
Limnol. Oceanogr. 67, 2022, 918–933
© 2022 The Authors. Limnology and Oceanography published by Wiley Periodicals LLC on
behalf of Association for the Sciences of Limnology and Oceanography. This article has

been contributed to by U.S. Government employees and their work is in the public
domain in the USA.

doi: 10.1002/lno.12045

Simple relationships between residence time and
annual nutrient retention, export, and loading for estuaries

Jian Shen ,1 Jiabi Du ,1,2 Lisa V. Lucas 3*
1Virginia Institute of Marine Science, The College of William & Mary, Gloucester Point, Virginia
2Applied Ocean Physics and Engineering Department, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts
3U.S. Geological Survey, Water Mission Area, Integrated Modeling and Prediction Division, Menlo Park, California

Abstract
Simple mathematical models are derived from mass balances for water and transported substance to provide

insight into the relationships between import, export, transport, and internal removal for nonconservative sub-
stances in an estuary. Extending previous work, our models explicitly include water and substance inputs from the
ocean and are expressed in terms of timescales (i.e., mean residence time and the timescale for net removal).
Steady-state, timescale-based expressions for ratios of export to import, retention to import, and net export to load-
ing, as well as for loading and annually averaged concentration, are provided. The net export:loading model explains
the underlying mechanisms for a well-known empirical relationship between fractional net export and residence
time derived by other authors. Although our simplified models are first-order approximations, the relative impor-
tance of physical and biochemical processes influencing export or retention of a substance can be assessed using
mean residence time and the timescale for net removal. Assumptions employed in deriving the simplified models
(e.g., well-mixed, dynamic steady state) may not be met for real estuaries. However, model application to Chesa-
peake Bay for 1985–2012 demonstrates that interannual variations in total nitrogen (TN) net export:loading can be
evaluated, and annual nutrient loadings can be well estimated using numerically modeled time-varying mean resi-
dence time, observation-based mean concentration, freshwater inflow, and an appropriately estimated removal
timescale. Our model shows that net fractional export of TN loading ranges from 0.3 to 0.5 over the 28-yr period.
The models can be employed for other substances and water bodies if the underlying assumptions are applicable.

Anthropogenic input of excessive nutrients is the main
cause of eutrophication over the past few decades
(Nixon 1995; Carpenter et al. 1998; Diaz 2001). Both the
amount of nutrient input and the nutrient retention time
contribute to the formation and severity of eutrophication in
a waterbody. Because nutrients are carried by the fluid in a
waterbody, retention of nutrients depends, in part, on the
transport processes within the waterbody. Time spent during
transport within an estuary determines time of exposure of
substances to source-sink processes occurring inside the estu-
ary, thus also influencing how much substance is available for
export (Lucas et al. 2009). A first-order characterization of
transport processes is provided by the water residence time

(Monsen et al. 2002). Residence time is a key timescale for esti-
mating the time spent by constituents or pollutants in a water
body (Delhez et al. 2004) and is one of the most widely used
concepts for quantifying the renewal of the water. Residence
time is one of several “transport timescales” (e.g., flushing
time, age, turnover time, freshwater replacement time) that
can be estimated to distill complex hydrodynamic processes
(Takeoka 1984; Monsen et al. 2002).

A number of authors have previously explored relation-
ships between the nutrient balance and residence time or
other transport timescales (Lucas and Deleersnijder 2020). For
example, Vollenweider (1975) and Dillon and Rigler (1974)
used simple mass balance models to show that nutrient reten-
tion in lakes is a function, respectively, of “mean residence
time” or “replenishment coefficient.” Nixon et al. (1996) stud-
ied the empirical relationship between “residence time” and
nutrients exported from estuaries and lakes. They found that
the net export:import ratios for total nitrogen (TN) and total
phosphorus (TP) can be described well by empirical linear-log
functions of residence time. Dettmann (2001) derived a sim-
plified mass balance model for TN, proposing relationships
between freshwater replacement time and annually exported
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nitrogen and denitrification in estuaries. Using that simplified
model, observations, and estimated transport timescales for
several estuaries, he showed that the ratio of net TN export to
upland loading and the fraction of upland TN loading
denitrified can both be estimated based on the net annual
removal rate and (surrogates for) freshwater replacement time
(also referred to by that author as “freshwater residence time”).
It should be noted that the previous mass balance-derived
models of Dettmann (2001) and Vollenweider (1975) did not
explicitly account for or delineate inputs from a downstream
adjacent water body (in the case of an estuary, the ocean).
Moreover, the definitions of “residence time” implemented by
the above authors are not all consistent.

Although these previous models advanced our understand-
ing of how residence time influences export and retention of
reactive substances in aquatic systems, some questions still
need to be addressed: (1) Can the simple mass balance
approach for predicting export ratios be extended to explicitly
account for material import from the ocean, and how would
such a new model differ from previous ones? (2) Are the
empirical and extended mass balance approaches for
predicting export ratios consistent with each other? (3) Are
there general timescale-based expressions relating constituent
loading, ocean input, internal loss, mean concentration, and
export that apply not only to nutrients, but potentially also to
other water quality constituents for estuaries or other
waterbodies (within assumptions)?

One of the challenges in applying these simple models is
the determination of residence time. It is frequently unclear
what kind of “residence time” or other transport timescale
should be used, as the values associated with different trans-
port timescales and even with different definitions for “resi-
dence time” can vary substantially (Monsen et al. 2002; Lucas
and Deleersnijder 2020). A large error may be expected if an
inappropriate timescale is used. In addition, residence time
can vary significantly with freshwater discharge and other
dynamic conditions in an estuary, so usually there is not a sin-
gle value applicable for all time. A clear definition and an
accurate estimation of residence time is therefore needed.

For this study, we adapted the concepts and approaches of
Vollenweider (1975) and Dettmann (2001) to derive our sim-
plified models. Like their previous models, our new model for
exported (or retained) substance depends on both the net
removal timescale and the residence time. One difference is
that the simple models herein are based on two mass balances
(water, substance); whereas those authors built their models
using only conservation of substance mass. Because the con-
servation of water and substance are both incorporated into
our models, the contribution of import at the seaward bound-
ary can be explicitly delineated and accounted for (a key dif-
ference relative to the previous models).

The ultimate objective of this study is to provide insight
into the relationship between the transport and net removal
timescales and the mass balance of transported, reactive

material in an estuary, to better understand the dynamics of
material retention and export. Application of our models to
the Chesapeake Bay demonstrates that they are useful for esti-
mating annual TN net export:import and total annual loadings
for TN and TP. The models can also be applied to lakes and
other waterbodies for other substances if the underlying
assumptions are applicable.

The method
The goal in this section is to derive basic relationships relat-

ing fluxes, loads, and concentrations of substances to trans-
port and loss processes in an estuary, and to express these
relationships in terms of timescales. (Timescales are useful
encapsulators of complexity, sometimes leading to simple but
useful mathematical models; Lucas and Deleersnijder 2020.)
We derive these relationships with the ultimate objective of
describing the relevant balances and processes as averages over
the estuary and over a chosen period of time (e.g., 1 yr), while
acknowledging that many processes contributing to distribu-
tions and transport of materials in an estuary are inherently
spatially and temporally variable over finer scales.

Balance of water and mass
As the foundation for our derivations, we begin with mass

balances for water volume, and then for mass of the trans-
ported constituent. We assume the estuary or coastal embay-
ment of interest is a partially enclosed waterbody with tidal
inflow and outflow through one principal opening. The time-
averaged mass balance of water volume over a specified aver-
aging period T (e.g., T = tidal cycle, day, month, or year) can
be written as follows:

dV
dt

¼Qin�QeþQf , ð1Þ

where each variable is an average over the averaging period
T but may vary between periods. A detailed derivation is pres-
ented in Supporting Information Section S1. (For simplicity,
we have replaced variables with over-bars [used in Supporting
Information Section S1 to denote time-averages] with upper
case variables here. Equation 1 [Eq. 2] is therefore equivalent
to Supporting Information Eq. S5 [Eq. S7].) Qin (m3 d�1) is the
time-averaged total (mixed new ocean and ebb) water that
enters the estuary through the ocean boundary; Qe (m

3 d�1) is
the time-averaged total mixed water that leaves the estuary; Qf

(m3 d�1) is the average total daily freshwater input; and V is
the mean volume of the waterbody (m3).

For material transport, we assume that the time-averaged
total mass of the substance in the estuary over the averaging
period T can be expressed by a spatial and temporal mean
concentration C (g m�3) times the mean estuary volume. We
further assume that (1) the mass of the substance exported
due to transport is proportional to this mean concentration,
and (2) the internal net removal (or regeneration) of the
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substance from the water column due to biochemical pro-
cesses or settling is also proportional to the mean concentra-
tion (i.e., a first-order reaction). The first-order time-averaged
mass balance for a transported, reactive substance can then be
written as follows (see Supporting Information Section S1 for
derivation):

d VCð Þ
dt

¼QinCin�QeC�kVCþL, ð2Þ

where each variable is an average over the averaging period T.
L is time-averaged total mass loading discharged into the
waterbody (g d�1). The coefficient k (d�1) is a simplified repre-
sentation of the net removal rate that accounts for biochemi-
cal processes, settling, and other processes (e.g., bottom flux).
For example, the removal of TN includes both settling to the
bottom and denitrification. For the cases considered herein,
the net removal rate is positive; however, Eq. 2 may be appli-
cable for situations where that rate is negative (generation or
growth). In the time-averaged substance mass balance equa-
tion (Eq. 2), the net removal rate is the mean value over the
averaging period T. QeC is an estimate of the time-averaged
mass exported due to transport at the ocean boundary. Expres-
sion of the outward flux as QeC indicates an implicit assump-
tion that the estuary is well mixed (i.e., that the outgoing
concentration is the same as the mean internal concentration;
see discussion of this later in the “Assumptions and Caveats”
section). Cin is the mean concentration of the substance enter-
ing at the seaward boundary and represents the combination
of mixed new substance from the ocean and ebb water over
the period of concern.

