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[1] The relationship between the Secchi depth (ZSD) and the diffuse attenuation coefficient
for photosynthetically active radiation (Kd(PAR)), and in particular the product of the two,
ZSD · Kd(PAR), is governed primarily by the ratio of light scattering to absorption. We
analyzed measurements of ZSD and Kd(PAR) at main stem stations in Chesapeake Bay and
found that the ZSD · Kd(PAR) product has declined at rates varying from 0.020 to
0.033 yr−1 over the 17 to 25 years of measurement, implying that there has been a
long‐term increase in the scattering‐to‐absorption ratio. Remote sensing reflectance at the
green wavelength most relevant to ZSD and Kd(PAR) in these waters, Rrs(555), did not
exhibit an increasing trend over the 10 years of available measurements. To reconcile
the observations we constructed a bio‐optical model to calculate ZSD, Kd(PAR),
ZSD · Kd(PAR), and Rrs(555) as a function of light attenuating substances and their
mass‐specific absorption and scattering coefficients. When simulations were based
exclusively on changes in concentrations of light attenuating substances, a declining trend
in ZSD · Kd entailed an increasing trend in Rrs(555), contrary to observations. To simulate
both decreasing ZSD · Kd(PAR) and stationary Rrs(555), it was necessary to allow for
a declining trend in the ratio of backscattering to total scattering. Within our simulations,
this was accomplished by increasing the relative proportion of organic detritus with high
mass‐specific scattering and low backscattering ratio. An alternative explanation not
explicitly modeled is an increasing tendency for the particulate matter to occur in large
aggregates. Data to discriminate between these alternatives are not available.
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1. Introduction

[2] The propagation of light underwater is a fundamental
property of water that affects a large number of ecosystem
processes as well as aesthetic judgments and suitability of
water for certain designated human uses [Davies‐Colley
et al., 2003]. Light penetration affects the balance of pri-
mary production between submersed aquatic vegetation
(SAV) and phytoplankton [Dennison et al., 1993], thereby
affecting the flow of energy throughout the aquatic food
web [McClelland and Valiela, 1998]. The ability to repeti-
tively assess ocean color over global scales afforded by
tandem developments in radiative transfer theory and
instrumentation in support of remote sensing has added
greatly to our understanding of global ocean productivity
[Falkowski et al., 1998].

[3] The instrumentation for measuring the apparent and
inherent optical properties of water (AOPs and IOPs,
respectively, in the sense of Preisendorfer [1961]; see
notation section for symbols, abbreviations and acronyms)
has advanced rapidly in recent years. It is now possible to
make the measurements of IOPs in situ and boundary con-
ditions sufficient to obtain closure between measured and
modeled AOPs in optically complex waters [Chang et al.,
2003; Tzortziou et al., 2006; Gallegos et al., 2008]. How-
ever, that instrumentation is relatively new and conse-
quently, long‐term measurements of IOPs from any one
location are not available. Much less sophisticated techni-
ques have been in use much longer. Measurements of Secchi
depth date back to the 19th century [Boyce et al., 2010], and
long‐term records (>30 years) on individual water bodies
have been useful in documenting declines in water clarity
due to development in the watershed [Jassby et al., 2003]
and regime shifts due to different combinations of top‐down
(zooplankton) and bottom‐up (nutrient reduction) effects
[Effler et al., 2008].
[4] Submersible sensors for measuring the photon flux

density of photosynthetically active radiation (PAR, 400–
700 nm) have been in wide use since the 1970s. A long‐
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standing motive for the development and use of submersible
PAR sensors has been to measure the diffuse attenuation for
downwelling PAR (i.e., Kd(PAR)) for the calculation of the
depth distribution of phytoplankton photosynthesis from
photosynthesis‐irradiance curves [Ryther and Yentsch,
1957; Platt et al., 1990]. In cases where PAR sensors
have not been available, there has been a desire to estimate
Kd(PAR) from Secchi depth measurements [Poole and
Atkins, 1929]. The relationship of Secchi depth to Kd(PAR)
has usually been studied for the purpose of estimating the
latter from the former [e.g., Idso and Gilbert, 1974; Koenings
and Edmundson, 1991], focusing on the product of the two,
ZSD · Kd(PAR) (ZSD = Secchi depth). Because of its depen-
dence on the relative strength of scattering and absorption
(see below), the ZSD ·Kd(PAR) product is an indicator of turbid
particulate and color loading [Koenings and Edmundson,
1991]. It is equivalent to the optical depth of the Secchi
depth, and is important because it determines the conversion
between Secchi depth and photic depth (conventionally, the
depth of penetration of 1% of surface irradiance). Poole and
Atkins [1929] determined the ZSD · Kd(PAR) product to
average 1.7 (range 1.32 to 2.18, dimensionless) for waters
off Plymouth, UK, a value supported by Idso and Gilbert
[1974], who extended the analysis to turbid waters with
Secchi depth as low as 0.09 m. Koenings and Edmundson
[1991] found distinctly different median values of the ZSD ·
Kd(PAR) product in clear lakes (median ZSD · Kd(PAR) =
1.86), humic‐stained lakes (median 2.7), and turbid water
bodies (median 0.93). For this range, the photic depth can be
as low as a factor of 1.7 times ZSD or as great as 4.95 times
ZSD. Therefore, when estimating the photic depth from ZSD,
uncertainty in the value of ZSD · Kd(PAR) for a water body
can translate into potential errors in estimates of primary
productivity if the extent of the photic zone is misrepresented
in sampling the water body and integration of productivity
versus depth curves.
[5] Theoretical analyses of the ZSD · Kd(PAR) product by

Effler [1985] and Davies‐Colley and Vant [1988] drew upon
analyses of Secchi disk transparency by Tyler [1968] and
Preisendorfer [1986], and the analyses of diffuse attenuation
coefficient by Kirk [1981, 1984]. These authors demon-
strated that the ZSD · Kd(PAR) product was dependent to a
high degree on the ratio of scattering to absorption [Effler,
1985; Davies‐Colley and Vant, 1988], and emphasized the
diagnostic utility of the ZSD · Kd(PAR) product in assessing
the scattering‐to‐absorption ratio of a water body.
[6] An interest in calculating phytoplankton productivity

from chlorophyll and irradiance at synoptic to global scales has
similarly motivated many developments in satellite remote
sensing [Platt and Herman, 1983; Platt and Sathyendranath,
1988]. The remote sensing reflectance, Rrs, received by a sat-
ellite after correction for atmospheric distortion is approxi-
mated by [Gordon et al., 1975]

Rrs / bb
aþ bb

¼
ebbb=a

aþ ebbb=a ð1Þ

where a = absorption coefficient, b = scattering coefficient,
bb = backscattering coefficient, and ebb = ratio of backscat-
tering to total scattering. The spectral properties of a and bb
carry information about the particulate and dissolved content
of the water. Therefore Rrs, like ZSD · Kd(PAR), depends to a

high degree on the scattering‐to‐absorption ratio of the
water body, b/a, but also on ebb. The dependence of ZSD ·
Kd(PAR) on ebb has not been investigated.
[7] Much has been learned both theoretically [Stramski

et al., 2001; Babin et al., 2003a; Woźniak and Stramski,
2004] and empirically [Babin et al., 2003b; Peng and
Effler, 2007; Bowers et al., 2009] about the scattering
properties of various components of particulate matter since
these analyses of ZSD · Kd(PAR) and Rrs, permitting some
generalizations to be reached. The mass‐specific absorption
and scattering coefficients and backscattering ratio of par-
ticulates are functions of the size, shape, and composition of
particles [Stramski et al., 2001; Babin et al., 2003a; Clavano
et al., 2007]. In general, other things being equal, smaller
particles absorb and scatter light more strongly on a mass‐
specific basis than larger particles; and particles with higher
index of refraction (i.e., minerals compared with organics)
scatter light more strongly than those with lower indices of
refraction. However, the higher specific gravity of mineral
particles means that, when normalized to particle mass, the
mass‐specific scattering and absorption coefficients of
mineral particles tend to be lower than those of organic
particles [Babin et al., 2003a]. The backscattering ratios of
minerogenic particles are much higher than those of organic
particles (approximately thirtyfold) [Stramski et al., 2004].
Based on these different properties, changes in the relative
composition of the particulate pool of a water body may lead
to contrasting changes in Rrs and the ZSD · Kd(PAR) product
that have diagnostic value.
[8] Here we briefly review these previous theoretical

treatments of the ZSD · Kd(PAR) product and introduce a
modification to incorporate recent advances in under-
standing of the variability in the particulate backscattering‐
to‐scattering ratio. We demonstrate that, unlike Rrs, the
dependence of ZSD · Kd(PAR) on ebb is weak, so that simul-
taneous observations of long‐term records of ZSD · Kd(PAR)
and Rrs offer potential to track changes in the particulate
backscattering‐to‐scattering ratio. We then examine long‐
term changes in the ZSD · Kd(PAR) product and remote
sensing reflectance in Chesapeake Bay. To derive possible
explanations for observed trends we construct a bio‐optical
model of diffuse attenuation coefficient, Secchi depth, and
remote sensing reflectance to examine the sensitivity of the
ZSD · Kd(PAR) product to concentrations, composition, and
mass‐specific optical properties of the light attenuating
substances (LAS).

