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Abstract

Spectral diffuse attenuation coefficients were measured in the Rhode River and Chesapeake Bay,
Maryland, on 28 occasions in 1988 and 1989. The model of Kirk was used to extract scattering
and absorption coefficients from the measurements in waters considerably more turbid than those
in which the model was previously applied. Estimated scattering coeflicients were linearly related
to mineral suspended solids. Estimates of total absorption coeflicients were decomposed as the
sum of contributions by water, dissolved organic matter, phytoplankton chlorophyll, and particulate
detritus, each having a characteristic spectral shape. The 1988 data were used to develop a model
of scattering and absorption coefficients based on the specific curves regressed against water-quality
parameters. Diffuse attenuation coefficients in the 1989 data ranging from 1 to 10 m~' and photic
depths ranging from <1 to 4.5 m were predicted with a C.V. of about 25%.

The problem of estimating concentrations of water-quality constituents from optical measure-
ments was indeterminate due to the similarity in shape of the specific curves of dissolved substances
and depigmented particulates. Chlorophyll concentration could be estimated because it was strongly
related to water-corrected absorption in the 670-nm waveband, but several outliers occurred due

to biological variability in specific absorption of pigments.

The penetration and availability of light
underwater is of fundamental interest in
aquatic systems. The interactions of light
availability, its spectral energy distribution,
and the physiology of phytoplankton set
fundamental constraints on the rate of pri-
mary production of a water column (Platt
et al. 1984). The simulation of photon flux
density (PFD) as a function of depth and
particulate and dissolved substances usually
represents a point of departure in models of
planktonic processes. Prediction of the
availability and propagation of light under-
water from a knowledge of its suspended
and dissolved load may be referred to as the
direct problem. The inverse problem, that
of inferring the concentrations of dissolved
and particulate constituents in the water
from measured optical properties (e.g. spec-
tral reflectance or beam attenuation) is also
of great interest currently. It is generally
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agreed that estimates of phytoplankton
chlorophyll content from satellite imagery
will be essential for improving estimates of
global oceanic primary production (Platt and
Sathyendranath 1988).

In estuarine waters there are important
roles for both the direct and inverse prob-
lems. Growth of submerged aquatic vege-
tation (SAV) depends on the quantity and
quality of light available at the bottom of a
shallow water column; solution of the direct
problem for such waters would facilitate
prediction of the light available for SAV
from measurements of water quality. Sim-
ilarly, monitoring the efficacy of pollution
abatement efforts over large areas with re-
mote sensing requires solution of the in-
verse problem for the areas of interest. Es-
tuaries offer several advantages for
conducting optical studies. Easy access from
shore laboratories in small boats permits
frequent coverage at modest expense. Work
can often be done in relatively sheltered ar-
eas, making it possible to take measure-
ments near the surface. Because of the strong

-spatial gradients in most estuaries, several

water types can be sampled in a short pe-
riod.
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Spectral diffuse attenuation

In spite of the potential importance of
understanding the optical properties of es-
tuaries, most optical studies have focused
on deep, clear oceanic regions (e.g. Morel
1988; Spinrad 1989). At least two factors
have motivated this emphasis. Simple areal
considerations suggest that oceanic regions
are most important for estimating global
phytoplankton production. Second, a the-
oretical framework to predict scattering, Mie
theory, is available for testing against ob-
servations in oceanic regions. Multiple scat-
tering in turbid estuarine waters greatly
complicates the mathematical analysis of
radiative transfer (van de Hulst 1957; Ti-
mofeeva 1974). In estuaries and turbid wa-
ters generally, the lack of a theoretical
framework has led to reliance on empirical
regressions between measured optical prop-
erties and water-quality parameters (e.g.
Pierce et al. 1986) or Monte Carlo simula-
tions of the underwater light field (Kirk 1981,
1984).

In optical studies it is necessary to distin-
guish between inherent optical properties,
which are determined solely by the contents
of the water, and apparent optical proper-
ties, which are a function of both the content
of the water and the ambient light field; i.e.
other things being equal, apparent optical
properties will vary with, for example, solar
zenith angle, cloud cover, or atmospheric
aerosol content (Preisendorfer 1976). This
distinction suggests that solution of either
the direct or inverse problem will be facil-
itated by extraction of inherent optical
properties from field measurements of light
penetration with depth.

Inherent optical properties have the add-
ed advantage that the contributions of in-
dividual components to the overall prop-
erty are strictly additive (Jerlov 1976). For
example, the total absorption coefficient at
a wavelength A, a,()), is an inherent optical
property and can be decomposed as the sum
of the absorption due to pure water a,,(\),
dissolved organic matter a,(\), and partic-
ulate material a,(\) (Prieur and Sathyen-
dranath 1981). (Units given in list of sym-
bols.) That is

aM) = a,N) + a,(\) + a,().
Absorption by particulate material may be
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Significant symbols

A Wavelength, nm
aN) Total spectral absorption coefficient,
m*l
afr), a,(N), Spectral absorption coefficients of
a,(\) dissolved substances, particulate
matter, and phytoplankton, m~!
a*,,(\) Spectral absorption coefficient of

phytoplankton normalized to [Chl
a}, m* (mg Chl a)~!

Spectral absorption coefficients of
nonpigmented particles and water,
m—l

a,N), a.(N)

b Scattering coefficient, m~!

k) Spectral diffuse attenuation coeffi-
cient for downwelling irradiance,
m—l

Mo Cosine of the solar zenith angle after
refraction at the air—water interface

G(uo), 81, &2  Empirical function and parameters

that determine the influence of
scattering on diffuse attenuation
coeflicient G(u,) = guo + £
B Path-length amplification factor for
particulate absorption measured on
glass-fiber filters
Spectral, downwelling photon flux
density (400-700 nm) incident at
the surface (0) and penetrating to
depth z, umol quanta m~2 s~! nm™!

