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Abstract Estuarine exchange flow controls the salt balance and regulates biogeochemistry in an estuary.
The Albemarle-Pamlico estuarine system (APES) is the largest coastal lagoon in the U.S. and historically
susceptible to a series of environmental issues including salt water intrusion and eutrophication, yet its
estuarine exchange flow is poorly understood. Here, we investigate the estuarine exchange flow in the APES,
its tributary estuaries (Pamlico and Neuse), and sub-basin Albemarle Sound using the total exchange flow
analysis framework based on results from a deterministic numerical model. We find the following: (a)
Dynamics controlling estuarine exchange flow in the APES vary spatially and depend on timescales
considered. At inlets, estuarine exchange flows respond to both tidal prism and residual water levels at
weather-to-spring/neap timescales. At a long quasi-steady timescale represented as annual means, estuarine
exchange flow is dominated by barotropic flow. Within the tributary estuaries, estuarine exchange flows at
timescales of wind periods are controlled by wind-induced straining, whereas the quasi-steady state condition
is dominated by gravitational circulation. At Albemarle Sound, exchange flow is dominated by the residual
water levels at weather-to-spring/neap timescales, while at quasi-steady state it is controlled by barotropic
flow. (b) At the quasi-steady annual timescale, the salt content decreases with river discharge. At the weather-
to-spring/neap timescales, salt content is insensitive to variations in estuarine exchange flow, except for
within Albemarle Sound. (c) Estuarine exchange flow likely influences the biogeochemistry of the APES by
playing a key role in regulating the flushing efficiency and material exchange, a role that has been previously
overlooked.

Plain Language Summary The Albemarle-Pamlico estuarine system (APES) is the largest coastal
lagoonal estuary in the U.S. It has faced several environmental problems over the years, like salt water mixing
into freshwater areas and excessive nutrients buildup that harm water quality. Understanding water movement
in and out of the estuary, that is, “exchange flow”, is crucial for addressing these issues. However, this process
has not been thoroughly studied, which is why this research is important. For the first time, we used a computer
model to systematically analyze how water moves in and out of the APES and its different areas. We found that
the factors affecting this movement vary spatially and change depending on the timeframe considered. Over
short periods, like less than 2 weeks, tides and weather-induced change in water level are important at the inlets
where the APES meets the ocean. Inside the APES, tides are less significant, and winds play a bigger role in
moving water around. On a yearly basis, river flow becomes more influential. When river discharge increases, it
tends to wash more salt out of the estuary. This water exchange is likely crucial for the biological activities and
environmental health of the APES, indicating the need for further study.

1. Introduction
1.1. Estuarine Exchange Flow as an Important Driver of Estuary Salinity and Biogeochemistry

Estuarine exchange flow is the subtidal along-channel volume transport between the estuary and the coastal ocean
(MacCready & Geyer, 2014). It accounts for both the landward inflow component and the oceanward outflow
component. The landward component brings salty ocean water into the estuary, where it mixes with the fresh-
water from the river before being carried out of the estuary with intermediate salinity by the oceanward outflow
branch (MacCready et al., 2018; Wang et al., 2017). The material transport and mixing associated with estuarine
exchange flow is of critical importance for salinity dynamics, and also biogeochemistry in the estuary (MacC-
ready & Geyer, 2024; Wang et al., 2017).
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Estuarine exchange flow is the primary driver that determines the salt balance in the estuary as river discharges
typically transport zero salinity. The variations of estuarine exchange flow at different timescales (e.g., spring-
neap, meteorological bands, seasonal, and annual) can lead to significant changes in salt transport and the salt
content of the estuaries (Banas et al., 2004; Bowen & Geyer, 2003; Chen & Sanford, 2009; Lerczak et al., 2006;
MacCready & Geyer, 2024; Rayson et al., 2017; Scully et al., 2005; Xie & Li, 2018). Understanding the physical
mechanisms behind such variations are of significant importance considering the influence of estuarine salinity on
water quality, aquaculture, and ecosystem function of the estuary and its adjacent wetlands (Fagherazzi
etal., 2019; Getz & Eckert, 2023; Tully et al., 2019). Additionally, estuarine exchange flow plays a pivotal role in
regulating the biogeochemistry in the estuary (MacCready & Geyer, 2024). On one hand, the fact that the
magnitude of the estuarine exchange flow is usually many times larger than the river discharge means it dictates
the flushing of the estuary and the residence time of the waterborne materials within the estuary (Du et al., 2018;
MacCready & Geyer, 2010; Xiong et al., 2021). On the other hand, exchange flow exerts control on the import,
redistribution, and export of biologically important materials, including nitrogen and dissolved oxygen (Olson
et al., 2020; Sutton et al., 2013; Xiong et al., 2024), making it a key factor in regulating all aspects of biogeo-
chemical processes in estuaries. Thus, studying estuarine exchange flow is crucial for understanding both the
physical and biogeochemical processes in estuaries.

Estuarine exchange flow is subject to the control of various external forcings including winds, tides, and river
discharge. These forcings vary at different timescales, resulting in changes in estuarine exchange flow. At the
meteorological band (timescales of several days), both remote and local winds affect estuarine exchange flow.
The remote wind imposes a subtidal water level component at the mouth of the estuary (Cook et al., 2023; Feng &
Li, 2010; Garvine, 1985; Huang & Li, 2017; Wang, 1979; Xu et al., 2008), while local winds influence the surface
slope in the estuary and modulate its salinity structure (Barlow, 1956; Feng & Li, 2010; Garvine, 1985;
Geyer, 1997; Li et al., 2018). The impact of wind on estuarine exchange flow is related to wind direction and
intensity (Gong et al., 2009). Moderate local down-estuary axial winds can increase subtidal shear dispersion in an
estuary, causing enhanced volume and salt transport due to estuarine exchange flow, and resulting in increased
salt content in the estuary (Chen & Sanford, 2009; Scully et al., 2005; Xie & Li, 2018). On the other hand, intense
local winds in either the up-estuary or down-estuary axial direction tend to destroy the vertical stratification in an
estuary, reducing the volume and salt transport due to estuarine exchange flow, leading to a decrease in the
estuary's salt content (Chen & Sanford, 2009; Scully et al., 2005; Xie & Li, 2018). Additionally, cross-estuary
local wind-induced lateral circulation can further complicate the effects of axial wind on estuarine exchange
flow and associated salt transport (Li & Li, 2011, 2012; Xie & Li, 2018).

Estuarine exchange flow often shows variation at the spring-neap timescale. Tidal currents generally serve as the
source of mixing in an estuary and can vary significantly during the spring-neap cycle (Jay & Smith, 1990a,
1990b). For estuarine exchange flow that is primarily driven by baroclinic pressure gradients (i.e., gravitational
circulation), stronger tides can reduce stratification and decrease the estuarine exchange tflow (Geyer et al., 2020;
Park & Kuo, 1996). For instance, in the Hudson River estuary, estuarine exchange flow and the associated
landward salt transport is much higher during the neap tides than during the spring tides. This ditference results in
factor-of-4 variations in the salt content in the Hudson River estuary during a spring-neap cycle (Bowen &
Geyer, 2003; Lerczak et al., 2006). On the other hand, for estuarine exchange flow driven by tidal currents, salt
transport mainly results from the temporal correlation between current velocity and salinity (i.e., tidal oscillatory
salt flux, Fischer et al., 1979; see also Geyer & Signell, 1992; Lerczak et al., 2006), and is found to be larger
during stronger tides (Banas et al., 2004; Chen et al., 2012).

At seasonal and annual timescales, estuarine exchange flow varies with seasonal and interannual variations in
river discharge. In Chesapeake Bay, interannual variations of estuarine exchange flow are attributed to changes in
river discharge (Xiong et al., 2021). The annual cycle of dry summers and wet winters are reported to be
responsible for the intra- and interannual variation of estuarine exchange flow over a seasonally inverse estuary
(Nidzieko & Monismith, 2013). In Coos estuary, Oregon, the varying river discharge at seasonal timescale causes
the change in the oceanward component of the estuarine exchange flow but has little influence on its landward
counterpart (Conroy et al., 2020).

Current understanding of estuarine exchange flow is primarily based on studies of estuaries where tidal influence
is significant (e.g., Fischer et al., 1979; Hansen & Rattray, 1965; MacCready & Geyer, 2024), with a focus on
coastal plain estuaries such as Chesapeake Bay and the Hudson River estuary (as reviewed in MacCready &
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Geyer, 2010). In contrast, there is limited understanding of how estuarine exchange flow behaves in systems
where tidal forcing is negligible. In addition, fewer studies have examined coastal lagoons, despite their wide-
spread presence along global coastlines and their critical role as productive coastal ecosystems (Knoppers, 1994).
Moreover, most research on coastal lagoons has focused on the exchange between the lagoon and the coastal
ocean through inlets (e.g., Sylaios et al., 2006; Valle-Levinson et al., 2001), with limited understanding of internal
exchange between sub-basins within the lagoon. However, many coastal lagoons have multiple sub-basins or
tributary estuaries. This is particularly true of large lagoons, such as the Albemarle-Pamlico estuarine system
(APES), the largest coastal lagoon estuary in the U.S. (Paerl et al., 2010). This study aims to address this gap by
investigating the mechanisms controlling estuarine exchange flow in the APES, a representative example of large
lagoonal estuaries with weak tides, multiple tidal inlets, and several tributary estuaries/sub-basins.

1.2. Study Area and Motivation

The APES (Figure 1) is located on the northeast coast of North Carolina, U.S. In terms of surface area, it is the
second largest estuary on the U.S. East Coast, covering an area of ~7,800 km?. It is a shallow estuary with a mean
water depth of 4.5 m. The APES is isolated from the Atlantic Ocean by the North Carolina Outer Banks barrier
island chain. Exchange between the ocean and the APES occurs through three major inlets including Ocracoke
Inlet, Hatteras Inlet, and Oregon Inlet. The tidal range is 0.9 m on average along the barrier island oceanic
coastline (Moslow & Heron, 1994) but is damped to 0.1 m or less over most of the APES region (Wells &
Kim, 1989). Consequently, similar to many coastal lagoon systems isolated from the open ocean by barrier
islands, tides play a negligible role in controlling circulation in most parts of the APES that are far from the inlets
(Wells & Kim, 1989). The APES contains two major sub-basins, Albemarle Sound to the north and Pamlico
Sound to the south. There are four major rivers entering the APES. The Chowan and Roanoke Rivers empty into
Albemarle Sound while the Pamlico and Neuse Rivers drain into Pamlico Sound. River discharges are high during
spring and low during summer with an annual load of 29 x 10° m® (Jia & Li, 2012a; Linet al., 2007). The response
of the salinity in the APES to river discharge is not instantaneous. Based on 18 years observation, on average,
December is the month of highest salinity although the minimum flow occurs in June or October (Epperly &
Ross, 1986; Giese et al., 1985).

