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ABSTRACT

Aerial images are used to quantify the concentration of fluorescent Rhodamine water tracing (WT) dye in

turbid and optically deep water. Tracer releases near the shoreline of an ocean beach and near a tidal inlet

were observed with a two-band multispectral camera and a pushbroom hyperspectral imager, respectively.

The aerial observations are comparedwith near-surface in situmeasurements. The ratio of upwelling radiance

near the Rhodamine WT excitation and emission peaks varies linearly with the in situ dye concentrations for

concentrations ,20 ppb (r2 5 0.70 and r2 5 0.85–0.88 at the beach and inlet, respectively). The linear re-

lationship allows for relative tracer concentration estimates without in situ calibration. The O(1m) image

pixels resolve complex flow structures on the inner shelf that transport and mix tracer.

1. Introduction

Fluorescent dye tracers (Fig. 1) are used to study

dispersion and transport in many aqueous environments

(Pritchard and Carpenter 1960; Csanady 1963; Okubo

1971; Fong and Stacey 2003; Clark et al. 2010; and

others). Dye tracer sources are known, and diffusivity

estimates are improved relative to many natural tracers.

Fluorescent dyes are accurately measured in situ with

optical fluorometers, even in the surfzone with high

concentrations of optical scatterers (Clark et al. 2009).

Nearshore dye sampling with hand-filled bottles (e.g.,

Harris et al. 1963) has been improved upon with

continuous in situ sampling techniques, which result in

dye concentration transects or single-location time se-

ries (Fong and Stacey 2003; Clark et al. 2010). These

techniques provide high-quality tracer concentration

measurements, but the spatial coverage is limited and,

in general, complex eddy stirring structures cannot

be identified.

Remote sensing of dye tracers provides greater spatial

coverage than in situ sampling. Laser stimulated fluo-

rescence using a bathymetric lidar system has been used

to create three-dimensional maps of tracer concentration

in clear open-ocean waters (Sundermeyer et al. 2007).

However, lidar measurements are costly and complex,

and few fluorescent dye studies have been conducted in

turbid nearshore waters.

Passive aerial imaging of solar stimulated fluorescence

offers a relatively simple, low-cost method for studying

tracer dispersion, albeit without resolving vertical

structure. In relatively clear open ocean (case 1) waters,

dye fluorescence has been studied using combined up-

welling and downwelling radiance, and a two-flowmodel

for absorption, backscatter, and fluorescence (Spitzer

andWernand 1983).Aerial imaging has also been used in

qualitative studies of tracer dispersion in the near shore
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(Grant et al. 2005) and for eddy diffusivity estimates on

the inner shelf (Bogucki et al. 2005). However, remote

sensing methods for measuring tracer concentrations

in turbid coastal waters (case 2 waters) with the spatial

resolution necessary to resolve small-scale (;10m)

structures (e.g., Fig. 1) in the nearshore zone have not

been described.

Herewedevelop simple airborne-based opticalmethods

for measuring near-surface fluorescent Rhodamine

water tracing (WT) dye in the nearshore region (within

several hundred meters of the shoreline) by empiri-

cally calibrating to in situ dye observations. Fluoresced

light and excitation illumination are both exponen-

tially attenuated, resulting in a surface-weighted dye

signal with a vertical e-folding scale of ,2m (based on

pure water; Pope and Fry 1997). The study is con-

ducted in optically deep waters (i.e., the bottom does

not contribute to the signal), and where the mean

optical pathlength is smaller than the vertical scales

of tracer variation (i.e., the aerial dye concentration

estimate is comparable with a near-surface in situ

estimate). The goal is to generate spatial maps of

near-surface dye concentration that are appropriate

for studying transport and dispersion on relatively

small O(10–100 m) scales, and to do so without the

use of radiative transfer models or complex optical

transformations.

In section 2 two aerial imaging systems are described,

one deployed near an exposed ocean beach [Imperial

Beach 2009 (IB09) experiment] and the other used near

a tidally flushed inlet [River Mouth and Inlet (RIVET)

experiment]. The aerial and in situ data are compared

and measurement errors estimated for the two imaging

systems in sections 3 (IB09) and 4 (RIVET). Aerial

measurements and their potential uses are discussed in

section 5, and section 6 is a summary.

