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1.  Introduction
Numerous small rivers drain into the sea along coastlines around the globe. Small rivers are typically less than a 
kilometer wide and have discharge rates of a few 10 m 3 s −1, thus several orders of magnitude smaller than those 
of continental-scale rivers. Nonetheless, small rivers play important roles in supporting local productivity and 
the marine environment as sources of nutrients and pollutants, among other materials (Bauer et al., 2013; Izett & 
Fennel, 2018). Since satellites such as Landsat 8 and Sentinel 2 began to provide near-coast data at high spatial 
resolutions, interest in the behavior of small rivers has grown (Isada et al., 2022; Pahlevan et al., 2020). When 
multiple rivers are located near each other, a low-salinity barrier can form along the coastline over a long distance 
(Carmack et al., 2015). Discharge rates increase by multiple orders of magnitude after heavy rainstorms, enabling 
the transport of freshwater and sediments over a much larger area than under normal conditions (Warrick & 
Fong, 2004).

Studies on the fate of freshwater from small rivers have been limited, in part due to the difficulty of observing 
its strong temporal variations. The role of advection is likely important, because the flow typically has a Kelvin 

Abstract  The impact of a large shallow semi-enclosed lagoon on freshwater exchange across an inlet 
channel is investigated using an idealized numerical model. Lagoons are often found between a river mouth and 
the ocean; we focus on those where the river discharge rate is small and the inlet channel is narrower and deeper 
than the lagoon. Tides generate freshwater and oceanic-water plumes across the channel; a stratified freshwater 
plume forms in the ocean from the late ebb to early flood phase, while a vertically well-mixed oceanic-water 
plume forms in the lagoon from the late flood to early ebb phase. The shallow depth of the lagoon increases 
the flow speed of the oceanic-water plume, which results in the formation of a sharp and vertically well-mixed 
salinity front within the lagoon. When this front moves toward the ocean during the ebb phase, vertical mixing 
increases where the bathymetry deepens and freshwater encounters oceanic water below. Without a dredged 
bottom slope, the impact of mixing would be greatly reduced within the shallow lagoon and channel, as the 
shallow depth would limit the subsurface intrusion of oceanic water. The narrow channel further causes the 
flow to converge and accelerate, enhancing both internal shear-driven and bottom boundary-layer mixing 
at the  channel and increasing freshwater plume thickness where it enters the ocean. Sensitivity experiments 
showed that the role of tidal pumping in freshwater exchange across the channel increases when the lagoon area 
and tidal mixing increase and when the estuarine Richardson number decreases.

Plain Language Summary  Freshwater outflows from estuaries play an important role in supporting 
coastal marine environments. Large shallow lagoons are often found at river mouths with an inlet channel; this 
study uses idealized numerical model experiments to investigate how lagoons affect freshwater exchange across 
an inlet channel where the river discharge rate is low. Freshwater exchange often results in estuarine circulation 
wherein freshwater enters the ocean near the surface, while oceanic water intrudes into the estuary near the 
bottom, with weaker circulation expected for a shallow environment. We find that large lagoons force strong 
tidal flows across the channel, enhancing mixing between freshwater and oceanic water, especially during the 
ebb phase. Due to the fast flow generated over the shallow lagoon, mixing occurs when freshwater in the lagoon 
moves across a sloping bottom and interacts with oceanic water below. Freshwater outflow becomes thicker and 
tidally pulsed plumes are generated.
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number of less than 1, as the across-shore length scale of the flow is smaller than the baroclinic deformation radius 
(Garvine, 1995). Using a numerical model, Basdurak et al. (2020) showed that buoyancy-controlled small rivers 
with discharge rates (Q) of 10–100 m 3 s −1 create freshwater outflows that expand radially as surface-oriented 
plumes when temporally averaged, while advection-controlled small rivers create freshwater outflows that are 
thinner and well mixed. Tides and waves enhance mixing between riverine and oceanic waters, limiting the 
dispersion of low-salinity signals to the areas near river mouths (Iwanaka & Isobe, 2018; Rodriguez et al., 2018). 
For mid-size rivers with high discharge rates (Q > 100 m 3 s −1), heads associated with gravity currents and Kelvin–
Helmholtz-like billows have been observed beneath the riverine water, implying the occurrence of shear-driven 
mixing (McPherson, et al., 2020; Nash & Moum, 2005). Spicer et al.  (2021) showed the strong influence of 
bottom-generated tidal mixing during the ebb phase for tidally pulsed freshwater outflows on the oceanic slope. 
Strong tidal outflows can generate tidal plume fronts (Luketina & Imberger, 1987) and affect the propagation 
speed of these fronts (Kilcher & Nash, 2010).

