at the end of first
period (Fig. 11a). After one rotation period, the down-
stream bulge tends to grow alongshore, while the upstream
bulge tends to grow offshore and wrap around the down-
stream plume bulge (Fig. 11b, c). Later, the downstream
bulge is sucked into the upstream bulge, forming a bigger
re-circulating bulge. A small bulge separates from the big
bulge and propagates downstream (Fig. 11d). This cycle
continues, i.e. the big bulge accumulates the inflow fluid
and becomes unstable, a small bulge separates from the big
bulge and propagates downstream, then the big bulge
returns to its stable state (Fig. 1le, f). It is interesting to
note that fluid from the downstream source is drawn all the
way to the upstream source and even appears to be
entrained into the outer edge of the upstream plume
(Fig. 11e). We also observe that the width of the band of

1200
upstream (blue) plume
downstream (red) plume R
1000 | +ovvees inflow volume 1
5
e 800
S,
g
3 600
)
Y
[0)
k=
03: 400
200

YT

Fig. 10 Upstream and downstream river bulge volume growth (0 <
t < 107) and comparison to the real inflow volume. The insert is the
zoom-in of first 3.57. Blue and red dashes represent the upstream and
downstream plume, respectively
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Fig. 11 Fractional source (a)t=T
content of two-plume system for 1
run7atr =T (a), 1 = 5T (b), & <
t = 107 (¢), t = 207 (d), -
t = 30T (e), and ¢t = 37T (f). =
The 0.05-, 1-, 3-, and 5-cm- 5
depth contours are shown. Blue 0 20 40 60
and red boxes indicate the d
position of upstream and (c) t= o7 (d) t=201
downstream sources, 20} -
respectively 2
10 3
w
0
0 20 40 60
(e)t=sor (f) t=a71
20 .
3 §
= 10 E
0
0 20 40 60 0 20 40 60
x [em] x [cm]
mixed fluid between the two plumes increases around . w0
t = 5 - 107" and then dec':reases afterwaxd. The reasons for Opec = / / U—dA ~ 5 / / ulpdzdy
this will be investigated in future studies. BSo A
5.3 Coastal current transport L g A(Aph) Q2P A phdy. 9)

The coastal current in the river plume system is held to the
wall due to Coriolis forces. The flow approaches a state of
geostrophic equilibrium in which buoyancy and Coriolis
forces are in balance and further release of potential energy
is impossible (Griffiths 1986).

The alongshore velocity in the coastal current can be
derived based on a two-layer model that has a quiescent
lower layer and geostrophic cross-shore momentum bal-
ance. Thus,

/
Yl MO gan )
S0 0y 1y
where £ is the buoyant plume thickness, u is the alongshore
velocity, f is the Coriolis parameter. Note that p, h, u are
depth-averaged values, but they can vary as a function of y,
the cross-shore distance. The alongshore coastal current
transport can be calculated by integrating the velocity over
the coastal current section area,

w0
Qccz//udA://udzdyf
0 —h 0

As suggested by Fong and Geyer (2002), a freshwater
transport is defined based on the further assumption that the
density anomaly is approximately proportional to the salinity
anomaly, Ap = PAS, where f = 0.79 kg m® psu~'. Thus,
the freshwater transport is

g aAph
*f—o —6y dy. (8)

_5500 fPo dy

Here, £ is the real plume depth including the initial fresh
dyed water and the salty undyed water, which has been
entrained into the plume during the mixing process. As
discussed in Sect. 3, the measured effective depth is a
function of the concentration ratio times the real depth
(Eq. 3). Assuming that the water in the plume is well
mixed, one can easily convert the concentration ratio to the
density anomaly ratio

C VF A P
CO VT Ap max 7

(10)

where Vy and V7 are the fresh water and total water
volume, respectively, and Ap,,,, is the density difference
between inflowing fresh water and ambient salty water,
Le. Alomax = Pambient — Pinflow-

Substituting Egs. 3 and 10 into Eq. 9, the freshwater
transport is

Ap V[ oh
g( pmax) / Eh dy

Q'cc = - e
’ BSufpe J Oy
, heQ(y=W)
gmaxApmax /
— _SmaxHPmax hedh,, 1
h,Q(y=0)

where g'.x is the reduced gravity based on Ap,,,,. For a
given inflow and ambient salinity (density), the freshwater
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Coastal current zone
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Fig. 12 Two plumes depth field (a) at + = 67. Cross-shore coastal
current depth profile (b), averaging in x direction from the coastal
current zone shown in a

transport is only a function of the coastal current effective
depth, h,. From the measured coastal current effective
depth field, we can calculate the freshwater transport by
numerically integrating the effective depth over its entire
width

lefcc = _ancc

gmaxApmdx
he(
BSof Z

where o is an O(1) empirical constant. We can then
determine the value of o based on the total volume balance.
The calculated coastal current transport with oo = 1 are
shown in Fig. 13.

Theoretically, we can derive a freshwater mass conser-
vation equation similar to the one in Sect. 4 . The volume
of buoyant water discharged into the tank should be equal
to the calculated plume volume within the camera field of
view plus the freshwater transport out of view through the
coastal current, expressed as

Vin = Qin(t — to) = Viera + ZQ}“AL (13)

For this case, the empirical constant « must be 0.6 to
balance the flow into and out of control volume (Fig. 14).
This relatively low empirical constant might be due to two

+1) = he(i)], (12)

@ Springer

Calculated coastal current freshwater flow rate [cma/s]
)

Fig. 13 Freshwater coastal current transport computed by Eq. 12
with the empirical coefficient & = 1 (0 < ¢ < 137) (thick line). Two
thin lines represent the error bound, based on the standard deviation of
coastal current depths
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Fig. 14 Total freshwater volume balance (r = 0-137). The total
volume input (black line) is balanced by the total output (circle),
which is the sum of volume within the field (triangle) plus the
freshwater transport in the coastal current (asterisk). Note that the
modified freshwater transport (Q's.. = «Qy.) equals empirical coef-
ficient (o = 0.6) times the calculated freshwater transport

[chc(diamond)]

possible reasons. Imaging of the region very near the
coastal wall is degraded due to the presence of the bottom
of the wall in the images. This may artificially increase the
transport estimate. Another plausible explanation is that the
two-layer system with a quiescent lower layer is not a
proper assumption in this two-plume system if the
interaction between two plumes is similar to scenario .4
in Cenedese and Lerczak (2008). In this case, it is actually
a three-layer system with a quiescent bottom layer. The
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middle (blue) and upper (red) layer cannot be considered a
simple geostrophic current together.

6 Conclusion

A modified optical thickness method is used to calculate
the depth field of two interacting water sources by com-
bining the reduction in intensity of transmitted light and the
RGB color ratio of a dyed buoyant layer. A procedure to
generate a two-dimensional calibration map from two
depth-dependent relationships is presented. The measured
depth field is used to calculate the total buoyant gravity
current volume in the field of view. The technique is suc-
cessful in measuring the dyed freshwater depth in a cyl-
inder depth test with 10% average error. This technique
was then applied to a two-plume experiment to measure the
depth field of both plumes. Prior to the time that the plume
water exits the field of view, the technique is successful in
calculating the buoyant gravity current volume to within
4% error of prescribed volume input.

We also formulate an expression for the freshwater
transport in the coastal current based on the obtained depth
field and the assumption that the coastal current in a cross-
shore geostrophic balance. The computed transport closes
the freshwater budget for the system, but requires an
empirical coefficient « = 0.6. Although this coefficient is
significantly below unity, the fact that the computed
transport only departs from that needed to close the balance
by a constant implies that our expression captures the
principal dynamics of the system.
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