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Abstract: The onset of hypoxia is a consequence of the competition between oxygen replenishment,
production, and consumption. Dissolved oxygen (DO) levels inside an estuary depend on the balance
between physical processes that transport oxygen-rich water into the estuary, including upstream
freshwater advection, gravitational circulation, and vertical mixing, and biochemical processes that
produce and consume oxygen, such as photosynthesis, respiration, and organic decomposition. We
propose a general relationship between the physical and biochemical processes with a Lagrangian
perspective to interpolate mean DO concentrations at local and system levels to assess the onset of
hypoxia in an estuary. Simple parameters using timescales are proposed for cross-system comparison
of hypoxia and anoxia conditions. Our study demonstrates that the hypoxia of an estuary system
is determined by the timescales of vertical exchange, freshwater and saltwater transport, and DO
consumption. When the vertical exchange timescale is shorter than the residence time in a system,
vertical exchange dominates DO replenishment, while shorter residence time enhances advection,
which quickly inputs DO-rich water to regulate hypoxia. The interplay between DO consumption
and dynamic DO replenishment is the primary determinant of hypoxia in an estuary.

Keywords: hypoxia and anoxia; cross-system comparison; transport timescales; vertical exchange
time; residence time; Chesapeake Bay

1. Introduction

Hypoxia and anoxia are phenomena characterized by dissolved oxygen (DO) levels
falling below 2 g O2 m−3 and reaching zero, respectively. Persistent seasonal hypoxia
occurs in many stratified or partially mixed estuaries and shelf regions worldwide [1–4]. It
causes water degradation, which is harmful to living resources, kills fish, and causes the
deterioration of water quality [1,4]. Hypoxia and anoxia occur when oxygen consumption
exceeds oxygen production and replenishment within an aquatic environment. In the con-
text of an estuary, DO replenishment occurs through vertical and lateral mixing processes,
advection of upstream freshwater, or gravitational circulation (exchange flow) that trans-
ports DO-rich water into the estuary [2,3]. Conversely, oxygen production/consumption
mainly result from phytoplankton photosynthesis/respiration, nitrification, organic matter
decomposition, and bottom sediment oxygen demand (SOD). Because of the persistence
of estuarine stratification, hypoxia often develops in sub-pycnocline water when the DO
consumption rate of biochemical processes surpasses the oxygen supply [2]. Hypoxia
occurs in rivers and coastal waters, and its frequency of occurrence appears to be increasing
and is most likely accelerated by human activities [1,4]. The phenomenon of low-DO
conditions in aquatic ecosystems has captured the interest of researchers and managers.
Understanding the causes of hypoxia and effectively managing them is an urgent need and
it requires a multidisciplinary approach.

Because the transport and mixing processes play a crucial role in modulating DO,
physical oceanographers have become increasingly interested in the dynamics of oxygen
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variations and how they modulate DO dynamics. In the Chesapeake Bay, it has been
found that freshwater discharge is a major factor in regulating stratification [5], which
is a predictor of summertime hypoxic volume due to high nutrient input during spring
runoff [6]. Kuo and Neilson [3] analyzed DO budgets in the Virginia tributary estuaries
of the Chesapeake Bay. They pointed out the importance of gravitational circulation
in modulating DO in these tributaries. In addition to gravitational circulation, Sanford
et al. [7] showed the importance of the lateral exchange of DO between the surface and
sub-pycnocline water due to lateral circulations. Scully [8] demonstrated that wind plays
a crucial role in modulating hypoxia in the Chesapeake Bay through lateral circulation.
Because of the complicity of dynamics, this makes cross-system comparison challenging.

The approach of using timescales for understanding the overall effect of dynamics
and transport processes has been used for cross-system comparison under a common
currency [9–12]. Shen et al. [10] provided a simplified two-layer theoretical model, for
which the bottom DO concentration can be interpolated by the timescales of vertical
exchange time (τv), horizontal transport time (saltwater age), and DO consumption time.
The timescale approach was verified by a three-dimensional model in the Chesapeake
Bay [13]. Recently, Fennel and Testa [14] proposed a non-dimensional number that relates
the hypoxia timescale and water residence time to guide the cross-system comparison,
which provides a convenient method of cross-system comparison. However, the water
residence time does not account for the vertical exchange that is a key parameter for DO
replenishment [2,7] when the water residence time is long [10]. The competition between
vertical and horizontal transport needs to be quantified and included to fully account for
the DO dynamics.