Previous idealized modeling studies on freshwater outflows have focused primarily on the behavior of freshwater 
on the oceanic slope and simplified the river into a straight, flat, and narrow pathway directly connected to the 
ocean. For such modeled outflows, freshwater enters the oceanic slope during the ebb phase and remains stagnant 
near the river mouth during the flood phase and strong mixing occurs during the ebb phase (Spicer et al., 2021). 
However, a shallow semi-enclosed lagoon that covers an area larger than the river pathway is occasionally located 
between the river mouth and the ocean, such as along the coast adjacent to wetlands. A narrow inlet channel then 
connects the lagoon to the ocean, which is deeper than the lagoon due to dredging or rapid flow, and essentially 
acts as a river mouth to the ocean. Hench et al. (2002) showed that in the absence of a density difference between 
the estuary and the ocean, the flow that occurs at the inlet channel reverses symmetrically with the tidal cycle, 
filling and emptying the lagoon as sea surface height changes.

Studies on the impact of a lagoon on freshwater exchange across an inlet channel have focused primarily on 
when mid- or large-scale rivers discharge with high rates (Q > 100 m 3 s −1). In such cases, geostrophically 
balanced flow is established in the channel, with freshwater occupying the surface for most of the tidal cycle 
(e.g., Kapolnai et al., 1996; Wheless & Valle-Levinson, 1996). An anticyclonic plume is established in the 
ocean, which becomes a coastal buoyant current with the coastline to its right in the Northern Hemisphere. 
With lateral constriction in the channel, asymmetry arises in the flow at the inlet channel between the ebb 
and flood phases, when a density gradient is present; jet-like flow forms during the ebb phase, while weakly 
barotropic flow forms during the flood phase. Such exchange flows driven across the channel are termed 
tidal pumping and play an equally important role in transporting freshwater to the ocean as the estuarine 
circulation (e.g., Chen et al., 2012; MacCready, 2004; Stommel & Farmer, 1952). For an estuary affected by 
a mid-size river discharge, Ralston et al. (2010) showed that the ebb phase is the dominant phase of mixing 
and induces internal shear-driven and bottom boundary-layer mixing to occur as the salt wedge moves toward 
the ocean.

However, the dynamics and mechanism of mixing are still unknown for freshwater exchange across the inlet 
channel of a shallow lagoon (about 1 m in depth), when the discharge is small. With a typical Kelvin number less 
than 1, tidal flows likely play a more important role, causing water-mass properties at the inlet channel to change 
more dramatically with the tidal cycle. The lengths of the tidal excursion are also more likely to become similar 
to the size of the lagoon and make tidal pumping an important component of the freshwater exchange across the 
channel (Chen et al., 2012). Bathymetry also provides strong control over flow speeds in shallow environments, 
and thus freshwater outflow is likely sensitive to the depths of the lagoon and the inlet channel; however, previous 
studies on flows through inlet channels have kept the depth of the channel and the estuary constant (e.g., Hench & 
Luettich, 2003). A difference in these depths may cause the magnitude of mixing to change, affecting the water-
mass properties and the strength of the freshwater exchange. Bathymetric changes within an estuary enhance 
mixing (Ralston et al., 2010).