At timescales of several days, the estuarine circulation in the APES is driven mainly by wind but shows a spatially
distinct pattern and dynamics (Luettich Jr et al., 2002, see also Pietrafesa, Janowitz, Chao, et al., 1986; Pietrafesa,
Janowitz, Miller, et al., 1986; Wells & Kim, 1989). In specific, circulation in southern Pamlico Sound (west of
Bluft Shoal, Figure 1b) often features vertically sheared two-layer flows that is driven primarily by wind stress,
baroclinic, and barotropic forces. However, in northern Pamlico Sound (east of Bluff Shoal, Figure 1b) and in
Albemarle Sound, the circulation shows laterally sheared flows that is driven primarily by wind stress and
barotropic forces (Jia & Li, 2012b). On annual average, Pamlico Sound features a weakly stratified two-layer
circulation while Albemarle Sound is generally well mixed (Jia & Li, 2012a; Woods, 1967). The gravitational
force is the main driver of the long-term mean circulation in Pamlico Sound (Jia & Li, 2012a). Tides, although
being negligible in most parts of the APES (Luettich Jret al., 2002), generate strong currents around the inlets and
are an important factor controlling exchange between the APES and the open ocean (Clunies et al., 2017; Jia &
Li, 2012a; Mulligan et al., 2019; Wells & Kim, 1989).

The exchange between the APES and the Atlantic Ocean through the inlets is characterized by two distinct modes
(stratified or well-mixed) depending partially on wind directions (Xie & Eggleston, 1999; Xie & Pie-
trafesa, 1999). The subtidal salt fluxes at the inlets are controlled by subtidal barotropic advection and tidal
oscillatory salt transport (Jia & Li, 2012a). Jia and Li (2012a) considered a transect in southern Pamlico Sound and
reported that the annual mean exchange flow driven by gravitational circulation can reach 2 cm/s there. There is
also evidence that the salt content of the APES changes monthly and seasonally (Jia & Li, 2012a; Lin et al., 2007;
Wells & Kim, 1989). The salt content tends to be lower from late winter to spring and higher from late summer to
early winter. Lowest and highest salinities are reported to occur in April and December, respectively (Epperly &
Ross, 1986).

The APES and its tributary estuaries have been historically challenged by environmental issues including harmful
algal blooms (e.g., Paerl, 1982; Paerl, 1997) and bottom water hypoxia (e.g., Buzzelli et al., 2002; Stanley &
Nixon, 1992). The development of harmful algal blooms and low-oxygen bottom water have been primarily
related to the increased nutrient delivery from upland through the river discharge and its subsequent accumulation
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Figure 1. (a) Location of the study area within the Atlantic Ocean, (b) the Albemarle-Pamlico estuarine system and the
adjacent coastal region. The red box outlines the model domain. The stars represent USGS gauge stations of observed hourly
river discharge. Blue triangles identify locations of salinity data. The pink lines show the locations of the transects where total
exchange flow analysis was conducted. The black arrows at each transect point to the directions defined as inward volume
transport. Dark gray lines depict the 0-m and 50-m isobaths. The black dashed line indicates the location of Bluff Shoal,
which divides Pamlico Sound into northern and southern parts. The location of Buoy 41205 used in Figure 2b is also shown.

in the system largely due to the long residence time of the APES (e.g., Paerl et al., 2010; Paerl et al., 2014; Paerl
et al., 2018; Pietrafesa, Janowitz, Chao, et al., 1986; Pietrafesa, Janowitz, Miller, et al., 1986). Yet the role of
estuarine exchange flow in regulating estuarine biogeochemistry and these issues has been overlooked.

Basic understanding of the estuarine exchange flow in the APES remains unclear. For instance, what is the
magnitude of estuarine exchange flow within the APES and within its sub-basins? What are the major
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mechanisms controlling estuarine exchange flow? How do estuarine exchange flow and associated salt transport
vary at different timescales? And how may the salt content of the estuary respond to the variation in estuarine
exchange flow? What is the potential role of estuarine exchange flow in regulating the biogeochemical processes?
These questions motivated this study.

1.3. Theoretical Background
1.3.1. Total Exchange Flow

In this study, we use the total exchange flow (TEF) analysis framework to quantify the estuarine exchange flow
and associated salt transport (MacCready, 2011). TEF tracks the subtidal volume and salt transport in salinity
coordinates (MacCready, 2011). It represents the estuarine exchange flow and associated salt transport as
occurring in two layers with inward volume transport (Q,,, in m’/s) and volume weighted salinity (S;,, in psu),
and outward volume transport (Q,,,, in m*/s) and volume weighted salinity (S,,;, in psu). In comparison to the
Eulerian decomposition method, TEF allows a concise quantification of the estuarine exchange flow, which
exactly satisfies the Knudsen relations, and separate considerations of the contributions of volume transport (Q;,
and Q) and salinity (S, and S,,;) to salt transport (MacCready & Geyer, 2024).

Using the TEF volume transport terms (Q;, and Q,,,), considering river discharge (Qg, in m/s), the volume
conservation of the estuary can be expressed as follows:

%(f@) = Oin + Qou + O (1

where {) represents a tidal average, Q;, is the inward (positive) volume transport, Q,,, is the outward (negative)
volume transport, and Qp is the river discharge (positive).

Using the TEF volume transport (Q;, and Q) and the salinity terms (S;, and S,,,), the salt balance of the estuary
can be written as follows:

d dsV dS_ dv dv
A [ste) =B = GV + G = Fa = QS+ QoS = QS = OuSa+ G5 @)

where V = (f'dy) (unit: m?) is the tidally averaged volume of the estuary and § = <%) (unit: psu) is the salt

content of the estuary, which is calculated as the tidally and volume averaged salinity of the estuary.
AS = §;, — S, is the salinity difference between inward and outward volume transport-weighted salinities. In
Equation 2, the contributions of volume transport (Q;, and Q,,) and associated salinities (S;, and S,y) on
estuarine salt budget are considered separately.

Combining Equations 1 and 2, the salt balance equation can be further written as follows:

4 )8 fafrsemcas-o.

The left-hand side of this equation is the adjusted storage term (MacCready & Geyer, 2024), which is related to
the estuarine adjustment time as described below.

1.3.2. Estuarine Adjustment Time

Estuarine adjustment time refers to the timescale needed for an estuary to adapt from an original steady state to a
new steady state following a change in external forcings (Hetland & Geyer, 2004; Kranenburg, 1986; MacC-
ready, 1999, 2007). Depending on the relative length of the estuarine adjustment time and the timescale at which
the forcings vary, the estuarine response can be quasi-steady or unsteady (MacCready, 2007). In this study, we

analyze the response of the salt content (represented using § = <-§’:T">) to variations in estuarine exchange flow

and associated salt transport in the APES. Here, we define the estuarine adjustment time as the time needed for the
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salt content of the estuary to reach a new steady state following changes in estuarine exchange flow and associated
salt transport. Two timescales at which the estuarine exchange flow varies are considered—a relatively short
unsteady timescale and a relatively long quasi-steady timescale. As shown in Section 3, the unsteady timescale at
which the estuarine exchange flow of the APES varies includes the meteorological band (several days) and the
spring-neap cycle (~2 weeks). Because our analysis considers tidally averaged values, the unsteady timescale
covers subtidal frequencies up to the spring-neap cycle. It is defined as unsteady as both the meteorological band
and the spring-neap cycle are generally shorter than the estuarine adjustment time of the APES. The quasi-steady
timescale is represented using the annual means of the estuarine properties such as TEF terms and salt content. It
is defined as quasi-steady because it is generally longer than the estuarine adjustment time of the APES. At the
annual average timescale, the estuary is adjusted to the fluctuations in estuarine exchange flow and associated salt
transport, and Equations 1 and 3 can be further simplified as follows:

0= Qin + Qoul + QR (4)

d dsS—

E( f de) ==V = 0uAS = QxSou 3)
However, at the spring-neap cycle and meteorological bands, the system is in a nonsteady state condition, and
‘%(f dy) in Equations 1 and 3 cannot be neglected (MacCready & Geyer, 2024).

1.3.3. Physical Mechanisms Related to Estuarine Exchange Flow

A significant amount of work has been conducted to understand the physical mechanisms controlling estuarine
exchange flow and to build theoretical or empirical relationships between estuarine exchange flow and external
forcing (MacCready & Geyer, 2010; see also Burchard & Hetland, 2010; Chatwin, 1976; Hansen & Rat-
tray, 1965; Hetland & Geyer, 2004; MacCready, 1999, 2004, 2007, MacCready & Geyer, 2024; Monismith
et al., 2002; Ralston et al., 2008). Estuarine exchange flow can be induced by residual shear (i.e., the variations of
the tidally averaged velocity and salinity) and/or tidal currents themselves (MacCready & Geyer, 2024).
Numerous studies have been conducted to develop theoretical solutions for residual shear induced estuarine
exchange flow and associated estuarine stratification (Burchard & Hetland, 2010; Hansen & Rattray, 1965;
MacCready, 2004, 2007; Ralston et al., 2008). For estuaries in which exchange flow are forced by the tidal
advection and flow separation, Chen et al. (2012) and MacCready and Geyer (2024) investigated the scaling
between estuarine exchange flow and tidal forcing. In this study, we use the solutions for subtidal shear velocity
and salinity deviation from Ralston et al. (2008), and scaling from Chen et al. (2012) and MacCready and
Geyer (2024) as the theoretical guidelines to understand the physical controls behind the estuarine exchange flow
in the APES.

For a residual circulation-dominated estuary, based on the solution of subtidal shear velocity from Ralston
et al. (2008); see also Burchard & Hetland (2010); the estuarine exchange flow (represented using Q;,) scales with
the residual shear velocity as follows:

Qin‘x“A = (au “0+ﬂu Ug +Yu “w)A (6)

where A (unit: m?) is the area of a selected cross-section, and # (unit: m/s) is the subtidal shear velocity, which can
be separated into the exchange flow velocity components induced by barotropic flow (i), gravitational circu-
lation (ug), and local along-estuary wind (u,). In addition, a,, §, and y, are functions of the normalized depth (%),
which range from 0 to —1 where H (unit: m) is the water depth.