L), I,

PAR Photosynthetically available radia-
tion, umol quanta m—2 5!, = {799
L) dh
PUR Photosynthetically usable radiation,
i.e. the photon flux density weight-
ed by the spectral absorption of
phytoplankton = [788 I,(\)a*,,(A) A\
z Depth, m
z,(PAR), Depth of penetration of 1% of sur-
z,(PUR) face incident irradiance for PAR
and PUR, m
[DO(C], Dissolved and total organic C concn,
[TOC] mg liter~!
[MSS], Mineral and total suspended solids
[TSS] concn, mg liter—!
[Chl 4] Chl a concn, ug liter—!

further divided into the contribution due to
phytoplankton, a,,(\) and that due to min-
eral and organic detritus, a,(\).

Here we apply the model of Kirk (1984)
to measurements of spectral diffuse atten-
vation coefficients in the Rhode River and
nearby Chesapeake Bay, Maryland — waters
considerably more turbid (photic depths
<1-4 m) than those in which Kirk’s (1984)
model was previously applied (Phillips and
Kirk 1984; Weidemann and Bannister
1986). We use it to extract estimates of ab-
sorption and scattering coefficients —two in-
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herent optical properties. We then relate the
inherent optical coefficients to measured
water-quality parameters based on specific
absorption curves of dissolved organic mat-
ter (DOM), phytoplankton chlorophyll
(Chl), and particulate detritus.

Materials and methods

Study site—Measurements of spectral dif-
fuse attenuation coefficients and water-
quality parameters were made in the Rhode
River and at one station (73) on the main-
stem of Chesapeake Bay near the mouth of
the Rhode River (Fig. 1). The Rhode River
is a turbid, eutrophic subestuary on the
western shore of Chesapeake Bay. Mean
depth of the river is 2 m, and maximal depth
is nearly 5 m; depth at station 73 on Ches-
apeake Bay is 8 m. Salinity varies seasonally
from ~5 to 20%o at the mouth of the river
and from O to 17%o at the head. Fifteen
profiles measured between 20 July and 27
October 1988 were used for model devel-
opment. Twelve profiles measured in 1989
were used for model evaluation.

Instrumentation—The underwater spec-
tral radiometer we used is a modification of
the design described by Goldberg et al.
(1985). The instrument housing is made of
stainless steel (40 x 40 X 20cm, [ X w X
h). The top plate has cutouts for 14 cosine-
correcting Teflon diffusers. Light passing
through the diffusers is collimated and
passed through an interference filter (Corion
Corp.) onto a silicon detector. One detector
measures broadband visible energy after
passing through a total infrared suppressor
(Corion Corp.) instead of an interference
filter. A similar diffuser-infrared suppres-
sor-detector assembly measures visible ir-
radiance above the surface to correct for the
effects of cloud cover or changes in solar
zenith angle during the profile. The inter-
ference filters isolate regions of the visible
and near-infrared spectrum that vary in
bandwidth (Fig. 2). Narrowest bandwidths
(10 nm) are used in the regions of the spec-
trum most affected by absorption by phy-
toplankton pigments; 25- and 40-nm band-
widths are used elsewhere. Diffuse
attenuation coefficients are reported and
plotted at the nominal wavelengths of max-
imal transmittance (Table 1). One filter,
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centered at 500 nm, was inadvertantly du-
plicated and the 550-nm filter omitted,
leaving a gap in the middle of the spectrum
(Fig. 2).

Current output from the silicon detectors
was converted to voltage and recorded on
a Campbell 21X data logger. Sensor output
was read every 0.5 s and averaged for 1 min
at each depth. Although not required for
calculation of diffuse attenuation coeffi-
cients, sensors were calibrated in air with a
standard lamp (Eppley Laboratories, EV 22)
traceable to the National Bureau of Stan-
dards. Immersion coefficients (e.g. Kirk
1983) were not determined. At the start of
a profile, reference values in air were cal-
culated for each sensor by normalizing to
the voltage of the deck cell. Readings at each
depth were similarly normalized to the deck
cell, and the percentage of the reference val-
ue for each waveband was calculated. Dif-
fuse attenuation coeflicients for downwell-
ing spectral irradiance, k, were then
calculated from the slope of a regression of
log-transformed percentages against depth.
Thus, by normalizing, the calibration fac-
tors cancel, and, by log transforming, the
undetermined immersion coefficients affect
only the calculated intercepts of the regres-
sions, which were not considered in this
analysis.

Weather conditions during the profiles

varied from clear to variably cloudy. Pre-

liminary analysis of data from cloudy pe-
riods indicated that coefficients of deter-
mination for computed k, could be raised
from <0.8 to >0.94 by the procedure of
normalizing to the deck reading. The in-
strument was suspended from a boom 3 m
long (1-5 attenuation lengths in these wa-
ters) on the sunward side of the boat.

Profiles of quantum scalar irradiance
(400-700 nm) were measured with a Bio-
spherical Instruments QSP-170 4x collector
and QSR-250 integrator. Diffuse attenua-
tion coefficients for quantum scalar irradi-
ance, k,(PAR), were calculated from re-
gression of log-transformed readings against
depth. Secchi depth was measured with a
20-cm solid white disk.

Water-quality parameters— At each sta-
tion water was sampled with a 2-liter poly-
ethylene bottle with a lid outfitted with two
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Fig. 1.
Bay.

holes, one with a fitting 5-cm long for escape
of air, and the other for intake of water.
Discrete samples were collected from 10 cm
below the surface and from 10 cm above
the bottom; an integrated sample was col-
lected by lowering and raising the bottle at
a constant rate in-less time than required to

Map of Rhode River showing station locations. Inset shows location of Rhode River on Chesapeake

completely fill the bottle. In many instances,
no light was detectable near the bottom, and
energy was rarely detectable below 1.5 m in
the 410-nm waveband. Therefore only mea-
surements from the near-surface samples are
used for correlation with optical properties.