2. Instrumentation and methods

Multispectral and hyperspectral imagery were recorded

during the IB09 (section 3) and RIVET (section 4) ex-

periments using the Modular Aerial Sensing System

(MASS) developed by Ken Melville’s Air–Sea Inter-

action Research Laboratory (http://airsea.ucsd.edu), at

Scripps Institution of Oceanography. The system is

modular, rapidly deployable, lightweight, and platform

independent. It typically includes a scanning waveform

lidar (Riegl Q680i), tightly coupled GPS/inertial navi-

gation system (INS) devices (Novatel SPAN-LN200

and OXTS RT3003), a longwave IR camera (FLIR

SC6000HS), and a set of multispectral camera systems.

For the dye experiments, the MASS was set up with

multispectral cameras (IB09) and a hyperspectral im-

ager (RIVET).

FIG. 1. Color-enhanced photographs of dye tracer released (a) within the surfzone at Imperial Beach, California,

and (b) within an ebb tidal flow at New River Inlet, North Carolina. The structure of tracer ejected seaward of the

surfzone is not resolved by sampling transects using jet ski and boat.
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a. Multispectral dye fluorescence camera

During IB09, a preliminary version of the MASS in-

cluded a multispectral camera system, and a Coda Oc-

topus F180 plus dual-antenna L1/L2-capable GPS/INS

that provided aircraft position and attitude information.

Low-profile antennas were installed on the fuselage of

the aircraft, aft of the forward part of the wing with

a baseline (distance between the two antennas) of 2m in

the Partenavia P68 Observer aircraft used during the

deployment (Fig. 2). A 24-state Kalman filter routine

processes the GPS/INS data to provide position and

attitude (roll, pitch, heading) information at 100Hz.

NovAtel Waypoint GrafNav is used to calculate differ-

ential GPS trajectories, leading to a horizontal position

accuracy of 0.02m, and attitude accuracies of 0.038,
0.038, and 0.18 for roll, pitch, and heading, respectively.

Multispectral video was captured by two monochrome

digital video cameras (Prosilica GC1290). The focal

length of both cameras was 8mm, and the focus was set

to infinity. Sensor integration times were adjusted in-

dependently on both cameras to maximize the signal-to-

noise ratio (SNR) while minimizing sun glitter, and

ranged from 1 to 3ms. The images were normalized for

integration time in postprocessing. The camera captured

1 megapixel (1280 3 960), 12-bit images at five frames

per second (fps), which were streamed to a personal

computer (PC) through Institute of Electrical and

Electronics Engineers (IEEE) 802.3 1000baseT network

communication, and recorded to a local drive using IO

Industries Streams5 software. The cameras were syn-

chronized and triggered by a National Instruments

NI-6251-USB data acquisition board, slaved to a single

pulse per second provided by one of the GPS receivers

on the GPS/INS. The two monochrome camera lenses

are outfitted with bandpass filters from 530 to 560 nm

and from 590 to 620 nm to capture wavelengths near the

excitation and emission peaks of the Rhodamine WT

dye. Both cameras were mounted pointing to the same

field of view (FOV) 258 forward from nadir, thus mini-

mizing direct sun glitter when flying away from the

sun. Lens distortion (Holland et al. 1997) is accounted

for with calibrations using a black-and-white checker-

board pattern to calculate the intrinsic lens parameters

(Bouguet 2013). The camera location and orientation is

calculated for each image using GPS/INS data that are

linearly interpolated to the camera acquisition time. To

remove the aircraft motion from the sequence of images,

each pixel is reprojected in an Earth coordinate frame

following Kleiss (2009).

b. MASS hyperspectral imager

During the RIVET experiment, near-surface dye was

imaged using the SIOMASSnadir-looking hyperspectral

imager installed on a Partenavia P68 Observer. The

imager is a pushbroom hyperspectral system (SPECIM

AisaEAGLE) in the 400–970-nm range (visible and

near infrared) with 1.25-nm native spectral resolution.

The FOV is 37.78 with 944 spatial pixels. Integration

FIG. 2. Partenavia P68 Observer aircraft used during both experiments. (a) Multispectral dye fluorescence camera

system used during IB09 and (b) hyperspectral pushbroom visible-to-NIR imager used during RIVET.
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timewas adjusted during flights to improve SNR, usually

ranging between 5 and 10ms, and the camera repetition

rate was set to 80 fps. The spectral resolution at each

pixel was reduced to 5 nm to improve SNR. Incoming

downwelling radiation is measured using a fiber optic

downwelling irradiance sensor (FODIS), synchronized

with the hyperpectral camera.