2. Theory

[9] Previous derivations of the ZSD · Kd(PAR) product
multiplied Preisendorfer’s [1986] expression for ZSD and
Kirk’s [1984] equation for Kd to arrive at the expression
[Effler, 1985; Davies‐Colley and Vant, 1988]

ZSD � Kd PARð Þ ¼
G 1þ G �0ð Þ b

a

� �1=2

1þ G �0ð Þ b
a

� �1=2

þ�0 1þ b

a

� � ð2Þ

where G is a coupling constant with additional dependencies
to be discussed below, m0 is the cosine of the in‐water solar
zenith angle, and G(m0) is a linear function that scales the

GALLEGOS ET AL.: LIGHT SCATTERING IN CHESAPEAKE BAY C00H08C00H08

2 of 19



interactive effect of absorption and scattering on diffuse
attenuation.
[10] Equation (2) is strongly governed by the scattering‐

to‐absorption ratio, b/a. Effler treated G as a constant [Effler,
1985] or a random variable [Effler et al., 2005], whereas
Davies‐Colley and Vant [1988] modeled G as an expanded
function of reflectance, R, based on Tyler [1968],

G ¼ ln
C0

CT

� �
¼ ln

Rdisk � R

CTR

� �
ð3Þ

where C0 is the apparent contrast between the Secchi disk
and the surrounding medium, CT is the threshold contrast,

and Rdisk is the reflectivity of the white paint on the
Secchi disk. Noting that reflectance of the medium and the
scattering‐to‐absorption ratio are interrelated, Davies‐Colley
and Vant [1988] used Kirk [1984] to interpolate b/a from R
and m0 such that equation (2) could be evaluated in terms or
R or b/a interchangeably.
[11] These earlier treatments of the ZSD · Kd(PAR) product

were based on Kirk’s [1984] Monte Carlo radiative transfer
model. This model used a single scattering phase function
based on turbid San Diego Harbor [Petzold, 1972], which
has a backscattering‐to‐scattering ratio, ebb = 0.019 [Kirk,
1994]. The scattering phase function affects G(m0) and, to
a lesser degree, the relationship between R and b/a [Kirk,
1994]. Subsequent to those studies, much more informa-
tion has become available on the regional variability of ebb
[Boss et al., 2004; Tzortziou et al., 2006; Loisel et al., 2007]
and its dependence on the water composition [Stramski et al.,
2001]. This improved availability of backscattering infor-
mation allows us to incorporate the dependence of R in
equation (3) on b/a from remote sensing relationships [Morel
and Gentili, 1993],

R ¼ f ′
bb
a
¼ f ′eb b

a
ð4Þ

where the bidirectional coefficient, f ′, is a function of the
solar zenith angle and the single scattering albedo, b/c. Here
we chose this expression for R for its explicit dependence on
b/a, the common term in equation (2). In constructing a bio‐
optical model of remote sensing reflectance (see below)
we used the form more appropriate for highly scattering
coastal waters proportional to bb/(a + bb). Substitution of
equation (4) into (3) and (2) results in prediction of mono-
tonically decreasing ZSD · Kd(PAR) product as a function of
b/a (Figure 1a). The calculations with ebb = 0.019 had a
greater range than that predicted using constant G [Effler,
1985], but differed little from that predicted using Kirk’s
[1984] expression for f′ [Davies‐Colley and Vant, 1988].
[12] The dependence of ZSD · Kd(PAR) on ebb is relatively

weak (Figure 1a) varying less than 10 percent as ebb is varied
threefold with values chosen to approximate phytoplankton
(ebbp = 0.006), the average for mesohaline Chesapeake Bay
(ebbp = 0.013) [Tzortziou et al., 2006] and the “Petzold
average” (ebbp = 0.019) [Petzold, 1972]. In marked contrast,
remote sensing reflectance calculated by equation (1) using
a proportionality constant of 0.0529 (see below) and con-
stant a(555) (0.36 m−1, typical scale for mid Chesapeake
Bay) is highly dependent on both b/a and on ebb (Figure 1b).
The combination of strong sensitivity to ebb of Rrs and weak
sensitivity of ZSD · Kd(PAR) means that simultaneous
observations of Rrs and ZSD · Kd(PAR) have the potential to
provide information about possible changes in ebb. For
example, changes in the concentration or composition of
particulate matter that resulted in an increase in b/a with
constant ebb would be expected to increase Rrs along a curve
similar to those in Figure 1b, whereas a constant or
declining Rrs would signal a decrease in ebb.
3. Data Sources and Methods

3.1. In Situ Measurements

[13] Simultaneous measurements of Kd(PAR) and ZSD
for the main stem of Chesapeake Bay were made by the

Figure 1. (a) Relationship of the product of Secchi depth,
ZSD, and diffuse attenuation coefficient for PAR, Kd(PAR),
to the scattering‐to‐absorption ratio, as calculated by Effler
[1985] (circles), Davies‐Colley and Vant [1988] (triangles),
and this study (squares), backscatter ratio = 0.019. Effler
[1985] treated G (equation (8)) as constant, whereas
Davies‐Colley and Vant [1988] calculated G as a function of
reflectance (equation (4)) for a fixed backscattering ratio of
0.019. Dotted lines show range of variation in ZSD · Kd(PAR)
for backscattering ratio from (blue) 0.013 to (red) 0.006.
(b) Relationship of remote sensing reflectance at 555 nm to
the scattering‐to‐absorption ratio at three values of the
backscatter ratio as in Figure 1a, for a constant absorption
coefficient at 555 nm of 0.36 m−1.
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Chesapeake Bay Program (CBP) Water Quality Monitoring
Program from 1987 to 2009. Data were downloaded from
the Chesapeake Information Management System (CIMS)
database, http://www.chesapeakebay.net/data_waterquality.
aspx. Ancillary measurements downloaded with theKd(PAR)
and ZSD data include total suspended solids (TSS) and
chlorophyll a (CHLA) in near‐surface samples, generally
from 0.5 m in Maryland and 1.0 m in Virginia. CDOM
measurements were downloaded for a limited collection
period from 2005 to 2006 (April through October). We
focus the analysis on main stem stations. Measurements
were averaged by segments as defined by Magnuson et al.
[2004]: Lower Bay, south of 37.6°N; mid‐Bay, 37.6 to
38.6°N; upper Bay, 38.6 to 39.2°N (Figure 2). Additionally,
we examined in situ measurements from tidal fresh and
oligohaline (TF/OH) main stem stations north of 39.2°N for
which there are no reliable corresponding remote sensing
measurements due to adjacency effects (stray light from
land) and the high turbidity and CDOM concentrations in
this region. Data were analyzed by general linear model
(GLM), treating year as a continuous variable to estimate
the slopes of long‐term trends, and month as a categorical
variable to allow for seasonality.

3.2. Remote Sensing Measurements

[14] Time series of SeaWiFS and MODIS‐Aqua Level‐2
data products for Chesapeake Bay were acquired from the
NASA Ocean Biology Processing Group (http://oceancolor.
gsfc.nasa.gov). The time series spanned late 1997 through
2008 andmid‐2002 through 2008, at approximately ∼1.1 km2

spatial resolution. Satellite data processing and quality
assurance for the time series followed Werdell et al. [2009]
using reprocessing configurations R2010.0 (September
2010) and R2009.1 (April 2010) for SeaWiFS and MODIS‐
Aqua, respectively. We calculated monthly geometric means
of all available (unmasked) data for each Chesapeake Bay
subregion of interest. After application of quality assurance
metrics, the monthly means included data from approxi-
mately 10 days per month.