Aliquots were filtered immediately



1490

081

TRANSMITTANCE
o o
> e

o
h
n

LT

0.0 " — ——

390 440 490 540 590 640 690 740
WAVELENGTH (nm)

Fig. 2. Transmittance spectra (dimensionless) of
interference filters used in the underwater spectral ra-
diometer.

through 0.2-um Nuclepore polycarbonate
filters and returned to the laboratory on ice.
Total and dissolved organic C (TOC and
DOC respectively) were determined by po-
tassium dichromate-sulfuric acid oxidation
of whole and filtered samples with back-
titration of the residual dichromate solu-
tion. Samples for TOC and DOC were fro-
zen up to 8 months before analysis. Total

suspended solids (TSS) and mineral sus- .

pended solids (MSS) were determined by
filtering onto tared 0.4-um Nuclepore fil-
ters, gravimetrically determining weight gain
of the filter, firing to destroy organic matter
and filter, and reweighing the residue.
Whole-water samples were filtered through
Whatman GF/F filters for spectrophoto-
metric determination of Chl @, b, ¢, and

Table 1. Wavelength (nm) of maximal transmis-
sion, bandwidths, and maximal transmission (%) of
interference filters used in the underwater spectral ra-
diometer.

Half-power wavelengths

Nominal Central Transmit-

wavelength Lower Upper wavelength  tance max
410 401 410 406 46
420 412 422 416 50
430 424 435 430 49
450 438 463 448 58
500 478 517 502 58
600 588 619 598 47
650 637 658 641 55
670 664 676 669 54
680 675 686 679 50
690 683 696 688 57
720 711 722 715 40
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carotenoids. Filters were extracted in 10 ml
of 90% acetone overnight at 4°C either im-
mediately or afler freezing for <2 weeks.
Absorbances of extracts were determined at
selected wavelengths and pigment concen-
trations determined by the equations of Jef-
frey and Humphrey (1975).

Optical measurements in the laboratory—
Absorption due to dissolved substances was
determined on filtered samples (0.2-um Nu-
clepore) in a Cary spectrophotometer with
a 10-cm cell against a distilled water ref-
erence. Measured transmittance was con-
verted (base e) to an absorption coefficient
(m™1),

Absorption by particulate matter was de-
termined with an Aminco DW-2 spectro-
photometer; on one date in 1988 and on all
dates in 1989, absorption by particulate
matter was measured with an EG&G gam-
ma spectrometer interfaced to a LiCor 1800-
12 integrating sphere. For measurement in

-the DW-2 spectrophotometer, water was fil-
‘tered onto a 47-mm Whatman GF/F filter

with a 25-mm filter holder and tower placed
near the edge of the filter. The filter was
trimmed to fit in the slot usually occupied
by the quartz diffuser immediately in front
of the end-on photomultiplier tube. In this
configuration, the reference beam passed
through the clean side of the filter and the
sample beam through the particulate ma-
terial. The filter was saturated with distilled
water just before placement in the holder
and scanned at a rate of 2 nm s™! from 400
to 750 nm. Volume filtered was adjusted to
be readable at full scale of 0.5 AU. Absor-
bances were recorded by a plotter and dig-
itized at 2-nm increments. Digitized absor-
bances were multiplied by 2.303 to convert
to base e and multiplied by A/V, where A
was area of the filter (m?) and V the volume
filtered (m?3), to convert to units of m™'.

The procedure used with the integrating
sphere was very similar, except that the filter
was not trimmed, and the reference used
was the average of five scans of clean, water-
saturated GF/F filters. Filters were scanned
at 2-nm increments from 400 to 750 nm,
and raw detector voltages were stored in
computer files. Absorbance was calculated
from raw detector voltages in direct analogy
to spectrophotometric procedures,
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™) = EN/E,N)
a,(\) = log[1/T(N)]

where E(\) and E,(\) are the detector volt-
ages of light passing through the sample and
reference filters and 7(\) is transmittance.
Residual absorbance at 750 nm was sub-
tracted from measurements at all wave-
lengths (Kishino et al. 1985).

With both measurement systems, filters
were depigmented by extraction in metha-
nol for 14 h, followed by a second extrac-
tion for 15-30 min, rehydrated, and scanned
again to determine absorption by mineral
and organic detritus (Kishino et al. 1985,
1986).

Particulate absorbance measured on fil-
ters overestimates absorption relative to in
situ conditions due to the increased path
length traveled by the light passing through
the particulate material and the filter (Kiefer
and SooHoo 1982). To describe absorption
in situ, we must divide the measured ab-
sorbances by a path-length amplification
factor, 8. We estimated 8 by noting that

a® = a,M + a M) + a,/N/B8  (la)
or
B =a,'Na® — a,MN) — a/N] (1b)

where a,'(M) is the measured absorbance of
particulate material, a,(\) was estimated
from field data (see below), a,(\) is known
from published data (Smith and Baker
1981), and a,(\) was determined as de-
scribed above.

Estimates of 8 determined in this way
varied from 2.63 to 4.06, with a mean of
3.31 (C.V. = 15%, n = 13). The value es-
timated for each profile was used in model
development (i.e. determination of specific
absorption curves for Chl and detritus) and
the mean used for model evaluation. Our
estimated range for 8 is similar to that de-
termined by Kishino et al. (1985), 2.5-4.7,
and somewhat higher than that determined
by Mitchell and Kiefer (1984), ~1.5-2.5.

Estimation of optical coefficients from field
data—Using a Monte Carlo model of the
propagation of photons underwater, Kirk
(1984) determined the following relation-
ship between diffuse attenuation coefficient,
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k; and the total absorption and scattering
coeflicients, @, and b:

ko= ﬂl[aﬁ + Guadl®  (2a)
0

and

G(uo) = gibo — &2 (2b)

where y, is the cosine of the solar zenith
angle refracted at the air—water interface,
which can be calculated from location and
time of day. G(u,) is a coefficient that de-
termines the relative contribution of scat-
tering to vertical attenuation and is a func-
tion of optical depth. In this work we
calculated k,averaged from the surface down
to the 1% light level, i.e. k,(avg), and there-
fore used the values (Kirk 1984) g, = 0.425
and g, = 0.190.