The purpose of this study is to provide a general relationship between DO and trans-
port timescales in estuaries, using a Lagrangian perspective, to quantify the effects of
physical and biochemical processes on the mean DO at both local and system scales, which
can be used to assess the onset of hypoxia in an estuary and enable cross-system com-
parisons. While the simplified approach is based on an idealized estuary, it provides
insights into understanding DO dynamics. This study demonstrates that the hypoxia
of an estuary system can be effectively quantified by timescales, which can be used for
cross-system comparison.

2. Methods

In this section, a general case that is applicable to both rivers and estuaries is introduced
to understand the relationship between physical and biochemical processes that influence
the average DO levels in these environments. We derived simple relationships between
mean DO and DO replenishment/net consumption in a river or estuary with the ultimate
objective of describing the interplay between physical and biological processes while
acknowledging that the various processes influencing DO variation in an estuary are
inherently spatially and temporally variable over finer scales.

2.1. DO Variation along a River or Estuary

To study DO variation along a river or an estuary and the relationship between
DO variation and timescales, we assume that the estuary or river can be represented by a
rectangle channel with the constant cross-section area A (m2) and depth H (m) for simplicity
without losing generalization. The mass balance of DO (tidally averaged for estuary), which
is similar to the salt balance, can be expressed as [15–17]:

Ot +
1
A
(uAO)x + (wO)z =

1
A
(kHOx A)x + (kzOz)z + P − R , (1)

where O (g O2 m−3) is the DO concentration at a specific location (x, z) and time (t), u and w
(m s−1) are the horizontal and vertical velocities at location (x, z), respectively; kH and kz (m2

s−1) are the horizontal and vertical diffusivity, respectively; and P and R (g O2 m−3 s−1) are
DO production and total consumption rates, respectively. Using the boundary conditions



Water 2024, 16, 969 3 of 13

kz
dO
dz (z = 0) = θs and kz

dO
dz (z = −H) = θb, where θs and θb are the surface and bottom

DO fluxes (g O2 m−2 s−1), respectively [17], the vertical mean DO can be expressed as:

Ot +
1
A
(
uAO

)
x +

1
A

(
u′O′A

)
x
=

1
A
(
kHOx A

)
x + P − R +

1
H

(θs − θb). (2)

Under the steady-state assumption (i.e., Ot = 0), and assuming that 1
A
(
kHOx A

)
x, and

1
A

(
u′O′A

)
x
≪ 1

A
(
uAO

)
x, the dominant advection terms of the vertical mean O can be

expressed as (hereafter, we dropped the over bar of all variables for convenience):

uOx = P −
(

R +
θb
H

)
+

1
H

θs . (3)

Using the boundary condition and assuming kz is independent of depth, θs can be
approximated as follows:

θs

kz
=

dO
dz

≈ Os − O
h

, (4)

Here, we scaled the flux θs by using the difference between DO at the surface (Os)
and mean O at the water depth of h below the surface at location x. Os can be higher, lower,
or equal to saturation DO. Using Equation (4), the last term of Equation (3) can be written
as kz

Hh (Os − O). Note that Hh/kz is a vertical mixing timescale. Although h is not readily
determined, the mixing scale can be obtained from model simulations of surface water
age [10], which will be further discussed. We refer to this timescale as vertical exchange
time (τv), τv = Hh/kz, which quantifies how long it will take for surface water with high
DO to be transported to the location x. By substituting Equation (4) into Equation (3),
Equation (3) can be written as:

dO
dx

+
O

uτv
= −RN

u
+

Os

uτv
, (5)

where RN =
(

R + θb
H − P

)
, in which RN is the net DO consumption rate, resulting from

water column respiration, production, and bottom sediment oxygen demand [10]. Note
that −RN is net ecosystem metabolism (NEM) and RN can be either positive or negative,
which can be estimated through measurements. A positive RN indicates that respiration
is larger than production and vice versa. If we assume the upstream boundary O = Ou at
x = 0, the solution of Equation (5) is:

O = [Ou − (O s − τvRN)]e
−τu
τv + Os − τvRN (6)

where τu = x/u is the time required for freshwater travel from the upstream boundary
to the location x (i.e., residence time [9,18,19]), which can be estimated by freshwater
age [18,19]. The first term on the right side of Equation (6) is the deficit of DO consumption
due to upstream DO advection, and the last term is the DO consumed during the period of
vertical transport. Equation (6) indicates that the mean DO concentration at location x is a
superimposition of DO advection from the upstream and vertical mixing. When τu is large
(slow-moving water), the first term vanishes, indicating that the DO-rich water transported
from the upstream boundary has been depleted and has less impact on DO dynamics at
the present location.

In estuaries, DO-rich water can also enter from the outside through gravitational
circulation [3]. The DO input with saltwater has the same effect as freshwater on DO.
Therefore, the general solution can be expressed as the superimposition of the horizontal
DO transport from the upper stream, downstream, and surface as:

O = Os − τvRN + [Ou − (O s − τvRN)]e
−τu
τv +[Od − (Os − τvRN)]e

−τd
τv (7)
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where τd = x/ue is the time required for saltwater to be transported to the location x in the
estuary, which can be estimated by saltwater age [10]; ue, is the exchange flow; Od is the DO
concentration at the downstream boundary; and τR = 1/RN is the timescale for net DO
consumption. Note that DO transport from the upstream or downstream boundary is mod-
ulated by the vertical exchange timescale. If τv is relatively short (τv ≪ τu or τd , i.e., slow
horizontal transport), the effect of the transport of DO-rich water from the upper stream and
downstream becomes negligible. When τv ≫ τu or τd , DO transported from the upstream
or downstream boundary dominates the DO replenishment. By introducing timescales,
we presented the solution from a Lagrangian perspective, where DO can be assessed at
each observational location using a common currency [9]. Therefore, DO concentration can
be expressed by the horizontal freshwater and saltwater ages, vertical exchange times of
water, and net DO consumption time at the observational locations.

For a special case when Ou = Od = Os = Osa, i.e., when DO concentrations at the
boundaries are all equal to the saturated DO concentration (Osa), Equation (7) can be
simplified as:

O = Osa−Osaτv/τ′
R(1 − e

−τu
τv − e

−τd
τv ). (8)

The normalized O distribution is

O
Osa

= 1 − 1
τ∗

R
(1 − e−τ∗eu − e−τ∗ed), (9)

where we define τ′
R = Osa

RN
as a timescale for net DO consumption and the dimensionless

timescale parameters τ∗
eu = τu

τv
, τ∗

ed = τd
τv

, τ∗
R =

τ′R
τv

. Figure 1 shows the contours of DO
variations with respect to τ∗

ed and τ∗
R (there is a similar DO distribution for the upper

boundary τ∗
eu and τ∗

R). A decrease in τ∗
R (i.e., an increase in DO consumption rate) increases

the chance of hypoxia, while an increase in gravitational circulation or freshwater discharge
(i.e., a decrease in τ∗

eu or τ∗
ed) improves DO conditions inside the estuary for a given τv

(Figure 1a). The onset of hypoxia depends on the ratio of DO consumption and verti-
cal exchange and horizontal transport times. DO concentrations at the boundary affect
DO concentrations inside the estuary, and incoming water with low DO concentration
(e.g., Od = 0.5 Osa) results in a decrease in estuarine DO concentrations (Figure 1b). This
impact varies with saltwater age. When saltwater age is low at a location, either due to a
short distance from the downstream boundary or a high exchange flow, low-DO water at
the mouth of the estuary is transported into the location quickly, and the incoming water
with lower DO concentrations significantly decreases DO concentrations at that location.
However, DO at the downstream boundary has a low impact on local DO dynamics at a
location where saltwater age is high, as most incoming DO from the downstream boundary
has been consumed before reaching that location.