This study uses an idealized numerical model to investigate how a large shallow semi-enclosed lagoon affects 
the dynamics of freshwater exchange across an inlet channel. Section 2 describes the basic setup of the experi-
ments and the observational data used for comparisons. Model results from a control experiment are presented 
in Section 3 and sensitivity experiments are presented in Section 4, with the discussion in Section 5. Section 6 
presents a summary.
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2.  Numerical Model Setup and Observations
2.1.  Numerical Model Setup

2.1.1.  Control Experiment

An idealized model of freshwater outflow through a lagoon was constructed using KINACO, a free-surface z-level 
vertical coordinate non-hydrostatic model (Matsumura & Hasumi, 2008). The model domain includes an estuary 
with a narrow pathway, a rectangular lagoon, and a bay (Figure 1a). To focus on the effect of lagoon area on the 
freshwater exchange across the inlet channel, we distinguish the narrow pathway and lagoon area of the estuary 
based on their geometric differences. The model parameters resemble those of the Akkeshi Estuary, an ideal 
location where there is an isolated shallow lagoon, with a narrow inlet channel and small discharge; we compare 

Figure 1.  Schematic diagram of the model setup. (a) Plan view of the bottom bathymetry used for the control experiment. River flow is forced at the northern 
boundary. (b) Side view of the bottom bathymetry along the dotted line in (a), representing x = 5 km. Tides are forced along the southern boundary. Gray shading 
indicates the locations of the inlet channel and narrow pathway. (c) Bottom bathymetry within the white dashed box in (a) for DEEP, (d) NODREDGE, and (e) 
NARROW. The upper panels show the plan view. The lower panels show the side view along the dotted line in the upper panel of (c), representing x = 5 km near the 
surface.
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the model results with observations later. The area of the lagoon (A) is 25 km 2 and the width of the inlet channel 
(W) is 400 m. Both the narrow pathway and the lagoon are 1 m deep, which increases to 5 m near the  channel with 
a slope of 0.11 and remains at 5 m within the channel. The depth increases from 5 to 30 m from the channel to the 
bay, with a slope of 0.04. The vertical resolution is 0.25 m in the uppermost layer and increases  to 0.10 m at 1 m 
depth to better resolve the near-bottom flows of the estuary. Then the resolution is gradually reduced to 2 m at a 
depth of 30 m. The horizontal resolution is 25 m; thus, while the model is non-hydrostatic, its resolution is not 
sufficient to resolve the mixing process explicitly. Therefore, we use generic length-scale vertical mixing param-
eterization (Umlauf & Burchard, 2003) to estimate the vertical viscosity coefficient (AZ) and vertical diffusivity 
coefficient (KZ) with a background value of 1 × 10 −6 m 2 s −1. This value reflects the no-wind condition and was 
used by Ralston et al. (2010). Sensitivity to the magnitude of the background viscosity and diffusivity coefficients 
is discussed in Section 6. A centered fourth-order advection scheme is used for momentum and a third-order 
upwind bias advection scheme is used for tracers. The model results are not overly sensitive to the selected advec-
tion scheme. Smagorinsky-type lateral viscosity is used with a constant of 0.1. Quadratic bottom drag is used for 
bottom stress, with a constant drag coefficient of 5.5 × 10 −3. Hereafter, the positive x and y directions are referred 
to as eastward and northward, respectively.

River flow is prescribed at the northern boundary with a vertically uniform southward velocity of 0.18 m s −1 
and a width of 100 m. The discharge rate (Q) is 18 m 3 s −1 and the salinity (S) values of the incoming water and 
ambient oceanic water are 22 and 32 PSU, respectively, which are similar to observations (Ding, 2020; Isada 
et al., 2021). The salinity of the incoming water is non-zero, because the narrow pathway in the model is too 
short to reproduce mixing that takes place further upstream. Temperature is uniform across the model domain 
and constant over time. A linear equation of state is used for density with a haline contraction coefficient of 
β = 8.0 × 10 −4.