If a, and b are unknown, Eq. 2a is un-
determined if measurements of k (avg) alone
are available. Phillips and Kirk (1984) used
simultaneous measurements of spectral
beam transmittance, ¢(\), and the relation

c®) = aM) + b(M) 3

to close the equations. They found that es-
timated scattering coefficients were nearly
invariant with wavelength—a result to be
expected whenever, as in the waters we ex-
amined, scattering is predominantly by par-
ticles larger than the wavelength of light
(Jerlov 1976). We calculated b by assuming
that water itself is the only significant ab-
sorbing substance in the 720-nm waveband
with @,(720) = 1.002 m~!. The value we
used for a,(720) differs from the reported
value of 1.169 m™! at 720 nm; the value
used is the average of interpolated values of
a,(\) over the half-power bandwidth of the
720-nm filter, which is actually centered at
715 nm (Table 1). We then calculated an
estimated scattering coefficient, 5(720), by
rearranging Eq. 2 and used that value for
all wavebands.

Results

Diffuse attenuation, scatiering, and ab-
sorption coefficients—The minimal k, al-
ways occurred in the 600-nm waveband and
ranged from 0.79 to 3.13 m~! (Fig. 3). Max-
imum k, occurred in the 410- or 420-nm
wavebands. The clearest water was encoun-
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Fig. 3. Spectra of optical coefficients for stations
having the shallowest (A) and deepest (M) photic depths
encountered in 1988. a. Diffuse attenuation coefficient.
b. Total absorption coefficient corrected for absorption
by water.
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tered at the mouth of the Rhode River on
27 October 1988 [k,(410) = 2.10 m~!]. The
most turbid water was encountered at sta-
tion 5, a shallow location with high con-
centrations of MSS. Maximal k, was 12.4
m~! in the 410-nm waveband.

Estimated scattering coeflicients ranged

from 1.73 to 55.3 m™!, and the ratio of the
scattering coefficient to the minimal total

absorption coeflicient, b/a,(min), ranged
from 2.1 to 78.9 (Table 2). For four of the
profiles b/a,(min) exceeded 20, the highest
value used by Kirk (1984) in deriving Eq.
2, but the effect of extrapolating this rela-
tionship on estimates of optical coefficients
cannot be determined. Estimates of b were
highly correlated with [MSS] (Fig. 4a, Table
3). Least-squares regression gave

b= 2.41[MSS] + 0.32. “)

Estimated scattering coefficients were used
with Eq. 2 to estimate a,(\) at other wave-
bands for each profile. Typically, minima
were in the 600-nm waveband, and a,(A\)
frequently exhibited local peaks in the 670-
and 680-nm wavebands in the presence of
high [Chl]; subtraction of a,(\) generally
shifted the minimum to 690 nm (Fig. 3b).

Specific absorption of dissolved matter—
Spectrophotometric scans of filtered estuary
water showed the negative exponential de-
crease through the visible region of the spec-
trum typical of other studies (Bricaud et al.

Table 2. Dates, stations, and ancillary data for profiles of spectral diffuse attenuation. [DOC], [TSS], [MSS]—
mg liter-!; [Chl a]— ug liter'; SD—Secchi depth, m; K(QSR)—diffuse attenuation of quantum scalar irradiance,
m-!; b—m~; a(min)—minimum total absorption coefficient. Dates are those used for model development (see

text). Undefined terms explained in list of symbols.

1988 Sta. [DOC] [TSS] [MSS] [Chl 4] SD k(QSR) b b/a (min)
20 Jul 2 - 13.0 4.6 - 0.80 2.05 12.5 2.1
20 Jul 4 - 13.8 5.6 - 0.50 2.48 22.5 17.2

2 Aug 4 6.1 9.7 4.7 10.0 0.75 - 15.6 19.9
2 Aug 6 6.9 21.9 14.3 63.6 0.45 — 343 34.6
1 Sep 1* 6.5 24.5 4.2 173.2 0.70 2.99 14.2 14.1
1 Sep 4 6.3 12.9 8.0 49.4 0.35 2.46 21.4 24.8
22 Sep 1 2.9 5.1 3.8 30.7 2.25 - 7.9 12.3
22 Sep 4 5.0 11.6 5.7 65.7 0.75 - 19.2 20.9
22 Sep 73 2.8 2.3 1.5 16.8 0.50 - 2.0 3.5
12 Oct 3 3.5 6.2 4.0 21.5 0.80 1.40 9.5 17.3
12 Oct 4 3.5 7.3 5.5 18.4 0.55 1.71 10.3 17.6
12 Oct 5 3.6 29.6 23.3 28.3 0.20 2.73 55.3 78.9
27 Oct 2 2.6 4.7 2.6 19.8 1.50 1.10 1.7 3.6
27 Oct 3 2.7 4.0 2.4 5.9 1.30 1.27 2.8 5.9
27 Oct 4 32 9.1 6.3 17.7 0.55 1.79 9.1 16.6

* k, estimated for only 720- and 600-nm bandwidths because the depth increment was too coarse.
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Fig. 4. Regressions of optical coefficients against
water quality parameters. a. Scattering coefficient es-
timated from diffuse attenuation coefficient at 720 nm
against [MSS]. b. Absorption by dissolved matter at
400 nm against DOC. c. Absorption of depigmented
particulate material at 400 nm against [TSS]; one out-
lier (O) was omitted from regression.

1981). The average spectral slope over 400~
550 nm was 0.012 nm~!. Absorption by dis-
solved matter at 400 nm was correlated with
DOC (Fig. 4b, Table 3), suggesting that ab-
sorption due to dissolved substances in this
system can be estimated by

a,\) = [0.27 DOC + 0.53]
exp[—0.012 A — 400)]. (5)
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Fig. 5. Range (-« - ) and mean (—) specific ab-
sorption by phytoplankton Chl in m? (mg Chl a)~'.