2.2. Timescales Controlling Hypoxia in a System

If we assume the waterbody is well mixed with a volume V (m3) and surface area
A (m2), it has one principal opening to transport water out. Inflows to the system occur
through estuarine circulation that moves water into the system from its opening. DO input
to the system can be from the upstream and downstream boundaries as well as through the
surface exchange, and DO consumption is proportional to the volume of the waterbody.
We acknowledge that this is an overly simplified system. The purpose of this analysis is to
understand the interplay between physical transport processes and DO consumption at
a system-wide scale. With these assumptions, the vertical-averaged mass balance under
the steady state over a specified averaging period T (e.g., T = tidal cycle, or day) can be
simplified under the steady state and can be written as follows [11]:

(Qin + Qr)Osa − QeO − RNV +
kz

h
(Osa − O)A = 0 , (10)
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where O is the mean oxygen of the waterbody (g O2 m−3) and Osa is DO saturation (g
O2 m−3). Here, we use O as the system mean DO for convenience rather than the DO at
location x as in Equation (5). Qin is the inflow (m3 d−1) at the downstream boundary, Qr
is the freshwater discharge, Qe is the outflow (m3 d−1) at the downstream boundary, and
Qe = Qin +Qr [11]. Here, we assume the DO inputs from upstream, downstream, and the
surface are at saturation. The first two terms are advection terms. RN is the net respiration
rate (g O2 m−3 d−1) as defined before. The last term of Equation (10) is the approximation of
DO exchange between the waterbody and surface water with a DO concentration equal to
Osa (Equation (4)). Assuming that volume does not change, Equation (10) can be written as:

Qe(O sa − O)/V − RN +
kz

Hh
(Osa − O) = 0 . (11)

Figure 1. Change in normalized DO with respect to non-dimensional physical and biological timescale
parameters (only shows DO influence from the mouth, τ∗

ed
)
. Panel (a) shows that an increase in

net DO consumption rate (decreased τ∗
R) increases the chance of hypoxia, while an increase in

gravitational circulation (decreased τ∗
ed) improves the DO conditions inside the river or estuary for a

given vertical exchange time. Panel (b) shows that when DO outside of a waterbody is low, it can
affect the DO inside the estuary, resulting in a decrease in DO concentrations (red lines).

Note that the term V/Qe is the residence time [11,20]. Let τ = V/Qe, and τv = Hh/kz as
the residence and vertical exchange times, respectively. Equation (11) can be expressed as:

O(
1
τ
+

1
τv
) = Osa

(
1
τ
+

1
τv

)
− RN . (12)

The mean DO in the waterbody can be expressed as

O = Osa − RN

(
τv

1 + τv
τ

)
or O = Osa − RN

(
τ

1 + τ
τv

)
. (13)

Equation (13) shows two typical cases, for which O = Osa − Rτv if τv ≪ τ, or
O = Osa − Rτ if τ ≪ τv. For a large waterbody in which τ is much longer than τv,
such as the Chesapeake Bay, DO is mainly controlled by τv, except in the regions near
the headwater or near the mouth. For a small waterbody with a short residence time,
DO can be renewed by transporting DO-rich water from its boundaries, either from its
upper stream or downstream. Although the system is simplified, the result (Equation (13))
provides the key relationship between DO transport and net DO consumption. Given RN ,
τv, and τ, the hypoxic condition of a waterbody can be determined. Although the model
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is derived for the whole system, the relationship is applicable to a segment of a river or
estuary to assess local DO in a sub-region, which provides a more accurate estimation.

