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Abstract

The controlling physical factors for vertical oxygen stratification in micro-tidal, partially-mixed estuaries are discussed in this paper. A the-
oretical deduction shows that vertical stratification of dissolved oxygen (DO) concentration can be explained by the extended Hansen and
Rattray’s Central Region theory, which suggests that in addition to biological factors such as photosynthesis, biochemical oxygen demand
(BOD), sediment oxygen demand (SOD), vertical DO profiles are mainly controlled by physical factors such as surface re-aeration, river
flow, and estuarine gravitational circulation. Vertical mixing of DO from surface re-aeration and photosynthesis sets a DO profile of higher
concentration near the surface and lower near the bottom. With a positive seaward longitudinal DO gradient, strong river flow and estuarine
gravitational circulation can cause lower DO concentrations near the surface and higher near the bottom. The actual vertical oxygen profile
is then determined by the relative magnitude of the above-mentioned mechanisms. It is sensitive to two parameters: (1) the strength of the grav-
itational circulation (uE); and (2) the relative importance between biochemical oxygen demand and vertical diffusivity (a).

Vertical DO stratification usually becomes weaker as uE increases. The impact of gravitational circulation on vertical oxygen distribution
becomes more important for a larger a. The impact of a on oxygen stratification is profound. As uE (and river flow) increases, DO stratification
appears to be less sensitive to the value of a. Surface-to-bottom differences in DO concentrations (DDO) is negligible when a is small (a< 0.5).
As a increases, DDO increases under a weak to moderate gravitational circulation mode (uE� 5 cm s�1). Under a strong gravitational circulation
mode, DDO becomes negative with a small a (a< 2), and as a continues to increase, DDO becomes positive.

The newly-deduced governing equation for vertical oxygen stratification is applied to two micro-tidal, partially-mixed estuarine systems: the
Cape Fear River Estuary (CFRE) and the Pamlico River Estuary (PRE) of North Carolina. In the CFRE, although strong vertical salinity strat-
ification exists, DO concentrations are usually well mixed. De-coupling between salinity stratification and oxygen stratification is mainly due to
a relatively stronger estuarine gravitational circulation and higher freshwater inflow in the system. It appears that river flow and gravitational
circulation are the dominant factors in controlling oxygen stratification in the CFRE.

In contrast, vertical stratification of DO concentrations is closely correlated with that of salinity in the PRE. In the PRE, the estuarine grav-
itational mode and river flow are often both very weak, and DO stratification is very sensitive to the value of a. With negligible influence from
tidal mixing, the system is more sensitive to vertical mixing regulated by salinity stratification and wind. As a result, vertical DO stratification is
closely correlated with salinity stratification in the PRE.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Coastal environments have undergone profound changes
over the past 50 years. Population growth and accompanying
land-use changes have resulted in a number of significant
problems in coastal regions. These problems include eutrophi-
cation, harmful algal blooms, modification and loss of habitat,
chemical contamination and hypoxia/anoxia (Cloern, 2001;
Boesch, 2002; Howarth et al., 2003).

Low/no dissolved oxygen (hypoxia/anoxia), a direct conse-
quence of nutrient over-enrichment, is one of the most promi-
nent stressors of estuarine and coastal aquatic biota. Hypoxia is
closely associated with declined shell fish productions and
massive fish kills in many systems (Pietrafesa and Miller,
1997; Nestlerode and Diaz, 1998). Hypoxia and anoxia degrade
bottom habitats through a wide suite of mechanisms. Under
conditions of limited oxygen at the bottom, rates of nitrogen
and phosphorous remineralization and sulfate reduction in-
crease (Diaz and Rosenberg, 1995; Holmer, 1999). The result-
ing production of sulfide in combination with low oxygen can
prove lethal to benthic organisms (Diaz and Rosenberg, 1995;
Holmer, 1999). Because benthic macrofauna serve as essential
prey resources for demersal fishes, sustained hypoxia can have
significant trophic implications (Nestlerode and Diaz, 1998;
Peterson et al., 2000; Tankersley and Wieber, 2000; Taylor
and Eggleston, 2000; Eby and Crowder, 2002, 2004).

In recent years, hypoxic conditions have been reported in
estuaries and coastal seas globally (Kuo et al., 1991; Stanley
and Nixon, 1992; Buzzelli et al., 2002; Kurup and Hamilton,
2002; Diaz et al., 2004; Glenn et al., 2004; Hagy et al.,
2004; Ishikawa et al., 2004; Scavia et al., 2004; Yin et al.,
2004). In addition to biological factors such as excess nutrient
and organic matter loads from their drainage basins, in situ
phytoplankton blooms, excess nitrification, and strong sedi-
ment oxygen demand, physical factors such as water temper-
ature, vertical stratification, and estuarine circulation have
also been observed as controlling factors in vertical distribu-
tions of dissolved oxygen (DO) and the evolution of bottom
hypoxia.

Stanley and Nixon (1992) examined the relationships
among bottom DO, vertical stratification, and factors responsi-
ble for stratificationedestratification in the Pamlico River
Estuary (PRE), and found that hypoxia develops only when
vertical stratification and warm water temperature occur con-
currently. Stratification inhibits oxygen fluxes from the surface
waters through reduced vertical mixing. Warm temperature
not only reduces oxygen saturation in the water column, but
also enhances biochemical oxygen demand (BOD) and sedi-
ment oxygen demand (SOD). The close correlation between
vertical stratification, warm temperature and bottom-water
hypoxia was also identified in many other estuaries including
the Neuse River, USA (Borsuk et al., 2001; Buzzelli et al.,
2002), Swan River, Australia (Kurup and Hamilton, 2002),
Patuxent River, USA (Breitburg et al., 2003), and Narragansett
Bay, USA (Bergondo et al., 2005).

Similarly, Kuo and Neilson (1987) found that when water
temperature exceeded 20 �C, low oxygen concentrations
(<50% saturation) were observed in the majority (>50%) of
the surveys in the Rappahannock and York Rivers in Virginia.
In contrast, although the James River Estuary received a rela-
tively larger amount of nutrients and organic matter, low
oxygen concentration was rarely observed (about 2% of the
surveys). Through an oxygen budget analysis, they concluded
that the rare occurrence of bottom hypoxia in the James River
is due to the stronger net movement of the bottom waters. The
role of estuarine circulation in affecting bottom DO distri-
butions was also observed in other estuaries worldwide
(Ishikawa et al., 2004; Yin et al., 2004).