Absorption by particulate matter— After
estimation of 8 by Eq. 1b, measured par-
ticulate absorbance, corrected for path-
length amplification, was partitioned into
contributions due to mineral and organic

. detritus, a,, and due to phytoplankton and

their extractable degradation products, a,,.
Detrital absorption showed a typical nega-
tive exponential decline (Kishino et al.
1985), with a mean spectral slope of 0.0104
nm™! (C.V. = 15.5%, n = 9). Detrital ab-
sorption at 400 nm was correlated with [TSS]
(Fig. 4c, Table 3). Thus, we estimate a, by

a,(\) =[0.153 TSS — 0.13]
exp[—0.0104 (A — 400)]. 6)

Absorption due to phytoplankton was di-
vided by [Chl] to calculate the Chl-specific
absorption of phytoplankton, a*,,(A). Peak
values of a*,,(\) occurred at 440 nm and
ranged from 0.01 to 0.045 m? (mg Chl g)™!
(Fig. 5, Table 4).

The direct model —Equations 5 and 6 and
tabulated values of a,,(A) and a*,,(\) (Table
4) together with measurements of [DOC],
[TSS], and [Chl a] give a complete set of

Table 3. Regression statistics for estimation of optical cocfficients from water-quality parameters: SE—
standard error; r2—coefficient of determination; n—number of observations. a,(400)—absorbance of dissolved
matter at 400 nm; ¢,(400)—absorbance of depigmented particles at 400 nm; other symbols as in Table 2. Units
of dependent variables are m~'; units of independent variables are mg liter—'.

Dependent Independent Slope (SE) Intercept (SE) r n
b [MSS] 2.41(0.20) 0.33(4.21) 0.92 15
a{400) [DOC] 0.27(0.04) 0.53(0.22) 0.81 13
a,(400) [TSS] 0.15(0.02) —0.11(0.49) 0.87 9
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Table 4. Average curve of specific absorption by
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phytoplankton Chl g; a*,, in m? (mg Chl a)~'.

Wavelength a*,, Wavelength a*,,
400 0.0203 550 0.0074
405 0.0218 555 0.0067
410 0.0239 560 0.0059
415 0.0250 565 0.0054
420 0.0261 570 0.0051
425 0.0270 575 0.0049
430 0.0286 580 0.0050
435 0.0298 585 0.0052
440 0.0298 590 0.0052
445 0.0284 595 0.0050
450 0.0268 600 0.0049
455 0.0265 605 0.0049
460 0.0268 610 0.0052
465 0.0262 615 0.0061
470 0.0249 620 0.0066
475 0.0233 625 0.0069
480 0.0217 630 0.0072
485 0.0207 635 0.0073
490 0.0207 640 0.0075
495 0.0197 645 0.0071
500 0.0182 650 0.0077
505 0.0166 655 0.0070
510 0.0151 -660 0.0088
515 0.0138 665 0.0123
520 0.0125 670 0.0159
525 0.0112 675 0.0180
530 0.0103 680 0.0176
535 0.0097 685 0.0145
540 0.0088 690 0.0091
545 0.0083 695 0.0047

700 0.0022

equations for estimating a,(\) in the Rhode
River and nearby Chesapeake Bay. Equa-
tion 4 with measurements of [MSS] predict
b, thus closing Eq. 2 for estimating photic-
zone-averaged k,(\). Plots of predicted and
observed spectra of k,(\) for the stations
with the shallowest and deepest photic
depths encountered in the evaluation data
set (Fig. 6) demonstrate that the overall
magnitudes and spectral shapes are well pre-
dicted.

Data from 1989 provided a rigorous test
of the model; [Chl] higher than any en-
countered in 1988 were found on two oc-
casions, and three profiles exhibited sub-
stantial subsurface Chl maxima. For
evaluation we plotted predicted vs. ob-
served k,(\) for A = 430 and 670 (the wave-
bands of the radiometer closest to the Chl
absorption peaks), for A = 600 (typically the
minimal k), and for A = 720 (the best pre-
dictor of scattering, Fig. 7); we used [Chl]
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Fig. 6. Absorption and diffuse attenuation coeffi-
cients predicted by direct model (see text) and mea-
sured diffuse attenuation coefficients for stations hav-
ing the shallowest (a) and deepest (b) photic depths
encountered in 1989. Solid lines—a,,(\); short dashes—
a,(\); long dashes—a,(\); dotted lines—a,,(\); long and
short dashes--a,()); long and doubled short dashes—
predicted k,(\); squares—measured k,(\).

from the depth-integrated sample for pro-
files with subsurface Chl maxima and sur-
face samples for all others. Over a range of
observed k, from 0.8 to 10 m~!, predictions
are unbiased, and the mean residual is 21%
of the predicted value.

Vertical inhomogeneities in the concen-
trations of absorbing and scattering con-
stituents pose special problems for detailed
modeling of the underwater light field in
turbid waters. At station 2 on 7 July 1989,
a strong subsurface peak of Chl was ob-
served at a depth of 0.5 m (Table 5). Esti-
mates of k,(\) based on the first three depth
increments (0.1-0.25 m, 0.25-0.5 m, and
0.5-0.75 m) displayed strong depth depen-
dence (Fig. 8a), with intensification of k, in
the 650-690-nm wavebands due to the in-
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Fig. 7. Plot of estimated k, on observed k, (m™)
from 1989 data set for 430-nm (O), 600-nm (&), 670-
nm (M), and 720 nm (A) wavebands.

creased [Chl] at 0.5 m. Measurements of
particulate absorbance on samples from 0.1
m, 0.5 m, and the depth-integrated sample
(Fig. 8b) also show the effect of the subsur-
face Chl peak.

In principle the depth-variation of a,(\)
could be modeled from laboratory mea-
surements of a,(\) and a,(A\) from different
depth strata, but as yet it is not possible to
convert these measurements to estimates of
k,(\), even if the depth variation of b were
known. The modeling problem is that the
values of g, and g, in Eq. 2b depend on
optical depth and hence also on A, due to
the wavelength dependence of k, Further-
more, values g, and g, have been deter-
mined only for small depth increments about
the 10% light level, and for the average k,
in a homogeneous water column from the
surface down to the 1% light level. Thus,
even though the magnitude and spectral
shape of k,(avg) is well predicted by the
direct model with water-quality measure-

Table 5. Depth dependence of water-quality param-
eters at station 2 on 7 July 1989, a location having a
pronounced subsurface Chl maximum. [DOC], [TSS],
[MSS]—mg liter~!; [Chl a@]—ug liter!. Not deter-
mined—ND.

