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Abstract: The phytoplankton distribution in estuaries is influenced by multiple spatially variable
growth and loss processes. As phytoplankton are transported by tidal and net flows, they are exposed
to changing conditions of turbidity, depth, temperature, stratification, and grazing. Understanding
the factors influencing the observed phytoplankton distribution patterns will allow better-informed
restoration and water management efforts. We developed a Lagrangian approach driven by three-
dimensional hydrodynamic model results and a simple representation of the production and losses
of phytoplankton, allowing a highly efficient closed-form solution for phytoplankton biomass. Our
analysis used continuous observations of chlorophyll concentration at four stations and a near-
synoptic chlorophyll dataset collected underway from a boat in the channels of Suisun Marsh in the
San Francisco Estuary. We divided the study region into four compartments defined by the water
depth and location. For each observation location, hydrodynamic model simulations calculated
the time that water parcels spent in each of these compartments and the mean depth encountered
by water parcels in those compartments. Then, using that information and continuous monitoring
data, we inferred compartment-specific grazing rates and two additional ecological parameters. The
underway chlorophyll dataset was used for model validation. The model predicted patterns of
observed spatial and tidal variability in chlorophyll in Suisun Marsh. The modeling indicated that
the chlorophyll concentration at a point in space in time depends largely on the relative exposure to
shallow areas, with positive net productivity and deep areas having negative net productivity.

Keywords: San Francisco Estuary; phytoplankton; chlorophyll; grazing; water age; time scales

1. Introduction

Phytoplankton abundance in estuaries is influenced by spatially and temporally
variable physical and ecological processes that induce differences in growth and loss rates.
Conditions that influence these rates include sunlight, nutrient availability, turbidity, water
depth, temperature, stratification, and the density of benthic and pelagic grazers. Physical
processes can both advect phytoplankton in the direction of net flows and mix water
volumes with different properties. As water masses move with tidal and net flows, they
carry with them phytoplankton, zooplankton, and physical and ecological properties, all of
which can undergo transformations in their moving reference frame.

The problem of representing ecological processes occurring in moving water parcels
is often solved by a two- or three-dimensional hydrodynamic model coupled with an
ecological model on the same spatial grid. These coupled hydrodynamic–ecological models
are often used to represent spatial variability in ecological and transport processes [1].
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When applied to phytoplankton, ecological models typically compute variables such as
nutrient concentrations, phytoplankton biomass, and zooplankton biomass on an Eulerian
grid, simultaneously capturing local transformations and non-local transport processes
(i.e., advection and dispersion). Phytoplankton models vary greatly in the complexity of
processes and in spatial resolution (Ganju et al. 2015). The resolution of ecological parame-
ters is often much coarser than the computational grid. For example, grazing rates that vary
in time and space [2] are generally specified at far coarser scales than the hydrodynamic
model grid. When applied to estuaries, these models are computationally intensive because
they require the calculation of all these state variables at a short time interval (typically
minutes) at many depth-averaged (two-dimensional) or three-dimensional computational
elements. However, the rate constants for ecological processes in such models are typically
much slower than for hydrodynamic processes, implying a mismatch in time scales that
results in an inefficient method.

In contrast to ecological models that are tightly coupled with a hydrodynamic model
and share its spatial and temporal resolution, an alternative approach is to simulate eco-
logical processes and phytoplankton biomass at a coarser spatial or temporal resolution.
The spatial resolution may be coarsened to a region, for example, the low-salinity zone of
the San Francisco Estuary [3]. This mass-balance approach requires minimal computation
but typically does not predict the spatial distribution of phytoplankton within the region.
Large-scale spatial variability can also be represented using grid aggregation to compute
ecological properties on a coarser spatial and temporal scale than hydrodynamics [4]. Cor-
relative analyses can also provide insight into phytoplankton dynamics [5] but provide a
limited scope to predict ecological conditions beyond those for which correlations were
developed, or where covariate data are lacking.

Lagrangian approaches represent ecological processes in a water parcel as it moves
through space. Information is incorporated into the Lagrangian frame by calculating the
conditions (e.g., depth, clam abundance, and light intensity) encountered by a tracer that
represents water parcels from a particular source. This approach is conceptually similar to
the application of the widely used Streeter–Phelps equation to estimate dissolved oxygen
concentrations in rivers. In both cases, the concentration is estimated from the concentra-
tion at a known starting location, the travel time to a downstream location of interest, and
specified biogeochemical transformation rates. While even the simplest Eulerian modeling
approach requires substantial computation to advect and disperse phytoplankton, ecologi-
cal predictions in a Lagrangian frame become simple computations [6]. Such approaches
are of particular interest for ecological models, as the formulations and ecological rate
parameters are often uncertain.

One such Lagrangian mechanistic model [6] used water age with the net phytoplank-
ton growth rate to estimate the time course of chlorophyll concentration as a water parcel
is advected by tidal and net flows. By using a simple formulation, with no explicit state
variables for nutrients or zooplankton, this approach allowed for a closed-form solution
for chlorophyll concentration. Furthermore, Ref. [6] included a nonlinear parameter that
can roughly represent a feedback mechanism, such as a nonlinear increase in zooplankton
grazing with increased phytoplankton abundance.

We built upon the approach in [6] by including additional tracer-based calculations.
Tracer-based estimates included the mean water age [7], mean partial age [8], and mean
depth exposure [9]. Water age (hereafter “age”) is a transport time scale quantifying the
time elapsed since a water parcel entered a study area, which can be estimated using
a tracer-based modeling approach [10]. A specific application of this flexible approach
provides the algebraic mean age of all water parcels from a specific source as they are
transported away from the source. Partial age [8] quantifies the time that the tracer has
spent in a specific geographical region. This partial age, which we will refer to as “exposure
time,” can be calculated for distinct regions that could represent different compartments [8].
We use the term “compartment” instead of region because the compartments are not
spatially contiguous. Property exposure tracking [9] is a tracer-based approach to estimate
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a tracer’s mean exposure to different properties. For example, mean depth exposure at a
specific time and station is the mean depth encountered by water parcels in transit from a
source to the station.

Using these tracer-based approaches to estimate the mean exposure time and mean
depth encountered in different compartments, we developed a simplified and highly
computationally efficient phytoplankton model. The model includes terms for processes
known to be important for phytoplankton in the San Francisco Estuary, including light-
limited growth [11] and grazing by clams [12] and zooplankton [13]. Additional terms of
uncertain importance include phytoplankton mortality [14] and a nonlinear feedback term,
as in [6]. Notably, the model did not include nutrient information since nutrient limitation
is uncommon in the San Francisco Estuary [11]. In addition, the model does not explicitly
predict zooplankton biomass in estimating grazing losses to zooplankton.

This parsimonious approach was applied to predict chlorophyll concentrations in
Suisun Marsh, a large brackish-to-freshwater marsh in the northern San Francisco Estuary.
Numerical optimization was used to determine the clam grazing rate, phytoplankton
mortality rate, and a nonlinear feedback parameter. These parameters were fit to minimize
the root-mean-squared deviation between the predicted chlorophyll and the chlorophyll
observed at four in situ monitoring stations. Clam grazing rates were assumed to vary with
compartment, as clams are more abundant in the main channel of Suisun Marsh than in
shallower side channels [15] and absent from intertidal areas.

The model reproduced some patterns in the data and estimated clam grazing rates
that were credible. The major advantage of this modeling approach is that it can efficiently
estimate biogeochemical rate coefficients that produce predictions consistent with observa-
tions. Only one hydrodynamic and tracer simulation was required, and then chlorophyll
concentrations were predicted in an offline model, and clam grazing rates were selected
to minimize the error in chlorophyll predictions. This specific application is one example
of how age tracer approaches can be used to infer ecological rates, which can then be
corroborated by incorporation into a multi-dimensional biogeochemical model.

2. Materials and Methods
2.1. Study Area

Suisun Marsh (Figure 1) is the largest tidal marsh system in the San Francisco Estu-
ary [16]. It lies north of Suisun Bay, with hydraulic connections to Grizzly Bay (an arm
of Suisun Bay) and to the Sacramento River at the seaward boundary of the California
Delta. Suisun Bay is connected to the ocean through the Carquinez Strait, San Pablo Bay,
and San Francisco Bay. Suisun Marsh has mixed semidiurnal tides propagating east from
the Pacific Ocean and highly variable freshwater flow from the Delta. Formerly a den-
dritic tidal marsh, in the last century, Suisun Marsh was largely converted to managed
wetlands, and the principal current use of the area is duck hunting and other recreation. Of
a total area of ~405 km2, ~210 km2 is managed wetland, 31 km2 is remnant tidal marsh,
104 km2 is tidal sloughs, and the remainder is upland [16]. Suisun Marsh is a focal point for
habitat restoration and scientific studies [17]. Fish populations have been monitored there
since 1979 [18], and plans for the conversion of managed wetlands to open tidal wetlands
are proceeding, with the expectation of a benefit for threatened and endangered species,
including the delta smelt Hypomesus transpacificus [19] and the longfin smelt Spirinchus
thaleichthys [20].
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The recovery of these species is likely limited by food availability [21] as well as
temperature [22,23] in rearing habitats throughout the upper estuary [21]. Phytoplankton
biomass in the main channels of the northern San Francisco Estuary declined sharply in
1987, largely as a result of grazing by the introduced clam Potamocorbula amurensis [12].
Phytoplankton biomass and productivity have remained low [24], with similar declines in
zooplankton, attributed to declines in food and consumption by clams [25], and declines in
fish attributed to food limitation [19].

The continuing declines in fishes of special concern, including listed species, have
stimulated efforts to increase shallow habitats in the hopes of stimulating planktonic
production. Several restoration projects are proposed or ongoing within Suisun Marsh [26].
These projects are based on the assumption that the phytoplankton growth rate is light-
limited and therefore high in shallow waters, allowing for the accumulation of biomass if
clams are not abundant [2,27]. Phytoplankton biomass can be higher in small, dead-end
sloughs in the marsh than in larger channels [28], and clams are abundant mainly in larger
sloughs [15].

The Suisun Marsh Salinity Control Gates (SMSCG; Figure 1) at the east end of Mon-
tezuma Slough were designed to decrease salinity for the managed waterfowl habitat by
opening on ebb tides and closing on flood tides. This leads to tidal pulses of freshwater
moving westward through the main distributary channel of the marsh, Montezuma Slough.
The gates are typically operated in spring but were operated on an experimental basis
during August 2018 in an attempt to improve habitats for endangered fish species by
reducing salinity in the marsh [17].
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2.2. Overview of Approach

The analysis proceeded in three distinct steps. First, we developed the three-dimensional
hydrodynamic model of Suisun Marsh and calibrated it by comparing model predictions
to observed water level, flow, and salinity data.

Next, we applied the calibrated model to simulate the three-dimensional and time-
varying distributions of a set of properties using numerical tracers. The computational
domain was divided into four compartments: the main channel, side channel, low intertidal,
and marsh plain (Figure 2). The numerical model calculated the time for water to travel
from the seaward boundary in Grizzly Bay (Figure 1) to each element in the model for each
time step in the simulation. In addition, the duration of exposure to these compartments
and mean depth encountered in each were predicted.
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Third, we developed and applied a phytoplankton model to predict the chlorophyll
concentration. Two datasets were used. To calibrate the model, we used continuous moni-
toring data collected at 15 min intervals at four stations (Figure 1). To validate the model,
we used a near-synoptic dataset collected underway from a high-speed boat during a single
day. Our approach estimated time-varying light-limited growth rates for each compartment
and loss rates from clam grazing, zooplankton grazing, and phytoplankton mortality over
the mean tracer age from the entry of the tracer from the seaward boundary. While the
growth rate used an existing formulation without the adjustment of any parameters, four
loss rate parameters were determined by optimizing the fit of the model to continuous
monitoring chlorophyll observations. The four parameters were clam grazing in the main
channel, clam grazing in the side channel, phytoplankton mortality, and a nonlinear param-
eter representing density-dependent feedback mechanisms [6]. Using estimates of these
parameters determined by fitting, predicted chlorophyll was compared to the underway
data. Finally, the contributions of individual processes in each compartment to chlorophyll
predictions were analyzed.



Water 2023, 15, 2097 6 of 26

2.3. Hydrodynamic Model

The hydrodynamic model domain extends through Suisun Marsh (Figure 1). The
eastern boundary is located at the National Steel station north of the SMSCG (Figure 1),
and the western boundary is at the junction of Montezuma and Suisun Sloughs with
Grizzly Bay (Figure 1). This model domain extent was guided by the availability of data
for boundary conditions.

The three-dimensional UnTRIM model [29] was applied in this domain with an un-
structured computational mesh with edge lengths in the range of 2 m to 10 m in slough
channels and up to 100 m near the Grizzly Bay boundary. This model simulates physical
processes resulting in the transport of salt and other tracers and allows for the wetting and
drying of computational cells [30] and a sub-grid-scale representation of bathymetry [31].
Bottom roughness and other model parameters were specified to be consistent with previ-
ous applications extending throughout the San Francisco Estuary [9]. Wind forcing was not
included in the simulation and is expected to have a limited influence on transport in this
region of strong tidal flows.

The model simulated hydrodynamics and tracer distributions (see Section 2.3) for
1 March 2018 to 1 September 2018 so that the tracer distributions were appropriately “spun
up” from the initial condition of zero age for chlorophyll simulations from 23 June 2018
to 6 August 2018. The hydrodynamic model time step was 30 s. Boundary conditions
were specified using continuous-flow and salinity data from the National Steel station
operated by the California Department of Water Resources (DWR), salinity data from the
USGS Grizzly Bay station (380631122032201), and stage data from the DWR Hunter Cut
station (Figure 1). An initial salinity field throughout the model domain was derived by
interpolating observed salinity.

Hydrodynamic model predictions were compared with observed stage and salinity
data collected at continuous monitoring stations in the model domain (Figure 3). Per-
formance metrics were computed at each calibration location, as in previous calibration
efforts in the San Francisco Estuary [9]. Performance metrics included the coefficient of
determination (R2) and a commonly used model skill metric [32],

Skill = 1− ∑n
i=1|Pi −Oi|2

∑n
i=1
(∣∣Pi −O

∣∣+ ∣∣Oi −O
∣∣)2 (1)

where n is the number observations, Oi and Pi are the ith pair of observed and predicted
values, and overbar denotes an average over i. Skill ranges from 0 to 1, with 1 indicating a
perfect model.

2.4. Water Age and Property Tracking

An essential component of the Lagrangian tracer-based approach was the mean age
of water, quantifying the time since it entered the model domain from the boundary in
Grizzly Bay. Flows that enter the domain from the eastern end of Montezuma Slough
have little influence on the study sites during the chlorophyll simulation period and were
not tracked. To estimate age, we applied the widely used Constituent-oriented Age and
Residence Time theory (CART) [33]. The equations for this approach are provided in
Appendix A. A “partial age” approach, as defined in [8], quantified the exposure time of
tracers to four spatial compartments (Figure 2). These habitats were defined based on bed
elevation and location. Channel habitat was less than 0 m NAVD (North American Vertical
Datum), corresponding approximately to mean lower low water in Suisun Marsh. The
two compartments of the subtidal channel were the “main channel” and “side channel”
(Figure 2), with the main channel corresponding to regions where clams were found to be
abundant in field studies [15]. The low intertidal compartment extends from 0 to 1.8 m
NAVD, approximately corresponding to bed elevation from mean lower low water to mean
higher high water. The marsh plain compartment is located above mean higher high water,
defined as above 1.8 m NAVD.
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Property exposure tracking estimated depths encountered by tracers since entering
from Grizzly Bay using the method described and applied in [9]. This method was general-
ized to estimate depth exposure in different compartments, as described in Appendix A.

2.5. Predicting Chlorophyll

Chlorophyll concentration can be modeled in an Eulerian frame with a depth-averaged
advection–reaction equation [6] (i.e., neglecting diffusion),

∂P
∂t

+∇ · (uP) =
(
µgrowth − µloss

)
P = µnetP (2)

where P = P(x, t) is the chlorophyll concentration at an arbitrary position x (bold fonts
denote vectors) and time t, µgrowth = µgrowth(t) is the growth rate of phytoplankton and
µloss = µloss(t) is loss rate, and ∇ · (uP) is the horizontal advection of chlorophyll by the
hydrodynamic velocity vector u.

Equation (2) can be rewritten in a Lagrangian frame for a specific water parcel follow-
ing a horizontal trajectory x = x(a) such that the left-hand side simplifies to an ordinary
derivative with respect to age:

dP
da

= µnetP (3)

where a is the total water age defined in Appendix A.
This approach was extended [6] to include a nonlinear term to represent food web

interactions, such as increased zooplankton grazing at higher chlorophyll concentrations.

dP
da

= µnet(1 + kPP)P (4)
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where kP is a term for density dependence.
Equation (4), when integrated from t− a to t, permits an analytical solution:

P(a) =
Pin(t− a)eµnet a

1 + kpPin(t− a)(1− eµnet a)
(5)

where Pin is the incoming chlorophyll concentration, and a is the total water age at the time
(t) and location (x) of a chlorophyll prediction. The incoming chlorophyll concentration
(Pin) is the measured chlorophyll at the Grizzly Bay station, low-pass filtered to remove
tidal variability (Figure 4). The rate µnet is the mean net production rate from time t− a to
time t as a water parcel travels from the source of the tracer (Grizzly Bay in our application)
to x. Note that while µnet in Equation (4) may vary in time, the solution in Equation (5)
depends only on the time-averaged rate µnet.
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Figure 4. Model input data for chlorophyll simulation. (A) Measured and low-pass-filtered chloro-
phyll at the model boundary in Grizzly Bay, (B) light attenuation calculated from continuous turbidity
values in Suisun Marsh, (C) temperature from continuous values in Suisun Marsh, (D) measured
photosynthetically available radiation (PAR) at First Mallard station. The light attenuation and
temperature data in panels B and C were calculated as the median value across the four continuous
monitoring stations in Suisun Marsh (Figure 1).
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This approach was generalized to multiple compartments with unique rates by av-
eraging the compartment-specific rates according to the exposure time (partial age) for
each compartment:

µnet =
1
a

∫ t

t−a
∑j µnet,j

(
t′
)
δj
(
t′
)
dt′ ≈ 1

a ∑j µnet, jaj (6)

where δj(t′) ∈ [0, 1] reflects the exposure of water to compartment j at time t′, µnet,j is the
mean rate (d−1) in compartment j, and the exposure times to the individual compartments
(aj) sum to the total age (a) in days. The rates are time-averaged at each chlorophyll
monitoring station over the period corresponding to the total age (a) to account for time-
varying PAR, light attenuation, and temperature. Since µnet appears in Equation (5) only
as a time average, the solution is independent of the order in which compartments are
encountered and depends only on the mean rate aggregated across compartments.

The chlorophyll simulation period was limited to the period when the tracer repre-
senting the fraction of water from Grizzly Bay that entered during the simulation period
was continuously greater than 0.5 at each chlorophyll monitoring station. The fraction is
less than one primarily because water initially in the domain, with a tracer concentration
of zero, has not been fully exchanged with Grizzly Bay water. The resulting period was
23 June 2018 to 6 August 2018.

2.6. Estimating Phytoplankton Growth and Loss

Several assumptions were implicit in the phytoplankton model formulation, including
the lack of nutrient limitation. Clam grazing varied by compartment but was represented as
constant in time. We specified time-varying but spatially uniform turbidity and temperature
from observations at the four chlorophyll stations (Figure 1). Each spatially uniform value
was estimated as the median of the data at the individual stations at a given time (Figure 4).
We used equations from [14] to estimate the depth-averaged light-limited growth rate
as follows:

µgrowth = Gmax f I (7)

where Gmax is the maximum potential growth rate (d−1) at a given temperature, and f I
characterizes the light limitation (see Table 1 for definitions of all variables).

Gmax = 1.25
(

2(T−15)/10
)

(8)

f I = min
[

I
Imax

, 1
]

(9)

where T is temperature in degrees Celsius, I is water column mean photosynthetically
active radiation (PAR), and Imax is the irradiance supporting maximum water column
growth, both in moles of photons m−2 d−1.

I =
E

Hk
(1− e−Hk) (10)

where E is the surface PAR in moles of photons m−2 d−1, measured at the First Mal-
lard station (Figure 1) [34]. H is water column depth (m), and k is the light attenuation
coefficient (m−1).

Imax = 15.3
(

2(T−15)/10
)

(11)
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Table 1. Definitions of variables in phytoplankton model and tracer simulations.

Term Definition

P Chlorophyll concentration (µg L−1)
u Hydrodynamic velocity vector (m s−1)

µgrowth Phytoplankton growth rate (d−1)
µloss Phytoplankton loss rate (d−1)
µnet Net phytoplankton growth rate (d−1)

a Mean age (d)
kP Phytoplankton density-dependent gain/loss term (-)
x Horizontal position vector (m)

Pin Boundary concentration of chlorophyll (µg L−1)
µnet Time-averaged net phytoplankton growth rate (d−1)
aj Mean exposure time to compartment j (d)
j Compartment index (-)

Gmax Maximum growth rate at a given temperature (d−1)
T Temperature (degrees C)
f I Light limitation factor (-)
H Water column depth (m)
I Water column mean photosynthetically active radiation (moles m−2 d−1)

Imax Irradiance supporting maximum water column growth (moles m−2 d−1)
k Light attenuation coefficient (m−1)
S Turbidity (FNU)
M Phytoplankton mortality rate (d−1)
Z Microzooplankton grazing rate (d−1)
C Clam grazing rate (m d−1)

Cmain Clam grazing rate in main channel (m d−1)
Cside Clam grazing rate in side channel (m d−1)

The light attenuation coefficient, k (m−1), was estimated from turbidity using a rela-
tionship developed from data for the northern San Francisco Estuary [35]:

k = 0.069Turb + 0.90 (12)

where 0.90 m−1 is the background light attenuation, and Turb is turbidity in FNU.
Growth rates were calculated from Equations (7)–(12). Temperature (T), irradiance

(E), and turbidity (S) varied only in time, but H varied in time, by station, and by com-
partment, necessitating a distinct growth rate calculation for each combination of station,
compartment, and 15 min time interval. This growth rate therefore varied in time and by
compartment and varied slightly among stations because of variation in the mean depth
encountered by water as it traveled from the boundary through each compartment to each
station. The parameters of these equations were taken from the literature, as described
above, leaving no parameters in the growth formulation to be fit in the optimization.

In contrast, several loss rates were fit in our optimization because these rates are
uncertain and likely both to be site-specific and to vary seasonally [15,36]. The loss terms
in [14] are

µloss = M + Z + C/H (13)

where M is the specified constant phytoplankton mortality (d−1), C is the clam grazing rate
(m d−1), which is constant in time, H is water depth (m), and Z is the time-varying micro-
zooplankton grazing rate (d−1), specified in our model as a function of the phytoplankton
growth rate [3]:

Z = max
(

0,−0.3 + 0.93µgrowth

)
(14)

where µgrowth was calculated for each compartment at each time interval in Equation (7).
Mesozooplankton grazing was not specified with a distinct term but is considered to have
a constant component, lumped in with the term M, and a component that varies with
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chlorophyll levels, represented by the nonlinear coefficient kC. Ecological processes that
could contribute to kC include a density-dependent component of mortality.

The depth used in Equations (10) and (13) was estimated using property (depth)
exposure modeling, described in Appendix A. The resulting depth represents the mean
depth that water currently at a station has encountered in each compartment. For each
observed chlorophyll value, the production term (Equation (5)) was calculated for each
compartment over the time corresponding to the total age (i.e., from t− a to t, where t
is the time of the observation). The loss rates were applied, resulting in net rates in each
individual compartment, which were then weighted by fractional exposure (aj/a) to each
compartment (Equation (6)) to estimate chlorophyll at one specific time and location. The
procedure was repeated for each individual chlorophyll observation independently of other
chlorophyll observations. Changes in predictions were driven primarily by the spatially
and tidally varying mean exposure time and mean depth in each compartment from the
tracer simulations.

The unknown rates in the formulation above were phytoplankton mortality (M), the
nonlinear coefficient (kP), and clam grazing in the main channel (Cmain) and side channels
(Cside). Each of these variables is assumed to be constant in time and space (or constant
within a compartment in the case of clam grazing), leaving a total of four unconstrained
degrees of freedom in the model. The closed-form phytoplankton model (Equation (5))
using exposure times and property tracking, given a set of model parameters, predicts
chlorophyll at the time and location of each observation. Differential evolution [37], a
robust stochastic optimization approach from the Python scipy [38] library, was then used
to find parameter values that minimize root-mean-squared error (RMSE) in predicted
chlorophyll compared to the observed chlorophyll, described in Section 2.7, at the four
stations (Figure 1) at 15 min intervals during the simulation period. The evaluation of
RMSE for a single set of parameters entails 4224 distinct chlorophyll predictions and
requires approximately 0.3 s on a laptop computer. Similar results were obtained from
faster, deterministic optimization methods, but the possibility of local minima motivated
the use of the more robust differential evolution.

In order to quantify the role of each individual growth or loss term, the right-hand
side of Equation (4) was decomposed into contributions from these terms, and each was
integrated separately. The numerical integration was performed by the odeint ODE solver
in Python’s scipy library [38].

2.7. Chlorophyll Observations

The UC Davis continuous monitoring data used in calibrating the model were col-
lected from April to September 2018 at four stations (Figure 1; Sheldrake, First Mallard,
Peytonia, and Hill Sloughs) located in channels of Suisun Marsh. At each station, a YSI
EXO II sonde measured pressure, temperature, conductivity, chlorophyll fluorescence,
turbidity, fluorescent dissolved organic matter (fDOM), pH, and dissolved oxygen. Sondes
recorded data every 15 min and were serviced and calibrated approximately monthly.
Calibrations for chlorophyll and turbidity were performed using standard solutions. Con-
tinuous chlorophyll data were corrected using simple multiple regression against values
for chlorophyll concentration and turbidity obtained from whole-water grabs. Water grabs
were analyzed in the UC Davis Geochemistry Lab using standard techniques [39]. Strong
tidal variability was typically apparent in these data, with higher chlorophyll at low water
suggesting higher phytoplankton biomass in low intertidal and marsh plain compartments
than in channels.

A separate set of near-synoptic chlorophyll data [40] was collected underway from a
high-speed boat on 27 July 2018 from 7:57 to 15:16 PST. The boat was fitted with a flow-
through system equipped with an EXO v2 sonde (YSI, Yellow Springs, OH, USA) that was
calibrated immediately prior to use [25]. These observations were collected at intervals of
1 s throughout the main channels of Suisun and Montezuma Sloughs while underway at
speeds of up to 13 m s−1, providing a map of chlorophyll concentrations at spatial intervals
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of meters. In places where observations were dense, they were averaged within each
hydrodynamic model grid cell (~10 m length) for comparison with predicted chlorophyll.
These underway data were collected during the period of continuous data availability and
were useful in examining spatial patterns in model accuracy due to large spatial extent.

Continuous monitoring data at each station were compared to the underway obser-
vations to assess biases between the two sets of observations. Continuous monitoring
stations were located in smaller slough channels adjacent to Suisun Slough, while the
underway data were collected in the main channels (Figure 1). To mitigate the effect of
horizontal separation between a station and underway observations, station data at the
time of high tide were compared to the underway data nearest to the station location, under
the assumption that water in the channel (sampled by underway observations) would have
advected to the station location during the flood tide. In these comparisons, continuous
monitoring data were consistently lower than the underway data (Table 2). Possible reasons
for the differences are different sensors deployed or differences in the calibration approach.
The underway sensor data were calibrated to laboratory measurements on the day of the
survey, while the continuous monitoring data were calibrated once per multiple-week
deployment, so we assumed that the underway data gave more accurate estimates of
chlorophyll concentrations. We used the calculated fixed offsets from the underway data to
reduce chlorophyll in the continuous monitoring data (Table 2). Chlorophyll measured in
underway surveys conducted outside our simulation period was also persistently higher
than contemporaneous data from the continuous monitoring stations.

Table 2. Comparison of continuous monitoring station chlorophyll observations at high water to
adjacent underway observations in the Suisun Slough channel, used to specify continuous data offsets.