It appears that vertical distributions of DO concentrations
in estuaries are affected by different physical parameters in
different systems. The dominant physical parameters in a sys-
tem are often unknown a priori. To predict DO variations in
estuaries, two types of models are usually applied. The first
type is simple probabilistic models, which are mainly based
on statistical relationships between DO concentrations and
environmental data collected in the estuary concerned. For
example, a generalized additive (statistical) model was used
to explore the major relationships between bottom-water oxy-
gen concentration, vertical stratification, and temperature in
the Neuse River Estuary (Borsuk et al., 2001). Kauppila
et al. (2003) developed a statistical model to predict oxygen
concentration and percentage saturation based on water chem-
istry, estuary morphometry, and land-use characteristics for 19
estuaries in the northern Baltic Sea. The second type of oxy-
gen prediction models is process-based, dynamic simulation
models. Research on oxygen in estuaries and coastal waters
has generally taken this approach. This type of models usually
starts with a mass conservation equation, where both oxygen
sources and sinks are explicitly expressed. For example, in ad-
dition to the statistical model, Borsuk et al. (2001) developed
a simple process-based box model to predict bottom oxygen
concentrations in the Neuse River. The processes considered
are vertical mixing and sediment/biological oxygen demand.
A laterally-integrated, two-dimensional, real-time model
(HEM-2D) was applied in the Tidal Rappahannock River to
study the effects of physical processes (gravitational circula-
tion and vertical mixing), oxygen demand, and the quality of
incoming bay water on bottom hypoxia (Park et al., 1996).
Lung and Bai (2003) developed a water quality model for
the Patuxent Estuary using the modeling framework CE-
QUAL-W2 to address the impact of current and projected
land-use changes on the water quality (including chlorophyll
a, nutrients, and dissolved oxygen concentrations). Ishikawa
et al. (2004) used a laterally-integrated, two-dimensional
model to explore the onset and evolution of bottom hypoxia
in the Tone River. Some complex, spatially and temporally de-
tailed representation, three-dimensional water quality models
were also used in many of the estuaries and coastal bays
(Cerco and Cole, 1993; Wool et al., 2003; Zheng et al., 2004).

This study aims to examine the dominant physical factors
in controlling vertical DO distributions in estuarine waters.
In particular, the study focuses on two micro-tidal, partially-
mixed estuaries: the Pamlico and Cape Fear River Estuaries
(Fig. 1). Biological processes such as variations of nutrient
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Fig. 1. The study area. The squares indicate monitoring stations in the Cape Fear River Estuary and the triangles indicate monitoring stations in the Pamlico River

Estuary.
and organic matter loads, in situ phytoplankton blooms, and
strong sediment oxygen demand are considered here with their
most simplified forms. Since hypoxia normally occurs during
summer seasons with warm temperatures, biological functions
considered here are all assumed to be associated with temper-
ature around or above 20 �C.

2. Theoretical considerations

Because prolonged hypoxic conditions can have significant
impacts on benthic organisms and thus have trophic implica-
tions (Nestlerode and Diaz, 1998; Peterson et al., 2000), in
the following theoretical development of oxygen stratification,
tidally-averaged dependent variables are considered. We as-
sume the estuary is rectangular in cross-section, with constant
cross-sectional area and depth. The along-channel, tidally-
averaged velocity u(x, z) and salinity s(x, z) can be split into
depth-averaged and depth-varying parts:

u¼ uðxÞ þ u0ðx; zÞ; s¼ sðxÞ þ s0ðx; zÞ ð1Þ

where u and s are depth-averaged parts and u 0 and s 0 are
depth-varying parts. The along-channel momentum balance
may be approximated by (Dyer, 1997):

0¼� 1

r0

px þ ðKMuzÞz ð2Þ

where a subscript of x or z indicates a partial derivative in lon-
gitudinal and vertical directions, respectively, r0 is the water
density, px is the longitudinal pressure gradient, and KM is
the vertical eddy viscosity. Assuming that the pressure is
hydrostatic, and that the longitudinal or major axial gradient
of the depth-varying salinity is much smaller than the longitu-
dinal gradient of the depth-averaged salinity, i.e. s0x � sx

(Pritchard, 1952), the pressure gradient can be written as:

� 1

r0

px ¼�ghx þ gbsxz ð3Þ

where g¼ 9.8 m s�2 is the gravitational acceleration constant,
h is the tidally-averaged surface elevation, and the salinity-
affected water density is approximated as r ¼ r0ð1þ bsÞ,
where bz7:7� 10�4 ppt�1. Eqs. (2) and (3) can be combined
to give:

ðKMuzÞz¼ ghx � gbsxz ð4Þ

For a vertically uniform KM, Eq. (4) leads to (MacCready,
2004):

uzzz ¼�
gbsx

KM

ð5Þ

The boundary conditions are no-slip on the bottom,
u(z¼�H )¼ 0; a rigid lid, uz(z¼ 0)¼ 0; and the net flow
through a cross-section is equal to the river input or
H�1

R 0
�H u dzhu ¼ QR=A, where QR is the river discharge

and A is the cross-sectional area. Integrating Eq. (5) (Hansen
and Rattray, 1965; Officer, 1976; MacCready, 2004) yields:

u0 ¼ uP1þ uEP2 ð6Þ

P1 ¼
1

2
� 3

2
x2; P2 ¼ 1� 9x2� 8x3
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where x ¼ z=H and uE ¼ gbsxH3=ð48KMÞ. The vertical profile
of tidally-averaged velocity is determined by two terms: the
river flow ðuP1Þ, and the estuarine gravitational circulation
ðuEP2Þ.