4. Bio‐optical Model

4.1. Apparent Optical Properties

[15] As an aid for interpreting changes in ZSD · Kd(PAR)
we constructed a bio‐optical model that computes the
quantities needed to form ZSD · Kd(PAR) and Rrs in terms of
suspended and dissolved constituents. The model computes
absorption, scattering, and backscattering spectra for use in
the equation for spectral diffuse attenuation coefficient of
Lee et al. [2005] and Preisendorfer’s [1986] equation for
Secchi depth. We considered 2 scenarios of differing com-
plexity: in scenario 1 we allowed concentrations of LAS and
mass‐specific IOPs to vary in a standard Case 2 bio‐optical
model; in scenario 2 we disaggregated the total particulate
matter into subpopulations having mass‐specific optical
properties drawn from the literature.
[16] For spectral diffuse attenuation coefficients, we use

the model of Lee et al. [2005] because it is expressed in terms
of backscattering rather than total scattering [e.g., Kirk,
1984], and can, therefore, predict the effects of changes in
the relative proportions of particulate components having
different backscattering ratios. The model of Lee et al. [2005]
is given by

Kd �ð Þ ¼ 1þ 0:005�0ð Þa �ð Þ þ 4:18 1� 0:52 exp �10:8a �ð Þ½ �f gbb �ð Þ
ð5Þ

where �0 is the solar incidence angle in degrees, and a(l) and
bb(l) spectra are simulated from concentrations of LAS (see
below). To correspond with measurements we calculated
Kd(PAR) from spectral Kd(l) by propagating the spectrum of
surface incident irradiance to a reference depth, z, by the
Beer‐Lambert law,

Ed z; �ð Þ ¼ E0 �ð Þ exp �Kd �ð Þz½ � ð6Þ

where Ed(z, l) is the downwelling spectral irradiance at
depth z and E0(l) is the surface incident downwelling irra-
diance converted to quantum units. We then calculated PAR
at the surface (0) and depth z by numerical integration, and

Kd PARð Þ ¼ � 1

z
ln

PARz

PAR0

� �
: ð7Þ

For standardization of calculations, we used z = 4 m and
calculated E0(l) using the RADTRAN routine in the radia-

Figure 2. Map of Chesapeake Bay showing segmenta-
tion scheme (red lines) for aggregating measurements of
ZSD, Kd(PAR), and water quality. Inset shows location of
Chesapeake Bay in mid‐Atlantic region.
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tive transfer program Hydrolight [Mobley, 1994] for 1 June,
1100 local standard time at a central Bay location of 38.5°N,
76.3°W.
[17] We calculated ZSD according to the equation of

Preisendorfer [1986]

ZSD ¼ G
cþ Kd

ð8Þ

with G calculated by equation (3) with the beam attenuation
coefficient c (= a + b) and Kd evaluated at 555 nm, close
to the most penetrating wavelength in middle and lower
Chesapeake Bay, and at the maximum sensitivity of the
light‐adapted human eye [Davies‐Colley et al., 2003]. We
assumed a contrast threshold, Ct = 0.066, disk reflectivity,
Rdisk = 0.82 [Davies‐Colley and Vant, 1988], and calculated
in situ reflectance by equation (4) with f ′ evaluated
according to Morel and Gentili [1993] as cited by Hirata
and Højerslev [2008].
[18] We calculated above‐water, nadir‐viewing remote

sensing reflectance at 555 nm, Rrs(555), using the total
absorption and backscattering coefficients calculated as
given below,

Rrs 555ð Þ ¼ 0:0529
bb 555ð Þ

a 555ð Þ þ bb 555ð Þ ð9Þ

where the proportionality constant, 0.0529 sr−1, was inter-
polated from the measurements in Chesapeake Bay at 532
and 650 nm by Tzortziou et al. [2006] and is close to the-
oretical expectations for waters with optical signatures
dominated by phytoplankton [Morel et al., 2002]. A sce-
nario to examine the sensitivity of our main conclusions to
the assumption of constant proportionality coefficient in
equation (9) is presented in the auxiliary material.1

4.2. Inherent Optical Properties of Light Attenuating
Substances

[19] We partitioned absorption into components due to
water, dissolved substances, and particulates,

a �ð Þ ¼ aw �ð Þ þ ag �ð Þ þ ap �ð Þ ð10Þ

where aw, ag, and ap are the absorption due to water,
CDOM, and particulate matter, respectively. We used the
pure water absorption spectrum of Pope and Fry [1997]. We
expressed absorption by particulate matter as the sum of that
due to phytoplankton pigments, a�(l), and that due to
nonalgal particulates (NAP), aNAP(l). The NAP pool is a
heterogeneous mixture of minerals, detritus, and heterotro-
phic organisms, for which we attempt a further decompo-
sition below.
[20] We partitioned backscattering into contributions by

water and particulate components,

bb �ð Þ ¼ bbw �ð Þ þ bb� �ð Þ þ bbNAP �ð Þ ð11Þ

where the subscripted b denotes the backward direction, and
as before, the subscripts w, �, and NAP stand for water,

phytoplankton, and nonalgal particulates, respectively
(CDOM is considered nonscattering [Mobley and Stramski,
1997]). Backscattering by particulate components is fre-
quently characterized by the backscattering ratio, ebbp, i.e.,
the fraction of particulate scattering that is in the backward
direction [Stramski et al., 2001; Snyder et al., 2008]. The
backscattering coefficient may then be represented in terms
of the partial backscattering ratios and total scattering by
pure water and particulate components,

bb �ð Þ ¼ ebbwbw �ð Þ þ ebb�b� �ð Þ þ ebbpbNAP �ð Þ ð12Þ

where the bx and ebbx are the total scattering coefficients and
backscattering ratios, respectively, for component x, and the
subscripts are as previously given. Molecular scattering is
taken to be isotropic, i.e., ebbw = 0.5 [Mobley, 1994]. The
backscattering ratios of the particulate components are much
smaller, and will be discussed in sections 4.2.2 and 4.2.3.
Even so, in coastal waters, backscattering by particulate
matter greatly exceeds that by pure water because total
particulate scattering is so much greater than molecular
scattering by water. The spectral variability of the back-
scattering ratio is difficult to generalize [Snyder et al., 2008].
For this analysis, we assumed constant ebbp across visible
wavelengths.
4.2.1. CDOM
[21] We represent the absorption by CDOM as a negative

exponential [Bricaud et al., 1981] scaled by its value at
440 nm, i.e., ag(440),

ag �ð Þ ¼ ag 440ð Þ exp �sg �� 440ð Þ� � ð13Þ

where sg is the spectral slope of absorption by CDOM.
Bay‐wide measurements of ag(440) and sg made from
2005 to 2006 are available to guide simulation of vari-
ability in CDOM absorption (Table 1).
4.2.2. Phytoplankton
[22] To model light absorption by phytoplankton, we

represented the average spectral shape by the spectrum
normalized to the value at the absorption peak at 675 nm, i.e.,

� �ð Þ ¼ a� �ð Þ
a� 675ð Þ ð14aÞ

where �(l) is the normalized absorption by phytoplankton.
We used a normalized absorption spectrum measured on
samples from midchannel upper Bay stations occupied by
Tzortziou et al. [2006] in May, June, and November 2002.
Samples collected at these times are expected to be dominated
by diatoms [Magnuson et al., 2004]. To scale the overall
absorption by phytoplankton we determine the chlorophyll‐
specific absorption coefficient at 675 nm, a�*(675), and
calculate a�(675) from chlorophyll concentration (CHLA),

a� 675ð Þ ¼ a�* 675ð Þ CHLA½ �: ð14bÞ

[23] In scenario 1 a�*(675) was held constant at 0.025 m2

(mg Chla)−1 [Magnuson et al., 2004], and in scenarios 2 it
was allowed to vary between 0.013 and 0.04 m2 (mg Chla)−1

[Bricaud et al., 1995].1Auxiliary materials are available in the HTML. doi:10.1029/
2011JC007160.
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[24] Scattering by phytoplankton was taken to be pro-
portional to the organic carbon content of the phytoplankton
converted to dry weight according to