Tides are forced along the southern boundary as vertically uniform meridional flow which varies semidiurnally, 
as follows:

𝑣𝑣𝑆𝑆𝑆𝑆 = 𝑣𝑣𝑎𝑎 sin
2𝜋𝜋𝜋𝜋

𝑇𝑇
− 𝑣𝑣𝑏𝑏,� (1)

where t is time, T is the semidiurnal tidal period (12 hr), va is 1.5 × 10 −2 m s −1, and vb is the background flow of 
6.0 × 10 −5 m s −1, which offsets the forced river discharge at the northern boundary. The sea-level change (∆η) 
induced by tidal forcing is approximately 0.25 m, a realistic value that avoids numerical instability caused by 
excessive thinning of the uppermost layer. The salinity and flow fields are restored to 32 PSU (oceanic value) and 
vSB over a time scale of 6 hr within 5 km of the southern boundary. Wind stress is set to zero.

River flow alone would create steady freshwater outflow through the channel of approximately vr  = 
𝐴𝐴

𝑄𝑄

𝐻𝐻𝐻𝐻
  = 9 × 10 −3 m s −1, assuming spatially uniform flow. The magnitude of the tidally forced flow in the channel 

(vc) can be roughly estimated based on mass balance. The total mass input induced by the flood tide is approxi-
mately 𝐴𝐴

𝑣𝑣𝑐𝑐

2
⋅𝐻𝐻 ⋅𝑊𝑊 ⋅

T

2
, where H is the channel depth and W is the channel width. This value should equal A ∙ ∆η, 

the total mass input necessary to raise the sea level of the lagoon by ∆η. Therefore,

𝑣𝑣𝑐𝑐 =
4𝐴𝐴 ⋅ ∆𝜂𝜂

𝑇𝑇 ⋅𝐻𝐻 ⋅𝑊𝑊
� (2)

which is equal to 0.28 m s −1 for the parameter values listed above. Equation 2 assumes that the tidal prism is 
controlled by the area of the lagoon (A). Flow through the channel is the sum of vr and vc; as vc is one order of 
magnitude larger than vr, flow is controlled by tides and reverses every tidal cycle.

The model setup described above is the control experiment. The model is integrated for 20 days so that the flow 
and salinity fields reach a quasi-steady state for each tidal cycle. Model results are averaged hourly or over the 
semidiurnal tidal cycle on the last tidal cycle of the simulation (day 20) unless otherwise noted.

2.1.2.  Sensitivity Experiments

To clarify the dynamics of freshwater exchange across the channel, six sensitivity experiments are used that vary 
the model parameters in the control experiment (Table 1). Sensitivity to tides is examined by varying the tidal 
elevation (∆η) to 0.31, 0.18, 0.13, 0.08, or 0.0 m, and the experiment with no tides (0.0 m) is called NOTIDE. 
Sensitivity to lagoon depth (DE) is examined by increasing DE to 5 m, equal to the depth of the channel, and 
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is called DEEP (Figure 1c). Sensitivity to channel depth (H) is examined by decreasing H to 1.0 m, equal to 
the depth of the lagoon, and thus allowing no dredging of the channel; this experiment is called NODREDGE 
(Figure 1d). Sensitivity to lagoon area (A) is examined by decreasing A to 12 or 1.8 km 2, by reducing the zonal 
length of the lagoon while keeping the meridional length constant. At A = 1.8 km 2, the lagoon becomes a straight 
channel connecting the river mouth to the bay; this experiment is called NARROW (Figure 1e). Sensitivity to 
Earth's rotation is examined by adding a Coriolis term to the horizontal momentum equation of the model with 
the Coriolis parameter f set to 1 × 10 −4 s −1 and is called CORI. Sensitivity to the spatial scale of freshwater 
exchange is examined by increasing the lateral domain length scale and the river discharge by one order of magni-
tude to A = 2,500 km 2, Q = 180 m 3 s −1, and W = 4 km. The horizontal resolution is set to 250 m. This experiment 
is called LARGE.