To further simplify our derivations and understand the rela-
tionship between mass transport and transport timescales, we
next express the water and constituent mass balances in
steady-state form. Under the steady-state assumption, Eqs. 1
and 2, respectively, can be written as follows:

Qe ¼QinþQf , ð3Þ
QeCþkVC¼QinCinþL: ð4Þ

Although the assumptions employed to derive Eqs. 3 and 4
neglect spatial variation within the estuary and temporal varia-
tion within the averaging period, it will be shown that these
expressions can be applied to study the mean condition and
variability between averaging periods of length T. See “Assump-
tions and Caveats” for further discussion of these assumptions.

Mean residence time
Both the average inflow from the sea (Qin) and outflow to

the sea (Qe) in Eqs. 3 and 4 are often unknown. In this sec-
tion, we will show that they can be estimated using the mean
residence time for an estuary. Following many previous
authors, residence time has been defined as the time taken by
a particle of a constituent “to leave a water body or defined

region of interest” (Lucas and Deleersnijder 2020). Here, we
follow the definition of “particle” provided by Lucas and
Deleersnijder (2020), that is, a material point possessing zero
volume but nonzero mass of a single transported constituent,
thus containing potentially many like molecules, cells, grains,
and so on that share the same history. By the above defini-
tion, residence time varies spatially and temporally, as parti-
cles located in different parts of the domain, or discharged at
different times or tidal phases, will likely take different
amounts of time to leave. A “strict” definition of residence
time employed by some authors (Monsen et al. 2002; Delhez
and Deleersnijder 2006; De Brauwere et al. 2011) is the time
taken by a particle to exit the domain for the first time; this is a
critical distinction since, in tidal environments, a particle may
leave on one tidal phase and return (and exit again) on subse-
quent tidal phases (Lucas and Deleersnijder 2020). The strict
definition is employed herein.

In the following, we define “τr” as the spatial mean resi-
dence time; the “mean residence time” is also temporally aver-
aged. For a well-mixed estuary, the seaward outflow (Qe) can
be estimated using the residence time (see derivation in
Supporting Information Section S1, “Relation between resi-
dence time and outflow”). If we assume that the averaging
period is long enough to approximate infinity relative to the
timescale for flushing of the estuary, then the seaward outflow
can be estimated by the following equation:

τr ≈
V
Qe

, ð5Þ

where all three variables are assumed constant over the averag-
ing period and, in practice herein, are represented as averages
over that period. The exceedance of the mean residence time
by the averaging period appears to represent a minimum
requirement for applicability of Eq. 5. Equation 5 here is the
same as Supporting Information Eq. S13b.

The mean seaward outflow (Qe) can thus be derived from
Eq. 5, the space- and time-averaged residence time, and mean
water volume. Note that the form of Eq. 5 is analogous to other
authors’ definitions for “mean residence time” (Vollenweider
1975), “flushing time” (Monsen et al. 2002), or “turnover time”
(Sheldon and Alber 2006), though with flow rates and/or vol-
umes defined differently in some cases. Equation 5 is assumed to
hold within an averaging period; however, its component param-
eters may vary between averaging periods. Once we know the
mean seaward outflow, the mean inflow from the ocean (Qin)
can be obtained from Eq. 3 under the hydrodynamic steady-
state condition, assuming freshwater flow rate Qf is available.

Exported fraction of material
Previous authors have explored empirically (Nixon

et al. 1996) or mass-balance derived (Dettmann 2001) relation-
ships between nutrient export, import, and hydrodynamic
transport processes in estuaries. Next, we derive new simple
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mathematical relationships that account for physical processes
previously neglected and that may be employed for substances
other than nutrients if relevant assumptions apply. By using
Eqs. 4 and 5, the export to import ratio (E:I) for an estuary (i.
e., mass exported normalized by the mass imported) can be
estimated as follows under the steady-state condition:

E:I ¼Exported
Imported

¼ QeC
LþQinCin

¼ 1
1þkτr

¼ 1
1þ τr=τk

:

ðaÞ ðbÞ ðcÞ ðdÞ ðeÞ
ð6Þ

Here we define τk, the timescale for net removal of the sub-
stance, as the reciprocal of the net removal rate (k). By conver-
ting internal removal and transport to timescales, those
different processes can be compared with a single comparable
currency (Lucas et al. 2009; Lucas and Deleersnijder 2020). For
example, if transport is faster than internal loss, then the resi-
dence time is less than the net removal timescale, and the
ratio of residence time to the net removal timescale is less
than unity. If loss is faster than transport, then the net
removal timescale is less than the residence time and the ratio
of residence time to the net removal timescale is greater than
unity. The export:import ratio depends on the relative rates of
internal removal and transport and is thus determined by the
dimensionless ratio of residence time to the net removal time-
scale (τr/τk; see Fig. 1a, which shows the relationship for posi-
tive net removal rate only). It can be seen in Fig. 1a that as
transport becomes very fast compared to net removal and
therefore the ratio residence time:net removal timescale
approaches zero, export:import tends toward unity (transport is
so fast that not very much removal occurs within the estuary
and most imported material is exported to sea). On the other
hand, as transport becomes very slow compared to net
removal and therefore the ratio residence time:removal timescale
tends toward infinity, export:import tends toward zero (trans-
port is so slow and time spent within the estuary is so long
that most material is removed within the estuary and never
exported to sea). The general behavior of the relationship is
consistent with the findings of Lucas et al. (2009), who
showed that for a system that functions as a net sink for a
transported substance, the longer the transport time (i.e., the
further to the right in Fig. 1a), the lower the ratio of exported
mass to imported mass. This concept has also been demon-
strated in the context of tributary nutrient loads to lakes, with
higher river flows (shorter transport times) producing higher
concentrations in receiving waters because “higher flows
moved phosphorus further, faster, with less attenuation” (Stow
et al. 2019). Once export:import is known, the retention to
import ratio for an estuary can be estimated as retention:
import = 1 – export:import. It is interesting to note that retention:
import thus calculated for estuaries based on Eq. 6 reduces to
the time-scale based expression derived by Vollenweider (1975)
for lakes (see his eq. 2.14); our relationship differs, however, in
that “import” herein explicitly includes inputs from the ocean.

Nixon et al. (1996) expressed exported nutrient (TN or TP)
as the ratio of the net exported TN or TP (“NE”) to total load-
ing from land and the atmosphere (what we call L).
Employing Eqs. 4 and 5 and our timescale definitions, this
ratio can be expressed as:

NE:L¼NetExport
Loading

¼QeC�QinCin

L
¼ 1
1þ βkð Þτr ¼

1

1þβ
τr
τk

,

ðaÞ ðbÞ ðcÞ ðdÞ ðeÞ
ð7Þ

where β¼1= 1�QinCin
QeC

� �
, which we call the “ocean exchange

factor.” Form (d) of this equation is the same as Eq. 6d, except
that here the net removal rate k is modified by the ocean
exchange factor β, which accounts for material input to the
estuary through the ocean boundary. Eq. 7 is also very similar
to Dettmann’s (2001) eq. 9, and it would be the same (but for
different transport timescales employed) if we assumed
QinCin < <QeC, that is, substance mass input from the ocean is
negligible relative to gross export (ocean exchange factor is
approximately 1). Such an assumption would be consistent
with that author’s assumption of negligible influence of the
sea on the nitrogen mass balance in an estuary. However, the
ocean exchange factor β should not always be assumed to be
1. For example, estimates of the ocean exchange factor for TN
in the Chesapeake Bay can vary from 1.2 to 2.2 with an aver-
age of about 1.5, based on a combination of model outputs
(Du and Shen 2017) and measured TN concentrations by the
Chesapeake Bay Program (https://www.chesapeakebay.net/
data). In that case, if the ocean exchange factor were incorrectly
assumed to be 1 and if Eq. 7 were used to estimate net removal
rate k, one could overestimate net removal rate by 20–120%
because a portion of the reduction in net export:loading would
be incorrectly attributed to net removal, instead of to mass
input from the ocean. If we define the “adjusted net removal
rate” K as the product of the ocean exchange factor and the net
removal rate (i.e., K = βk), then the distributions of export:import
(Eq. 6d,e) and net export:loading (Eq. 7d,e) are the same (see
Fig. 1a), except in the latter case the timescale for net removal
τk should be replaced by the timescale for adjusted net removal
τK (i.e., 1/K). Equations 6 and 7 can be applied to any pollutant
if the assumption of a first-order removal rate and other
assumptions employed above are applicable.