The salt conservation equation can be written as:

st þ
1

A
ðusAÞxþðwsÞz¼

1

A
ðKHsxAÞxþðKSszÞz ð7Þ

where w is the vertical velocity, KH is the horizontal diffusivity
and KS is the vertical diffusivity. The vertically-averaged salt
balance equation can be expressed as:

st þ
1

A
ðu s AÞ þ 1

A
ðu0s0AÞx¼

1

A
ðKHsxAÞx ð8Þ

Subtracting Eq. (8) from Eq. (7) and assuming s0x � sx,
the dominant steady-state balance for s 0 can be written as
(Pritchard, 1954):

u0sxyKSs0zz ð9Þ

Integrate Eq. (9) with the zero flux boundary conditions (i.e.,
the vertical salt flux vanishes at the surface and the bottom
boundaries), the vertical salinity profile is solved as follows
(Hansen and Rattray, 1965; Officer, 1976; MacCready, 2004):

s0 ¼ H2

KS

sxðuP3 þ uEP4Þ ð10Þ

P3 ¼�
7

120
þ 1

4
x2� 1

8
x4 ð11Þ

P4 ¼�
1

12
þ 1

2
x2� 3

4
x4� 2

5
x5 ð12Þ

This shows that the vertical salinity profile depends on the
mean flow due to river discharge (the first term of Eq. (10))
and the estuarine gravitational circulation (the second term
of Eq. (10)).

In addition to the physical processes controlling salinity
distributions (i.e. the mean flow due to river discharge and
the estuarine gravitational circulation) in estuaries, dissolved
oxygen (designated as O in the following theoretical develop-
ments) dynamics are influenced by other physical and biolog-
ical factors as extra sources and sinks. Surface re-aeration
from the atmosphere and photosynthetic oxygen production
are the major DO sources. Aquatic respiration (the ‘‘breath-
ing’’ of all living organisms in the water), DO consumption
by chemical oxygen demand (COD) and SOD are all DO sinks
(Thomann and Mueller, 1987). Surface re-aeration is mainly
through vertical diffusion processes at the airewater interface,
and hence the corresponding function is included in the DO
mass balance equation through enforcing a flux boundary
condition at the surface boundary. SOD will be applied as
the bottom boundary condition. DO consumption by COD is
usually expressed as a first-order decay function (Thomann
and Mueller, 1987; Chapra, 1997; Borsuk et al., 2001). The
mass balance equation for dissolved oxygen is expressed as:
Ot þ
1

A
ðuOAÞxþðwOÞz¼

1

A
ðKHOxAÞxþðKSOzÞzþP�R

�KCODCOD ð13AÞ

where P is the oxygen production rate through photosynthesis,
R is the DO consumption rate through biomass respiration, and
KCOD is the COD decay rate. Assuming COD is a constant in
the water column, and both R and KCOD are proportional to
DO concentrations (Thomann and Mueller, 1987; Chapra,
1997), combining DO consumption from both COD decay
and biomass respiration, we have:

Ot þ
1

A
ðuOAÞxþðwOÞz¼

1

A
ðKHOxAÞxþðKSOzÞzþP� gO

ð13BÞ

where g is a function of both COD and biomass. For simplic-
ity, g is assumed to be a constant. Applying boundary condi-
tions of KSOzðz ¼ 0Þ ¼ qS and KSOzðz ¼ �HÞ ¼ qB, where qS

is the surface oxygen flux and qB is the bottom oxygen flux,
the depth-averaged dissolved oxygen ðOÞ mass balance
equation is expressed as:

Ot þ
1

A
ðuOAÞxþ

1

A
ðu0O0AÞx¼

1

A
ðKHOxAÞxþ P� gO

þ 1

H
ðqS� qBÞ ð14Þ

Subtracting Eq. (14) from Eq. (13B) and assuming
O0x � Ox, the dominant steady-state balance for O 0 can be
written as:

u0OxyKSO0zzþP0 � gO0 � 1

H
ðqS� qBÞ ð15Þ

Using x ¼ z=H to replace z and Eq. (6) to represent u 0,
Eq. (15) gives:

O0xx � a2O0 ¼ H2

KS

OxðuP1þ uEP2Þ �
H2

KS

P0 þ H

KS

ðqS� qBÞ ð16Þ

where

a2 ¼
�

H2

KS

�
g¼ time scale for vertical diffusion

time scale for BOD decay

which is a constant parameter indicating the relative impor-
tance between BOD decay and vertical diffusion. The vertical
diffusivity, KS, is usually on the order of 10�4 m2 s�1 in estu-
aries (Hetland and Geyer, 2004), O(H ) (the order of magni-
tude of H ) is usually around 10 m. OðgÞ is around 10�6 s�1

(Borsuk et al., 2001). As a result, Oða z1Þ .
The photosynthetic oxygen production rate, P, is usually

greater in the surface waters where light intensity is high
(Kirk, 1994). To account for different depth-varying profiles
of P, three types of functions are used: (1) P is assumed
to be uniformly distributed in the water column and hence
P0 ¼ 0; (2) P is maximized at the surface with a value of
PM, and decreases exponentially downward, P ¼ PMekx, where
k is a constant and the depth-varying part becomes
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P0 ¼ PM ðkekx � 1þ e�k =kÞÞ
�

; and (3) P is maximized at the
surface with a value of PM, and decreases linearly downward,
P ¼ PMð1þ lxÞ, where l is a constant and the depth-varying
part becomes P0 ¼ PMl ð1=2 þxÞÞð .

Integrating Eq. (16) with the three function forms of P 0, and
applying the surface boundary condition of O0xðx ¼ 0Þ ¼ q andR 0

�1 O0 dx ¼ 0, one obtains the vertical oxygen profile as
follows:

O0 ¼ qS

gH
P5Sþ

qB

gH
P5Bþ

PM

g
P6þ

Oxu

g
P7þ

OxuE

g
P8 ð17Þ

P5S ¼�
1� ea� a2ea

aðea� e�aÞ eax� 1� e�a� a2e�a

aðea� e�aÞ e�ax� 1 ð18AÞ

P5B ¼
1� a2 � ea

aðea� e�aÞe
axþ 1� a2� e�a

aðea� e�aÞ e�axþ 1 ð18BÞ

P6 ¼ 0 ð19AÞ

P6 ¼�
a2ekx

k2� a2
� 1� e�k

k

þ ka½ðea� e�kÞeax þ ðe�a� e�kÞe�ax��
k2 �a2

�
ðea� e�aÞ

ð19BÞ

P6 ¼
l

2
þ lxþ lð1� eaÞeax þ lð1� e�aÞe�ax

aðea� e�aÞ ð19CÞ

P7 ¼
3

2
x2� 1

2
þ 3

a2
� 3ðeaxþ e�axÞ

aðea� e�aÞ ð20Þ

P8 ¼ 9x2þ 8x3� 1þ 18þ 48x

a2
þ

6þ
�

48

a2

�
ð1� eaÞ

aðea� e�aÞ eax

þ
6þ

�
48

a2

�
ð1� e�aÞ

aðea� e�aÞ e�ax ð21Þ

The vertical stratification of tidally-averaged dissolved
oxygen in coastal plain type, elongated (in which the axial
length is much greater than the width, which is much greater
than the depth) estuaries can be determined by the four
terms on the right hand side of Eq. (17). They are functions
of surface re-aeration and bottom oxygen demand
ððqS=gH P5S þ ðqB=gH P5BÞÞÞ , photosynthesis ððPM=g P6ÞÞ ,
river flow ððOxu=g P7ÞÞ , and estuarine gravitational circulation
ððOxuE=g P8ÞÞ , respectively. The three functions of P6 corre-
spond to the constant (Eq. (19A)), exponential (Eq. (19B)),
and linear (Eq. (19C)) forms of photosynthetic oxygen produc-
tion, respectively.