The camera was calibrated at the SpecTIR facility

(Reno, Nevada) prior to the flights. The resulting cali-

bration provides data that are within 65% of absolute

radiance with central wavelength locations within 0.5-nm

accuracy. Noise level is measured at the end of each flight

line by closing the lens using an electromechanical shut-

ter. The noise reference value is removed from the im-

agery prior to radiance calibration. The radiometric

calibration and measured incoming downwelling radi-

ance is then applied to convert the raw data values to

radiance units [mW (cm2 sr mm) 21].

A Novatel Synchronous Position, Attitude, and Nav-

igation (SPAN)-LN200 GPS/INS sampling at 200Hz

provides position and attitude information, required for

reprojecting each pixel in an Earth coordinate frame

(Kleiss 2009). After differential GPS processing using

Waypoint Inertial Explorer software, we obtain 0.01m

(0.015m) horizontal (vertical) accuracies, and attitude

accuracies of 0.0058, 0.0058, and 0.0088 for roll, pitch, and
heading, respectively.

c. Jet ski–based in situ dye sampler

In situ surface dye measurements were acquired with

two jet ski–based dye sampling platforms that allow dye

concentration measurements on cross- and alongshore

transects in the near shore and through breaking waves

in the surfzone (Clark et al. 2009). Water pumped from

20 cm below the surface passes through a temperature

sensor, a debubbler, a flow rate sensor, a Turner De-

signs Cyclops turbidity sensor, and aWetLabsWETStar

Rhodamine WT fluorometer. Errors in in situ tracer

concentration are ,5% of the dye concentration mag-

nitude. Contaminated jet ski observations are discarded

(e.g., when the jet ski is traveling . 8m s21, turning,

jumping, or sampling within the foamy face of a break-

ing wave). Jet ski data are also removed when the jet ski

turbidity was elevated more than 20% above back-

ground levels, or if the pump flow rate was reduced by

more than 10%.

d. Rhodamine WT optics

Example spectra from the RIVET experiment show

the effect of dye on the measured upwelling radiance

(Fig. 3). The radiance for water without dye is nearly

constant from 450 to 580 nm and decreases at longer

wavelengths. Forwater containing dye, there is ameasured

decrease in radiance (dye excitation) between 530 and

570 nm and an increase in radiance (dye emission) be-

tween 570 and 750 nm (Fig. 3), with the maximum

changes in radiance due to dye excitation and emission

near 553 and 595 nm, respectively. The maximum

changes in radiance occur at shorter (excitation) and

longer (emission) wavelengths than the 557- and 582-nm

peaks in the excitation and emission spectra of Rhoda-

mineWT (Viriot and Andre 1989), respectively, and the

differences likely result from the overlap in excitation

and emission spectra near 570 nm.

The ratio of the mean radiances in the emission (Lem)

and excitation (Lex) bands

R5
Lem

Lex

(1)

is used to estimate dye concentration. The Lex and Lem

are the bandpass-averaged radiances measured from

546 to 560 nm and from 588 to 602 nm for the hyper-

spectral system, respectively, while the multispectral

system uses uncalibrated pixel brightness over 530–560

and 590–620 nm. The ratio R exploits the dye-induced

changes in the Lex and Lem bands to create a metric that

is sensitive to dye concentration, while normalizing for

changes in incident light intensity.

The ratio R is expected to be roughly linear in dye

concentration D, for low D, and to be increasingly

nonlinear for highD (see appendix). At highD the effect

of the nonlinearity (convex or concave) is determined by

FIG. 3. Radiance vs wavelength for regions with (red curve) and

without (blue curve) dye, measured by the hyperspectral imager

at New River Inlet. Light green vertical bars indicate the wave-

lengths used by the hyperspectral system to measure dye. The

multispectral system uses similar wavelengths (not shown) with

larger bandpass widths.
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the water absorption and backscattering coefficients when

dye is not present.

e. Rhodamine WT temperature dependence

The fluorescence of Rhodamine WT is temperature

dependent (Smart and Laidlaw 1977) with the form

DT
0
5DTe

0:027(T2T
0
) , (2)

where DT0
is the dye at the calibration temperature T0

and DT is the field measurement at temperature T. In

situ measurements are temperature corrected to get dye

concentrations in parts per billion (ppb). The aerial

calibrations presented in sections 3 and 4 have mean

near-surface water temperatures ofT05 18.58C for IB09

and T0 5 238C for RIVET, and (2) should be used when

applied to other systems. Temperature variations

(618C) during each field experiment are not accounted

for in aerial estimates and add errors of63% to the dye

concentration magnitudes. Simultaneous thermal im-

aging (not used here) could be used to correct dye es-

timates in an environment with large temperature

variations.