At the short unsteady timescale, based on the solutions of uy, 1z, and u,, (Ralston et al., 2008), depending on the
controlling mechanisms, it is expected that (a) Oy, oc%’} when estuarine exchange flow is affected primarily by %’},
(b) O;, “%‘V (K,,) when estuarine exchange flow is affected primarily by gravitational circulation, and (c)
O oc%:oc;i- when estuarine exchange flow is affected primarily by wind-induced straining. Here, # (unit: m) is

the subtidal water level, %;1 (unit: m/s) represents the temporal change of the subtidal water level associated with
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Table 1
Short Unsteady Timescale Scaling Expectations for Estuarine Exchange Flow and Associated Salinity Difference
Timescale Controlling mechanism Sca]ing Qi) Scaling (AS)
Short unsteady %‘1 0, x _ AS o (a&,)
g n K\ax)a
“ O o 52/ (K) AS o (2)/(K,K.)
Wind-induced straining O o % AS o K% ( % ) v
Current-salinity tidal correlation Oin & Oprism AS o ﬁ

Note. For estuarine exchange flow dominated by residual shear, the scaling for AS applies when tidally averaged flows have
two layers in vertical, with the top layer going seaward and the bottom layer going landward.

winds, s, (unit: psu) represents depth-averaged salinity, K,, (unit: m?/s) is the eddy viscosity, and z,, (unit: N/m?)
and V, (unit: m/s) are the wind stress and wind velocity, respectively.

In estuaries featuring vertically two-layered residual circulation (e.g., Pritchard, 1952), the volume transport-
averaged salinity difference (represented using AS in Equation 2) will follow the following scaling:

H-= (a5,
ASocs’:K—( 0)((13*H0+ﬂ5*1!g+}’5*u) @)

where s’ (psu) is the salinity deviation from the depth-averaged salinity (s;) (Ralston et al., 2008). Additionally,
ay, f; and y, are functions of the normalized depth (%), and K (unit: m?s) is the eddy diffusivity coefficient,
which is proportional to K, by a constant (MacCready and Geyer).

Thus, for estuaries where the tidally averaged flows have two layers, with the top layer going seaward and the
bottom layer going landward, the following scalings between AS and the controlling factors are expected: (a)

ASxyg- (%) 22, when estuarine exchange flow is affected primarily by 3Z; (b) AS (ﬁ} /(K ,K,) when estuarine

exchange flow is affected primarily by gravitational circulation; and (c) AS o< ' ( } V2 when estuarine exchange

flow is affected primarily by wind-induced straining.

For exchange flow that is forced by the oscillating tidal motion and flow separation (i.e., current-salinity tidal
correlation), according to Chen et al. (2012), we may expect that Q;, scales with the tidal prism (Qpyr,, in m’/s),
that is, Qi  Qpism = — ” 2AUy sin(wr) dt, where T (unit: s) is the tidal period and Uy (unit: m/s) is the
magnitude of tidal velocny (Chen et al., 2012). In addition, AS is expected to decrease with increased tidal prism,
that is, ASO‘QF.,;-M (MacCready & Geyer, 2024). It should be noted that, under high subtidal barotropic flow (

a, g A in Equation 6) conditions, O, should be corrected by removing the subtidal barotropic flow from the
tidal volume flux.

Table 1 summarizes the expected scaling of the estuarine exchange flow (Q;,) and associated salinity difference
(AS) at short unsteady timescale when controlled by different mechanisms.

The scalings are shown in Table 1 for idealized estuaries with simplified geometry, external forcing, physical
processes, and steady state assumptions, but for a realistic estuary, at short unsteady timescale, the general ex-
pectations will be as follows: (a) Q;, and AS vary with J , for cases where the time rate of change of residual water
level is the major driver of the estuarine exchange ﬂcw, (b) O;, and AS increase with increases in the horizontal
salinity gradient (%Sx"-), and decreases in mixing (K,,,K) for gravitational circulation induced exchange flow; (c)
when estuarine exchange flow is controlled by wind-induced straining (instead of direct mixing), we may expect
QO;, and AS to increase with VE as the wind-induced straining tends to suppress the mixing (K,,) (Chen & San-
ford, 2009; Scully et al., 2005); and (d) for estuarine exchange flow forced by tidal correlation between currents
and salinity, it is expected that Q;, increases while AS decreases with increased tidal forcing.
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Table 2
Long Quasi-Steady Timescale Scaling Expectations for Estuarine Exchange Flow and Associated Salinity Difference
Timescale Controlling mechanism Scaling (@) Scaling (AS)
Long quasi-steady River discharge-induced barotropic flow. O, x k O AS o k Qg
River discharge-enhanced gravitational circulation. O o O AS « Of

At a long quasi-steady timescale, we focused on the impact of river discharge because the net influence from
winds and tides on residual circulation in the APES tends to approach zero at long timescales, and the river
discharge becomes the dominating factor (Wells & Kim, 1989). The effect of river discharge on estuarine ex-
change flow can be executed through two ways: (a) forming an oceanward barotropic gradient thus increasing the
seaward barotropic flow (u in Equation 6 and Equation 7) and (b) enhancing the estuarine exchange flow induced
by gravitational circulation (x, in Equation 6 and Equation 7) by moditying salinity structure and stratification. At
the quasi-steady timescale, the horizontal salinity gradient (%‘1 in Equation 7), which scales with K, should have
fully adjusted to the scale of river discharge (MacCready & Geyer, 2010; see also MacCready, 1999, 2004, 2007).
Thus, if the control of river discharge on the estuarine exchange flow is mainly via barotropic effects, it is ex-
pected that the estuarine exchange flow and salinity difference at a long quasi-steady timescale will scale linearly
with river discharge according to Equations 6 and 7. However, if the impact of river discharge on estuarine
exchange flow and salinity difference is mainly via gravitational circulation, then the estuarine exchange flow and
salinity difference will scale with river discharge as power-law functions, that is, Q;, «c 0% and AS« Q% (e.g.,
MacCready & Geyer, 2010; Monismith et al., 2002; Ralston et al., 2008). The expected scaling of the estuarine
exchange flow (Q;,) and associated salinity difference (AS) at long quasi-steady timescale is summarized in
Table 2.

1.4. Objective and Research Questions

In this study, we aim to understand the estuarine exchange flow, net salt transport associated with exchange flow
and its impact on salt content and implications for biogeochemistry in the APES. We focused our analysis on the
short unsteady and long quasi-steady timescales defined above. Particularly, we answer the following four
research questions: (a) What are the magnitudes of estuarine exchange flow (represented using Q;, in Equation 1)
and net salt transport (represented using F,, in Equation 2) in the APES, and how do they vary at both the un-
steady and quasi-steady timescales? (b) What are the physical controls on the estuarine exchange flow in the

APES? (c) How does the salt content (represented using § = <J—:,—’:T"> in Equation 2) in the estuary respond to
variations in estuarine exchange flow at both the unsteady and quasi-steady timescales? (d) What are the
biogeochemical implications of estuarine exchange flow? To address the research questions, we developed a
three-dimensional hydrodynamic model using the Regional Ocean Modeling System (ROMS; see Haidvogel
et al., 2000, 2008; Shchepetkin & McWilliams, 2003, 2009) within the Coupled Ocean-Atmosphere-Wave-
Sediment Transport (COAWST) model framework (see Warner et al., 2008, 2010). We applied the TEF method

to quantify estuarine exchange flow and salt transport.

To understand the physical mechanisms controlling estuarine exchange flow at the short unsteady timescale, we
conducted a wavelet power analysis to identify the dominant timescales of estuarine exchange flow variability at
the inlets of the APES, its sub-basins, and tributary estuaries. By comparing the power spectra of estuarine ex-
change flow with those of external forcings, we identified potential drivers that may influence exchange flow.
Next, we examined the scaling relationship between estuarine exchange flow and potential forcing(s), comparing
our results with theoretically derived scalings (Table 1) to identify the major dynamical mechanisms. It should be
noted that our goal in analyzing these scaling relationships at short unsteady timescale focuses on identifying a
significant trend between estuarine exchange flow and the external forcing that align with theoretical scaling
relations summarized in Table 1. We do not expect a perfect fit because the scaling relationships are based on
idealized systems, whereas the modeled results include the complex geometry and nonsteady forcing of the
APES.

To understand the controlling mechanism over long quasi-steady timescales, we conducted a scaling analysis to
examine the correlation between estuarine exchange flow and river discharge, specifically evaluating whether it
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Figure 2. (a) Hourly time series of observed river discharges during 2022 for the Chowan (gray), Neuse (red), Pamlico (orange), and Roanoke (dark blue) Rivers. (b) 3-
hourly time series of wind speed from North American Regional Reanalysis used as our model input (blue) along with hourly wind observation (gray) at Buoy 41205
during 2022. The locations of the USGS gauging stations and Buoy 41205 are shown in Figure 1b.

follows a linear or power-law relationship. This analysis enables us to identify the major mechanism by
comparing the observed relationship with theoretical expectations, as summarized in Table 2.

The biogeochemical implications of estuarine exchange flow are discussed in terms of its role in controlling the
flushing efficiency of the APES and regulating the exchange of biologically important materials between the
APES and the coastal ocean, as well as among its sub-basins.

In Section 2, we present the configuration of the numerical model, the setup of the numerical experiments, and the
calculations of estuarine exchange flow. Results of model-simulated salinity, salt content, calculated estuarine
exchange flow, and wavelet analysis are presented in Section 3. In Section 4, we discuss the controlling
mechanisms behind estuarine exchange flow and the salt content response to variations of estuarine exchange
flow at both the short unsteady and long quasi-steady timescales. In addition, we discuss the implications of
estuarine exchange flow for estuarine biogeochemistry. In Section 5, we close the paper with Summary and
Conclusions.