Station Continuous (mg L−1) Underway (mg L−1)

First Mallard 2.08 6.49
Sheldrake 4.54 5.39
Peytonia 7.60 10.01
Hill 5.86 9.43

3. Results
3.1. Hydrodynamic Model Calibration

The hydrodynamic model predicted salinity and water level accurately during the
portion of the hydrodynamic simulation period when the chlorophyll simulations were
performed (Table 1). The model predicted water level particularly well, with a computed
skill of 1.00, partially due to the limited spatial variability in water level in the small model
domain. The model skill for salinity was 0.84, and predicted salinity was 0.35 lower than
the observed salinity on average (Table 3). The range of observed salinity at the calibration
stations during this period was 0.9 to 16.4 with a mean of 5.8.

Table 3. Model performance metrics averaged across continuous monitoring stations.

Parameter R2 Bias RMSE Skill

Water level 0.99 0.00 0.06 1.00
Salinity 0.81 −0.35 0.72 0.84

Hydrodynamic conditions were generally vertically well mixed throughout the model
domain during the simulation period. A small degree of stratification formed intermittently
at some locations during ebb tides.

3.2. Age and Property Exposure Predictions

The tracer concentration and mean age corresponding to the transport of water from
the Grizzly Bay boundary to the marsh were calculated on the three-dimensional model
grid at 30 min time intervals. An example snapshot of the tracer fields shows that the
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Grizzly Bay tracer had filled most of the model domain (Figure 5) at the time of underway
data collection. The mean exposure time was calculated for each of the four compartments
(Figure 2) throughout the model grid and simulation. The calculated mean exposure times
at each station varied tidally, as water with more exposure to low intertidal and marsh plain
compartments and less exposure to the main channel passes by each station during the ebb
tide. Exposure to the main channel was larger than exposure to other compartments at all
stations (Figure 6A) because the tracer must pass through the main channel to arrive at the
stations. At any location and point in time, the mean exposure times summed exactly to
the mean age.
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Figure 6. Predictions for tracer traveling from the Grizzly Bay boundary to each station during the
simulation period. (A) Mean exposure times to each compartment. (B) Mean depth encountered
while in each compartment. Boxes indicate interquartile ranges, horizontal lines indicate medians,
and whiskers indicate the range of 95% of predictions.

The chlorophyll simulation period of 23 June 2018 to 6 August 2018 was chosen as
the period when the tracer concentration representing the fraction of water from Grizzly
Bay that entered during the simulation period was continuously greater than 0.5 at each
chlorophyll monitoring station. The end time of the simulation corresponds to the timing of
a significant fraction of water reaching the stations from the eastern entrance of Montezuma
Slough when SMSCG gates were opened during flood tides starting in early August [17].

The mean depth encountered by the tracer was extracted from the simulation for each
combination of station, time, and compartment. The mean depths encountered by the
tracer between the Grizzly Bay boundary and each station varied little among stations but
greatly among compartments (Figure 6B). The mean depths encountered were typically less
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than 0.2 m in the marsh plain compartment, about 1 m in the low intertidal compartment,
roughly 3 m in the side channel compartment, and approximately 7 m in the main channel
compartment. Since more of the water column in shallow compartments was in the photic
zone, these compartments had higher estimated phytoplankton growth rates.

3.3. Chlorophyll-a Predictions at Stations

The parameters for both grazing in the side channel and phytoplankton mortality
derived in the optimization were estimated to be zero, and the other two parameters were
non-zero. The chlorophyll simulation using the estimated parameters (Table 4) allowed
the accurate prediction of chlorophyll, which generally increased with the predicted water
age (Figure 7). Median chlorophyll was predicted well at all four stations (Figure 8), with
both observed and predicted chlorophyll increasing with the distance from Grizzly Bay,
where tidally averaged measured chlorophyll was roughly 2.5 mg L−1 (Figure 4) during
the simulation period. The range of chlorophyll at each station was also predicted well
by the model (Figure 8), except at Sheldrake Slough, where some observed values at high
water were much higher than those predicted by the model. The tidal phase of variability
in observed chlorophyll was predicted well by the model (Figure 9). The model predictions
were largely unbiased, though the range of variability was underpredicted at the Sheldrake
Slough station (Figure 8).
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Table 4. Parameter values for clam grazing, density-dependent feedback parameter, and phytoplank-
ton mortality estimated in optimization.

Parameter Location Value Units

Cmain Main channel 1.13 m d−1

Cside Side channel 0.0 m d−1

kc Global −0.091 L µg−1

M Global 0.0 d−1
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Figure 9. Observed and predicted chlorophyll at each station during a two-week period centered on
the time of underway data collection. (A) First Mallard Slough station. (B) Sheldrake Slough station.
(C) Hill Slough station. (D) Peytonia Slough station.

3.4. Chlorophyll Growth and Loss Terms

We calculated the relative rates of various processes that result in the estimated changes
in chlorophyll between the Grizzly Bay boundary and sampling stations (Figure 10). As
evident in Equation (6), the contribution to chlorophyll predictions from the time spent in
each compartment depends both on the compartment-specific rate (Figure 10) and on the
compartment exposure time (Figure 6). The calculated growth and loss rates varied across
compartments and, to a lesser degree, sampling stations. The net rates were negative (loss)
in the channel regardless of the sampling station, while all net rates were positive (growth)
for the other compartments.
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Figure 10. Calculated phytoplankton growth and loss rates averaged over the simulation period
for each compartment (x-axis) and station (letters above individual bars; see Figure 1). The black
horizontal line across each bar indicates the net growth rate. Net growth rates were negative in the
main channel and positive elsewhere.

3.5. Phytoplankton Model Validation

The underway chlorophyll data were not used for optimization but were saved for
model validation. Chlorophyll was predicted by the model at the time and location of
each of the 2369 thinned underway data points, and the two sets of data were compared
(Figure 11A,B). Because the net production of chlorophyll was positive in the side channel,
low intertidal, and marsh plain compartments (Figure 10), we explored the relationship of
observed and predicted chlorophyll with the modeled mean exposure to these compart-
ments (Figure 11C). Both observed and predicted chlorophyll show a clear increase with
mean exposure to these “margin” compartments (Figure 11D).
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Figure 11. (A) Observed underway chlorophyll. (B) Predicted chlorophyll. (C) Mean exposure time
to margin (side channel, low intertidal, and marsh plain) compartments. (D) Observed vs. predicted
chlorophyll with a best-fit line. (E) Relationship of predicted and observed chlorophyll with mean
exposure time to margin compartments.

4. Discussion

We developed a Lagrangian phytoplankton model, extending the methods of [6] to
account for time spent in distinct spatial compartments with varying growth and loss rates.
A property-tracking approach [9] provided estimates of the average depth encountered
by the tracer in each spatial compartment. Growth and loss terms were parameterized
using this depth information. We estimated growth rates over the travel time from the
boundary by a light-limited growth formulation [14] and fit unknown loss rates to optimize
the prediction of chlorophyll at fixed stations. Net flows during the study period were
negligible, and hydrodynamic transport was dominated by tidal dispersion processes.
Despite significant additional complexity relative to previous tracer-based Lagrangian
models, such as [6], our approach maintained extremely high computational efficiency.

The Lagrangian model accurately predicted spatial and tidal chlorophyll variability
across the four fixed stations by choosing optimal phytoplankton loss parameters repre-
senting clam grazing rates, general mortality, and a nonlinearity parameter representing
increased losses with increased phytoplankton concentration. It underpredicted the ob-
served peak chlorophyll at Sheldrake Slough, which occurred at low water and is possibly
associated with unquantified discharges from managed wetlands. The predicted con-
centrations were all substantially larger than boundary concentrations, with predicted
chlorophyll generally increasing with the distance from the boundary. The model accu-
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rately predicted an independent underway chlorophyll dataset, and both the observed and
predicted chlorophyll increased with exposure to shallow “margin” compartments.

The calculated growth and loss rates (Figure 10) varied among compartments, primar-
ily because the water depth varied among compartments, and clam grazing was specified
to occur only in the main channel. The average rates also varied slightly by station because
water in transit from the Grizzly Bay boundary encountered depth profiles that differed
among stations. As evident in Equation (6), the contribution to chlorophyll predictions
from time spent in each compartment depends both on the compartment-specific rate
(Figure 10) and on the compartment exposure time (Figure 6). For example, the high rates
predicted for the marsh plain compartment have a small net effect on predicted chlorophyll
due to the relatively short exposure time of the tracer to the marsh plain compartment
(Figure 6). Predicted net losses in the main channel were exceeded by net gains across the
other compartments at all stations (Figure 10). For that reason, chlorophyll at the stations
was roughly 0.5 to 7.5 mg L−1 higher than chlorophyll at the boundary (Figure 4D).

The robust optimization approach required 4100 biological simulations and 47.2 min
on a laptop computer, corresponding to 0.69 s of computation for an individual chlorophyll
model run. Most of this computational time is required for calculating the average growth
rate for individual spatial compartments (µnet,j) comprising time-averaged growth rates
calculated using Equations (7)–(12) [14] and constant in time loss rates.

4.1. Suisun Marsh Phytoplankton Dynamics

Several aspects of our approach and conclusions are consistent with previous studies
in Suisun Bay and Suisun Marsh. Consistent with [15], the parameter-fitting approach esti-
mated non-zero clam grazing only in the main channel. Consistent with [36], we assumed
no nutrient limitations and used their microzooplankton grazing approach. While [36]
estimated net phytoplankton loss in channels and net gains in shoals in the low-salinity
zone (salinity from 0.5 to 5), which often overlaps with Suisun Bay, we similarly estimated
the net loss of chlorophyll in the main channels and net growth in the other spatial com-
partments of Suisun Marsh. Though the tracers spent most of the time in the main channel
(Figure 6A), the strong positive production in margin compartments offsets the losses
in the main channel, giving increased chlorophyll predictions at fixed stations (Figure 8)
relative to the model boundary in Grizzly Bay (Figure 4). The attributes of the shallow
compartments that enhance phytoplankton production in our model are shallow depth and
a lack of clam grazing, conceptually consistent with [27]. For this reason, the exposure time
to the other spatial compartments (“margins”) was predictive of observed and predicted
chlorophyll (Figure 11). Though clam grazing occurred only in the main channel, it was
the most important loss term due to the much larger main channel exposure compared
to exposure times to other compartments (Figure 6). The predicted contribution of clam
grazing to overall losses between the boundary and the four stations ranged from 51% at
PT in Peytonia Slough (Figure 1) to 71% at SD in Sheldrake Slough (Figure 1).

We did not address several aspects of phytoplankton dynamics in Suisun Marsh,
including seasonal variability in grazing and other loss parameters, but could do so with
adequate data availability in other periods. Representing transport processes and phyto-
plankton dynamics in the wetter winter and spring conditions would also require consider-
ation of incoming chlorophyll with freshwater inflows. These inflows may also cause some
degree of salinity stratification, which would make our depth-averaged phytoplankton
model less appropriate. We also did not account for phytoplankton biomass from man-
aged wetland discharges. This could be challenging because chlorophyll concentrations in
wetland discharges are generally not monitored.

4.2. General Applicability

Our model can readily be extended to solve the coupled equations of an NPZ model
by utilizing an ordinary differential equation integration approach while maintaining the
Lagrangian approach, which obviates the need to solve the equations on a computational
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grid. These ordinary differential equations could be integrated at orders of magnitude
larger time steps than used in multi-dimensional hydrodynamic and tracer transport
models. Multiple sources of water and chlorophyll can be added to our model by adding
tracers to track these sources, including exposure to different compartments and the depth
encountered in each. The model can also be applied to scenarios such as sea level rise
using process rates determined from historical conditions. A Monte Carlo approach can be
applied to account for uncertainty in rates and other model inputs.

The Lagrangian nature of the approach allows for high computational efficiency but
also limits the applicability of the approach. To understand the strengths and limitations
of the approach more generally, consider the examples of nutrient-limited phytoplankton
production and light-limited phytoplankton production. The former is better suited to our
approach than the latter. In a nutrient-limited phytoplankton model, the predicted phyto-
plankton biomass would evolve and interact with the nitrate and any additional nutrients
in a coupled Lagrangian biogeochemical model using nutrient equations accounting for
uptake by phytoplankton and other processes.

In contrast, light-limited phytoplankton modeling would be challenging. In many
systems, including the SFE, turbidity is strongly variable in space and time and often
covaries with depth. If the turbidity distribution is predicted by a sediment transport
model or interpolated from observations, the tracer simulations can readily yield the
average turbidity experienced but would not account for the covariability of turbidity,
water depth, and incoming solar irradiation. This limitation can be partially addressed by
tracking the exposure of a tracer to photosynthetically active radiation (PAR), resulting in
the predicted average light exposure. However, typical light-limited growth equations are
strongly nonlinear with light exposure and vary with temperature [14], such that aggregate
light exposure may still be insufficient. To remedy that, one could instead calculate a light
limitation factor in the transport model along with property-tracking tracers to track the
average light limitation. Taking this approach a step further, the phytoplankton growth rate
could be calculated in the hydrodynamic model, and a tracer could track the average growth
rate experienced. At each step along this progression, more assumptions, formulations, and
parameters are pushed into the hydrodynamic model tracer simulations, enabling complex
dynamics but hindering subsequent exploration and optimization.

Given the limitations of age-tracer-based phytoplankton modeling, it should be con-
sidered a useful tool in conjunction with the Eulerian modeling of phytoplankton. For
example, an age tracer approach could be utilized to estimate the values of several model
parameters, which could then be incorporated into an Eulerian model that represents
additional processes or more complex spatial variability in rates. The Lagrangian biogeo-
chemical model is applicable to many waterbodies, provided that the simulations identify
the provenance of nearly all water at the times and locations of biogeochemical predictions.
For this reason, it would typically be more challenging to apply this approach in many
oceanic and lake settings with high water ages. It is critical that transport processes are
represented accurately by the hydrodynamic model used for tracer predictions. Biolog-
ical rates can be estimated most reliably when the incoming constituent concentrations
are known from observations or can reasonably be assumed to be constant and fit in the
parameter optimization.

4.3. Management Implications

Several restoration projects have been planned or implemented for the San Francisco
Estuary. Part of the motivation of these projects is to provide food for aquatic organisms [41].
Endangered and threatened fish populations have declined simultaneously with their
food species [42]. Because our analysis supports the understanding that shallow regions
of Suisun Marsh are more productive than deep regions, an increased area of the low
intertidal area and marsh plain can be expected to increase primary productivity. Some
of this primary production in shallow regions will subsidize adjacent deep regions. The
currently abundant managed wetlands are also highly productive and likely contribute
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to the productivity of Suisun Marsh [43]. Our work suggests that productivity will be
influenced by aspects of restoration design, including bed elevation and exchange between
shallow habitats with channels, which can be influenced by breach and channel dimensions,
among other factors.

Therefore, the benefits of restoration to open tidal habitats can be expected to vary
among existing land uses. While the conversion of managed wetlands to open tidal habitats
may not increase overall productivity, the restoration of currently dry areas is expected to
benefit productivity. The benefits may decrease due to colonization by clams or aquatic
vegetation, which may reduce productivity by shading out light to the water column [44]. In
addition, note that the high predicted mean water age during summer conditions indicates
the slow exchange with Suisun Bay and the low export of productivity from Suisun Marsh.
Therefore, restoration in Suisun Marsh may have little influence on food resources in
Suisun Bay during summer conditions. Subsidies of food resources might be increased
by the management of tidal or freshwater flows to induce net transport through Suisun
Marsh [17].

Due to the increased production predicted in shallower regions, Suisun Marsh phyto-
plankton dynamics may vary as the marsh depth evolves. With the sea level rise predicted
to be as large as 2.7 m in the next 75 years [45] and low-sediment conditions in the San
Francisco Estuary [46], which limit accretion, the drowning of marshes and a shift toward
deeper water is likely. This is likely to lower the productivity of Suisun Marsh.

5. Conclusions

Our phytoplankton modeling approach generalizes the approach of [6] to allow dis-
tinct phytoplankton growth and loss rates to differ among spatial compartments. The net
production in the main channel is negative (net loss), while the net production in other
compartments is positive, showing the importance of distinguishing exposure to different
compartments. The approach also allows for the rapid (~1 min) fitting of clam grazing rates
and other parameters that produce chlorophyll predictions that are consistent with the
observed chlorophyll. These predictions produced credible grazing rates. The Lagrangian
approach described can be applied and extended substantially in future work to provide
additional insight into the relative importance of different water sources and seasonal
variability in loss rates.
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Appendix A

An essential input to the Lagrangian tracer-based approach is the mean age of water
since it was tagged at the model boundary (Grizzly Bay in our application). To estimate the
mean age of a source of water, we simulated the transport of two conservative tracers in the
hydrodynamic model [7]. The first tracer, representing the fraction of water that entered
from the boundary, follows a three-dimensional advection–diffusion equation:

∂C
∂t

+∇ · (uC) =
∂

∂z

(
KT

∂C
∂z

)
(A1)

where C is the tracer concentration with dimensions of mass per volume, u is a three-
dimensional velocity vector with the dimensions of length per time, and KT is the vertical
eddy diffusivity with dimensions of length squared per time. Horizontal eddy diffusion
was neglected. The scalar advection–diffusion equation was integrated at a time step equal
to or less than the hydrodynamic time step of 30 s. When necessary, the scalar time step
was reduced from 30 s by using multiple “substeps” of the advection–diffusion integration
to meet a stability condition [47].

This equation was discretized with a conservative finite volume approach. The dis-
cretized equation can be represented as

Cn+1 = A(Cn) (A2)

where A is the discrete advection–diffusion operator [8] representing a hydrodynamic
model’s tracer transport solver, and superscripts denote the discrete-time level (i.e., Cn is
the spatial concentration distribution at time n∆t, and A represents the evolution of that
distribution by advection and diffusion from time n∆t to (n + 1)∆t for a computational
time step ∆t).

A second equation is used to represent age–concentration, which characterizes the
age content of a water parcel [7,8]. Age–concentration is conceptually equivalent to the
product of age and concentration and is more practical to compute than the age itself. The
governing equation of age–concentration is similar to Equation (3),

∂α

∂t
+∇ · (uα) =

∂

∂z

(
KT

∂α

∂z

)
+ C (A3)

where α is the age–concentration with dimensions of time-mass per volume. Using the
notation in Equation (A2), its discretized form is written as

αn+1 = A(αn) + ∆tCn (A4)

where ∆t is the computational time step. The mean age was calculated as the ratio of the
age–concentration and the tracer concentration.

an =
αn

Cn (A5)

where an has dimensions of time. The initial conditions of the scalar transport equations
were 0 concentration and 0 age–concentration throughout the domain. The boundary
conditions of C were 1 at the Grizzly Bay boundary and 0 at other boundaries. The
boundary conditions of age–concentration were 0 at all boundaries.

An analogous approach was applied for partial age [8], which we will refer to as
exposure time. The exposure time quantified the time that the tracer spent in each non-
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contiguous spatial compartment. A unique tracer assigned to each compartment was incre-
mented to accumulate partial age–concentration only within the assigned compartment.
The partial age–concentration for compartment j in computational cell i was calculated as

αn+1
i,j = A

(
αn

i,j

)
+ δi,j∆tCn (A6)

where δi,j is 1 if cell i was in compartment j and 0 otherwise. Then, the exposure time
(partial age) to compartment j was calculated as

aj =
αj

C
(A7)

To quantify the mean exposure of a tracer to a water property (depth in our applica-
tion), we estimated the property–age–concentration β with the equation

∂β

∂t
+∇ · (uβ) =

∂

∂z

(
KT

∂β

∂z

)
+ ψC (A8)

where ψ is the instantaneous value of the property. Its discretized form can be written as

βn+1 = A(βn) + ∆tψnCn. (A9)

Then, the mean property encountered by the tracer can be estimated as the ratio of the
property–age–concentration and age–concentration.

bn =
βn

αn (A10)

where b is the mean property encountered by the tracer. The initial condition and boundary
conditions of β were zero in the domain and at all boundaries.

By analogy to partial age–concentration, we estimated the partial property–age–concentration
encountered in cell i for each compartment j as

βn+1
i,j = A

(
βn

i,j

)
+ δi,j∆tψn

i Cn. (A11)

where ψi represents the property value in cell i. The partial property value for cell i
indicating the mean property value encountered by the tracer in compartment j is then

bi,j
n =

βi,j
n

αi,j
n (A12)

We used this approach to estimate the depth encountered by the tracer in each com-
partment. In this case, ψi in Equation (A12), the depth in cell i at the time, was updated at
each time step and cell in the simulation. In our application, β in Equation (A9) was the
water-depth–age–concentration associated with the tracer C, and bi,j was an estimate of the
mean depth that the tracer in cell i at time step n has encountered in compartment j since
entering the domain.
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Abstract: The presence of dense submerged vegetation alters mixing characteristics in open channel
flows as they cause differential velocities inside and above canopies. The prediction models for longi-
tudinal mixing in the presence of submerged canopies often use the drag coefficient to represent the
canopy, which limits the usability of the models when the canopy properties are not fully understood.
Here, attempts were made to present a methodology which can be used for deriving the coefficient of
longitudinal dispersion in the presence of submerged vegetation based on velocity measurements,
using a mixing length approach to model turbulence. An experimental study was conducted in a
large-scale laboratory facility to investigate the longitudinal dispersion characteristics in open channel
flow with submerged aquatic vegetation canopies. Detailed velocity and solute tracer measurements
were undertaken for a representative range of flow velocities. The velocity measurements were used
for deriving turbulent shear stress, mixing length, and diffusivity using established theoretical and
empirical relationships to derive the longitudinal dispersion. The longitudinal dispersion measured
in two locations in the water column for the two canopy submergences was discussed based on the
amount of vertical mixing and differential advection. The canopy with a smaller stem length (i.e.,
higher submergence ratio) has a higher vertical diffusivity, resulting in increased vertical mixing in
the water column. The canopy with the higher stem length (i.e., lower submergence ratio) consists
of minimal vertical diffusivity, causing the longitudinal dispersion measured above the canopy to
be significantly high, even though the longitudinal dispersion measured inside the canopy is much
lower. The mathematical model which was adapted for calculating the coefficient of longitudinal
dispersion and the tracer results show good agreement, indicating that the N-zone model can ac-
curately predict the longitudinal dispersion in submerged aquatic canopies when used with the
presented methodology.

Keywords: water pollution; submerged vegetation; turbulent diffusion; shear dispersion; open
channel flow; physical modelling

1. Introduction

Concerns about surface water pollution generate an increased demand for predicting
pollution levels in both inland and coastal waters. Understanding how different hydrody-
namic conditions affect the fate and pathways of pollutants once they enter a waterbody
is crucial for preventing devastating environmental hazards related to water pollution.
Often, aquatic vegetation is kept unremoved from the waterways due to the ecosystem
services they provide [1], such as improving the water quality [2–5], reducing turbidity [6],
resuspension of nutrients [3,7,8], providing food and shelter for aquatic fauna [3,9–12],
and reducing erosion [3,9,13–15]. However, the presence of submerged vegetation in a
conveyance channel will alter the mixing of soluble pollutants by introducing a velocity
shear at the top of the canopy [16–18]. Therefore, studying pollution transport processes
in the presence of submerged aquatic vegetation helps with maximising its ecosystem
services while reducing the adversity of pollution transport, making it a widely studied
topic. Most of these studies on aquatic vegetation parameterize the effects of vegetation
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using a drag coefficient that depends on the canopy density, flow velocity, and the diameter
and morphology of the individual canopy elements [19], thus requiring a comprehensive
survey of the channel to determine a representative value for the drag coefficient because
aquatic canopies exhibit a wide range of geometries [20].

This paper presents the findings of an experimental study comprising two canopy
heights of submerged vegetation, where the velocity measurements are correlated with
longitudinal dispersion properties of vegetated open channel flow using established nu-
merical relationships to calculate the coefficient of longitudinal dispersion. A mixing length
approach is used for modelling the turbulent shear stress, and the effect of canopy submer-
gence on longitudinal mixing is also discussed based on corresponding velocity profiles.

2. Previous Work
2.1. Flow Velocity in the Presence of Submerged Vegetation

In a wide channel with a bare bed (no effect due to side walls or vegetation), the
streamwise velocity profile has a logarithmic shape [21]. If an open channel comprises
a submerged sparse canopy where the canopy drag is smaller than the bed drag, the
hydrodynamics will not deviate significantly from the open channel conditions, while the
canopy contributes to increased bed roughness [19]. Dense aquatic canopies are a source
of drag, and the presence of a dense submerged canopy results in a decrease in the flow
velocity with distance into the canopy from the top, while increasing the flow velocity
above the canopy [14,18,22]. A typical velocity profile in the presence of a dense submerged
canopy is shown in Figure 1a. The presence of submerged vegetation also results in a
vertical discontinuity of drag [23], resulting in an increase in velocity shear and turbulence
intensity at the top of the canopy [11,18]. These processes create instability at the top of the
canopy, developing discrete Kelvin-Helmoltz vortices [16] of elliptical shape, as shown in
Figure 1b. These vortices are predominantly expressed when the canopy becomes flexible,
resulting in a wavy motion in the upper part of the flexible canopies [24].
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Figure 1. Flow hydrodynamics around submerged rigid aquatic canopies: (a) basic nomenclature of
a vegetated open channel flow and the expected shape of the velocity profile; and (b) the shear stress
profile and associated mixing processes in a vegetated channel (based on previous work, references
provided in the body).

2.2. Longitudinal Dispersion in the Presence of Submerged Vegetation

The rate of mass transport (
.

M) per unit width in the streamwise direction of a channel
is given by Equation (1) [25] in the context of a depth averaged model,

.
M = −hD

∂C
∂x

(1)
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where h is the depth, and the area per unit width of flow, D is called the longitudinal disper-
sion coefficient which is a bulk transport coefficient representing the diffusive property of
the velocity distribution of the flow and C is the depth average of the mean concentration.

D is a property of the flow. For example, the velocity profile is logarithmic in wide
channels without vegetation, and hence, the coefficient of longitudinal dispersion (D) can
be expressed by Equation (2) [26],

D = 5.93 hu∗ (2)

where u∗ is the friction velocity. The friction velocity is defined in Equation (3),

u∗ =
√

τ0

ρ
(3)

where τ0 is the shear stress at the channel bed and ρ is the density of the fluid.
Equation (2) can also be used for quantifying longitudinal dispersion in open channels

with sparse vegetation if the canopy is sparse enough to maintain the logarithmic shape of
the velocity profile. However, u∗ should be re-evaluated to include the roughness compo-
nent of the canopy. When the canopy becomes dense, it modifies the velocity profile and
the fate and transport of solutes, due to its considerable impact on flow dynamics [18,27].
In such situations, the mixing in the region above the canopy is dominated by large-scale
shear dispersion [28]. The flow inside the submerged aquatic canopy can be divided into
two regions: (1) a ‘vertical exchange zone’ consisting of Kelvin-Helmoltz vortices [16] in the
upper part of the canopy where the rapid vertical turbulent exchange takes place [18], and
(2) a ‘longitudinal exchange zone’ in the lower section of the canopy where mixing is domi-
nated by longitudinal advection [17]. The vertical exchange zone created by the vortices
penetrates only to a limited distance into the canopy [29] as the shear, which feeds energy to
the vortices, is balanced by canopy dissipation [30]. The extent to which the vertical mixing
layer grows increases with the depth of submergence and (generally) decreases when the
canopy becomes dense or flexible [17]. These complex flow conditions in the presence
of submerged canopies can make it challenging to measure longitudinal dispersion. For
example, the routing method [31] was unsuccessful when evaluating the coefficient of
longitudinal dispersion due to the delay in solute transport inside the canopy and the lack
of cross-sectional mixing [32]. On the other hand, the moment area method [26,33] has
been adopted for evaluating the coefficient of longitudinal dispersion in vegetated open
channel flows [28,34,35].

When a drop of solute is added to a moving water body, it keeps mixing as it moves
downstream with the water flow. The concentration time series created by the drop of
solute can be measured experimentally using several monitoring stations along the flow.
The temporal variance in the measured concentration time series increases along the flow.
According to the moment area method, the rate of change in the temporal variance along the
flow is used for calculating the longitudinal dispersion coefficient as shown in Equation (4),

D =
1
2

d
dt

[
u2σ2

t

]
=

u2

2

σ2
t(x2)
− σ2

t(x1)

t2 − t1
(4)

where σ2
t is the temporal variance of the concentration time series measured at different

streamwise locations (x1 and x2), and u is the flow velocity. t1 and t2 are the times when
the centroid of the solute cloud passed the stations at x1 and x2.

