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Tracking Odorant Plumes

Matthew A. Reidenbach

Abstract

Chemical signals are primarily distributed throughout aquatic environments by processes that are affected
by turbulence. Turbulence continually stirs and mixes chemical odorants into complex, filamentous struc-
tures that are sampled by organisms. These odorant signals are critical for survival and/or reproductive
success of most aquatic animals, and the time varying spatial structure of velocity and concentration offers
valuable guidance cues while navigating in a plume. Two separate techniques are described to simultane-
ously measure a turbulent odor plume on a scale relevant to the chemosensors and mechanosensors located
along the antennules of aquatic organisms. The first, planar laser induced fluorescence (PLIF), is used to
quantify odorant concentrations, while the second, particle image velocimetry (PIV), is used to measure
turbulent fluid velocities.
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1 Introduction

Chemical signals are crucial to aquatic organisms for feeding,
reproduction, predator avoidance, or, in the case of sessile animals,
larval determination of substrate choice [1]. The dispersal of
chemicals in the aquatic environment occurs primarily by gross
advection of the water mass and by localized turbulent eddies. The
movement of odor signals in water and their distribution patterns,
accordingly, are inextricably linked with the hydrodynamic features
responsible for dispersal, and comprise a critical part of the sensory
environment [2, 3]. Many animals actively sample dissolved odor-
ants in a fluid using appendages bearing arrays of hair-like chemo-
sensory sensilla. These animals sample their surrounding odor and
fluid environment by flicking their appendages, essentially taking a
“sniff” [4-6]. The frequency of this flicking behavior, the size of
the appendage, and arrangement and density of sensors all likely
play a role in the kind of information an animal can extract from
the plume [2, 7].
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Turbulence within the flow continually stirs and mixes chem-
ical odorants into complex, filamentous structures. These fila-
ments are composed of discrete packets of odor that are
surrounded by little to no odor [8]. The spatial and temporal
structure of these odor filaments within a plume offers valuable
information on source location [4, 9]. However, odor informa-
tion alone does not appear to provide enough information to
organisms to undergo effective search strategies [1]. Although
the scalar and hydrodynamic structure of odor plumes is well
documented [10, 11], the instantanecous chemical and flow
information available to organisms on the scale relevant to their
sensory organs is not well understood [3].

Here, two techniques are described to quantify the spatial con-
centration and velocity structure on the scale of a turbulent plume,
O(m), down to the scale relevant to the chemosensors and mecha-
nosensors located along the sensory organs of organisms, O(pm).
A planar laser induced fluorescence system (PLIF) is used to mea-
sure the spatial and temporal structure of chemical concentrations
in an odorant plume, while particle image velocimetry (PIV) pro-
vides both spatial and temporal information of fluid velocities
within the plume. A method to combine these two techniques to
simultaneously quantify chemical concentrations and velocity fields
within a plume is described. The spatial resolution offered by this
dual technique is key, since it provides information relevant to
what is sampled on often the spatially distributed array of olfactory
and mechanoreceptors. Although many PLIF and PIV systems can
be separately purchased as a single integrated system, the prices
often range from the tens to hundreds of thousands of dollars. The
materials and methods described here will enable the user to con-
struct their own systems at a substantially reduced cost.

2 Materials

The techniques described here are primarily laboratory based and
therefore some experimental test facility that can hold and create
water movement is necessary. This can range anywhere from a
large water flume (Fig. 1) to a small test chamber that can fit under
a microscope. When conducting PLIF, a fluorescent dye is needed
that emits fluoresced light under an applied laser light. These dyes
absorb a portion of the excitation energy and re-emits a portion of’
the absorbed energy as fluorescence [12]. There are numerous
organic fluorescent dyes that can be used, but two common dyes
are fluorescein, which has a peak light absorption at 490 nm and a
peak emission wavelength maximum of approximately 520 nm,
and rhodamine 6G, which has a peak absorption of 525 nm and a
peak emission of 555 nm. Therefore, in order to use fluorescein, a
laser with a light emission at or near 490 nm is necessary. Typically
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Fig. 1 Schematic of recirculating water flume. Fluorescein dye is injected in to the bulk flow. A coupled PLIF/
PIV system is shown that consists of two lasers, a 488 nm laser to conduct planar laser induced fluorescence
and a 532 nm laser for particle image velocimetry. The PLIF laser is first passed through a beam focus (if
necessary) and then to a scanning mirror to illuminate a light sheet, while the PIV laser passes through a beam
focus to a convex lens to create a light sheet. As the dye with particles passes through the imaging area, the
lasers are scanned or pulsed at alternating times and sequential images are taken