The sources of the dissolved oxygen in the water column
include oxygen re-aeration fluxes from the atmosphere and
the oxygen production from aquatic plant photosynthesis.
The re-aeration oxygen flux is imported at the surface bound-
ary of the water column and oxygen production from photo-
synthesis also tends to be higher in surface waters (Kirk,
1994; Chapra, 1997). The newly added oxygen is mixed
toward deeper waters and at the same time is consumed by
biochemical oxygen demand along its way. The vertical vari-
ation of dissolved oxygen concentrations associated with sur-
face re-aeration is represented by function P5S. In Fig. 2a, the
vertical profiles of P5S at different values of a show that
oxygen concentrations are highest near the surface and lower
in deeper waters. A higher a value (a higher BOD and/or
a weaker vertical mixing in the water column) is associated
with stronger oxygen stratification (defined as higher DO con-
centrations near the surface and lower near the bottom). In
addition, oxygen fluxes due to SOD at the bottom boundary
cause lower oxygen concentrations near the bed (Fig. 2b).
The oxygen stratification is especially strong when a is larger.
If we assume the surface oxygen fluxes are the same as the
bottom oxygen fluxes, the steady-state vertical profile of DO
that is caused by surface re-aeration and SOD (denoted as
P5) is shown in Fig. 2c. As a increases, the surface-to-bottom
difference in P5 (denoted as DP5) increases, the rate of change
in DP5 is affected by the relative magnitude of bottom (qB) and
surface (qS) oxygen fluxes. With the same a value and a higher
SOD (or a larger value of qB/qS), oxygen stratification is stron-
ger (DP5 is larger) (Fig. 2d).

The vertical variation of dissolved oxygen concentrations
associated with photosynthesis is represented by function P6.
When photosynthetic oxygen production is uniformly distrib-
uted in the water column, the vertical variation of DO concen-
trations caused by this function is zero (Eq. (19A)). In
contrast, when photosynthetic oxygen production decreases
downward exponentially or linearly, DO stratification occurs.
With a more rapid decrease of photosynthetic oxygen pro-
duction from the surface (larger k and l), DO stratification
becomes stronger (Fig. 3). Vertical DO profiles caused by pho-
tosynthesis functions are also affected by physical mixing. As
a result, the vertical DO profiles do not follow either an expo-
nential or a linear form. In addition, when a is small (less than
1) or, vertical mixing is strong, the differences between sur-
face and bottom DO concentrations caused by vertical varia-
tions of photosynthetic oxygen production are negligible.
DO stratification associated with depth-varying photosynthesis
functions becomes significant when a is larger.

Assuming the depth-averaged oxygen concentration
increases downstream, such as occurs in the Pamlico River
(Stanley and Nixon, 1992), the Rappahannock River (Kuo
et al., 1991), the Neuse River (Buzzelli et al., 2002), and the
Cape Fear River Estuary (Mallin et al., 1999), making Ox pos-
itive, then the vertical DO stratification affected by river flow
is governed by P7 (Fig. 4). Due to the higher flow velocity near
the surface (hence larger negative horizontal oxygen fluxes)
and lower in the deeper waters (hence smaller negative hori-
zontal oxygen fluxes), the DO concentration tends to be lower
near the surface and higher near the bottom, which is opposite
to the oxygen stratification pattern governed by P5 and P6.

The vertical DO variation affected by estuarine gravita-
tional circulation is governed by P8 (Fig. 4). With a positive
Ox, oxygen concentrations tend to be lower near the surface
and higher near the bottom. This is due to downstream
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Fig. 2. Vertical distributions of (a) P5S, (b) P5B, and (c) P5¼ P5Sþ P5B while assuming qS¼ qB, at different values of a (indicated by legends: 0.5, 1, 2, and 5). (d)

Distributions of DP5¼ P5(x¼ 0)� P5(x¼�1) as a function of a at different values of qS/qB (indicated by legends: 0.5, 1, 2). P5S indicates vertical oxygen

variations associated with surface re-aeration, P5B indicates vertical oxygen variations associated with sediment oxygen demand.
advection of low DO waters near the surface and upstream
advection of high DO waters near the bottom. Similar to the
function of P7, P8 has the reverse effect from that of P5 and
P6 in controlling vertical DO stratifications.
The relative importance of P5, P6, P7 and P8 in controlling
oxygen stratification in estuaries depends on the relative mag-
nitudes of qS=gH, qB=gH, PM=g, Oxu=g, and OxuE=g. OðgÞ is
around 10�6 s�1 (Chapra, 1997; Borsuk et al., 2001). The
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function, lower panel).
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surface oxygen flux, qS ¼ KSðvO=vz ; zÞ ¼ 0, is usually
a function of wind and water velocities in estuaries,
OðqS z1 g m�2 day�1Þ (Thomann and Mueller, 1987; Chapra,
1997). Typical values of SOD for estuarine mud range be-
tween 1 and 2 g m�2 day�1 (Chapra, 1997). O(PM) is generally
between 0.1 and 1 mg l�1 day�1 for moderately to highly pro-
ductive systems (Chapra, 1997). Based on the observations in
the Cape Fear and the Pamlico River Estuaries in North
Carolina, OðOxÞ is generally around 10�4 mg l�1 m�1, OðuÞ
is around 10�2 m s�1 and occasionally reaches 10�1 m s�1

during high flow events. O(uE) is between 10�2 and
10�1 m s�1 (Carpenter and Yonts, 1979; Stanley and Nixon,
1992; Mallin et al., 1999). Therefore, with a 10-m water depth,
OðqS=gH zOðqB=gH z1 mg l�1ÞÞ , OðPM=g z1e10 mg l�1Þ ,
OðOxu=g z1 mg l�1Þ , and OðOxuE=g z1e10 mg l�1Þ . The
oxygen stratification resulted from the combination of the
four terms in Eq. (17), hence, exhibits vertical trends from
highly stratified (with bottom hypoxia likely to occur) to
well mixed (with bottom hypoxia rarely occurring) as mean
flow and gravitational circulation become stronger. Kuo and
Neilson (1987) attributed the rare occurrence of hypoxic con-
ditions in the James River (compared with the York and Rap-
pahanoke Rivers) in Virginia to a stronger gravitational
circulation, which agrees well with the findings here.

