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[1] The near-shore waters of the New York/New Jersey
Bight in April 2005 exhibited distinct regions of turbid
water with clearly differing optical properties associated
with the Hudson River plume. We examined the effect of
variable light attenuation on the hydrodynamics and
ecological response of the Hudson River plume and its
environs using field observations and a 3-dimensional bio-
physical model. Important feedback mechanisms between
the attenuation of light and the resulting impact on the
mixed layer depth were revealed from the modeling results.
High concentrations of chlorophyll, detritus and colored
dissolved organic matter in the upper water column as a
result of enhanced stratification increase the attenuation of
light and modify the buoyancy driven circulation. This
further impacts the growth of phytoplankton in the model
and subsequently modifies the vertical profile of the
attenuation coefficient, which in turn feeds back into the
overall heat budget. Citation: Cahill, B., O. Schofield,

R. Chant, J. Wilkin, E. Hunter, S. Glenn, and P. Bissett (2008),

Dynamics of turbid buoyant plumes and the feedbacks on near-

shore biogeochemistry and physics, Geophys. Res. Lett., 35,

L10605, doi:10.1029/2008GL033595.

1. Introduction

[2] The Hudson River represents a major source of total
suspended matter, nutrients and chemical contaminants in
the Hudson River Bay and beyond into the Mid-Atlantic
Bight (Figure 1a). It is a main factor controlling biogeo-
chemical and physical processes in the region. The transport
and transformation of these materials are regulated by the
dynamics and structure of the Hudson River plume [Chant
et al., 2007]. High freshwater discharge events in spring are
associated with the seasonal onset of heating and stratifica-
tion on inner shelf waters, raising the question as to the
significance of the feedbacks between the optical character-
istics of the water column, the subsequent vertical distribu-
tion of heating, baroclinic circulation and biological
productivity in these coastal regions.
[3] Understanding the biogeochemical dynamics within a

turbid coastal plume is complicated by the feedbacks
between the absorption of light by dissolved and particulate
material and the corresponding ocean radiant heating in the
upper water column. This has been elegantly demonstrated
for the open ocean where the upper ocean chlorophyll

concentration regulates the radiant transmission and heating
rates in mixed layer depth [Lewis et al., 1990; Morel and
Antoine, 1994; Ohlmann et al., 1996, 1998, 2000; Bissett et
al., 2001]. Enhanced near-surface stratification positively
feedbacks on the phytoplankton growth, which in turn
increases near surface local heating [Dickey and Falkowski,
2002].Ohlmann et al. [2000] demonstrated that an increase in
chlorophyll concentration from 0.03 mg m�3 to 3 mg m�3 in
the upper 10 m of the water column can decrease the solar
flux in surface waters by as much as 35 Wm�2. A 10Wm�2

change in the solar radiation absorbed within a 10m layer can
represent a temperature change of more than 0.6�C
month�1 [Simpson and Dickey, 1981]. Despite these find-
ings, bio-optical modules integrated into ocean models
rarely resolve the optical complexity of the coastal ocean
where significant amounts of dissolved colored organic
carbon and detritus are present [Bissett et al., 2005, 2008].
As part of the Lagrangian Transport and Transformation
Experiment (LaTTE), we studied the impact of different
water types (river plume versus open shelf) on surface
radiant heating and stratification rates to assess the feed-
backs between optical turbidity and near-shore physics.

2. Method

2.1. Model Water-Type Classification and Solar
Transmission Parameterization

[4] The Paulson and Simpson [1977] formulation of
ocean radiant heating is commonly used to parameterize
solar transmission in ocean models. The fraction of solar
shortwave radiation flux penetrating the water column to a
specified depth z is computed as a function of exponential
decay,