Even though the moment area method can be applied in vegetated open channel flow
conditions, there is a paucity of dispersion measurements inside the canopies. There may
be limitations in measuring solute concentrations inside dense canopies, which is justified
because turbulent diffusion inside dense canopies makes a negligible contribution to the
longitudinal dispersion of the cross-section [28]. However, since the vertical exchange
zone penetrates the canopy when the depth of submergence of the canopy is high, and
the density of the canopy is low [17], it can be expected that some canopy configurations
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will result in a considerable increase in longitudinal dispersion inside the canopies. The
availability of experimental measurements in different canopy geometries will benefit the
statistical modelling approaches which are developed for predicting longitudinal dispersion
coefficients [36,37].

3. Methodology

The experiments were conducted in a 20 m long, 0.34 m wide, and 1.5 m deep flume
in which the flow was created using a centrifugal pump. The vegetation was replicated as
a 10 m long homogeneous canopy using plastic straws. Representing rigid vegetation with
cylindrical dowels is a widely used approach [38–43] due to the ease of implementation and
its authentic recreation of the salient features of the hydrodynamics of vegetated flows [42].
Two vegetation heights of 0.1 m (h/hc = 2.5) and 0.2 m (h/hc = 1.25) were tested, which
resemble shallow submerged conditions (1 < h/hc < 5), as most submerged macrophytes
exist in this range due to limitations caused by light penetration [19]. The water depth
was kept constant at 0.25 m throughout the study, and the outlet was designed to facilitate
altering the flow rate while keeping a constant water depth. The experimental setup, the
arrangement, and the geometry of canopy elements and the placement of fluorometers
with respect to canopies are shown in Figure 2.
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Figure 2. Experimental setup (not to scale): the side view of the testing flume, the placement of
fluorometers for the two tested vegetation configurations, and the staggered grid layout of vegetation
in the plan. In all the diagrams, the flow is from left to right.

3.1. Velocity Measurements

To measure velocities, an acoustic Doppler velocimeter (ADV), which is commer-
cially known as a Nortek Vectrino Profiler (manufactured by Nortek, Rud, Norway),
was used. The ADV was mounted approximately in the middle (longitudinally) of the
canopy (Figure 2), to facilitate the full development of the velocity profile and reduce the
outlet’s effect. The ADV was configured to measure the longitudinal (x), transverse (y),
and vertical (z) velocity components in a cylindrical sampling volume with a dimeter of
6 mm, at points with a spacing of 4 mm. The velocity measurements were collected at
100 Hz for 2 min for each vertical position of the probe. A seeding material (Timiron Super-
silk from Merck, Darmstadt, Germany) was added to the flow to maintain a signal-to-noise
ratio (SNR) of the instrument above 20 throughout the cylindrical volume for the duration
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of the velocity data collection. The seeding material was first diluted in water to a concen-
tration of ca. 2500 ppm (by volume) and a drop of liquid soap was added to the solution
to keep the particles suspended in water for an increased duration. This seeding solution
was continuously injected into the inlet pipe of the flume using a peristaltic pump with
a flow rate of 40 mL/min until the velocity data collection was completed. The velocity
measurements were conducted before the longitudinal dispersion measurements were
commenced to prevent the two procedures from interfering with each other.

To measure velocities inside the canopy, a clear area with a diameter of 8 cm was
created by removing the plastic straws. This is a common limitation when the velocities
inside the canopies are measured using the ADV, due to the need to prevent the model
vegetation from interfering with the velocity measurements by entering the cylindrical
sampling volume. It was assumed that the effect from clearing the vegetation did not make
a significant difference in the measured velocities based on a previous study [44], which
compared the velocity measurements collected with the ADV inside a model vegetation
(consisting of flexible blades attached to wooden dowels) when the vegetation was fully
cleared in a circular area of a diameter of 10 cm versus when wooden dowels were retained
(with no blades attached). Their findings denote that the presence or absence of wooden
dowels within the clearing did not significantly affect the velocity measurements of the
mean current.

The velocity measurements collected from the region between 40 mm and 60 mm
from the transceiver were chosen for the analysis as they are the most reliable [45]. From
those data, only the measurements with correlation coefficients higher than 80% were used
for calculating the velocity profiles and turbulent shear stress profiles. The velocimeter
is susceptible to pulse interference when measuring velocities near boundaries, which is
called a “weak spot”. The “weak spot” of the velocity data occurs at approximately 80 mm
and 90 mm above the channel bed depending on a few parameters (such as the speed of
sound, boundary surface, and the configured velocity range), causing outliers in the data.
The outliers of the velocity data were identified during velocity calculations.

3.2. Longitudinal Mixing Measurements

A rhodamine WT solution with a concentration of 100,000 PPB was injected into the
inlet pipe for 4 s using a peristaltic pump with a 40 mL/min flow rate. The injection signal
activated the peristaltic pump using an Arduino IDE, and the data collection was started
20 s before the injection signal was sent. A series of Cyclops-7 fluorometers (From Turner
Designs, San Jose, CA, USA) were used for capturing the tracer concentrations at four
stations along the canopy. In each station, one fluorometer was mounted at the mid-height
of the canopy, while the other fluorometer was mounted mid-height above the canopy
(Figure 2) to measure the longitudinal dispersion in two vertical locations. Some plastic
straws around the fluorometers were removed to provide a clear measurement space in
front of the fluorometers, and the canopy arrangement was kept consistent throughout the
tests. All fluorometers were fixed with an inclination rather than keeping them vertical to
provide an additional clearance space and reduce the formation of air bubbles around the
sensor head. All instruments, including top and bottom fluorometers and the ADV, were
kept in the same positions whenever the tracer tests were conducted.

3.3. Calculation of the Coefficient of Longitudinal Dispersion from the N-Zone Model
3.3.1. Calculating the Shear Stresses

The viscous stress was calculated using Equation (5),

τv = ρν
∂u
∂z

(5)

where ρ is the density of the fluid and ν is the kinematic viscosity of the fluid.
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The turbulent shear stress at a given location can be expressed by the Reynolds stresses.
For longitudinal dispersion in an open channel flow, the (x, z) plane dominates. Hence,
Equation (6) can be used for deriving turbulent stress,

τr = −ρu′w′ (6)

where u′ and w′ were the deviations of instantaneous velocities from the temporal mean
values (u and w), respectively.

3.3.2. Calculating Diffusivity

From the force balance [25] and by assuming isotropy [46], the horizontal and vertical
diffusivity (Dx and Dz) at each location can be evaluated using Equation (7), which is
valid under the Reynolds analogy and assuming a turbulent Schmidt number equal to
unity (ScT = 1),

Dx = Dz =
τ/ρ

du
dz

(7)

where τ is the total shear stress at any given location, which was calculated by adding the
viscous and turbulent shear stress components.

3.3.3. Calculating the Coefficient of Longitudinal Dispersion

The longitudinal dispersion in open channel flow with submerged vegetation can be
numerically explained using first principles [25] as shown in Equation (8),

D = − 1
dc

∫ d

0
u′′
∫ z

0

1
Dz

∫ z

0
u′′dz dz dz (8)

where u′′ is the deviation of velocity from the cross-sectional mean and Dz is the vertical
diffusivity.

Alternatively, the N-zone model, which is presented in Equation (9), can be used for
quantifying the longitudinal dispersion [46],

D(N) =
N−1

∑
j=1

(
q1 + q2 + . . . + qj

)2[1− (q1 + q2 + . . . + qj
)]2 ×

[
u12...j − u(j+1)...N

]2

bj(j+1)
+

N

∑
j=1

qjDxj (9)

where q is the dimensionless height of each zone, u12...j is the average velocity of the first j
zones, and u(j+1)...N is the average velocity of the last N − j zones. bj(j+1) is the exchange
coefficient between any adjacent pair of zones and can be evaluated using Equation (10) [46],

bj(j+1) =
2Dzj(j+1)

h2
(
qj + qj+1

) (j = 1, 2, . . . , N − 1) (10)

where Dzj(j+1) is the vertical diffusivity at the location in consideration, which is the
boundary between the j and (j + 1) zones.

4. Results
4.1. Velocity Profile

Many theoretical models exist for calculating streamwise velocity profiles in vegetated
flows, and a few of them were used in this study for re-evaluating a matching velocity
profile. The models could not reproduce the exact shape of the profile due to several
reasons, including differences in canopy density. Therefore, the model presented by Tang,
(2019) [47] was used for obtaining an approximated best-fit line for the velocity profile
with few empirical adjustments, so that the normalised root-mean-square error (NRMSE)
remains low. The velocity values measured at the “weak spot” were considered outliers
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and they were ignored when the NRMSE was calculated. The equation for NRMSE is given
in Equation (11),

NRMSE =
RMSE

=
u

=
1
=
u

√
∑n

z=i(ui − u)2

n
(11)

where ui is the measured velocity, u is the velocity calculated from the model, and
=
u is the

depth averaged mean velocity calculated based on the flow rate.
The unavailability of velocity measurements in the upper part of the water column is

a limitation of this study due to the nature of the ADV. Therefore, the line drawn for the
available data points was extrapolated to obtain an approximate estimation of the velocities
in that region. When the flow rates were compared to the velocity measurements, it was
suggested that larger velocity values, such as the ones extrapolated, should prevail in the
upper part of the water column to sustain the flow rates. Figures 3a and 4a present the
measured and fitted velocity profiles for different tested flow rates. When the velocity
profiles between the two canopy conditions are compared, the velocity profile from the
canopy height at 0.2 m consists of a larger velocity shear towards the top of the canopy.

Water 2023, 15, x FOR PEER REVIEW 7 of 18 
 

 

4. Results 
4.1. Velocity Profile 

Many theoretical models exist for calculating streamwise velocity profiles in vege-
tated flows, and a few of them were used in this study for re-evaluating a matching ve-
locity profile. The models could not reproduce the exact shape of the profile due to sev-
eral reasons, including differences in canopy density. Therefore, the model presented by 
Tang, (2019) [47] was used for obtaining an approximated best-fit line for the velocity 
profile with few empirical adjustments, so that the normalised root-mean-square error 
(NRMSE) remains low. The velocity values measured at the “weak spot” were consid-
ered outliers and they were ignored when the NRMSE was calculated. The equation for 
NRMSE is given in Equation (11), 

NRMSE = RMSE𝑢ധ = 1𝑢ധ ඨ∑ (𝑢௜ − 𝑢ത)ଶ௡௭ୀ௜ 𝑛  (11) 

where 𝑢௜ is the measured velocity, 𝑢ത is the velocity calculated from the model, and 𝑢ധ is 
the depth averaged mean velocity calculated based on the flow rate. 

The unavailability of velocity measurements in the upper part of the water column 
is a limitation of this study due to the nature of the ADV. Therefore, the line drawn for 
the available data points was extrapolated to obtain an approximate estimation of the ve-
locities in that region. When the flow rates were compared to the velocity measurements, 
it was suggested that larger velocity values, such as the ones extrapolated, should pre-
vail in the upper part of the water column to sustain the flow rates. Figures 3a and 4a 
present the measured and fitted velocity profiles for different tested flow rates. When 
the velocity profiles between the two canopy conditions are compared, the velocity pro-
file from the canopy height at 0.2 m consists of a larger velocity shear towards the top of 
the canopy. 

    
(a) (b) (c) (d) 

Figure 3. Hydrodynamics of the water column in the presence of the canopy of 0.1 m height: (a) 
measured and fitted velocity profiles for the tested flow conditions; (b) measured and fitted profile 
of −𝑢′𝑤′തതതതതത; (c) estimated diffusivity profiles for the tested flow conditions; and (d) estimated contri-
bution from each zone in the water column on shear dispersion. 
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(a) measured and fitted velocity profiles for the tested flow conditions; (b) measured and fitted
profile of −u′w′; (c) estimated diffusivity profiles for the tested flow conditions; and (d) estimated
contribution from each zone in the water column on shear dispersion.

4.2. Shear Stress Profile

Viscous stress component (τv) was added to the turbulent stress component (τr)
to obtain the shear stress (τ). However, the turbulent stress component dominated the
magnitude of the shear stress in the tested flow conditions.

When calculating the viscous shear stress, the kinematic viscosity was chosen based
on the water temperature measured with the ADV. The velocity gradient was calculated
from the fitted velocity profile obtained from the velocity model explained in Section 4.1.
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Figure 4. Hydrodynamics of the water column in the presence of the canopy of 0.2 m height:
(a) measured and fitted velocity profiles for the tested flow conditions; (b) measured and fitted
profile of −u′w′; (c) estimated diffusivity profiles for the tested flow conditions; and (d) estimated
contribution from each zone in the water column on shear dispersion.

The turbulent shear stress was obtained from the Reynolds stress. A mixing length
approach was used for modelling the turbulent stress profile inside the canopy. The velocity
measurements in the “weak spot” were ignored when calculating the Reynolds stress profile
and the mixing length.

Several mixing length theories are available in the literature. Equation (12) [48]
indicates that the turbulent shear stress is related to the velocity gradient,

τr = −ρu′w′ = ρ
[
l2
](∣∣∣∣∂u

∂z

∣∣∣∣∂u
∂z

)
(12)

where l is the mixing length.
Equation (13) [49] shows that the turbulent shear stress is related to the first and second

derivatives of the velocity profile with respect to z,

τr = −ρu′w′ = ρκ2
(

∂u
∂z

)4/(∂2u
∂z2

)2

(13)

where κ is the von-Karman constant.
Equation (14) [47,50,51] depicts that the Reynolds stress is related to the velocity and

velocity gradient,

τr = −ρu′w′ = ρλ

(
u

du
dz

)
(14)

where λ is a characteristic turbulent length scale.
The turbulent stresses measured inside the canopy and the functions of the velocity

derivatives were plotted to verify the applicability of Equations (12)–(14). It was observed
that the gradient corresponding to mixing length λ in Equation (14) remains constant
throughout the region inside the canopy, while the gradient corresponding to mixing
length l in Equation (12) varies along the canopy. Equation (13) was unable to produce
accurate estimations for the tested conditions. It was also observed that the magnitude of λ
remains consistent for different flow rates when the canopy properties remain unchanged.
This observation complements previous findings on the magnitude of λ being dependent
only on water depth and vegetation height [47,51]. For a constant water depth of 0.25 m
and canopy height of 0.1 m, the averaged mixing length (λ) is 5.6 mm, with an NRMSE
of 6.7%. For a canopy height of 0.2 m, the average mixing length (λ) is 2.5 mm, with an
NRMSE of 3.3%.
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Figure 5 presents the calculated λ values for each canopy submergence vs. canopy
height in each test condition, hc = 0.1 m and hc = 0.2 m. There are few empirical estimations
of λ in the literature. The first empirical relationship (ER1) mentions that the mixing
length can be approximated with 0.0144

√
hhc [51]. The second empirical relationship

(ER2) states that the mixing length can be approximated with hw/20 [52]. The third
empirical relationship (ER3) suggests that the mixing length can be approximated with
0.03
√

hwhc [47]. The mixing lengths obtained for different canopy heights from these three
empirical relationships are also plotted in Figure 5 for a constant water depth of 0.25 m.
According to Figure 5, the three empirical equations produce close estimations when the
submergence ratio is low (hc = 0.2 m). For the canopy height of 0.1 m, λ values derived
from empirical relationships vary from those calculated from the measurements. Given
that this study was conducted only for two canopy heights and one water depth, herein,
the attempts are not made to suggest an empirical relationship for λ.
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Figure 5. Variation of λ with vegetation canopy height for a constant water depth of 0.25 m.

Once λ is established, the turbulent shear stress inside the canopy was evaluated using
Equation (8). The turbulent shear stress above the canopy was calculated using existing
knowledge; the maximum shear occurs at the top of the vegetation canopy and linearly
decays to zero at the air-water interface. Figures 3b and 4b present the measured and fitted
profiles of −u′w′ for the tested flow rates. The shear stress is negligible inside a canopy of
0.2 m; however, it drastically peaks at the top to reach a higher value when compared to a
canopy of 0.1 m.

4.3. Longitudinal Dispersion Measurements

The coefficient of longitudinal dispersion (D) was experimentally derived based on
the temporal variance of the injected tracer cloud measured along the distance through the
canopy, using Equation (3). The average velocity of the cloud (u) was calculated based
on the time taken for the centroid of the tracer cloud to move from the first station to
the fourth. Figure 6 presents a typical tracer measurement, where Figure 6a denotes the
concentration measurements collected using the fluorometers located inside the canopy,
and Figure 6b indicates the concentration measurements above the canopy for the canopy
height of 0.1 m. The concentration time series measured inside the canopy consists of
more scatter compared to the concentration time series measured above the canopy. The
peak concentrations measured using the fluorometers inside the canopy are slightly lower
than those measured above the canopy, as the bottom fluorometers might miss the solute
movement in the upper part of the water column.
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Figure 6. A typical tracer concentration measurement along the channel (the data corresponds to the
flow rate of 17 L/s when the canopy height is 0.1 m): (a) from the fluorometers inside the canopy;
and (b) from the fluorometers above the canopy.

Table 1 presents the magnitudes of λ and the coefficients of longitudinal dispersion
derived inside (Db) and above (Dt) the canopy for different vegetated flow conditions.
Five repeat injections were conducted for each test condition, and the average and variance
of the longitudinal dispersion coefficients were reported. Here, Db does not provide a
dispersion coefficient for the whole cross-section as the fluorometers inside the canopy
miss out on some of the tracer movements above the canopy. Therefore, Db may only be
used for discussing the magnitude of the vertical mixing in each canopy configuration.

Table 1. Experimentally derived characteristic mixing length scale and coefficient of longitudinal
dispersion for different flow conditions.

hc(m) Q (l/s) λ (mm)
Measured inside the Canopy Measured above the Canopy Calculated D(N)

from the N-Zone Model
(×10−2m2/s)

Average Db
(×10−2m2/s)

σ2 of Db
(×10−6m4/s2)

Average Dt
(×10−2m2/s)

σ2 of Dt
(×10−6m4/s2)

0.1

5 - 1.23 3.35 1.75 1.39 1.69
9 6.2 2.02 5.71 2.84 5.37 2.61

13 5.2 2.69 7.10 3.79 5.45 4.41
17 5.4 4.06 22.97 5.55 3.97 6.09
21 5.5 5.20 24.69 7.10 9.96 7.09

0.2

5 - 0.47 0.77 1.97 1.13 2.56
9 2.5 0.71 0.72 3.65 27.73 4.37

13 2.6 0.80 2.87 5.06 5.61 5.80
17 2.4 1.40 14.89 7.37 64.98 7.34

Figure 7 presents the data in Table 1 against the depth-averaged mean velocity (
=
u):

Db is plotted in Figure 7a and Dt is plotted in Figure 7b. The coefficient of longitudinal
dispersion measured in control tests without vegetation is also plotted to comprehend the
effect of vegetation (in the absence of canopies, a single tracer measurement was collected
for each cross-section at the mid-water depth). The best-fit lines are drawn through the
origin, as the magnitude of molecular diffusion is negligible compared to the magnitudes
of turbulent diffusion and shear dispersion. According to Figure 7, the magnitude of Db is
smaller than Dt for both canopy heights. This observation is expected, as the fluorometers
inside the canopy observe a reduced velocity and turbulence compared to the upper part
of the water column. This observation confirms that vertical mixing is not strong enough
to create a uniform solute distribution throughout the cross-section [32]. All longitudinal
dispersion measurements in vegetated conditions (Db and Dt) are significantly greater than
those measured in open channel flow. Here, the longitudinal dispersion measurements (Dt)
for the canopy heights of 0.1 m and 0.2 m are ~12 and 15 times the longitudinal dispersion
coefficients obtained for open channel flow, respectively. This observation complements the
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increased shear dispersion in vegetated flows compared to open channel flow. The canopy
height of 0.2 m causes the highest value of Dt, and the canopy height of 0.1 m produces the
highest value of Db, when the two canopies are compared. Even though the canopy height
of 0.2 m has increased the longitudinal dispersion in the cross-section, this enhancement
does not seem to be uniform over the water depth.
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Figure 7. Measured averaged coefficient of longitudinal dispersion for different flow conditions (with
and without a canopy) plotted against the depth averaged mean velocity: (a) measured inside the
canopy; and (b) measured above the canopy.

Figure 8 compares Db and Dt with each other for two tested canopies, and Dt remains
consistently proportional to Db at different flow rates. Dt/Db depend on the canopy height:
1.4 for hc = 0.1 m (h/hc = 2.5), and 5.4 for hc = 0.2 m (h/hc = 1.25), despite the constant
0.125 m distance between the top and bottom fluorometers. It is generally observed that
the variance of Dt and Db is high when the measuring point is located near the canopy
edge. The complexity of flow dynamics in canopy boundaries may cause this behaviour.
The presence of vortices can affect the tracer movement, and the tracer can also become
trapped at the surface of canopy elements and eventually be released into the flow, which
might not be precisely repeatable. Hence, repeated testing is recommended for dispersion
measurements in the boundaries of different flow regimes, as a practical measure even for
consistent vegetation canopies.
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Figure 8. Comparison of D evaluated from the measurements above the canopy with D evaluated
from the measurements inside the canopy.

4.4. Application of the N-Zone Model
4.4.1. Obtaining Horizontal and Vertical Diffusivity Profiles

The diffusivities were calculated using Equation (7) assuming a turbulent Schmidt
number equal to unity (ScT = 1). Since isotropy is assumed, the magnitudes of horizontal
and vertical diffusivities were similar. The vertical diffusivity profiles obtained for the tested
flow conditions are plotted in Figures 3c and 4c. Since the diffusivities are approximate
estimations calculated based on velocity measurements, the profiles were plotted using
dotted lines. The diffusivity profiles consist of sharp edges in their shape as they inherit the
imperfections of the assumptions made when fitting the velocity models. The diffusivities
reach a maximum slightly above the canopy (hc = 0.1 m) or at the top of the canopy
(hc = 0.2 m) and gradually decrease when going into the canopy. Overall, the magnitude
of the vertical diffusivity at hc = 0.1 m is higher than that at hc = 0.2 m.

4.4.2. Calculating the Coefficient of Longitudinal Dispersion

When the diffusivity and the velocity profile were known, the coefficient of longitu-
dinal dispersion was calculated using Equations (9) and (10). The first term in Equation
(9) calculates the longitudinal dispersion occurring due to the velocity shear, i.e., differen-
tial advection. The second term calculates the longitudinal dispersion occurring due to
turbulent diffusion.

When calculating the diffusivity and applying the N-zone model, the fitted veloc-
ity profiles (shown in Figures 3a and 4a) and the fitted shear stress profiles (shown in
Figures 3b and 4b) were used for obtaining the velocity gradient, diffusivity, and the ve-
locity in each cell. If scattered raw measurements of the velocity profiles were used in
the N-zone model to evaluate longitudinal dispersion, it would be interpreted as higher
velocity gradients between zones, resulting in overestimations of shear dispersion. Here, a
calculated velocity model and a shear stress profile based on a calibrated mixing length
were used to avoid overestimating the shear dispersion. For the test conditions, the shear
dispersion was three orders of magnitude larger than the turbulent diffusion in each cell.
Therefore, the turbulent diffusion is not presented here, and the contribution from each
zone in the water column for shear dispersion is presented in Figures 3d and 4d. The
profiles were plotted using dotted lines because they are only approximate estimations.
Here, the shear dispersion is maximum in the middle region of the water column, roughly
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around the upper part of the vegetation canopy, where the velocity gradient is also at its
maximum.

Table 1 summarises the coefficients of longitudinal dispersion estimated using the
N-zone model (D(N)). D(N), which is evaluated using the N-zone model, is com-
pared with the coefficient of longitudinal dispersion measured above the canopy (Dt)
in Figure 9. The N-zone model has produced acceptable estimations, with an average
overestimation of 6.4%.

Water 2023, 15, x FOR PEER REVIEW 13 of 18 
 

 

mations. Here, the shear dispersion is maximum in the middle region of the water col-
umn, roughly around the upper part of the vegetation canopy, where the velocity gradi-
ent is also at its maximum. 

Table 1 summarises the coefficients of longitudinal dispersion estimated using the 
N-zone model (𝐷(𝑁)). 𝐷(𝑁), which is evaluated using the N-zone model, is compared 
with the coefficient of longitudinal dispersion measured above the canopy (𝐷௧) in Figure 
9. The N-zone model has produced acceptable estimations, with an average overestima-
tion of 6.4%. 

 
Figure 9. Comparison of 𝐷 evaluated from the measurements above the canopy with 𝐷(𝑁) evalu-
ated from the N-zone model. 

5. Discussion 
5.1. Vertical Mixing in the Presence of Submerged Canopies 

Vertical diffusivity contributes to the first term in Equation (9) which is the shear 
dispersion. Shear dispersion is significantly larger than turbulent diffusion (second term 
in Equation (9)) which depends on horizontal diffusivity. According to Figures 3 and 4, 
the vertical diffusivity is generally higher throughout the cross-section for the canopy 
height of 0.1 m, compared to the canopy height of 0.2 m. This suggests that better cross-
sectional mixing occurs when the canopy height is 0.1 m, and this observation on diffu-
sivity profiles generated based on velocity measurements complements the experimental 
observations from tracer measurements. According to Figure 8, for a 0.1 m canopy 
height, the magnitude of longitudinal dispersion obtained from tracer measurements in-
side the canopy is very close to that measured above. However, the longitudinal disper-
sion measured from tracer measurements inside the canopy of 0.2 m is one-fifth of that 
measured above the canopy. 

Previous research on submerged vegetation discusses the occurrence of a vertical 
mixing layer in the upper part of the submerged canopy. The rate of vertical transport in 
the bottom part of the canopy is dominated by stem-wake turbulence [28], which is an 
order of magnitude lower than the rate of vertical transport in the upper part of the can-
opy [23]. The thickness of the vertical exchange zone in the upper part of the canopy (𝛿௘) 
can be approximated with (0.23 ± 0.06) (𝐶஽𝑎)⁄  when 𝐶஽𝑎ℎ ≥ 0.1 [30], where 𝐶஽  is the 
drag coefficient and 𝑎 is the leaf area index of the canopy. Taking 𝐶஽ ≈ 1, the thickness of 
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5. Discussion
5.1. Vertical Mixing in the Presence of Submerged Canopies

Vertical diffusivity contributes to the first term in Equation (9) which is the shear
dispersion. Shear dispersion is significantly larger than turbulent diffusion (second term in
Equation (9)) which depends on horizontal diffusivity. According to Figures 3 and 4, the
vertical diffusivity is generally higher throughout the cross-section for the canopy height of
0.1 m, compared to the canopy height of 0.2 m. This suggests that better cross-sectional
mixing occurs when the canopy height is 0.1 m, and this observation on diffusivity profiles
generated based on velocity measurements complements the experimental observations
from tracer measurements. According to Figure 8, for a 0.1 m canopy height, the magnitude
of longitudinal dispersion obtained from tracer measurements inside the canopy is very
close to that measured above. However, the longitudinal dispersion measured from tracer
measurements inside the canopy of 0.2 m is one-fifth of that measured above the canopy.

Previous research on submerged vegetation discusses the occurrence of a vertical
mixing layer in the upper part of the submerged canopy. The rate of vertical transport
in the bottom part of the canopy is dominated by stem-wake turbulence [28], which is
an order of magnitude lower than the rate of vertical transport in the upper part of the
canopy [23]. The thickness of the vertical exchange zone in the upper part of the canopy
(δe) can be approximated with (0.23± 0.06)/(CDa) when CDah ≥ 0.1 [30], where CD is the
drag coefficient and a is the leaf area index of the canopy. Taking CD ≈ 1, the thickness
of the vertical exchange zone is given by 53 mm ≤ δe ≤ 91 mm for the tested canopy
layout in this study. This suggests that the vertical mixing layer reaches beyond the bottom
fluorometer when the canopy height is 100 mm as the fluorometer is located 50 mm below
the top of the canopy. However, for the canopy height of 200 mm where the fluorometer is
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located 100 mm below the top of the canopy, the vertical mixing layer does not reach the
position of the bottom fluorometer.

5.2. Longitudinal Dispersion in the Presence of Submerged Canopies

Figures 3 and 4 provide a comprehensive description in terms of the hydrodynamic
conditions and shear dispersion for the two tested submerged canopies. Overall, the
velocities in the canopy are lower, compared to the velocities in the free-flowing region
above the canopy, for both canopy conditions. When compared, the peaks in the velocity
profile and the shear stress profile of the canopy height of 0.1 m do not reach as high as
the canopy height of 0.2 m, even though they comprise noticeable magnitudes throughout
the water column. Accordingly, the vertical diffusivities are significantly higher for the
canopy height of 0.1 m. Based on the velocity profile, the canopy height of 0.2 m creates the
highest differential advection. In addition, the shear stresses are minimal inside the canopy
height of 0.2 m before it increases with a steep gradient to reach a huge peak at the top of
the canopy. Accordingly, the vertical diffusivities are lower for the canopy height of 0.2 m,
resulting in increased shear dispersion.