Equation 7 indicates that net export:loading will be negative
if material input at the ocean boundary is larger than outputs
from the estuary and positive if gross material export to the
ocean exceeds oceanic inputs. Equation 7e is depicted in
Fig. 1b, which shows behavior of the relationship for positive
and negative net removal rate and net export. Regime “1”
(blue shaded area) represents those cases for which net
removal rate is positive and 0 < net export:loading < 1. For this
regime of net removal, it makes sense that any positive net
export:loading ratio is less than unity, since internal removal
diminishes mass loaded to the estuary before it is exported
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(Fig. 1a). Regime “2” (green shaded area) represents cases for
which net removal rate is negative (net generation or growth
within the estuary, per definitions employed herein); Regime
“2” accordingly reflects cases for which net export:loading is
greater than unity, since mass loadings are amplified by net
generation or growth before export from the estuary. The
ocean exchange factor β is positive for both Regimes “1” and
“2,” signifying positive net export:loading. Regime “3” (red
shaded area) represents the case of positive net removal and
negative net export:loading (negative ocean exchange factor);
physically, this case reflects positive net input from the ocean
which, along with other (upland, atmospheric) loadings, must
be balanced in steady state by net removal within the estuary
(positive net removal rate). This regime corresponds to the
case of TP in the Chesapeake Bay during 1985–1986 (Boynton
et al. 1995). Note that the net export:loading form in Eq. 7e
does not work for the special case QinCin ¼QeC for which net

export is zero (since the ocean exchange factor β would equal
infinity), or for the case where β τr

τk
¼�1 (for which net export:

loading would equal infinity). In theory, Eq. 7 works for all
three regimes depicted in Fig. 1b; however, we have only
applied and tested it herein for Regime “1” (positive net
removal rate, 0 <net export:loading<1).

Annual loading and mean concentration
Using Eqs. 4 and 5, the first-order approximation for total

loading of a substance to an estuary can be obtained as follows:

L
V
¼ 1

τr
þ 1
τk

� �
C� 1

τr
� 1
τf

� �
Cin,

ðaÞ ðbÞ ðcÞ
ð8Þ

where τf = V/Qf is the timescale characterizing replacement of
the estuary volume by freshwater only (i.e., the “freshwater

Fig. 1. (a) The ratio of exported matter to imported matter (E:I) as a function of the ratio of residence time τr to the timescale for substance removal τk;
calculated using Eq. 6. (b) The ratio of net exported matter to loading (NE:L) as a function of the ratio of residence time τr to the timescale for adjusted
internal removal τK; calculated using Eq. 7. The blue shaded area (Regime “1”) represents those cases for which net removal rate k is positive
(net removal) and 0 < NE:L < 1. The green shaded area (Regime “2”) represents cases for which k is negative (net growth within the estuary) and
NE:L > 1. The red shaded area (Regime “3”) represents the case of positive k (net removal) and negative NE:L (net import through the ocean boundary).
(c) The ratio of mean estuarine concentration to the annual “maximum loading concentration”; calculated using Eq. 10.
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renewal timescale”). Note that terms (a) and (b) (i.e., those
which capture the loading, transport within the water body,
internal removal, and mean estuarine concentration)
rearrange to Vollenweider’s (1975) eq. 2.12 for lakes; however,
our term (c) incorporates the added effect of input from the
ocean. Interpretation of Eq. 8 is aided by nondi-
mensionalization, which produces a simpler dimensionless
form of the relation:

L� ¼ 1þ 1
τ�k

� �
C� þ 1

τ�f
�1, ð9Þ

where we define the dimensionless loading as L* = L � τr/
(V�Cin), the dimensionless removal timescale as τ�k = τk/τr, the
dimensionless freshwater renewal timescale as τ�f = τf/τr, and
the dimensionless mean estuarine concentration as C* =

C/Cin. Casting the equation in this way reduces a seven-
dimensional problem (one dependent variable as a function of
six parameters, Eq. 8) to a four-dimensional problem (one
dependent variable as a function of only three parameters,
Eq. 9) and makes it easier to understand how the main pro-
cesses interact. For example, the (dimensionless) mean con-
centration of the substance within the estuary depends
linearly on the (dimensionless) loading, modulated by the
(dimensionless) removal timescale. Moreover, large (dimen-
sionless) freshwater flow (i.e., small [dimensionless] freshwater
renewal timescale) decreases (dimensionless) concentration
via dilution.

As a means of developing a simple estimate of mean con-
centration within an estuary—and understanding its depen-
dence on residence time and the net removal timescale—let us
first define the “maximum loading concentration” (Cmax) as
the concentration that would be attained for a substance if
total inputs (from the watershed, atmosphere, and sea) over a
specified period were added to an estuary volume V without
internal removal or export (a hypothetical “lossless” estuary).
The realized concentration C (with internal removal and

export), expressed as a ratio with maximum loading concen-
tration, can be described by:

C
Cmax

¼ C
QinCinþL

V

� �
T load

¼ 1

T load
1
τr
þ 1
τk

� � ,

ðaÞ ðbÞ ðcÞ
ð10Þ

where Cmax ¼ QinCinþL
V

� �
T load and Tload is the time over which

inputs continue and accumulate within the hypothetical loss-
less estuary (i.e., the “loading period”). The timescale-based
term (c) above is derived by substituting Eqs. 4 and 5 into
Eq. 10b. If the loading period is 365d, Eq. 10 describes the
effects of an annual loading. The distribution of Eq. 10 is
shown in Fig. 1c for a range of residence time and positive net
removal timescale. The ratio of realized concentration to max-
imum loading concentration increases toward 1 as residence
time and net removal time increase (i.e., as transport and net
removal rate become slower, and the “real” estuary tends
toward the hypothetical lossless estuary). We note that terms
(a) and (c) above would provide a relationship equivalent to
Vollenweider’s (1975) eq. 2.11, if oceanic material input were
incorporated into that author’s loading parameter.

Computation of residence time
One of the key parameters in the above formulations is the

average residence time τr , which itself is a function of time. It
is often computed numerically by injecting particles at a fixed
time, following their paths, and recording the times when
they leave the embayment for the first time (Monsen
et al. 2002; Gong et al. 2008; Blaise et al. 2010). Another
method for calculating residence time is to employ
Takeoka’s (1984) remnant function concept, integrating a
model-calculated tracer concentration time-series over time
(as in Supporting Information Eq. S10; Shen and Haas 2004;
Wang et al. 2004; Wang and Yang 2015). Average residence
time computed by each of these approaches depends on the
particle (or tracer) release time, making it difficult to obtain
long-term time-varying residence time for a large estuary
because multiple simulations with particle or tracer release for
each day or tidal phase would be required. As an alternative,
Delhez et al. (2004) proposed an adjoint method to compute
space- and time-varying residence time with a single backward
model run. The approach of Delhez et al. (2004) was
implemented by Du and Shen (2016) in a calibrated 3D hydro-
dynamic model of the Chesapeake Bay based on the Environ-
mental Fluid Dynamics Code (EFDC, Hamrick 1992). The
adjoint model was integrated backward from 2014 to 1980.
The first 2 yr (2014 and 2013) were used for model spin-up.
For a detailed description of the model set-up, readers are
referred to Du and Shen (2016). The computed time series of
annual mean residence time (averaged over the Chesapeake
Bay) is shown in Fig. 2 and Supporting Information Table S1.

Fig. 2. Time series of annual mean residence time for the Chesapeake
Bay, computed using a 3D hydrodynamic model implementing the
adjoint scheme of Delhez et al. (2004) for residence time computation
(Du and Shen 2016).
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Computed annual mean residence time for Chesapeake Bay
ranges from 127 to 245d, with a mean of 179d.

Data sources
Two primary sets of data were used for this study. The first

was published by Nixon et al. (1996) and used by
Dettmann (2001). Nixon et al. (1996) compiled estimates of
“residence time,” TN and TP loading, net export, and loss for
11 estuaries and eight lakes; one of the estuaries included in
this data set is the Chesapeake Bay, based on data from
Boynton et al. (1995). Data used herein were obtained from a
combination of values provided explicitly by Nixon
et al. (1996), Dettmann (2001), or by sources referenced in
those papers, as well as from values digitized from Nixon’s
figs. 1 and 2.

Nixon et al. (1996) used these data to study the relationship
between residence time and net export:loading. Their values of
“residence time” were collected from different published sources
and based on a variety of estimation methods; it is important
to note that freshwater replacement time and e-folding flushing
time (surrogates for residence time used in Nixon’s compiled
dataset) differ, potentially significantly, from the definition of
residence time employed herein. These data were also used and
supplemented by Dettmann (2001) to study annual export of
TN and denitrification. For details regarding these data, readers
are referred to Nixon et al. (1996) and Dettmann (2001) and
the original publications cited therein.

The second primary dataset used is that collected by the
Chesapeake Bay Program, which has conducted routine obser-
vations of water quality parameters including TN and TP in
the Chesapeake Bay since 1984 (https://www.chesapeakebay.
net/data). Chesapeake Bay Program data are collected
bimonthly or monthly throughout the Bay. We used the
Chesapeake Bay Program data at stations shown in Fig. 3 to
compute volume-weighted annual mean concentrations of TN
and TP in the Chesapeake mainstem from 1985 to 2012. We
used the annually averaged bottom concentration of three sta-
tions (CB7.4, CB7.4N, and CB8.1E) to represent the TN and
TP concentration associated with inflow (Cin) from the ocean.
The annual mean TN concentrations at Stations CB7.4 and
CB7.4N near the Bay mouth have almost the same value,
which is slightly less than the annual mean value of TN at
CB8.1E at the mouth.

In addition, the Chesapeake Bay Program estimated annual
loadings of TN and TP from 1990 to 2012 based on the sum of
watershed model results, point sources, and atmospheric
deposition (https://www.chesapeakeprogress.com/clean-water/
water-quality). These data were used for verifying our simple
model estimates of TN and TP loading and are listed in
Supporting Information Tables S2 and S3 in Section S3.

A detailed procedure for using these data, estimating
parameters, and implementing our simple models is summa-
rized in Supporting Information S2. The values for each input
variable including annual mean residence time, volume-

weighted average concentration (C) and concentration at the
mouth (Cin) for TN and TP, freshwater discharge Qf (http://
waterdata.usgs.gov/nwis/), average inflow from the sea Qin,
and outflow to the sea Qe are listed in Supporting Information
Table S1 in Section S3. Definitions, values, and sources for
parameters used in our simple models are summarized in
Table 1.

