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Abstract- We report preliminary results from a pilot 
experiment to image the dispersion of fluorescent dye in the 
ocean surface layer using an airborne LIDAR.  In-situ 
observations of currents, stratification, and dye concentration 
were also made from a ship.  We give an overview of the 
experiment, and propose an inversion method for estimating 
dye concentration from observations of fluorescence and 
backscatter. 
 

I.  INTRODUCTION 
 

The scientific motivation for the work presented here 
is the study of horizontal dispersion and vertical mixing in 
the ocean surface layer and at its base on scales of meters 
to a few kilometers over times of order hours to several 
days.   An improved understanding of the processes 
contributing to transport and mixing on these scales is 
essential to modeling how the mixed layer and the deeper 
ocean communicate, and is central to a number of 
fundamental questions in coastal and blue-water 
oceanography, such as the contribution of atmospheric 
forcing to mixing and circulation, the transport of nutrients 
across the base of the mixed layer, the observed patchiness 
of biological organisms in the photic zone, and river plume 
dynamics, among others.  Examples include vertical 
mixing by Langmuir circulation and Kelvin-Helmholtz 
instabilities, and lateral stirring by vortical mode 
relaxation.  Collectively these processes span a wide range 
of scales, but share the common feature that they are 
intermittent, yet exhibit a high degree of spatial 
organization.  These two properties make them essentially 
impossible to sample adequately from a ship.  
Visualization of the evolution of a fluorescent tracer in 
three dimensions by means of airborne LIDAR is a 
powerful technique for studies of transport on these scales. 

Two previous feasibility studies using airborne 
LIDAR to sense fluorescent dye have been reported in the 
peer-reviewed literature (Hoge and Swift [1], and Gehlhaar 
et al., [2]).  Hoge and Swift used an ingenious technique to 

obtain absolute tracer concentration.  They compared the 
ratio of dye fluorescence to water Raman backscatter, 
observed in the field, with the same ratio obtained in the 
laboratory with a known concentration of dye, thus using 
the Raman signal as a common calibration standard.  
However, neither of these studies reported depth-resolved 
measurements, and so could only report the depth-averaged 
lateral diffusivity.  More recently, Mack et al. [3] sketched 
preliminary results from a dye study of diapycnal 
diffusivity that combined airborne LIDAR and in-situ 
observations, but few details were given.  

We present here a few preliminary results from a pilot 
study to assess the utility of airborne LIDAR to obtain 
vertically-resolved distributions of dye concentration.  The 
experiment was carried out in early June, 2004, on the 
Florida Shelf off Fort Lauderdale.  This is a report on work 
very much still in progress, and our main focus here is to 
describe a technique for combining the measured 
fluorescence and backscatter intensities to invert for dye 
concentration as a function of depth. 

 
II. EXPERIMENT DESCRIPTION 

 
We used a SHOALS-1000 LIDAR, operated by the 

Joint Airborne Lidar Bathymetry Technical Center of 
Expertise (JALBTCX).  SHOALS is a scanning LIDAR 
developed by Optech Inc. for hydrographic and 
bathymetric surveying (Guenther et al. [4]).  It uses a 
frequency-doubled Nd:Yag laser which produces 1064 and 
532 nm pulses at a 1 kHz repetition rate.  The beam is 
scanned at 10–15 Hz rate through a conical arc with a 
constant 20° incidence angle.  There are four receive 
channels – one at 1064 nm, two at 532 nm (optimized for 
shallow and deep depth ranges), and one to measure the 
water Raman backscatter at 650 nm.  In hydrographic 
applications, the infrared and Raman channels provide 
redundant detection of the water surface.  The 
Rhodamine−WT excitation spectrum has a maximum at 
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555 nm, with a full-width at half-maximum (FWHM) of 
roughly 40 nm (Smart and Laidlaw [5]).  Consequently the 
laser output at 532 nm excited the dye at around the 3dB 
point on the excitation spectrum.  The dye emission 
spectrum is centered at 580 nm and has a FWHM of 
approximately 40 nm.  Because of the sensor’s existing 
design, it was necessary to combine the Raman channel 
optical path with the shallow green channel electronics in 
order to measure the fluorescence.  The latter channel had 
more gain, and its record length spanned a wider range of 
depths (to 20 m).  To reduce background interference we 
added a narrowband interference filter to the Raman optics 
that was matched to the dye emission spectrum centered at 
580 nm.  These modifications could be quickly carried out 
in the field without affecting the instrument’s optical 
alignment (the procedure took roughly 20 minutes).  In 
addition to the fluorescence signal, we also recorded the 
output of the infrared (1064 nm) and deep green (532 nm) 
channels.  The latter used a photomultiplier (PMT) 
detector, and was the most sensitive of the three.     