5.3. Applicability of the N-Zone Model into Submerged Vegetation

The basis for the N-zone model was the slow-zone model, which divides the flow into
two zones: a slow zone and a fast zone [53]. The advantage of the N-zone model over the
two-zone model is its ability to fit complex shapes of the velocity profiles by increasing
the number of zones. In addition, the contribution from each location in the water column
for longitudinal mixing can be obtained using the N-zone model, which can be beneficial
in managing environmental pollution problems. Only a limited number of studies have
been conducted on the N-zone model to determine the longitudinal dispersion in vegetated
flows, and one such study was conducted for natural vegetation [35]. The limited number
of studies with the N-zone model might be due to the challenges in deriving accurate values
for velocities and turbulent shear stresses in vegetated flows. The benefit of the N-zone
model is its ability to link the velocity profile with the mixing characteristics, even when
the information for other critical parameters of the canopy, such as the drag coefficient or
the characteristics of the mixing layer, is unknown.

During this study, we evaluated the applicability of the N-zone model for two canopy
submergences representing two conditions. For hc = 0.1 m (h/hc = 2.5), the vertical
exchange zone reaches a significant distance into the canopy resulting in an enhanced
cross-sectional uniformity of the solute. For hc = 0.2 m (h/hc = 1.25), the vertical exchange
zone has limited development, causing a higher shear dispersion in the cross-section. Even
though these two canopy geometries provided insight into the effect of submergence on
longitudinal dispersion, test results from a series of different canopy heights for a constant
water depth would provide a better understanding of the optimum canopy height which
provides the maximum shear dispersion. If the velocity data were available for different
canopy heights, the turbulent stress data can be used for obtaining the mixing length for
each canopy condition using the Reynolds analogy, and an empirical relationship for λ can
be obtained, which will increase the applicability of the N-zone model in future even when
turbulence data are unavailable.

The coefficient of longitudinal dispersion is a bulk transport coefficient which includes
all the physical processes of the cross-section of the flow. When applying the N-zone model,
the flow is assumed to be two-dimensional, ignoring the three-dimensional effect of the
flow due to the walls. The unavailability of velocity measurements in the upper part of the
water column is also a limitation here, as the three-dimensional effect of the flow might be
visible in the velocity and turbulent stress profiles near the air–water interface. This study
represents a three-dimensional flow in a simplified two-dimensional model to obtain a bulk
transport coefficient which is used in the context of a depth-averaged one-dimensional
model. Therefore, the results of this study can be extended using future studies consisting
of different aspect ratios of the channels with different wall roughness.
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The relatively high error in the velocity measurements at the lower flow rates can affect
the accuracy of the estimations of λ. Since the N-zone model relies on the velocity profile
and diffusivities, improvements in calculating accurate velocity profiles and mixing lengths
will increase the applicability of the N-zone model. For example, if the diffusivity can be
presented as a function of the velocity gradient (as shown in [54,55]), it will be possible to
use the N-zone model with more reliable diffusivity values, once the mean velocity profile
and velocity gradients are established. The tested canopies in this study were rigid, and
tests on flexible canopies will also help with understanding the applicability of the N-zone
model for flexible canopies, especially when very flexible canopies obstruct the vertical
continuity of the water column.

6. Conclusions

The effect of submerged vegetation on longitudinal dispersion measured in two
locations in the water column: inside and above the canopy was experimentally evaluated
for two canopy submergences. The longitudinal dispersion measurements for the canopy
heights of 0.1 m and 0.2 m are approximately 12 and 15 times the longitudinal dispersion
coefficients obtained for open channel flow, due to the increased shear dispersion that
resulted from the increased differential velocities of the water column in the presence of
submerged vegetation. The coefficient of longitudinal dispersion measured above the
canopies is 1.4 and 5.4 times that measured inside the canopies for the canopy heights
of 0.1 m and 0.2 m, respectively. This behaviour complements the previous findings,
which suggest that a higher canopy submergence results in better vertical mixing within
the canopy. To calculate the coefficient of longitudinal dispersion, a mixing length was
evaluated based on Reynolds stress measurements for each canopy configuration, the
diffusivity profiles were calculated based on the shear stress profiles, and the velocity
and diffusivity profiles were applied to the N-zone model. The coefficient of longitudinal
dispersion calculated using the N-zone model based on velocity measurements provides
a good agreement with the coefficient of longitudinal dispersion measured using the
tracer measurements along the vegetated channel. The canopy height of 0.2 m resulted
in comparatively smaller vertical diffusivities and a better longitudinal shear dispersion,
which is explained by the increased velocity gradients and the increased shear stresses
observed towards the top of the canopy. The benefit of this methodology for calculating the
coefficient of longitudinal dispersion in the presence of submerged canopies is its ability to
produce accurate estimations based on the velocity measurements even when the specific
characteristics of the canopy such as the density or flexibility are unknown.
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Abstract: In this study, we utilized exposure time (θ) as a key metric to investigate water exchange
and its spatiotemporal variations in the Northern South China Sea (NSCS). The Eulerian adjoint
method and Lagrangian tracking were adopted to capture a comprehensive view of water exchange
in coastal regions. Our findings reveal distinct spatial and seasonal variations in θ. Spatially, a long
θ (exceeding 150 days) appears in the coastal region, and the largest values occur in the Beibu Gulf
(300 days). Temporally, θ exhibits clear seasonal patterns across the extensive shelf area, influenced by
the seasonal monsoon which induced seasonally reversing shelf current and results in symmetrical
distribution patterns of θ across the board shelf during both winter and summer months. θ is longer
in winter than in summer. The study also revealed pronounced vertical contrasts in cross-isobath
transport over the NSCS shelf, though significant vertical variations in net exchange time were noted
only in specific locations, including the northeast side of Hainan Island, the Beibu Gulf mouth, and
along the west side of Taiwan Island. The Beibu Gulf emerged as a critical factor in the NSCS’s water
exchange dynamics in both seasons. In summer, it impacts more than 20% of the water exchange
over adjacent areas, particularly through its westward transport against typical northeastward shelf
currents. This highlights the combined effect of the westward spread of the Pearl River freshwater
and the stable slope current on regional hydrodynamics. In winter, the Gulf’s retention characteristics
profoundly affected even distant areas, contributing to up to 50% of water exchange, showing its
broad impact on the NSCS’s water dynamics throughout the year.

Keywords: exposure time; Northern South China Sea; lagrangian and eulerian methods; seasonality;
hydrodynamics

1. Introduction

Coastal waters serve as critical interfaces where terrestrial and marine ecosystems
intersect, playing an essential role in global material cycles. These waters, influenced by
the confluence of rivers and oceans, are subject to dynamic processes shaped by tides,
winds, buoyancy waters and ocean circulation [1–4]). Meanwhile, the functioning of
coastal ecosystems is increasingly threatened by anthropogenic impacts and climate change,
leading to detrimental effects such as eutrophication, harmful algal blooms, and hypoxia
exacerbated by inadequate water exchange [5,6]. These ecological disturbances highlight
the importance of understanding water exchange processes, as they are fundamental in
determining the transport and fate of water quality indicators [7,8].

Over the Northern South China Sea (NSCS), the shelf circulation and water movement
experience complex dynamics driven by wind, tides, the Kuroshio intrusion, freshwater
discharge from the Pearl River Estuary (PRE), and modulated by the local topography [9,10].
The alternate variation of northeasterly winter monsoon to southwesterly summer monsoon
induces contrasting seasonally changed southwestward to northeastward shelf current and
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a strong seasonal difference in rainfall over southern China and related buoyant discharge
into the NSCS, which together impacts water exchange rates and thus the ecological balance
of the region [11,12]. Under the interaction of topography and summer southwesterly wind,
extensive upwelling was generated at the coastal region of NSCS and brings cold, salty,
nutrient-rich deep waters to the surface and therefore, improves the primary production
in these regions [9,13,14]. Although previous studies have recognized the influence of
the East Asia Monsoon on the NSCS’s hydrodynamic processes, indicating substantial
seasonal variability [15–17], the specific seasonal patterns of water exchange, the major
hydrodynamic processes, and their cumulative impacts remain poorly understood.

Transport timescales and water exchange rates, crucial for evaluating the distribu-
tion of properties critical to marine ecosystems and climate, are significantly affected by
seasonality of the seasonally contrasting shelf current. Metrics such as exposure time,
water age, and flushing time, offer a high-resolution understanding of these variations and
have proven effective for assessing coastal water exchange capacities, particularly in tidal
regions where water reentry is a key factor [1,18]. These timescales are vital benchmarks
in complex dynamic settings and provide insight into how varying conditions impact the
transport of phytoplankton biomass and contaminants [19–22]. Earlier research on water
exchange in the NSCS primarily concentrated on coastal regions, specifically estuarine
areas, for instance, Ren et al. (2014) [23] found riverine influence plays a crucial role in
water exchange in the Pearl River Estuary, with tides affecting the fluctuation range of
water exchange. Wind predominantly impacts the vertical structure of water exchange
during winter [24]. It is also noticed that the large-scale coastal controls the seasonal pattern
of bay-shelf exchanges [25]. Over the shelf, research mainly focuses on the cross isobath
water motions, such as Liu et al.’s [26] study highlighted that southwesterly wind induced
flows in the Taiwan Strait sustained northeastward upwelling currents near the Pearl River
Estuary, promoting the extensive upslope movement of deep shelf waters. Therefore,
investigation into the seasonal patterns of water exchange in the NSCS and the related
hydrodynamic processes could provide valuable information for the effective management
and improvement of coastal environments, emphasizing the critical nature of seasonal
dynamics in coastal water that is influenced by monsoon.

Following this introduction, Section 2 introduces the numerical model, adjoint model,
and tracking model used in this study. Section 3 discusses the spatial-temporal characteris-
tics of water exchange. Finally, Section 4 summarizes the study.

2. Methodology
2.1. Ocean Model

To accurately simulate estuarine and shelf circulation with high resolution, this study
utilized a hierarchically nested modeling approach based on the Regional Ocean Modeling
System [27]. The model’s domain encompasses the NSCS shelf (Figure 1), with horizontal
grid spacing that finely transitions from approximately 1 km in the coastal proximity to
3 km across the broader NSCS shelf area. Employing the terrain-following s-coordinate
system [28], the vertical structure of the water column was discretized into 60 levels to
enhance resolution and a higher resolution was used in both the surface and bottom
boundary layers. To solve the turbulent mixing and diffusion in the water column, we
utilized the level-2.5 turbulence-closure scheme of Mellor and Yamada (1982) [29]. The
model incorporates atmospheric forcing including wind, heat flux, and precipitation,
provided by the ERA5 atmospheric reanalysis data from the European Center for Medium-
Range Weather Forecasts (ECMWF). River discharge data were provided by the Ministry
of Water Resources of China. Along the open boundary, the model was nested with
the Hybrid Coordinate Ocean Model and the Navy Coupled Ocean Data Assimilation
(HYCOM + NCODA) global 1/12◦ analysis (GLBv0.08; https://www.hycom.org/), with a
3-hourly temporal interval. We imposed nine major constituents of the semidiurnal (i.e., M2,
S2, K2, and N2) and diurnal (i.e., K1, O1, P1, and Q1) tides, as well as one of the M4 tide from
the nonlinearity of the M2. These harmonic constants were inverted from remotely sensed

https://www.hycom.org/
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long-term sea-level anomaly (SLA) variations using the Oregon Tide Inverse Software
(Egbert & Erofeeva, 2002; https://www.tpxo.net/otps) [30] of T. T. Zu et al. (2008) [31].
This modeling system has been previously validated for its efficacy in exploring climate
influences and the interannual variability of shelf currents in the NSCS [32]. In this study,
the daily results of velocity (u, v, w) and the diffusion coefficient (k) between 1994–2018
were saved to conduct the adjoint simulation under complex hydrodynamic conditions,
detailed in the following contents.
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Figure 1. Topography (m) and diagrammatic sketch of circulation in the NSCS. The black
solid/dashed arrow over the shelf indicates the summer/winter current. The black solid lines
and 200 m isobath define the region of ω in the calculation of exposure time.

2.2. Exposure Time Model and Lagrangian Particle Tracking

To examine the water exchange capacity, the exposure time (θ) [33], which was defined
as the time required for the released substance to leave the domain of interest (ω) was used
as it showed high-resolution temporal and spatial variations. To resolve the dependence of
θ on the initial release location and release time, the adjoint method [34,35] was used.

∂θ

∂t
+ δω +

→
v · ∇θ +∇

(
k · ∇θ

)
= 0 (1)

where θ is the exposure time,
→
v is the three-dimensional velocity vector and k is the

turbulent diffusion coefficient obtained from the hydrodynamic model, and δω is the

characteristic function of the domain of interest ω that δω =

{
1 (x, y, z) ∈ ω
0 (x, y, z) /∈ ω

.

In this study, ω covers the region from Beibu Gulf to the Taiwan Strait. It is bounded
by the 200-m isobath (Figure 1). In this study, the saved daily results of velocity (u, v, w)
and the diffusion coefficient (k) were used to calculate the θ offline. In the calculation, the
initial value of θ is set to zero in the computational domain and it was integrated backward

https://www.tpxo.net/otps
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in time (from the present to the past) with the reversed flow [35,36]. Along the boundary of
simulation domain, the θ was set as zero, which indicates that after leaving the simulation
domain, the water does not come back.

Besides using the θ, to reveal the transport pattern, the Lagrangian TRANSport
model (LTRANS v.2b), which is a popular off-line three-dimensional particle tracking
module [37–39] was used to track the motion of water parcels in a Lagrangian manner to
identify the areas where water parcels gather. The fourth-order Runge–Kutta scheme was
applied for particle advection and reflective boundary conditions were used to treat the
particles that hit the solid boundaries. The effects of vertical and horizontal turbulence
are considered by the random displacement model using the diffusivity coefficient from
the hydrodynamic simulation [40,41]. Particles were released on each computational grid
every 5 days during the simulation.

3. Results and Discussion
3.1. Shelf Circulation

In order to gain a comprehensive understanding of the hydrodynamic factors influenc-
ing water exchanges, we first examined the circulation patterns within the computational
domain, focusing on climatologically averaged conditions for the distinct periods of sum-
mer and winter (Figure 2). The hydrodynamic variations between these seasons are pivotal
for interpreting the mechanisms driving water exchange.

The circulation patterns in the NSCS shelf exhibit marked seasonal variations, closely
linked to monsoonal influences and regional geomorphological features (Figure 2), mean-
while the Kuroshio intrusion through the Luzon Strait fosters a cyclonic slope current that
serves as the dynamic boundary delineating the shelf circulation [42]. During the summer,
the shelf current is directed northeastward under the influences of the southwesterly mon-
soon. Along the Yuexi coast that to the west of PRE, the northwestward coastal current to
the west of PRE was largely reduced under the influence of the westward expanded plume
from PRE. The river plume that comes from the PRE is mainly affected by the winds that
drive currents along the coast. Additionally, the natural buoyancy within the plume plays
a crucial role in altering the circulation of water both along the shore and across the shelf,
especially in the upper layers of the water column. At the estuary mouth, the interaction of
Pearl River Plume and shelf current induced the intrusion of shelf current [43,44]. It is also
noticed that, during summer, the cyclonic slope current intruded into the shelf through
the region to the southeast of Hainan Island and joined the shelf current (Figure 2a). On
the surface, the complicated cross-isobath transport patterns occur around Hainan Island,
but the bottom onshore intrusion prevails over the shelf due to the flow-topography in-
teraction [10,45] (Figure 2c,d). Conversely, during winter, the shelf current intensifies and
assumes a southwestward flow. Associated with the intensified northeast wind, the surface
water mainly features the onshore intrusion, while the strong bottom offshore transport
covers the whole shelf (Figure 2e,f), particularly to the southeast of Hainan Island. The
cross-shelf velocities are instrumental in establishing the dynamic connection between the
shelf current and the basin-wide circulation [26,46], and these velocities, combined with
the observed seasonal circulation patterns, emphasize the complex interplay between shelf
and basin dynamics in the region.

The Beibu Gulf, linked to the broader shelf via the Qiongzhou Strait, presents a
less clear picture. The majority of evidence suggests a predominance of cyclonic and
anticyclonic gyres controlling the circulation within the gulf [47,48]. However, during
summer, currents weaken considerably, leading to a reduced water exchange capacity
within the Beibu Gulf, contrasting with the well-defined gyres of winter. The complexity of
these seasonal circulation patterns underscores the need for nuanced understanding when
considering hydrodynamic impacts on water exchanges in the NSCS.
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Figure 2. (a) Horizontal map of the depth-averaged shelf current in summer. (b) Same as (a), but
for winter. (c,d) Summer cross isobath velocity (m/s) in surface and bottom, respectively, positive
and negative values indicate the onshore and offshore motions, respectively. (e,f) Same as (c,d) but
for winter.

3.2. Seasonal Variability of the θ

The Figure 3a depicts the spatial pattern of the annual mean θ in the NSCS. Generally,
the longest θ with the magnitude of ~300 days is observed in the nearshore areas of the
Beibu Gulf and the Yuexi shelf, where the circulation is relatively weaker (Figure 2a,b). Then
it gradually decreases towards the outer shelf which correlates inversely with water depth
and decreases northeastwardly from Beibu Gulf towards the Yuedong regions. In order
to comprehensively examine the variability of θ, we conducted an Empirical Orthogonal
Function (EOF) analysis. The dominant mode (Figure 3b), referred to as EOF-01, emerges as
particularly significant, accounting for a substantial portion (47.5%) of the overall variance.
In contrast, the subsequent modes each make relatively modest contributions, with each of
them accounting for less than 15% of the total variance.
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The magnitude of θ anomalies exhibit an increasing trend, transitioning from the outer
shelf towards the inner shelf and coastal areas, particularly in the Beibu Gulf. It is also
noted that a positive anomaly appears in the northeast corner of the Beibu Gulf, mirroring
the anomaly observed in the coastal region of the shelf. This suggests a potential connection
of circulations between the Beibu Gulf and the broader shelf region. Temporally, the time
coefficient associated with EOF-01 exhibits clear seasonal fluctuations on an annual scale
(Figure 3c). Compared with the time coefficient of the EOF-01 of sea level in NSCS, there
is minimal time lag, indicating an almost immediate response of the water exchange rate
to the hydrodynamic conditions. Seasonal variations in θ are marked by lower values
during the summer, in line with decreased sea levels, and higher values during the winter,
corresponding with elevated sea levels.

To check the seasonality of the θ in the NSCS, it was averaged in the summer and winter
time during the simulation period. During the summer months, the robust northeastward
shelf current initiates an active water exchange (Figure 2a), the substance released in the
northeast shelf can leave the NSCS rapidly through the Taiwan Strait, thus diminishing θ
values along the northeast shelf. From the Taiwan Strait, there is a notable southwestward
increase to approximately 200 days near Qiongzhou Strait (Figure 4a). The Beibu Gulf
experiences complex interactions between anti-cyclonic circulation in its southern reaches
and cyclonic circulation in the north (Figure 2a), causing θ values to rise from the mouth of
the bay toward the gulf’s northeast and reach the largest exceeding 300 days. Meanwhile,
the water motion is relatively weak, and induces the larger values θ at the top of the
Beibu Gulf.

In contrast, during winter, the distribution of θ exhibits roughly opposite patterns
(Figure 4b). The southwestward coastal current carries water into the Beibu Gulf via
the Qiongzhou Strait (Figure 2b), resulting in a zonal distribution along the coastline of
Guangdong Province. In the Beibu Gulf, a gulf-scale cyclonic circulation that is nested with
a cyclonic gyre in the southern gulf emerges in winter [49]. The southwestward shelf current
formed a strong jet at the southeast of Hainan Island and flow westward, then, it enters
the Beibu gulf from the southwest side of Hainan Island and exits through the southern
coastal region of Vietnam (Figure 2b), consequently, this circulation leads to low values of θ
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along the eastern coast of Vietnam. Furthermore, the gulf-scale cyclonic gyre, extending
northeastward, facilitates the transport of substances released in the northwest coast region
of Hainan Island to the northern Gulf, where they may persist for an extended period.
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The cross-isobath transport plays a pivotal role in establishing hydrodynamic connec-
tions between the open ocean and coastal regions, which shows quite significant vertical
changes in coastal regions (Figure 2c–f), thus may have different contribution to the wa-
ter/mass cycle vertically. The θVD (θbottom − θsur f ace) serves as a more direct and effective
indicator for illustrating the cumulative effects of vertically varying cross-shore motions
and displays the clear seasonality.

During summer with prevailing southwest wind forcing, the coastal region experiences
substantial surface offshore transport and bottom onshore intrusion (Figure 2c,d). While,
despite the prevalence of strong vertically contrasting cross-isobath transport over the shelf,
most locally intensified cross-isobath motions do not lead to significant changes in the
water exchange rate in the water column. Mainly over the region to the east of Hainan
Island and the mouth of Beibu Gulf, the bottom intrusion induces the net increase of the θ
(Figure 5a). Over those regions, the bottom water spends approximately 50 days longer
time in the NSCS than surface water.
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In contrast, during winter with northeast wind forcing and intensified southwest shelf
current, it mainly features the surface onshore intrusion and bottom offshore transport, par-
ticularly over the southeast of Hainan Island and shelf out of PRE. Thus, the downwelling
results in the exchange rate of the bottom water being slightly faster than the surface water
with the negative θVD over the whole shelf NSCS (Figure 5b). However, although the
magnitude of the cross-isobath transport is stronger in comparison with the summer, the
magnitude of the negative θVD is much smaller. The large θVD is only observed near the
200 m isobath and southeast side of Hainan Island.
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3.3. Transport Pattern Inferred from θi

To further check how water moves in the entire NSCS, we examined the time spent in
various subdomains before the water finally leaves the NSCS. Based on the topographic
and hydrodynamic features, the NSCS was divided into four regions: The Beibu Gulf
region (Region A), the semi-closed gulf separated from the vast shelf by Hainan Island.
Yuexi region (Region B), the hydrodynamic structure is largely influenced by interaction
of the monsoon and Pearl River Plume. PRE region (Region C), where the Pearl River
pours fresh water into the NSCS. Yuedong region (Region D), with widen shelf and active
Yuedong upwelling (Figure 6). Then, θA − θD, which represents the time of water spent
in the four subdomains, was calculated based on Equation (1) by setting δω to 1 in each
subdomain [50].
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As shown in Figure 6, in the semi-closed Beibu Gulf, the water motions are limited
and water exchange rate are relatively low, thus lead to a pronounced increase of θA, which
indicates the time of water stayed in Beibu Gulf is relatively long than the other regions.
The θA increases from 50 days at the mouth of the gulf to exceed 300 days in the northeast
(Figure 6a,b) in both summer and winter, and it has larger contribution to the total θ.
Outside the Beibu Gulf, in summer, there is an extension of θA (~50 days) towards the
PRE, potentially indicates a southwestward movement along the coast that against summer
wind. Another branch of extension of θA expanded along the 100 isobath, indicates the
westward transport due to the stable slope current. In winter, high values of θA could
spread to the coastal areas of Region D, which suggests that, by overriding the shelf current,
waters from distant coastal region can arrive the Beibu Gulf.

In Region B-D, the magnitude of the θB ∼ θD is generally shorter than 50 days which
represent a much stronger exchanging rate with the open ocean. Spatially, they exhibit a
similar pattern, with their magnitudes progressively escalating from the outer shelf towards
the inner shelf, and the highest values primarily concentrated along the coastal areas. There
is also notably seasonality of θi that under the influence of the northeasterly/southwesterly
monsoon during summer/winter, non-zero regions of the θB ∼ θD appear in the upstream
regions. Besides, it is also noted that during summertime, the θB and θC have high values
on the vicinity of the 100-m isobath line on the outer shelf, although there are quite close to
the boundary of NSCS. It suggests a notable onshore exchange of water between the outer
shelf and the coastal zones in region B and C during summertime.

Based on the values of θi in regions A–D, we could examine the contribution of each
θi to the overall θ (Figure 7). The x axis and y axis of the bar charts in Figure 7 indicates the
different subdomain and the various θi, respectively. During summer (Figure 7a), generally,
it shows substantial contribution of the initial release locations, which means the substance
released on the shelf trends to stay in the initial release locations for longer time. Such as
the contribution of θA exceeds 80% in region A itself. The large contribute of θA in Region
B and C illustrates a quite strong westward transport, contrary to the prevailing wind and
shelf current direction. Even under the northeastward wind forcing and shelf current, the
θA accounts for approximately 30% and 20% in regions B and C, respectively. In winter
(Figure 7b), the strong southwestward shelf current significantly influences the distribution.
The θA which means the time stay inside the Beibu Gulf, has a significant contribution to
all the subdomains, with ratios exceeding 50% in regions B and C and. Even in the region
D that quite away from Beibu Gulf, contributions from θA reaches 50%. This illustrates the
extensive interaction facilitated by shelf circulation, suggesting that the Beibu Gulf marine
environment could be affected by the entire NSCS shelf regions.
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To confirm the westward transport against the wind during summer, we checked the
detailed distribution of summer θA over the shelf of NSCS. Two branches of extension
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of θA can be identified (Figure 8a): the first branch extends from the Qiongzhou Strait
and eventually reaches to the PRE under the influence of plume, and the second branch
expands roughly along100–200 m isobaths which shows the influences of slope current.
The Lagrangian tracking provides an alternative perspective for observing the transport
structure and connectivity within the NSCS, particularly the westward transport during
summer. Figure 8b shows the examples of the summertime trajectories that were released
in PRE regions. Along the coast, the expansion of the Pearl River Plume could carry the
particles westward, passing through the Yuexi region and finally entering the Beibu Gulf
through the Qiongzhou Strait even under the southwest summer wind. Simultaneously,
parts of particles released on the vast shelf flow southwestward carried by the slope current
(Figure 2a). However, as they approach Hainan Island, some of these particles change
direction, move shoreward and eventually become entrapped by the plume. Those particles
entered the Beibu Gulf through the Qiongzhou Strait. The remaining particles continue
their westward trajectory along the cyclonic slope current and enter the Beibu Gulf from the
southern side of Hainan Island. As shown in the previous studies, the ADCP observation
and the drifter derived velocity illustrate the southwestward velocity over slope during
summer [51,52], which give indirect evidence of this westward transport.
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Figure 8. (a) Depth-averaged θA in summer but ignored the values in Beibu Gulf. (b) The trajectories
of particles released in the summer. The blue triangles and red stars denote the locations of particles
on the 0, 60 days after their release, respectively. (c,d) Distribution of the particles that released from
different regions during summer and winter.
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Utilizing the outcomes from Lagrangian tracking, we conducted a statistical analysis
of the distribution of particles initially released in different regions (Figure 8c,d). Similar
as that obtained from θi (Figure 7), during summer with a northeastward shelf current,
the particles tend to accumulate in their original release regions and downstream areas.
Notably, some particles from Regions B and C ultimately migrate and settle in the Beibu
Gulf, following the westward transport pathways depicted in Figure 8b. During the winter,
Lagrangian tracking similarly indicates that the majority of particles in the NSCS eventually
move to the Beibu Gulf. The distributions of released particles (Figure 8c,d) differ somewhat
from the contributions of θi (Figure 7) in each subdomain. However, they exhibit a quite
similar pattern, suggesting that the results based on exchange times can effectively reveal
the predominant transport structures under complicated hydrodynamical processes.

4. Conclusions

In this study, we investigated the spatio-temporal variability of three-dimensional
water exchanges under the complex hydrodynamic conditions in NSCS and explored the
connectivity among the shelf. Spatially, the annual mean exposure time θ increased from
~30 days over the 200 m isobath to more than 150 days in the coastal region (<50 m), with
the largest values occurring at the north of the Beibu Gulf. Seasonally, the water exchange
rate shows an immediate response to hydrodynamic conditions. Driven by the monsoon,
the strong shelf current triggered a vigorous exchange of water on the northwestern shelf,
the horizontal distribution of θ on the board shelf except Beibu Gulf during winter and
summer. The distribution of θ in the Beibu Gulf was affected by the seasonally varying
cyclonic circulation in the Gulf. However, the largest values in the northeast of the Beibu
Gulf were maintained despite of the seasons due to its semi-enclosed nature and restricted
water motions. This contrasts with the regions outside the gulf where the water exchange
rate is higher, with lower θ suggesting a more dynamic interaction with the open ocean.
Vertically, the local vertical contrasting cross-isobath transport did not induce strong vertical
changes in net water exchanges, except in several particular regions. Summer months
are dominated by substantial surface offshore transport against a counteracting bottom
onshore intrusion, while significant positive θVD (~50 days) mainly occurs east of Hainan
Island and at the Beibu Gulf’s mouth. During winter, however, the dynamic reverses under
the influence of the northeast winds and the intensified southwest shelf current, promoting
slightly faster bottom water exchange rates.