Results and discussion
Verification of NE:L model and estimation of removal rate

Nixon et al.’s (1996) published nutrient net flux, loading,
and residence time data were used for verifying our simple net
export:loading model (Eq. 7). Dettmann (2001) used nonlinear
regression to fit his own derived model to an adapted version
of Nixon et al.’s (1996) TN dataset (estuaries only), estimating
the net removal rate “k” as the fitting parameter. Because our
Eq. 7 takes the same general mathematical form as
Dettmann’s but incorporates different assumptions and

Fig. 3. Chesapeake Bay Program TN and TP observation stations used
for calculations herein. Blue, green, and red outlines denote the “upper,”
“mid-,” and “lower” Chesapeake Bay regions used in modeling the impact
of TSS concentration on net removal of TP.

Shen et al. Residence time and nutrients in estuaries

924

https://www.chesapeakebay.net/data
https://www.chesapeakebay.net/data
https://www.chesapeakeprogress.com/clean-water/water-quality
https://www.chesapeakeprogress.com/clean-water/water-quality
http://waterdata.usgs.gov/nwis/
http://waterdata.usgs.gov/nwis/


parameter definitions (including our explicit inclusion of
ocean input), the unknown parameter of Eq. 7 is the adjusted
net removal rate “K,” not the net removal rate k. Using
nonlinear regression to fit our own Eq. 7 to Nixon’s estuary
and lake TN data, we estimated the cross-system adjusted net
removal rate KX�sys

TN to be 0.010 d�1—the same value as
Dettmann’s (2001) net removal rate kTN.

For TP, we chose to be consistent with the approach of
Nixon et al. (1996), thus excluding from our analysis estuaries
with negative net export (Chesapeake Bay and Potomac River).
Otherwise following the approach for TN described above,
we found the estimated cross-system adjusted net removal rate
KX�sys
TP to be 0.006 d�1. We also compared goodness of fit for

our simple model to that for Nixon et al.’s (1996) empirical

Table 1. Parameters used in simple models and calculations presented herein. “CBP” refers to the Chesapeake Bay Program. “USGS”
refers to the U.S. Geological Survey. “TN” is total nitrogen, and “TP” is total phosphorus.

Parameter Value Description

V (m3) 7.5 � 1010 Mean estuary volume (Du and Shen 2016)

K (d�1) Adjusted net removal rate, K = βk

KX�sys
TN (d�1) 0.010 Cross-system value for TN adjusted net removal rate. Based on fit of Eq. 7 to Nixon et al. (1996) dataset

KX�sys
TP (d�1) 0.006 Cross-system value for TP adjusted net removal rate. Based on fit of Eq. 7 to Nixon et al. (1996) dataset, positive

net export systems only

KChes
TN (d�1) 0.01 Chesapeake-specific TN adjusted net removal rate. Based on Eq. 7 herein and τr and net export:loading from

Nixon et al. (1996) and Boynton et al. (1995)

β (�) Ocean exchange factor, which modifies k to account for material input to the estuary through the ocean

boundary.

β¼1= 1�QinC in
QeC

� �
Mean β (�) 1.5 Estimated for the Chesapeake based on TN observations (C, Cin) from CBP and estimated water flux values (Qin,

Qe) from 1985 to 2012

k (d�1) Net removal rate. k = K/β

kChesTN (d�1) 0.0067 � 0.0024 Chesapeake-specific net removal rate for TN. Based on KChes
TN and mean β. Range based on �20% of KTN

standard deviation (0.012 d�1) for the 11 estuaries in Nixon et al. (1996) dataset.

kChesTP (d�1) 0.011 Chesapeake-specific net removal rate for TP. Back-estimated from Eq. 10 using estimated 1985–1986 mass input

and output data (Boynton et al. 1995), CBP TP observations (for C and Cin), 3D model computed τr (Du and

Shen 2016), and estimated τf based on 1985 USGS flow measurements

γ (d�1) 0.0005 Factor used in expression for kChesTP as a function of total suspended solids (TSS), kTP = γe(ε•TSS). Value derived by

fitting modified Eq. 10 (i.e., with above power function expression for k) to CBP loadings and TSS.

ε (L mg�1) 0.1458 Factor used in exponent of expression for kChesTP as a function of TSS, kTP = γe(ε•TSS). Value derived by fitting

modified Eq. 10 (i.e., with above power function expression for k) to CBP loadings and TSS.

τr (d) Mean residence time. Definition implemented herein follows Takeoka (1984)

Mean τr (d) 179 Spatial and temporal (annual) mean residence time of the Chesapeake Bay. Based on numerical model

simulation from 1980 to 2012 (Du and Shen 2016)

τk (d) Timescale for net removal of a transported substance. τk = 1/k

τf (d) Timescale for replacement of estuary volume by freshwater only. τf = V/Qf

Qe (m
3 d�1) Time-average of daily total mixed water that leaves the estuary through the ocean boundary over the averaging

period T (1 yr herein). Based on Eq. 5, V, and computed τr

Qin (m3 d�1) Time-average of daily total (mixed new ocean and ebb) water that enters the estuary through the ocean

boundary over the averaging period T (1 yr herein). Based on Eq. 3, Qe and Qf

Qf (m
3 d�1) Time-average of daily total freshwater input over the averaging period T (1 yr herein). Based on USGS

measurements

C (g m�3) Volume-weighted average substance concentration over the estuary and over the averaging period T (1 yr

herein). Based on CBP measurements in the Chesapeake Bay mainstem

Cin (g m�3) Mean substance concentration at the seaward boundary over the averaging period T (1 yr herein). Based on CBP

measurements near the mouth of Chesapeake Bay

L (g d�1) Time-average of daily mass loading of transported substance from all nonoceanic sources over the averaging

period T (1 yr herein)

TSS (g m�3) Annually averaged total suspended solids concentration (arithmetic average of all stations) in upper and middle

bay region based on CBP measurements
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regression of net export:loading against log (residence time),
which we recreate herein. Graphical and statistical compari-
sons of our model (Eq. 7) to the Nixon empirical regression
model are shown for TN and TP in Fig. 4a,b, respectively. Our
model fits Nixon et al.’s (1996) data well and is characterized
by model skill (measured by correlation coefficient R) nearly
identical to that of Nixon et al.’s (1996) empirical models.
Both of these comparisons (fitting parameter, goodness of fit)
help to verify that our physically derived model and its appli-
cation to Nixon et al.’s (1996) dataset aligns with the perfor-
mance and results of previously published simple models.

Interannually varying NE:L for Chesapeake Bay
As explained earlier, for a system influenced by nutrient

inputs at the ocean boundary, the net removal rate (k) will be
lower than the adjusted net removal rate (K = βk), assuming
the ocean exchange factor β and net removal rate are both
positive. Using Eq. 7d along with the 1985–1986 Chesapeake
Bay net export:loading ratio for TN (0.3) and residence time
(228 d) used by Nixon et al. (1996), we estimated a
Chesapeake-specific adjusted net removal rate to be KChes

TN =

0.01 d�1. A mean ocean exchange factor of 1.5 was estimated
for the Chesapeake (see Supporting Information Section S2,
Step 3c) and then was used to back out a (presumed) time-
invariant Chesapeake-specific value for net removal rate, kChesTN

= 0.0067 d�1. Using Eq. 7d, interannually varying mean resi-
dence time and ocean exchange factor, and constant net
removal rate kChesTN , a time series of annual net export:loading
was estimated for Chesapeake Bay TN between 1985 and 2012
(Fig. 5). Estimated annual net export:loading ranges from about
0.3 to 0.5, indicating that on average more than half of TN
loading to the Chesapeake is taken up or lost during transit

within the Bay, and consequently less than half of that load-
ing experiences net flux to the sea. Note that the years with
highest estimated net export:loading (1996, 2003, 2004, 2011)
correspond to years with particularly short residence times
(Fig. 2), consistent with the notion that faster transport
through a system (shorter mean residence time) corresponds
with less time for a reactive transported constituent to be
modified by internal processes (in this case, net loss), thus
resulting in a greater portion of imported mass being exported
(Lucas et al. 2009).

Interannually varying loading of TN
We used the Chesapeake Bay TN balance as a case study for

implementing the simple model in Eq. 8 to calculate a first-
order estimate of annual constituent loading. Sensitivity tests
for the loading model (Eq. 8) were conducted by varying the
mean value for each independent parameter by � 20%; sensi-
tivity results are shown in Table 2. The parameter to which
the loading model is most sensitive (at least for the range of
parameters used herein to characterize the Chesapeake Bay) is
mean concentration C; in that case, the percent change in
loading is on the order of the percent change in mean concen-
tration, a variable for which reliable measurements are often
available for estuaries. The model is also sensitive to estuary
volume V (a parameter also commonly available), as loading is
linearly related to volume. The variable to which the model is
next-most sensitive is the net removal timescale τk (1/k); we
expect this model parameter to be the most challenging to
estimate for many estuaries. A � 20% change in the net
removal timescale resulted in a change in loading of +15.9%
to �10.6% (Table 2). The relatively low sensitivity of loading
to mean residence time is due to the fact that the terms C/τr

Fig. 4. Ratio of net export to loading (NE : L) vs. residence time for (a) TN and (b) TP. Red lines represent the best fit of Eq. 7 to the Nixon et al. (1996)
estuary and lake data. Blue lines represent the Nixon et al. (1996) empirical linear-log regression models. Data points, including estuaries (red dots) and
lakes (yellow triangles), are from Nixon et al. (1996), Dettmann (2001), and sources referenced therein. The reader is referred to those publications for
details.
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and �Cin/τr can approximately cancel each other if the values
of the estuary-averaged concentration C and the inflowing
concentration at the estuary-ocean boundary Cin are close
(see Eq. 8).