SPM� ¼ 2:6 CHLA½ ��
1000

ð15Þ

where SPM� (g m−3) is the dry weight, � is the phyto-
plankton C:CHLA ratio (g g−1), division by 1000 converts
mg to g, and 2.6 (g g−1) is an approximate ratio of dry
weight to particulate organic carbon [Babin et al., 2003a].
Scattering is given by

b�p �ð Þ ¼ b�* 555ð ÞSPM�
555

�

� ���

ð16Þ

where bp
� is the particulate scattering by phytoplankton,

b�*(555) is the mass‐specific scattering coefficient of phy-
toplankton on a dry weight basis at 555 nm, and h� is the
exponent of the power law describing particulate scattering.
We treat phytoplankton as large organic particles, hence
take h� = 0 (scattering spectrally invariant) and set b�*(555) =
0.6 m2 g−1 in both scenarios [Babin et al., 2003a, Figure 6]
(Junge slope = 3.6, see below). According to the analysis by
Stramski et al. [2001], ebb� is of order 10−3, with most of
their simulated curves for a wide range of phytoplankton
species clustering around 0.003 [Stramski et al., 2001,
Figure 4]. An alternative, chlorophyll‐dependent formula-
tion of scattering and backscattering by phytoplankton based
on relationships observed in Case 1 waters [Huot et al.,
2008] is presented in the auxiliary material.
4.2.3. Nonalgal Particulates
[25] The concentration of nonalgal particulates (NAP) is

quantified by the measurement of total suspended solids
(TSS), although it is important to recognize that the dry
weight of phytoplankton, SPM�, contributes to TSS. The
diverse components that comprise NAP (e.g., organic
detritus, bacteria, microzooplankton, mineral particulates)
have mass‐specific optical properties which differ from one
another [Bowers and Binding, 2006; Morel and Ahn, 1990,
1991; Stramski et al., 2001]. The varying (and largely
unknown) composition of NAP means that there potentially
is large variability in the relationship between IOPs and TSS.
[26] The specific absorption spectrum of NAP can be

represented [Bowers and Binding, 2006]

ax* �ð Þ ¼ cx1 þ cx2 exp �sx �� 440ð Þ½ � ð17Þ

where ax*(l) is the specific absorption spectrum, x allows
different mass‐specific IOPs for the different NAP compo-

nents, c1 allows for the possibility of some absorption at
long wavelengths, c2 scales the absorption at the reference
wavelength (440 nm), and sx governs the rate of exponential
decline with wavelength. In scenario 1 we varied the values
of c1 and c2 to simulate unspecified changes in the relative
composition of the NAP.
[27] In scenario 2 we considered the NAP pool to be

mixtures of four types of particles representing “small” and
“large” optical end‐members of organic and mineral parti-
cles. We represented NAP absorption by equation (17) with
coefficients varying among the four components (Table 2).
We represented scattering and backscattering for each
component similar to equation (16), with separate mass‐
specific scaling coefficients at 555 nm, bx*(555), spectral
exponents hx, and wavelength‐independent backscattering
ratios, ebbx, for each component [Stramski et al., 2004].
Coefficients assigned to each particulate subcomponent are
summarized in Table 2 and discussed below.
[28] Absorption by NAP has been investigated theoreti-

cally by Stramski et al. [2001] and synthesized from field
studies by Bowers and Binding [2006]. The existence of
particulate absorption at long wavelengths (c1) is contro-
versial and unsettled, with some authors claiming to have
measured it [Tassan and Ferrari, 2003; Bowers and Binding,
2006; Tzortziou et al., 2006], and others claiming that careful
elimination of scattering in the measurement apparatus
eliminates it [Babin and Stramski, 2002]. Here we assigned a
nonzero value to one component, small minerals, because the
analyses by Bowers and Binding emphasized mineral‐
dominated waters, and some long‐wavelength absorption
was necessary to achieve radiative transfer closure in
Chesapeake Bay [Tzortziou et al., 2006].
[29] Values assigned to c2 in Table 2 reflect the obser-

vation that organic particulates tend to be more colored
(light absorbing) than mineral particulates, with our values
for small detritus modeled after the Baltic [Woźniak and

Table 1. Average, Minimum, Maximum, and Number of Measurements of CDOM Absorption Coefficient at 440 nm, ag(440) (m
−1), and

Spectral Slope, sg (nm
−1), in Main Stem Segments of Chesapeake Bay Measured From July 2005 to June 2006 (April Through August)a

Segment

ag(440) (m
−1) sg (nm

−1)

nAverage Minimum Maximum Average Minimum Maximum

TFOH 0.551 0.292 1.334 0.0169 0.0158 0.0189 49
Upper 0.427 0.282 1.004 0.0173 0.0150 0.0221 108
Mid 0.373 0.249 1.293 0.0174 0.0143 0.0201 140
Lower 0.293 0.123 0.650 0.0174 0.0140 0.0207 144

aData were downloaded from the Chesapeake Information Management System (CIMS) database (http://www.chesapeakebay.net/data_waterquality.
aspx). Segment boundaries are given in the text and in Figure 1; n, number of measurements.

Table 2. Coefficients Used in Equations Governing the Absorption,
Scattering, and Backscattering by Different Components of the
Nonalgal Particulate Pool

Parameter

Small
Organic
Detritus

Large
Organic
Detritus

Small
Minerals

Large
Minerals

c1 (m
2 g−1) 0 0 0.016 0

c2 (m
2 g−1) 0.08 0.044 0.054 0.024

sx (nm
−1) 0.013 0.0124 0.012 0.011

bx*(555) (m
2 g−1) 1.15 0.6 0.80 0.24

h (dimensionless) 0.5 0 0.97 0.22ebbx (dimensionless) 0.005 0.003 0.04 0.019
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Dera, 2007], large organics based on Case 1 (i.e., optical
properties governed by phytoplankton and their byproducts)
waters of the Atlantic [Babin et al., 2003b], small minerals
from the Irish Sea [Bowers and Binding, 2006], and large
minerals after the tidally energetic waters of Menai Strait
[Bowers and Binding, 2006]. Spectral slopes, sx, are remark-
ably similar among particle types, with slightly higher values
for more colored organic particles [Babin et al., 2003a,
2003b].
[30] Based on the theoretical analysis of Babin et al.

[2003a], we assigned the highest mass‐specific scattering
coefficient to small organic detritus, and the lowest to large
minerals. In theoretical studies of light scattering and
absorption by particles several authors have fit the size dis-
tribution of particles to a Junge‐type function given by [Boss
et al., 2001; Twardowski et al., 2001; Babin et al., 2003a]

N Dð Þ / D�j ð18Þ

where D is the particle diameter and j is the slope of the
distribution; the higher the value of j, the greater the domi-
nation of the distribution by smaller particles. Our values for
bp*(555) and h in Table 2 reflect values of j = 4.2 for small
organic detritus, j = 3.4 for large organic detritus, j = 4 for
small minerals, and j = 3.4 large minerals from Babin et al.
[2003a, Figure 6 and Table 6]. Our reference to the Junge
size distribution makes no assumption about the accuracy of
this function for natural particle assemblages. We simply use
the slope j as a single‐parameter indicator of size for char-
acterizing the bulk IOPs of the end‐member particle types.
Our specific scattering coefficients for the mineral end‐
members are remarkably similar to the highest and lowest
curves in the mineral‐dominated field samples of Woźniak
et al. [2010, Figure 7a].
[31] We based our selection of backscattering ratios on the

analysis of Stramski et al. [2001] and field surveys of Loisel
et al. [2007] and Snyder et al. [2008]. Scattering by organic

particles is strongly in the forward direction, hence the
smallest value of ebbp was assigned to large organic detritus,
followed by small organic detritus (Table 2). Mineral par-
ticles, having indices of refraction higher than those of
organic particles, scatter a greater fraction of light in the
backward direction, and this is reflected in the values of ebbp
for small and large minerals in Table 2. The highest value ofebbp in Table 2, 0.04, is the same as used by Stramski et al.
[2001], so that the simulated bulk values should span most
of the range of values observed in field studies (0.0024 to
0.06) [Loisel et al., 2007; Snyder et al., 2008].
[32] This partitioning of the NAP allows us to calculate

some commonly measured parameters: TSS is the sum of all
4 components; particulate organic matter (POM) is the sum
of small organic detritus + SPM�; and the fractional organic
content is given by forg = POM/TSS. Additionally, in sce-
nario 2 the mass‐specific absorption and backscattering
coefficients for TSS become computed rather than assumed
values as in scenario 1.