Photosynthetic oxygen production, the vertical distribution
of which is not available in both Pamlico and Cape Fear
Rivers, is assumed to be uniformly distributed in the following
discussions and case studies. In addition, the surface and
bottom oxygen fluxes (qS and qB, respectively), which usually
have the same order of magnitude, are assumed to be equal in
the following analysis and discussions.

2.1. Estuarine gravitational circulation uE and a

In order to investigate the impacts of uE (the strength of the
gravitational circulation) and a (relative importance between
BOD consumption and vertical diffusivity) on vertical oxygen
distributions in partially-mixed estuaries, oxygen stratifica-
tions at different values of uE and a are presented in Fig. 5.
Based on the observations from the US Geological Survey
(USGS) and the Lower Cape Fear River Program (LCFRP:
http://www.uncwil.edu/cmsr/aquaticecology/lcfrp/), typical
values of the parameters are selected to represent mean flow
conditions of the Cape Fear River, where H¼ 10 m,
qS¼ qB¼ 1� 10�5 g m�2 s�1, g¼ 10�6 s�1, Ox ¼ 0:8�
10�4 mg l�1 m�1, and u ¼ 0:01 m s�1.

Vertical profiles of dissolved oxygen usually exhibit a strat-
ification trend of higher concentrations near the surface and
lower near the bottom, due to oxygen sources existing near
the surface. A strong river flow and/or estuarine gravitational
mode usually reduce the stratification. However, the impor-
tance of this mode in modifying the oxygen stratification is
quite different in different systems. The difference in oxygen
profiles between a stronger (e.g. uE¼ 10 cm s�1) and a weaker
(e.g. 1 cm s�1) gravitational mode is negligible when a is be-
low or around 0.5 (Fig. 5) or, when vertical diffusion is strong
and/or BOD is relatively small in a system. As a increases (i.e.
vertical diffusion decreases and/or BOD increases, and when
the bottom-water hypoxia is more likely to occur), the impacts
of gravitational circulation on vertical oxygen distribution be-
comes more pronounced. In some cases (e.g. a ¼ 1e2, Ox >
0, qS ¼ qB ¼ 10�5 g m�2 s�1), a strong gravitational circula-
tion (around 10 cm s�1) can even lead to lower oxygen
concentrations near the surface and higher near the bottom.

As uE increases, vertical DO stratification appears to be less
sensitive to the value of a. The impact of a on oxygen strati-
fication is profound (Fig. 6). As a increases, the four terms in
Eq. (17), which determine the vertical oxygen profiles affected
by surface re-aeration and SOD (P5S and P5B, respectively, for
the case of qS¼ qB, P5¼ P5Sþ P5B), photosynthesis (P6),
river flow (P7), and estuarine gravitational circulation (P8), in-
crease (Figs. 2e4). Among the four terms, P5 and P6 lead to
higher near-surface and lower near-bottom oxygen concentra-
tions with P7 and P8 contributing to an opposite trend (with the
assumption of Ox > 0). When a is small (a< 0.5), vertical
mixing is strong and the surface-to-bottom difference in DO
(DDO) is negligible with the above listed parameters. As a in-
creases (0< a< 2), DDO becomes larger under weaker grav-
itational circulation (uE� 5 cm s�1) condition, and becomes
smaller (more negative) under strong gravitational circulation
condition (uE� 10 cm s�1). As a continues to increase, verti-
cal mixing is further suppressed, DO stratification is enhanced
even when gravitational circulation is strong.

The variation of DDO under different uE conditions
suggests that P5 and P6 dominate the oxygen stratification
with a weak to moderate gravitational circulation mode

http://www.uncwil.edu/cmsr/aquaticecology/lcfrp/
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(uE� 5 cm s�1). As gravitational circulation being stronger
(uE� 10 cm s�1), its effect on oxygen stratification is not sig-
nificant when vertical mixing is weak (a> 2) but becomes
dominant with moderate to strong vertical mixing
(0< a< 2), resulting in reversed oxygen stratification. This
extreme case (reversed oxygen stratification) was observed
occasionally in the Cape Fear River Estuary (Fig. 7).

The impact of estuarine gravitational circulations on DO
stratification was discussed above with river flow assumed to
be constant. River flow is a function of freshwater discharge,
which varies with time. The impact of river flow on DO
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stratification follows a similar trend as that of gravitational
circulation, often with a smaller magnitude.

2.2. Along-channel gradient of depth-averaged oxygen
concentration

Eq. (17) also sheds light on the most vulnerable places
where bottom hypoxia is likely to occur. We have assumed
the longitudinal gradient of the depth-averaged oxygen
concentration, Ox, to be positive in the above discussions;
however, in upper estuaries, Ox is often negative (Kuo et al.,
1991; Buzzelli et al., 2002), due to shallower and hence
more easily aerated waters in the freshwater streams and
deeper, less aerated waters downstream. In such cases, the
vertical oxygen profiles governed by the four functions in
Eq. (17) all have a trend of higher surface and lower bottom
oxygen concentrations. With the presence of a certain amount
of BOD and SOD, hypoxic conditions may develop in the
bottom waters.

In contrast, in lower estuaries, Ox is usually positive due to
less polluted waters and hence lower biochemical oxygen
demand near the mouth of the estuary. In such cases, vertical
oxygen profiles governed by the last two functions (associated
with river flow and estuarine circulation) in Eq. (17) have
a trend of lower surface and higher bottom oxygen concentra-
tions, which counteracts the vertical profile governed by the
first two functions (associated with surface re-aeration/SOD
and photosynthetic oxygen production). With large river in-
flow and strong gravitational circulation, hypoxic conditions
are less likely to develop if provided with the same amount
of BOD and SOD as in the upper estuaries. Such spatial trends
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in Ox can often lead to a pro-hypoxia zone in the upper
portions of an estuary.