2. Methods
2.1. Numerical Model Configuration and Validation

The Regional Ocean Modeling System (ROMS) is used to represent the hydrodynamics of the APES. ROMS is a
free-surface, hydrostatic, and primitive equation model that has been widely used in numerical investigations of
estuarine systems (e.g., Geyer et al., 2020; Sutherland et al., 2011; Warner et al., 2005). Our model domain (red
box in Figure 1b) encompasses the entire APES and extends ~40 km offshore of the North Carolina Outer Banks
barrier islands. The model has a horizontal resolution of ~500 m and 16 terrain-following stretched sigma co-
ordinate layers. The k — £ method of the generic length scale turbulence closure formulation (Umlauf &
Burchard, 2003) is used. The default third-order upstream advection scheme and fourth-order, centered differ-
ences scheme is used for horizontal and vertical momentum, respectively. For tracers, the third high order spatial
interpolation at the middle temporal level coupled with a TVD limiter (HSIMT, Wu & Zhu, 2010) is used.

Model initial and boundary conditions including temperature, salinity, water level, and three-dimensional mo-
mentum are derived from a lower resolution “parent” ROMS 3D model that covers the entire U.S. East Coast with
a horizontal resolution of ~5 km (Warmer & Kalra, 2022). River inputs for our APES ROMS model are derived
from the U.S. Geological Survey (USGS) gauge stations. Specifically, hourly river discharge time series
(Figure 2a) for the Neuse River, Pamlico River, and Roanoke River are taken from USGS gauging stations
02091814, 02084000, and 02080500 (see Figure 1b for locations), respectively. Note that the high-frequency
fluctuations in Roanoke River discharge are caused by human alterations to streamflow via dam openings and
closings. For the Chowan River (Figure 2a), the river discharge time series used in the model is the combination of
the observations from the three most downstream USGS gauging stations including 02052090, 02047370, and
02050000 (see Figure 1b for locations). Discharges measured at the gauge stations represent runoff from the
catchments upstream of the gauge stations, but areas downstream of the stations also contribute freshwater to the
estuaries. To account for surface runoff from these ungauged areas, the discharges measured at the gauge stations
are scaled by the ratio between the ungauged and gauged area. The temperature for the river discharge are set as
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Table 3

Correlation Metrics Comparing Modeled and Observed Values of Salinity in the Surface and Bottom Waters of Nine
Observation Sites

Surface values Bottom values

Region Station RMSE (psu)  Bias (psu) R RMSE (psu)  Bias (psu) R
Neuse River estuary 100 22 —0.47 0.64 1.92 —0.49 0.63
140 1.61 1.25 0.86 1.86 0.54 0.61
180 1.54 1.15 0.84 1.95 0.87 0.64
Pamlico River estuary ~ 0865000C 1.47 -0.53 0.88 2.80 —0.68 0.35
09059000 2.88 2.39 0.73 2.05 0.82 0.60
0982500C 2.35 1.26 0.74 2.50 1.36 0.55

Pamlico Sound PS2 1.37 1.2 0.92 1.62 1.00 0.81
PS4 1.87 1.59 0.87 2.25 0.81 0.48
PS7 1.66 1.26 0.87 2.46 178 0.82

10°C. Atmospheric forcings for the simulation are from the 3-hourly North American Regional Reanalysis
(NARR, Mesinger et al., 2006), which is produced by the National Centers for Environmental Prediction and has a
horizontal resolution of 32 km. The atmospheric forcing is interpolated to match the spatial and temporal reso-
lutions of the APES ROMS model. At each time step, the spatially varying atmospheric forcing is applied to
compute the surface boundary conditions. Figure 2b compares the NARR winds with observations at Buoy 41025
(see Figure 1b for buoy location). Overall, the NARR winds well reproduce the observed wind speed (R*=0.74).

Because the “parent” ROMS model does not account for freshwater input into the APES, the salinity in the model
domain is initialized as follows. The model is first initialized with oceanic salinity and run from February 2021 to
September 2022 including freshwater input. Model output from September 2022 is then used as the initial
condition to rerun the model from September 2021 until December 2022. Following this initialization procedure,
the model output from the year 2022 is used for analysis in this study. Based on annual mean river discharge
observations from 2000 to 2023, year 2022 is the driest year for the past decade (Figure Sla in Supporting In-
formation S1) and is among the 25% driest years in the past two decades (Figure S1b in Supporting Informa-
tion S1). The baroclinic time step used for the model simulation is 30 s, and the number of barotropic time steps
between each baroclinic time step is 20. Output files are written once per hour.

The numerical model is validated with surface and bottom salinity measurements in Pamlico River, Neuse River,
and Pamlico Sound (see Figure 1b for locations of salinity observation sites). The salinity measurements in
Pamlico River estuary (stations O865000C, 09059000, and 0982500C), Neuse River estuary (stations 100, 140,
and 180), and Pamlico Sound (stations PS2, PS4, and PS7) are acquired by the North Carolina Environmental
Quality’s Ambient Monitoring System, the Neuse River Estuary Modeling and Monitoring Project (ModMon),
and the Ferry Monitoring program (FerryMon, Paerl et al., 2009), respectively. The metrics used for model
performance evaluation are the root mean square error (RMSE), the averaged bias (Bias), and the correlation
coefficient (RZ). See the (Equations S1-S3 in Supporting Information S1) for details of the calculation of the
metrics. Table 3 shows the correlation metrics for model simulation of surface and bottom salinity at these nine
stations. Figure 3 compares the simulated and the observed surface and bottom salinity at three selected stations
(model-data comparison at the other six stations is shown in Figure S2 in Supporting Information S1). The model
in general captured both the magnitude and spatial-temporal variation of the salinity in the APES, despite some
discrepancies at certain sites and time points. The lower model performance in Figure 3d is largely due to the
underestimation of the peak salinity value in May 2022, which might be due to the limitation in representing the
local bathymetry. For Figure 3f, the bias maybe primarily induced by the boundary conditions.

2.2. Numerical Experiments: Sensitivity to River Discharge

In addition to the numerical simulation driven by realistic forcing for 2022 described above, we conduct three
additional numerical simulations with varying river discharges to examine the influence of river discharge on
estuarine exchange flow and associated salt transport at the quasi-steady timescale. Table 4 details the
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Figure 3. Lefi: observed (blue circles) and modeled (orange lines) surface salinity at three selected stations from the Pamlico River estuary (S100), Neuse River estuary
(086500C), and Pamlico Sound (PS2) during 2022. Right: same as the left panel, but for bottom salinity. Correlation metrics (root mean square error, Bias and RZ) are
also shown. The locations of the stations are shown in Figure 1b.

Table 4

The Configuration of the Numerical Experiments

configuration of these numerical experiments, which were all identical except for the scaling of the river
discharge. We focus on river discharge because the net influence from winds and tides on residual circulation in
the APES tends to approach zero at long timescales, and the river discharge becomes the dominating factor (Wells
& Kim, 1989). In each run, the river discharge is scaled by a factor ranging from 0.1 to 2.0. The ranges of river
discharge are chosen to provide clear scaling between the river input and the estuarine exchange flow as shown in
Section 4.

2.3. Estuarine Exchange Flow Calculations

In this study, following the TEF method (MacCready, 2011), we calculate the subtidal inward (Q;,) and outward
(Qout) volume transport and subtidal inward (S;,) and outward (S,,,) volume transport-weighted salinities through
six transects in the APES (Figure 1b). Hourly model outputs (i.e., hourly history files from ROMS) for the year
2022 are used for the calculation. The TEF method requires binning the salt transport through a given transect by
salinity. In our calculations, we use 100 salinity bins ranging from 0 to 36. The first step in TEF calculations for a
transect is to compute the volume flux of water with salinity exceeding each salinity value. A Butterworth low-
pass filter with a 35-hr cutoff frequency is then applied to these volume fluxes to extract their subtidal compo-
nents. The subtidal volume flux within each salinity bin is determined as the difference between the subtidal
volume fluxes of water with salinities exceeding the lower and upper bounds of the bin. The subtidal salt flux
within each bin is calculated as the product of the corresponding volume flux
and salinity. Using these results, subtidal inward (Q;,) and outward (Q,,,)
volume transports, as well as inward (F;,) and outward (F,,,) salt transports,

Experiment River discharge Wind Tide  are calculated by integrating the respective volume and salt fluxes over the
salinity bins. The transport-weighted subtidal inward (S;,) and outward (S,)
Standard Realistic forcing for 2022 o .
salinities are then computed as F,/Q;, and F,/ 0. respectively.
River 1 0.1 x Standard Realistic forcing for 2022
S s Realistic forcing for 2022 With the‘ calculated TEF IBI'IIIIS, the estuarine ad_]lfstment time of salt content to
change in exchange flow is calculated following Rayson et al. (2017) as
River 3 2.0 x Standard Realistic forcing for 2022 .
follow:
YINET AL. 11 of 31



Asot |

A Journal of Geophysical Research: Oceans 10.1029/20241C021919
AND SPACE SCIENCES
—APES = Albemarle Sound — Neuse River Estuary — Pamlico River Estuary — Pamlico Sound
@ P ®)
28 " S — T i ) 2
?:‘1\ ™ - ‘\_—\I\/_,.__, —// :;._.\
& g
g 2 /f\//\_" B g1
3 W s
12 0
01-01  03-01 05-01 07-01 09-01 11-01 01-01  03-01 05-001  07-01 09-01 11-01

Date in 2022 Date in 2022

Figure 4. (a) Time series of salt content of the Albemarle-Pamlico estuarine system (black), Pamlico Sound (gray), Pamlico River estuary (red), and Neuse River estuary
(orange) during 2022 and (b) same as (a) but for Albemarle Sound (blue). These values are calculated from the results for the year 2022 from the “Standard™ model

(Table 4).
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where £ = Si.., and § = <i;—3:7">, which represents the salt content of the estuary.

For the rest of the paper, we present the estuarine exchange flow, and the associated salt transport calculated at the
transects shown in Figure 1b from the results of the year 2022 from the numerical model runs (Table 4).
Additionally, we discuss the physical mechanisms that control the estuarine exchange flow at both the short
unsteady (i.e., subtidal to spring-neap) and long quasi-steady (i.e., annual average) timescales using the theo-
retical scalings that are reviewed in Section 1.3. Moreover, we examine the responses of the salt content of the
APES and its sub-basins to the variations of the estuarine exchange flow at these two timescales and interpret such
responses with respect to the calculated estuarine adjustment time. Further, we discuss the implications of
estuarine exchange flow to biogeochemistry in the APES.