Using an estimated Chesapeake-specific net removal rate
kChesTN (Table 1), annual mean Chesapeake Bay Program TN con-
centrations for the estuary and mouth, annually varying com-
puted mean residence time τr (Fig. 2), and U.S. Geological
Survey (USGS) observed flow Qf (to obtain τf), TN loading
(black circles) for each year from 1985 to 2012 was estimated
(Fig. 6; see Supporting Information Table S1 in Section S3 for
input parameters.) Given the demonstrated sensitivity of the
loading model to the net removal timescale τk (1/k; Table 2)
and our expectation that the net removal rate k may be diffi-
cult to reliably parameterize for many estuaries, we also use
Fig. 6 (gray bars) to visually convey how estimated loading
responds to a modest estimated variation in net removal rate
k (see Step 4a in Supporting Information Section S2, Table 1).

Our estimated mean annual TN loading for the entire Ches-
apeake Bay is 175 � 106 kg yr�1, averaged over the period
1985–2012. The interannual variation during this period is sig-
nificant (Fig. 6), with our estimated maximum loading

approximately doubling the minimum loading. For the period
1990–2012, we compare the TN loading estimates from our
simple model to those computed by the Chesapeake Bay Pro-
gram (see Fig. 6). Our simple model predictions (black circles)
agree well with the Chesapeake Bay Program’s estimates (red
triangles): the two estimates are significantly linearly corre-
lated (coefficient of determination R2 = 0.85), and the root-
mean-square difference (RMSD) between estimates is
29 � 106 kg yr�1 (17% of our estimated mean loading).
Although the coefficient of determination is high, our model
biases high compared to the Chesapeake Bay Program esti-
mate. Our mean loading is about 13% larger than that esti-
mated by the Chesapeake Bay Program. It is important to note
that the loading estimated by Chesapeake Bay Program used a
weighted regression method based on USGS monitoring data
for river input (Moyer and Blomquist 2018) and a Hydrologi-
cal Simulation Program—Fortran watershed model (Phase
5.3.2) for downstream nonpoint sources, which has since been
updated to the Phase 6 version, and therefore should also not
be taken as an exact representation of loads. Our loading esti-
mation is sensitive to the specified net removal rate (see gray
bars conveying loading range based on the estimated range
for net removal rate kChesTN ; see Table 1); this sensitivity under-
scores the importance of developing reliable estimates for the
net removal rate for use with our simple model.

Overall, our model estimates of TN loading are less variable
over time than the Chesapeake Bay Program estimates. The
main cause of this is likely our use of a constant net removal
rate across all years. The internal net loss of nitrogen strongly
depends on primary production, respiration, nutrient
recycling, groundwater inputs, and other processes which add
or remove TN to/from the water column within an estuary.

Fig. 5. Ratio of net export to loading (NE:L) as computed for Chesa-
peake Bay TN by Eq. 7 (using constant net removal rate kChesTN
=0.0067 d�1).

Table 2. Sensitivities of TN loading estimation (Eq. 8) to � 20%
variation in parameters.

Percent change in estimated
TN loading

Parameter
80%

parameter
120%

parameter

Residence time, τr 6.5% �4.3%

Internal net removal time, τk 15.9% �10.6%

Mean concentration, C �23.4% 23.4%

Concentration at mouth, Cin 3.4% �3.4%

Time for flushing estuary by

freshwater, τf

2.6% �1.7%

Volume, V �20% 20%

Fig. 6. Time series of estimated annual TN loading to Chesapeake Bay
implementing Eq. 8, data from 1985 to 2012, and TN net removal rate
kChesTN =0.0067 d�1 (black circles). The gray bars convey the sensitivity of
computed TN loading to the removal rate; to demonstrate this sensitivity,
we used the range kChesTN =0.0043–0.0091d�1 (Table 1). The red triangles
are the loading estimated by the Chesapeake Bay Program (CBP), that is,
the sum of watershed model results plus point sources and atmospheric
deposition. The coefficient of determination R2 value reflects agreement
between our simple model-based loading estimate and the CBP estimate.
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One specific process that may be contributing to the lower
variability in our predicted TN loading is enhanced sediment
ammonium release under higher salinity/lower flow condi-
tions (Weston et al. 2010). This mechanism (and our neglect
of it as a potential driver of interannual variability in the net
removal rate k) could help explain why our model tends to
overestimate TN loading (relative to Chesapeake Bay Program
estimates) in low-flow years (see Supporting Information
Table S1 in Section S3 for flow data). Our neglect of the inter-
annual variation term d(VC)/dt under the steady-state assump-
tion could also affect the results for some years.

Interannually varying loading of TP
We used estimated kChesTP (Table 1, Step 5a in Supporting

Information Section S2) and Eq. 8 to estimate TP loading to
the Chesapeake for the period 1985–2012 (Fig. 7, blue stars).
We compared our predicted loading to Chesapeake Bay Pro-
gram estimates for 1990–2012 (Fig. 7, red triangles). Correla-
tion of our estimate with the Chesapeake Bay Program
estimate for TP (coefficient of determination R2 = 0.52) is
much weaker than for TN. For example, estimates based on
our simple model exceed Chesapeake Bay Program estimates
by about 149% in the year 2000 but are 49% lower than Ches-
apeake Bay Program estimates in 2011.

We hypothesized that one contributor to this discrepancy
in TP loading estimates is the use of a constant Chesapeake-
specific net removal rate (kChesTP ) with our model. Because the
settling component of phosphorus removal depends strongly
on total suspended solids (TSS) concentration due to sorption/
desorption processes (Chapra 1997; Cerco and Noel 2002), we
sought to improve our model by assuming that the

Chesapeake-specific net removal rate kChesTP can be described as
a power function of TSS (mgL�1), that is, kChesTP = γe(ε•TSS).
Direct observations of settling loss are unavailable to estimate
these parameters; therefore, to explore whether specifying
kChesTP as a function of TSS could improve our model, we fit our
modified version of Eq. 10 to 12yr (2001–2012) of annual
Chesapeake Bay Program loadings and observed Chesapeake
Bay Program TSS to estimate the model parameters γ and ε.
(We used mean annual observed TSS concentrations measured
in the upper and middle Bay to represent the TSS concentra-
tion, as a large amount of TP will settle in the turbidity maxi-
mum zone in the upper Bay region. See Supporting
Information Table S1 in Section S3.) The estimated TSS fitting
parameter values are γ = 0.0005 and ε = 0.1458 (Fig. 8). For
TSS ranging from 10 to 25mgL�1, the estimated Chesapeake-
specific TP net removal rate kChesTP ranges from 0.0021 to
0.0191 d�1. We applied the removal rate-TSS equation to com-
pute the TP removal rate and an improved estimate of TP load-
ing for the entire 1985–2012 period. The years 1990–2000 are
treated as validation. A comparison of TP loading estimated by
our improved model (black circle symbols) and by the Chesa-
peake Bay Program is shown in Fig. 7. Correspondence
between our model and the Chesapeake Bay Program estimate
is improved overall with incorporation of the removal rate–
TSS relationship (RMSD is 3.7�106 kg yr�1, coefficient of
determination R2 = 0.62) for the period of 1990–2012, but a
few abnormal years were characterized by significant mis-
match (e.g., 1996, 1998, 2005, 2011). Discrepancies between
our simple model and Chesapeake Bay Program loading esti-
mates could be associated with our neglect of intra-annual var-
iability in the net removal rate and/or other biogeochemical
processes influencing the net removal rate but not captured
by the TSS-dependent function used herein. Overall, this

Fig. 7. Time series plot of estimated annual TP loading to Chesapeake
Bay. The blue curve shows the loading estimation based on Eq. 8, data
from 1985 to 2012, and a constant net TP removal rate of kChesTP =0.011
d�1. The black curve shows the loading estimation using a modified Eq. 8
that includes a net removal rate expressed as a dynamic function of TSS
concentration. The red curve is the loading estimated by the Chesapeake
Bay Program (CBP), that is, the sum of watershed loading, point sources,
and atmospheric deposition. The coefficient of determination R2 values
reflects agreement between our simple model-based loading estimates
and the CBP estimate.

Fig. 8. Nonlinear regression results of TP net removal rate kChesTP as a func-
tion of TSS concentration. Circles represent kChesTP values derived using
Eq. 10, Chesapeake Bay Program (CBP) estimated loading, CBP TSS, and
other data for years 2001–2012. Shaded area is the 95th percentile confi-
dence interval. RMSE is root-mean-squared error, R2 is the coefficient of
determination, and p-value is probability value.
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exercise suggests that our simple model estimate of TP loading
can be improved if we know the time-varying net removal rate
(or an empirical relationship with a surrogate measure such
as TSS).

One other possible explanation for mismatch between our
modeled loadings and the Chesapeake Bay Program’s esti-
mates is our implicit assumption that the mean estuary nutri-
ent concentration responds essentially instantaneously to
loading. In reality, given the long residence times associated
with the Chesapeake Bay, the mean estuary concentration
could take 100 d or more to reflect a loading event (Du and
Shen 2016). Therefore, a loading event late in the calendar
year could influence real concentrations in the next calendar
year, while our simple loading model using those elevated
concentrations would associate the loading with the latter
year. Such calendar year cut-off effects could lead to over- or
underestimation of loading by our model.

The TP loading estimation is evidently very sensitive to the
net removal rate. Because the TP net removal rate is highly
variable (Chapra 1997), large uncertainty can be expected for
the loading estimation because the relationship between
removal rate and TSS is often unknown. More studies are thus
warranted for estimating net removal rate for TP in estuaries
and lakes.

