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On the usefulness of bilateral comparison to tracking turbulent chemical odor plumes
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Abstract

This article reports on the usefulness of bilateral comparison of chemosensory information to an animal or agent
tracking an odor to its source. Instantaneous concentration fields of a chemical plume diffusing in a fully developed,
turbulent, open channel flow are measured using planar laser-induced fluorescence. The plume is released isokinet-
ically 25 mm above the smooth bed (= 90), thus transport is mainly due to advection and ambient turbulence.

A spatial cross-correlation function in the spanwise direction gives a strong indication of the relative position of

the centerline and distance from the source. The relative direction of the plume centerline can be estimated from
the instantaneous concentration, provided the sensors are separated by a distance larger than the spanwise integral
length scale of the concentration field.

Many aquatic and terrestrial animals rely on sensory cuebution of a chemical tracer are needed to evaluate the use-
to track turbulent odor plumes in order to locate food andulness of spatial sampling.
mates (Vickers 2000; Zimmer and Butman 2000). Very long In this study, tracer concentration fields of a plume dif-
time records would be required to accurately determine trafusing in a turbulent open channel flow were measured using
ditional statistical measures of odor concentration, such ahe planar laser-induced fluorescence (PLIF) technique. With
time-averaged concentration and variance (Elkinton et akhe rapid development of modern lasers, digital cameras, and
1984; Moore and Atema 1991; Murlis et al. 1992). But it computer acquisition systems, long sequences of high-reso-
has been observed that animals, such as blue crabs, do rigtion concentration fields can now be obtained and stored.
wait long enough at a location to accurately assess thedsformation on the instantaneous concentration fields and
time-averaged quantities and their small spatial variationsspatial correlations that were previously unattainable can be
Thus, these animals must be using instantaneous observ&adily obtained. The objective of this article is to report on
tions of the odor plume to make tracking decisions. the value of a sensory cue, namely bilateral comparison,
The instantaneous spatial and temporal structure of a tugvailable to animals such as blue crabs in a turbulent odor
bulent odor plume is complex and depends on transpoplume.
within the flow. Measurements of chemical plumes released
into turbulent boundary layers in the laboratory (Fackrell\jethods
and Robins 1982; Bara et al. 1992) and field (Murlis and

Jones 1981; Jones 1983, Murlis 1986; Hanna and Insley Fully developed, uniform, open channel flow was estab-
1989) show highly intermittent concentration time records1isg1ed in a tilting flume 1.07 m wide and 24.4 m long with

Time-avera_lged proper_ties, such as the mean an_d Variancer‘?—:ctangular cross-section and smooth bed. The average ve-
concentration, are typically calculated from the time records",ocity in the flume was 50 mm-§, the flow depthH was

and compared to models based on turbulent diffusion'. AI—ZOO mm, and the water temperature wa&R0The flow was
though these data and models may be useful for pred'Ct'nQniform with a depth varying by less than 0.3 mm for at

time-a\_/eraged distributions,. they provide no informationleast 12 m approaching the measurement location. The wall
about instantaneous quantities that may be useful to an agp .. velocity ¢ = \/;qﬁ) — 3.55 mm s?) was calculated

; ! o .

imal tracking the plume. y fitting a logarithmic curve to the mean velocity profile

There IS ev!dence that rapidly moving for_agers aré Notpeasured with laser Doppler velocimetry. The turbulent
using sequential sampling to acquire orientation cues (Web,—e

. ) ; ngth scales ranged from the Kolmogorov scajes (1°/
ster“r_;md Wel_ssburg 200})} thus,_our attention now turms t%)lf“ = 0.7 mm, to the integral scale~ 100 mm (estimated
the “information content” in the instantaneous spatial dis-

tributi f od trati Lit i . ilabl as 0.%1), wherev is the kinematic viscosity of the fluicg
ribution of odor concentration. LIte evidence IS avallable s is the turbulent energy dissipation rate, arids the
about the nature of this information content. It should be

. ; standard deviation of the velocity fluctuations. The integral
pointed out, however, that benthic crustaceans are rarely SUfire scale was 2.0 s. whereas the Kolmogorov time scale