I z;lð Þ

I 0;lð Þ
¼ Rexp � z

z1

� �
þ 1� Rð Þ exp � z

z2

� �
; ð1Þ

where the first exponential term of (1) describes the stronger
attenuation of light in the red (longwave) part of the
spectrum, and the second exponential term describes the
weaker attenuation of blue-green (shortwave) part of
the spectrum. The coefficients z1 and z2 are attenuation
lengths representing longwave and shortwave bands,
respectively, and are prescribed in this work as a function
of Jerlov water type [Jerlov, 1968]. R describes the relative
amount of red light incident on the sea surface. In this work,
the different water types were identified by both the total
turbidity in the water column and the relative contributions
from phytoplankton, detritus and CDOM to the total light
absorption values. Absorption contributions by the phyto-
plankton, detritus, and CDOM were derived by inverting
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absorption data taken in situ with a Wetlabs AC-9
absorption-attenuation meter using a simple optical signa-
ture inversion model [Schofield et al., 2004, 2006]. The data
show two distinct water types in the study region, with open
shelf water situated east of the Hudson River Canyon and
river plume water situated south of the mouth of the Hudson
River estuary and along the New Jersey coast. Some near-
shore mixtures of the two water types are also present. Open
shelf water (characterized by small (spectrally integrated)
total absorption values, <0.1 m�1) closely resembles Jerlov
water type 3 (coastal waters) and has a 1% light level near
20 m depth, while near shore mixtures and river plume
water types (characterized by high total absorption values,
>0.2 m�1) have 1% light levels in the vicinity of 11 m and 5
m depth, respectively.
[5] We compared two simulations that both use the

Paulson and Simpson [1977] formulation as the basis for
modeling solar transmission. The ‘‘open shelf’’ water type
is characterized by a constant attenuation length scale
characteristic of coastal water with a 1% light level in the
vicinity of 20 m (Table 1). The ‘‘river plume’’ water type is
initialized with a base attenuation length scale characteristic
of coastal water with a 1% light level around 10 m but light
attenuation is scaled dynamically in time and space to

modeled attenuation lengths within the Hudson River
plume.

2.2. Regional Ocean Modeling System, ROMS

[6] We use the Regional Ocean Modeling System,
ROMS [Haidvogel and Beckmann, 1999; Wilkin et al.,
2005] in order to examine the inter-relationship between
vertical absorption scales for shortwave radiation, subse-
quent heating and circulation. The ROMS computational
kernel have been described in detail by Shchepetkin and
McWilliams [1998, 2003, 2005]. ROMS uses a vertically
stretched terrain-following ‘‘s-coordinate’’ with selective
weighting of the vertical distribution of points toward the
free surface or seafloor, or both. The weighted stretching of
the vertical coordinate allows for enhanced resolution in the
upper ocean mixed layer and turbulent bottom boundary

Figure 1. (a) Model domain and bottom topography (green boxes highlight inner and outer areas of interest within model
domain), (b, d) ‘‘river plume (RP)’’ – ‘‘open shelf (OS)’’ temperature difference, (c) freshwater anomaly difference, and
(e) density anomaly difference 16th April 2005.

Table 1. Base Parameter Values Used to Characterize Different

Water Types With Attenuation Length Scales Derived From

Inverted Wetlabs AC-9 Absorption Data

R z1, m z2, m

Open shelf (constant) 0.58 0.35 23
River plume (variable) 0.50 0.01 4.9
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layer. The horizontal discretization is by an orthogonal
curvilinear Arakawa C-grid.

2.3. Ecological Modeling System, EcoSim

[7] EcoSim is an ecological/optical modeling system that
was developed for simulations of carbon cycling and
biological productivity [Bissett et al., 1999a, 1999b, 2005,
2008]. It includes four phytoplankton functional groups
(large diatoms, small diatoms, large dinoflagellates, syne-
chococcus), each with a characteristic pigment suite which
vary with the group carbon-to-chlorophyll-a ratio, C:Chla.
EcoSim spectrally-resolves irradiance fields as opposed to
using integrated irradiance. This allows differential growth
of different phytoplankton groups that have unique pigment
complements. These properties of each functional group
evolve over time as a function of light and nutrient
conditions. Other EcoSim components include bacteria,
dissolved organic matter, dissolved inorganic carbon cy-
cling and 5 nutrients (NO3, NH4, PO4, SiO, FeO). The
interaction between EcoSim’s components describe autotro-
phic growth of and competition between the four phyto-
plankton groups, differential carbon and nitrogen cycling,
nitrogen fixation and grazing. The maximum phytoplankton
growth is modulated by temperature [Eppley, 1972]. Loss is
effected by grazing and excretion. Grazing accounts for the
majority of the biomass sink in this model and is considered
the closure term of the phytoplankton equations [Steele and
Henderson, 1992]. It is modeled as a Michaelis-Menten
function based on the functional groups’ biomass [Bissett et
al., 1999a].