2.2.  Observational Data

Model results are compared to observations in the Akkeshi Estuary in Hokkaido, Japan (Figure 2a). The estuary is 
approximately 1 m deep. The inlet channel is 5 m deep on average and approximately 400 m wide at its narrowest 
point, representing the case of a shallow semi-enclosed lagoon with a narrow inlet channel. The river discharge 
rate is approximately 18 m 3 s −1 (Ding, 2020), with a salinity of approximately 22 PSU near the river mouth (Isada 
et al., 2021). Freshwater flows out through the lagoon and channel to enter Akkeshi Bay, where it interacts with 
the Oyashio Current, the western boundary current of the North Pacific subpolar gyre.

To capture the variation in flow and water-mass properties near the surface and bottom of the channel, observa-
tions were conducted in the middle of the channel from 11 a.m. on 12 September to 9 a.m. on 14 September 2018 
(Figures 2b and 2c). Temperature-salinity loggers (INFINITY-CT; JFE-Advantech) and electromagnetic current 
meters (INFINITY-EM; JFE-Advantech) were bottom-anchored near the channel and instruments were placed at 
0.5 m below the sea surface and 1 m above the seafloor. The ocean depth was 9.9 m at the time of deployment. 
Measurements were taken at 10-min intervals for 46 hr to capture the main semidiurnal tidal signal. Atmospheric 
conditions were moderate during the observation period, with an average southerly wind speed of 3.4 m s −1, diur-
nal temperature changes within 9°C, and no precipitation. These data were obtained from the weather observatory 
of the Japan Meteorological Agency located in Ota, Hokkaido (Japan Meteorological Agency, 2023); this obser-
vatory is closest to our study area. Therefore, we consider the observations to show a reasonable representation 
of freshwater exchange across the inlet channel.

3.  Simulated Freshwater Outflow and Comparison to Observations
3.1.  Control Experiment

Model results from the control experiment show the flow and salinity fields alternating with the tidal cycle; a 
freshwater plume forms within the bay and an oceanic-water plume forms within the lagoon (Figures 3a–3d). 
Hereafter, we refer to hours 0–6 as the flood phase and hours 6–12 as the ebb phase. During the early flood 
phase (hours 0–3), a radially expanding freshwater plume is present in the bay (Figures 3a and 4a). The head of 
the plume extends a few kilometers into the interior of the bay, maintaining its low salinity of approximately 29 

Experiment Name Parameters

Tidal forcing ∆η = 0.31, 0.18, 0.13, 0.08, 0.0 (NOTIDE) [m]

Lagoon depth (DEEP) DE = 5.0 [m]

Channel depth (NODREDGE) H = 1.0 [m]

Lagoon area A = 12, 1.8 (NARROW) [km 2]

Coriolis (CORI) f = 1 × 10 −4 [s −1]

Large scale (LARGE) f = 1 × 10 −4 [s −1], A = 2,500 [km 2], Q = 180 [m 3 s −1], W = 4 [km]

Note. The basic model parameters for the control experiment are ∆η = 0.25 m, DE = 1.0 m, H = 5.0 m, A = 25.0 km 2, 
f = 0.0 s −1, Q = 18 m 3 s −1, and W = 400 m. Only parameters that were changed from the control experiment are listed.

Table 1 
List of Parameters Used for the Sensitivity Experiments
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PSU. In the channel, freshwater occupies nearly half of the depth profile, with surface salinity as low as 27.5 
PSU. Oceanic water below the freshwater layer is directed toward the lagoon, aligning with the direction of flow 
expected during the flood phase. The lagoon is fresh from the surface to the bottom. During the late flood phase 
(hours 3–6), a thick oceanic-water plume forms in the lagoon with a sharp salinity front (Figures 3b and 4b). The 
water column is vertically well mixed, possibly due to bottom boundary-layer mixing. The freshwater plume in 
the bay, meanwhile, is thin and more laterally dispersed. During the early ebb phase (hours 6–9), flow in the chan-
nel is toward the bay, but the channel remains occupied by oceanic water that entered the lagoon during the late 