;:Iessful éntlogaflngt E[he odortsoWurg:e l!)n the agsgnce Omeea?as 0.5 s. The scale for molecular diffusion of the chemical
ow and turbulent transport (Weissburg and Zimmer-Fausg, o\ is the Batchelor length scale calculated.as (vD?/

1994). Thus, measurements of the fine-scale spatial distrg, whereD is the molecular diffusion coefficient. The Batch-

elor length and time scales were 0.02 mm and 0.0004 s.
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Fig. 1. Chemical plume released isokinetically into fully developed turbulent 200-mm-deep
open channel flow. The perspective is from above the flume, and the flow is from left to right. The
release height is 25 mm (0.12% above the bed.

which was in the logarithmic layer of the turbulent boundaryResults and discussion
layer. The effluent velocity matched the mean channel flow

velocity, thus creating an isokinetic release. . Consider the photograph of a dye plume shown in Fig. 1.
The planar laser-induced fluorescence (PLIF) techniqueven a cursory inspection of the photograph suggests that
was used to record long time histories of instantaneous plgne time-averaged value at each point would be a very poor
nar concentration fields. A small amount of fluorescent dyemeasure of the tracer concentration there. The photograph
Rhodamine 6G, was mixed with the effluent such that dyeyggests that an observer or searcher in the plume would
concentrations in the plume were extremely smallQOug  experience intermittent high and low levels of concentration,
L-%). Laser light causes the dye to fluoresce, and a digitajyhereas the time-averaged concentration would be much
CCD camera captured the emitted light. The light intensitylower than the intermittent peak values. This can be seen in
emitted by the dye is directly proportional to the dye con-the instantaneous concentration field shown in Fig. 2. This
centration and laser intensity (Ferrier et al. 1993). Thus, thgs a three-dimensional landscape where the measurement
planar concentration field can be determined from the inplane consists of the streamwise, and the spanwisey,
stantaneous images of the plume and an in situ calibratioglirections, and the elevation is the local instantaneous con-
of the system. The calibration procedure and discussion fentration level normalized by the source concentrat@n,
measurement uncertainty is given in Webster et al. (2001)rhe flow is from upper right to lower left (i.e., in the positive
Measurements were performed at four distances dowrk direction) with the nozzle at the coordinate origin. Con-
stream, such that the fields overlapped to form a continuougentration measurements near the nozzld, < 0.6, are not
data set up to 12 channel depths (2.5 m) downstream. Théhown because the peak values are beyond the linear range
dye concentration in the effluent was increased with downpf the calibration and are not reliable.
stream sampling distance in order to exploit the full dynamic The instantaneous concentration field consists of sporad-

range of the camera at each measurement location. ically located patches of high local values separated by steep
A scanning mirror swept an approximately 1-mm-diame-concentration gradients. Although the dye advects down-
ter argon-ion laser beam (wavelength514 nm, power=  stream, turbulent fluctuations stir and spread the patches.