3. Cape Fear River Estuary (CFRE)

The CFRE is located in southeastern North Carolina (NC).
Its principal channel is the Cape Fear River, extending to
Greensboro, NC, in the Piedmont. The lower river is joined
by two ‘‘black water’’ tributaries, the Black River and the
Northeast Cape Fear River, originating in the coastal plain
(the term ‘‘black water’’ refers to the color of the water).
The CFRE is hereafter referred to as the estuarine portion of
the lower Cape Fear River, which empties directly into the
Atlantic Ocean.

The CFRE is narrow, ranging from 2 to 3 km in width
and extends about 50 km from the general location of the
salt boundary near Wilmington, NC, to the river mouth at
Bald Head Island. A 12.8-m deep ship channel is main-
tained from Wilmington to the river entrance by the US
Army Corps of Engineers. The channel is flanked with
broad shallow shoals. The mean tidal range is around
1.3 m near the river mouth and 1.2 m near Wilmington.
The vertical salinity difference usually ranges from 5 to
20 in the middle portions of the estuary, but tends to be bet-
ter mixed toward the river mouth. The classical two-layer
estuarine circulation is not dominant near the river mouth,
but becomes important in the reach of the CFRE seaward
of the Snows Marsh area (Carpenter and Yonts, 1979;
Pietrafesa and Janowitz, 1988). The 30-year averaged fresh-
water discharge to the estuary is around 307 m3 s�1

(Carpenter and Yonts, 1979). The CFRE is a micro-tidal,
partially-mixed estuary. The estuary is not constrained by
barrier islands and thus the estuarine flushing time is rapid,
with a median of 7 days (Ensign et al., 2004).

The total drainage area of the Cape Fear River is about
23,310 km2, contained entirely within the state of NC. Over
one-half of the land in the river basin is forested; the remain-
der includes cultivated crop and pastureland or is urbanized.
Agricultural and urban runoff from the increasing population
has introduced large quantities of inorganic nutrients and has
led to considerable water quality degradation in this region.
The basin is also the most heavily industrialized river basin
in the state with numerous point source discharges. Industrial-
scale swine production has grown rapidly in recent years
(around 10 million in 1998), with over half of North Carolina’s
swine population concentrated in the Cape Fear River basin
(Cahoon et al., 1999; Mallin, 2000). Intensive livestock oper-
ations, principally swine and poultry, also contribute to the nu-
trient pool emptying into the CFRE (NCDENR, 1996, 2004;
Cahoon et al., 1999; Mallin et al., 1999, 2002). A detailed
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description of the temporal and spatial patterns of nutrient and
chlorophyll a concentrations in the CFRE can be found in
Mallin et al. (1999). The CFRE is categorized as moderately
eutrophic (Bricker et al., 1999).

Dissolved oxygen concentrations in the CFRE are usually
around or a little below the NC water quality standard of
5.0 mg l�1 during summer. Severe hypoxia (DO< 2 mg l�1)
often occurs following animal waste spills and hurricanes.
However, no significant difference was found between average
surface and bottom DO levels (Mallin et al., 1999, 2002).
Salinity and DO data collected by the Lower Cape Fear River
Program (http://www.uncwil.edu/cmsr/aquaticecology/lcfrp/),
together with river discharge data from USGS during 2004,
are used here to further investigate the controlling mechanisms
of potential DO stratification in the system.

Fig. 7 shows the spatial and temporal distributions of the
depth-averaged and the surface-to-bottom difference in salin-
ity and DO concentrations along the channel of CFRE. Since
the CFRE empties directly into the Atlantic Ocean, the along-
channel gradient of depth-averaged salinity is relatively high,
usually around 0.75� 10�3 m�1 and higher during large river
discharge events. The along-channel gradient of depth-
averaged oxygen concentrations is negligible year-round
except during summer and winter with the onset of a positive
gradient around 0.07� 10�3 mg l�1 m�1, and a negative gradi-
ent around �0.05� 10�3 mg l�1 m�1, respectively. The winter
oxygen gradient is mainly caused by a difference in oxygen
saturation due to lower water temperature landward and higher
temperature seaward. Since biological activity is very low
during winter, oxygen stratification is not a concern. During
summer, the along-channel oxygen gradient together with
the shear caused by freshwater inflow and the gravitational cir-
culation will modify the vertical oxygen stratification. Salinity
stratification is the strongest in the middle portions of the
CFRE, with the surface-to-bottom difference in salinity rang-
ing from 10 to 20 during 2004.

Although strong salinity stratification exists in the CFRE,
only moderate oxygen stratification is developed occasionally.
Survey data during August and September 2004 are selected to
represent the cases of moderate oxygen stratification and no
oxygen stratification, respectively, to further explore the mech-
anisms controlling oxygen distributions in the system.

During August 10, 2004, the daily mean freshwater
discharge was very low, around 80.7 m3 s�1, which set a salin-
ity gradient of around 0.71� 10�3 m�1. The along-channel
oxygen gradient was negative near the head of salt intrusion,
and became positive in the downstream portions of the
CFRE. As a result, a local maximum oxygen stratification
was obtained where Ox was negative (and the P5, P7 and P8

all work toward higher oxygen concentration near surface
and lower near bottom), the stratification weakened in the
downstream direction where Ox became positive. A weak
oxygen stratification was still maintained in the downstream
portions of the CFRE since the functions of P7 resulting
from very low freshwater inflow and P8 resulting from the
gravitational circulation do not completely offset the oxygen
difference set by function P5. If we then apply Eq. (17) with
the parameters derived from the field data (Table 1), we see
that the predicted oxygen stratification by Eq. (17) agree
well with the observations (Fig. 8).

During September 14, 2004, the freshwater discharge was
about 560.2 m3 s�1, which was much larger than that of
August 10. The high salinity water was pushed further down-
stream and a stronger longitudinal salinity gradient formed
(Fig. 7a, Table 1). As a result, both freshwater inflow and
the two-layer estuarine circulation became stronger, and
consequently offset the oxygen stratification effected by sur-
face re-aeration and SOD. Dissolved oxygen was well mixed
in the water column (Fig. 8b).