Figure 2.  (a) Location of Akkeshi Bay. (b) RGB image of Akkeshi Estuary derived from Landsat 8 (USGS/NASA) observations on 3 August 2019, showing a 
freshwater plume entering the bay. The location of the region is shown in the top left inset. (b) Bathymetry is indicated as color for the region of Akkeshi Bay within 
the black dashed box in (a). Note that bathymetry is shown only within the bay due to the lack of digital data. The solid dot represents the location where measurements 
were taken in September 2018. (c) Bathymetry of the lagoon within the black dotted box in (c) from the Global Map published by the Geospatial Information Authority 
of Japan. Blue lines are bathymetric contours.
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Figure 3.  Surface flow and salinity fields for the control experiment during (a) the early flood phase (hour 1), (b) the late 
flood phase (hour 4), (c) early ebb phase (hour 7), (d) late ebb phase (hour 10), (e) tidally averaged, and (f) 12-hr average 
for NOTIDE. The upper panels represent the surface within the white dashed box in Figure 2a and the lower panels show a 
vertical cross-section along the black dotted line within the box.
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flood phase (Figures 3c and 4c). Stratification is re-established in the channel when the salinity front is advected 
toward the channel and converges. In the late ebb phase (hours 9–12), freshwater occupies the channel as a thick 
water column that nearly reaches the bottom (Figures 3d and 4d) and the salinity front becomes the head of the 
freshwater plume that radially expands within the bay in the early flood phase (Figures 3a and 4a).

The time series of along-channel velocity and salinity at the surface and bottom of the channel show differences 
in the dynamics between the oceanic water and freshwater plumes. When intrusion of oceanic water occurs in 
the late flood phase, flow speed and salinity at the surface and bottom are similar and change synchronously 
(Figures 5b and 5c), which indicates that oceanic water is entering the lagoon as barotropic flow with a vertically 
well-mixed water column. This structure is maintained until the early ebb phase, and oceanic water occupies the 
channel until an abrupt decrease in salinity occurs and surface flow strengthens toward the bay. As the salinity 
front is located away from the channel when flow switches from the flood to ebb phase (Figures 3b and 3c), 
changes in salinity in the channel lag the change in flow by about 6 hr. Bottom salinity, on the other hand, is 
low only during the late ebb phase. When the tide switches from the ebb to flood phase, oceanic water intrusion 
begins near the bottom, but low-salinity water still occupies the surface and freshwater outflow continues. This 
time-series pattern is consistent with our results for the vertical cross-section of salinity in the early flood phase, 
when freshwater enters the bay near the surface and intrusion of oceanic water occurs near the bottom (Figures 3a 
and 4a). An abrupt increase in surface salinity is observed at mid-flood, when the thickness of the oceanic-water 
plume reaches the surface.

Averaged over the tidal cycle, the surface salinity field shows a rapid increase in salinity along the channel. Salin-
ity increases from 27 to approximately 31 PSU within a few kilometers of the channel, resulting in a freshwater 
signal of approximately 31–31.5 PSU across the bay (Figure 3e). The vertical cross-section of salinity shows the 
formation of a thick freshwater layer that nearly reaches the bottom of the channel, but is surface trapped in the 

Figure 4.  Schematic of freshwater exchange across the channel over the tidal cycle: (a) early flood phase, (b) late flood phase, (c) early ebb phase, and (d) late ebb 
phase. Freshwater and oceanic water are indicated with blue and pink shading, respectively.
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bay. Flow within the channel shows oceanic water intrusion near the bottom and outflow at the height of the fresh-
water layer, demonstrating the establishment of estuarine circulation. In this study, we define estuarine circulation 
as a two-layer time-averaged flow, with freshwater outflow near the surface and oceanic water intrusion near the 
bottom (e.g., MacCready & Geyer, 2010). Comparison with NOTIDES confirms that tides are essential to the 
establishment of these features. Without tides, the lagoon is occupied by low salinity water from the surface to 
the bottom and becomes a simple extension of the narrow pathway. A thin freshwater layer with salinity below 
27 PSU forms from the channel toward the bay, while the subsurface is quiescent and occupied by oceanic water 
(Figure 3f). Most of the change in surface salinity occurs in the bay near the surface, and the 29.5 PSU isohaline 