3. Results
3.1. Salt Content

Figure 4 shows the time series of the salt content (S in Equation 2) of the APES and its sub-basins during the year
2022. The salt content of Albemarle Sound (shown in a separate panel Figure 4b) is much lower than the APES and
the other sub-basins (Figure 4a). Over the entire year, Albermarle Sound salt content only varies from 0 to ~2.0 psu.
Meanwhile, Pamlico (red line in Figure 4a) and Neuse River (orange line in Figure 4a) estuaries vary from~13.0to
~23.0 psu, Pamlico Sound (gray line in Figure 4a) varies from ~24.0 to ~29.0 psu, and the APES (black line in
Figure 4a) varies from ~16.0 to 20.0 psu. Seasonally, salt content of the APES increases from 16.5 to 20.0 psu over
a period of ~5 months. The salt content slightly decreases and then stays relatively stable before a seasonal drop
lasting from late fall in November to late winter in February. From then until late spring, the salt content of the
APES stays relatively stable except for a slight increase and then decrease occurring over a one-and-a-half-month
period starting from March. These three distinct time periods in general characterize Pamlico Sound (gray line),
Pamlico River (red line), and Neuse River (orange line) estuaries aside from some short-term differences
(Figure 4a). Forexample, the salt content of Pamlico River estuary shows a constant drop from March to May while
the APES, Pamlico Sound, and Neuse River estuary all exhibit an increase and then a decrease. On the other hand,
the salt content of Albemarle Sound stays relatively stable during summer and early fall before decreasing from late
fall in November to spring.

3.2. Salinity and Stratification

Figure 5a shows the annual mean surface salinity based on the results of the “Standard” model (Table 4) for the
year 2022. As with previous observational (Pietrafesa, Janowitz, Chao, et al., 1986; Pietrafesa, Janowitz, Miller,
etal., 1986; Wells & Kim, 1989) and modeling studies (Jia & Li, 2012a; Lin et al., 2007), annual mean salinities
are essentially fresh in Albemarle Sound but have estuarine values in Pamlico Sound and much of Pamlico River
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Figure 5. Top: the distribution of annual mean (a) surface salinity and (b) bottom-to-surface salinity difference normalized by
water depth over the Albemarle-Pamlico estuarine system (APES) and the adjacent coastal regions. Middle: same as the top,
but for the daily mean salinity on 12 November 2022, when the salt content of the APES is at its maximum (Figure 4a).
Bottom: same as the top, but for the daily mean salinity on 26 April 2022, when the salt content of the APES is at its minimum
(Figure 4a). These values are calculated from the results of the year 2022 from the “Standard™ model (Table 4).
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and Neuse River estuaries (Figure 5a). Aside from Pamlico River and Neuse River estuaries as well as Croatan
Sound (the inlet between Albemarle and Pamlico Sounds, Figure 1b), the depth normalized annual mean bottom-
surface salinity difference (Figure 5b) of APES is minimal, indicating its overall weak stratification.

Figures 5c and 5e show the daily mean salinity when the salt content of the APES are at its maximum and minimum
for the year 2022 (Figure 4a), respectively. When salt content of the APES is at its maximum of the year (Figure 5c),
compared to the annual-averaged condition (Figure 5a), salinity is much higher over Pamlico Sound, and high
salinity water intrude from Pamlico Sound further into Albemarle Sound and the tributary estuaries. On the other
hand, when salt content of the APES is at its minimum of the year (Figure 5e), salinity appears to be lower at the
mouth of Albemarle Sound and tributary estuaries with low-salinity waterentering Pamlico Sound from Albemarle
Sound and tributary estuaries. This increase/decrease of salinity over Pamlico Sound along with the intrusion/
retreat of salt water plume into/out of Albemarle Sound and tributary estuaries indicates the control of seasonally
varied river discharge on salinity of the system as also reported by previous studies (e.g., Epperly & Ross, 1986).

Figures 5d and 5f show the daily mean bottom-surface salinity difference normalized by water depth on days
when the salt content of the APES are at its maximum and minimum of the year 2022 (Figure 4a), respectively.
Overall, in comparison to the annual-averaged condition (Figure 5b), depth normalized bottom-surface salinity
difference over the APES is decreased when its salt content is at its maximum of the year (Figure 5e); however,
bottom-surface salinity difference is increased when salt content of the APES is at its minimum of the year
(Figure 5f). This indicates high water column stratification during the wet season and low stratification during the
dry season, controlled by river discharge.

3.3. Estuarine Exchange Flow and Its Temporal Variation
3.3.1. Pamlico River and Neuse River Estuaries

Figures 6a and 6b show the calculated TEF terms (Q;,, Q,.» Sin and S,,,) for Pamlico River estuary (transect 1 in
Figure 1b). Visual inspection of the time series of subtidal volume transports (Figure 6a) and salinities (Figure 6b)
indicates their variations at timescales of several days. The wavelet power spectra for O;, and AS are presented in
Figures 6¢ and 6d, respectively. Both figures indicate episodic, dominating and recurrent energy at periods in the
range of 3—8 days. High wavelet power levels are also found at periods of 8-20 and ~90 days but with a much less
frequent occurrence. Averaging the wavelet power spectra over time in Figures 6¢ and 6d, we obtain the averaged
wavelet power spectra as shown in Figures 6e and 6f. Both plots identify a peak wavelet power at the period of
~6 days, which aligns with the wavelet power spectra of the wind speed (Figure S3a in Supporting Information S1).
This indicates that the dominating forcing behind such short-term variations of the exchange flow and associated
salinity difference is wind. Furthermore, the wavelet power spectra (Figures 6c and 6d) show no detectable spring-
neap signal, indicating that tides play a negligible role in the tributary estuaries, which is consistent with the region's
small tidal range. The estuarine exchange flow and associated salinity calculated for the Neuse River estuary
transect (transect 2 in Figure 1b) exhibit a temporal trend similar to those for the Pamlico River estuary transect
(Neuse River estuary transect data shown in Figures S3b and S4 in Supporting Information S1).

3.3.2. Ocracoke, Hatteras, and Oregon Inlets

Figures 7a and 7b show the calculated TEF terms (Q;,, O - Sin and S,,,.) at the Ocracoke Inlet transect (transect 3
in Figure 1b). Their corresponding power spectra are shown in Figures 7c and 7d, respectively. The figures of
power spectra indicate that the wavelet power mainly concentrates at two periods: 2-8 and ~16 days. The
averaged wavelet power spectra of Q;, (Figure 7e) and AS (Figure 7f) identify peak wavelet power with periods at
the spring-neap cycle (peaks at ~15 days in Figures 7e and 7f) and within the meteorological band (peaks at ~4
and ~6 days in Figures 7e and 7f). The peak at the spring-neap cycle suggests the control of tidal forcing while the
peaks falling within the meteorological band indicates the strong influence of the barotropic flow. These analyses
are also conducted for the Hatteras Inlet and the Oregon Inlet (transects 4 and 6 in Figure 1b) with similar results
(Figures S5 and S6 in Supporting Information S1).

3.3.3. Albemarle Sound

Figures 8a and 8b show the calculated TEF terms (Q;,, Qou» Sin» and S,y;) at Albemarle Sound (transect 7 in
Figure 1b). Visual inspection of the time series indicates their variations at timescales of several days. The power
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Figure 6. Top: time series of (a) Oy, (blue) and O, (gray) and (b) S;, (black) and S, (orange) at Pamlico River estuary transect during 2022. Middle: wavelet power
spectrum of (c) Q;, and (d) AS. The black lines identify the dominant periodicities. Bottom: averaged wavelet power of (e) Q;, and (f) AS. The location of the Pamlico
River estuary transect and the defined direction of inward volume transport are shown at Transect 1 in Figure 1b.

spectra for @y, and AS are presented in Figures 8c and 8d, respectively. Both figures indicate episodic, dominating
and recurrent energy at periods in the range of 3—10 days. High wavelet power levels are also found at periods of
~16 days but occurs much less frequently. Figures 8e and 8f identify a peak wavelet power at the period of 4—
6 days, indicating the control of meteorological forcing on estuarine exchange flow and associated salinity.

3.4. Annual Mean Estuarine Exchange Flow From “Standard” Model

As described in Section 1.3.2, we use the annual average as indicative of the quasi-steady response. Figure 9a
shows the annual-averaged Q;, (blue) and Q,,, (gray) along with the annual mean river discharge that drains into
the APES and its sub-basins. Overall, the volume transport of estuarine exchange flow is larger than the river
inputs. Assuming steady state condition, we can calculate the river amplification factor ap as ap = %11

(MacCready, 2011; Sutherland et al., 2011). Based on results from the “Standard” model for the year 2022, ay are
3.6,9.1 and 7.6 for the APES, the Neuse River estuary, and the Pamlico River estuary, respectively. These values
generally fall within the range of a partially mixed estuary (2 < ag < 34, MacCready & Geyer, 2010), such as
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Figure 7. Top: time series of (a) Qy, (blue) and Q. (gray) and (b) S;, (black) and S, (orange) at the Ocracoke Inlet transect during 2022. Middle: wavelet power
spectrum of (c) @y, and (d) AS. The black lines identify the dominant periodicities. Bottom: averaged wavelet power of (e) Q;, and (f) AS. The location and the defined
direction of inward volume transport are shown at Transect 3 in Figure 1b.

Chesapeake Bay (az = 1.5-4, Xiong et al., 2021) and the Hudson River (ag = 2.5, Chen et al., 2012). This
indicates their partially mixed nature at steady state, consistent with previous research that classified these
systems as partially mixed on long timescales (Jia & Li, 2012a). However, ay for Albemarle Sound is only 1.3,
which is attributed to its weak estuarine circulation. This is likely associated with its shallow water depth, low
salinity values, and a low horizontal salinity gradient at the mouth of the sound. Estuaries with similar charac-
teristics, such as weak residual circulation and shallow water depths, also exhibit ag values of around 1; examples
include Mobile Bay (Du et al., 2018), the Merrimack River (Chen et al., 2012), and the Columbia River
(MacCready, 2011).