3. Multispectral camera dye observations, IB09

IB09 was conducted at Imperial Beach, California, in

September–October 2009 (Feddersen 2012; Rippy et al.

2013). Imperial Beach is an exposed ocean beach, with

roughly alongshore homogenous bathymetry in shallow

water (,4-m depth). Combined aerial and in situ sam-

pling of dye was conducted on 4 days (Table 1). The in

situ observations were acquired with two jet ski–based

sampling platforms (section 2c) within 500m of the

shoreline. The sky was mostly clear, with minimal in-

terference from clouds. Vertical casts of in situ dye

concentration found the dye to be well mixed over the

top 3m of the water column.

The multispectral camera acquired 45–57 passes over

the dye field for each release, and the number of passes

with coincident in situ data ranges from 4 to 25 (Table 1).

The georeferenced images from each pass are regridded

onto a rectangular 2m 3 2m grid. Each grid element is

imaged 35–40 times over the 7–8-s duration the location

is in the FOV. The time stack of pixel brightness at a

given location contains many views of the water surface,

some of which are clear, while others contain breaking

waves or intense surface reflections. Sun glitter and the

white foam from breaking waves are reduced by using

the minimum pixel brightness value in each pixel time

stack, and the minimum value mosaic is used to estimate

dye concentrations. The remaining white foam from

breaking waves is removed by discarding pixels where

the excitation image brightness is above an empirical

threshold, chosen to be the maximum value that still

eliminates breaking waves.

In situ dye concentration measurements and aerial im-

age pixels acquired close in time and space are compared

(Fig. 4b). For each in situ data point collected during an

aerial pass (1–2min in duration), the nearest pixel within

5m is used for comparison. The jet ski wakes are removed

by discarding any pixels with brightness over an empiri-

cally chosen threshold, similar to breaking waves.

The ratio R (1) is linearly fit to the in situ dye con-

centrations D 5 aR 1 b, where a and b are constants.

Many other fits were explored, including higher-order

polynomials and logarithmic functions; however, the

improvements in fit r2 were not significant. The best-fit

multispectral dye concentration estimate DM is

DM 5 17:25R2 8:39, (3)

with r25 0.70, and where the errors (95% confidence) in

the fit constants are ,0.2. When applying (3) to water

with a different temperature, it should be multiplied by

(2) with T0 5 18.58C.
The aerial and in situ dye concentration estimates

have a roughly linear relationship below 20 ppb, with

aerial estimates underpredicting the in situ estimates

above 20 ppb (Fig. 4a). The aerial dye estimate errors

below 20 ppb are a combination of scatter (error bars in

Fig. 4a) and the weak nonlinearity. The standard de-

viation of the aerial estimate ranges from61.5 ppb near

D5 0 to64.5 ppb nearD5 20 ppb, and the bias ranges

from11.7 nearD5 9 ppb to22.5 nearD5 20 ppb. For

in situD. 20 ppb, the aerial dye estimate is increasingly

TABLE 1. IB09 aerial flight and dye release information. Dye was released in the surfzone, in 1-m water depth, with dye continuously

injected at 0.5m above the bed (continuous release) or poured into the surface (patch release).

Day

No. of aerial

passes

Pass time

range (s)

Altitude

range (m)

Image mosaic

resolution (m)

Dye release

type

Release

duration (min)

Release

volume (L)

13 Oct 12 70–120 550–670 2 Continuous 392 55

14 Oct 20 90–130 370–670 2 Patch — 20

15 Oct 25 40–70 640–760 2 Patch — 15

16 Oct 4 50–70 610 2 Continuous 395 55
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biased low, and is most likely due to the nonlinearity of

R at high dye concentrations (see appendix). However,

statistics at very high concentration (D . 25 ppb) are

poor (few samples) and the nonlinearity is not well re-

solved.