Field observations took place over June 2–3, 2004 and 
consisted of SHOALS overflights and in-situ sampling of 
two separate 5 kg injections of Rhodamine−WT dye on the 
 

 

 
Fig. 1:   Successive LIDAR flight lines of the dye release, ordered in time from left to right, with color 
indicating the peak signal in the dye channel for each waveform.  The y-axis is latitude in degrees, with 
successive flight lines offset left to right for clarity.  Times corresponding to the start of each flight line are 
given at the bottom of the figure.  The gap between the 13:27 and 14:08 flight lines corresponds to a period 
when overflights were oriented east-west rather than north-south, and are not shown.  Patches of dye were 
injected repeatedly at several depths over approximately 14 minutes – the inset shows the sled depth (in 
decibars) during the time dye was being pumped. 

Florida shelf roughly 3 nm due east of Ft. Lauderdale.  The 
study site was chosen because it often has reasonably clear 
water, and because it coincided with other SHOALS 
activities in the area.  The dye injections and in-situ 
sampling were carried out using the Florida Atlantic 
University research vessel R/V Stephan.  We will focus 
here on the second day’s injection, shown in Fig. 1, which 
took place in the morning of 3 June and was sampled for 
approximately 1.5 hours by the LIDAR.  A linear streak of 
Rhodamine-WT was injected continuously in multiple 
patches of roughly 200 m length at 2, 5 and 10 m depths, 
with an initial dye concentration of roughly 40 ppb.  Two 
full cycles were laid down (see the inset in Fig. 1), 
resulting in three surface patches that the aircraft used as a 
visual aid in aligning its survey path.   The dye streak 
widened appreciably during the experiment, and developed 
a banded structure after a few tens of minutes. We 
surveyed dye concentration and water density from a 
towed sled using fluorometers and a CTD.  The mixed 
layer, which extended to 30 m, was capped by a 10 m thick 
stably-stratified layer with an approximately linear density 
profile (N ~ 0.02 rad/s).  Currents were measured from the 
R/V Stephan using a 300 kHz RD Instruments Workhorse.  
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SHOALS surveyed the dye for 1.5 hours at roughly 4 
minute intervals, making 24 passes along the axis of the 
streak, plus another nine passes in the transverse direction.  
The aggregate data set consists of approximately 104 
transverse scans containing 5×105 profiles.  The aircraft 
maintained an altitude of 200, resulting in a swath width of 
100 m and a horizontal resolution of 2x2 m.  The range 
resolution in the water was roughly 1 m 
 
 

III. DYE FLUORESCENCE OBSERVATIONS 
 

The dye patches at the surface and 5 m depth at early 
times after injection are readily visible in Figure 1, as are 
parts of the patches at 10 m.  An example is shown in 
Figure 2 where we have plotted a depth-resolved view of 
the flight line 13:11:21, which was taken soon after the 
initial injection (see Fig. 1).  At later times only the surface 
patch (which extended to 2 m) and the patch at 5 m depth 
can be discerned easily.  This is a consequence of the 
reduction in dye concentration due to spreading, and to the 
advection of the deeper streaks toward the west (although 
the current at the surface was northward, it turned sharply 
toward the west with depth, with the result that the deeper 
streaks advected out of the laser coverage area). 

 

 
Fig. 2: Received dye fluorescence within the topmost 10 m 
averaged in 2 m vertical bins. 

 
A somewhat higher noise level of the APD on the dye 

fluorescence channel (580 nm) relative to the PMT on the 
green backscatter channel (532 nm) can be seen in Figure 
3, which shows individual depth profiles of the received 
intensities in the two channels.  The fluorescence signal at 
the surface (roughly 0–2 m) dominates, although a small 
enhancement above the background can be seen at 5 m 
depth.  Additional processing is required to detect the 
signal at 10 m.  In contrast, backscatter at 532 nm was 
observed to depths of 25−30 m. 

Cyanobacteria are known to be a source of biological 
fluorescence, and when excited at 532 nm can emit at 580 
nm (Mobley [6], Fig. 5.10).  We have looked for such a  

 
 

 

 

Fig. 3:  Vertical profiles of the received light 
intensity in the backscatter at 532 nm (upper 
trace) and fluorescence at 580 nm (lower trace).  

 
signal within the ambient water adjacent to the dye patch. 
A typical result is shown in Fig. 4, where we compare 
profiles of the received intensity in the 580 nm channel 
(averaged over a transverse scan) to a similarly averaged 
level observed outside of the patch.  Note that the 
“background” includes detector and electronics noise, 
together with any ambient fluorescence unrelated to the 
dye.  We conclude that in this experiment biological 
sources of fluorescence are below the noise level of the 
instrument. 