2 watts) through the flow to illuminate the fluorescent dye.meanwhile, molecular diffusion acts at the Bachelor scale to
The resulting laser sheet was parallel to the bed and in theduce the peak concentration levels. The plume, therefore,
same horizontal plane as the source nozzle. expands its volume and becomes more dilute with distance
A Kodak MegaPlus ES 1.0 camera (eight-bit, with 1,018from the source. The peak concentration values decrease dra-
vertical and 1,008 horizontal pixels) viewed the plume frommatically with distance from the source.
above, and a thin Plexiglas sheet was placed at the water Animals such as blue crabs have chemosensors on their
surface to eliminate optical distortion due to disturbances oappendages, which are separated horizontally. Previous in-
the free surface. The capture rate was 10 framésfsFu-  vestigators have hypothesized that animals may be using bi-
jinon 12.5 mm focal length lens was used to capture a fieldateral comparison of these chemosensors to orient toward
of view of abouw 1 m square. The spatial resolution wasthe source location (e.g., Reeder and Ache 1980; Atema
therefore about 1 mm, slightly larger than the Kolmogorov1996; Hanna et al. 1999). Zimmer-Faust et al. (1995) sug-
scale. The peak values of the concentration measuremenjasted that an animal with sensors spanning the plume edge
depend on the sample size; measuring the true peak valug®uld be able to orient toward the plume centerline. Weiss-
requires resolving the smallest concentration scale, thburg (2000) refined this idea by defining the spatial integra-
Batchelor scale. Since the sample size was much larger thaion factor (SIF) as the dimensionless ratio of the sensor
the Batchelor length scale, the true local peak concentratiogpacing to the plume width and suggested that a large SIF
values are larger than those measured here. allows the detection of a plume edge. The data set collected
The images were stored directly on a hard drive array inn this study allows an examination of the usefulness of such
real time, a process referred to as a real-time-to-disk (RTD)ilateral comparisons of chemosensory signals.
For each measurement region, 6,000 images were captured,Time records of concentration presented in Fig. 3 dem-
which produced a time record of 10 min. This time periodonstrate that the concentration peaks are larger and more
is significantly longer than the longest time scale of the flowfrequent near the plume centerline. These time records were
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Fig. 2. Instantaneous concentration field. The plume source is at the coordinate origin.
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collected at a distance of 245downstream from the source.
The time record at 20 mm from the centerline appears to be
similar to the centerline record with respect to peak magni-
tude and burst frequency, whereas the records at 50 mm and
100 mm are obviously different. This would enable a blue
crab, with appendage sensors separated in the spanwise di-
rection by roughly 100 mm, to compare the time series and
get a clear indication of its the relative position to the plume
centerline.

This variation is quantified in Fig. 4, which shows the
spatial correlation between the instantaneous centerline con-
centrationg,, and the instantaneous concentration at distance
y from the centerlineg,.

C,C, = %f cy=pt) Xc(y=gq,t)dt N

The correlation is identically one at the centerline and de-
creases rapidly with increased spacing because the dimen-
sions of dye filaments are smaller than the sensor spacing.
The area under the correlation curve increases as the plume
grows downstream. This can be quantified by defining an
integral spanwise length scale, calculated from the area
under the correlation curve. As shown in Fig. 5, this integral
length scale increases with distance from the source. One
could speculate that a searcher with sensors separated by a
distance larger than the integral length scalegould better
assess the instantaneous gradients and therefore identify the
plume centerline more easily.

Fig. 3. Simultaneous time series of instantaneous concentration 1Ne correlation function shown in Fig. 4 compares abso-

at (a) centerline, (b) 20 mm (GHD), (c) 50 mm (0.251), and (d)
100 mm (0.%5) laterally away from the centerline.

lute instantaneous values rather than instantaneous devia-
tions from the mean (i.e., the fluctuating values). From a
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Fig. 4. Spanwise spatial correlation of absolute concentration at Fig. 5. Variation of spanwise integral length scale with distance
four locations. from the source.