2.3. Compute Vertical Exchange Time and Water Ages

To demonstrate the use of timescales to determine DO, we used the Chesapeake Bay
as an example. The Environmental Fluid Dynamics Code (EFDC) [21,22] was applied
to the Chesapeake Bay to simulate hydrodynamics and transport timescales. The EFDC
uses a boundary-fitted curvilinear grid model in the horizontal and sigma grids in the
vertical. This model was calibrated for the surface elevation, current, and salinity of
the Chesapeake Bay [13]. The model produced reliable stratification and destratification
responses temporally and spatially in both wet and dry years. The grid is shown in
Figure 2a. The model is forced by the interpolated observed tide at the open boundary (http:
//tidesandcurrents.noaa.gov, accessed on 20 March 2024), freshwater discharges of eight
main tributaries (http://waterdata.usgs.gov/nwis/, accessed on 20 March 2024), and wind
obtained from the North America Regional Reanalysis (NARR) produced at the National
Center for Environmental Prediction (https://psl.noaa.gov/data/gridded/data.narr.html,
accessed on 23 March 2024). The climatology salinity data were used at the open boundary.
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Figure 2. (a) Model grid of the Chesapeake Bay and observational stations (red dots). (b) Average
summer (1985–2012) vertical mean transport time (τv).

The Constitutional-oriented Age and Residence Time Theory (CART) [18,19] was ap-
plied to compute various water ages corresponding to vertical exchange time, τv, freshwater
transport time (freshwater age τu), and saltwater transport time (saltwater age τd). The τv
was computed using the water age of the surface water by continuously releasing dye at
the surface and setting the age concentration to be zero at the surface [23]. The transport
time of freshwater and saltwater from the open boundary was computed by releasing dye
at the freshwater inflows and open boundary, respectively [24]. The age at freshwater
inflow location and open boundary are set to be zero, respectively. It should be noted that
τv represents the age of water parcels that can be transported vertically and laterally, and
can come from both upstream freshwater and saltwater when the water parcels touch the
surface during the transport. Every time, the age is set to zero when the water parcels touch
the surface. Therefore, the τv is the elapsed time since the last time that the parcels contact
the surface [23]. Different from τv, the ages of water parcels do not change even when they

http://tidesandcurrents.noaa.gov
http://tidesandcurrents.noaa.gov
http://waterdata.usgs.gov/nwis/
https://psl.noaa.gov/data/gridded/data.narr.html


Water 2024, 16, 969 7 of 13

contact the surface, as we need to use the freshwater and saltwater ages to represent DO
transport from the boundaries.

3. Results
3.1. Transport Timescales

The averaged summer vertical mean τv distribution from 1985 to 2012 is shown in
Figure 2b. τv distribution shows that long τv occurs in the deep change in the upper portion
of the Bay. It takes approximately 20 d for the surface DO-rich water to be transported
to the lower layer on average in summer in the deep channel. The area with longer τv is
coincident with the Bay hypoxic zone [25]. Figure 3 depicts the monthly mean ages in July
for the wet flow year of 1998 and the mean flow year of 2000, respectively, for freshwater,
saltwater, and surface water (τv). It can be seen that age varies under different flow years.
The freshwater age becomes shorter near the surface during the wet year than the mean
flow year (Figure 3a,b). With a higher freshwater input during the wet year, saltwater age
also becomes shorter compared to the mean flow year (Figure 3c,d). During the wet year,
the estuary becomes more stratified, and τv increases compared to the mean flow year
(Figure 3e,f).

Figure 3. An example of model-simulated monthly mean water ages in July for a wet flow year (1998)
and a mean flow year (2000) ((a,b) show freshwater age, (c,d) show saltwater age, and (e,f) show
vertical exchange time, τv).

Figure 4 shows the mean vertically averaged ages for freshwater, saltwater, and surface
water (τv) between 1985 and 2012 in summer along the deep channel together with their
variations with one standard deviation. It takes more than 250 d for the freshwater to be
transported out of the estuary. The short freshwater age (<50 d) is only located in a small
region with a short distance from the discharge location in summer. It takes more than
200 d for the saltwater to be transported to the upstream in summer. τv longer than 15 d is
located in the region from a 38-degree to 39.25-degree latitude. The longest τv is located
near Station 4.1C.
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Figure 4. Mean vertically averaged water ages during the summer months of June to August from
1985 to 2012 (black dashed lines are one standard deviation, and station locations are marked with
dashed vertical lines).