 

Fig. 4:  Mean dye channel intensity averaged 
over a transverse scan when the beam was inside 
a dye patch compared to the background (the 
latter has a mean and standard deviation of 11.4 
and 0.30, respectively). 
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We have checked the assumption of lateral 

background homogeneity by comparing the mean profiles 
of 1I dI dz− taken in dye-free water to the north and south 
of the streak (separated by a distance of order a kilometer).  
The profiles are essentially indistinguishable in the 
stratified capping layer (above roughly 10 m), and are also 
very close in the well-mixed layer below.  

IV. INVERSION FOR DYE CONCENTRATION 
 

We propose to use both the 532 nm backscatter and 
580 nm fluorescence signals to estimate dye concentration.  
Enhanced attenuation of the 532 nm laser beam was 
apparent in the dye streak relative to the background, and 
often was observed to depths of order 20 m (Fig. 5).  
Ascribing this to absorption by the dye, we can make an 
initial estimate of concentration.  This estimate is then used 
to constrain the inversion of the fluorescence observations. 

Profiles of inverse attenuation length from within and 
outside the dye streak are compared in Fig. 6.  Note that 
these profiles have been smoothed in depth with a 2 m 
running mean, and have been cut off below roughly 12 m 
because the concentration inferred there is negative.  The 
profile in the dye streak is an average of 8 adjacent profiles 
where the intensity close to the surface was fairly uniform.  
As a result, the observed standard deviation closely tracks 
that of the background.  As is evident from Fig. 1, the dye 
concentration itself shows considerable structure, so that 
the standard deviation computed over a larger number of 
profiles would be much greater, reflecting that variability. 

 

 
Fig. 5:  Comparison of typical 532 nm attenuation 
profiles within and outside of the dye streak. 

 

 
Dye concentration from attenuation:  Assuming a flat 
ocean surface, neglecting multiple scattering, and ignoring 
the non-zero width of the laser pulse, the fractional change 
in the measured intensity at 532 nm as a function of depth 
can be written as 
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Fig. 6: The mean profiles of inverse attenuation 
length within and outside the dye patch. The 
dashed lines denote ± 1 standard deviation. Here ( ) is the differential scattering cross-

section of the ocean per unit volume due to the water and 
suspended material (i.e. everything except the dye) at the 
backscatter angle of 20°, γ

( )S zβ 1m sr− −1

S(z) m-1 is the net beam 
attenuation coefficient due to all sources of scattering and 
absorption other than the dye, and αD(z) m-1 is the 
absorption coefficient of the dye.  There is an additional z-
dependent term due to the R-2 spreading losses.  Because 
this term is of order 1 1 0.01H I dI dz− − < , where H ~ 200m 
is the aircraft altitude (see Fig. 7), we have neglected the z-
dependence of R.  If the background scattering and 
attenuation are laterally homogeneous, then the first two 
terms on the right-hand side of (1.1) can be computed from 
the background attenuation.  The dye concentration 

(ppb) is then estimated algebraically from the relation 
α

(C z)

D ≡ AD532C(z) and the difference in the attenuation length 
scales as 

 
 Dye concentration estimated using (1.2) from the 

profiles in Fig. 6 is shown in Fig. 7.  The dashed lines 
denote one standard deviation (1σ ) bounds.  Peaks at 2.5 
m and 10 m depth are evident.  The upper peak is 
significant even in the 2σ limit, whereas the lower peak is 
not.  Its location, however, coincides with the base of the 
stratified surface layer, and overturns or billows could 
possibly accumulate dye at that level. 
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 (1.2) 

 
Fig. 7: Dye concentration estimated from 
the profiles shown in Fig. 6.   

 
where we take AD532 ∼ 0.03 m-1ppb-1. 
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Dye concentration from fluorescence:  Assuming that the 
volume fluorescence in the receiver direction is linearly 
related to dye concentration with a constant coefficient of 
proportionality, and making the same assumptions that lead 
to (1.1), we can model the received intensity in the 580 nm 
channel at depth z as (Mobley [6]) 
 

 ( 0
( ) ( ) exp ( )

z

D )I z KC z A C dzα= − +∫  (1.3) 