Assumptions and caveats
Three major assumptions employed in deriving the simple

models herein are: (1) the mass flux of a substance out of an
estuary is proportional to the mean concentration of the sub-
stance within the estuary; (2) the internal net rate of removal
of a substance within the estuary is proportional to the mean
concentration of the substance in the estuary; and (3) the sys-
tem is in a dynamic steady state. Let us step through these
assumptions one by one.

The first translates into the assumption that the concentra-
tion of substance exiting the system at the ocean boundary is
the same as the average concentration within the system
(i.e., the “well-mixed” assumption). This assumption was
implemented in Eq. 2 and was needed to translate
Takeoka’s (1984) expression for averaged residence time (our
Supporting Information Eq. S10) into the simple relationship
in Eq. 5. That expression for mean residence time, which is
analogous in form to other authors’ definitions of flushing
time (Monsen et al. 2002; Delhez et al. 2004) or turn over time
(Sheldon and Alber 2006), was further used in developing the
simple timescale-based models herein. Depending on the con-
stituent and the estuary, the well-mixed assumption is fre-
quently violated in reality because substances are often not
uniformly distributed in space. This assumption is nonetheless
employed widely, for example, whenever the commonly used
e-folding or tidal prism flushing times (which are also based
on the well-mixed assumption) are estimated (Sanford
et al. 1992; Monsen et al. 2002). Despite the frequent real-
world violation of the well-mixed assumption (Du and

Shen 2016), our aim here was to, first, develop simplified
models to reveal the underlying relationships in the constitu-
ent mass balance for complex estuaries (which inherently sug-
gests that our models will not be entirely consistent with
reality). Second, we aimed to evaluate whether and how well
the simple models work despite incongruities between their
foundational assumptions and reality. The Chesapeake Bay is
the largest estuary in the United States and is not well mixed,
thus violating this first key assumption. It experiences persis-
tent stratification and exhibits large vertical (Li et al. 2017)
and horizontal (Kemp et al. 2005) variations in nutrient con-
centration. Nonetheless, the comparisons herein of our model
equations with available data suggest that our simple models
work quite well as first-order approximations on the annual
scale, despite the violation of this key assumption. Readers
should note that, the further their real estuary departs from
the assumptions employed here, the less well the models
should be expected to characterize the real estuary. We would
expect our simple models to perform better when applied to
small, shallow waterbodies, which may better satisfy the well-
mixed assumption. Potential refinement of our approach
could employ a two- (or more) box model.

The second fundamental assumption above essentially
means that a single value for the specific net removal rate of
the substance (k) applies at all locations throughout the estu-
ary. This assumption, too, may depart substantially from real-
ity as physical, chemical, and biological conditions
influencing internal sources and losses of a constituent can
vary significantly in space. This assumption has nonetheless
been employed by other authors (Vollenweider 1975;
Dettmann 2001). As with the first assumption, we know it is
violated in the Chesapeake; processes influencing net internal
removal (e.g., bottom nutrient fluxes, primary production,
denitrification, burial) vary spatially (Boynton et al. 1995;
Kemp et al. 2005; Son et al. 2014), likely resulting in a spa-
tially variable net removal rate. Regardless, our simple
approach employing this assumption appears to work reason-
ably well for describing the nutrient balance in the Chesa-
peake Bay on an annual timescale, justifying the usefulness of
the simple models as a first-order approximation.

The third primary assumption is that of a dynamic steady
state, that is, that the variable of interest oscillates in the
short term around a mean value, which remains constant over
longer timescales (Bierman and Montgomery 2014). In the
present case, we assumed that estuary volume V and estuary-
integrated substance mass VC—both means over the period of
1 yr—do not vary between periods (e.g., interannually),
despite likely oscillations about the mean value at shorter
timescales. Because we assume volume is a constant, an
assumed dynamic steady state for integrated substance mass
VC reduces to the same assumption for concentration C. As
the change in mean water volume for the Chesapeake Bay is
relatively minor between years (Boon et al. 2010), the
dynamic steady state for water volume may be considered to
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be satisfied on annual scales in that system. However, because
of the large interannual variations in hydrodynamic condi-
tions, the individual transport processes contributing to the
water balance, as well as residence time, vary from year to year,
thus resulting in estimated inflows and outflows with large
interannual variations as well. The applicability of the dynamic
steady state for material depends on the substance and may be
appropriate for certain time periods. For example, Boynton
et al. (1995) and Dettmann (2001) assumed that nutrient
mass fluxes and net removal together satisfy the steady-state
condition for timescales on the order of one or more years,
and they successfully employed this assumption for investi-
gating nutrient loss and transport over those timescales.
Their approaches imply that nutrient mass integrated over
the estuary and averaged over a period T of one or more years
may not vary significantly between periods. For the Chesa-
peake Bay, interannual variability in mean TN concentration
is much less than monthly variations (Du and Shen 2017).
We calculated the time derivative for integrated substance
mass, d(VC)/dt, each year for all simulated years and com-
pared its magnitude to the substance mass export (QeC) term
(data not shown). For 70% of those years, the interannual
variation term was less than 5% of the magnitude of the
export term, suggesting that the dynamic steady-state
assumption was largely satisfied for most years. Therefore,
applying our simple models at the annual scale to TN in a
system like the Chesapeake is more appropriate than for
shorter timescales. When interannual variation of mean con-
centration is large, the unsteady constituent mass balance
equation (Eq. 2) can be used and interannual differences in
mean concentration can be incorporated. Readers should
therefore be advised that, although seasonal dynamics, for
example, of quantities such as TN may be of particular inter-
est, if a dynamic steady state (i.e., relatively constant volume
and mean concentration) cannot be reasonably expected to
apply between seasons, then the models presented herein
may not be appropriate for such an application.

Given the Chesapeake’s violation of most of these three
fundamental assumptions, their application to that particular
system provides a challenging test for our models. Application
to other systems—and evaluation of model performance—
would be a worthwhile endeavor to better understand the
limits of the models’ applicability as well as the cases for
which they are best suited.

As explained in Supplementary Information S1, an addi-
tional requirement underlying our derivations is that the
model averaging period T is, at minimum, greater than the
residence time. Because the mean residence time for the Ches-
apeake is 179 d (Table 1; Du and Shen 2016), a seasonal aver-
aging period of a few months would be significantly shorter
than the residence time, clearly violating this requirement
and motivating our model applications herein to an averaging
period of 1 yr. On the other hand, the model could be applied
seasonally for a small waterbody that has a short residence

time and that reasonably meets the dynamic steady-state
assumption at the seasonal scale.

It should be noted that our simple equations also implicitly
assume that tidal dispersion is unimportant, and that advec-
tion dominates scalar transport. For systems where concentra-
tion gradients are large and dispersion-induced transport is
significant (Lucas et al. 2006; Martin et al. 2007), the error
associated with this assumption could be substantial.

Although the models are derived for an estuary, they are gen-
eral and can be applied for other waterbodies, such as lakes and
river reaches. It is likely in such cases that mean inflow from the
adjacent downstream water body (Qin) tends toward 0, outflow
to the adjacent downstream water body Qe tends toward fresh-
water inflow Qf, and the ocean exchange factor β tends toward
unity, thus reducing to the form proposed by Dettmann (2001)
for net export:loading and by Vollenweider (1975) for loading
(though differing with respect to the specific definitions for resi-
dence time employed). Our models can be used for different sub-
stances if the assumptions are applicable and parameters can be
appropriately determined.

It is further emphasized that the transport time employed
herein is the spatial mean residence time, which may differ
from freshwater replacement time, freshwater residence time,
and flushing time, depending on how these timescales are
computed (Dyer 1973; Officer 1976; Monsen et al. 2002).
Although a rigorous computation of residence time according
to the definitions employed here may not always be feasible,
readers are advised that implementation of other transport
timescales could lead to significant errors.

Any error in the calculation of estuary mean concentrations
(such as that which may have been introduced herein by
incorporation of Chesapeake mainstem data only) could affect
values for estimated net removal rate k and ocean exchange
factor β and thus estimates of net export:loading or loading
(e.g., see Fig. 6 for the sensitivity of TN loading to removal
rate). The main idea of this paper was not to provide definitive
values for parameters and rates, however. Instead, our goals
were to develop simple, accessible models that explain under-
lying processes and to provide a proof of concept with the
examples shown. Given the sensitivity of results to net
removal rate k, future efforts toward improved estimation of
that parameter are warranted.

Implementation of models
The simplest of the models presented herein is the expres-

sion for export:import (Eq. 6), where “import” includes input
from the ocean in addition to loading from the watershed,
atmosphere and other sources, and “export” is gross transport
to the ocean. Readers who wish to estimate export:import need
only two timescales: mean residence time and the net removal
timescale. In this paper, we used a detailed 3D numerical
model implementing an adjoint method (Delhez et al. 2004;
Du and Shen 2016) to obtain mean residence time, but there
are other approaches for using numerical models to compute
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residence time in a way that is consistent with the definition
employed in the present paper (Takeoka 1984; Monsen
et al. 2002; Lucas and Deleersnijder 2020). The net removal
rate k (from which the net removal timescale is estimated)
may or may not be difficult to quantify for a particular estuary
and substance. For example, the net removal rate has been
estimated for lakes with the joint application of complex 3D
and simple mass balance models (Bocaniov and Scavia 2018).
Alternatively, measured or estimated rates of nutrient loss pro-
cesses such as denitrification and burial may be combined and
scaled appropriately by (depending on their units) nutrient
concentration, volume, and/or other quantities to obtain a
specific net removal rate in the units 1/time. We applied that
method to the sum of denitrification, burial, and fisheries har-
vest data (in 106 kg N yr�1) presented in the 1985–1986 Ches-
apeake Bay TN mass balance of Boynton et al. (1995; their fig.
11), dividing by estuary volume (Table 1 herein) and by the
mean CBP 1985–1986 TN concentration (Supporting Informa-
tion Table S1). The resulting Chesapeake-specific TN net
removal rate, kChesTN , is 0.0063 d�1—only 6% different from the
estimate developed by the method described in Steps 3a–d in
Supporting Information Section S2 (kChesTN =0.0067 d�1;
Table 1). The two calculations are not entirely independent, as
they both employ data from Boynton et al. (1995); however,
the first method used herein relied on several additional
observed and modeled variables.