The aerial dye concentrations contain errors due to

variations in the relationship between D and R, in situ

dye measurement errors, variation in D (assumed to be

small) over a typical optical path, temperature varia-

tions (section 2e), and spatial errors in matching aerial

and in situ data. Large errors in aerial dye concentration

estimates result from small spatial errors near sharp dye

concentration fronts (typical in the near shore). Thus,

the dye estimate errors presented here (Fig. 4a) are an

upper bound, and improvements may be made using

more accurate spatial data.

The potential of this method to reveal quantitative

new information about rip current–driven exchange

between the surfzone and inner shelf is demonstrated

with a series of multispectral-estimated dye mosiac im-

ages for t 5 90, 124, and 278min after a continuous dye

release on 13 October 2009 (Fig. 5). The alongshore

current transports surfzone dye upcoast, while sporadic

rip currents eject dye offshore. Near the release loca-

tion, rip currents create ’50-m-wide filaments of con-

centrated dye about 150m offshore of the outer edge of

the surfzone (Figs. 5a,b). Farther upcoast from the dye

source, the ejected dye field is more diluted and is less

patchy (Fig. 5c), perhaps as the result of many rip cur-

rent events blending together. This method provides

quantitative data to study rip current–driven exchange

processes.

4. Hyperspectral dye fluorescence imaging, RIVET

The RIVET experiment took place during May 2012

at New River Inlet, North Carolina. The tidal inlet

mouth is roughly 1 km wide, has tidal currents of

61m s21, with an ebb shoal that extends 500m seaward

of the mouth, and sandy beaches to the northeast and

southwest (Fig. 1b). Dye was released on 4 days and

observed with aerial hyperspectral and in situ in-

strumentation (summarized in Table 2). Dye released

within the inlet during ebb tidal flows was advected

seaward into the ocean. Vertical casts of in situ dye

concentration found the dye was well mixed over the top

2–4m of the water column.

Surface dye concentration was measured using the

same two jet ski–based dye measuring systems used

during IB09 (section 2c). Each jet ski sampled from 2 to

4 h during and after completion of the dye release, from

within the inlet to 2400m offshore, and up to 6000m

alongshore from the inlet mouth (Fig. 6). Hyperspectral

observations generally were acquired on alongshore

FIG. 4. (a) Multispectral dye estimate (3) vs in situ–measured dye concentration during IB09,

shownas binnedmeans plus orminus one standard deviation (red curve) and thenumber of samples

(logarithmic gray background; see legend). All data points are used in fitting (3). (b) Locations of

collocated in situ andmultispectral data used for comparison in (a),with dark gray regions indicating

land and the Imperial Beach pier.
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flight paths with swath widths ranging from 500 to

1500m. The number of passes, pass durations, flight al-

titudes, and along-track resolutions are given in Table 2.

For each in situ data point collected during an aerial

pass (typically 1–3min in duration; see Table 2), the

nearest pixel within 5m is used for comparison. The

resulting R (1) and D vector pairs are combined for all

4 days (Fig. 6). Hyperspectral/in situ comparison is lim-

ited to the region near and offshore of the inlet mouth.

Observations more than 200m inland from the inlet

mouth are not included.

The hyperspectral radiance ratios R (1) are linearly fit

to the in situ dye concentrations D. The hyperspectral

dye concentration estimate DH is

DH 5 14:2R2 10:7, (4)

where the errors (95% confidence) in the fit constants

are ,0.05. The aerial and in situ dye estimates are sim-

ilar (Fig. 7a), with r2 5 0.85. The relationship between

in situ and aerial concentrations is roughly linear, with

a decrease in aerial estimates for D . 20 ppb. The

standard deviation of the binned aerial estimate DH

increases with D (vertical bars, Fig. 7a), and ranges

from 60.8 ppb near D 5 0 ppb to 64.0 ppb near D 5
20ppb, and thebias ofDH varied from10.5 nearD5 5ppb

to22.5 nearD5 20 ppb. When applying (4) to water with

a different temperature, it should be multiplied by (2) with

T0 5 238C.
The fit constants in (4) are dependent on the ratio

RNIR 5LNIR/LBG, defined similar to (1), where LNIR is

the mean upwelling radiance in the near-infrared (NIR)

band (800–900 nm) and LBG is the mean upwelling ra-

diance in the blue-green (475–510 nm) band. These

bands are outside the excitation and emission peaks of

Rhodamine WT (the correlation of R and RNIR is near

zero), and in theRIVET datasetRNIR depends primarily

on the background ocean color. Data falling far below

the one-to-one line in Fig. 7a, where the DH under-

predicts the in situ measurement, is characterized by

high RNIR. In the RIVET dataset, RNIR ranged from

0.11 to 0.30, with outliers ranging from 0.09 to 0.50.