4.3. Simulation Approach

[33] We took a Monte Carlo modeling approach whereby
we assigned random numbers to the concentrations of
CDOM, CHLA and TSS and the mass‐specific IOPs
(scenario 1). We then varied concentrations of the com-
ponent populations of the nonalgal particulates and �
(scenario 2). In each scenario we simulated 60,000 realiza-
tions of ZSD, Kd(PAR), ZSD · Kd(PAR), and Rrs(555), then,
based on observations reported in section 5, sorted the data
by simulated ZSD · Kd(PAR) in descending order as a sur-
rogate for time. We used ranges of observed variables to
select simulations appropriate for different segments of the
Bay, then compared the patterns of simulated quantities with
those of observations to evaluate the underlying assump-
tions of the model. We then examined unobserved entities
for trends imposed by the sorting and selection process.
Variables that are unimportant in determining the declining
trend in ZSD · Kd(PAR) should retain a random distribution
with surrogate time, while important variables will display
increasing or decreasing trends of varying strengths. This
approach allows for patterns such as time‐varying upper or
lower bounds to be discerned that are not well described by
simple correlation coefficients.
[34] Probability distributions and associated parameters of

the random variables assigned to concentrations and para-
meters in the bio‐optical model are given in Table 3. We
allowed � to vary over a wide enough range (30 to 100 mg C
[mg CHLA]−1) that bp

�(l) (equation (16)) can be taken to
represent scattering by phytoplankton and large organic
detritus. Although the procedure produced many combina-
tions of concentrations that did not match any observed
region, the 60,000 simulations gave sufficient numbers of
realizations after selecting for ranges matching observations
in the different segments of the Bay. The ranges of observed
variables, intended to match the ranges of annual averages
±1 standard deviation, used to select simulations for the
different segments of the Bay are given in Table 4. We
assigned simulations to a year class by matching simulated
ZSD · Kd(PAR) to that predicted by the linear regression of
observed ZSD · Kd(PAR) against year. In this way, the
observed data determine which simulations are relevant to a

Table 3. Probability Distributions and Associated Parameters
(P1, P2) Used for Simulating Concentrations of Components in
Monte Carlo Simulation With the Bio‐optical Modela

Component Distribution (P1, P2) Scenario

CDOM (m−1) Lognormal (0.39, 0.072) 1, 2
CHLA (mg m−3) Lognormal (15, 10) 1, 2
TSS (g m−3) Lognormal (8.5, 8) 1
a�*(675) (m

2 mg−1) Uniform (0.013, 0.04) 1, 2
c1 (m

2 g−1) Uniform (0, 0.05) 1
c2 (m

2 g−1) Uniform (0.02, 0.16) 1
bp*(555) (m

2 g−1) Uniform (0.2, 1.4) 1ebbp Uniform (0.007, 0.040) 1
Small organic detritus (g m−3) Uniform (0, 10) 2
Small minerals (g m−3) Uniform (0, 10) 2
Large minerals (g m−3) Uniform (0, 2) 2
� (mg C [mg CHLA]−1) Uniform (30, 100) 2
SPM� (g m−3) Lognormal (2.58, 2.31)b 2

aParameters of uniform distribution are (minimum, maximum);
parameters of lognormal distribution are (mean, standard deviation).
Scenario numbers refer to scenarios in which water quality and mass‐
specific IOPs were varied (scenario 1) and in which water quality,
phytoplankton chlorophyll‐specific absorption, and components of
particulate submodel were varied (scenario 2).

bDetermined empirically as the result of equation (15) and underlying
assumptions for CHLA and �.
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particular region (Table 4), and where they fall in surrogate
time. The strength of the underlying relationships between
AOPs and IOPs embodied in equation (2) and its depen-
dencies determines which parameters emerge as important
in determining a trend in ZSD · Kd(PAR). Wider ranges for
the concentrations in Table 3 would produce a greater
number of simulations not meeting the criteria of Table 4,
and wider ranges for the optical parameters have little
support in the literature.
[35] In the auxiliary material we demonstrate the inade-

quacy of a null model, in which mass‐specific IOPs were
considered constant and only concentrations of CDOM,
CHLA, and TSS were varied, to reproduce observed
patterns in the data. Additionally, in the auxiliary material
we examine the sensitivity of the overall conclusions to
uncertainty in the proportionality between Rrs(555) and
bb/(a + bb) and to alternative formulations of scattering by
phytoplankton.

5. Results

5.1. In Situ Measurements

[36] Annual averages of the ZSD · Kd(PAR) product
declined steadily since the inception of measurements in the
midmesohaline (upper and mid bay, measured since 1985)
and polyhaline (lower Bay, measured since 1993) portions
of Chesapeake Bay (Figure 3a). GLM analysis of ZSD ·
Kd(PAR) revealed that ZSD · Kd(PAR) declined significantly
in all segments (Table 5). The greatest rate of decline was in
the mesohaline mid‐Bay. Examination of the ZSD and
Kd(PAR) factors separately revealed that the trend in the
product was driven primarily by declines in Secchi depth,
which had significantly negative slopes in all of the seg-
ments (Figure 2 and Table 5). In contrast, the slopes of
regressions of Kd(PAR) versus year were insignificant in
upper Bay and tidal fresh/oligohaline segments, signifi-
cantly negative in lower Bay, and weakly positive (the
wrong direction to account for the trend in the ZSD ·
Kd(PAR) product) in the middle Bay (Table 5). The impli-
cations of these changes for the relationship between
Kd(PAR) and ZSD are shown in Figure 3b for mesohaline
upper Bay segment. Deeper Secchi depths, including 3 mea-
surements ≥ 2.0 m, were observed early in the monitoring
period (1985–1988), compared with a maximum of 1.7 m
from 2007 to 2008 (Figure 3b). At comparable Secchi
depths from 1.0 to 1.5 m, higher values of Kd(PAR) were
more often observed from 1985 to 1988 than during the later
period (Figure 3b). Restricting the analysis reported in
Table 5 to years for which SeaWiFS data are available
(1997–2009, not shown) yielded very similar results; that is,

the slopes for ZSD · Kd(PAR) and ZSD versus year were
significantly negative for all segments, and the slopes for
Kd(PAR) were insignificant for all segments but the Middle
Bay.

Table 4. Ranges of Observed Variables Used to Select Simulations for Different Segments of Chesapeake Baya

Measurement (Units) Upper Bay Minimum, Maximum Middle Bay Minimum, Maximum CB4MH Minimum, Maximum

Rrs(555) (sr
−1) 0.004, 0.012 0.005, 0.011 0.004, 0.010

CHLA (mg m−3) 4.0, 32.0 2.0, 26.0 4.0, 18.0
TSS (g m−3) 2.0, 20.0 2.0, 20.0 3.0, 9.0
ZSD (m) 0.6, 2.2 1.3, 3.0 1.3, 2.3
Kd(PAR) (m

−1) 0.6, 2.4 0.4, 1.5 0.7, 1.2

aSegment boundaries are defined in text. CB4MH is the Chesapeake Bay Water Quality Monitoring Program segment closest to IOP measurements
made by Tzortziou et al. [2006]. The ranges were chosen to encompass the minimum and maximum observed annual means ±1 standard deviation,
except for Rrs(555), which encompass observed monthly composites from 1998 to 2009.

Figure 3. (a) Annual means of the ZSD · Kd(PAR) product
in the upper (squares), middle (triangles), and lower (filled
circles) segments of Chesapeake Bay. Error bars are ±1 stan-
dard error. (b) Relationship of Kd(PAR) to ZSD in the upper
Bay segment measured early in the monitoring record
(1985–1988, red squares and solid line) compared with
recent measurements (2007–2008, black circles and dotted
line). Higher Secchi depths at comparable diffuse attenua-
tion coefficients were measured early in the record com-
pared with recent measurements.
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5.2. Remote Sensing Measurements

[37] Based on theoretical analysis (Figure 1a), the
declining trends in ZSD · Kd(PAR) imply that the b/a ratio
has nearly doubled, from 6 to 12, in wave bands that govern

Secchi disk visibility in Chesapeake Bay, which we take
to be near 555 nm [Tzortziou et al., 2006]. Based on
equation (1), an increasing b/a ratio implies the possibility
that a change in surface brightness might be detectable by
satellite, depending on the trajectory of ebb (Figure 1b). GLM
analysis of monthly composite Rrs(555) from SeaWiFS
(available from 1998 through 2008) revealed no significant
trends (P > 0.2 for all segments). MODIS data Rrs(547),
available from mid‐2002 through 2008, confirm the Sea-
WiFS results (Figure 4). These observations imply that the
increase in the b/a ratio has been accompanied by a corre-
sponding decline in the particulate backscattering ratio,ebbp(555), such that the total backscattering coefficient has
remained stationary.