Both in summer and winter, the contribution ratio of θ in Beibu Gulf to the NSCS shelf
is conspicuous. This area significantly affects adjacent regions, hinting at westward move-
ment against typical currents in summer. Notably, the westward transport is important
for water exchange throughout the NSCS, contributing to more than 20% of the time of
water exchange over almost the entire shelf, which illustrates the potential influence of the
westward spreading of the Pearl River freshwater conjunction with the stable slope current.
In winter, the Gulf’s influence extends across all regions, with its retention characteristics
contributing up to 50% even to distant areas, showing its broad impact on the NSCS’s water
dynamics throughout the year. It should be noted that the exposure time is a measure of the
overall effect of water movement processes, and the research would benefit from including
actual measurements. It would enhance our understanding of water exchange rates and
transport patterns.
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Abstract: The stability of irrigation water is critical for the sustainability of alpine agriculture. Based
on monthly precipitation and terraced field water and spring water samples obtained between 2015
and 2016, the study used the mean residence time and isotope mixing model to analyze the influence
of spring water residence time on irrigation water stability in the Hani Rice Terraces. The results
indicate that: (1) The mean residence time of precipitation and terraced field water in spring water was
2.46 years and 1.55 years, respectively, implying that the terraced field’s irrigation water source could
be refilled by spring water recharged 1.5–2.5 years ago. (2) The mean residence time of precipitation
in ascending and descending springs was 2.73 years and 1.95 years, respectively. The mean residence
time of terraced field water in ascending and descending springs was 1.54 years and 1.04 years,
respectively. The ascending spring’s recharge water residence time is 0.5–0.8 years longer than that of
the descending spring, indicating that the spring water exhibits intra-seasonal and inter-seasonal
staggered peak recharging. At the same time, the total recharge period of the ascending–descending
spring is extended to 1–3 years, which means the terraced fields have a drought resistance of three
years. (3) The mean residence time of precipitation and terraced field water at higher altitudes in
the ascending spring is 2.52 times and 3.73 times, respectively, while in the descending spring, it
is 3.36 times and 6.49 times to the lower altitude region. This means that the mean residence time
of the recharge water source in the lower terraced fields was shorter, and the elevation difference
between ascending and descending springs was smaller, thereby regulating the spatial homogeneous
distribution of recharge water sources in the terraced fields.

Keywords: Hani Rice Terraces; hydrogen and oxygen isotopes; mean residence time; spring recharge-
discharge ratio; the stability of irrigation water sources

1. Introduction

Groundwater is an important freshwater resource for ecosystems and human sur-
vival [1], but it is at risk of being depleted and is difficult to regenerate as a result of the
effects of global climate change, over-abstraction by humans, and pollution, especially
in mountainous and irrigated agricultural areas where water resources are scarce [2–4].
Therefore, in order to achieve effective management and sustainable utilization of ground-
water resources, a comprehensive scientific understanding of the sources of groundwater
recharge, the transportation and transformation process of groundwater flow, and under-
standing the transit time of groundwater and its renewal capacity are critical to solving the
above problems.

The stable isotope of hydrogen and oxygen, as a natural tracer, can be efficiently
applied in the study of the water cycle [5–7]. Mean residence time (MRT) is the average
time water spends in a subsurface system before it emerges as surface flow [8]. Because
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biogeochemical reactions are time-dependent, MRT can provide valuable insights into the
hydro-chemical systems within a watershed and the effects of the catchment recharge-
discharge of water on human activities. MRT can also serve as an effective indicator of
water storage, flow path, and sources [9,10]. Currently, studies on the residence time
of groundwater based on stable isotopes of hydrogen and oxygen are currently being
conducted to examine the interactions between various water bodies, such as surface
water to groundwater, precipitation to groundwater, and soil water to groundwater. The
factors influencing these interactions, including watershed area, slopes, soil depth, and
physicochemical properties of the soils, have also been analyzed [8,11–16]. Generally
speaking, the smaller the watershed area, the steeper the slope, and the thinner the soil
layer, the shorter the water residence time and the longer the time [17].

The Honghe Hani Rice Terraces are the only rice terraces in southern China that were
inscribed on the UNESCO World Heritage of Cultural Landscapes in 2013. It is mainly
located in the Quanfuzhuang watershed on the leeward slopes of the southern portion of
the Ailao Mountain in the southwestern region of China [18–22]. The basin has abundant
precipitation with two main east–west tributaries, and the groundwater is mainly exposed
by crevice springs formed by rock fissures, which is of high socio-ecological value. The rice
farming system has been around for over 1300 years, and water is a key factor in sustaining
the longevity of the entire farming system. The Hani terrace irrigation process is not a
single rain-fed agricultural irrigation, but a composite agricultural irrigation consisting of
precipitation, ditch diversion, upstream terrace water, and spring water [23–28]. However,
with the globalization of society and the economy, the transformation and upgrading of
the terrace industry, and the rapid development of tourism in the Hani Rice Terraces, the
contradiction between people and land has become more and more obvious [19,20]. Due to
the influence of global warming, precipitation in the Hani Rice Terraces decreases during
the rainy season, and the terraces’ primary source of water replenishment during the dry
season is groundwater recharge. Local residents indiscriminately cut down the upstream
forests and plant understorey cash crops under the forest’s water source or economic forests
such as cedar trees for the sake of economic benefits, resulting in a decline in the ability of
the forest to conserve water [26–28]. However, upstream forested areas can effectively store
groundwater, which will have a significant impact on groundwater recharge to terraces
in midstream terrace areas [23–25]. The primary issue facing the locals is figuring out
how to divide and manage water resources sensibly in order to provide water to terraced
agriculture and sustain the steady growth of terraced rice growing.

Currently, research on the stability of irrigation water sources in the Hani terrace
agricultural system has been carried out. Liu et al. [19], in conjunction with the local cycle
of agricultural activities, indicated that high-intensity rice farming activities in the Hani
Rice Terraces would increase the supply of terraced water to groundwater, thus ensuring
the sustainability of rice cultivation in the terraces during the dry season. Wang et al. [24]
analyzed Hani terrace structure, soil water holding capacity, and topsoil productivity,
revealing that drainage of paddy terraces along with associated changes in crop and field
management led to an increase in soil productivity, but degradation of terrace structures
and a decrease in water holding capacity will inhibit restoration to paddy terraces. In fact,
analyzed from the perspective of the water cycle, there is a time-lag effect in the process of ir-
rigation water recharge in the Hani terraces [8–10], especially in the process of groundwater
recharge-discharge. In other words, a major component affecting groundwater circulation
is the periodic time or residence time of groundwater recharge sources. There are not many
studies on the MRT of different water bodies in the Hani terraces. Ma et al. [25] analyzed
the soil moisture residence time in the forested area of the Hani terraces and concluded that
the primary determinants of the water residence time in the Hani terraces are soil depth
and non-capillary porosity (macropores). However, analyzing all sources of groundwater
recharge, including precipitation, surface water, and soil water, and then recharging local
farmland through spring outcrops to ensure the stability of farmland water sources and the
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impact of the discharge time of different spring types on the recharge of agricultural water
sources has not yet been reported.

In this study, the influence of spring water residence time on irrigation water stability
in the Hani Rice Terraces was the objective of the study, which was analyzed by using
MRT and the isotope mixing model. The main concerns include (1) characteristics of
stable hydrogen and oxygen isotopes in the various water bodies of the Hani Rice Terraces,
(2) how the stability of irrigation water sources in the Hani Rice Terraces is affected by
the MRT of spring recharge water sources, and (3) how the MRT of spring recharge water
sources in the Hani Rice Terraces is affected by the ratio of recharge to discharge of spring
water. This will offer insightful concepts for the development and use of regional water
resources as well as a deeper understanding of how the water cycle process affects terraced
agriculture irrigation.

2. Materials and Methods
2.1. Study Area

The Quanfuzhuang River Basin is located in the upper reaches of the Malizhai River
basin in Yuanyang County, Yunnan Province [18–24], with a latitude and longitude range
of 23◦05′20′′–23◦13′18′′ N, 102◦43′16′′–102◦50′39′′ E (Figure 1a), which receives abundant
precipitation and has developed two main east–west tributaries. The terraces are mainly
located in the Quanfuzhuang watershed between 1475 and 1737 m above sea level. The
aquifers in the basin can be divided into two categories: pore aquifers and bedrock weath-
ering fissure aquifers. The pore aquifer is dominated by clayey soil, with pore diving
and weak water enrichment, and is the relative water barrier in the area. The bedrock
weathering fissure aquifer, with joints and fissures developed in the rock body and loose
structure, is endowed with network fissure diving and is the main aquifer in the area.
Fissure water is widely exposed in the area and there are several springs [25–28].
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2.2. Sample Collection and Testing

Based on the results of our field investigations and taking into account the water
isotope sampling criteria and precautions, we laid out sampling points in the terraced area
at altitudes ranging from 1475 m to 1720 m above sea level. Sampling sites were selected
based on the principle of selecting areas with springs and corresponding water terraces on
different elevation gradient bands, while precipitation collection buckets were installed
at 1508 m, 1698 m, and 1872 m near the spring sampling sites. Samples of precipitation,
terrace water, and springs were collected at the end of each month from May 2015 to
April 2016 (Figure 1b). Water samples were collected using 100 mL plastic bottles. The
spring/terrace water samples were collected by firstly washing the sampling bottles three
times with spring/terrace water, placing the sampling bottles 3–5 cm underwater, filling



Water 2024, 16, 804 4 of 13

them quickly, making sure that there were no air bubbles in the bottles, sealing them with
sealant, labelling them, and recording the location and time of collection. Precipitation
samples were collected, firstly, from reformed rain gauges (using a 15 L plastic bucket with
the top converted into a plastic funnel with ping pong balls), and secondly, at the end of
each month from the reformed rain gauges, in the same way that the spring/terrace water
samples were collected. The hydrogen and oxygen isotope tests were conducted in the
Key Laboratory of Plateau Lake Ecology and Global Change, Yunnan Normal University.
Using a Picarro L2130-i ultra-high precision liquid water and moisture isotope analyzer, the
measurement accuracy of δ18O and δ2H was ±0.1‰ and ±0.5‰, respectively [19,23]. In
this study, according to the hydrodynamic nature of the springs in the terraced area when
they were exposed [29,30], the exposed springs were classified into ascending springs (S3,
S9, S10), which showed an upward movement under hydrostatic pressure, and descending
springs (S1, S2, S4, S5, S6, S7, S8), which were overflowed and formed under the action
of gravity.

2.3. Mean Residence Time (MRT)

With a watershed area of roughly 13.92 km2 and a slope ranging from 17◦ to 58◦, the
Hani Rice Terraces are primarily composed of rice soils with thick soil layers and brief
residence times for various water bodies. Therefore, sine-wave curves are used in this study,
which favor the estimation of the MRT of younger water bodies. The MRT in the local
water circulation system was estimated from the amplitude and phase lag difference of
seasonal changes in δ18O in different water bodies [17,31]. The time series of its distribution
can then be described as:

δ18O = X + A*cos (ct − θ) (1)

where δ18O denotes the projected oxygen isotope values of precipitation, terraced field
water, and spring water; X represents the interannual mean values of measured oxygen
isotopes of precipitation, terraced field water, and spring water; A is the yearly amplitude of
precipitation, terraced field water, and spring water of δ18O (‰); c is the annual fluctuation
radial frequency (0.017214 rad·d−1); t is the actual sample sampling time (d); and θ is the
phase lag.

MRT = c−1[(Az1/Az2)−2 − 1]0.5 (2)

where MRT represents the mean residence time of water in the water circulation system;
Az1 represents the amplitude of the input signal (the amplitude of δ18Ospring water); and
Az2 represents the amplitude of the output signal (the amplitude of δ18Oprecipitation/the
amplitude of δ18Oterraced field water).

2.4. End Member Mixing Analysis

A spring is a natural outcrop of groundwater, a phenomenon that occurs when ground-
water gushes from an aquifer or a water-bearing channel outcropping the surface of the
ground. Ascending springs are subjected to hydrostatic pressure so that the water in the
confined aquifer is in an upward movement, while descending springs are subjected to a
downward movement under the influence of the shallow aquifer [32,33]. Therefore, we
constructed a formula for the recharge sources of ascending and descending springs in the
terraced area, and the formula is as follows:

δ18OA-S = f pδ
18Op + f Tδ

18OT + f Lδ
18OL (3)

δ2HA-S = f pδ
2Hp + f Tδ

2HT + f Lδ
2HL (4)

1 = f P + f T + f L (5)

where f P, f T, and f L, respectively, denote the percentage of precipitation, terraced
field water, and lateral groundwater recharge; δ18OA-S, δ18OP, δ18OT, and δ18OL denote
oxygen isotope values of ascending spring water, precipitation, terraced field water, and
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lateral groundwater, respectively; and δ2HA-S, δ2HP, δ2HT, and δ2HL denote hydrogen
isotope values of ascending spring water, precipitation, terraced field water, and lateral
groundwater, respectively.

δ18OD-S = f Pδ
18OP +f Tδ

18OT (6)

δ2HD-S = f Pδ
2HP + f Tδ

2HT (7)

1 = f p + f T (8)

where f p and f T, respectively, denote the percentage of precipitation and terraced field
water recharge; δ18OD-S, δ18OP, and δ18OT denote oxygen isotope values of descending
spring water, precipitation, and terraced field water, respectively; and δ2HD-S, δ2HP, and
δ2HT denote hydrogen isotope values of descending spring water, precipitation, and
terraced field water, respectively.

This study was based on the research background of the influence of spring water
residence time on the irrigation water stability in the Hani Rice Terraces. The MRT of spring
water in the Hani terraces was considered the dependent variable in this study, with precip-
itation, terrace water, and groundwater recharge serving as the independent variables. On
the independent and dependent variables, correlation analysis, linear regression analyses,
and significance tests were carried out using SPSS 13.0 statistical software.

3. Results
3.1. Spatial and Temporal Characteristics of Hydrogen and Oxygen Stable Isotopes in Springs and
Their Recharge Water Sources

During the observation period, the stable isotope data of the precipitation yield the
local meteoric water line (LMWL) equation: δD = 8.36δ18O + 22.01 (R2 = 0.98, n = 36)
(Figure 2a). The slope and intercept are larger than those of the global meteoric water line
(GMWL) equation δD = 8 δ18O + 10 (R2 = 0.98). The results indicate that the study area is
subject to the subtropical monsoon climate and precipitation in the region consists mainly
of humid oceanic air masses. Nevertheless, the local terraced field water line (LTWL) is:
δD = 6.10 δ18O − 3.90 (R2 = 0.86, n = 120), indicating that there is evaporative fractionation
during the process of precipitation and groundwater recharge to the terraced field water.
The local spring water line (LSWL) is: δD = 4.95 δ18O − 15.22 (R2 = 0.92, n = 120), and its
slope and intercept are significantly smaller than LMWL and LTWL, indicating a stronger
evaporative fractionation process during the process of recharging groundwater and then
outgrowth from springs by precipitation and terraced field water.

We chose δ18O for our systematic analyses because of the correlation between hydro-
gen and oxygen isotopes [5–7]. Figure 2b,c illustrates seasonal fluctuations in the monthly
mean δ18O of springs. The δ18O of spring water varied from −9.65‰ to −3.01‰, with a
mean value of −7.29‰. Spring water’s δ18O varies seasonally, forming a soft “S” shape
with an upward trend from May to August, a slow fall from August to January, and a slow
upward trend from January to April. In terms of different spring types, ascending springs
have higher temperatures and faster δ18O fractionation than descending springs due to
hydrostatic pressure, resulting in more positive isotopic values. The isotopic anti-elevation
effect of spring water was observed in November and January in the ascending springs and
from December to February in the descending springs, which was related to the local farm-
ing cycle. With the harvesting of terraced rice at the end of October, local farmers ploughed
and rebuilt the terraces, artificially destroying the impermeable/weakly permeable layer in
the terraced fields and allowing terraced field water to enter the subsurface more rapidly.
This caused a rapid enrichment of groundwater δ18O, and the response to this phenomenon
was more sensitive in the ascending springs than in the descending springs.
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3.2. Effect of MRT of Spring Recharge Water Sources on the Stability of Irrigation Water Sources in
the Hani Rice Terraces

Based on Equation (2), the mean multi-year residence time of spring recharge sources
in the Hani terrace area was calculated (Table 1 and Figure 3). As shown in the table,
the inter-annual residence time of precipitation and terraced field water in springs was
2.46 years and 1.54 years, respectively, indicating that the springs in May 2015–April 2016
were influenced by 2.46 years of former precipitation and 1.54 years of former terraced field
water. In other words, both the precipitation from 2.46 years ago and the terraced field
water from 1.54 years ago were able to effectively recharge the water used for agriculture
in the terraces in that year. This explains the drought event that occurred in the whole
province of Yunnan Province in 2015 under the influence of the El Niño event, but the
drought event did not affect the sustainable development of rice agriculture in the Hani
Rice Terraces that year.

We discovered that different types of springs had distinct emergence timings, allowing
for staggered refilling of terraced water sources. The time it took for precipitation and
terraced field water to be transited and exposed as ascending/descending springs in the
terraced area was 2.73 years and 1.95 years, and 1.55 years and 1.04 years, respectively. The
MRT of ascending springs was about half a year longer than that of descending springs,
implying that ascending and descending springs can be staggered to recharge the terraced
field water.

At higher elevations, precipitation and terraced field water residence in ascending
and descending springs took 2.52 and 3.73 times longer to emerge from terraces, and 3.36
and 6.49 times longer than at lower levels. This means that the lower the altitude, the
shorter the MRT of the recharge water source, and the elevation gradient of the ascending
spring is smaller than that of the descending spring. It further illustrates that the ascending
springs regulate the temporal distribution of the terrace recharge water sources, while the
descending springs regulate the spatial distribution of the terrace recharge water sources,
demonstrating that the Hani Rice Terraces are a relatively stable agroecosystem.
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Table 1. The MRT of spring recharge water sources in the Hani Rice Terraces.

Type of Springs Altitude Intersubstance Transport Processes MRT (a)

The Spring water Precipitation → Spring water 2.46
Terraced field water → Spring water 1.54

The ascending springs

Precipitation → Spring water 2.73
Terraced field water → Spring water 1.55

1600–1700 m
Precipitation → Spring water 5.03
Terraced field water → Spring water 5.67

<1600 m
Precipitation → Spring water 2.00
Terraced field water → Spring water 1.52

The descending springs

Precipitation → Spring water 1.95
Terraced field water → Spring water 1.04

>1700 m
Precipitation → Spring water 4.17
Terraced field water → Spring water 3.18

1600–1700 m
Precipitation → Spring water 2.37
Terraced field water → Spring water 1.43

<1600 m
Precipitation → Spring water 1.24
Terraced field water → Spring water 0.49



Water 2024, 16, 804 8 of 13

4. Discussion
4.1. Effects of the Spring Recharge-Discharge Ratio on the Stability of Irrigation Water Sources in
the Hani Terraced Fields

According to Equations (3)–(8), the recharge-discharge ratios of ascending and de-
scending springs in the Hani terrace area were obtained (Figure 4). As a whole, groundwa-
ter in the terraced area is distinguished by short recharge routes, in situ recharge, and in
situ discharge, and its quantity is directly tied to topography [34]. The ascending spring
percolates upward in a confined aquifer, thus lateral groundwater supplies more than half
of its recharge; the descending spring’s primary recharge source is shallow groundwater,
which is influenced by precipitation and terraced field water. The ascending springs in
the terraced area follow the rule that the lower the elevation, the greater the proportion
of lateral groundwater recharge; the descending springs obey the rule that the lower the
elevation, the greater the ratio of terraced field water recharge. This suggests that the
upstream–downstream recharge relationship of groundwater in the terraced area is critical
to ensuring the stability of the terraced water source.

To effectively explain the effect of the spring water recharge ratio on the periodicity
of Hani terrace irrigation water sources, this study used linear regression to explore the
relationship between precipitation, the terraced field water recharge ratio, and the MRT
of spring water in different water bodies (Table 2). It has been discovered that there is a
significant correlation between the ratio of field water recharge to springs in the Hani terraces
and the MRT of field water in springs. Among these, there is a substantial negative connection
for descending springs, indicating that the ratio of terraced field water recharge will influence
the MRT of spring water on the Hani terraces. This suggests that local agricultural activities
on the terraces will effectively interfere with shallow groundwater, thus affecting the MRT of
groundwater and ensuring the ongoing recharge of descending springs to the terraced water.
The ratio of precipitation recharging the springs, on the other hand, has a correlation with the
MRT of springs but is not significant. It demonstrates that the process of direct recharging of
precipitation to springs is reduced, and the ratio of precipitation recharge to springs is not a
key factor determining the MRT of springs by precipitation.
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Table 2. The relationship between precipitation, the terraced field water recharge ratio, and the MRT
of spring water in different water bodies.

Type of Springs Intersubstance
Transport Processes

Pearson
Correlation

Linear
Regression
Equation

R2

The Spring water

Precipitation →
Spring water 0.21 - -

Terraced field water
→ Spring water −0.70 * MRT = 10.18 T −

13.90 T2 0.77 **

The ascending
springs

Precipitation →
Spring water −0.92 - -

Terraced field water
→ Spring water 0.96 - -

The descending
springs

Precipitation →
Spring water 0.56 - -

Terraced field water
→ Spring water −0.92 ** MRT = −7.56 T +

2.33 T2 + 4.79 0.85 *

Notes: * indicate the p-value is less than 0.05 (5%); ** indicate the p-value is less than 0.01 (1%).

4.2. Effect of MRT of Spring Water and Its Influencing Factors on the Stability of Irrigation
Water Sources

Table 3 summarizes the residence times of various types of water bodies in different
regions of the globe, with precipitation residence in surface water ranging from 0.5 to
1.5 years, precipitation residence in groundwater from 1.1 to 1.3 years, surface water resi-
dence in groundwater from 0.41 to 3.15 years, precipitation residence in 0.15 to 0.55 years
for soil water, and soil water residence in rock water from 0.06 to 1.15 years. Globally,
water residence time is not only related to the hydraulic gradient of the watershed, but also
closely related to the catchment area, soil depth, and land use type [11–18,26]. Generally
speaking, the smaller the watershed area, the steeper the slope, and the thinner the soil
layer, the shorter the water residence time, and the longer the time. Despite the small
watershed area (13.92 km2) and steep slope (17◦−58◦) of the Hani terrace area, its water
residence time is longer than that of other watersheds around the globe due to its thick
soil layer, which is dominated by rice soil, and the plow pan is effective in isolating the
water [35,36], implying that the terraces function as a source of water conservation.

From a global perspective, different locations maintain water resource stability in
terraced agricultural systems in different ways, with different transmission cycles and
their influencing factors [37–41]. For irrigated terraced agriculture in semi-arid areas, the
construction of terraces can effectively improve the soil erosion phenomenon of sloping
arable land, increase the residence time of rainwater on the ground, and improve the
infiltration of soil moisture, guaranteeing the stability of water sources in the region [37].
Rice terrace agriculture in the humid zone is distinguished by flooded fields throughout
the year, and springs are essential for preserving the stability of water sources in the
terraces [19–23,38–41]. Previously, some scholars have found that the recharge of terrace
irrigation water sources has the characteristics of alternating seasons and spatial staggered
distribution of spring and rainwater, and that the terrace irrigation water source is most
stable when recharged by spring water [19]. However, we found that precipitation and
terraced field water are transited for about half a year longer in the ascending springs than
in the descending springs, implying that different spring types have different discharge
times in the same area and that different types of springs can be staggered to recharge the
terraced field water to maintain the stability of the terraced rice agriculture. This suggests
that the Hani terraces’ spring irrigation water source is not only multi-temporal but also
spatially heterogeneous. This also explains why the Hani terraces can maintain the stability
of water resources in the rice farming system even during drought years.
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The current study examines the time scale of the spring water cycle, concentrating
on the impact of spring water residence time on irrigation water stability in the Hani
Rice Terraces. However, we did not account for the effect of soil water on spring water
residence time. In the future, we need to focus on quantitative research on the effect of
soil factors in the Hani terraces based on the soil’s physicochemical properties, so as to
systematically and comprehensively reveal the mechanism of irrigation, recharge, and
discharge transformation of the Hani terraced irrigation water source, as well as its impact
on the sustainability of terraced agriculture, and to provide effective scientific basis for the
protection of the Hani terraces.

Table 3. The residence times of various types of water bodies in different regions of the globe.

Region

The
Intersubstance

Transport
Processes

MRT (a) The Influence
Factor

Sampling Time
Period

Tuojiang river [16] Precipitation →
Surface water 0.95–1.35 year

Topography;
Catchment area;
Soil type; Land
use type

2018.5–2019.4

The Abay/Upper
Blue Nile [14]

Precipitation →
Surface water 0.34 year, 0.5 year 2008.8–2011.8

Upper Indus River
Basin [11]

Precipitation →
Surface water 0.5–1.03 year

The steep gradient
of stream profile;
Flowpath length;
Landscape
physiography

2007.11–2009.1

Redondo Peak,
located in the
Valles Caldera,
New Mexico,
United States [13]

Precipitation →
Surface water 0.34 year

Topographical
features (such as
flow path length,
slope gradient,
aspect and
elevation)

2007.3–2007.8

Two forested
basins in West
Virginia and one in
Pennsylvania [17]

Precipitation →
Spring water;
Precipitation →
Stream water

The Fernow
watersheds:
1.1–1.3 year; The
Benner Run:
1.4–1.6 year

Catchment area;
Slope; Soil depth 1989.3–1990.3

The Tianguer River
and Duowang
Rive, in Yilan,
Taiwan [9]

Surface water →
Groundwater 0.41 year, 3.15 year 2018.10–2020.4

The Honghe Hani
Terraces [25]

Precipitation →
Soil water

The forest land:
0.15–0.26 year;
The shrubland:
0.21–0.39 year

Land use type;
non-capillary
porosity

2015.7–2015.12

Jeju Island [15] Precipitation →
Soil water

30 cm depth: 0.14
year, 60 cm depth:
0.44 year, 80 cm
depth: 0.55 year

Soil depth; The
boundary between
the upper
fine-grained soil
and the lower
coarse-grained soil

2002.11–2003.11

Huanjiang County
of northwest
Guangxi, southwest
China [8]

Soil water →
Spring water

0.06–1.15 year, 0.98
year

Soil thickness;
Epikarst 2011.4–2013.4

5. Conclusions

In this study, the influence of spring water residence time on the irrigation water
stability in the Hani Rice Terraces was assessed using MRT and the isotope mixing model
based on monthly samples of precipitation, terrace water, and spring water collected
between 2015 and 2016. The results show that:

(1) All inter-water body transformations between precipitation recharge to terraced field
water, recharge to the subsurface, and spring water outcropping to the surface have
undergone varying degrees of evaporative fractionation. The δ18O of the springs in
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the terraced area showed a gentle “S” shape, with ascending springs having more
positive isotopic values than descending springs. The isotopic anti-elevation effect of
spring water was observed in the ascending springs from November to January and
in the descending springs from December to February, which was related to the local
farming cycle, and the ascending springs were more sensitive to the response to the
farming cycle than the descending springs.

(2) The residence time of precipitation and terraced field water in springs was 2.46 years
and 1.54 years, respectively, indicating that the springs were affected by 2.46 years of
previous precipitation and 1.54 years of previous terraced field water. When analyzed
in terms of different spring types, the time for precipitation and terraced field water
to be transited and exposed as ascending/descending springs in the terraced area
was 2.73 years and 1.95 years, and 1.55 years and 1.04 years, respectively, where the
residence time of ascending springs was about half a year longer than that of descend-
ing springs, indicating that the ascending springs and the descending springs can be
staggered to recharge the terraced field water. From different elevations, the lower
the elevation, the shorter the MRT of the recharge water source, and the elevation
difference of the MRT of the ascending spring is smaller than that of the descending
spring, indicating that the ascending spring regulates the temporal distribution of
the recharge water source of the terraces, while the descending spring regulates the
spatial distribution.