Figure 5.  (a) Locations of the mid-channel point and the areas used for estimating area-integrated values for the lagoon, channel, and bay shown as red, dotted, and 
blue boxes, respectively. (b) Tidal variation in the along-channel velocity and (c) salinity at the mid-channel point for 0.5 m below the surface (solid) and 0.87 m 
from the bottom (dashed) on day 20 every 10 min. Red and blue shading indicate the flood and ebb tides, respectively. (d) Tidal variation in area-integrated internal 
shear-driven mixing ∫〈BSD〉dA and (e) bottom-boundary-layer mixing ∫〈BBL〉dA from hours 0 to 12 on day 20. Red, solid black, dashed blue, and dotted black lines 
indicate the lagoon, channel, bay, and total values, respectively. Values larger than 0.4 are plotted on a logarithmic scale.
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is located approximately 5 km from the channel, in contrast to the control experiment, wherein the salinity change 
begins from the lagoon and the 29.5 PSU isohaline is located in the middle of the channel (Figure 3e).

3.2.  Mechanism of Mixing

Low-salinity water and oceanic waters mix through bottom boundary-layer mixing and internal shear-driven 
mixing. To examine the magnitude of each process, we follow the method of Ralston et al. (2010), partitioning 
the vertical turbulent buoyancy flux at the depth of the local minimum of turbulent shear stress (d) identified from 
the vertical profile. Vertical turbulent buoyancy flux and shear stress are estimated to be:

𝐵𝐵 = −𝑔𝑔𝑔𝑔𝑔𝑔𝑍𝑍

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
� (3)

𝜏𝜏 = 𝐴𝐴𝑍𝑍

√

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

+

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)2

� (4)

where KZ and AZ are estimated from the turbulent closure. The local minimum of τ closest to the bottom is used 
as d and the magnitude of bottom boundary-layer mixing is estimated through vertical integration of Equation 3 
from the bottom (D) to d:

⟨𝐵𝐵𝐵𝐵𝐵𝐵⟩ = ∫
𝑑𝑑

𝐷𝐷

𝐵𝐵𝐵𝐵𝐵𝐵� (5)

The magnitude of internal shear-driven mixing is estimated through integration of Equation 3 from d to the sea 
surface height η:

⟨𝐵𝐵𝑆𝑆𝑆𝑆⟩ = ∫
𝜂𝜂

𝑑𝑑

𝐵𝐵𝐵𝐵𝐵𝐵� (6)

To examine differences in the mixing mechanism in different areas, 〈BBL〉 and 〈BSD〉 are examined from the 
lagoon to the bay meridionally across the channel (Figure 5a) and away from the influence of the river pathway 
and the model boundaries. The model results indicate a large difference in τ between the ebb and flood phases 
(Figures 6a–6d). During the flood phase to early ebb phase, maxima of τ are found at the bottoms of the channel 
and lagoon. d is located near the surface, reflecting the formation of a thick well-mixed bottom boundary layer. 
During the late ebb phase, maxima of τ are found at mid-depths in the bay and near the bottoms of the channel 
and lagoon. This pattern indicates that the freshwater plume is flowing toward the bay and reflects the occurrence 
of internal shear-driven mixing at its base in the ocean. d is below the middle depths of the channel and lagoon, 
indicating that the bottom boundary layer is confined to the bottom.