4. Pamlico River Estuary (PRE)

The PRE is herein referred to as the estuarine portion of the
TarePamlico River. The TarePamlico River is one of the
major tributaries in the AlbemarleePamlico Sound Estuary
System (APES) (Fig. 1). The TarePamlico River has a total
Table 1

Parameters used in oxygen stratification prediction

Study sites Cape Fear River Estuary Pamlico River Estuary

Measurement dates 08/10/2004 09/14/2004 09/01/2003 09/12/2003

sx (10�3 m�1) 0.71 0.92 �0.03 0.06

Ox (10�3 mg l�1 m�1) �0.023b/0.067c 0.077 0.11 0.09

u (10�2 m s�1) 1.8 12 0.28 0.32

uE (10�2 m s�1) 11 15 �0.3 0.06

Mean tidal range (m) 1.1a 1.4a 0.15e0.3 0.15e0.3

g (10�6 s�1) 1 1 1 1

a 1 1 2 0.5

qS, qB (10�5 g m�2 s�1) 2.5 2.5 1.25 1
qS

gH
, qB

gH
(mg l�1) 2.5 2.5 2.5 2

Ox u
g

(mg l�1) �0.414b/1.206c 9.24 0.308 0.288

Ox uE

g
(mg l�1) �2.53b/7.37c 11.55 �0.33 0.054

a Daily mean near Wilmington.
b Upstream.
c Downstream.

http://www.uncwil.edu/cmsr/aquaticecology/lcfrp/
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basin area of about 14,000 km2, and is contained entirely
within the State of North Carolina. The freshwater portion
of the TarePamlico River is usually referred to as the Tar
River. Rising in the Piedmont farmlands, the Tar River flows
southeasterly for 225 km. As the river flows across the flat
Coastal Plain, it transforms from a freshwater river into
a brackish system near the city of Washington. Here the
name changes to the Pamlico River, and it travels another
60 km before emptying into the Pamlico Sound.

The long-term average freshwater input to the Pamlico
River is about 150 m3 s�1, which contributes to a horizontal
salinity distribution of near zero at the head of the estuary
and about 25 at the mouth. The PRE is a shallow estuary
with a mean depth of 2.7 m and channel depths ranging
from around 5 m near the mouth to around 3 m near the
head of the estuary. Strong stratification sometimes occurs in
the middle estuary with top-to-bottom differences in salinity
reaching about 8. Mixing events can occur very rapidly (within
less than an hour) (Bales and Robbins, 1995). Lunar tides in
the PRE are negligible. The averaged tidal range is about
0.3 m at the head of the PRE and about 0.15 m at the mouth
(Stanley and Nixon, 1992; Bales and Robbins, 1995). The
circulation in the Lower TarePamlico River is dominated by
wind- and density-driven currents (Pietrafesa et al., 1986;
Phillips, 1989). The PRE is classified as a micro-tidal,
partially-mixed estuary. Tidal flushing is constrained by barrier
islands (the Outer Banks) enclosing Pamlico Sounds.

As a result of large amounts of nutrient loading from its
drainage basins and low flushing rate (Pietrafesa et al., 1986;
Pietrafesa and Janowitz, 1991; Stanley, 1993), the Tare
Pamlico River has exhibited various ecological problems
such as eutrophication, hypoxia, harmful algal blooms, mas-
sive fish kills, and declining shell fish production (Pietrafesa
and Miller, 1997; Mallin et al., 2000) and was categorized
as highly eutrophic (Bricker et al., 1999).

Hypoxia in the PRE was first documented in the late 1960s
(Hobbie et al., 1975), and was investigated more thoroughly in
the mid-1970s (Davis et al., 1978). Most recently, Stanley and
Nixon (1992) examined a 15-year set of biweekly measure-
ments along the channel of the PRE, and found that hypoxia
occurs most often in summer when high water temperature
decreases oxygen saturation and enhances biological oxygen
demand. In July, 75% of the DO readings were less than
5 mg l�1 and more than 30% were less than 1 mg l�1. Severe
hypoxia occurs more frequently in the upper half of the estu-
ary than near the mouth. In contrast to the CFRE, vertical DO
stratification and salinity stratification are tightly coupled with
variations in freshwater discharge and wind stress.

Three months (JulyeSeptember 2003) of surface and
bottom daily averaged salinity and DO concentrations at two
stations in the middle portions of the PRE were obtained
from USGS (http://waterdata.usgs.gov/nwis). The data were
examined together with the river discharge (from USGS),
and wind (from National Climate Data Center (NCDC) of
National Oceanic and Atmospheric Administration (NOAA))
data to further explore the mechanisms controlling oxygen
stratification in the PRE. Fig. 9 shows temporal variations of
river flow, wind, salinity, longitudinal salinity gradient, DO,
and longitudinal DO gradient at USGS station 0208453300.
The depth-averaged salinity/DO is estimated as the mean of
the surface and bottom concentrations, and the longitudinal
gradient is obtained as the difference between the depth-averaged
concentrations at stations 0208453300 and 0208455155
divided by the distance between the two stations.

In the middle of August, a large river discharge pushed
freshwater downstream, as a result, both surface and bottom
salinity at station 0208453300 became zero (Fig. 9). The lon-
gitudinal salinity gradient increased from 0.07� 10�3 m�1 on
August 7 to 0.17� 10�3 m�1 on August 17, indicating a stron-
ger estuarine gravitational circulation being formed. Conse-
quently, salinity stratification became stronger toward the
end of August. At the same time, the longitudinal salinity gra-
dient decreased as river discharge decreased. Although the
longitudinal salinity gradient fell below zero in the beginning
of September, indicating a much weakened or reversed estua-
rine circulation in the region, strong salinity stratification
persisted until September 8. The destruction of the salinity
stratification lasted a couple of days after September 8,
probably caused by strong vertical mixing due to increased
wind speeds. The surface-to-bottom differences in DO

http://waterdata.usgs.gov/nwis
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Fig. 9. The temporal variation of (a) river discharge, (b) wind speed, (c) surface and bottom salinities, (d) longitudinal salinity gradient, (e) surface and bottom DO

concentrations, and (f) longitudinal DO gradient during 7/1/2003e9/30/2003 at USGS station 0208453300 in the Pamlico River Estuary.
concentrations followed closely those in salinity. With strong
salinity stratification, bottom DO reached near zero. In con-
trast, as salinity stratification disappeared, DO concentrations
became well mixed in the water column. The coincidence of
vertical salinity and DO stratification indicates that the
strength of vertical mixing is perhaps the most dominant factor
controlling vertical DO distributions during the summertime in
the PRE. Strong salinity and DO stratification often occur fol-
lowing large river discharge, and persist until a strong vertical
mixing event breaks the stratification. In this system, estuarine
gravitational circulation has little direct influence in modifying
the vertical distributions of DO. The impact of both estuarine
gravitational circulation mode and river discharge on DO strat-
ification is through their roles in regulating salinity stratifica-
tion and hence the intensity of vertical mixing.