Estimation of the ratio of net export to loading (Eq. 7)
likewise involves the mean residence time and the net
removal rate but also requires the ocean exchange factor

β¼1= 1�QinCin
QeC

� �
. To estimate the ocean exchange factor, mean

outflow and inflow at the ocean boundary, Qe and Qin, respec-
tively, may be obtained from mean residence time and Eq. 5,
and freshwater discharge Qf and Eq. 3 (alternatively, mean
inflow and outflow at the ocean boundary could also be
extracted from hydrodynamic measurements or model output);
estuary-averaged and downstream inflowing concentration can
be derived from measurements. As mentioned above, the net
removal timescale τk (reciprocal of the net removal rate) may be
difficult to quantify, for example, due to inadequate measure-
ments. If concentration measurements and estimates of net
export:loading, mean residence time, and inflow exist, but net
removal rate k does not, then the net removal rate may be
backed out from adjusted net removal rate K and the ocean
exchange factor β using Eqs. 3, 5, and 7, as was done here for
Chesapeake TN. Alternatively, Eq. 10 may be used to estimate
net removal rate if loading and other parameters are relatively
easily obtained by other methods.

The relationship we developed to estimate loading (Eq. 8)
requires volume, mean residence time, the net removal time-
scale, and the freshwater renewal timescale (τf), as well as the
average and inflowing downstream concentrations. Freshwater
inflow Qf may be based on measurements or hydrologic models,
and all other parameters may be obtained as described above.

Conclusions
We derived simple mathematical relationships providing

linkages between import, export, transport, and net removal for
a non-conservative substance within an estuary. The relation-
ships presented expand on previous work that explored simple
empirical or substance mass-balance based relationships
between those terms. For example, similar expressions have
been derived previously for lakes and estuaries. However, the
mass contribution from the adjacent downstream water body
(e.g., the ocean) was either neglected (Dettmann 2001) or not
explicitly accounted for (Vollenweider 1975) in those previous
studies. The relationships in the present paper were instead
derived from two steady-state mass balances—one for substance
mass and the other for water. Incorporation of the water mass
balance allowed for the explicit inclusion and estimation of
water and substance inputs from the ocean to the estuary,
which further explains the underlying mechanisms captured
by Nixon et al.’s (1996) well-known empirical relationship for
net export:loading as a function of “residence time.”

We expressed export:import, net export:loading, retention:import,
loading, and estuary averaged concentration in terms of timescales.
The key timescales used herein are mean residence time and the
timescale for net removal (i.e., the reciprocal of the net removal rate
for a substance within the estuary). Mean residence time is the
parameter that reflects the underlying transport processes, while
the net removal timescale represents net biochemical removal and
settling processes. With the use of timescales, the contributions of
physical transport and biochemical removal and settling processes
to material retention and export in an estuary can be evaluated, as
both processes are expressed in terms of a single comparable cur-
rency (Lucas et al. 2009). These relationships demonstrate that
material retention, export, loading, andmean concentration can be
estimated using themean residence time and the net removal time-
scale (in some cases also requiring ancillary parameters that are
commonly available for estuarine systems).

There are limitations associated with the simple models, as
some assumptions employed in the model derivations
(e.g., steady state, well mixed) may not always be satisfied in
reality. However, we showed that the derived expressions can
still be useful in providing first-order approximations for a real
estuary. We applied the simple net export:loading model to
Nixon et al.’s (1996) previously published lake and estuary
data set, achieving performance comparable to those authors’
empirical relationships with mean residence time. This indi-
cates that it is feasible to estimate the estuarine net export:load-
ing ratio (which may be otherwise difficult to quantify) based
on two timescales and a couple additional commonly col-
lected parameters needed to estimate the ocean exchange fac-
tor (i.e., concentration, and freshwater flow). For estimating
export:import, only the residence time and net removal time-
scale are needed. We also applied our simple loading model to
the Chesapeake Bay and compared our estimates of TN and TP
loading over more than two decades to independent estimates
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produced by the Chesapeake Bay Program. Our basic TN load-
ing model explained 85% of the variability in the Chesapeake
Bay Program’s estimated loadings, while an improved TP load-
ing model (casting net removal rate as a function of TSS)
explained 62% of the variability in Chesapeake Bay Program’s
estimated loadings over the period 1990–2012. An accurate
estimation of loading may be challenging for large estuaries or
other aquatic systems because of complex land use practices,
multiple point and diffuse sources (Falconer et al. 2018), atmo-
spheric and groundwater contributions, combined natural and
anthropogenic processes (Bricker et al. 2008), and strong tem-
poral variability over multiple timescales (Boynton et al. 1995).
Monitoring programs are not always designed to quantify all of
these, or even the most important, components (Falconer
et al. 2018). The results herein demonstrate that our simplified
loading model can be useful for estimating interannual varia-
tions in nutrient loadings based on changes in water quality
conditions and a few timescales representing flows, transport
and removal inside an estuary. Because the derivations of these
simple models are based on mass-balances for water and trans-
ported material, the results are general and can be applied to
different waterbodies and substances if underlying assumptions
are applicable.

References
Bierman, P. R., and D. R. Montgomery. 2014. Key concepts in

geomorphology. W.H. Freeman and Company Publishers.
Blaise, S., B. de Brye, A. de Brauwere, E. Deleersnijder, E. J. M.

Delhez, and R. Comblen. 2010. Capturing the residence
time boundary layer—application to the Scheldt estuary.
Ocean Dyn. 60: 535–554.

Bocaniov, S. A., and D. Scavia. 2018. Nutrient loss rates in rela-
tion to transport time scales in a large shallow lake (Lake
St. Clair, USA–Canada): Insights from a three-dimensional
model. Water Resour. Res. 54: doi:10.1029/2017WR021876–
doi:10.1029/2017WR023840.

Boon, J. D., J. M. Brubaker, and D. M. Forrest. 2010. Chesapeake
Bay land subsidence and sea level change: An evaluation of
past and present trends and future outlook. Virginia Institute
of Marine Science Special Report No. 425 in Applied Marine
Science and Ocean Engineering, 41 p., Appendices.

Boynton, W. R., J. H. Garber, R. Summers, and W. M. Kemp.
1995. Inputs, transformations, and transport of nitrogen
and phosphorus in Chesapeake Bay and selected tributaries.
Estuaries 18: 285–314. doi:10.2307/1352640

Bricker, S. B., B. Longstaff, W. Dennison, A. Jones, K. Boicourt,
C. Wicks, and J. Woerner. 2008. Effects of nutrient enrich-
ment in the nation’s estuaries: A decade of change. Harm-
ful Algae 8: 21–32. doi:10.1016/j.hal.2008.08.028

Carpenter, S. R., N. F. Caraco, D. L. Correll, R. W. Howarth, A. N.
Sharpley, and V. H. Smith. 1998. Nonpoint pollution of surface
waters with phosphorus and nitrogen. Ecol. Appl. 8: 559–568
doi:10.1890/1051-0761(1998)008[0559:NPOSWW]2.0.CO;2.

Cerco, C., and M. Noel. 2002. Chesapeake Bay eutrophication
model. EPA 903-R-04-004. U.S. Army Corps of Engineers,
WES, p. 349.

Chapra, S. C. 1997. Surface water-quality modeling. McGraw Hill.
De Brauwere, A., B. de Brye, S. Blaise, and E. Deleersnijder.

2011. Residence time, exposure time and connectivity in
the Scheldt Estuary. J. Marine Sys. 84: 85–95.

Delhez, E. J. M., A. W. Heemink, and E. Deleersnijder. 2004.
Residence time in a semi enclosed domain from the solu-
tion of an adjoint problem. Estuar. Coast. Shelf Sci. 61:
691–702. doi:10.1016/j.ecss.2004.07.013

Delhez, E. J. M., and E. Deleersnijder. 2006. The boundary
layer of the residence time field. Ocean Dyn. 56: 139–150.

Dettmann, E. H. 2001. Effect of water residence time on
annual export and denitrification of nitrogen in estuaries:
A model analysis. Estuaries 24: 481–490.

Diaz, R. J. 2001. Overview of hypoxia around the world.
J. Environ. Qual. 30: 275–281.

Dillon, P. J., and R. H. Rigler. 1974. A test of a simple nutrient
budget model predicting the phosphorus concentration in
lake water. J. Fish. Res. Board Can. 31: 1771–1778.

Du, J., and J. Shen. 2016. Water residence time in Chesapeake
Bay for 1980–2012. J. Mar. Syst. 164: 101–111.

Du, J., and J. Shen. 2017. Transport of riverine material from
multiple rivers in the Chesapeake Bay: Important control of
estuarine circulation on the material distribution. J. Geophys.
Res.: Biogeosciences 122: doi:10.1002/2016JG003707.

Dyer, K. R. 1973. Estuaries: A physical introduction. John
Wiley & Sons.