Depth (m) [DOC] [TSS] [MSS] {ChI]
0.1 6.9 3.7 2.3 55
0.5 ND ND ND 253
2.0 4.9 11.7 8.2 56
Integrated 6.0 7.6 4.5 114
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Fig. 8. Spectra of optical properties at different
depths at station 2, 7 July 1989, a location having a
pronounced subsurface Chl maximum. a. Diffuse at-
ienuation coefficient calculated for three successive
depth intervals near the surface: 0—0.10-0.25 m; A—
0.25-0.5 m; 0—0.5-0.75 m. b. Absorbance of partic-
ulate material measured on samples from 0.1 m, 0.5
m, and the depth-integrated sample. c. Diffuse atten-
uation coeflicicnts calculated with measurements from
0.1 m down to the 1% light depth (--—- O —--=-) and
values predicted by the direct model with water-quality
measurements on the depth-integrated sample (—).

ments from the depth-integrated samples
(Fig. 8c), the interesting depth-dependent
variability is lost. [Note that insufficient
penetration of energy below 0.5 m in the
410-, 420-, and 430-nm wavebands pre-
vented calculation of k,(\) for those wave-



1496

bands in the 0.5-0.75-m depth increment
(Fig. 8a) and was responsible for the in-
crease in k,(avg) from the 430- to 450-nm
wavebands (Fig. 8c).]

One of the principal applications of the
direct model is prediction of light available
for phytoplankton. We calculated the pen-
etration of photosynthetically usable radi-
ation (PUR, Morel 1981) for a standard so-
lar spectrum (Handbook of chemistry and
physics 1980) converted to quantum units
for modeled and measured k;(A\). PUR is
the photon flux density (PFD) that can be
absorbed by the phytoplankton assemblage
present; i.e. it is the PFD weighted by the
absorption spectrum of the phytoplankton.

For measured profiles, we averaged the
standard incident spectrum, 7,(\), over the
half-power bandwidths of the interference
filters, which were adjusted so that the in-
tegral over the visible spectrum was the same
as the smooth curve. We then predicted the
PFD at depth z in S-cm increments, I,(\),
by the empirical relation

I\ = Io\) exp[—k, (M) z]. Q)

Furthermore, we interpolated a value for
the missing k,(550), assuming an exponen-
tial decline between 500 and 600 nm with
a spectral slope of 0.011 [i.e. the median of
the spectral slopes of a,(\) and a,(\)]. We
then determined PUR per unit of Chl,
PUR(z) from the relation

PUR(2) = Z LA) a*,,(V). ®)

The photic depth based on PUR, z,(PUR),
was determined as the depth at which
PUR(z) was reduced to 1% of the surface
value. A similar procedure was used with
model estimates of k,(\), except that I,(\)
and a*,,(\) were not averaged over the half-
power bandwidths of the interference filters
before integration over A. Predicted z,(PUR)
was unbiased with respect to that calculated
from measurements of k,(\) (Fig. 9a). The
rms error of predictions is 0.37 m and is
fairly constant across a range of observed
z,(PUR) from 1.5 to 4.5 m.
Photosynthetically active radiation
(PAR)—Photic depths based on penetration
of PAR, z,(PAR), were calculated from
measurements of k,(\) as above for PUR,
except that calculated values of PFD were

Gallegos et al.

not weighted by a*,,(\). Photic depths cal-
culated in this way compared favorably with
those determined with a broadband 47 sen-
sor (Fig. 9b), while z,(PAR) was highly cor-
related with z,(PUR), but biased, especially
for shallow photic depths (Fig. 9¢). Secchi
depth, zg,,, was highly correlated with both
z,(PUR) and z,(PAR); z,(PUR) can be es-
timated from Secchi depth by the regression
z,(PUR) = 2.7z¢, + 0.35 (Fig. 9d).

The inverse model—In principle, the four
parameters, [MSS], [TSS], [DOC], and [Chl
a] could be estimated from measurements
of k,(\) by estimating b from k,(720) and
rearranging Eq. 4 to determine {MSS], fol-
lowed by solution of the matrix equation

a*4(410) a*,(410) a*,,(410) DOC
: : : X | TSS
a*,(690) a*.(690) a*,.(690) Chl a
a, — a,(410)
= : )
a, — a,(690)

to determine [DOC], [TSS], and [Chl a],
where a*; and a*, are exponential terms on
the right-hand sides of Eq. 5 and 6. (The
nonzero intercepts in Eq. 5 and 6 are ig-
nored for this analysis.)

[MSS] estimated by rearranging Eq. 4 fell
about the 1 : 1 prediction line, but the scatter
was considerable. The coefficient of deter-
mination between predicted and observed
concentrations was only 0.44. Attempts to
obtain a least-squares solution of Eq. 9 by
the singular value decomposition method
(Press et al. 1986) gave large positive and
negative values for [DOC] and [MSS] due
to the similarity in shapes of a*,(\) and
a*.(\); we abandoned further attempts to
determine [DOC] and [MSS] from optical
measurements. As an alternative procedure
we postulated that, in this eutrophic system,
deviation of absorption at 670 nm above
that due to water would be a good predictor
of [Chl «a]. A plot of [Chl a] against a,(670)
— a,(670) (Fig. 10a) is linear over the ob-
served range with most points failing close
to the line predicted by the relation

[Chl a] = [a(670) — a,(670))/a*,.(670)

where the value of a*,,(670) is the mean
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determined by laboratory measurements
(Table 4). Several of the outliers of this re-
lationship are brought closer to observed
values by dividing by the measured a*,,(670)
rather than the mean (Fig. 10b), suggesting
that biological variability in a*,,(\) places
fundamental constraints on the precision of
estimates of [Chl a] from measurements of
diffuse attenuation.