(3) Groundwater in the terraced area has short recharge routes, in situ recharge, and
in situ discharge, and its quantity is strongly tied to topography. The ascending
spring percolates upward in a confined aquifer, thus lateral groundwater supplies
more than half of its recharge; the descending spring’s primary recharge source is
shallow groundwater, which is influenced by precipitation and terraced field water.
The ascending springs in the terraced area follow the rule that the lower the elevation,
the higher the ratio of lateral groundwater recharge; the descending springs obey the
rule that the lower the elevation, the higher the ratio of terraced field water recharge.
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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
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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
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https://psl.noaa.gov/data/gridded/data.narr.html
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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
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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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Abstract: The estuarine exchange flow increases the longitudinal dispersion of passive tracers
and trap sinking particles, potentially creating an estuarine turbidity maximum (ETM): a localized
maximum of suspended particulate matter concentration in an estuary. The ETM can have many
implications: dead zones due to increased turbidity or hypoxia from organic matter decomposition,
naval navigation challenges, and other water quality problems. Using timescales, we investigate
how the interaction between exchange flow and particle sinking leads to ETMs by modeling a
sinking tracer in an idealized box model of the Total Exchange Flow (TEF) first developed by Parker
MacCready. Results indicate that the balance of particle sinking and vertical mixing is critical to
determining ETM size and location. We then focus on the role of ecology in ETM formation through
the use of the Peter–Parker Model, a new biophysical model which combines the TEF box model
with a Nutrient–Phytoplankton–Zooplankton–Detritus (NPZD) model, the likes of which were first
developed by Peter J.S. Franks. Detritus sinking rates similarly influence detritus peak concentration
and location (an ETM), but detritus ETMs occur in a different location than the sinking tracer due to
the influence of biological factors, which create a time lag of about 1 day. Lastly, we characterize the
flow of the models with a dimensionless parameter that compares timescales and summarizes the
dynamics of the sinking tracer in ETM formation and that can be used across systems.

Keywords: estuarine turbidity maxima; Total Exchange Flow; physical–biological interactions;
planktonic ecosystem

1. Introduction

Estuarine exchange flow, driven directly by longitudinal density gradients [1] and
indirectly by tidally asymmetric flows [2], provides the foundational circulation and trans-
port for estuaries and fjords (Figure 1). These flows carry freshwater seaward, typically in
an upper surface layer, with dense saline waters replacing those outflows at depth. This
exchange produces flushing and dispersion of river-sourced scalars. Sinking particles,
whether they are biotic or abiotic, can result in trapping and retention within the estuary [2],
forming the estuarine turbidity maximum (ETM), a localized maximum of suspended par-
ticulate matter concentration in an estuary. While naturally occurring, ETMs are frequently
associated with deteriorated ecological and physical conditions, including ecological dead
zones due to either decreased light or increased organic matter decomposition, naval nav-
igation challenges, and other water quality problems [3]. This study aims to investigate
this sinking particle trapping phenomenon and how it relates to ETMs by looking at both a
sinking tracer in isolation and sinking detritus within a planktonic ecosystem.
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Figure 1. Schematic of longitudinal exchange. Qr is the river flow, Qin is the flow into the estuary,
and Qout is the cumulative outflow consisting of the inflow and the river flow. Replicated with slight
modifications from [2].

ETMs have been the subject of modeling studies for several decades. In 1978, ref. [4]
used an idealized numerical model to investigate ETM formation and found it to be a
function of settling velocity and the strength of the estuarine circulation. In 1980, researchers
began to realize that ETMs could also be tidally caused [5]. Later studies found that
there may be seasonal effects driving ETMs, especially for sediments deposited during
large flooding events from winter storms [6]. While some estuaries develop ETMs from
bathymetry or lateral trapping processes, most basic ETM dynamics can be described using
a constant settling velocity [4,5,7]. A summary is provided in the review in [3], where one
of their concluding thoughts is that more fundamental research in suspended particulate
matter (SPM) dynamics is needed to be able to classify estuaries by their ETMs. Further, one
of the main remaining questions those authors found in their review is, “How do the fast
dynamics of SPM in the water column and the slow dynamics of the bottom pool interact
to determine ETM locations and variability, and what processes govern the dynamics
of the mobile bottom pool?” [3]. The analyses presented in this paper are motivated in
part by this call for additional research on ETMs and how sinking particles contribute to
these accumulations.

Sinking detritus can lead to hypoxic (low-oxygen) regions of the estuary, in addition
to ETMs. For example, the Hood Canal section of the Puget Sound has seasonal periods of
low dissolved oxygen [8], leading to fish kills and other ecosystem impacts [9]. One of the
causes of hypoxic regions is the sinking of dead organic material that originally grew in the
high-irradiance surface layer and is then decomposed at depth by aerobic microorganisms
that use up the oxygen. Field studies have detected patchiness in dissolved oxygen levels
in the depths of the Hood Canal [10]. An investigation of the interaction of detritus sinking
with estuarine exchange flow will help to develop an understanding of the physical and
biological processes that lead to oxygen depletion in the Hood Canal and other similar
fjordic and estuarine systems. While we do not study the formation of hypoxia directly,
it serves as a motivation for this work, which we hope will inform the further study of
sinking decaying matter that leads to hypoxic regions via biological oxygen demand.

In order to capture dynamics similar to those in Puget Sound, we simulate a partially
mixed estuarine system, with a density-driven circulation dominating the along-estuary
net transport, which is reflective of the fjord-like systems of the Puget Sound region [2,9].
The exchange flow increases the longitudinal dispersion of passive tracers but traps sinking
particles that enter the lower layer [2]. This study aims to investigate this sinking particle
trapping phenomena and how it relates to ETMs/sinking particle/detritus accumulation,
as well as to look to the future to understand how physical changes to the estuary will alter
these ETMs.

The tool of this study is a numerical model of a two-layer estuary that divides the
estuary into longitudinal compartments. This model was originally used by [11] to in-
vestigate residence times in the Salish Sea estuary by advecting a passive, non-sinking
tracer. We expanded the box model in [11] with a sinking tracer to understand the rela-
tionship between particle sinking and exchange flow. First, we explore the implications
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of varying parameters in this model for estuarine turbidity maximum/sinking particle
accumulation in a system inspired by, but not strictly tied to, the Puget Sound. We next
assess the planktonic ecosystem impacts of sinking detritus with the Peter–Parker Model,
which adds a biological component that tracks nutrients, phytoplankton, zooplankton,
and detritus (NPZD) [12] concentrations through time with the Total Exchange Flow (TEF)
box model [11]. Then, we break apart the mechanisms leading to these accumulations by
using a timescale analysis and compare the accumulations of systems with and without
biology. Lastly, we characterize the flow of the model with a dimensionless parameter that
summarizes the dynamics of the sinking tracer and can be used across systems.

2. Methods
2.1. Base: Total Exchange Flow Box Model

The fundamental model in this study is a box model for Total Exchange Flow (TEF),
as developed by Parker MacCready [11]. TEF is defined as the “sub-tidal volume flux
integrated over a salinity range” [13]. For our system of study, we assume a two-layer
exchange flow consisting of a shallow and deep layer [13]. River flow drives the shallow
layer seaward, and the density gradient brings in the deep oceanic layer. Tidal currents
then mix these shallow and deep layers vertically. Together, these processes comprise the
TEF [13]. In this work, the advective fluxes are quantified by the Knudsen relation [14]
(as in the original TEF framework from [13]), and the mixing between the shallow and
deep layers is quantified by the Cokelet and Stewart efflux/reflux method [15]. The salinity
distribution, which drives this TEF model, is obtained from the Chatwin solution [16] and
follows the paradigm that the flow is predominantly density driven while tidal effects
are limited to mixing. Note that there have been earlier similar box models of estuarine
circulation [17], but this paper utilizes the approach in [11], which slightly modifies the
grid staggering and utilizes the efflux/reflux method.

The box model reinterpretation of TEF for a tracer C is defined in Figure 2 and
as follows:

dCi
sdVs

dt
= (1 − ai−1

s )qi−1
s Ci−1

s − Qi
sCi

s + ai+1
d qi+1

d Ci
d + qi

rCriv

dCi
ddVd

dt
= (1 − ai+1

d )qi+1
d Ci+1

d − Qi
dCi

d + ai−1
s qi−1

s Ci
s

(1)

C is the general tracer concentration in either the shallow (Cs) or deep (Cd) layer at x-location
i, dV is the volume per box in the shallow (s) or deep (d) layer, Q is the flow (defined in
Equation (3) with units of m3s−1), qs and qd are the rate of volume transport, which are a
fraction of the flows calculated using the Cokelet and Stewart efflux–reflux theory (defined
in Equation (2), from [15], also with units of m3s−1) using as and ad, which are fractions
of the flow solved to ensure mass and volume conservation (defined in Equation (4) [15]),
aq is a flow rate in which both the fraction (as or ad) and the total possible flow rate (qs
or qd) vary according the details given below, and Criv is the concentration of the scalar
from the river transported by the rate of freshwater volume transport (‘river flux’) qi

r (units
m3s−1). As written, the river can input concentration into the estuary at any x-location.
For this study, we only implement the river flux at X = 0 km, so, at all other locations,
qi

r = 0 m3s−1. The exchanges in Equation (1) are illustrated in Figure 2. The flows/fluxes
are related by Cokelet and Stewart salt and volume conservation [11,15]. The Cokelet and
Stewart method separates the vertical fluxes as efflux and reflux, where efflux is the flow
upward from the deep layer to the shallow layer (ai+1

d qi+1
d in Figure 2) and reflux is the

flow downward from the shallow to the deep layer (ai−1
s qi−1

s in Figure 2). The net transport
from longitudinal and vertical mixing only (no river flow) sums to

Qi
s =

(
1 − ai−1

s

)
qi−1

s + ai+1
d qi+1

d

Qi
d =

(
1 − ai+1

d

)
qi+1

d + ai−1
s qi−1

s

(2)
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where Qi
s and Qi

d combine the flow of the efflux or reflux, respectively, and the remaining
longitudinal flow in each respective layer in Figure 2 [11]. Figure 3 shows the efflux/reflux
method and how the flows in Equation (2) fit together. Note that the flows are located on
the faces of the boxes, whereas the concentrations are at the center.

Figure 2. Simplification taken for the box model experiment, showing only three x-locations and
vertical separation denoted by the dashed gray line. Reproduced with modification from [11]. For
explanation, see Equation (1).

Figure 3. Flows and the efflux/reflux method used in the TEF box model (Figure 2) recreated with
modification from [11]. For explanation, see Equation (2).

These flows depend on both the salinity distribution and the river flow. The flow
divisions, with Qs being in the direction toward the ocean (shallow) and Qd being toward
the river head (deep), are based on the Knudsen relation [13,14]:

Qi
s = Qr

Si
d

Si
d − Si

s
, Qi

d = Qr
Si

s

Si
d − Si

s
(3)
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where Si is salinity (distinct from the tracer studied, Ci) at location i either in the shallow
(subscript s) or deep (subscript d) layer of the estuary and Qr is the cumulative river
flow along x. The following flow ratios (as and ad) determine how much of the flow in
Equation (3) mixes vertically as determined by the Cokelet Stewart method:

ai
s =

Si
s

Si
d

Si+1
d − Si

d

Si+1
d − Si

s
, ai

d =
Si

d
Si

s

Si
s − Si−1

s

Si
d − Si−1

s
(4)

where S is the salinity either heading longitudinally in (deep, d) or longitudinally out
(shallow, s) of the estuary at x-locations denoted in the superscripts [15]. Note that, to
match the stencil in Figure 2, the superscripts would need to be incremented accordingly.
The along-estuary salinity distribution is externally specified and defined by the Chatwin
solution [16]. Equation (4) results in vertical exchanges that are roughly equal and opposite
and approach zero near the ocean boundary (Figure 4). Approaching the upstream bound-
ary, the upwards efflux approaches the upstream lower layer flux as is required by mass
conservation, and the downwards reflux quickly approaches zero at the boundary.

Figure 4. Efflux (up)/reflux (down) fractions throughout the estuary for the test cases presented in
this study. For explanation, see Equation (4).

2.2. Variation 1: Sinking Tracer Model

To investigate particle sinking, we added another flux in the base TEF model from
the shallow layer to the deep layer, making the passive tracer now a sinking tracer. Thus,
Equation (1) changes to the following:

dCi
sdVs

dt
= (1 − ai−1

s )qi−1
s Ci−1

s − Qi
sCi

s + ai+1
d qi+1

d Ci
d + qi

rCriv − QsetCi
s

dCi
ddVd

dt
= (1 − ai+1

d )qi+1
d Ci+1

d − Qi
dCi

d + ai−1
s qi−1

s Ci
s + QsetCi

s

(5)

where Qset is the settling flow rate, Ci
s is the tracer concentration in the surface layer at x-

location i, and Ci
d is the tracer concentration in the deep layer at x-location i. To numerically

implement this in the box model, the sinking rate is applied to a surface area through which
the tracer is settling. In other words,

Qset = ws As (6)

where As is shallow surface area and ws is the sinking speed. The sinking terms are not
denoted in Figure 2, but act to increase the downwards reflux (or counteract the upwards
efflux). In the deep layer, we assume that all mass is retained in the water column, with no
accumulation in the bed. This is equivalent to assuming that particles that reach the bed
are immediately re-suspended. As a result, no sinking flux needs be specified out of the
lower layer. At the upstream boundary, we do not allow settling from the most-upward
estuary cell in the upper layer because such settling would add mass to an inactive cell in
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the lower layer due to the staggering of cells in the upper and lower layer (see Figure 2).
Thus, there is no deposition, but this is consistent with the simplicity of the model.

We set the depth of each layer (hs, hd) to 20 m each, the spacing in x in the numerical
model or the length of each box (dx) is 500 m, and the length of the estuary (L) is set to
50 km. The width (B) is the dimension into and out of the page in Figure 2 and does not
vary longitudinally or vertically. Thus, the box volumes are defined as dVs = B ∗ hs ∗ dx in
the shallow layer and dVd = B ∗ hd ∗ dx in the deep layer, giving n = 2 ∗ 100 grid cells.

For the sinking tracer study we examined cases with a tracer input of 1 µM
(0.0645 gL−1) at the river (Criv = 1 µM) enforced with a Dirichlet boundary condition.
A Dirichlet boundary condition is also applied at the ocean (Cocn = 0), so this study only
looks at the effects of a terrestrially sourced sinking tracer in the estuary. These parameters
are summarized in Table 1.

Table 1. Model parameters, separated between parameters in the base model: parameters in the
sinking tracer model only (Variation 1), parameters in both models (1 and 2), and parameters in the
Peter–Parker Model only (Variation 2). Most biological parameter values obtained from [12].

Model Name Units Value/Definition Description

Base dVs m3 BHsdx Volume shallow box
dVd m3 BHddx Volume deep box
Vs m3 BHs L Volume shallow section
Vd m3 BHd L Volume deep section
dx m 501.54 Length each box
L km 50 Length entire estuary
Hs m 20 Depth shallow layer
Hd m 20 Depth deep layer
B km 3 Estuary width
qs m3s−1 Equation (2) Shallow layer rate of volume

transport
qd m3s−1 Equation (2) Deep layer rate of volume transport
Qs m3s−1 Equation (3) Shallow layer flow
Qd m3s−1 Equation (3) Deep layer flow
as Equation (4) Fraction of flow refluxed down
ad Equation (4) Fraction of flow effluxed up
qr m3s−1 1000 River rate of volume transport
Qr m3s−1 6500 Cumulative river flow

1 Criv µM N 1 Sinking tracer river loading
concentration

Cocn µM N 0 Sinking tracer ocean loading
concentration

1 and 2 ws m d−1 Variable Tracer or D sinking speed
ndays d 200 Simulation time

2 µinst d−1 Equation (8) Instantaneous P growth rate
µ0 d−1 2.2 Max inst. P growth rate
ks µM N 4.6 Half-saturation N uptake by P
α (Wm−2)−1 d−1 0.06 Initial slope growth-light curve

E W m−2 Equation (10) Photosynthetically available
radiation

E0 W m−2 200 Maximum light
attsw m−1 0.13 Light attenuation seawater
attP m−1 (µM N)−1 0.018 Light attenuation by P
m d−1 0.1 Non-grazing P mortality
I d−1 Equation (9) Z ingestion of P
I0 d−1 4.8 Max Z ingestion rate of P
Ks µM N 3 Half-saturation Z ingestion of P
ξ d−1(µM N)−1 2.0 Z mortality
ϵ 0.3 Z growth efficiency
fegest 0.5 Fraction losses Z egested
r d−1 0.1 Remineralization rate
Nriv µM N 5 River nutrients
Nocn µM N 0 N ocean boundary condition
Priv µM N 0.01 P river seed population
Pocn µM N 0.01 P ocean seed population
Zriv µM N 0.01 Z river seed populations
Zocn µM N 0.01 Z ocean seed populations
Driv µM N 0 D river boundary conditions
Docn µM N 0 D ocean boundary conditions
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2.3. Variation 2: The Peter–Parker Model

To study the ecological impact of ETMs, we implemented a Nutrient–Phytoplankton–
Zooplankton–Detritus (NPZD) model into the base TEF box model, with settling only active
for the detritus component of the model. We used the NPZD model from [12], which is a
variation of the Nutrient-Phytoplankton-Zooplankton idealized models first developed by
Peter Franks [18]. This particular model includes a detritus box and is tuned for the pacific
northwest [12]. The NPZD model provides a basic ecosystem structure with nutrients being
taken up by phytoplankton, which is, in turn, grazed by zooplankton. Detritus provides
a mechanism for waste to return to the nutrient pool. The nutrient component of the
model should be based on whatever nutrient is limiting to phytoplankton growth; in our
implementation, we consider this to be nitrogen, reflective of the limiting factor in the Salish
Sea [12,19]. Figure 5 summarizes the NPZD relationships written in Equation (7): nutrients
are taken up by phytoplankton and allow for growth, phytoplankton excrete nutrients
and become detritus due to reasons other than grazing, phytoplankton are consumed
by zooplankton grazing, but a fraction of the phytoplankton are lost to detritus due to
“messy eating” of the zooplankton, zooplankton become detritus, and the detritus sinks
and remineralizes back to nutrients.

The equations for the dynamics shown in Figure 5 are as follows:

dN
dt

= −µinst(E(t, z), N)P + (1 − ϵ)(1 − fegest)I(P)Z + rD

dP
dt

= µinst(E(t, z), N)P − I(P)Z − mP

dZ
dt

= ϵI(P)Z − ξZ2

dD
dt

= (1 − ϵ) fegest I(P)Z + mP + ξZ2 − rD − ws
dD
dz

(7)

where µinst is the instantaneous phytoplankton growth rate, which depends on irradiance
and nutrients, E is photosynthetically available radiation (irradiance) and is time and
depth dependent, ϵ is zooplankton growth efficiency, fegest is the fraction of losses egested
of phytoplankton by zooplankton (“messy eating”), I is zooplankton ingestion/grazing
of phytoplankton, r is remineralization rate of detritus to nutrients, m is non-grazing
phytoplankton mortality, ξ is zooplankton mortality, and ws is detritus sinking rate [12].
The growth (µinst) and grazing (I) rates are parameters that change in time based on
available resources:

µinst(E, N) = µ0
N

ks + N
αE√

µ2
0 + α2E2

(8)

where µ0 is maximum instantaneous growth rate, ks is half-saturation for nitrate uptake,
and α is the initial slope of the growth-light curve. Further,

I(P) =
I0P2

K2
s + P2 (9)

where I0 is maximum ingestion rate and Ks is half-saturation for ingestion. Irradiance (E)
is time-dependent to reflect the day/night light cycle:

E(t) =
E0

2
(1 + cos(2πt)) (10)

E0 is maximum light, and t is in days.
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Figure 5. Nitrogen flow diagram to phytoplankton, zooplankton, and detritus (NPZD) summarized
in Equation (7). Recreated with slight modification from [12].

So, treating N, P, Z, and D as passive scalars, we put the Peter Model (NPZD,
Equation (7)) into the Parker Model (TEF, Equation (1)) to form the Peter–Parker Model:

d(Ni
sdVs)

dt
= (1 − ai−1

s )qi−1
s Ni−1

s − Qi
sNi

s + ai+1
d qi+1

d Ni
d + qi

r Nriv

+ dVs

(
−µi

inst(Es, Ni
s)Pi

s + (1 − ϵ)(1 − fegest)Ii(Pi
s)Zi

s + rDi
s

)
d(Ni

ddVd)

dt
= (1 − ai+1

d )qi+1
d Ni+1

d − Qi
dNi

d + ai−1
s qi−1

s Ni
s

+ dVd

(
−µi

inst(Ei
d, Ni

d)Pi
d + (1 − ϵ)(1 − fegest)Ii(Pi

d)Zi
d + rDi

d

)
d(Pi

sdVs)

dt
= (1 − ai−1

s )qi−1
s Pi−1

s − Qi
sPi

s + ai+1
d qi+1

d Pi
d

+ dVs

(
µi

inst(Es, Ni
s)Pi

s − Ii(Pi
s)Zi

s − mPi
s

)
d(Pi

ddVd)

dt
= (1 − ai+1

d )qi+1
d Pi+1

d − Qi
dPi

d + ai−1
s qi−1

s Pi
s

+ dVd

(
µi

inst(Ei
d, Ni

d)Pi
d − Ii(Pi

d)Zi
d − mPi

d

)
d(Zi

sdVs)

dt
= (1 − ai−1

s )qi−1
s Zi−1

s − Qi
sZi

s + ai+1
d qi+1

d Zi
d

+ dVs

(
ϵIi(Pi

s)Zi
s − ξ

(
Zi

s

)2
)

d(Zi
ddVd)

dt
= (1 − ai+1

d )qi+1
d Zi+1

d − Qi
dZi

d + ai−1
s qi−1

s Zi
s

+ dVd

(
ϵIi(Pi

d)Zi
d − ξ

(
Zi

d

)2
)

d(Di
sdVs)

dt
= (1 − ai−1

s )qi−1
s Di−1

s − Qi
sDi

s + ai+1
d qi+1

d Di
d − QsetDi

s

+ dVs

(
(1 − ϵ) fegest Ii(Pi

s)Zi
s + mPi

s + ξ
(

Zi
s

)2
− rDi

s

)
d(Di

ddVd)

dt
= (1 − ai+1

d )qi+1
d Di+1

d − Qi
dDi

d + ai−1
s qi−1

s Di
s + QsetDi

s

+ dVd

(
(1 − ϵ) fegest Ii(Pi

d)Zi
d + mPi

d + ξ
(

Zi
d

)2
− rDi

d

)

(11)
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where all the parameters are the same as in Equations (1) and (7). The values we used for
the parameters are summarized in Table 1.

The boundary conditions for the biological components of the Peter–Parker Model are
as follows. First, the nutrients are only supplied in the river (Nriv = 5 µM N) and the ocean
nutrients boundary condition is 0. The tests all had initial phytoplankton and zooplankton
concentrations of 0.01 µM N throughout the estuary as a starting population and boundary
condition. We assumed no river or ocean sourcing of phytoplankton, zooplankton, or
detritus. The model is solved with an explicit forward Euler numerical method with
Dirichlet boundary conditions on N, P, Z, and D. While this upwind scheme does introduce
slight numerical diffusion, in this study, comparative data are more important than absolute
accuracy. We ran the model to an approximate steady state before analysis, to be discussed
below (200 days).

We allow the shallow layer detritus to sink to the deep layer; the sinking detritus
progresses directly from the shallow concentration to the deep due to the same settling flux
Qset as above (Equation (6)). We assume that detritus that reaches the bed is re-suspended
(no net flux).

The light availability for the deep phytoplankton is limited based on the water
above and the shading caused by the shallow population. This changes Equation (10)
to the following:

Es(t) =
E0

2
(1 + cos(2πt))

Ei
d(t) =

E0

2
(1 + cos(2πt))e−attsw Hs−attpPi

s(tp)Hs

(12)

where Es is irradiance in the shallow layer, Ei
d is irradiance in the deep layer at location i,

attsw is the light attenuation of seawater, attP is the light attenuation by phytoplankton,
Pi

s(tp) is the phytoplankton location in the shallow layer at location i from the previous
time step tp, and Hs is the depth of the shallow layer.

3. Results: Effects of Sinking Speed on Tracer or Detritus Accumulation

We first present concentration results from a sinking tracer in the TEF box model
(Equation (1)) without any biological considerations (Variation 1 above). We then present
the effects of detritus sinking as it interacts with the ecosystem with results from the
Peter–Parker Model (Variation 2 above).

The tracer concentration profiles results for varying sinking while holding all other
parameters constant (Figure 6) indicate that there is accumulation of the sinking tracer
near the river (X = 0 km) in both the shallow and deep layer for certain sinking speeds.
We define accumulation as when the concentration surpasses the river input value of 1
µM. Without sinking, ws = 0 md−1; the tracer advects out or mixes down from its box
and does not get above the river input concentration. Interestingly, the peak concentration
increases with increased sinking rate to reach an inflection point at around 15 md−1 in
both the shallow and the deep layer, after which the peak grows unbounded at X = 0 km
(does not reach steady state within the 200 days of simulation time). In the deep layer,
there is accumulation regardless of sinking speed, but the amount increases and becomes
unbounded above the same sinking speed as the shallow layer. The deep layer always
has a higher peak concentration than the shallow layer. Also, the locations of these peak
concentrations shift toward the river with increasing sinking speed in both layers.

Why do sinking particles (Figure 6) lead to accumulation in the estuary? Following
one particle starting in the shallow layer of the box model (Figure 2), as it sinks out of the
shallow layer into the deep, it then is pushed back towards the river (X = 0 km). This
happening to a group of particles leads to high concentration in the deep layer up-estuary
(X = 0 km). Some of that accumulated concentration is moved back into the shallow layer
via efflux. The balance between the sinking and efflux creates a type of vertical circular
eddy motion, which maintains the tracer concentration at a higher value than the river
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input of 1 µM in both the shallow and deep layer at X = 0 km. The peak also occurs
near X = 0 km because that is where there is increased vertical mixing activity via efflux
(Figure 4). When sinking passes a certain threshold of around 15 md−1, the effects of the

efflux are diminished in the shallow layer as the efflux is no longer sufficient to balance the
sinking flux anywhere in the estuary and the system grows unbounded (does not reach
steady state within the simulation time of 200 days).

(a) Shallow layer tracer concentration with vari-
able sinking speed (ws).

(b) Deep layer tracer concentration with variable
sinking speed (ws).

Figure 6. Concentration of tracer distributed along the estuary after 200 days with varying sinking
rates (ws). The lines of a lighter shade correspond to concentrations obtained with lower detritus
sinking speeds. This shade increases in darkness with increasing detritus sinking speed.

For large settling velocities, the peak concentration is constrained spatially by the up-
estuary boundary condition at X = 0 km and the mass conservation of the system: as tracer
is not allowed to leave the system, it is pushed against X = 0 with higher sinking speeds,
resulting in narrower peaks. For sinking speeds less than 15 md−1, steady state is reached,
and the peak appears downstream of the boundary. Note that 15 md−1 is quite low; marine
snow can be 36 md−1 [20]. If we compare the sinking speed to a ratio of the sinking flux
to the vertical mixing flux, Qset

adqd
, where Qset is the sinking flux (defined in Equation (6)) and

adqd is the vertical flux (arrow pointing from deep to shallow in Figure 2), sinking speeds
greater than 15 md−1 correspond to when the ratio of settling flux to vertical flux is greater
than 0.5. Thus, this balance of sinking and vertical flux is determining when the system
accumulates unboundedly: the sinking flux must be at most 50% of the vertical flux to
reach steady state.

Peak concentrations move closer to the river (X = 0 km) because that is where the
sinking tracer concentration is being sourced. So, the faster a particle sinks, the closer it
will sink to its source because it is sinking faster than the estuarine flow, which otherwise
would move it further from its source. This is further investigated with timescales in the
following section.

When incorporating a biological model to evaluate sinking detritus, we also see this
phenomenon with the peak detritus concentration in the estuary (Figure 7). Increasing
detritus sinking speed leads to an increased detritus peak concentration that moves closer
to the river end of the estuary (X = 0 km). Also, the detritus grows unbounded (does not
reach steady state) with a sinking speed above ws = 40 md−1.