2.1 Planar Laser
Induced Fluorescence

a continuous wave (CW) argon-ion laser that emitts a blue laser
beam (emission between 470 nm and 490 nm) is used. For
Rhodamine 6G, an argon-ion laser that emitts at 514.5 nm can be
used. These lasers should output a beam that is close to a Gaussian
cross section and have stable power output.

Many odors detectable by aquatic organisms are composed of
amino acids with a molecular diffusivity, D = 1 x 107 m? s7..
Fluorescein dye hasa D= 0.51 x 10~ m? s, while Rhodamine 6G
hasa D=1 x 107 m? s7!, making either a good choice as a surro-
gate to model odor transport. For reasons described later in the
methods, if a combined PLIF-PIV system is required, it is recom-
mended that fluorescein dye and a blue laser (emission between
470 nm and 490 nm) be used. For the PIV system, a laser that
emits at any wavelength can conceivably be applied. However, if'a
combined PLIE-PIV system is required, it is reccommended that a
green laser (emission at 532 nm) is used such that the wavelength
emission is outside the range that would be absorbed by fluores-
cein dye.

1. Fluorescent dye: fluorescein.

2. Laser: Argon-Ion laser that emits light at or near 490 nm. The
stronger the power the greater the intensity of light that will be
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2.2 Particle Image
Velocimetry

emitted from the dye. Typical PLIF lasers have light emission
power ratings of 100 mW to 1 W or greater.

. Laser goggles for eye protection at light emitting

wavelengths.

. Scanning mirror: A computer-controlled scanning mirror (such

as a moving-magnet scanning mirror) is used to scan the laser
light at an equal intensity across the imaging area (see Note 1).

. CCD camera: A CCD camera that has computer-controlled

triggering to image the emitted light from the dye. The correct
camera to use is a trade-oft between light sensitivity, bit-depth,
and framing rate. Cameras with low light capabilities and
higher pixel counts often produce better images. Monochrome
and color cameras can both work, but monochrome is pre-
ferred since image size is minimized (sec Note 2).

. Camera lens: Most commercially available lenses that can

attach to the camera will work, but it is best to use a flat-field
lens that has good low light capabilities with large aperture
openings (see Note 3).

. Laser beam focus: If necessary, optics to focus a laser beam can

be placed between the laser and scanning mirror to reduce the
diameter of the beam and create an optically thin light sheet at
the imaging area.

. Lens filter: To enhance the imaging and remove ambient light

from the CCD images it is helpful to utilize either a bandpass or
longpass filter, attached to the camera lens. It a combined PLIE/
PIV system is used, a 520 nm longpass filter is reccommended.

. Computer with instrument control software and hardware: A

laptop or desktop computer with instrument controls (such as
LabView®) to enable image triggering and acquisition and
scanning mirror control at the correct time.

. Seeding particles: These should be neutrally buoyant in water

and highly reflective. They can be made out of a variety of sub-
stances, included glass beads, polystyrene, and polyethylene. A
common choice of particles for use in water are silver coated
hollow glass spheres at approximately a 10 pm diameter.

. Laser: Since the PIV laser needs to just illuminate the seeding

particles, there are many options, including pulsed Nd:YAG
lasers, argon-ion lasers, or laser diodes. Laser diodes are typi-
cally the cheapest but provide a continuous, lower-intensity
beam of laser light as compared to short, intense pulses of light
provided by Nd:YAG lasers. If a dual PLIF-PIV system is used,
it is reccommended that a 532 nm laser be used.

. Laser goggles for eye protection.
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. Convex lens: This lens is used to spread the laser beam in to a

sheet of light. They are typically categorized in the degree that
they spread the beam, with larger degrees creating a wider sheet.