tracking perspective, this is important because an observer
in the field cannot know the local time-averaged value dthe latter shown in Fig. 3) is greater than the centerline
priori but, rather, measures absolute instantaneous valuesmlue 33 and 29% of the time, respectively. For spanwise
Even assuming adaptation or organism memory, the locaeparations that are significantly larger than the integral
time-averaged concentration cannot be readily assessed Bength scale, the percentage of time when the concentration
cause statistical convergence is limited by the physics of this greater away from the centerline is much smaller. For
intermittent concentration time record (Webster and Weissinstance ayy = 50 mm and 100 mm (both shown in Fig. 3),
burg 2001). In addition, there is evidence that comparing théhe concentration is greater than that at the centerline 12 and
instantaneous concentration provides a clearer indication &% of the time, respectively. Thus, by separating the sensors
the relative centerline position. The spatial correlation beby a distance greater than the integral length scale, the prob-
tween concentration fluctuation at the centerligg,and at  ability of determining the relative position of the centerline
any distancey off the centerlineg, lacks the clear system- of the plume by simple comparison of the instantaneous con-
atic variation in the streamwise direction shown in Fig. 4 forcentration magnitude is much greater. This notion is consis-
the spatial correlation of instantaneous concentration. tent with the suggestion of Weissburg (2000) that an animal
Although the streamwise variation of the spanwise spatialith a large SIF can sample broadly across the plume and
correlation in Fig. 4 is dramatic, it is unlikely that animals hence detect an edge.
are calculating or directly exploiting this variation. In fact, To generalize this idea, Fig. 6 shows the spanwise corre-
calculating the correlation function requires time integrationlation with sensor spacing equal to a multiple lof The
in the same fashion as calculating time-averaged values @bscissa corresponds to the location of the inner sensor and
the standard deviation. Because the concentration record is nondimensionalized by the standard deviationof the
very intermittent, accurately determining any time-integratedsaussian shape of the time-averaged concentration spanwise
quantity requires a long time record in order to include aprofile. The collapse of the data onto a single trend indicates
significant number of rare concentration burst events. Fothat the scaling is correct: the sensor spacing scaleslwith
the plume discussed here, it take00 s for the time-av- and the sensor location scales with the plume width.
eraged concentration to converge to a well-resolved value From a tracking perspective, there are two important ob-
and even longer for higher order statistics (Webster andervations from Fig. 6. First, the relative magnitudes of the
Weissburg 2001). correlation for spacing ofl4 and L confirm the advantage
Nevertheless, the variation in the spatial correlation sugef relatively large sensor spacing. As discussed above, with
gests that a bilateral comparison could be useful. Indeedarger sensor spacing, an animal or agent can determine with
even a simple bilateral comparison provides useful inforreasonable reliability the direction of the plume centerline
mation to a strategy of assessing the relative position of théom instantaneous concentration measurements. With a sen-
plume centerline and heading upstream. This mode esseser spacing of ¥, the correlation is low throughout the
tially adds bilateral comparison to the odor-gated rheotaxiplume, thus providing the necessary sensor contrast to rea-
response suggested by Zimmer-Faust et al. (1995) and Fineflonably determine the direction of the plume centerline with
et al. (1999, 2000) based on controlled field observationsa single sample. Second, there is an advantage to being able
The instantaneous concentrationyat 4 mm and 20 mm to adjusting the sensor spacing. A tracking agent who adjusts
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depending on chemical composition, concentration, and fluid
transport (Zimmer and Butman 2000). The results here sug-
gest that a spatial assessment of the field rather than a tem-
poral analysis may be beneficial. In particular, for a macro-
scopic animal tracking a turbulent odor plume, a bilateral
comparison can yield useful information, provided the sen-
sor spacing is relatively large compared to the plume (as
quantified by the parameté). To what extent or how well

a particular animal uses this information is an open question
that must be answered through behavior trails. Although a
number of aquatic animal studies have been reported in re-
cent years (e.g., Moore and Atema 1991; Weissburg and
Zimmer-Faust 1994; Breithaupt et al. 1999; Finelli et al.
2000), the use of bilateral comparison has not been defini-
tively shown in those trials.

References

ATEMA, J. 1996. Eddy chemotaxis and odor landscapes: Exploration
of nature with animal sensors. Biol. Bull91: 129-138.

BArA, B. M., D. J. WLsoN, AND B. W. ZELT. 1992. Concentration
fluctuation profiles from a water channel simulation of a
ground-level release. Atmos. Enviro26A: 1053-1062.

BRrREITHAUPT, T., D. P. ULNDSTROM, AND J. ATEMA. 1999. Urine re-
lease in freely moving catheterised lobstétorfarus ameri-
canus) with reference to feeding and social activities. J. Exp.
Biol. 202: 837—-844.

ELkINTON, J. S., R. T. @GrDE, AND C. J. MasoN. 1984. Evaluation
of time-average dispersion models for estimating pheromone
concentration in a deciduous forest. J. Chem. Et@l.1081—
1108.

FACKRELL, J. E.,AND A. G. RoBins. 1982. Concentration fluctua-
tions and fluxes in plumes from point sources in a turbulent
boundary layer. J. Fluid Meci17: 1-26.

FERRIER A. J., D. R. Funk, AND P. J. W. RoBERTS 1993. Appli-
cation of optical techniques to the study of plumes in stratified
fluids. Dyn. Atmosp. Ocean20: 155-183.