Falconer, L., T. C. Telfer, and L. G. Ross. 2018. Modelling
seasonal nutrient inputs from non-point sources across
large catchments of importance to aquaculture. Aquacul-
ture 495: 682–692. doi:10.1016/j.aquaculture.2018.
06.054

Gong, W., J. Shen, and J. Jia. 2008. The impact of human
activities on the flushing properties of a semi-closed
lagoon, Xiaohai, Hainan, China. Mar. Environ. Res. 65: 62–
76. doi:10.1016/j.marenvres.2007.08.001

Hamrick, J. M. 1992. A Three-Dimensional Environmental
Fluid Dynamics Computer Code: Theoretical and Computa-
tional Aspects. Special Report in Applied Marine Science
and Ocean Engineering. No. 317. College of William and
Mary, VIMS, 63 pp.

Kemp, W. M., W. R. Boynton, J. E. Adolf, D. F. Boesch, W. C.
Boicourt, and G. Brush. 2005. Eutrophication of Chesa-
peake Bay: Historical trends and ecological interactions.
Mar. Ecol. Prog. Ser. 303: 1–29. doi:10.3354/meps303001

Li, J., Y. Bai, K. Bear, S. Joshi, and D. Jaisi. 2017. Phosphorus
availability and turnover in the Chesapeake Bay: Insights
from nutrient stoichiometry and phosphate oxygen isotope
ratios. Eur. J. Vasc. Endovasc. Surg. 122: 811–824. doi:10.
1002/2016JG003589

Lucas, L. V., D. M. Sereno, J. R. Burau, T. S. Schraga, C. B.
Lopez, M. T. Stacey, K. V. Parchevsky, and V. P. Parchevsky.

Shen et al. Residence time and nutrients in estuaries

932

https://doi.org/10.2307/1352640
https://doi.org/10.1016/j.hal.2008.08.028
https://doi.org/10.1016/j.ecss.2004.07.013
https://doi.org/10.1016/j.aquaculture.2018.06.054
https://doi.org/10.1016/j.aquaculture.2018.06.054
https://doi.org/10.1016/j.marenvres.2007.08.001
https://doi.org/10.3354/meps303001
https://doi.org/10.1002/2016JG003589
https://doi.org/10.1002/2016JG003589


2006. Intradaily variability of water quality in a shallow
tidal lagoon: Mechanisms and implications. Estuaries Coast
29: 711–730. doi:10.1007/BF02786523

Lucas, L. V., J. K. Thompson, and L. R. Brown. 2009. Why are
diverse relationships observed between phytoplankton bio-
mass and transport time? Limnol. Oceanogr. 54: 381–390.
doi:10.4319/lo.2009.54.1.0381

Lucas, L. V., and E. Deleersnijder. 2020. Timescale methods
for simplifying, understanding and modeling biophysical
and water quality processes in coastal aquatic ecosystems:
A review. Water 12: 2717. doi:10.3390/w12102717

Martin, M. A., J. P. Fram, and M. T. Stacey. 2007. Seasonal
chlorophyll a fluxes between the coastal Pacific Ocean and
San Francisco Bay. Mar. Ecol. Prog. Ser. 337: 51–61. doi:10.
3354/meps337051

Monsen, N. E., J. E. Cloern, L. V. Lucas, and S. G. Monismith.
2002. The use of flushing time, residence time, and age as
transport time scales. Limnol. Oceanogr. 47: 1545–1553.
doi:10.4319/lo.2002.47.5.1545

Moyer, D. L., and J. D. Blomquist. 2018. Nitrogen, phospho-
rus, and suspended-sediment loads and trends measured at
the Chesapeake Bay River Input Monitoring stations: Water
years 1985–2017. U.S. Geological Survey Data Release. doi:
10.5066/P96NUK3Q

Nixon, S. W. 1995. Coastal marine eutrophication: A defini-
tion, social causes, and future concerns. Ophelia 41: 199–
219. doi:10.1080/00785236.1995.10422044

Nixon, S. W., and others. 1996. The fate of nitrogen and phos-
phorus at the land-sea margin of the North Atlantic Ocean.
Biogeochemistry 35: 141–180. doi:10.1007/BF02179826

Officer, C. B. 1976. Physical oceanography of estuaries (and
associated coastal waters). Wiley.

Sanford, L. P., W. C. Boicourt, and S. R. Rives. 1992. Model for
estimating tidal flushing of small embayments. J. Waterway
Port Coast. Ocean Eng. 118: 635–654.

Sheldon, J. E., and M. Alber. 2006. The calculation of estuarine
turnover times using freshwater fraction and tidal prism
models: A critical evaluation. Estuar Coast 29: 133–146.

Shen, J., and L. Haas. 2004. Calculating age and residence time
in the tidal York River using three-dimensional model
experiments. Estuar. Coast. Shelf Sci. 61: 449–461. doi:10.
1016/j.ecss.2004.06.010

Son, S., M. Wang, and L. W. Harding. 2014. Satellite-measured
net primary production in the Chesapeake Bay. Remote
Sens. Environ. 144: 109–119. doi:10.1016/j.rse.2014.01.018

Stow, C. A., Q. Liu, and E. J. Anderson. 2019. Nutrient loading
and nonstationarity: The importance of differentiating the
independent effects of tributary flow and nutrient concen-
tration. WIREs Water 7: e1396. doi:10.1002/wat2.1396

Takeoka, H. 1984. Fundamental concepts of exchange and
transport time scales in a coastal sea. Cont. Shelf Res. 3:
311–326. doi:10.1016/0278-4343(84)90014-1

Vollenweider, R. A. 1975. Input-output models with special
reference to the phosphorus loading concept in limnology.
Schweiz. Z. Hydrol. 37: 53–84.

Wang, C. F., M. H. Hsu, and A. Y. Kuo. 2004. Residence time
of the Danshuei River estuary. Coastal Shelf Sci. 60: 381–
393. doi:10.1016/j.ecss.2004.01.013

Wang, T., and Z. Yang. 2015. Understanding the flushing
capability of Bellingham Bay and its implication on bottom
water hypoxia. Estuar. Coast. Shelf Sci. 165: 279–290. doi:
10.1016/j.ecss.2015.04.010

Weston, N. B., A. E. Giblin, G. T. Banta, C. S. Hopkinson, and
J. Tucker. 2010. The effects of varying salinity on ammo-
nium exchange in estuarine sediments of the Parker River,
Massachusetts. Estuar. Coast. 33: 985–1003. doi:10.1007/
s12237-010-9282-5

Acknowledgments
We appreciate our colleagues for their constructive suggestions. The

authors thank Prof. Eric Deleersnijder for his insightful comments, which
significantly improved this manuscript. We also thank Dr. Jim Cloern and
Dr. Keyong Park for their helpful suggestions for the study. We are grate-
ful for the thoughtful comments of the Associate Editor and two anony-
mous reviewers, which led to a significantly improved manuscript.
Freshwater discharges of major rivers of the Chesapeake Bay are provided
by U.S. Geological Survey from http://waterdata.usgs.gov/nwis/. Chesa-
peake annual loadings of TN and TP are provided by the Chesapeake Bay
Program from 1990 to 2012 (https://www.chesapeakeprogress.com/
clean-water/water-quality). The observation data of TN, TP, and TSS are
provided by the Chesapeake Bay Program from 1985 to 2012 (https://
www.chesapeakebay.net/data). The data sources used for parameter esti-
mation and simple model verification are obtained from Nixon
et al. (1996), Dettmann (2001), and the sources cited therein including
Boynton et al. (1995). L.V.L. was supported by the Water Availability and
Use Science and National Water Quality Programs of the U.S. Geological
Survey. This is contribution no. 4054 of the Virginia Institute of Marine
Science, School of Marine Science, College of William and Mary, Virginia.

Submitted 17 March 2021

Revised 18 January 2022

Accepted 30 January 2022

Associate editor: Perran Cook

Shen et al. Residence time and nutrients in estuaries

933

https://doi.org/10.1007/BF02786523
https://doi.org/10.4319/lo.2009.54.1.0381
https://doi.org/10.3390/w12102717
https://doi.org/10.3354/meps337051
https://doi.org/10.3354/meps337051
https://doi.org/10.4319/lo.2002.47.5.1545
https://doi.org/10.5066/P96NUK3Q
https://doi.org/10.1080/00785236.1995.10422044
https://doi.org/10.1007/BF02179826
https://doi.org/10.1016/j.ecss.2004.06.010
https://doi.org/10.1016/j.ecss.2004.06.010
https://doi.org/10.1016/j.rse.2014.01.018
https://doi.org/10.1002/wat2.1396
https://doi.org/10.1016/0278-4343(84)90014-1
https://doi.org/10.1016/j.ecss.2004.01.013
https://doi.org/10.1016/j.ecss.2015.04.010
https://doi.org/10.1007/s12237-010-9282-5
https://doi.org/10.1007/s12237-010-9282-5
http://waterdata.usgs.gov/nwis/
https://www.chesapeakeprogress.com/clean-water/water-quality
https://www.chesapeakeprogress.com/clean-water/water-quality
https://www.chesapeakebay.net/data
https://www.chesapeakebay.net/data

	 Simple relationships between residence time and annual nutrient retention, export, and loading for estuaries
	The method
	Balance of water and mass
	Mean residence time
	Exported fraction of material
	Annual loading and mean concentration
	Computation of residence time
	Data sources

	Results and discussion
	Verification of NE:L model and estimation of removal rate
	Interannually varying NE:L for Chesapeake Bay
	Interannually varying loading of TN
	Interannually varying loading of TP
	Assumptions and caveats
	Implementation of models

	Conclusions
	References
	Acknowledgments