FIG. 5. Dye concentrations (ppb, see color bar) at 3 times after the start of a continuous release on 13 Oct during IB09. The green star

indicates the dye release location. Dark gray regions indicate land and the Imperial Beach pier, light gray regions indicate water outside

the imaged area, and black regions indicate foam from breaking waves.
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A four-band hyperspectral dye estimate DH4 similar

to (4) but including fit coefficients that are dependent

on RNIR is

DH45 (42:3RNIR1 6:1)R1 (239:8RNIR2 3:3). (5)

The aerial DH4 and in situ D are similar, with r2 5 0.88

(Fig. 7b). The standard deviations of the binnedDH4 are

slightly smaller than those for DH, and range from 60.7

ppb nearD5 0 ppb to63.0 ppb nearD5 20 ppb, while

the bias of DH4 is nearly identical to that for DH (Fig.

7b). The RNIR-dependent ‘‘slope’’ of (5) (the terms

multiplying R) ranges from 12 to 16 for the majority

of the data, with outliers near 10 and 30. The RNIR-

dependent ‘‘intercept’’ [second set of brackets in (5)]

ranges from 213 to 29 with outliers near 222 and 27.

When applying (5) to water with a different tempera-

ture, it should be multiplied by (2) with T0 5 238C.
Dye concentration maps are generated for each aerial

pass using (4), and examples are given for t 5 74, 131,

and 237min after the continuous dye release began on 7

May (Fig. 8). A high-concentration stream of dye flows

out of the inlet along the inlet’s southern edge, with dye

advected south along the outer edge of the ebb shoal and

following the shoreline to the south (Figs. 8a,b). In the

region to the south of the inlet, dye is rapidly transported

south within the surfzone, while dye is ejected from the

surfzone in billow-shaped structures (Figs. 8a,b). After

237min (98min after the dye release stopped), the rapid

transport within the surfzone has advected clear water

into the region along the shoreline just south of the inlet

while dye remains farther offshore (Fig. 8c). At the

seaward edge of the surfzone, the dye field shows evi-

dence of shear instabilities, with dye being transported

from offshore back into the surfzone (Fig. 8c).

5. Discussion

The multispectral camera equipment is relatively low

cost, with the INS being the most expensive component.

Dye concentration estimates could be performed without

the INS, using ground control points to rectify and

georeference the images, and reducing the cost of the

system to two cameras and a laptop computer. Geore-

ferencing using ground control points is possible if

a number of stationary objects with known positions are

present in the images, but it would not be appropriate

for images containing only the water surface. This

method might result in greater spatial errors in the lo-

cation of each pixel; however, the dye concentration

estimate would not be degraded. A slight distortion of

the measured dye patch is not likely to hinder the

identification of mixing structures (eddies, jets, etc.) in

the dye field, and it does not pose significant problems

for the estimation of dye moments if the spatial errors

are much smaller than the scale of the dye patch.

TABLE 2. RIVETaerial flight and dye release information.Dyewas released continuously at 650m inside the inlet mouth, or released as

patches 2700–3000m ‘‘upstream’’ from the inlet mouth. During continuous releases dye was pumped through a small diffuser located 5m

above the bed in 10-m water depth, while patch releases were poured directly into the water surface in 4-m water depth.

Day

No. of aerial

passes

Pass time

range (s)

Altitude

range (m)

Pixel spacing

(m)

Dye release

type

Release

duration (min)

Release

volume (L)

7 May 47 50–250 799–1800 #1.6 Continuous 139 112

8 May 47 40–140 1200–2200 #1.9 Continuous 145 104

11 May 45 50–180 1200–2500 #2.2 Patch — 76

12 May 45 50–180 1000–2200 #1.9 Patch — 76

FIG. 6. Locations of collocated in situ and hyperspectral data

used for comparison in Fig. 7, with dark gray regions indi-

cating land.