Two cases (September 1 and 12, 2003) were selected to
further investigate the impact of vertical mixing, estuarine
circulation, and river flow on vertical DO stratification. The
vertical distributions of DO derived from Eq. (17) are pre-
sented in Fig. 10. Strong vertical oxygen stratification existed
on September 1 and weak stratification occurred on September
12. The parameters used in the prediction are listed in
Table 1 for comparison. The longitudinal salinity and oxygen
gradient (sx and Ox), u and uE were calculated from the data.
The values of a and qS/qB were estimated from general infor-
mation (e.g. river depth, system classification, mean tidal
range, and wind speed) and prediction calibration. During
September 1 and 12, although longitudinal oxygen gradients
were relatively high (compared to CFRE), both u and uE

were very low, and hence they had little impact on oxygen
stratification.

The differences in oxygen stratification between the two
cases were mainly caused by higher values of a during
September 1 and lower values during September 12. A higher
value of a can result from a larger BOD and/or weaker vertical
mixing. The mid-August high river discharge event probably
introduced a large amount of organic matter, which led to
a bigger BOD pool in the system. Tides are negligible in the
PRE. The major sources of vertical mixing are from wind
and river-induced estuarine circulation, and neither was strong
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River Estuary.
on September 1, leading to a higher value of a (a¼ 2). In con-
trast, a stronger wind increased vertical mixing throughout the
water column (less than 5 m deep) during September 12, lead-
ing to a lower value of a (a¼ 0.5).

5. Discussion and conclusion

The most important development of this paper is the deri-
vation of vertical oxygen stratification profile as a function
of surface re-aeration and SOD (P5S and P5B, respectively,
in Eq. (17), and the summation is referred to as P5), photosyn-
thesis (P6), river flow (P7), and estuarine gravitational circula-
tion (P8) in micro-tidal, partially-mixed estuaries. Since
external sources of DO are mainly in the surface waters (i.e.
surface re-aeration and photosynthesis), vertical mixing sets
a DO profile of higher concentration near the surface and
lower near the bottom. With an increased downstream depth-
averaged DO concentration, strong river flow and gravitational
circulation can both lead to lower DO concentrations near the
surface and higher concentrations near the bottom.

The actual vertical oxygen profile is determined by the
relative importance of the four functions, and is sensitive to
values of uE and a. Function uE indicates the strength of the
classical two-layer estuarine circulation, which is a function
of the longitudinal salinity gradient. Vertical DO stratification
usually becomes weaker as uE increases. Such phenomena
were observed in several estuaries including James River
(Kuo and Neilson, 1987), Tone River (Ishikawa et al., 2004),
Paerl River (Yin et al., 2004), and Cape Fear River (this paper).
The impact of river flow ðuÞ on DO stratification follows the
same trend as that of uE, often with a smaller magnitude.

The importance of uE (and u) in regulating DO stratification
also depends on a, which represents the relative importance of
BOD and vertical mixing intensities. As a increases (i.e.
vertical diffusion decreases and/or BOD increases), the impact
of estuarine gravitational circulation mode on vertical oxygen
distribution becomes more important.

The impact of a on oxygen stratification is profound. As uE

(and u) increases, DO stratification appears to be less sensitive
to the value of a. Surface-to-bottom differences in DO
concentrations are negligible when a is small (a< 0.5). As
a increases, DDO increases under a weak to moderate gravita-
tional circulation mode (uE� 5 cm s�1). Under a strong
gravitational circulation mode, DDO becomes negative with
a small a (a< 2), and as a continues to increase, DDO
becomes positive. The turning point indicates a P8 (and P7)
dominant oxygen profile when a is small and a P5 (and P6)
dominant oxygen profile when a is large.

Implementation of the governing equation for vertical oxy-
gen stratification (Eq. (17)) was conducted on two micro-tidal,
partially-mixed estuarine systems: the Cape Fear River
Estuary and the Pamlico River Estuary. In the Cape Fear River,
de-coupling between vertical salinity stratification and oxygen
stratification is mainly due to a relatively stronger gravitational
circulation mode and higher freshwater inflow, which tend to
introduce lower oxygen waters near the surface and higher
oxygen waters near the bottom. This counteracts the vertical
oxygen profile set up by surface re-aeration and SOD. With
stronger river flow and estuarine gravitational circulation,
DO stratification is less sensitive to the value of a. Therefore,
even with a strong salinity stratification (a large a value), DO
concentrations tend to be well mixed in the water column.

In contrast to the CFRE, in the Pamlico River Estuary, with
negligible influence from tidal mixing, the system is sensitive
to vertical mixing regulated by salinity stratification and wind.
Estuarine gravitational circulation and river flow are usually
weak, and hence DO stratification (compared with that in
CFRE) is more sensitive to the value of a. In the PRE, with
large quantities of organic matter input and high phytoplank-
ton production rate, oxygen consumption by BOD is relatively
fast, and hence the value of a is very sensitive to the effects of
vertical diffusion. Therefore, a strong correlation usually
develops between vertical stratification in salinity and DO.
Examples of such cases also include Neuse River (Borsuk
et al., 2001; Buzzelli et al., 2002), Swan River (Kurup and
Hamilton, 2002), and Patuxent River (Breitburg et al., 2003).

In the theoretical derivations of this study, vertical diffusiv-
ity is assumed to be constant. In reality, it may vary as
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a function of mixing length, velocity shear, and vertical den-
sity stratification. Variations of the vertical diffusivity in a wa-
ter column may result in a different shape of the vertical
oxygen profile, but the general trends of the impacts of surface
re-aeration/SOD, photosynthesis, river flow, and estuarine
gravitational circulation on oxygen stratification may remain.
Wind is considered here as a source of vertical mixing, so
the impact of wind-induced circulation on oxygen dynamics
is deemed beyond the scope of this paper.
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