Increasing the sinking rate (ws) of detritus from the shallow to the deep layer leads
to an increase in phytoplankton (P) concentration in both the shallow and deep layer
(Figure 8a,b) for all sinking speeds. P concentration reaches a maximum in both the shallow
and deep layer at around X = 8 km and the location of this peak does not significantly
change with increasing sinking speed, contrary to the peak detritus concentration. Nutrient
concentration follows a similar pattern: increasing detritus sinking speed leads to increased
nutrient concentrations with peaks that do not move with increased sinking speed. Peak
nutrient concentration occurs between 0 and 5 km.
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(a) Shallow layer detritus concentration with
variable detritus sinking speed (ws).

(b) Deep layer detritus concentration with vari-
able detritus sinking speed (ws).

Figure 7. Varying detritus sinking speed effects on detritus concentration profiles after 200 days
of simulation time. X = 0 km marks where the river enters the estuary and X = 50 km marks the
ocean. An increasing value of each sinking speed is denoted with a darker shade of orange line. The
left-hand panel is for the shallow layer; the right-hand panel is for the deep layer.

(a) Shallow layer phytoplankton concentration
with variable detritus sinking speed (ws).

(b) Deep layer phytoplankton concentration with
variable detritus sinking speed (ws).

(c) Shallow layer nutrient concentration with
variable detritus sinking speed (ws).

(d) Deep layer nutrient concentration with vari-
able detritus sinking speed (ws).

Figure 8. Varying detritus sinking speed effects on phytoplankton (a,b) and nutrient (c,d) concentra-
tion profiles after 200 days of simulation time. X = 0 km marks where the river enters the estuary
and X = 50 km marks the ocean. Increasing value of each parameter denoted with a darker shade of
orange line. The left-hand panel is for the shallow layer; the right-hand panel is for the deep layer.

Increased detritus influences phytoplankton and nutrient peak concentration because
more detritus accumulating in one spot of the estuary leads to more nutrients available to
the phytoplankton via remineralization. As long as the location of the nutrients does not
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change, which is the case with increasing detritus sinking speed and constant remineral-
ization rate (Figure 8c,d), the location of the phytoplankton will not change. Increasing
nutrient concentration does not change the rate of nutrient uptake by the phytoplankton
and, thus, does not change the location of the peak. But their peaks themselves increase
with the increase in detritus/nutrient supply.

As demonstrated above, the passive tracer accumulates indefinitely for sinking speeds
greater than 15 md−1 due to the balance of the sinking and vertical mixing flux. With
biology, however, there are additional fluxes keeping the concentration from growing
indefinitely (growth, grazing, remineralization, etc.). Thus, detritus and nutrients grow
unboundedly for sinking speeds greater than 40 md−1 in the deep layer, but phytoplank-
ton does not grow unboundedly regardless of sinking speed. This is because there is a
carrying capacity represented in the Michaelis–Menten phytoplankton growth expression
(Equation (8)), which restricts unlimited phytoplankton growth even with unlimited nutri-
ents

(
N

ks+N

)
, where ks is half-saturation N uptake by P. We explore the interplay of these

physical–biological interactions in the following timescales section.
Interestingly, the peak detritus location moves closer to the river with higher detritus

sinking speeds even though we only source nutrients in the river, not detritus. Phytoplank-
ton will follow nutrients due to its nutrient-dependent growth rate, and zooplankton will
then follow the phytoplankton. Detritus concentration is high where concentrations of
phytoplankton and zooplankton are high. Where the detritus is formed via biological pro-
cesses is then the source of the sinking tracer, as in Figure 6, and, as occurs with the sinking
tracer, the interaction of the detritus sinking and exchange flow leads to accumulation.
Figure 9 shows the biological contribution to dD

dt , which includes sources from zooplankton
“messy eating”, phytoplankton and zooplankton mortality, and sinks from remineraliza-
tion (Equations (7) and (11)). This demonstrates that the source for the detritus is shifted
8–15 km downstream of the river mouth and distributed over a broader reach of the estuary,
as compared to the river-sourced sinking tracer considered in the previous section. Regard-
less, the peak detritus is positioned based on a balance between efflux and sinking, which
occurs near X = 0 km, especially for larger sinking speeds. This results in a location for
the peak detritus concentration that moves upstream as sinking increases. This is further
explored with the timescale analysis in the following section.

Figure 9. Distribution of the biological contributions to dD
dt in the shallow layer for a variety of sinking

speeds. Biological contributions include sources from zooplankton “messy eating”, phytoplankton
and zooplankton mortality, and sinks from remineralization—see Equations (7) and (11).
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4. Discussion: Timescale Analysis

To understand the processes that lead to the different concentration states, we perform
a timescales analysis similar to those reviewed in [21]. For this discussion, we focus on the
cases that reach steady state.

4.1. Timescales Definitions

We introduce the following timescales that are used in the analysis of the sinking tracer
and sinking detritus in the estuary. The timescales are detailed below and summarized
in Table 2. We use the timescales to directly compare the processes that contribute to the
sinking tracer and detritus concentration. A faster timescale means that a process is the
fastest to occur and is dominant in determining the ETM.

Table 2. Summary of timescales to understand behavior as written in Equations (13)–(22).

Name Process Formula

Sinking Time for concentration to sink from the
shallow to deep layer τsink = hs

ws

Vertical Mixing
Time for concentration to efflux to
shallow from deep (τe f f ) or reflux to deep
from shallow (τre f ) at location i

τi
e f f =

dVs
|−qi−1

s ∗ai−1
s +qi+1

d ∗ai+1
d |

τi
re f =

dVd
|qi−1

s ∗ai−1
s −qi+1

d ∗ai+1
d |

Longitudinal Exchange
Time for concentration to flow out
towards the ocean (τout) or in towards the
river (τin) at location i

τi
out =

dVs
Qi

s

τi
in = dVd

Qi
d

Estuarine Dispersion

Time for concentration peak to be
reduced by the longitudinal and vertical
mixing at location i as described in
Equations (16)–(18)

τi
disp =

V(ai−1
s qi−1

s +ai+1
d qi+1

d )
cdisp((1−ai−1

s )qi−1
s +(1−ai+1

d )qi+1
d )

2

Messy Eating
Time for the fraction of phytoplankton
missed by zooplankton to become
detritus

τi
messy,s =

1
(1−ϵ) fegest Ii

s

τi
messy,d = 1

(1−ϵ) fegest Ii
d

P Mortality Time for phytoplankton to become
detritus from methods other than grazing τPmort =

1
m

Z Mortality/Higher
Predation

Time for zooplankton to become detritus
due to mortality or higher predation

τi
Zmort,s =

Zi
s

ξ

τi
Zmort,d =

Zi
d

ξ

Remineralization Time for detritus to become nutrients τremin = 1
r

We first introduce a sinking timescale based on the time it takes for the concentration
to sink from the shallow to the deep layer:

τsink =
hs

ws
(13)

where hs is the depth of the shallow layer and ws is the sinking speed. Next are timescales
for the vertical mixing, or the time for concentration to efflux up to the shallow from the
deep layer (τe f f ) and the time for concentration to reflux down from the shallow layer to
the deep (τre f ). These timescales are calculated at each box and, thus, are determined at
location i:

τi
e f f =

dVs

Qe f fnet

=
dVs

| − qi−1
s ∗ ai−1

s + qi+1
d ∗ ai+1

d |

τi
re f =

dVd
Qre fnet

=
dVd

|qi−1
s ∗ ai−1

s − qi+1
d ∗ ai+1

d |

(14)

where Qe f fnet is the net flow from the deep to the shallow layer, Qre fnet is the net flow from
the shallow to the deep layer, and the remaining variables are defined as in Equations (2)
and (4). There are also timescales for the flow of the estuary, or the time for the concentration
to flow out towards the ocean (τout) and the time for the concentration to flow in towards
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the river (τin) at location i. We calculated these timescales using the volume of each box
over the flow at those boxes:

τi
out =

dVs

Qi
s

τi
in =

dVd

Qi
d

(15)

where the variables are as defined in Equation (3). Lastly, we introduce an estuarine disper-
sion timescale (τdisp), or the time for the concentration peak to be reduced by longitudinal
and vertical mixing alone at location i. We start with a definition for the timescale [22]:

τi
disp =

L2

cdispKi
disp

(16)

where L is the length of the estuary, Kdisp is the estuarine dispersion coefficient, and cdisp
is a dispersion multiplication factor, which usually ranges from 30 to 120 [22,23]. For this
study, we set cdisp = 1 to focus on some direct comparisons of processes in the system. We
solve for Kdisp using the following equations:

Kdisp =
u2H2

Kz

u =
∆Qx

BH
≈

Qinnet + Qoutnet

BH

Kz =
QzH
BL

≈

(
Qe f f + Qre f

)
H

BL

Kdisp =
(Qinnet + Qoutnet)

2(
Qe f f + Qre f

) L
BH

Ki
disp =

(
(1 − ai−1

s )qi−1
s + (1 − ai+1

d )qi+1
d

)2(
ai−1

s qi−1
s + ai+1

d qi+1
d

) L
BH

(17)

where u is the velocity in the estuary in the x-direction, H is the total depth of the estuary,
∆Qx is the difference in horizontal flow, Qinnet is the net flow moving into the estuary (the
fraction not being effluxed up in Figure 3), Qoutnet is the net flow moving out of the estuary
(the fraction not refluxed down in Figure 3), Kz is vertical eddy diffusivity, Qz is all vertical
flow, Qe f f is the flow moving upwards (the fraction effluxed up in Figure 3), and Qre f is
the flow moving downwards (the fraction refluxed down in Figure 3). Then we plug the
Kdisp equation into Equation (16):

τi
disp =

V
(

ai−1
s qi−1

s + ai+1
d qi+1

d

)
cdisp

(
(1 − ai−1

s )qi−1
s + (1 − ai+1

d )qi+1
d

)2 (18)

where V is the total volume of the estuary (V = BHL) and a and q are defined as in
Equations (2)–(4).

For the detritus analysis, we take biological timescales from the Peter–Parker Model
that relate to detritus only (D equations in Equation (7) [12]) in addition to the same
timescales as above. We start with the messy eating timescale, or the time it takes for bits of
phytoplankton missed by zooplankton to become detritus:

τi
messy,(s,d) =

1
(1 − ϵ) fegest Ii

s,d
(19)
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where the variables are as defined in Equation (9). The time for phytoplankton to die from
causes other than grazing (mortality timescale) is

τPmort =
1
m

(20)

Similarly, the time for zooplankton to die from higher predation or other mortality is

τZmort,(s,d) =
Zi

s,d

ξ
(21)

This timescale depends on the current concentration of zooplankton to accommodate
the units of ξ. Lastly, the remineralization timescale or the time for detritus to turn into
nutrients is

τremin =
1
r

(22)

4.2. Sinking Tracer Timescales

Looking at the timescales while changing the sinking speed of the tracer only (Figure 10),
the fastest (smallest-value) timescale is the longitudinal exchange in the shallow layer when
ws ≈ 7–30 md−1. In the deep layer, the longitudinal exchange timescale is the fastest timescale
up to ws = 15 md−1, after which it abruptly increases. This means that the dominant process
leading to the concentration profile at these sinking speeds is longitudinal exchange. In
the shallow layer, the sinking timescale becomes faster with increasing sinking speed but is
always the second fastest timescale. In the deep layer, the sinking timescale approaches the
reflux timescale when ws > 15 md−1, which also corresponds to when the system no longer
reaches a steady state. Thus, the balance between vertical mixing, advection, and settling is
critical in determining when the model reaches a steady state. In the shallow layer, the vertical
mixing timescale decreases with increasing sinking speed and becomes closer in value to the
sinking and longitudinal exchange timescales, so vertical mixing becomes more important
with increasing sinking speed. The dispersion timescale increases with increasing sinking
speed, reflecting a reduction in the contribution of longitudinal dispersion that results in the
more “peaky” concentration distributions in Figure 6.

(a) Shallow layer with variable sinking. (b) Deep layer with variable sinking.

Figure 10. Timescales (d) for each case shown in Figure 6 taken at the location of the peak concentra-
tion. Black stars represent sinking timescales, purple dots are vertical mixing timescales, blue pluses
are longitudinal exchange (advection) timescales, and green crosses are dispersion timescales. We
intentionally truncated the y-axis at 5 days, to focus on the interactions of the fastest timescales and
the x-axis at 25 md−1 to focus on the cases which reach steady state. Timescales defined as in Table 2.
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4.3. Sinking Detritus Timescales

In the shallow layer, Z mortality and longitudinal exchange are the fastest timescales
for detritus sinking speeds less than 40 md−1 (Figure 11a). The sinking timescale decreases
with increasing sinking speed, however, and therefore increases with influence on the
detritus concentration. This highlights the interplay of sinking speed and the D concen-
tration. A smaller sinking speed corresponds to a larger sinking timescale, which means
that there is more time for the peak concentrations to spread out and results in a larger
dispersion timescale. In the deep layer (Figure 11b), Z mortality and advection timescales
are the fastest until ws ≈ 25 md−1, after which sinking and vertical mixing are the fastest
timescales. Above ws = 25 md−1, physical processes are the most significant for detritus
concentration in the deep layer. Conversely, biological processes in the shallow layer play
an important role in detritus formation for all sinking speeds shown.

(a) Shallow layer with variable detritus sinking
speed.

(b) Deep layer with variable detritus sinking
speed.

Figure 11. Timescales (d) for each case shown in Figure 7. Purple markers/lines denote physical
processes, green denotes biological, and black denotes sinking. Marker type denotes the timescale:
purple squares are for the vertical mixing timescale, purple triangles are for the longitudinal exchange
(advection) timescale, purple circles are for the dispersion timescale, green squares are messy eating,
green upside-down triangles are Z mortality, green circles are P mortality, green stars are remineral-
ization, and black stars are sinking. Each of the timescales which have x-dependence were calculated
at the location of the peak D concentration for each case. We intentionally truncated the y-axis at
5 days, to focus on the interactions of the fastest timescales and the x-axis at 40 md−1 to focus on the
cases which reach steady state. Timescales defined as in Table 2.

4.4. Sinking Tracer vs. Sinking Detritus

Several differences occur between the accumulation of sinking tracers or detritus, as
discussed in the previous section. For one, the lack of a settling velocity (ws = 0 md−1) does
not mean that there is no detritus accumulation (Figure 7) like it does for the non-biological
sinking tracer (Figure 6) because there are other sources that can lead to detritus accumula-
tion other than just sinking (P mortality, messy eating, etc.). Also, detritus accumulates and
reaches a steady state up to a sinking speed of 40 md−1, whereas the sinking speed of the
sinking tracer accumulates unboundedly for sinking speeds greater than ws = 15 md−1.
This shows that sinking detritus has a larger range of sinking speeds, which accumulate
in the estuary before growing unboundedly, than a sinking tracer due to how detritus
interacts in an ecosystem in addition to sinking via zooplankton/phytoplankton sources or
nutrient remineralization losses (Equation (7)).

In addition, the peak locations of tracer and detritus accumulations differ with the
same sinking speed (Figure 12). In this example, the sinking tracer peak location is closer
to the river end of the estuary (X = 0 km) than the peak detritus (for ws = 8 md−1).
If settling velocity were to be increased (or decreased), the peaks would shift up-estuary
(down-estuary) due to the vertical cycling between the two layers and the required balance
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between efflux and settling for the peak to establish. In all cases, however, the detritus
peak is shifted down-estuary due to the fact that its source is distributed along the upper
layer through phytoplankton and zooplankton populations (Figure 9). The longitudinal shift
in peak concentration (shown in Figure 12) introduces a new timescale that describes the
characteristic ecosystem cycling time, as the system converts nutrients to phytoplankton to
zooplankton and then into the detritus pool (acknowledging that some detritus is also formed
directly from the phytoplankton). From the perspective of a water parcel that enters at the
river, these ecological processes can be thought of as a time-lag in the creation of detritus.

We further quantify the difference in these peak locations with the following timescale:

τdi f f =
(XDmax − XCmax )BL

Q f lush
(23)

where τdi f f is the lag timescale, which leads to the difference between the peak locations at
the same sinking speed, XDmax is the X location of the peak D (detritus) concentration, and
XCmax is the X location of the peak C (tracer) concentration. τdi f f can be interpreted as a
characteristic cycling time for the ecosystem.

(a) Shallow layer. (b) Deep layer.

Figure 12. Sinking tracer (solid line, units µM) and sinking detritus (dashed line, units µM N)
concentrations with the same sinking speed (ws = 8 md−1) in the shallow (a) and deep (b) layer.

We see in Figure 13 that, in the shallow layer, this timescale is clustered around 1.2 days,
but then decreases as the settling velocity increases beyond the steady-state transition. For
these larger settling velocities, the peak concentration of both detritus and sinking tracer is
constrained by the boundary at X = 0 km and, thus, this transport timescale is no longer
relevant. For the cases with a steady-state and well-defined peak in detritus (settling velocity
less than about 30 md−1), it is clear that the ecosystem cycles from nutrients through phyto-
plankton and zooplankton into detritus with a characteristic timescale of a little over 1 day.
At the same time, large settling velocities are able to reduce the longitudinal difference in
the location of the peak (between detritus and non-biological setting tracers) due to the tight
cycling between the upper and lower layers at the upstream end of the estuary (Figure 4).
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Figure 13. Values of the introduced timescale τdi f f , which quantifies the lag leading to the difference
in peak D and C locations. Red bars correspond to τdi f f in the shallow layer and and vertical line
corresponds to the steady-state threshold of the system when run to 200 days.

5. Summarizing the Behavior with a Dimensionless Group

Through some further evaluations of varying sinking speed (ws), estuarine flushing
rate (Q f lush), estuary width (B), and river flow rate (Qr), we found that increasing sinking
speed and width and decreasing flushing rate and river flow lead to increased ETM
magnitude, but only up to certain values of each parameter before the system does not
reach a steady state (see Appendix A for additional details). Through dimensional analysis,
we obtained the following dimensionless group:

(
wsBL

Qr

)−0.50(Q f lush

Qr

)0.75

=

(
τsink
τf lush

)0.5(
τriv

τf lush

)0.25

(24)

using general timescales τriv = V
Qr

, τsink =
h

ws
, and τf lush = V

Q f lush
, where V = BLh is total

estuary volume and h is depth. We validated this group by using the estuary length (L)

as a constant parameter and dimensionless concentration C∗ =
∫

Cs∫
Ctotal

, which represents
the integrated shallow layer concentration normalized to the total integrated concentration
(shallow+deep) (Figure 14). C∗ focuses on the strength of the concentration peak in the
estuary while taking away the x-dependence of the ETMs. The dimensionless concentration
C∗ increases as the shallow and total integrated concentrations approach each other. Thus,
C∗ alone does not tell us the location of the peak concentration, but allows us to compare
the state of concentration in the estuary. We performed this dimensionless analysis on both
the sinking tracer and sinking detritus studies and found the outcomes to be similar, so we
present the results from the tracer study only here to reduce redundancies.

Figure 14 shows that varying Q f lush, B, Qr, or ws will result in the same state in the
estuary, C∗. This dimensionless group connects three timescales, which represent three
fluxes in the system: the estuarine flux, the sinking flux, and the river flux. The ratio of
sinking to exchange flow and the ratio of river flow to exchange flow are the two drivers of
the system, with the former having a stronger exponential dependence than the latter. As
such, increasing flushing has a similar effect as reducing sinking and increasing flushing has
a similar effect to reducing river flow. These relationships are not one to one, so increasing
flushing has a stronger effect than decreasing river flow or sinking. Flushing has this extra
complexity because of how the flow is defined (Equation (3)): the in- and outflow (Qs and
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Qd) depend on a fraction of the river flow that varies with the salinity difference taken at
different locations in the estuary. Thus, unlike estuary width, sinking speed, and river flow,
this parameter varies in space and cannot be combined with the others as cleanly.

Figure 14. Relationship between the dimensionless group
(

τsink
τf lush

)0.5(
τriv

τf lush

)0.25
and the dimensionless

summary of the shallow layer concentration
∫

Cs∫
Ctotal

(C∗). Black stars refer to values obtained by

varying estuary width (B), green crosses are from varying sinking speed (ws), purple dots are from
varying river flow (Qr), and blue pluses are from varying flushing rate (Q f lush). All of these variations
were taken while holding the other parameters constant.

This parameter informs the relative importance of particle sinking, estuary surface
area, estuary flow, and river flow for accumulation of scalars in an estuary. As discussed
above, particle sinking influences accumulation because of the interplay of sinking and
vertical mixing. Varying estuarine flushing (Q f lush) rate also leads to accumulation because,
when the overall advection scheme is slower, the effects of the sinking tracers are more
pronounced. In other words, if the estuary is flushing slower, the sinking tracer has more
time to accumulate in the bottom layer. Thus, it is able to efflux back upwards with more
ease and present more accumulation in both the shallow and deep layers. Accumulation
occurs with varying estuarine surface area (B) due to similar logic as with reduced flushing
rate; when the river flow is held constant but the estuary is larger, the effects of the river on
the longitudinal exchange in the estuary are reduced. Thus, the sinking tracer has more
time to accumulate in both layers. Lastly, accumulation occurs with decreased river flow
(Qr) for the same reason as altering estuary size and flushing; when the river is faster, the
tracer has less time to settle and accumulate.

6. Conclusions

We would like to highlight several key findings from this work that establish the dif-
ferences between ETM dynamics when considering a sinking tracer versus sinking detritus
in an estuary. In both cases, the concentration of sinking tracer or detritus accumulates in
an estuary because the sinking of the tracer is in balance with the vertical mixing (efflux) of
the system at some location along the estuary. The peak concentration of a river-sourced
sinking tracer moves towards the river with increased sinking speed because it comes
into balance with the efflux further upstream and creates a narrower vertical recirculation.
The peak concentration of sinking detritus in a system where nutrients are sourced in
the river moves towards the river with increased sinking speed as well, but the peak is
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displaced down-estuary. This shift in the position of the ETM is a result of the biological
processes that govern the creation of detritus, which is tied to the peaks of phytoplankton
and zooplankton. This shift in the peak is created by a temporal lag for nutrients to turn
into detritus in the biological model. As nutrients are taken up by phytoplankton, which
are, in turn, consumed by zooplankton, down-estuary transport in the surface layer means
that the source of detritus (whether from messy eating or mortality) is shifted downstream
from the river by a distance related to the surface-layer advection and the characteristic
cycling timescale of the ecosystem.

Accumulation increases until a distinct sinking speed for both sinking tracer and
detritus, after which the peak does not reach a steady state. The sinking speed after which
this happens is smaller for sinking tracer than detritus. The peak accumulates unboundedly
after the ratio of the sinking flux to the vertical flux surpasses 0.5 due to the retention of
mass at the upstream boundary and the rapid recycling of a sinking tracer between the
lower and upper layers (a balance between efflux and settling). It is interesting to note that
the other components of the ecological model (e.g., phytoplankton) maintain a steady state
at the same sinking speed due to the other ecological controls on each component (e.g.,
grazing by zooplankton).

We break apart the contributions of the processes in our model by analyzing timescales.
The fastest timescale indicates the process that is most influential on the concentration
profiles. Longitudinal mixing is the shortest timescale for the sinking tracer in the shallow
layer. In the deep layer, the shortest timescale switches from longitudinal exchange to
vertical mixing and sinking at the same point at which the system switches from steady
state to unbounded. With detritus, zooplankton mortality and longitudinal mixing are the
fastest timescales in the shallow layer. In the deep layer, zooplankton mortality is also the
fastest timescale up to a certain sinking speed and the physical timescales follow similar
dynamics as the sinking tracer; this indicates that adding biology to the system influences
the processes that determine the concentration in the shallow layer.

The peak concentration occurs at a different location in the estuary at the same sinking
speed because of the time lag of biological processes. This time lag is about 1 day for
steady-state cases, but it devolves for cases which grow unboundedly because they all peak
up-estuary at X = 0 km, where vertical mixing activity is the strongest.

Lastly, sinking tracer concentration depends on four different variables, which were
summarized in a single nondimensional parameter (Section 5). This parameter allows us
to directly compare the impacts of the individual attributes of the estuary on ETMs. For
instance, given an estuary of a certain size and river flow rate, we can determine how fast a
particle needs to sink to accumulate.
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Abbreviations
The following abbreviations are used in this manuscript:

ETM Estuarine Turbidity Maximum
NPZD Nutrient–Phytoplankton–Zooplankton–Detritus
SPM Suspended Particulate Matter
TEF Total Exchange Flow

Appendix A

Appendix A.1. Varying Flushing, River Flow, and Estuary Surface Area

(a) Shallow layer tracer concentration with vari-
able estuarine flushing (Q f lush).

(b) Deep layer tracer concentration with variable
estuarine flushing (Q f lush).

(c) Shallow layer tracer concentration with vari-
able river flow (Qriv).

(d) Shallow layer tracer concentration with vari-
able river flow (Qriv).

(e) Shallow layer tracer concentration with vari-
able estuary surface area (B).

(f) Shallow layer tracer concentration with vari-
able estuary surface area (B).

Figure A1. Sinking tracer concentration profiles when varying one parameter but holding all others
constant. Results from this used to develop the dimensionless group in Section 5.
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Appendix A.2. Development of Dimensionless Group

The results above show that certain sinking speeds, estuarine flushing rate, estuary
size (width), and river flow lead to distinct sinking tracer concentrations. We obtain the
same concentration profile by varying different parameters of the model and holding others
constant. (Specifically, the concentration profiles when altering sinking and B are identical,
even though we altered different parameters.) This suggests that there is a relationship
among the parameters. We set out to find this relationship by developing a dimensionless
group. We know that the model should be able to be described by a finite number of
dimensionless groups, based on the way it is formulated.

Thus, using the Buckingham Pi theorem, we define the following dimensionless
groups from Equation (1):

dim1 =
B
L

, dim2 =
Q f lush

Qr
, dim3 =

wsL2

Qr
(A1)

We define these dimensionless groups so that no more than two parameters are varying
at a time. We next combine these dimensionless groups into one parameter. This parameter
informs the relative importance of tracer sinking, estuary surface area, estuary flow, and
river flow on accumulation intensity in an estuary. We present the non-dimensional
concentration, which we call C∗. C∗ focuses on the strength of the concentration peak in
the estuary while taking away the x-dependence of the ETMs. Thus, it summarizes the
state of the estuary in a way that can be easily compared across multiple cases. For C∗, we
use the relationship of the integral of shallow layer concentration to the total concentration,

C∗ =
( ∫

Cs∫
Ctotal

)
. For C∗, we non-dimensionalize the concentration of the shallow layer as

our metric to compare the different cases, but the results hold for the shallow and the deep
layer.

We hypothesize that C∗ is determined by a function that is a product of these dimen-
sionless groups, C∗ = ∏3

i=1 dimai
i . We performed a linear regression on the log of this

equation to determine the values of the coefficients (ai) and obtained

C∗ ≈ dim−0.50
1 dim0.75

2 dim−0.50
3

=

(
wsBL

Qr

)−0.50(Q f lush

Qr

)0.75
(A2)

Since dim1 and dim3 had the same coefficient, this suggests that they collapse into their
own group.
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Abstract: Water residence time (WRT) is a crucial parameter for evaluating the rate of water
exchange and it serves as a timescale for elucidating hydrodynamic processes, pollutant
dispersion, and biogeochemical cycling in coastal waters. This study investigates the
tidal-driven WRT patterns in the Bohai and Yellow Seas (collectively known as BYS) by
employing a tidal model in conjunction with an adjoint WRT diagnostic model and explores
the influence of tidal constituents on WRT. The findings indicate that the tidal-driven WRT
in the BYS is approximately 2.11 years, exhibiting a significant spatially heterogeneous
distribution. The WRT pattern shows a strong correlation with the pattern of tidal-driven
Lagrangian residual currents (LRCs). Semidiurnal tides have a more pronounced effect
on WRT than diurnal tides. Semidiurnal tides significantly reduce WRT across the entire
BYS, while diurnal tides predominantly influence WRT in the Bohai Sea (BS). The M2

tidal constituent is the most influential in decreasing WRT and enhancing water exchange,
owing to its dominant energy contribution within the tidal system. In contrast, the S2 tidal
constituent has a minimal effect; however, its interaction with the M2 tidal constituent
plays a significant role in reducing the WRT. The K1 and O1 constituents exert more
localized effects on WRT, particularly in the central BS, where their energy ratios relative
to M2 are relatively high. Although the amplitude of the S2 constituent exceeds that of
K1 and O1, its contribution to LRC—and consequently to WRT—is limited due to the
overlapping tidal wave with M2. This research contributes to a deeper understanding of
the influence of tidal dynamics on long-term water transport and associated timescales,
which are vital for enhancing predictions of material transport and ecosystem dynamics in
tidal-dominated environments.