We have checked that the inverse of the fluorescence 
profile agrees approximately with the dye profile estimated 
from the 532 nm backscatter data when the latter are well 
above the background.  The measured fluorescence 
intensity, shown as the jagged line in the left-hand panel of 
Fig. 8, was first smoothed.  Intensities below a threshold 
value of 15 were then set to zero, and the discontinuous 
distribution smoothed to give the dark curve.  The right-
hand panel of Fig. 8 shows the resulting dye concentration 
from the inversion of the 580 nm fluorescence channel 
(dark curve), compared to the concentration profile 
estimated from the 532 nm attenuation measurement.  The 
agreement is seen to be good, although the dye peak from 
the fluorescence inversion has shifted slightly closer to the 
surface. 

 
where 1

532 590 0.035 [ ]D D D

1A A A m ppb− −= + = is the sum of 
the dye absorption coefficients in the 532 and 580 nm 
bands, and α(z) m-1 denotes the sum of the non-dye related 
attenuation (i.e. scattering plus absorption) in those bands.  
K is assumed to be independent of depth, but to depend on 
the incident power (as well as a number of system-
dependent constants, such as the receiver aperture, pulse 
length and range), and hence is a profile-dependent 
constant.  Differentiating (1.3), we obtain a nonlinear 
differential equation relating the dye concentration at 
different depths 
 

 2 ( ) 0D

dC
A C g z C

dz
− − =  (1.4) 

 
Fig. 8: Intensity measured around 580 nm (left-
panel), and dye concentration profiles (right-
panel) estimated from the fluorescence and 
attenuation channels (see the text for details). 

 
where we regard 1( ) ( )g z I dI dz zα−= +

( | ,rC α

 as given by 
observation.  Although this equation was known to the 
Bernoullis, and has a straightforward analytical solution, it 
apparently remained for Klett [6] to notice that stable 
solutions are obtained by integrating  upward from a 
deeper reference depth, rather than downward from the 
surface.  The solution to (1.4), given the measured intensity 
profile I580, can be written as C z , where 
C

580, )I

r≡C(zr), the concentration at the reference depth zr, is an 
unknown integration constant (Klett [7]). 

 
To investigate whether the inversion can recover a 

weak dye signal underlying a stronger concentration, we 
have inverted a simulated dye distribution consisting of 
two Gaussians, plus a uniform background of amplitude 
1.25 ppb.  The peaks in concentration were located at 2.5 
and 10 m and had an (amplitude,width) of (0.5,1) and 
(0.2,2) ppb, respectively.  This concentration profile was 
then used to compute intensity profiles at 580 and 532 nm.  
We added random noise with an rms amplitude of 5% of 
the maximum intensity to each of these.  The resulting 
intensity in the 580 nm channel is shown in Fig. 9. 

We attempted to determine Cr from a least-squares fit 
to the peak of the concentration profile determined from 
the 532 nm attenuation measurements (we denote this 
profile as C532).  Unfortunately, the error surface is 
relatively flat around the minimum, thus introducing 
considerable uncertainty into the estimate of the profile 
C(z).  To further constrain the solution we propose to 
simultaneously minimize (using weighted least squares) 
the error between the observed intensity profile I580, and 
the predicted profile based on the computed C(z).  This 
requires that we estimate both Cr and K for each profile.  
The cost function is 

 

 
Fig. 9:  Synthetic data intensity profile at 580 
nm (see text for details). 

 
 22

580 532 ( ) 2I I w C C zε = − + −  (1.5) 
 
where  is the solution to (1.4), w is a 
weight, and we compute 

580( | , , )rC C z C Iα=

( | , ( ))I I z K C z=  from (1.3).  
Only the region of the attenuation-derived concentration 
profile around the peak is used, and we further assume that 
α is known (we take it here to be the constant 0.1 m-1).   

  
  

5 



We have chosen the reference depth zr to be the deeper 
half-width point of I580, and have only used C532 in a small 
region around the peak at 2.5 m.   To make the error 
surface less skewed, we have optimized over K⋅Cr and Cr 
rather than K and Cr.  The resulting error surface and 
inverted dye concentration profile are shown below. 

V. SUMMARY 
 
Backscatter and fluorescence measurements in a 

Rhodamine-WT dye streak in the ocean surface layer taken 
using the SHOALS-1000 scanning hydrographic LIDAR 
are described.  We discuss a nonlinear inversion scheme 
that combines these measurements to obtain vertically- and 
horizontally-resolved profiles of the dye concentration.  In 
the case of our data, the enhanced attenuation over 
background in the 532 nm backscatter channel is used to 
constrain the inversion of the fluorescence return. 

 

 

 
Fig. 10: The top panel shows the cost function 
(dB) used in the inversion of the intensity 
profile shown in Fig. 9.  The original dye 
concentration is shown as the dashed line in 
the lower panel.  The inverse profile at 0.1 m 
resolution is indicated by the thin line, which 
has been smoothed using a cubic smoothing 
spline to give the solid curve. 
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