Discussion

Optical coefficients—We estimated scat-
tering coefficients from the model of Kirk
(1984) under the assumption that water is
the only absorbing substance in the 720-nm
waveband. In vivo absorption spectra of
phytoplankton show negligible absorbance
above 710 nm (Jeffrey 1981). The strong

negative exponential decay of absorbance
by dissolved substances and by particles on
depigmented filters suggest that absorbance
by these constituents should also be negli-
gible in the 720-nm waveband. Absorbance
above 700 nm measured spectrophoto-
metrically on filtrates is usually attributed
to scattering by residual particles passing
the filter (Bricaud et al. 1981). Thus, to the
extent that this assumption is valid, the ac-
curacy of estimated b at 720 nm depends
systematically on the validity of Eq. 2 and
systematically and randomly on the esti-
mate of k,(720).

Equation 2 has not been verified inde-
pendently, due to the difficulty of estimating
scattering coefficients in situ. It is, however,
based on an empirical fit to results of a Mon-
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te Carlo model that has relatively unre-
strictive assumptions; the fit of Eq. 2 to the
model results used to derive it is quite good
(Kirk 1984), thus we expect measurement
errors in k,(720) to be of greater concern.
The need to apply Eq. 2 in waters where b/
a,(min) exceeded 20 (Table 2), however, and
where there were vertical inhomogeneities
(Table 5, Fig. 8), suggests that exploration
of these realms with Monte Carlo methods
could produce needed results (see also Ban-
nister 1990).

Correspondence between z,(PAR) esti-
mated from spectral measurements with that
estimated with the commercially available
PAR sensor suggests that systematic bias in
our k, measurements should be small. Co-
efficients of variation for estimates of k(720)
ranged from <2% for the lowest values to
7% for the highest. At the lowest values of
k4720) (1.2 m~1) a 2% deviation translates
to a 10% deviation in estimated b; at the
highest value (3.8 m™!), a 7% deviation in
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estimated k,(720) translates to a 15% de-
viation in estimated b. The amplification of
error is due to the quadratic dependence of
b on k,(720). The range of b estimated here
is very similar to that determined by Kirk
(1981) for turbid inland waters of Australia
having a similar range of photic depth.
Estimation of absorption coefficients at
other wavelengths depends on the assump-
tion of spectrally constant scattering coef-
ficients. Phillips and Kirk (1984) verified
this assumption experimentally and gave

arguments for expecting such behavior.

Witte et al. (1982) found minimal wave-
length dependence for backscattering coef-
ficients in systems in which scattering was
dominated by inorganic solids. For some
species of algae absorption and scattering
are complementary, i.e. scattering is de-
pressed in wavebands where absorption is
strong (Bricaud et al. 1988), and, at the high
[Chl] examined here, such an effect could
introduce wavelength dependence of b. The
significance of this effect for natural waters
is difficult to evaluate because different spe-
cies of algae displayed opposing spectral
trends in scattering cross section. Thus, to
a first approximation, major variations in b
appear to be governed by changes in the
concentrations of particles in suspension,
but verification of spectral invariance of b
in this system must await completion of a
spectral transmissometer (under construc-
tion) having wavebands matching the ra-
diometer.

The model developed to predict absorp-
tion coefficients from measured water qual-
ity parameters utilized in situ data only for
determination of 3; furthermore, the mean
value, 3.31, is close to the value of 2.69
(Gallegos unpubl. data) determined on a
laboratory culture of Gyrodinium uncaten-
um with the method of Kishino et al. (1985).
Our ability to accurately predict diffuse at-
tenuation coefficients for all wavelengths
(Figs. 6, 7) from the sum of specific absor-
bances due to water-quality constituents and
estimated scattering coefficients suggests that
true absorption and scattering coefficients
are being estimated from the in situ profiles.

Estimates of b were linearly related to
[MSS] (Fig. 4a, Table 3). The estimated
scattering cross section (2.41 m? g~') is con-
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siderably higher than the range (0.51-0.68
m? g~!) estimated by Bukata et al. (1981)
for western Lake Ontario. There may be
qualitative differences (e.g. particle size, de-
gree of aggregation) in the mineral partic-
ulates in the two systems. Also, Bukata et
al. made their observations at much lower
concentrations of suspended solids, which
exceeded 3 mg liter~! on only one sampling
date. Their scattering cross sections predict
a spectral mean scattering coefficient of 1.79
m~! at 2.5 mg liter~! of MSS, within our
range of values (1.7-2.8 m~!) estimated for
the three stations having [MSS] <3 mg li-
ter~! (Table 2). That is, at [MSS] <3 mg
liter!, the noise in our measurements easily
admits a much lower scattering cross sec-
tion, but over the total range of concentra-
tions observed here, the higher value is re-
quired.

Direct and inverse models—From labo-
ratory measurements we determined spe-
cific absorption curves for dissolved matter,
Chl and associated pigments, and nonchlo-
rophyllous particles. In developing the spe-
cific curves, the absorption coefficients ex-
tracted from the in situ optical profiles were
used only in calculating an estimated path-
length amplification factor for proper scal-
ing of the a*,,(A) and a* () curves (Eq. 1b).
The 400-nm intercepts of the a,(\) and a,(\)
curves were linearly related to [DOC] and
[TSS] respectively, allowing us to estimate
the total absorption coefficient from mea-
surements of [DOC], [TSS], [Chl «], and
tabulated values of a,,(\). The linear rela-
tionship between estimated b and [MSS]
completed the set of equations for estimat-
ing k,(\) with Eq. 2.

In general, none of the specific absorption
curves was constant, and a*,,(\) showed the
most variability (Fig. 5). The regressions that
scaled the specific curves by water-quality
parameters exhibited varying degrees of
scatter (r2 = 0.8-0.9, Fig. 4, Table 2). Con-
sequently, most profiles exhibited some sys-
tematic departure from model estimates in
certain regions of the spectrum (Fig. 6). Over
the entire data set however, model predic-
tions of both diffuse attenuation (Fig. 7) and
photic depths (Fig. 9a) were unbiased for
both the development and the evaluation
data sets. For many purposes, it is possible
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to bypass use of the specific curves and wa-
ter-quality scalars. Direct measurement of
a,(\) and a,(\) in the laboratory is generally
easier than measurement of the parameters
([Chl], [TSS], and [DOC]) required to scale
the specific curves. When available, actual
measurements of a,(\) and a,(\) can be used
to predict a,(\), thereby avoiding the some-
times large uncertainty incurred by using a
mean Chl-specific absorbance curve; to pre-
dict k,(\) in these waters, it is still necessary
to estimate b with measurements of [MSS]
and Eq. 4.