3.2. Dissolved Oxygen

Figure 5 shows the comparison of observed DO and modeled DO concentrations using
Equation (8) at selected stations. Observational DO are monthly observations obtained from
the Chesapeake Bay Program. Observation stations are shown in Figure 2. DO saturation
was computed using observed temperature and salinity at each station near the surface.
The net consumption rate was computed as R = R20 θT−20, where R20 is the net respiration
rate at 20 ◦C, θ = 1.03 [26], and T is temperature. The net DO consumption rate can be
estimated as the sum of SOD and water column respiration, using an SOD value of 1.0 g
O2 m−2 d−1 for the mainstem of the Bay. This value is slightly higher than the measured
high value of 0.86 g O2 m−2 d−1 reported by Cowan and Boynton [27] but is lower than the
value reported by Boynton and Kemp [28]. The mean concentration of dissolved organic
carbon (DOC) in the mainstem of the Bay is about 2.0 g m−3 to 4.0 g m−3. We used 2.0 g m−3,
a mean DOC decay rate of 0.05 d−1, and a depth of 20 m [10,29]; the oxygen consumption
rate was approximately 0.32 g O2 m−3d−1, or 0.013 g O2 m−3h−1at 20 ◦C. This value is
within the range of measured values for the Chesapeake Bay between 0.01 and 0.04 g O2
m−3h−1 [29]. We estimated the mean respiration rate R20 based on the minimum root-mean-
square error (RMSE) between observed and modeled DO. The estimated net consumption
rate at 20 ◦C ranges from 0.15 to 0.36 g O2 m−3d−1. Higher respiration rates are located in
the upper Bay. The results are within the same range of observations [29]. The results show
a good agreement between the modeled DO and observations, with a mean RMSE ranging
from 0.73 to 0.92. The difference between modeled DO and observations can be attributed
to the use of constant net consumption rate of R20. Because of interannual variations of
nutrient loadings, R20 has a high interannual version, which is highly correlated with the
nutrient loading [13]. It is expected that the modeled DO will be improved if temporally
varying net consumption rates are used.

Figure 5. Comparisons of model results of vertical mean DO against observations at selected stations
(blue lines are observations and red lines are model results).
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4. Discussion
4.1. Transport Timescales

The simplified models provide a Lagrangian perspective on DO variations. DO at a
location can be estimated as the superimposition of the DO transport from the upper stream
and downstream, and from the surface (Equation (7)). In the context of a water parcel, the
impact on DO due to transport can be divided into three components: transport from the
surface (Qv, τv), upstream freshwater (Qu, τu), and downstream saltwater (Qd, τd), as
depicted in Figure 6. In particular, the computation of τv encompasses all water parcels
that have encountered the surface since the last time during the transport, which may
result from direct vertical mixing, lateral transport due to lateral circulation, and transport
from both the upstream and downstream locations. When water parcels enter the estuary
through upstream or downstream boundaries, only a fraction of the water parcels are
transported to the specified location without encountering the surface, and the rest of
them reach the surface during the transport process. Upon contact with the surface, the
DO of the water parcels is mixed up with the DO near the surface, and the age of the
water parcels resets to zero. Subsequently, these water parcels are treated as the surface
water parcels in the calculation. By understanding the pathways and the transport times
of these three water ages, we can estimate the DO consumption during their transport,
thus estimating DO at each location. Our simplified equation captures these distinctions
among water parcels, despite being derived from a simplified model. DO consumption
is quantified by freshwater, saltwater, and vertical transport ages to represent these three
types of water parcels.

We computed the water age using CART, which provides an accurate estimate of
the water age including all the dynamic processes, variations of bathymetry, and forcings.
In practice, the characteristics of these timescales can also be estimated based on mean
dynamic conditions or characteristics. The freshwater age at location x can be estimated by
x/uA, where uA is the cross-section averaged mean velocity (i.e., Q/A, where Q is discharge
and A is cross-section area). The exchange flow can be scaled by the gravitational flow

UE and estimated as (L − x)/UE, where L is the length of the estuary, UE = gβSx H3

48KM
[15],

Sx is the horizontal salinity gradient, KM is vertical eddy viscosity, H is depth, and β

= 7.7 × 10−4. KM can be estimated as KM = K(1 + 10Ri)
−1/2 ≈ 0.316 K, K = CDHU,

where CD is the drag coefficient, U is the tidal averaged velocity, and Ri is the Richardson
number [30]. The vertical exchange time can be estimated as τv = H2/Ks [30], where
Ks = K(1 + 3.3Ri)

−1/2 ≈ 0.167 K.