6. Simulation Results

[38] We demonstrate the modeling process using simula-
tions selected to meet the criteria for midbay observations.
Observed ZSD · Kd(PAR) data from the midbay segment

Table 5. Slopes of Secchi Depth (Zsd), Diffuse Attenuation
Coefficient for PAR, (Kd(PAR)), and the ZSD · Kd(PAR) Product
Against Year in Main Stem Segments of Chesapeake Baya

Segment
ZSD · Kd(PAR)
(yr−1) (SE)

Zsd
(m yr−1) (SE)

Kd(PAR)
(m−1 yr−1) (SE)

TF/OH −0.0268 (0.0020) −0.0061 (0.0018) −0.0118 (ns)
Upper −0.0288 (0.0016) −0.0177 (0.0022) −0.0052 (ns)
Middle −0.0329 (0.0015) −0.0277 (0.0018) 0.0062 (0.0010)
Lower −0.0205 (0.0019) −0.0226 (0.0022) −0.0043 (0.0012)

aStandard errors (SE) are given in parentheses; ns, not significant (P ≥
0.05). Data were available from 1985 to 2009 for tidal fresh, oligohaline,
and upper and mid‐Bay segments in Maryland and from 1993 to 2009
for middle and lower Bay segments in Virginia. Segment boundaries
defined in text.

Figure 4. Time series of monthly composite remote sensing reflectance at 555 nm in the upper, middle,
and lower regions of Chesapeake Bay measured by SeaWiFS (black squares) and MODIS‐Aqua satellites
(red triangles). MODIS measurements are centered at 547 nm, the closest comparable wave band.

GALLEGOS ET AL.: LIGHT SCATTERING IN CHESAPEAKE BAY C00H08C00H08

9 of 19



were fit by a line given by ZSD · Kd(PAR) = 1.835–0.035
(year 1985) (Figure 5a). The model results were sorted by
simulated ZSD · Kd(PAR) in descending order. Each simu-
lation falling within the ranges given in Table 4 (middle
column) was assigned a year value on the basis of its sim-
ulated ZSD · Kd(PAR) value by rearrangement of the linear
fit of ZSD · Kd(PAR) to year, and rounding to the nearest
integer. We first examined patterns in the simulations that
can be compared with measurements. We then examined
variations in the mass‐specific IOPs and components of the
four‐component particulate model for “temporal” patterns to
determine the component(s) most likely responsible for
observed changes in ZSD · Kd(PAR).

6.1. Scenario 1

[39] Allowing variations in the mass‐specific IOPs in
equations (14b), (16), and (17) (Table 3) produced simula-
tions that were broadly compatible with measurements of
ZSD · Kd(PAR) and Rrs(555) (Figures 5a and 5b). Sorting the
simulations on ZSD · Kd(PAR) imposed no increasing trend
in Rrs(555) (Figure 5b). Moreover, the complete range of
observed Rrs(555) can occur in all of the simulated years for
which measurements are available.

[40] A wide range of chlorophyll concentrations was
compatible with the declining trend in ZSD · Kd(PAR)
(Figure 6a). Observed annual means and standard deviations
of chlorophyll concentrations were within the ranges of the
simulation for every year but the last year considered, 2009.
There was a decrease in the upper bound of compatible
simulations beginning about simulated year 2001, indicating
that ZSD · Kd(PAR) less than about 1.2 begins to constrain
the compatible chlorophyll concentrations.
[41] The high values of ZSD · Kd(PAR) early in the record

admit Secchi depths as high as 2.6 m, while the lower values
near the end of the record restrict compatible Secchi depths
to <1.6 m (Figure 6b). The sorting thus imposed a declining
trend in ZSD consisting of a declining lower bound from
1985 to 1995 and declining upper bound from 1997 to 2009.
Observations of annual mean ZSD in that segment generally
fell within the bounds of the simulations in all but the last
year (Figure 6c).
[42] Sorting on ZSD · Kd(PAR) imposed a trend of

widening permitted values of simulated Kd(PAR) from 1985
to 1995, followed by a declining trend in the upper bound
from 1995 onward (Figure 6c). Over the entire period the
trend in simulated Kd(PAR) was weaker than that of ZSD,

Figure 5. (a) Observed annual averages (red circles) of the ZSD · Kd(PAR) product at mesohaline mid‐
Bay segment and values simulated by the bio‐optical model with variable mass‐specific inherent optical
properties (scenario 1, black squares). Simulated data were sorted on ZSD · Kd(PAR) descending and
selected to coincide with the observed range for the middle Bay (Table 4). A linear fit to observed
data (black line) was used to bin the simulations into years. (b) Remote sensing reflectance at 555 nm
simulated by the bio‐optical model with variable mass‐specific IOPs (black squares). Sorting the data on
ZSD · Kd(PAR) descending imposed no increasing trend on the simulated remote sensing reflectance, in
agreement with observations. Red circles are monthly composites of SeaWiFS data (see Figure 4).
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consistent with the measurements (Figures 6b and 6c and
Table 5).
[43] To examine variations in the simulated mass‐specific

IOPs we sorted and selected the data to match observations
near the location of the measurements made in 2002 by
Tzortziou et al. [2006] (Table 4, CBP segment CB4MH). Of
the four specific IOPs varied randomly in scenario 1, the
particulate backscattering ratio, ebbp(555), had the strongest
trend imposed by sorting on ZSD · Kd(PAR) descending
(Figure 7a). ZSD · Kd(PAR) values lower than 1.2 as observed
in recent years require ebbp(555) to be <0.02, whereas ZSD ·
Kd(PAR) values as high as 2 as observed early in the record
admit a wide range of ebbp(555) between 0.015 and 0.035
(Figure 7a). The annually averaged ebbp(555) of 0.0128

measured in 2002 by Tzortziou et al. [2006] fell well within
compatible simulations for that simulated year, but would be
well below the average of simulations early in the record
(Figure 7a).
[44] The trends imposed on bp*(555) and a�*(675) were

weaker than that of ebbp(555) (Figures 7b and 7c). A wide
range for these parameters was generally compatible with
the observed trend in ZSD · Kd(PAR) throughout the period,
with the trend occurring as an increasing lower bound from
simulated 1996 onward (Figures 7b and 7c). Measurements
of bp*(555) and a�*(675) in 2002 (data from Tzortziou et al.
[2006]) were near the lower bound and middle of compat-
ible simulated values, respectively (Figures 7b and 7c).

Figure 6. (a) Simulated chlorophyll a concentrations (black squares) from scenario 1 in which mass‐
specific IOPs were varied as given in Table 3. Simulated output was sorted on ZSD · Kd(PAR) des-
cending and selected according to mid‐Bay ranges given in Table 4. Red circles are annual averages of
measurements made by the Chesapeake Bay Water Quality Monitoring Program. As in Figure 6a for
(b) Secchi depth and (c) Kd(PAR). Error bars are ±1 standard deviation.
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6.2. Scenario 2

[45] The second scenario utilized the four‐component
NAP model. Patterns of simulated Rrs(555), ZSD, Kd(PAR),
and ZSD · Kd(PAR) as well as the derived bulk mass‐specific
absorption and scattering coefficients with simulated time
with this model were very similar to those obtained with
scenario 1 (not shown). The separate components of the
particulate model are not individually measureable. Mea-
surable quantities calculated from the particulate submodel,
POM and forg were measured by CBP for short subsets of
the monitoring period (Figure 8). Simulated data were sorted
and selected according to CBP segment CB4MH for com-
parison with these few measurements. Sorting the simula-

tions on ZSD · Kd(PAR) descending imposed a strong
increasing trend on calculated POM (Figure 8a). POM was
measured the first 3 years of the monitoring program.
Annual mean values for 1 of the 3 years was higher than
compatible values determined by the simulation, but the
measurements were highly variable and the other 2 years fell
within the range of simulations (Figure 8a). Measurement of
forg was instituted for the mesohaline mid‐Bay in 2001.
Measured annual means of forg fell within the range of
compatible simulations and showed an increasing trend
similar to that imposed on the simulations by sorting on
ZSD · Kd(PAR) (Figure 8b).
[46] Of the four components of the NAP pool, sorting on

ZSD · Kd(PAR) imposed the strongest trend on the small

Figure 7. Inherent optical properties (black squares) used in scenario 1, sorted on simulated ZSD · Kd(PAR)
descending and selected according to ranges for Chesapeake Bay Program segment CB4MH (Table 4).
Red circles are measurements from Tzortziou et al. [2006]. (a) Particulate backscattering ratio, (b) mass‐
specific scattering coefficient of suspended particulate matter, and (c) specific absorption coefficient of
phytoplankton chlorophyll at 675 nm. Error bars are ±1 standard deviation of measurements.
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organic detritus pool (Figure 9a). Large organic detritus
displayed an increasing trend in its upper bound (Figure 9b),
but a wide range of concentrations was compatible with
declining ZSD · Kd(PAR) over most of the observation
period. The pattern imposed on small mineral particulates
resembled that of Kd(PAR) (cf. Figures 9c and 6d), having a
range that increased over the first decade of the simulation,
and a declining upper bound after simulated year 1996. The
restriction of the upper bound early in the record is due to
incompatibility of small minerals with the higher ZSD
observed early in the record [Swift et al., 2006], while the
declining upper bound after 1996 is a necessary conse-
quence of the declining backscattering ratio (Figure 7a). The
full range of assumed values for large mineral particulates
was compatible with the downward trend in ZSD · Kd(PAR)
(Figure 9d), due to the overall low concentration range
assumed for this component (Table 3).