JUNE 2014 C LARK ET AL . 1417



The hyperspectral system linear fit (4) dye concen-

tration errors are 10%–30% less than the multispectral

system linear fit (3), which may be due to different water

properties at IB09 and RIVET or may result from the

calibrated radiance measurements and better spatial

accuracy of the hyperspectral system. The hyperspectral

dye concentration fits (4) and (5) can be applied to other

calibrated radiance data in similar coastal waters, while

the multispectral fit (3) uses uncalibrated images and

can be applied only to the same camera system. How-

ever, calibration of amultispectral system (not performed

here) is possible with a target of known reflectance in

the image.

The four-band hyperspectral dye estimate DH4 (5)

corrects for changes in background ocean color and re-

duces errors by 15%–25% over the two-band hyper-

spectral estimate (4), but it does not reduce the bias at

high dye concentrations. The changes in background

ocean color appear to be caused by suspended sediment

in the water column and are consistent with previous

work where red and NIR reflectance increase with sus-

pended sediment concentrations (e.g., Nechad et al.

2010). However, no measurements of suspended sedi-

ment are available to test this directly. In water with high

RNIR, the two-band DH underpredicts the in situ mea-

surement. Similarly, the multispectral DM significantly

underpredicts the in situ measurements in large rip

currents, which have high sediment concentrations.

The hyperspectral dye concentration fits (4) and (5)

are applicable to calibrated images using the same

wavelength bands in similar optically deep coastal wa-

ters. For dye concentrations below 20 ppb, the nearly

linear relationship between R andD for both calibrated

hyperspectral and uncalibrated multispectral images

will allow for tracer dispersion estimates from the sec-

ond spatial moments of the tracer field without ground

truth by in situ dye measurements. The second moment

s2
xx5

ð
(x2 x)2Ddxð

Ddx

, (6)

where x is a spatial coordinate and the integrals are

taken over the spatial domain containing the dye field,

depends on relative concentration and not absolute con-

centration. Thus, an uncalibrated D 5 R 1 b can be

substituted for D in (6) when the relationship between D

andR is linear, and the constantb is chosen so thatD5 0 in

a region of the image that is known to be dye free.

6. Summary

Two simple methods for estimating near-surface dye

concentration in turbid coastal waters were explored,

with the goal of producing tracer maps suitable for

studying tracer dispersion and lateral tracer structure.

The ratio of imaged radiances (or pixel brightness) near

the emission and excitation wavelengths of Rhodamine

WT is fit as a linear function to the in situ dye observa-

tions with good agreement (r2 5 0.71, and 0.85). The

ratio of near-infrared to blue-green radiances is used to

improve the hyperspectral dye estimate (r2 5 0.88) and

accounts for variations in background ocean color. The

methods were applied over varying light conditions

without modeling the radiative transfer function. The

roughly linear relationship between dye concentration

and the ratio R allows for relative concentration maps

FIG. 7. (a) Hyperspectral dye estimate DH (4) and (b) DH4 (5) vs in situ–measured dye

concentration during RIVET, shown as binned means plus or minus one standard deviation

(red curve) and the number of samples (logarithmic gray background, see legend). All data

points shown are used in fitting (4) and (5).
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suitable for studying tracer dispersion using uncali-

brated pixel brightness and without calibration by in situ

measurements, for dye concentration ,20 ppb.
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APPENDIX

Nonlinearity of the radiance ratio R

The ratio (1) of radiances at the dye emission (lem)

and excitation (lex) wavelengths can be decomposed

into the elastic radiance contribution (L) and the

contribution from inelastic scattering, for example,

fluorescence (Lf):

R5
L(lem)1Lf (lem)

L(lex)
5

L(lem)

L(lex)
1

Lf (lem)

L(lex)
. (A1)

The first term, the elastic radiance ratio, L(lem)/L(lex),

is theO(1) ratio of the excitation and emission radiances

in dye-free water [e.g., varies from 0.4 to 1.23 in the

synthetic dataset of the International Ocean Colour

Coordinating Group (IOCCG) (Lee 2006)]. The cali-

brated hyperspectral dye concentration fit (4) is consis-

tent with this range of values, whereR5 10.7/14.25 0.75

when DH 5 0. The elastic term varies with particle

concentration and is consistent with the varying inter-

cept in (5), although this variation is small in the ob-

served data.