FINELLI, C. M., N. D. EENTCHEFF, R. K. ZIMMER-FAUST, AND D. S.
WETHEY. 1999. Odor transport in turbulent flows: Constraints
on animal navigation. Limnol. Oceanodg#: 1056—1071.

, N. D. PENTCHEFE, R. K. ZIMMER-FAUST, AND D. S. WETH-

Ev. 2000. Physical constraints on ecological processes: A field
test of odor-mediated foraging. Ecolo@y: 784—-797.

HANNA, J. P., E W. ®Assq AND J. ATEMA. 1999. Temporal cor-
relation between sensor pairs in different plume positions: A
study of concentration information available to the American

Fig. 6. Spanwise spatial correlation as a function of lateral dis- lobster, Homarus americanus, during chemotaxis. Biol. Bull.

tance from the axis. Correlation spacing is (aand (b) 4..

197: 250-251.

HANNA, S. R.,AND E. M. INsLEY. 1989. Time series analysis of
concentration and wind fluctuations. Boundary-Layer Meteo-
rol. 47: 131-147.

the Spacing could Continua”y have the ideal spacing for thdones, C. D. 1983. On the structure of instantaneous plumes in the
local plume width, which is a multiple df, as demonstrated atmosphere. J. Hazard. Matér.87-112.
by the self-similarity of the correlation curves. Because  MAFRA-NETO, A., AND R. T. CARDE. 1994. Fine-scale structure of

increasing with distance from the source, the ability to adjust
the sensor spacing or having an array of sensors would eIirrM
inate the need to move in and out of the plume to deduce

the spanwise variability of the plume.

pheromone plumes modulates upwind orientation of flying
moths. Nature369: 142—144.

OORE, P. A, AND J. ATEMA. 1991. Spatial information contained
in three-dimensional fine structure of an aquatic odor plume.
Biol. Bull. 181: 408-418.

It is important to conclude with some comments aboutyiyryis, J. 1986. The structure of odour plumes, p. 27-488T. L.
these results in relation to animal behavior. Animals dem-  payne, M. C. Birch, and C. E. J. Kennedy [eds.], Mechanisms
onstrate a wide range of behaviors (e.g., Mafra-Neto and in insect olfaction. Clarendon.

Carde1994; Atema 1996; Vickers 2000; Weissburg 2000)

, AND C. D. bNEs 1981. Fine-scale structure of odour



Bilateral comparison in chemical plumes 1053

plumes in relation to insect orientation to distant pheromoneWNEeissBurGg M. J. 2000. The fluid dynamical context of chemosen-

and other attractant sources. Physiol. Entorpol71-86. sory mediated behavior. Biol. Bull98: 188-202.
, J. S. EKINTON, AND R. T. CarpE. 1992. Odor plumes and , AND R. K. ZIMMER-FAuUST. 1994. Odor plumes and how
how insects use them. Annu. Rev. Enton®@: 505-532. blue crabs use them in finding prey. J. Exp. Bit97: 349—
ReepeER P. B.,AND B. W. AcHE. 1980. Chemotaxis in the Florida 375.
spiny lobsterPanulirus argus. Anim. Behav.28: 831-839. ZIMMER, R. K., AND C. A. ButmaN. 2000. Chemical signaling pro-
Vickers, N. J. 2000. Mechanisms of animal navigation in odor cesses in the marine environment. Biol. Bu#8: 168-187.
plumes. Biol. Bull.198: 203-212. ZIMMER-FausT, R. K., C. M. RNELLI, N. D. PENTCHEFE AND D.
WEBSTER D. R., P. J. W. RBERTS AND L. RA’AD. 2001. Simul- WETHEY. 1995. Odor plumes and animal navigation in turbu-
taneous DPTV/PLIF measurements of a turbulent jet. Exp. Flu- lent water flows: A field study. Biol. Bull188: 111-116.
ids 30: 65-72.
, AND M. J. WEISSBURG 2001. Chemosensory guidance cues Received: 24 July 2000
in a turbulent chemical odor plume. Limnol. Oceanotf: Accepted: 8 January 2001

1034-1047. Amended: 22 March 2001