. CCD camera: The same camera as described in Subheading

2.1 for PLIF can be used for PIV. If the camera is just being
used for PIV, an 8-bit camera will typically be fine.

. Lens filter: A bandpass filter that only allows the emitted light

from the illuminated particles to be imaged. If a combined
PLIE-PIV system is used, it is necessary to use a 520 nm long-
pass filter. This filter blocks ambient light from the PLIF laser
(typically a 488 nm argon-ion laser), but allows imaging of the
PIV particles from the 532 nm laser.

3 Methods

3.1 Planar Laser
Induced Fluorescence,
Setup and Calibration

. Measure and mix the fluorescein dye to the required concen-

tration (see Note 4). The concentration to use depends upon
the strength of the laser light and sensitivity of the camera (see
Notes 5-9). The correct concentration should use the tull
dynamic range of the camera’s imaging capabilities, from near-
saturation of light at highest concentrations to near-dark at
low concentrations.

. Align the laser through the focusing optics to reduce the beam

diameter, and then to the scanning mirror. Using the computer
controls, adjust the range of the scanning mirror so it sweeps
the laser across an arc to illuminate the entire imaging area.

. A small concentration of dye needs to be well mixed within the

experimental chamber to create a uniform amount of back-
ground emitted light. Typically, for a 12-bit camera (gray scale
values from 0 to 4095) the background should have a light
intensity of approximately 200.

. Release dye in to the imaging area and sweep the laser one or

more times using the scanning mirror to create a light sheet.
While the sweep is in process, acquire an image of the fluo-
resced light. The integration time of the image needs to be
short enough to prevent distortion of the image, but long
enough to capture enough fluoresced light from the dye (see
Note 10).

. Perform a calibration between the light emitted from the fluo-

resced dye to the pixel light intensity of the acquired image. First,
image the fluoresced light from the full concentration of the dye
and then, subsequently image dilutions of the dye at lower con-
centrations (see Note 11). A linear-fit between light intensity and
dye concentration should be found. Typically, 3 or more concen-
trations should be measured to conduct the linear fit.
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6. Image processing: Raw PLIF images are processed to remove

biases in the data, including varying pixel dark response, vary-
ing pixel response to fluorescence intensity, and laser attenua-
tion due to the background dye concentrations [12]. The
method for processing includes taking a dark image, D, of light
levels with the lens cap on the camera, a background, B, of
well-mixed background dye concentration, and a raw PLIF
image, RI (Fig. 2).

RI(’J) — B(i>j)

DR D) W

((4,7) is the light intensity at pixel location 7, jand &1is the aver-
age background intensity of the dye. C is then computed as
light intensity (for a monochrome 12-bit camera, these are
gray scale values from 0 to 4095), that can be converted to dye
concentration through the previously performed calibration
between concentration and light intensity.

Fig. 2 Sequence of images used to process PLIF images to remove biases in the data. (a) D= dark image taken
with the lens cap on, (b) B = background image taken of the well-mixed background dye concentration,
(¢) BRI =raw Image, and (d) P/ = processed image. Final processed image shows dye released from a coral
surface, with color intensity proportional to dye concentration
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1. Add particles to the water in the flume and mix thoroughly to

obtain an even suspension. Seeding density should provide
approximately 5-10 particles per the smallest subaveraging
window [13], which is the scale at which velocities are esti-
mated (typically 16 x 16 pixels in dimension).

. Align the PIV laser beam through focusing optics and then

through the convex lens to create a light sheet that is slightly
wider than the imaging area. Various imaging areas can be
employed that typically range from 1 cm by 1 cm, up to 30 cm
by 30 cm. If a dual PLIF/PIV system is required, the PIV
laser-light sheet should directly overlap and illuminate the
same 2-dimensional plane as the PLIF laser-light sheet. Micro-
PIV systems can measure at much smaller scales, but typically
require fluorescent particles as well as specialized optics [14].

. Create a square grid (Fig. 3) and place it within the laser sheet.

Image the grid so that a conversion of pixel to area dimension
of the image can be performed (see Note 12).

. If a continuous laser is being used (see Note 13), sequential

images need to be captured to quantify displacement of the
particles between image pairs. The correct time between
images, Az, will depend upon the water velocity and size of the
image. This time, Az, should be long enough to be able to
image particle movements, but short enough to ensure that
there is significant overlap of particles within each subaverag-
ing window between successive images.