The inelastic component of the radiance observed just

above the surface (z 5 01) from the water column just

below the surface (z 5 02) can be expressed as follows

(see appendix in Behrenfeld et al. 2009):

FIG. 8. Hyperspectral estimated dye concentrations (ppb; see legend) on 7May 2012 during RIVET.Dye was released continuously just

inside the inlet (green star symbol) from T5 0 to 139min, and image times are noted in the panel titles. Dark gray regions indicate land,

light gray regions indicate water outside the imaged area, and black regions indicate foam from breaking waves.
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Lf (0
1, lem)5 0:54C

f

ð
adye(lex)E0(0

2, lex) dlex

K(lex)1 k(lem)
,

(A2)

where adye is the absorption coefficient of dye-laden

water (varies with dye concentration) at the excitation

wavelength, E0(lex) is the downwelling scalar irradi-

ance at the excitation wavelength, K is the diffuse at-

tenuation of the downwelling scalar irradiance at the

excitation wavelength, k is the diffuse attenuation

of the isotropic fluoresced light, f is the quantum yield

of fluorescence (e.g., photon fluoresced per photon

absorbed), the factor of 0.54 includes transmission

(0.97) and the effects of refraction (1.3422 5 0.56)

across the interface (a total factor of 0.97 3 0.56 5
0.54), andC is the inverse magnitude of the wavelength

window over which the dye absorption (adye) is excited

(m21). The dye absorption adye is a linear function of

concentration D.

On the other hand, the ratio of elastic radiance

to scalar irradiance can be written (Gordon et al.

1988) as

L(lex)

E0(lex)
5C2

bb(lex)

a(lex)1 bb(lex)
, (A3)

where C2 5 0.10/0.87 5 0.11, assuming downwelling

irradiance to be ’0.87 times scalar irradiance (e.g.,

Westberry and Siegel 2003; Morel and Gentili 2004),

a is the water absorption coefficient, and bb is the

backscatter coefficient. For highly scattering waters,

this constant is likely smaller (e.g., Kirk 1994). This

linear relation works at low to moderate turbidities.

The diffuse attenuation coefficient is further approx-

imated as the sum of absorption and backscattering di-

vided by the averaged cosine of the light field (e.g., Kirk

1994). Assuming the downwelling light has an average

cosine of 0.8 (Kirk 1994) and the upward emitted light

has an average cosine of 0.5 (isotropic),

Lf (lem)

5 0:54f
hadye(lex)ihE0(lex)i

1:25[a(lex)1bb(lex)]1 2[a(lem)1 bb(lem)]
,

(A4)

where the integral divided by the excitation windowC21

is replaced by the product of an average excitation ab-

sorption and an average excitation irradiance (which is

spectrally flat).

Combining (A3) and (A4),

Lf (lem)

L(lex)
5 5f

a(lex)1 bb(lex)

bb(lex)

3
hadye(lex)i

1:25[a(lex)1 bb(lex)]1 2[a(lem)1 bb(lem)]

(A5)

and

5
5f

bb(lex)

hadye(lex)i�
1:251 2

�
a(lem)1 bb(lem)

a(lex)1 bb(lex)

#) . (A6)

If the dyed water mass is advected with little change in

its inherent optical properties (except for the dilution of

the dye), then this ratio will be close to linearly pro-

portional to the dye concentration with the propor-

tionality constant proportional to the fluorescence

quantum yield and inversely proportional to the back-

scattering coefficient (which is dominated by particles).

The dye concentration, if it is high enough, could modify

the ratio in the denominator, resulting in nonlinear be-

havior (the direction of that behavior depends on the

value of this ratio at low dye concentrations).

The ratio of the radiance at the fluorescence wave-

length to the excitation wavelength following an advected

water mass of constant optical properties (other than the

dilution of the dye) should

d Depend linearly on the dye concentration, for low

concentrations (relative to water absorption, e.g.,

0.13m21 at the emission wavelength),
d Have an O(1) offset from the term dependent on dye

concentration due to ambient reflectance [e.g., the

nonzero intercept in (4) and (5)], and
d Exhibit nonlinear behavior at high dye concentration,

and the nonlinearity depends on the ratio [a(lem) 1
bb(lem)]/[a(lex) 1 bb(lex)] in dye-free water.
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