Figure 6. A diagram illustrating the pathways of water parcels during transport.
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4.2. Hypoxia Assessment

If we assume that the DO at the boundaries and surface reaches saturation, Osa, then
Equation (7) can be written as:

O = Osa − τvRN(1 − e
−τu
τv − e

−τd
τv ) (14)

We can define a combined timescale τT = τv(1 − e
−τu
τv − e

−τd
τv ), and the DO concentra-

tion at location x can be expressed as:

O(x) = max((O sa(x)− τT(x)RN(x)) , 0 ) (15)

where all variables vary with location. If water moves much faster than τv (τd or τu ≪ τv),
DO will approach saturation conditions (or DO conditions at the boundary), and there is
not enough consumption time for DO to be depleted.

If hypoxia is defined as less than 2 g O2 m−3, the combined transport timescale should
satisfy the following condition without hypoxia:

τT ≤ Osa − 2
RN

(16)

This equation provides a simple assessment of DO conditions at any location. For
example, if Osa = 7 g m−3 in summer, RN is on the order of 0.3 per day [13] and requires
τT ≤ 16.67 days to satisfy the conditions without hypoxia. The mean τT is about 20 d at
Station CB4.1C and is about 14 d at Station CB5.2 (Figure 4). This suggests that the mean
DO is less than 2 g O2 m−3 at Station CB4.1C, but it is larger than 2.0 g O2 m−3 at Station 5.3.

Fennel and Testa [14] compared the residence time and timescales of oxygen con-
sumption and introduced a simple scale for hypoxia conditions as follows: τhyp = Oini

R and

γ =
τhyp

τ (Oini is the initial waterbody DO concentration that can be assumed to be under
saturation, R is the net DO consumption rate, and τ is residence time). They suggest that
a waterbody under hypoxia conditions requires γ < 1. This scale provides a convenient
way to evaluate hypoxia conditions in a waterbody. However, this criterion is for anoxia
and overlooks the difference between residence time and vertical exchange time when
controlling DO replenishment. It works for a small waterbody with a short residence time
or a system where the residence time is on the same order of τv. For a large estuary with
long residence times, vertical replacement is the dominant method of DO replacement
through physical transport processes, such as the Chesapeake Bay (mean τ = 180 d [31])
and the James River (mean τ = 90 d [32]). Therefore, the residence time τ needs to be
carefully defined. For example, in the James River, a tributary of the Chesapeake Bay, the
average net DO consumption rate in the water column is about 0.3 g O2 m−3d−1 [10], mean
residence time is 90 d, and the residence time during high flow is about 40 d [32]. Assuming
that summer saturation DO concentration is 7 g O2 m−3, and residence time is 40 d, it
gives γ < 0.58 < 1, indicating a condition favoring hypoxia according to the scaling by
Fennel and Testa’s criteria [14]. However, hypoxia does not occur in the James River due to
short vertical exchange time and the presence of strong gravitational circulation near the
mouth [3], which suggests that using residence time as a measure is not adequate for large
estuaries.

Using Equation (13), we can find the required conditions when DO is zero (O = 0,
anoxia condition), and γ can be written as

γ =
Osa

Rτv
=

1
1 + τv

τ

< 1 if τv << τ or γ =
Osa

Rτ
=

1
1 + τ

τv

< 1 τ << τv (17)

This gives γ < 1 for anoxia conditions. It can be seen that a more accurate estimation
is to use different timescales with consideration of dominant hydrodynamic conditions
causing low DO when using this criterion. Note that τv is about 10 d in the James [10], which
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is less than residence time τ in the James. Using the same values of RN (0.3 g O2 m−3d−1)
and saturation DO concentration (7.0 g O2 m−3), we obtain γ = 2.3 > 1. This suggests
there are no anoxia conditions in the James.