. Images of particle trajectories should be analyzed using a

numerical method that employs cross-correlation to calculate
the displacement of particles over a given time period between
image frames [13]. Many open-source PIV software analysis
packages, along with tutorials, are available (e.g., MatPIV
which is MATLAB® based).

. Particle displacements between image pairs will be computed

in pixel dimensions (see Notes 14 and 15). Utilizing the image
of the grid, a conversion between particle displacement in pixel
units to length can be computed (see Note 16). Knowing the
time between images, At, velocity can then be quantified at the
spatial scale of the smallest averaging subwindow and temporal
scale of Az (see Note 17). Many PIV software analysis packages
perform this calculation for you.

. For the PLIF system, laser light with a wavelength of 488 nm

(blue light) is emitted by an argon-ion laser.

2. The laser beam is focused using optics.

. A light sheet is created using a scanning mirror. This sheet

illuminates vertical plane through the water column parallel to
the main flow direction.
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Fig. 3 1 cm by 1 cm grid imaged within the light sheet, which is used to scale PIV
images. This grid corresponds to the PIV and PLIF images shown in Fig. 4.
Smaller or larger scale grids can be used depending upon the overall dimensions
of the PLIF/PIV images

4.

Fluorescent dye containing PIV particles is released upstream
of the imaging area in to the bulk water flow (sec Note 18).
Within the bulk flow, a small amount of background dye, as
well as PIV particles, are already well mixed.

. As the dye passes through the laser light sheet, the fluoresced

dye is imaged (see Note 19). The camera is fitted with a 520 nm
optical long-pass filter, which blocks ambient laser light from
the PLIF laser, but allows emitted light from the fluoresced
dye to be imaged.

. The laser sheet is scanned to illuminate the imaging field every

At (or variable time period), with a wait period of equivalent to
At (or other equivalent time period) after each scan. As an
example, if 50 frames per second imaging occurs, Az = 0.02 s;
however, the time between successive PIV or PLIF images is
2At = 0.04 s since PLIF and PIV images are alternately
acquired.

. For PIV imaging, a second laser with an output wavelength of

light at 532 nm is used. The PIV laser is pulsed at 2Az intervals
at alternating time periods when the PLIF laser is not being
scanned.

. The PIV laser is pulsed through a cylindrical lens to create a

light sheet, aligned along the same 2-dimensional plane as the
PLIF laser.

. Using the same camera as in the PLIF imaging, reflected light

from the particles are illuminated and imaged at 532 nm. Since
532 nm is outside the absorption band of fluorescein, the PIV
laser does not excite the fluorescein dye. Therefore, during the



Tracking Odorant Plumes 259

10 cm/s

8 0
cm C/Cs'omt‘e

Fig. 4 The combined PLIF/PIV technique. (a) PIV image of flow over rough bed topography with particles added
to the bulk water flow (b) PLIF image of plume structure taken 0.04 s after the PIV image. (¢) Combined plume
structure from PLIF and velocity vectors calculated from PIV cross-correlation analysis. Plume was created by
emitting fluorescein dye 0.5 m upstream from the imaging area. Flow is from left to right

10.

11.

12.

PLIF laser scan, only fluoresced dye is imaged, while during
the PIV laser pulse, only particles are imaged (see Note 20).

PIV images are processed using MatPIVO or a similar PIV
software program.

The final output from the software produces a horizontal and
vertical estimate of particle displacements for every subwin-
dow. Using the pixel to length conversion, and time between
PIV images, 2At, the fluid velocity can be computed.

Output of the combined PLIF/PIV technique provides over-
lapping estimates of plume and background flow velocities,
along with dye concentrations (Fig. 4). These simultaneous
measurements can be used to quantify the directional flux of
chemicals [15] within a plume (see Note 21).
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4 Notes

4.1 Planar Laser
Induced Fluorescence

1.

10.

11.

A cylindrical lens can be used in place of a scanning mirror,
however this gives uneven light distribution in the static sheet
which must be corrected for in post-processing.