7. Discussion and Conclusions

[47] A long‐term trend of declining value of the ZSD ·
Kd(PAR) product was observed in Chesapeake Bay that was
significant in all segments examined (Table 5). This indi-
cates an increase from some source of particle loading rel-

ative to color loading [Koenings and Edmundson, 1991],
and that the optical depth at the Secchi depth has declined.
Water clarity in the Bay is frequently linked to flow of
the Susquehanna River [Harding, 1994], but there has
been no long‐term trend in flow and the declining trend in
ZSD · Kd(PAR) has persisted through high‐ and low‐flow
years (Figure 3). According to the theory, declining
ZSD · Kd(PAR) implies an increase in the scattering‐to‐
absorption ratio in wave bands that govern Secchi disk
visibility. If this change were taking place with a stationary
backscattering ratio then remote sensing reflectance would
necessarily have an increasing trend (Figure 1b), according
to equation (1) [Lee et al., 1994]. This has not been the case
(Figure 4), which leads us to conclude that the backscat-
tering ratio has, on average, declined over the observation
period (Figure 1b).
[48] Scenario 1 in which mass‐specific IOPs, concentra-

tions of LAS, and the backscattering ratio were allowed to
vary independently made no assumptions about the identity
of substances that are responsible for the declining trend in
ZSD · Kd(PAR). The approach taken with the bio‐optical
model allowed trends and ranges of observed entities to
arrange and constrain values of parameters for which no or

Figure 8. Derived quantities calculated from the four‐component particulate NAP model (black squares)
that are amenable to measurement. Simulated quantities were sorted on ZSD · Kd(PAR) descending and
selected according to ranges observed for Chesapeake Bay Program segment CB4MH (Table 4).
(a) Particulate organic matter and (b) fraction of total suspended solids that is organic. Measured annual
means (red circles) are only available for restricted portions of the monitoring period. Error bars around
measured points are ±1 standard deviation.
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Figure 9. Components of the nonalgal particulate model sorted on simulated ZSD · Kd(PAR) descending
and selected according to ranges observed for Chesapeake Bay Program segment CB4MH (Table 4).
(a) Small organic detritus, (b) large organic detritus, (c) small mineral particulates, and (d) large mineral
particulates.
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few observations are available. That analysis confirmed that
a decreasing backscattering ratio was the most important
condition determining a decreasing ZSD · Kd(PAR) subject to
a stationary Rrs(555) (Figure 7a). Increasing bp*(555) and
a�*(675) were also potentially implicated (Figures 7b and 7c).
[49] In scenario 2 we attempted to assemble the mass‐

specific IOPs and backscattering ratio from variations in the
relative amounts of broad classes of particles that have been
investigated empirically and theoretically [Babin et al.,
2003a, 2003b; Stramski et al., 2001]. Based on the results
of scenario 1 it could be anticipated that sorting on ZSD ·
Kd(PAR) descending would favor increasing concentrations
of particles having relatively low ebbp(555) and high bp*
(555), which we ascribed to organic particulates, and small
detritus in particular (Table 2) [Stramski et al., 2001]. The
high backscattering efficiency of small mineral particles
means that the low ZSD · Kd(PAR) values observed in
recent years are incompatible with increasing concentra-
tions of these particles (Figure 9c). The failure of the
simulated concentrations of large mineral particles to
diverge from the parent distribution (Figure 9d) indicates
that the dynamics of large minerals were unrelated to
observed trends in ZSD · Kd(PAR).
[50] Additional simulations reported in the accompanying

auxiliary material demonstrate that the conclusions of the
modeling are very robust with respect to changes in model
structure. For example, holding mass‐specific IOPs (includ-
ing ebbp(555)) constant and varying only concentrations of
LAS in simulation 1 imposed an increasing trend on Rrs(555),
contrary to observations (Figure 4). Allowing reasonable
variability in the proportionality constant in equation (1)
imposed the same decreasing trend on ebbp(555) as in
Figure 7a, albeit with wider limits. Formulation of the scat-
tering by phytoplankton in terms of CHLA rather than car-
bon according to relationships ofHuot et al. [2008] produced
results very similar to Figure 9. These additional simulations
indicate that the observations demand a decreasing particu-
late backscattering ratio, and that the modeling strongly
support changes in the optical properties of particulate matter
that we have formulated as increasing concentrations of
small organic detritus.
[51] Particulate matter in natural waters frequently exists

in large, loosely bound aggregates held together by sticky
transparent exopolymeric particles (TEP) excreted by phy-
toplankton and bacteria [Passow, 2002]. There have been
relatively few studies of the optical properties of large
fragile aggregates. Berthon et al. [2000] measured large
increases in the b/a ratio during mucilage events in the
northern Adriatic Sea, but they did not have accompanying
measurements of backscattering ratio. Surface reflectance
spectra at all but one station associated with mucilage events
were slightly lower than the average measured during pro-
files not associated with mucilage events, indicating a
probable decrease in ebbp(l) due to the mucilage events. Boss
et al. [2009] observed an increase in the beam attenuation
cross section and the backscattering fraction when large
aggregates were disrupted by shear. An increasing tendency
in Chesapeake Bay for the particulate matter to occur in
large aggregates might produce a compatible declining trend
in ebbp(555) (Figure 7a), but a concomitant trend toward

decreasing bp*(555) as implied by the observations of Boss
et al. [2009] would be in the wrong direction (Figure 7b).
Nevertheless, the dependence of the declining trend in ZSD ·
Kd(PAR) onebbp(555) is stronger than on bp*(555) (Figures 7a
and 7b). Taken together, a large increase in b/a [Berthon
et al., 2000] and reduction in ebbp [Boss et al., 2009] asso-
ciated with an increased prevalence of large aggregates
caused by increasing concentrations of TEP could have the
effect on optical properties needed to generate the observed
trend in ZSD · Kd(PAR) without producing a concomitant
increasing trend in Rrs. We speculate that alternating sedi-
mentation and resuspension of TEP and aggregated material
[Azetsu‐Scott and Passow, 2004] could possibly accumulate
TEP within the system and produce a long‐term trend in the
b/a ratio.
[52] As formulated in scenario 2, increasing concentra-

tions of small organic particles had the strongest association
with the declining trend in ZSD · Kd(PAR) (Figure 9a). The
observed trend in ZSD · Kd(PAR) also required a declining
trend in particles with optical properties that we assigned to
small minerals (Figure 9c), owing to the strong backscat-
tering cross section of small minerals [Stramski et al., 2001].
That is, an increase in the b/a ratio without an increasing
trend in Rrs(555) (Figure 4) demands a declining trend in the
upper bound of small minerals. Here again we emphasize
that it is the optical effect that is the requisite factor.
Increased packaging of the small mineral particulates into
aggregates with smaller mass‐specific backscattering cross
sections without declines in mass concentrations is also
compatible with the observations.
[53] Definitive determination of the cause in the declining

trend in ZSD · Kd(PAR) is not possible with the available
data. There are surprisingly few measured parameters
available for comparison with predictions of the bio‐optical
model. For example, POM was measured early in the
monitoring program but analyses were dropped after 3 years
(Figure 8a). The bio‐optical model predicts that current
levels of POM should be significantly higher than during the
first 3 years of the record, due to changes in the organic
detritus, particularly the small fraction. Similarly, measure-
ments of forg were only instituted in 2001 for the Maryland
portion of the Bay (Figure 8b). The increasing pattern is
intriguingly similar to predictions of the bio‐optical model,
but the range of compatible values is wide enough over the
entire monitoring period that current levels would not have
to be higher than at the inception of the monitoring. IOPs
have never been part of the routine monitoring in Chesa-
peake Bay, but simulation 2 indicates that bp*(555) (Figure 7b)
might now be higher than when measured by Tzortziou et al.
[2006]. Results of simulation 1 indicated that backscattering
ratios should be lower now than in the 1980s, but changes
since 2002 would not likely be detectable (Figure 7a).
[54] Known long‐term trends that have been documented