For hypoxia conditions defined as DO concentration ≤ 2 g O2 m−3, a criterion for
hypoxia can be expressed as:

γ′ =
Os − 2

Rτv
=< 1 or γ′ =

Os − 2
Rτ

< 1. (18)

This criterion can also be applied to a section of an estuary. For example, in the middle
of Chesapeake Bay where influence from both upstream and downstream are minimum,
R ≈ 0.3 g O2 m−3d−1, τv is about 20 d, and τ > 100 d in summer (Figure 5, Stations CB4.4
and CB4.1C), so that γ′ = 0.83, which indicates that hypoxia is favored. On the other hand,
in the lower Bay (Figure 5, Stations CB6.4, CB6.1, and CB5.3), τv is less than 10 d, and τ is
less than 50 d, leading to γ′ > 1, which indicates that hypoxia is not favored if measured by
the mean DO concentration.

It should be noted that the criteria presented here are for assessing the vertically
averaged DO conditions for a system. Since the vertically mean DO concentration is
typically higher than the bottom DO concentration, the bottom water can experience
hypoxia conditions if the estuary is stratified at a certain location even though the mean
DO concentration is high. For the estimation of bottom DO concentration in an estuary, the
vertical exchange time at the bottom should be used in Equations (17) and (18) based on
the two-layer model developed by Shen et al. [10]. On the other hand, if the gradational
circulation is strong at the location near the mouth, which is shorter than vertical exchange
time, Equation (16) should be used for the assessment of DO conditions at the location
of concern.

5. Conclusions

To understand the impact of hydrodynamics and biochemical processes on hypoxia
in rivers and estuaries, we introduced timescales representing these processes to quantify
variations in DO concentrations. These timescales serve as a common currency [9] for
assessing the onset of hypoxia and enable cross-system comparisons. Derived from a simple
model, these timescales offer insights into the intricate interplay between DO consumption
and dynamic replenishment without sacrificing generality. The resulting relationship
provides a Lagrangian perspective, enhancing our understanding of the physical processes
involved in DO consumption and replenishment.

Water parcels at a specific location are categorized into three components: those
transported from the surface, from upstream freshwater, and from downstream saltwater.
In particular, the component of surface-transported water parcels encompasses all water
parcels that have encountered the surface during transport, which may result from direct
vertical mixing, lateral transport due to lateral circulation, and transport from both the
upstream and downstream locations. Water parcels transported from upstream and down-
stream boundaries without contacting the surface are classified as freshwater and saltwater
parcels, respectively. Water ages are computed to represent the transport timescales for
these three types of water parcels based on CART, providing accurate estimates of transport
times that account for all the dynamic transport processes. The estimation of DO concentra-
tion at a location of concern is achieved based on the established relationships, computed
water ages, and estimated net DO consumption rates. Applying the simple model with
timescales computed for the Chesapeake Bay, our results demonstrate accurate predictions
of DO levels over 26 years at multiple stations. With an appropriate estimate of temporal
variations of the net DO consumption rate, DO estimation can be improved.

We have introduced a simple model aimed at providing a general understanding
of the key processes controlling hypoxia in estuaries while acknowledging the many
assumptions inherent in the model. To address specific ecological problems and answer
management questions, complex ecosystem models are needed for different temporal



Water 2024, 16, 969 12 of 13

and spatial scales. However, our simple model approach provides criteria that allow us
to conduct cross-system comparisons for the potential formation of hypoxia conditions.
Criteria for cross-system comparison to determine hypoxia and anoxia are established
based on transport timescales, highlighting the critical importance of these timescales in
using such criteria. Our study reveals that the hypoxia/anoxia status of a river or estuary
system is determined by the timescales of vertical exchange, freshwater transport, saltwater
transport, and net DO consumption rate. The shortest timescale that determines the DO
replenishment is the dominant factor physically controlling DO dynamics in estuaries. The
interplay between DO consumption and dynamic replenishment emerges as the primary
determinant of hypoxia in an estuarine environment.
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