Figure 9b illustrates the range and spatial variability of the annual-averaged S, (black) and S, (orange). The
transport-weighted salinity imported from the open ocean to the APES through the three major inlets (Hatteras,
Ocracoke, and Oregon inlets) ranges from 32.5 to 34.6. The salinity then decreases as it transports to other parts of
the APES, indicating mixing processes and the addition of freshwater. The largest modification to the salinity
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Figure 8. Top: time series of (a) Oy, (blue) and Qy, (gray) and (b) S;, (black) and S, (orange) at the Albemarle Sound transect during 2022. Middle: wavelet power
spectrum of (c) @y, and (d) AS. The black lines identify the dominant periodicities. Bottom: averaged wavelet power of (e) Q;, and (f) AS. The location and the defined
direction of inward volume transport are shown at Transect 7 in Figure 1b.

occurs between Albemarle Sound, Pamlico Sound, and the Oregon Inlet. For instance, S;, imported from the open
ocean through the Oregon Inlet is 32.5 and that from Pamlico Sound is 24.4 (transects 5 and 6 in Figure 1b).
However, the salinity import S;, decreases to 7.0 over the mouth of Albemarle Sound (transect 7 in Figure 1b).
This sharp reduction indicates the limited intrusion of salt waters from Pamlico Sound and coastal ocean into
Albemarle Sound, which is due to the rapidly decreased water depth from the Pamlico Sound transect (transect 5
in Figure 1b) to the Albemarle Sound transect (transect 7 in Figure 1b).

4. Discussion
4.1. Unsteady Timescale: Controlling Mechanisms and Salt Content Response

In this section, the estuarine exchange flow, salt transport, and salt content response are analyzed for the short
unsteady timescale, defined here as timescales that encompass the meteorological band and the spring-neap cycle
(see Section 1.3.2). The system response is unsteady at these timescales because they are shorter than estuarine
adjustment time (MacCready, 2007).
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Figure 9. Annual-averaged (a) O;, (blue) and Q,, (gray) and (b) S, (black) and S, (orange) at the Hatteras Inlet (transect 4), Ocracoke Inlet (transect 3), Oregon Inlet
(transect 6), Pamlico Sound (transect 5), Neuse River estuary (transect 2), Pamlico River estuary (transect 1), and Albemarle Sound (transect 7). For reference, the
horizontal black, blue, green, and purple lines in (a) represent the annual-averaged river discharge into the Albemarle-Pamlico Estuarine System, Neuse River estuary,
Pamlico River estuary, and Albemarle Sound, respectively. These total exchange flow terms are calculated from the results of the year 2022 from the “Standard™ model
(Table 4). The river discharges are calculated from the USGS observations shown in Figure 2a. The locations of the transects and the defined directions of inward

volume transport are shown in Figure 1b.

4.1.1. Tributary Estuaries: The Role of Wind Straining

The influence of wind on estuarine exchange flow is analyzed by examining the potential scaling relations of Q;,
and AS with the along-estuary wind stress at the Pamlico River estuary. Based on the wavelet power spectra of
wind (Figure S3 in Supporting Information S1), we calculate the along-estuary wind speed averaged over the
dominant timescale of the meteorological band (~6 days) using a Butterworth low-pass filter with a cutoft fre-
quency of 8 days (Figure 10a). Based on wind direction, 15 down-estuary wind periods (red) and 13 up-estuary
wind periods (blue) are identified for the year 2022. Wind stress for each wind period is represented using the
square of along-estuary wind speed (V:‘;) and is plotted against Q;, (Figure 10b), AS (Figure 10c), Q;, * AS
(Figure 10d) and F,,, (Figure 10e). All terms shown in Figures 10b—10d are wind period-averaged for each down-
estuary and up-estuary wind period. Both volume transport Q;, (Figure 10b) and salinity difference AS
(Figure 10c) exhibit a significant increasing trend (p-values <0.03, positive slope) with V2. As a result, the salt
transport (Q;, * A §) due to estuarine exchange flow also increases with increased wind stress (Figure 10c). These
significant trends are consistent with the expected scaling when estuarine exchange flow is dominated by wind-
induced straining (Table 1), as has been reported in previous studies (Chen & Sanford, 2009; Scully et al., 2005).
Further analysis (not shown) indicates insignificant trend between Q;, and %, and a significant increasing trend

between AS and 22 with an R” of 0.18, which is much less than that for AS and V2 (R> = 0.37). These analyses
suggest that wind-induced straining plays a significant role in driving estuarine exchange flow and associated salt
transport over Pamlico River estuary. However, it should be noted that the net salt flux F,, (Figure 10e) decreases
with increased V2 though O;n * A Sincreases with it. This is due to salinity loss from the decrease in the volume of

the estuary (i.e., -5, in Equation 2) when more water is flushed out of the estuary with higher down-estuary
wind stress. It should be noted that scaling of current-salinity tidal correlation is not tested for the tributary es-
tuaries due to the negligible influence of tides, as evidenced by the extremely small tidal range (less than 0.1 m)
and the absence of a spring-neap signal in the wavelet power spectra (Figures 6¢ and 6d). Similar results are also
found over Neuse River estuary (Figure S4 in Supporting Information S1), confirming the significant role of
wind-induced straining on estuarine exchange flow and associated salt transport over the two tributary estuaries of
the APES at the short unsteady timescale.

4.1.2. Inlets: The Role of Tidal Prism (Qp ;) and Residual Water Level Variation (%;l)

To explore the major mechanisms that influence estuarine exchange flow at the inlets, the calculated TEF terms
shown in Figure 7 is decomposed into two parts using a Butterworth low-pass filter with a cutoft frequency of 8-
day. The low-pass filtered components (Q;, g and ASgy) have frequencies longer than 8 days while the residual
component (@, resigual Ad ASg4yq) have frequencies less than 8 days. We test the scaling relationships between
the low-pass filtered components (Q;,_gv and ASgy) and the tidal prism (Qpism_sn), as well as between the re-

sidual components (@, recidua 3A0d ASregigua) and %;1 (Figures 11b—11d and 12b-12d). The goal of these scaling
analyses is to evaluate whether statistically significant (i.e., p-value less than 0.05), decreasing (negative slope) or
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Figure 10. Top: time series of (a) along-estuary wind speed at the Pamlico River estuary transect during 2022. The wind data are from North American Regional
Reanalysis and is low-pass filtered with a cutotf frequency of 8 days. Wind speeds >0 are blowing down-estuary; <0 are blowing up-estuary. Panel (a) identifies the 15
down-estuary wind period (red) and the 13 up-estuary wind period (blue). Middle and bottom: the square of the wind period-averaged along-estuary wind speed (V2)
versus (b) Q. (€) AS, (d) Q;, * AS, and (e) F,,, at the Pamlico River estuary transect. The linear regression lines and the p-values are also shown. Total exchange flow
terms are calculated from the results of the year 2022 from the “Standard™ model (Table 4). The location of the Pamlico River estuary transect, and the defined direction of
inward volume transport are shown at Transect 1 in Figure 1b.
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Figure 11. Top: time series from the Ocracoke Inlet transect of (a) @y, sy (blue), ASgy (dark orange) and, tidal prism (Qprism- black). Bottom: tidal prism (Qprism_sw)
versus (a) Qin_sw. (b) ASgy. and (c) F, at the Ocracoke Inlet transect. The linear regression lines and the p-values are also shown. These values are calculated from the
results for the year 2022 from the “Standard™ model (Table 4). The location of Ocracoke Inlet (transect 3 in Figure 1b) and the defined direction of inward volume transport
are shown in Figure 1b.

increasing (positive slope) trends exist that align with the theoretical scaling summarized in Table 1, rather than to
establish strong linear correlations (i.e., a high R? value).

Figure 11a presents the time series of Oy, _gv and ASgy along with Qpir,_sv- In general, when Qp gy increases,
Oi._sn also increases, while ASgy decreases. In agreement with the scaling of current-salinity tidal correlation
(Table 1), the results in Figure 11b confirm a statistically significant increasing trend between Q;, g and
Oprism_sv (p-value <0.001, positive slope), supporting the conclusion that the tidal currents are important in
driving exchange flow. Similarly, in Figure 11c, the statistically significant (p-value <0.001) decreasing (negative
slope) trend between ASgy and Qpq,_sv aligns with the theoretical current-salinity tidal correlation scaling
summarized in Table 1. Together, these results (Figures 11b and 11c) confirm the influence of tidal transport on
estuarine exchange flow at Ocracoke Inlet. Additionally, the net salt flux (F.,_gy) increases as Qphqm_sn in-
creases, indicating higher salt flux into the estuary from tidal oscillatory salt transport at stronger tide. The same
analyses are conducted for the other two inlets with similar results (Figures S7 and S8 in Supporting Informa-
tion S1), confirming the role of tidal currents and their correlation with salinity in controlling the estuarine ex-
change flow and salt transport at the inlets.

Figure 12a presents Oy, rsigua (blue) along with % (black). @iy _resigua follows the trend of %;1 but with varying
time lags. For instance, the time lag between the variation in % and the corresponding change in Qi rgauar 18
minimal from mid-March to mid-April, whereas it increases to several days from mid-September to mid-
November. This variation suggests changes in estuarine adjustment time in response to external forcings,
similar to those observed in previous studies (Hetland & Geyer, 2004; MacCready, 1999, 2004, 2007). Despite the
variability in time lag, Figure 12b identifies a statistically significant (p-values <0.001) increasing (positive
slope) trend between the estuarine exchange flow (Qy,_resiqua) and ‘;{, highlighting the additional influence of
subtidal water level on the water exchange between the APES and the coastal ocean at the inlets. Additionally, as
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Figure 12. (a) Time series from the Ocracoke Inlet transect of Qin_psidua (blue) along with % (black). (b) % versus Qin_residual» and (c) % versus Fly residua- The linear
regression lines and the p-values are also shown. These values are calculated from the results of the year 2022 from the “Standard” model (Table 4). The location of
Ocracoke Inlet (transect 3) and the defined direction of inward volume transport are shown in Figure 1b.

shown in Figure 12c, the residual component of the net salt flux (Fie_residuar) €Xhibits a significant (p-values
<0.001) increasing (positive slope) trend with %’}, indicating that subtidal water level variations contribute to salt
transport through the inlets alongside tidal oscillatory salt flux. The analyses are conducted for the other two inlets
with similar results (Figures S9 and S10 in Supporting Information S1).

4.1.3. Albemarle Sound: The Role of Residual Water Level Variation (%'})

Figure 13a compares the subtidal inward (Q;,, blue) and outward (0., gray) volume transport against % at the
Albemarle Sound transect. In general, the temporal variations of Q;, (blue) and Q,,, (gray) follow the trend of %’}
(orange). Additionally, the subtidal volume transport is mainly inward (i.e., comes into the estuary) and Q;,
increases with %;1 when the latter is positive, while the subtidal volume transport is mainly outward (i.e., leaves the
estuary) and Q,,, increases when %;1 is negative. The property-property plots (Figures 13b and 13c) show that the
exchange flow and net salt flux follow the scaling with %;1 (Table 1). This indicates that the barotropic salt flux,

resulting from the advection of salinity filed by the barotropic flow, controls the exchange flow and net salt flux in
and out of Albemarle Sound.