. The bit depth of the CCD camera determines light resolution,

and a camera with a bit-depth N can resolve 2N variations in
light intensity. The framing rate sets the maximum rate at
which images can be collected, while the sensitivity of the sen-
sor determines how many light photons are needed to initiate
a pixel response. Higher sensitivity cameras can operate better
in low light conditions.

Flat-field lenses are preferred in PLIF and PIV applications,
since spherical lenses distort images at the edges.

. Fluorescein dye has a low sensitivity to temperature changes;

however, the absorption spectra of fluorescein is strongly
dependent on pH [12], and is susceptible to photo-bleaching
[16].

. Trial and error will likely be needed in order to determine the

correct concentration for experiments given that the measure-
ment location for PLIF may be substantially downstream from
the release point, and thus concentrations may be much lower.

If too high a concentration of dye is used, it can attenuate the
laser beam within the imaging area. Likewise, if too high an
intensity of laser light is used, a non-linear relationship between
dye concentration and emitted light may occur.

Care must be taken to ensure that the dye solution at the
source is at the same temperature as the water used in the
experimental facility, otherwise density differences will alter
the buoyancy of the plume.

. If necessary, the dye can be embedded in to a gelatin solution

and a gel type mixture can be produced that can be coated on
to surfaces [17].

. If odors are used in the source, their concentrations should be

measured relative to dye concentrations and then a conversion
from dye concentration to odor concentration can be
performed.

A plume that is being advected through the imaging area can
be distorted if the image integration timescale relative to
advection timescale is too long. In these instances, a scanning
mirror that provides a dynamic scan of the image area can
improve image quality.

Imaging at multiple locations downstream might be necessary
it large scale quantification of plume dynamics is needed.
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13.

14.

15.

16.

17.

18.

19.

20.
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. Care should be taken to place the grid used to compute the

size of the image directly within the sheet of the laser. Since the
depth of field of the image is small, any out-of-plane imaging
of the grid could substantially alter results.

Either pulsed or continuous lasers can be used for PIV. Pulsed
lasers, such as Nd:YAG, often generate much greater light
intensity over short periods. This enhances the sharpness of the
images, especially for particle motions in fast flows, however
the timing of the image acquisition relative to the laser pulse
often becomes difficult.

Removal of particulates in the water by filtration before adding
the PIV seeding can improve image quality by ensuring only
neutrally buoyant, highly reflective PIV particles are
illuminated.

Getting the seeding density correct is important for good data
quality. Typically, 5-10 particles in the smallest subaveraging
window is ideal. As long as individual particles can be easily
identified within the acquired image, it is better to have more
seeding than less. However, care should be taken not to over-
seed such that it alters the properties of the flow.

If light reflectance from the particles is uneven, the algorithm
which computes velocities can be biased by the highly reflec-
tive particles. An intensity-capping algorithm can be imple-
mented which can improve cross-correlation PIV results [18].

Accuracy of the PIV measurements can be estimated either
using a separate flow sensor (such as an acoustic Doppler velo-
cimeter) or using a calibration facility where the velocity of the
flow is known. The accuracy of the velocity measurements in
PIV is usually found to be relative to the magnitude of the
mean velocity [19].

Particles and dye must be mixed together in the source solu-
tion and care should be made to get PIV particle concentra-

tions in the source solution equal to the concentrations in the
bulk flow.

If studying flows in a large-scale water flume, it may be neces-
sary to pass the laser sheets through a glass window insert sus-
pended over the flume that contacts the water surface. This
minimizes the laser diffraction caused by small ripples on the
water surface.

The magnitude of the distortion within the PIV and PLIF
images will depend upon the integration time of the image
relative to the ambient velocity of the fluid. Likely the optimal
integration time will be a trade-off between acquiring enough
light in the image and minimizing the blurring of either dye or
particles.
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21. Once PIV and PLIF images have been collected and processed,
velocity data will be spatially separated on the distance of the
smallest subaveraging window (typically 16 by 16 pixels), while
concentration data from PLIF images will be at the individual
pixel level. Either the PIV data will need to be down-sampled
or the PLIF data will need to be averaged over the subaverag-
ing area window to enable PIV and PLIF data to be directly
mapped on to one another.
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