for Chesapeake Bay do not have optical signals in them-
selves. For example, temperature, shown to have a warming
trend of ∼0.16 to 0.21°C per decade [Preston, 2004], has
only a small effect on pure water absorption at near‐infrared
wavelengths [Pegau et al., 1997] which, by itself, could not
affect ZSD · Kd(PAR) as observed. Similarly, relative sea
level rise of about 3 mm yr−1 (variable with location)
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[Zervas, 2009] would by itself have no effect on ZSD or
Kd(PAR). To affect ZSD · Kd(PAR) these long‐term trends
would need to contribute to qualitative changes in the par-
ticulate matter via ecosystem processes such as changes in
the size structure of plankton populations and the detritus
derived from them, or physical processes affecting sediment
resuspension and aggregation.
[55] In Chesapeake Bay the interconversion between Secchi

depth and Kd(PAR) has never been very precise in any
given year (Figure 3b), and the long‐term declining trend in
ZSD · Kd(PAR) adds an additional source of uncertainty to
any attempted conversion. Associated errors will affect cal-
culations of phytoplankton primary production [Lewis et al.,
1985] and assessment of light availability for SAV [Kemp
et al., 2004]. Calculations of ecosystem processes that
require a quantitative estimate of light flux should be based
on measurements of irradiance. We agree with Effler [1985]
that when circumstances require use of Kd(PAR) estimated
from ZSD, the calculation be accompanied by error sensitivity
with broad limits, e.g., ±0.7, on ZSD · Kd(PAR).
[56] This is not to say that the Secchi depth measurement

is without value. As a simple visual measure of water
transparency, ZSD may be a better indicator of, e.g., reactive
distance for predatory fish, than Kd(PAR) [Benfield and
Minello, 1996]. Indeed, there would have been no indica-
tion that long‐term changes in optical properties are taking
place in Chesapeake Bay from measurements of Kd(PAR)
alone (Figure 6c and Table 5). The last measurements
considered (2009) indicate that the trend may be leveling or
reversing (Figure 6b), so that continued measurement of ZSD
is advisable.
[57] The observation of a declining trend in ZSD

(Figure 6b) without a concomitant trend in Rrs(555)
(Figure 4) casts doubt on the feasibility of developing a
reliable Secchi depth product for Chesapeake Bay based on
satellite remote sensing data. Secchi depth is most sensitive
to b/a, while Rrs depends on bb/a. Estimation of b from
remote sensing measurements requires knowledge of the
backscattering ratio. These results indicate that assumption
of a stationary ebbp for Chesapeake Bay is not robust. In
contrast, remote estimation of Kd(PAR) should be reliable
due to its dependence on a(l) and the magnitude of back-
scattering, bb(l), rather than the backscattering ratio
(equation (5)).
[58] The tandem use of remote sensing and in situ data

was, however, indispensible for constraining possible causes
of the ZSD · Kd(PAR) trend. A bio‐optical model based
solely on changes in concentrations of light attenuating
substances was unable to satisfy the simultaneous require-
ments of both declining ZSD · Kd(PAR) and stationary
Rrs(555) (see auxiliary material). Changes in mass‐specific
IOPs were necessary to accommodate both in situ and
remotely sensed data. Any more definitive cause for the
declining trend in ZSD · Kd(PAR) could not be identified
with available data. Resumption of POM measurements
could provide valuable insight, as would further studies to
better characterize the source of optical variability in NAP.
If the trend is caused by changes in the relative amounts of
organic versus inorganic suspended solids, then present
concentrations of POM should be higher on average than
from 1985 to 1987 (Figure 8a). Measurements can now be
made that would implicate the alternative explanation, i.e.,

increases in TEP [Wetz et al., 2009] and formation of large
fragile aggregates [Flory et al., 2004], though retrospective
analysis is not possible.

Notation

a(l) Absorption coefficient (m−1).
ag(l) Absorption coefficient of colored dissolved

organic matter (m−1).
aNAP(l) Absorption coefficient of nonalgal particles

(m−1).
AOPs Apparent optical properties.
ap(l) Absorption coefficient of particles (m−1).
aw(l) Absorption coefficient of water (m−1).
ax*(l) Specific absorption coefficient of

component x of nonalgal particles (m2 g−1).
a�(l) Absorption coefficient of phytoplankton

(m−1).ebb(l) Backscattering to total scattering ratio (di-
mensionless).ebbw Backscattering ratio ofwater (dimensionless).ebb� Backscattering ratio of phytoplankton
(dimensionless).ebbp Backscattering ratio of particles
(dimensionless).ebbx Backscattering ratio by component x of
nonalgal particles (dimensionless).

b(l) Scattering coefficient (m−1).
bb(l) Backscattering coefficient (m−1).

bbNAP(l) Backscattering coefficient of nonalgal
particles (m−1).

bbw(l) Backscattering coefficient of water (m−1).
bb�(l) Backscattering coefficient of phytoplankton

(m−1).
bNAP(l) Scattering coefficient of nonalgal particles

(m−1).
bp
�(l) Particulate scattering coefficient of phyto-

plankton (m−1).
bw(l) Scattering coefficient of water (m−1).
bx*(l) Specific scattering coefficient of component

x of nonalgal particles (m2 g−1).
b�(l) Scattering coefficient of phytoplankton

(m−1).
b�*(l) Specific scattering coefficient of

phytoplankton (m2 mg−1).
c(l) Beam attenuation coefficient (m−1).
C0 Apparent contrast between the Secchi disk

and the surrounding medium (dimensionless).
c1
x Specific absorption coefficient of component
x of nonalgal particles at long wavelengths
(m2 g−1).

c2
x Scale factor of specific absorption coefficient
of component x of nonalgal particles at
reference wavelength (m2 g−1).

CBP Chesapeake Bay Program.
CDOM Colored dissolved organic matter.
CHLA Chlorophyll a (mg m−3).

CT Threshold contrast (dimensionless).
D Particle diameter (mm).

E0(z) Surface‐incident cosine‐corrected spectral
irradiance (mmol quanta m−2 s−1 nm−1).
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Ed(z, l) Downwelling spectral irradiance
(mmol quanta m−2 s−1 nm−1).

f′ Bidirectional coefficient (Sr−1).
forg Organic fraction of suspended particulate

matter (dimensionless).
G(m0) Function that scales scattering effect on

diffuse attenuation (dimensionless).
IOPs Inherent optical properties.

j Logarithmic slope of particle size
distribution (dimensionless).

Kd(PAR) Diffuse attenuation coefficient for
photosynthetically active radiation(m−1).

Kd(l) Spectral diffuse attenuation coefficient
(m−1).

LAS Light attenuating substances.
m0 Cosine of in‐water solar zenith angle

(dimensionless).
MODIS Moderate Resolution Imaging

Spectroradiometer.
N(D) Particle size distribution (number per

volume).
NAP Nonalgal particles.

NASA National Aeronautics and Space
Administration

PAR Photosynthetically active radiation,
400–700 nm.

PAR0 Cosine‐corrected photosynthetically active
radiation at the surface, (mmol quanta
m−2 s−1).

PARz Cosine‐corrected photosynthetically active
radiation at depth z (mmol quanta m−2 s−1).

POM Particulate organic matter (g m−3).
R Reflectance, ratio of upwelling to

downwelling irradiance (dimensionless).
Rdisk Reflectance of Secchi disk (dimensionless).

Rrs(555) Remote sensing reflectance at 555 nm
(Sr−1).

SeaWiFS Sea‐viewing Wide Field‐of‐view Sensor.
sg Spectral slope coefficient of absorption by

CDOM (nm−1).
SPM� Dry weight of phytoplankton (g m−3).

sx Spectral slope coefficient of absorption by
component x of nonalgal particles (nm−1).

TF/OH Tidal fresh and oligohaline.
TSS Total suspended solids (g m−3).

z Depth (m).
ZSD Secchi depth (m).

ZSD · Kd(PAR) Product of Secchi depth times diffuse
attenuation coefficient for PAR
(dimensionless).

G Coupling constant (dimensionless).
�(l) Normalized absorption by phytoplankton

(dimensionless).
�*(l) Specific absorption coefficient of

phytoplankton chlorophyll (m2 mg−1).
hx Power law fit to scattering by component x

of nonalgal particles (dimensionless).
h� Power law fit to phytoplankton scattering

(dimensionless).
� Carbon to chlorophyll ratio of phytoplankton
(g g−1).

�0 Solar incidence angle (°).
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