4.1.4. Salt Content Response

To understand the salt content response, we conduct wavelet analysis on the salt content time series shown in
Figure 4. The averaged wavelet power spectra of the salt content time series (Figure 14a) shows that only the salt
content in Albemarle Sound (blue) exhibits significant variations at the short unsteady timescale, with two peaks
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Figure 13. (a) Time series of Oy, (blue) and O, (gray) along with 3‘—" (orange) at the Albemarle Sound transect during 2022. (b) Oy, (blue) and QO (orange) versus 3‘—".
(C) Fre vErsus %. In (c), the linear regression line and the p-value are shown. These values are calculated from the results for the year 2022 from the “Standard™ model
(Table 4). The location of the Albemarle Sound transect (transect 7 in Figure 1b), and the defined direction of inward volume transport are shown in Figure 1b.

of wavelet power identified at periods of ~6 and ~16 days. However, the APES (black), Pamlico River estuary
(red), and Neuse River estuary (orange) exhibit minimal variations in salt content at such timescale. This indicates
their differences in the response to variation of estuarine exchange flow at the short unsteady timescale, which are
associated with the estuarine adjustment time.

The estuarine adjustment time for the entire APES and its sub estuaries are calculated using Equation 8 and shown
in Figure 14b. Albemarle Sound has a mean estuarine adjustment time of 4 days (0.1-14 days), which is com-
parable to the timescale at which the estuarine exchange flow and the dominant forcing (%) varies. However, the
mean estuarine adjustment time of the APES, the Pamlico River estuary, and the Neuse River estuary are 120 days
(3-627 days), 119 days (3—460 days), and 126 days (3—496 days), respectively, which greatly exceed the short
unsteady timescale. This explains why the salt content in Albemarle Sound is more responsive to changes in
estuarine exchange flow at a timescale shorter than the spring-neap cycle, while the APES and the two tributary
estuaries are less sensitive.
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Figure 14. (a) Averaged wavelet power of the Albemarle-Pamlico estuarine system (APES) (black), Pamlico River estuary (red), Neuse River estuary (orange), and
Albemarle Sound (blue). (b) The boxplots show the estuarine adjustment time of the APES (black), Pamlico River estuary (red), Neuse River estuary (orange), and
Albemarle Sound (blue). Note that the left y-axis in (b) is for Albemarle Sound while the right y-axis is for the APES and the two tributary estuaries. These values are
calculated from the results for the year 2022 from the “Standard™ model (Table 4).

4.2. Quasi-Steady Timescale: Controlling Mechanisms and Salt Content Response
4.2.1. Sensitivity to River Discharge and Controlling Mechanisms

In this section, we discuss the control of river discharge on estuarine exchange flow and associated volume and
salt transport at quasi-steady state using annual averages based on the results of sensitivity tests to discharge level
(Table 4).

Figure 15 compares the annual-averaged values of O, (Figure 15a), AS (Figure 15b), and Q,, * AS (Figure 15c)
against the normalized river discharge based on results from numerical experiments that varied river discharge
over a wide range (Table 4). At the three inlets and two tributary estuaries (the Neuse River and Pamlico River
estuaries), both Q;, and AS increase with the increased river discharge, which is similar to reports from previous
studies of the Chesapeake Bay (Xiong et al., 2021) and Mobile Bay (Du et al., 2018). However, at Albemarle
Sound, increases in river discharge lead to decreases in both @;, and AS. This is due to the dominance of bar-
otropic flow in controlling the water exchange between Albemarle Sound and its connecting waters. The increase
in river discharge can suppress the baroclinic gradient-induced flow and reduce stratification, resulting in the
decrease in O;, and AS. Likewise, the exchange flow-induced salt flux (Q;, * AS) increases with river discharge
at all transects except the Albemarle Sound transect.

Additionally, the scaling relationships in Figure 15 indicate the physical mechanisms through which river
discharge affects exchange flow and associated salinity differences. At the Pamlico River estuary and the Neuse
River estuary, the annual averages of Q;, (Figure 15a) and A S (Figure 15b) scale with river discharge following a
power-law relationship. This indicates that for the Neuse and Pamlico River estuaries, water column straining and
enhanced gravitational circulation are the primary mechanisms through which river discharge impacts estuarine
exchange flow, salinity difference, and the associated salt transport at long quasi-steady timescales (Table 2).
However, at the three inlets and Albemarle Sound, Q;, (Figure 15a) and AS (Figure 15b) scale linearly with river
discharge. This implies that the impact of river discharge on water exchange and salt transport between the APES
and the open ocean through the inlets, and between Albemarle Sound and the connecting waters are mainly
through its influence on barotropic flow (Table 2).

4.2.2. Salt Content Response

Figure 16a shows that the annual-averaged salt content of the APES, and its sub-basins decrease in response to
increased river discharge for the sensitivity tests (T able 4). This is true even in the APES, and Pamlico and Neuse
River estuaries, where increased river discharge enhances exchange flows and associated salt flux (Figure 15c,
O, * AS). The freshwater increase from the rivers more than compensate for the increased exchange flow,
leading to a net decrease in salinity. Under quasi-steady state conditions, the salt balance equation can be written
as Equation 5, where Q;, AS brings salt water into the estuary while QzS,, removes salt water. Although Q;, AS
(Figure 15c) and QgS,,: (Figure 16b) both increase with the increase in river discharge, the latter dominated over
the former causing a net decrease in salt content (Figure 16c). For Albemarle Sound, Q;, AS decreases with
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Figure 15. (a) Annual-averaged Q;, calculated at transects over different part of the Albemarle-Pamlico estuarine system based on the numerical model results of the
year 2022 from the “Standard” and “River 1-3" experiments (Table 4). Qgundard Tepresents the realistic river forcing, and Qp represents the realistic or modulated river
forcings used in the numerical experiments. The equations of the best fitting lines and the correlation coefficients are also shown. (b) Same as (a) but for AS. (c) Same as
(a) but for Q;, * AS. The locations of the transects are shown in Figure 1b.

increased river discharge (Figure 15c¢) while QgS,,, is at its highest for the “Standard” run and is lower for the
sensitivity tests that increased or decreased river discharge (Figure 16b). The dramatic decrease in Qg8
(Figure 16b) with doubled river discharge (“River 3” in Table 4) compared to the “Standard” model (Table 4) is
due to the large decrease in S,,;. The doubled river discharge overwhelmed the annual mean estuarine circulation
that pulls salt water into the estuary; meanwhile, the sound became fresher (Figure 16a), leaving less salt to lose
from barotropic flow.

4.3. Implications for Biogeochemistry: Flushing Efficiency and Material Exchange

The flushing of an estuary refers to the renewal of estuarine water through river input and exchange flow. The
estuarine flushing efficiency thus represents the rate of the estuary in renewing its waters, which is often
quantified using the concept of flushing time (7). The flushing time can be defined as the average amount of time
the materials such as nutrients, pollutants, and oxygen will reside in an estuary before leaving (Lucas & Dele-
ersnijder, 2020). A simple method to estimate the estuarine flushing time uses a box model approach, where Ty is
estimated as Ty = g where Q is the net flux into the estuary. If the flushing is only driven by the river discharge,
T; would equal the time needed for the river discharge to fill the estuary, that is, T, = % However, if we
consider estuarine exchange flow and assume that Q;, represents the rate new ocean water entering the estuary, Ty
would be Y. The ratio of the flushing time under these two conditions is Q"‘Q—:Q" = ag + 1. Here, ay is

Qi\ + QR
defined as the river amplification factor as presented in Section 3.4, and it thus indicates the effect of estuarine

exchange flow in reducing the flushing time of the estuary, that is, enhancing the estuarine flushing efficiency. In
this section, we use our model results for the year 2022 to estimate the annual mean flushing time of the APES and
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Figure 16. (a) Annual-averaged salt content of the Albemarle-Pamlico estuarine system (APES) and its sub-basins based on results of the numerical model for 2022 from
the “Standard” and “River 1-3" models (Table 4). Qy,n4arq Tepresents the realistic river forcing for 2022 used in the “Standard” model, whereas Oy was the river
discharge used for sensitivity experiments (Table 4). (b) Same as (a) but for the salt flux associated with river discharge (Qp * Sy ). (c) Same as (a) but for the net salt flux
(i.e., Op* AS — Qg * Syy). Note that (b) and (c) used two y-axes; the y-axis on the right is for the APES.

its sub-basins, and investigate the amplification effect of estuarine exchange flow on the flushing time and its
response to varying river discharge.

As shown in Figure 17a, based on results of the year 2022 from the “Standard” model, the annual mean flushing
time of the APES, Albemarle Sound, Neuse River estuary, and Pamlico River estuary are 190 days, 120 days,
22 days, and 29 days, respectively, which agree with previous reported values (Stanley, 1992; Wells &
Kim, 1989). The river amplification factors ay are 3.6, 9.1, and 7.6 for the APES, Neuse River estuary, and
Pamlico River estuary, respectively. This indicates that the estuarine exchange flow has significantly reduced the
flushing time of the APES and its two tributary estuaries (i.e., Pamlico and Neuse). The ay for Albemarle Sound is
only 1.3, however, indicating the less significant role of estuarine exchange flow in flushing this estuary.

Additionally, with the increased river discharge, the flushing time of the APES and its sub-basins decreased. For
the APES and its two tributary estuaries (i.e., Pamlico and Neuse), T follows a power-law relationship with O
(Figure 17a), in a manner similar to reports from a previous study of Mobile Bay (Du et al., 2018). The power-law
relationship between T, and QO indicates the control of estuarine exchange flow (Qj,), which also follows a
power-law relationship with Qp (Figure 17b), on the estuary flushing time in the APES and its two tributary
estuaries. However, for Albemarle Sound, Ty follows a linear relationship with Qp (Figure 17a) while the ex-
change flow (Q;,) follows a power-law relationship with Qp (Figure 17b), which is due to the dominant role
played by the river discharge in the flushing of Albemarle Sound, as also evidenced by the small river ampli-
fication factor discussed above.