2.4. Model Domain, Boundary Conditions,
Initialization and Forcing

[8] We used the LaTTE geographical domain of Choi
and Wilkin [2007] which incorporates the lower Hudson
River and Hudson River Canyon, extending from central
Long Island to the southern tip of New Jersey (Figure 1a).
We applied the following changes to the forcing and initial
conditions. NCEP NAM 3-hourly re-analysis forecast of u10
winds, air temperature, relative humidity, air pressure and
downward longwave and shortwave radiation were used to
calculate air-sea heat and momentum fluxes using bulk
formulae [Fairall et al., 1996, 2003]. River outflow was
prescribed using daily mean Hudson River outflow from the
United States Geological Survey (USGS) gauges. The
model was initialized with historical observations of tem-
perature and salinity. Initial conditions for nitrate were
derived using polynomial approximations that predict ni-

trate concentrations as a function of temperature and
salinity [Fennel et al., 2006]. All other biological varia-
bles were derived using polynomial approximations that
predict concentrations as a function of nitrate and/or
carbon to chl-a ratios. Representative riverine inputs of
temperature, salinity, nutrients and dissolved organic and
inorganic matter were prescribed by multiplying the
freshwater flow by values given in Table 2 (J. Reinfelder,
personal communication, 2007).

3. Results

3.1. Modeled Scenarios

[9] We compare two modeled scenarios, the first is
referred to as ‘‘open shelf’’ and uses a fixed light attenua-
tion scheme, the second is referred to as ‘‘river plume’’ and
uses a variable light attenuation scheme. Our modeled
scenarios focus on a high spring freshwater discharge event
(�4300 m3 s�1) and variable wind stress at the beginning of
April 2005. Biological response times are typically on the
order of a few days to a week and therefore we examined
model results between 10 and 20 days following the high
discharge event along a cross-section extending from the
New Jersey coast at 40.1�N northeast across the tip of the
Hudson River Canyon toward Long Island (Figure 1b).
[10] The model runs demonstrate how different parame-

terizations of downward irradiance I(z) lead to different
upper ocean water mass structures (temperature, salinity,
density, phytoplankton). The ‘‘river plume’’ scenario (char-
acterized by shorter, variable attenuation lengths) initially
results in warmer surface temperatures (DT � +2�C) and a
deeper and warmer surface mixed layer 13 days after the
peak in discharge event. The gradient in temperature with
depth is much sharper in the ‘‘river plume’’ simulation, with
colder, bottom water persisting at depth (DT � �2�C)
(Figure 1d), compared to the ‘‘open shelf’’ simulation.
Simpson and Dickey [1981] show that at low wind speeds,
shorter attenuation lengths in the upper few meters of the
water column result in warmer sea surface temperatures, a
sharper thermocline and greater velocity shear. This result is
evident in the density cross-sections 13 days after the peak
in discharge event. A distinctive gradient in the density
anomaly structure is observed in the ‘‘river plume’’ simu-
lation compared with the ‘‘open shelf’’ simulations. In the
‘‘river plume’’ model, the front separates a narrow south-
ward buoyancy driven coastal current along the New Jersey
coast and an anti-cyclonic circulation around a freshwater
bulge at the head of the Hudson River Canyon. Variability
in density structure reflects the differences in the evolving
temperature and salinity properties between the simulations.
Thus, the formation and transport of freshwater in the plume
is influenced by variability in light attenuation.
[11] Our bio-optical simulations reflect the high freshwa-

ter discharge event (�4300 m3s�1) which peaked on the 3rd
April 2005 during variable north winds. Consistent with the
findings of Choi and Wilkin [2007], transport of freshwater
is split into several pathways. In the first few days following
the peak in freshwater discharge, there is very little differ-
ence in the transport pathways of freshwater between the
‘‘open shelf’’ and ‘‘river plume’’ simulations. In response to
a north-northeastward wind stress, four days after the peak
in the freshwater discharge event, a re-circulating freshwater