Keywords: water residence time; tidal constituents; Bohai and Yellow Seas; adjoint method;
Lagrangian residual currents

1. Introduction
Water residence time (WRT) is defined as the time required for a water parcel to leave

the region of interest for the first time [1–3] and serves as a pivotal timescale parameter
for understanding ocean hydrodynamics and marine biogeochemistry cycling [4,5]. In
coastal regions, nutrient cycling, primary production, pollutant dispersion, and ecosystem
resilience are highly related to the WRT [5–7]. A short WRT promotes water renewal, which
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limits pollutant accumulation but may restrict nutrient retention, potentially inhibiting pri-
mary production. Conversely, a longer WRT enhances nutrient retention and organic matter
sedimentation, thus supporting productivity and increasing the risks of eutrophication and
hypoxia [7–9]. Furthermore, WRT can provide insights into ecosystem connectivity and
resilience, which is critical for understanding how ecosystems respond to anthropogenic
pressures and climate change [5]. Given its significant implications for marine ecology and
environmental management, investigating the variability of WRT in coastal waters and its
underlying dynamic mechanisms is essential [10,11].

The variability of WRT in coastal waters is influenced by various physical processes
and their interactions. For example, seasonal and interannual variations in WRT in the
Chesapeake Bay are primarily driven by fluctuations in river discharge and wind [12],
with gravitational circulation also playing a significant role [13,14]. Research has indicated
that the distribution and seasonal changes of water residence time (WRT) in the BS and
Subei Coastal waters are primarily influenced by tidal and wind forces [9,15]. Further-
more, it has been suggested that wind-driven coastal currents and their interactions with
tides play a significant role in determining WRT in the eastern shelf seas of China [16].
Tides, as substantial components of coastal hydrodynamics, play essential roles in the
hydrodynamic processes and water exchange in coastal regions [17–21]. While previous
studies have primarily focused on the overall patterns of WRT influenced by all physical
processes in coastal waters, the characteristics of WRT solely driven by tidal forces have
not been fully elucidated. In particular, the contributions of various tidal constituents
and their differing roles in WRT remain unclear. Due to rising sea levels and changes
in the coastline resulting from land reclamation, the coastal tidal system is undergoing
significant transformations [22]. Different tidal constituents exhibit varying responses to
these changes [23]. Understanding the tidal-driven WRT and the roles of tidal constituents
is crucial for assessing the potential future alterations in water exchange capacity in coastal
regions, as well as the subsequent impacts on the marine environment and ecology.

This study aims to investigate the patterns of tidal-driven WRT in the Bohai and Yellow
Seas (collectively known as BYS), which are typical enclosed shelf seas, and to elucidate
the roles of various tidal constituents through three-dimensional tidal simulations and a
diagnostic model of WRT. The structure of this paper is organized as follows: Section 2
introduces the tidal simulation methodology, the WRT diagnostic model, and the numerical
experimental designs. Section 3 presents the results of the tidal-driven WRT in the BYS
and examines the influence of different tidal constituents on WRT. Section 4 discusses
the formation of the WRT patterns and the contributions of various tidal constituents by
analyzing the tidal-driven Lagrangian residual currents (LRCs). Finally, Section 5 provides
a concise conclusion.

2. Methods
2.1. Study Area

The Bohai and Yellow Seas (collectively known as BYS), characterized by a mean water
depth of approximately 40 m and bordered by China and the Korean Peninsula, are typical
semi-enclosed coastal seas (Figure 1). The BYS features a strong and complex tidal system,
including semidiurnal constituents (M2, S2) and diurnal ones (K1, O1), significantly influ-
encing hydrodynamics and water exchange processes [16,24]. Previous studies utilizing
hydrodynamic models have explored the seasonal and spatial variations in WRT driven by
various dynamic processes within the BYS. For instance, substantial seasonal fluctuations in
WRT in the BS, influenced by wind, tidal forces, and river discharge, were revealed through
three-dimensional modeling [15]. Moreover, it has been shown that the WRT pattern and
its variability in the BYS as well as the coastal waters of the Yellow Sea (YS) are significantly
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affected by the interactions between tides and wind, based on a hydrodynamic model
considering complete dynamic processes [9,24]. By comparing various hydrodynamic
processes, a previous study by Lin et al. (2020) suggested that tides are the predominant
factor influencing the WRT in the BYS [16]. Nonetheless, the patterns of tidal-driven WRT
and the roles of different tidal constituents in the BYS remain poorly understood.
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Figure 1. Topography and the model domain of the BYS (the upper panel). The red lines denote the
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2.2. Tidal Simulation by the MERF Model

The hydrostatic and barotropic versions of the Marine Environment Research and
Forecasting (MERF) ocean model [25] were employed in this study to simulate the tidal
process. MERF employed the three-dimensional, primitive, non-hydrostatic equations gov-
erning the ocean dynamics, using the Boussinesq approximation and the terrain-following
σ-coordinate system [25]. The two-equation turbulence closure model (MY2.5) [26] was
implemented in the model to determine the values of the vertical viscosity coefficient and
diffusion coefficient.

As shown in Figure 1, the model domain covers the entire BYS. The domain was
discretized into a 333 × 333 grid horizontally with a resolution of approximately 3 km
(1/30 degree) and into 21 σ-levels vertically. A time step of 30 s was adopted. The model
was forced by tidal elevation at the open boundaries, which were calculated based on
the tidal amplitudes and epochs of 8 tidal constituents (M2, S2, K1, O1, N2, K2, P1, and
Q1). Data for these 8 tidal constituents were obtained from the global ocean tides model
TPXO8-atlas TOPEX/Poseidon (https://www.tpxo.net/tpxo-products-and-registration,
accessed on 13 June 2022). The tidal model was run for 396 days, starting from 2 December

https://www.tpxo.net/tpxo-products-and-registration
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2019. The simulation results from the last 366 days were output for tidal harmonic analysis
and used to drive the WRT model. The amplitudes and epochs of the four primary tidal
constituents (i.e., M2, S2, K1, and O1) were validated using data from the 36 tide gauge
stations (https://www.chaoxibiao.net/, accessed on 17 August 2023). In the absence
of observational data for tidal currents during the simulation period, validation of the
modeled tidal currents was conducted by comparing tidal current ellipses with data from
the TPXO8 atlas. Meanwhile, given the strong correlation between tidal elevations and
currents, validating tidal amplitudes and epochs can serve as an indicator of the accuracy of
the modeled tidal currents. Model outputs—including water depth, velocity, and diffusion
coefficients—were saved at 30 min intervals and used to drive the WRT model introduced
in Section 2.3.

2.3. Diagnosis of Water Residence Time

In this study, WRT is diagnosed using the adjoint method [2] under the framework of
the constituent-oriented age and residence time (CART) theory [2,27,28]. By solving the
adjoint problem associated with tracer transport, the WRT equation is derived as follows [2]:

∂θ

∂t
+ δω(x) + V · ∇θ +∇ ·

[
K · ∇θ

]
= 0, (1)

where θ represents the WRT, V denotes the three-dimensional velocity field, K is the
diffusion tensor, δω(x) represents the characteristic function of the control region ω, and

δω(x) =

{
1 ∀x ∈ ω

0 ∀x /∈ ω
. The adjoint method enables the calculation of spatiotemporal

variations in WRT through a single backward model run.
Based on the adjoint Equation (1), a WRT diagnosis model [29] was applied to deter-

mine the spatiotemporal distribution of the WRT in the BYS based on the adjoint method.
This model functions as a submodule of the Marine Environment Research and Forecasting
model. The governing equations are solved using the finite-difference method, maintaining
consistency in grids and vertical layers with the hydrodynamic model. This model has
been successfully applied to study WRT in multiple regions, including Jiaozhou Bay [29],
the BS [15], the eastern shelf seas of China [16], and the Subei Coastal Water of the YS [9].
These studies showed the high reliability of the WRT model.

In the calculation, the closed boundary is set to
→
n ·

(
∇θ

)
= 0 , with

→
n as the outgoing

unit vector normal to the boundary. For the open boundary (red lines in Figure 1), a
homogeneous Dirichlet boundary condition (θ = 0) is imposed, representing the time
required for a water parcel to leave the control region for the first time [2,30,31]. The WRT
model was executed for a 10-year spin-up period using water depth, velocity, and diffusion
coefficients derived from the tidal model. This duration ensured the attainment of a stable
WRT variation in the BYS, effectively eliminating the influence of initial conditions on the
WRT [12,31]. The WRT values of the 10th year were subsequently utilized for analysis.

2.4. Numerical Sensitivity Experiments

To investigate the impact of different tidal constituents on WRT in the BYS, we con-
ducted two groups of numerical sensitivity experiments. In each experiment, one or several
tidal constituents were removed from the tidal model, and then the WRT result was calcu-
lated by the WRT model driven by the changed tidal model. Then, the WRT results from
different experiments were compared with the control run (i.e., the calculation including
all eight tidal constituents) to quantify the impact of various tidal constituents on the WRT
in the BYS. In the first group of experiments, we excluded either the semidiurnal or diurnal
tidal constituents from the tidal model, separately, and calculated the corresponding WRT

https://www.chaoxibiao.net/


Water 2025, 17, 884 5 of 19

for the two cases (hereinafter referred to as “NoSemidiurnal” and “NoDiurnal” cases,
respectively). In addition, we, respectively, excluded the M2 + S2 and K1 + O1 constituents
from the tidal model individually to examine the effect of interaction between the primary
semidiurnal or diurnal tidal constituents (hereafter referred to as “NoM2S2” and “NoK1O1”
cases, respectively). In the second group of experiments, we, respectively, excluded the
M2, S2, K1, and O1 constituents from the tidal model individually and then calculated
the corresponding WRT values for the six cases (hereafter referred to as “NoM2”, “NoS2”,
“NoK1”, and “NoO1” cases, respectively).

2.5. Lagrangian Residual Currents

In coastal waters, the Lagrangian residual currents (LRCs) have been recognized as
determinants of long-term water transport [32–34]. The tidal-driven Lagrangian residual
currents (LRCs) in the BYS were diagnosed and analyzed to help understand the role of
tides on the WRT. The LRC is defined as the net displacement of a labeled water parcel over
one or multiple tidal cycles, divided by the corresponding time interval, which is calculated
using the following equation [32,33]:

uL(X, τ; t0) = ⟨u[X0 + ξ(t; τ), t; τ]⟩ = ξnr

nT
, (2)

where uL represents the LRC; X denotes the position vector; X0 represents the initial position
vector; t and τ represent the intra-tidal process-independent time and the inter-tidal process-
independent time, respectively; t0 is the initial time at which the water parcel is tracked;
u(X0 + ξ(t; τ)) is the instantaneous velocity, where u = ∂ξ

∂t ; ξ(t; τ) is the displacement of
the water parcel, where ξ = X − X0; ξnr represents the net displacement of the water parcel
over n tidal cycles; and T is the tidal period.

Based on Equation (2), we implemented a particle tracking model to determine the net
displacement of particles after a period of 30 days (one month). The particle tracking model
utilized in this study is derived from open-access code that has been previously employed
in other studies, including the calculation of the LRC [15,35]. In the particle tracking model,
a spatial linear interpolation method was implemented to derive velocity values at the
particle locations, facilitating a smooth transition of velocity values between grid nodes and
reducing the discontinuities of the current field. The LRC was calculated by dividing this
net displacement by 30 days. At the initial time step, particles were released at the center of
each grid cell of the tidal model. We computed the LRC for the sensitivity experiments in
Section 2.3 and analyzed the LRC characteristics of tidal constituents. Although we lack
data to validate the LRC, the correspondence between the LRC and the WRT presented
below may offer some evidence supporting the model’s validity.

3. Results
3.1. Validation of the Tidal Simulation

The cotidal charts of the four principal tidal constituents (M2, S2, K1, and O1) in the
BYS obtained from the tidal model are shown in Figure 2. The simulation results of our
tidal model are consistent with the marine atlas of the BS and YS [36], the observations
of the satellite altimeter [37], and numerical simulations [38–40], particularly showing
high agreement in terms of amphidromic point locations and amplitude distribution.
Furthermore, we validated the simulated tidal amplitudes and epochs of the tidal model
against observations from tide gauge stations (Figure 3), which show high consistency
with each other. The root mean square errors (RMSEs) of the amplitude for the M2, S2,
K1, and O1 tidal constituents are 7.4 cm, 4.5 cm, 1.9 cm, and 2.1 cm, respectively, and the
RMSE values of the epoch for these constituents are 10.6◦, 9.2◦, 5.1◦, and 5.8◦, respectively.
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Meanwhile, the modeled tidal current ellipse demonstrates strong consistency with the
data from the TPXO8-atlas (Figure 3c,d). Therefore, the tidal model of the BYS established
in this study can well represent the tidal characteristics and be reliable for simulating the
tidal dynamic processes in the BYS.
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3.2. Tidal-Driven WRT in the BYS

Driven by the tides in the BYS, the WRT was diagnosed using the WRT model. The
spatially averaged WRT for the BYS, the BS, and the YS are 2.11 years, 2.40 years, and
2.05 years, respectively. Influenced by the tidal cycles, the spatially averaged WRT in the
BYS exhibits a semidiurnal tidal variation (Figure 4a) and a spring–neap tidal cycle on a
monthly scale (Figure 4b). However, these tidal variations are only approximately 4–6 days,
which is small compared to the average WRT of 2.11 years for the BYS. Similarly, although
there are significant differences in the WRT values across different experiments, the tidal
variation within each experiment is negligible (Figure 4c).

In space, the WRT in the BYS exhibits significant inhomogeneity (Figure 5). Overall,
the WRT is longer in the BS and relatively shorter in the YS. Specifically, the central and
southern areas of BS, the central YS, and the southern waters off the Korean Peninsula are
characterized by longer WRTs, reaching up to 3 to 6 years in the central BS and central
YS. This indicates a lower rate of water exchange in these areas. In contrast, the coastal
waters of the YS—particularly those of the Liaodong Peninsula, the northwestern side of
the Korean Peninsula, the eastern side of the Shandong Peninsula, and along the southern
waters of the Jiangsu coast—have shorter residence times, approximately 1 to 2 years,
suggesting a faster water exchange in these regions.
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Figure 4. The spatially averaged WRTs in the BYS over a month: (a) hourly mean, (b) daily mean,
(c) daily mean for the nine cases. Note that (b) uses a small range on the Y-axis to show the daily
variations in the WRT.
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3.3. Effects of Tidal Constituents on the WRT

Using the sensitivity experiments, the effects of different tidal constituents (semidiur-
nal tides, diurnal tides, and the four primary tidal constituents) on the WRT are investigated.
In the NoSemidiurnal case, the average WRT values are 5.71 years in BYS, 3.86 years in BS,
and 6.10 years in YS (Table 1). Compared to the control run, the spatially averaged WRT in
the BYS increases by 170% (Figure 6a). Figure 6b shows that the absence of semidiurnal
tides leads to a significant increase in WRT across most areas of the YS and the center and
south of the BS, with increases of up to approximately 3 years. This finding suggests that the
semidiurnal tides significantly reduce the WRT and, thus, enhance water exchange in the
BYS. In addition, the NoM2S2 case shows similar WRT and changes to those observed in the
NoSemidiurnal case (Table 1 and Figure 6e,f), indicating that the two primary semidiurnal
constituents, M2 and S2, could play major roles in the role of semidiurnal tides on the WRT.

Table 1. The spatially averaged WRT in various regions for different sensitivity experiments.

Region Control
Run NoSemidiurnal NoDiurnal NoM2S2 NoK1O1 NoM2 NoS2 NoK1 NoO1

BYS
(year) 2.11 5.71 2.29 4.92 2.24 3.68 2.20 2.16 2.13

BS (year) 2.40 3.86 3.09 3.42 2.93 3.08 2.40 2.73 2.67
YS (year) 2.05 6.10 2.12 5.24 2.09 3.80 2.15 2.04 2.01

In contrast, the NoDiurnal case with WRT values of 2.29 years in BYS, 3.09 years in BS,
and 2.12 years in YS (Table 1) in the respective regions has a relatively small difference from
the control run. The spatially averaged WRT in the BYS increases by only 8.5% compared
to the control run. The spatial distribution of WRT in the NoDiurnal case (Figure 6c) is
generally similar to that in the control run (Figure 5). The difference distribution (control
run–NoDiurnal, Figure 6d) shows that in the NoDiurnal case, the change in WRT mainly
occurs in BS. The change in BS is comparable to that in the NoM2 case. The diurnal
tides increase the WRT by 1 to 2 years in the central BS and decrease the WRT by about
3 years in the northwest of the BS. Overall, the semidiurnal tides have a more pronounced
effect on the WRT than the diurnal tides, which is related to the stronger amplitude of the
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semidiurnal tides, while the effect of diurnal tides is mainly in the BS. Similarly, the two
primary semidiurnal constituents, K1 and O1, play major roles in the role of diurnal tides
on the WRT (Table 1 and Figure 6g,h).
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The WRT results of the second group of numerical experiments are shown in Figure 7.
In the NoM2 case, the WRT in the BYS significantly increased, with a spatial average of
3.68 years, representing a 74.4% increase compared to the control run (Figure 7a). This
increase is particularly pronounced in the central YS, where it reaches approximately
3 years. The WRT difference between the control run and the NoM2 case (Figure 7b) further
shows that the presence of the M2 tidal constituent significantly reduces the WRT in most
areas of the BYS, especially highlighting its crucial role in accelerating the water exchange



Water 2025, 17, 884 10 of 19

of the YS. In the NoS2 case, the spatially averaged WRT is 2.20 years, and the spatial
distribution of the WRT (Figure 7c) is very similar to that of the control run. The WRT
difference between the control run and NoS2 (Figure 7d) further reveals no significant
changes in WRT, suggesting a minimal impact from the S2 tidal constituent. In the NoK1

and NoO1 cases, the spatially averaged WRT values are 2.16 and 2.13 years, respectively,
and the spatial distributions of WRT are nearly identical (Figure 7e,g). Their differences
with the control run (control run—NoK1, Figure 7f; control run—NoO1, Figure 7h) showed
that the effects of the K1 and O1 tidal constituents are relatively strong in the BS, but weak
in the YS.
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Furthermore, the combination of the two experimental groups indicated that the WRT
in the NoM2S2 case (4.92 years) is significantly longer than the WRT observed in both the
NoM2 (3.68 years) and NoS2 (2.20 years) cases (see Table 1 and Figures 6 and 7). This
finding suggests that the interaction between the two primary semidiurnal constituents, M2
and S2, may also be critical in influencing WRT. Overall, the effects of the tidal constituents
on the WRT in the BYS exhibit significant differences. The M2 tidal constituent leads to a
substantial decrease in the WRT, while the S2, K1, and O1 tidal constituents have relatively
minor effects on the WRT. The influence of the K1 and O1 tidal constituents is primarily
confined to the central and northern parts of the BS, while the S2 tidal constituent has the
least impact on water exchange in the BYS.

4. Discussion
4.1. Comparison with Previous Studies

In contrast to previous studies that examined water residence time (WRT) patterns or
seasonal variations influenced by various dynamic processes, including tides, wind, and
river discharge (e.g., Luo et al. [15]; Lin et al. [16]), the present study specifically investigates
the WRT pattern driven solely by tidal forces, with a focus on the roles of different tidal
constituents. Although this study employed the same WRT diagnostic methodology as
the prior research, it utilized a different boundary for the calculations. Luo et al. [15] and
Lin et al. [16] defined their boundaries at the Bohai Strait and the shelf break of the eastern
shelf seas of China, whereas this study established its boundary at the interface between
the Yellow Sea (YS) and the East China Sea. The variation in boundary definitions is likely
to result in differing WRT estimates.

For instance, Lin et al. [16] reported average WRTs of 11.60 years in the Bohai Sea (BS)
and 4.95 years in the YS, which are substantially longer than the WRTs found in this study
(2.40 years and 2.05 years, respectively). Luo et al. [15] calculated an annual mean WRT of
3.43 years in the BS, slightly higher than the values reported here. This discrepancy may
be attributed to the stratification present in the Bohai Sea, which may limit bottom water
mixing and exchange, thereby prolonging the WRT.

Moreover, while the tidal-driven WRT exhibited similar values in the BS and YS in
this study, Lin et al. [16] observed a significantly higher WRT in the BS compared to the YS.
This finding suggests that other hydrodynamic processes, such as wind-driven currents,
contribute to the increased disparity in WRT between the YS and BS. In the YS, strong wind-
driven coastal currents and the warm current of the Yellow Sea facilitate water exchange.
In contrast, in the BS, wind-driven currents may be hindered by shallower water depths
and considerable bottom resistance, resulting in a much longer WRT compared to that in
the YS [16].

4.2. Formation Mechanism of the Tidal-Driven WRT Pattern

The tidal-driven LRC in the BYS, which represents long-term transport by the tidal
currents [33,34], is analyzed to understand the spatial patterns of the tidal-driven WRT.
A comparison of the LRC (Figure 8) and the WRT (Figure 5) shows a significant spatial
correlation. The LRC (Figure 8) is relatively weak in the central BS and the central YS, with
flow speeds generally below 0.005 m/s, corresponding to the higher WRT observed in
these areas (Figure 5). The weaker LRC in these regions facilitates water retention, thereby
leading to a longer WRT. In contrast, coastal regions, such as the Liaodong Peninsula,
Shandong Peninsula, Korean Peninsula, and the Jiangsu Coast, exhibit stronger LRCs, with
local speeds reaching up to 0.02 m/s or more, corresponding to a lower WRT. Stronger
LRCs in the coastal regions accelerate the water exchange rate, thereby reducing the WRT.
In addition, the direction of the LRC also influences the WRT in the BYS. In the central BS
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and the central YS, the LRC exhibits eddy structures (Figure 8). These LRC eddies could
trap the water inside the eddies to some extent and, thus, significantly extend the WRT in
these regions (Figure 5). In nearshore regions, the LRC generally flows outward toward the
open sea, such as along the coasts of the Liaodong and Shandong Peninsulas and Jiangsu.
The LRC exhibits along-shore flow patterns that facilitate the transport of coastal waters
offshore, thereby reducing the WRT in these regions.
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Other processes, such as tidal pumping and tidal dispersion, may also influence
water transport, particularly in proximity to topography. In the majority of this study, the
terrain is relatively flat, which likely confines their effects primarily to the coastal regions.
Furthermore, the spatial scale of the study area is approximately 1000 km, with a mean
lateral residual current (LRC) of approximately 0.01 m/s (Figure 8). Consequently, the
estimated water residence time (WRT) induced by the LRC is approximately 3.2 years,
which closely aligns with the modeled WRT value. This suggests that the LRC is the
predominant factor influencing the WRT within the overall system.

4.3. Roles of Different Tidal Constituents on the WRT

In the sensitivity experiments, the changes in the LRC for different tidal constituents
can explain the changes in the WRT well. Compared to the control run results (Figure 8), the
intensity of LRC in almost the entire BYS weakens in the NoSemidiurnal case (Figure 9a),
with the most pronounced reduction occurring in the coastal regions, where the decrease
reaches up to 0.02 m/s. The LRC reduction induces a slower water exchange rate and
longer WRT (Figure 6a). The LRC induced by the semidiurnal tides (i.e., LRC in control run–
NoSemidiurnal, Figure 9b) shows the strong currents along the coast of the BYS, indicating
that the semidiurnal tides could facilitate the water export in the BYS mainly by inducing
the coastal water transport. In the NoDiurnal case, the LRC is weakened in the central BS,
while the LRC in the YS is generally similar to those in the control run (Figures 8 and 9c).
The difference in the LRC (control run–NoDiurnal, Figure 9d) indicates that the diurnal
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tide has a significant effect on the LRC in the BS, especially on the LRC eddy, and a minimal
effect on the LRC in the YS. The diurnal tides enhance the LRC intensity in the coastal BS
(Figure 9d), thereby reducing the WRT in the coastal BS. However, the diurnal tides also
enhance the LRC eddy in the central BS, which exacerbates the trapping of the water in
the central BS and, thus, increases the WRT in the central region (Figure 6d). In summary,
both the semidiurnal and diurnal tidal constituents exert an influence on the LRC in the
BYS. The semidiurnal tides primarily affect the intensity of the LRC along the coasts of the
BYS, as well as the eddy structures in the central BS, thereby influencing the WRT in these
regions. In contrast, the diurnal tides have a significant impact on the LRC intensity and
eddy structures in the central BS, with minimal effects in other regions.

The significant influence of the interaction between M2 and S2 on the WRT is also
supported by the stronger LRC in the NoM2S2 case compared to both the NoM2 and NoS2

cases. The superposition of M2 and S2 generates the spring–neap tidal cycle. During spring
tides, the tidal currents are significantly intensified, leading to enhanced residual currents
and water exchange. Although the tidal currents and water exchange are diminished
during neap tides, the strengthening effect of spring tides on the water exchange may
surpass the weakening effect of neap tides, indicating a non-linear interaction among tidal
constituents that influences long-term water transport and WRT.

The LRCs of the NoM2, NoS2, NoK1, and NoO1 sensitivity experiments are shown
in Figure 10a,c,e,g, respectively. By subtracting the LRCs of the sensitivity experiments
from that of the control run, we can obtain the LRCs induced by M2, S2, K1, and O1

(Figure 10b,d,f,h), respectively. In comparison, M2 induces strong LRCs along the coasts
of the BYS and in the central BS (Figure 10b), suggesting the critical role of the M2 tidal
constituent in driving water exchange along the coasts of the BYS and in the central BS.
Therefore, M2 plays an important role in the long-term water transport and WRT pattern in
the BYS. The S2 tidal constituent has a relatively weak influence on the LRC in the entire
BYS (Figure 10d) and, thus, a weak influence on the WRT. The K1 and O1 tidal constituents
mainly influence the LRC in the BS (Figure 10f,h) and, thus, the WRT in the BS.

The different roles of the tidal constituents on the LRC and WRT could be related
to their different tidal energies, as demonstrated by the significant correlation between
the tidal energy and change in WRT (Figure 11a). The tidal energy (quantified using the
square of the tidal amplitude [41]) of M2 is mainly concentrated in the nearshore and
shallow regions of the BYS (Figure 11b), which induces strong coastal tidal currents and
LRCs and, thus, facilitates the water export of the BYS. The tidal energies of S2, K1, and
O1 are significantly lower than that of the M2 constituent (Figure 11c–e). Because the M2

constituent dominates the tidal energy and dynamics of the BYS (Figures 2 and 11), exerting
a primary influence on the WRT. Due to the tidal wave overlap of the S2 with M2, the
contribution of the S2 constituent on the LRC and WRT is limited, although the amplitude
of S2 is stronger than K1 and O1 (Figure 2). On the contrary, although the amplitudes of
K1 and O1 are relatively small, they have a relatively high energy ratio to M2 in the BS,
particularly in the central BS around the M2 amphidromic points (Figures 2 and 11) and,
thus, they can modulate the LRC in the BS, which can explain the pronounced effects of K1

and O1 on WRT in the BS.
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5. Conclusions
This study examines the tidal-driven WRT in the BYS, elucidating the influence of

various tidal constituents, including semidiurnal and diurnal tides, on WRT. We deter-
mined that the tidal-driven WRT values for BYS, BS, and YS are 2.11 years, 2.40 years, and
2.05 years, respectively. The tidal-driven WRT exhibits a significant spatially heteroge-
neous pattern, which correlates with the distribution of the tidal-driven LRC. Our results
indicate that semidiurnal tides exert a greater influence on WRT compared to diurnal
tides. Specifically, semidiurnal tides substantially decrease WRT across the entire BYS,
whereas diurnal tides primarily affect WRT in the BS. The various tidal constituents have
distinct effects on the spatial distribution of WRT. The M2 tidal constituent is the most
influential in reducing WRT and facilitating water exchange due to its predominant energy
contribution within the tidal system. In contrast, K1 and O1 have more localized effects on
WRT, particularly in the central BS, where their energy ratios relative to M2 are relatively
high. Although the amplitude of the S2 constituent is greater than those of K1 and O1, its
contribution to LRC and, consequently, to WRT is limited due to the overlapping tidal
wave effects with M2. This research enhances the understanding of the impact of tidal
dynamics on long-term water transport and its associated timescales, which are crucial
for improving our understanding and predictions of material transport and ecosystem
dynamics in tidal-dominated environments.
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