Neuse and Pamlico River estuaries have the shortest flushing times (Figure 17a, blue and red lines) and the largest
amplification ratios (Figure 17b, blue and red lines). This suggests that their biogeochemical processes can be
significantly affected by the estuarine exchange flow, a factor that has been overlooked in previous studies. And
the effect the estuarine exchange flow in regulating biogeochemistry in Neuse and Pamlico River estuaries is
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Figure 17. (a) Annual mean flushing time of the Albemarle-Pamlico estuarine system, the Albemarle Sound, and the two tributary estuaries calculated based on the
numerical model results of the year 2022 from the “Standard™ and “River 1-3" experiments (Table 4). Q,n4.4 Tepresents the realistic river forcing, and Qj, represents
the realistic or modulated river forcings used in the numerical experiments. (b) Same as (a) but for ag (Qy/ Qg)-

likely to remain important during both dry and normal years, as their amplification ratios remain high. In contrast,
Albemarle Sound has longer flushing time (Figure 17a, green line) and the lowest amplification ratio (Figure 17b,
green line). This indicates that in terms of estuary flushing, river discharge plays a primary role in Albemarle
Sound. This condition is expected to remain unless the river discharge becomes substantially low (e.g.,

Q—?_‘:; < 0.5), which is unlikely given that the year 2022 is already one of the driest years in the past two decades

(Figure S1 in Supporting Information S1).

The variation in flushing time across the APES and its sub-basins indicates a potential spatial gradient in
geochemical processing within the system. For example, flushing time increases substantially along the con-
tinuum between the tributary estuaries and the Pamlico Sound sub-basin. As a result, a significant portion of land-
derived nutrients and organic carbon maybe transported to Pamlico Sound before undergoing substantial
decomposition in the tributary estuaries. This effect is likely amplified during periods of high river discharge,
which increase material loading while reducing flushing time in the upper estuaries (Figure 17). Given its longer
flushing time, Pamlico Sound may function as a biogeochemical reactor of terrestrial inputs, acting as a hotspot
for carbon transformation and primary productivity fueled by nutrient delivery from the Neuse and Pamlico
Rivers. Compared to the Neuse and Pamlico River estuaries, the much longer flushing time of Albemarle Sound
likely allows for more extensive in situ decomposition of organic matter originating from the Chowan and
Roanoke Rivers before it reaches Pamlico Sound or is exported through Oregon Inlet to the coastal ocean.

In addition to affecting flushing efficiency, estuarine exchange flow likely plays a key role in regulating the
exchange of biologically important materials between the APES and the coastal ocean, as well as among its sub-
basins. For instance, fish larvae and juveniles can be transported into the APES from the coastal ocean and
redistributed across its sub-basins via the estuarine exchange flow (e.g., Hettler Jr & Barker, 1993; Pietrafesa,
Janowitz, Chao, et al., 1986; Pietrafesa, Janowitz, Miller, et al., 1986). Variations in the estuarine exchange flow
at different timescales and under different forcing conditions as presented in this study can thus significantly
affect the recruitment, retention, and export of fish larvae in the APES. As discussed in Sections 4.1.2 and 4.1.3,
wind-induced residual water levels play a significant role in controlling the estuarine exchange flow both at the
inlets and in Albemarle Sound. Therefore, certain wind conditions may enhance the recruitment of fish larvae
from the coastal ocean into the APES through the inlets, and further into Albemarle Sound and the tributary
estuaries. Seasonal changes in wind conditions may therefore lead to variations in estuarine exchange flow and
fish larvae recruitment in the APES.

Moreover, the APES receives nutrient inputs from the Neuse and Pamlico Rivers, contributing to the development
of hypoxia and harmful algal blooms (Buzzelli et al., 2002; Paerl, 1997). Previous studies have reported corre-
lations between hypoxia development and river discharge, as well as wind stress (e.g., Paerl et al., 2010; Paerl
et al., 2014; Stanley & Nixon, 1992). Winds are commonly recognized as a factor that disrupts water column
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stratification and increases bottom oxygen concentration (e.g., Stanley & Nixon, 1992). However, our study
suggests that down-estuary winds (below a certain intensity) may contribute to the salinity difference between the
surface inflow and bottom outflow, thereby increasing water column stratification in both the Pamlico and Neuse
River estuaries. This highlights the complex role winds may play in regulating biogeochemistry in the tributary
estuaries, which may require further investigation.

5. Summary and Conclusions

In this study, we investigated the variation of estuarine exchange flow in the APES and its sub-basins at both
unsteady short (meteorological band and spring-neap cycle) and longer quasi-steady (annual mean) timescales
using a three-dimensional hydrodynamic model and a TEF analysis framework. The major mechanisms behind
the estuarine exchange flow were interpreted using previously developed theoretical scalings (Chen
et al., 2012; MacCready & Geyer, 2024; Ralston et al., 2008). Additionally, the response of salt content in the
estuary to the variation of estuarine exchange flow at these unsteady and quasi-steady timescales were also
discussed. Moreover, we discussed the implications of the estuarine exchange to biogeochemistry in the APES.
This was the first time such an analysis has been done for this estuary. Overall, the model results showed the
following:

1. For the inlets, (a) at the short unsteady timescales ranging from subtidal to the spring/neap, estuarine ex-
change flow is controlled by the combination of current-salinity tidal correlation and the time rate of change
in residual water level (%’} in Table 1). The magnitudes of estuarine exchange flow and net salt transport from
the two mechanisms are comparable. The volume transport and net salt transport due to tidal oscillatory
motion increase with stronger tides, following the scaling of current-salinity tidal correlation (Table 1). The
volume and net salt transport associated with the residual water level increases as the time rate of the change
of residual water level increases, following the scaling with % (Table 1). The salt content of the whole APES
system exhibits little response to the variation in estuarine exchange flow at these unsteady short timescales
because of its much longer estuarine adjustment time (~hundreds of days). (b) At long quasi-steady time-
scales based on the annual averages, river discharge controls the estuarine exchange flow at the inlets via
barotropic flow. Increased river discharge increases the volume transport, salinity difference, and salt
transport due to estuarine exchange flow. The salt content of the whole APES system decreases with
increased river discharge because the salt loss from barotropic flow exceeds the salt gain from estuarine
exchange flow.

2. The Neuse River and Pamlico River estuaries exhibit similar dynamics. (a) At the unsteady timescale
(meteorological band), the estuarine exchange flow is controlled by wind-induced straining. Increased down-
estuary wind enhances the volume transport, salinity difference between the inward and outward volume
transport, as well as the salt transport associated with the estuarine exchange flow, following the scaling of
wind straining (Table 1). However, the net salt transport tends to decrease with increased down-estuary wind,
due to the salt loss from the decreased volume of the estuary. Their salt contents are not responsive to the
variations in estuarine exchange flow at the short unsteady timescale due to their longer estuarine adjustment
times (~hundreds of days). (b) At long quasi-steady timescales, river discharge controls the estuarine ex-
change flow through gravitational circulation. Increased river discharge increases the volume transport,
salinity difference, and salt transport due to estuarine exchange flow. Salt contents of the two estuaries de-
creases with increased river discharge because the salt loss from barotropic flow greatly exceeds the salt gained
from estuarine exchange flow.

3. Albemarle Sound behaves differently than the Neuse River and Pamlico River estuaries. For Albemarle Sound,
(a) at the short unsteady timescales (subtidal through spring/neap), the estuarine exchange flow is controlled
by the time rate of change of residual water level. The salt transport of the estuarine exchange flow differs
during times of rising versus falling water levels. Salt transport is minimal when residual water level at the
estuary mouth is decreasing. However, when the residual water level at the estuary's mouth is increasing, the
salt transport of the estuarine exchange flow is oceanward and increases with the time rate of change in residual
water level. The estuarine adjustment time of ~ a few days is comparable to the meteorological band, resulting
in significant variation in salt content at these timescales. (b) At long quasi-steady timescales, river discharge
controls Albemarle Sound's estuarine exchange flow through barotropic flow. Increased river discharge de-
creases the volume transport, salinity difference, and salt transport via estuarine exchange flow. Salt content
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decreases with increased river discharge because of increased salt loss from barotropic flow and decreased salt
input due to estuarine exchange flow.

4. Atannual timescale, the estuarine exchange flow likely plays a dominant role in flushing of APES and its two
tributary estuaries, while in Albemarle Sound, the river discharge regulates the flushing.

Our results highlight the spatial heterogeneity of the controlling mechanisms behind estuarine exchange flow and
their dependence on timescales in the APES. Due to its complex geometry, defining the estuarine length of the
APES is challenging, making it difficult to apply existing exchange flow scaling frameworks that classify es-
tuaries as either long or short (Chen et al., 2012). Additionally, different subdomains of the APES respond
variably to dominant forcing mechanisms, complicating efforts to categorize the entire system under a single
exchange flow regime, whether driven by gravitational circulation or tidal currents (MacCready & Geyer, 2024).
Furthermore, we found that the estuarine adjustment time of salt content varies significantly across different
regions of this large lagoonal estuary, ranging from days to annual timescales. Understanding salt content dy-
namics in a lagoonal estuary like the APES thus requires careful consideration of spatial variations in estuarine
adjustment times, dominant forcing timescales, and their relative magnitudes. The APES provides an example of
a large lagoonal estuary having relatively shallow depths, micro- to meso-tides, and multiple inlets and sub-
basins. Understanding its exchange dynamics will be useful for future research on similar systems.

Our results also indicate the potentially important yet overlooked role that estuarine exchange flow plays in
influencing the biogeochemistry of the APES and its two tributary estuaries (Pamlico and Neuse) through its
regulation of flushing efficiency and material exchange. We therefore emphasize that future efforts are needed to
better quantify the impact of estuarine exchange flow on the biogeochemical processes in the APES. The results
from such efforts will help evaluate the relative importance of different inputs (i.e., river VS exchange flow) in
contributing to the development of environmental issues that often occur in the APES, and lead to better man-
agement of the system.

Data Availability Statement

The salinity data from the Modeling and Monitoring Project can be accessed via the SECOORA Data Portal
(https://portal.secoora.org/ Hmetadata/190/sensor_source/inventory). Hourly river discharge can be accessed
through the USGS National Water Information System (https://waterdata.usgs.gov/nwis). Model data sets are
publicly available through the William & Mary Scholar Works (https://www.doi.org/10.25773/h1q6-prl4, Yin
et al., 2025).
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