How site-specific is the direct model? At
the most fundamental level, the general ap-
proach used to develop the model can only
be used in waters for which Eq. 2 is appli-
cable. The limiting factor is that the vol-
ume-scattering phase function used by Kirk
(1981, 1984) is specific to “turbid” waters.
In general the shape of the scattering phase
function remains constant for total scatter-
ing coefficients >0.2 m™! (Phillips and
Koerber cited by Phillips and Kirk 1984),
and Phillips and Kirk (1984) sucessfully used
the approach in waters considerably more
oligotrophic than those examined here.
Qualitatively, the model will predict “blue
water” characteristics at low concentrations
of all constituents; but the y-intercepts of
all regressions are quite uncertain (Table 3,
Fig. 4). Therefore quantitative extrapola-
tion to waters clearer than those used for
model development is unadvisable. It is in-
teresting to note, however, that extrapola-
tion to conditions more turbid than those
encountered in the development data set
was successful (Fig. 9, @).

Two additional qualifications should also
be noted. Equation 4 predicts b solely on
the basis of [MSS]. Prieur and Sathyen-
dranath (1981) found b to be related to [Chl
a), but the relationship varied regionally,
and there was no relationship for stations
with U-shaped absorption spectra (i.e. those
resembling Fig. 6b). Weidemann and Ban-
nister (1986) also found a more or less linear
relationship between b and Chl in Ironde-
quoit Bay, with the scatter bracketed by lines
having Chl-specific scattering cross sections
from 0.06 to 0.12 m? (mg Chl @)~'. They
also used Kirk’s (1984) method for extract-
ing b from optical profiles. Interestingly,
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Weidemann and Bannister found no rela-
tionship between b and Chl when the system
was dominated by Peridinium and centric
diatoms. Dinoflagellates were dominant in
most of our summer profiles. Furthermore,
only three of our estimates of b fell within
the range observed by either Prieur and
Sathyendranath (1981) or Weidemann and
Bannister (1986) (i.e. <5 m™'). Thus MSS
appeared to dominate all other sources of
scattering in our data, but this will not be
true everywhere, even in coastal waters.

Secondly, methods for chemical deter-
mination of [DOC] are currently being re-
evaluated (Sugimura and Suzuki 1988;
Jackson 1988; Williams and Druffel 1988).
If we are systematically underestimating
[DOC] then the slope of the regression in
Eq. 5 would need to be reduced. It is not
possible to predict what would happen to
the precision of the relationship if alternate
chemical methods were used.

These considerations suggest that the
model should be applied only to turbid es-
tuaries and coastal waters with [MSS] >1
mg liter~! and [DOC] (as conventionally
measured) =2 mg liter~!. In terms of optical
coeflicients, the restrictionsare 5= 1-2 m™!,
and a,(400) = 1 m~!. With these restrictions
met, site specificity should depend on the
degree to which the shapes of the specific
curves and the regressions to scale them vary
regionally. Our curve of a*,(\) is similar to
that determined by Bricaud et al. (1981) for
a wide distribution of oceanic regions, and
the spectral slope we determined (0.012
nm~!) is within but near the low end of the
range (0.011-0.018 nm™!) summarized by
Roesler et al. (1989). Regressions to scale
the relationship between absorbance and
[DOC] can be site specific, however, over
rather short distances (Wheeler 1977). The
characteristic shape of the absorption spec-
trum due to particulate detritus has not been
widely studied; Maske and Haardt (1987)
-indicated that the shapes of a,(\) and a,(\)
were very different from one another in Kiel
Harbor, whereas Roesler et al. (1989) found
very similar spectral shapes for particulate
detritus and DOM. Our spectral slope for
particulate detritus, 0.0104 nm~!, is near the
mean of published values, 0.011 nm™!, as
summarized by Roesler et al. (1989). A more
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detailed comparison of the Rhode River
with similar measurements in the Indian
River estuary of eastern Florida will be pre-

sented elsewhere.

Complete solution of the inverse problem
was not possible. It was possible, however,
to estimate [MSS] and [Chl a] from the op-
tical profiles because of the unique relation-
ship that these parameters had with optical
properties at 720 and 670 nm, respectively.
The relationship between b and [MSS] ex-
hibited greater scatter in the 1989 data than
in the data from 1988. Estimation of [MSS]

from estimated b is more sensitive to this
scatter than is the direct problem (i.e. esti-

mation of k,) due to the linear dependence
of [MSS] on b (Eq. 4), as opposed to the
square-root dependence of k, on b (Eq. 2).
Consequently the C.V. between predicted
and observed [MSS] was only 0.44. Esti-
mated [Chl a] showed better correspon-
dence with measured values, despite the ne-
cessity to extrapolate the estimation
relationship to concentrations exceeding, by
a factor of 2, those encountered in its de-
velopment. The fact that estimates for sev-
eral profiles could be improved by using
measured a*,,(670) rather than the mean
gives further evidence that actual absorp-
tion coeflicients are being observed.

The present modeling effort has dem-
onstrated the utility of Eq. 2 in waters con-
siderably more turbid than those in which
it was previously applied (Phillips and Kirk
1984; Weidemann and Bannister 1986).
The use of characteristic curves to recon-
struct the in situ absorption spectrum is on
sounder theoretical footing than regres-
sions between diffuse attenuation coefhi-
cients and water-quality parameters. Al-
though it is still necessary to scale the

specific curves according to statistical re-

gressions, the slopes of the regressions rep-
resent absorption and scattering cross sec-

tions of the measured constituents, and

hence have physical meaning. There re-
mains hope that further study of the vari-
ability of these coefficients in terms of mea-
surable qualities of the various dissolved
and particulate materials will lead to fur-
ther improvement of the model.
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