Table 2. River Biology Input Concentrationsa

Biological River Inputs Concentration, mmol m�3

NO3 20
NH4 0.1
SiO 4
PO4 1.4
DIC 2000
CDM (labile) 1
CDM (relict) 500
DOM (labile) 35
DOM (relict) 550
All other biological variables 0.1

aJ. Reinfelder (personal communication, 2007).
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bulge forms at the mouth of the estuary with flow directed
eastward offshore of the New Jersey coast and along the
coast of Long Island (not shown). A slackening of the winds
and shift in wind direction to the northwest two days later,
disperses the re-circulating bulge and pushes freshwater
back toward the mouth of the estuary and along the
New Jersey coast (not shown). Approximately 10 days after
the peak in discharge event, the temperature and phytoplank-
ton biomass of the freshwater anomaly and its transport
pathway diverge between the ‘‘open shelf’’ and ‘‘river
plume’’ simulations. The divergence in water temperature

between the ‘‘river plume’’ and ‘‘open shelf’’ simulations is
initially �1�C but grows to 2�C, 13 days after the peak in
discharge event (Figures 1b and 1d). The increase in temper-
ature anomaly coincides with a shift in wind direction toward
the east and a subsequent increase in volume of the freshwater
anomaly retained within the bulge at the head of the Hudson
River Canyon in the ‘‘river plume’’ simulations (Figure 1c).
[12] The relationship between water temperature, trans-

port of river plume properties and biogeochemical trans-
formations was evident in the different model simulations
(Figure 2). The phytoplankton biomass anomaly between

Figure 2. (a, b) ‘‘River plume (RP)’’ attenuation (m�1), (c) freshwater anomaly, and (d) ‘‘river plume (RP)’’ - ‘‘open shelf
(OS)’’ phytoplankton difference 18th April 2005.

Figure 3. LaTTE April 2005 chl-a (mg m�3) vs. (a) salinity and (c) fucoxanthin, and (b) EcoSim ‘‘river plume’’ and
(d) ‘‘open shelf’’ depth integrated (10 m) large diatom chl-a pigments (mg m�3) 15th April 2005.
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the model simulations tracks the freshwater anomaly. Phy-
toplankton growth responds 4 days after the peak in
freshwater discharge in both simulations, with the peak in
phytoplankton production occurring 11 days later. The
bloom remains active for 4 days and then disperses and/or
dies. Biomass is gone from the system 20 days after the
peak in freshwater discharge event.

3.2. LaTTe 2005 Observations Versus Model Results

[13] Model depth integrated (top 10 m) chlorophyll-a is
dominated by diatoms in both ‘‘open shelf’’ and ‘‘river
plume’’ simulations. Within plume waters, chlorophyll
concentrations peak around 60 mg m�3, while on the shelf
they are much smaller, typically �20 mg m�3 (Figures 3c
and 3d). This is consistent with April 2005 observations
where chlorophyll-a concentrations exceeded 60 mg m�3

within the relatively low salinity waters of the plume and
were generally less than 5 mg m�3 on the shelf (Figure 3a).
Microscopic analyses of Raritan Bay water indicated that
the phytoplankton community was dominated by >100 mm
chain forming diatoms, primarily Skeletonema costatum and
Chaetoceros socialis sp. (O. Schofield, The Hudson River
plume and its role in low dissolved oxygen on the Mid-
Atlantic Bight, manuscript in preparation, 2008). Ship
chlorophyll-a measurements from April 2005 were highly
correlated with fucoxanthin (R2 = 0.96) indicating diatoms
dominated these waters during this period (Figure 3b).

4. Discussion

[14] We examined the effect of variable light attenua-
tion scales on the dynamics of the Hudson River plume
during a high spring freshwater discharge event using a
three-dimensional bio-physical model for the New York/
New Jersey Bight. The introduction of variable attenuation
of light profiles associated with buoyant plumes in the
model altered the surface heat budget by increasing the
water temperature and this resulted in changes in the buoy-
ancy driven circulation. This impacted the growth of phy-
toplankton in the model and subsequently modified the
evolution of the attenuation fields, which in turn fed back
into the overall heat budget. The method used to introduce
variable attenuation into the model in these simulations is
simplistic, however it enabled indirect biological feedbacks.
These feedbacks altered near-shore physical structure and
circulation highlighting that resolving temporal and spatial
variability in light attenuation in bio-physical models is
critical to modeling biogeochemical and physical processes
impacted by turbid coastal plumes.
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