A large difference in B also occurs between the ebb and flood phases (Figures 6e–6h). During the flood phase 
and early ebb phase, maxima of B are found at mid-depths below depth d, corresponding to the top of the bottom 
boundary layer. This depth is also the bottom of the thin freshwater plume in the channel. During the late ebb 
phase, maxima of B are found at mid-depths in the bay and near the bottom of the channel. This pattern aligns with 
the locations of maxima in τ (Figure 6d) and confirms that the freshwater plume triggers internal shear-driven 
mixing at its bottom as it enters the bay. The model results suggest that temporal variability in the strength of 
bottom boundary-layer mixing (Figure 5) is associated with increasing height of the bottom boundary layer from 
flood to early ebb, when the area near the channel is occupied by a thick oceanic water mass. During late ebb, 
however, freshwater escapes the shallow areas of the lagoon, creating stratification and triggering mixing. This 
process results in the formation of a thick freshwater layer and the height of the bottom boundary layer decreases 
as a result of this thickening. Comparison of τ and B shows that fast tidal flows are forced and generate shear 
where the bottom slopes, but strong buoyancy flux occurs when stratification coexists during the late ebb.

The time series of 〈BSD〉 indicates that internal shear-driven mixing is stronger during the ebb phase, when the 
freshwater plume enters the bay and triggers mixing at its base (Figure 5d). Mixing strengthens first within the 
lagoon and then in the channel and bay, reflecting the salinity front advecting from the lagoon to the bay. The time 
series of 〈BBL〉 also shows that bottom boundary-layer mixing is strengthened twice, reflecting strong currents 
induced at the mid-ebb and mid-flood stages with a stronger peak occurring in the ebb phase (Figure 5e).
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3.3.  Comparison With Observations

We now compare the model results with observations in the middle of the channel of the Akkeshi Estuary 
(Figures  2c and  2d). The observations show that the zonal velocity in the channel, which corresponds to 
along-channel velocity, reverses direction during the tidal cycle both near the surface and near the bottom 
(Figure 7a). The maximum near-surface flow speed was around 0.4 m s −1 during both the flood and ebb phases, 
while the maximum near-bottom flow speed was about 0.2–0.3 m s −1 during the flood phase and below 0.2 m s −1 
during the ebb phase. These features imply nearly barotropic flow during the flood tide and surface-intensified 
flow during the ebb tide, resembling the model results that flow toward the lagoon is more barotropic than flow 
toward the ocean (Figure 5b).

The time series of observed salinity also aligns with the model results. Changes in near-surface salinity lag flow 
changes by about 6 hr, and near-bottom salinity generally decreases during the late ebb phase (Figure 7b). Salinity 

Figure 6.  (a) Vertical turbulent shear stresses in the early flood phase (hour 1), (b) late flood phase (hour 4), (c) early ebb phase (hour 7), and (d) late flood phase 
(hour 10). Estimates are zonal averages across the boxes in Figure 5a. Solid and dashed lines represent northward flow (toward the lagoon) and southward flow (toward 
the bay), respectively, with a contour interval of 0.1 m s −1. Black dots show the depths of d, local minima in vertical turbulent shear stress. Note that the dots do not 
perfectly align with the minima represented in color due to zonal averaging. (e) Vertical turbulent buoyancy fluxes in the early flood phase (hour 1), (f) late flood phase 
(hour 4), (g) early ebb phase (hour 7), and (h) late ebb phase (hour 10). Solid lines are isohalines with a contour interval of 1 PSU. Black dots show the depths of d, 
local minima in vertical turbulent shear stress.
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is high, and is the same at the surface and the bottom during the late flood phase, indicating a thick oceanic water 
column and nearly barotropic flow toward the lagoon (Figure 7a). A decrease in salinity begins in the early ebb 
phase at both the surface and the bottom; while the bottom salinity quickly returns to high levels at the end of 
the ebb phase, near-surface salinity abruptly decreases. This feature implies the presence of a sharp salinity front 
moving from the lagoon to the bay during each tidal cycle. Observations support the formation of tidally gener-
ated plumes and the movement of the salinity front found in the model results (Figures 6b and 6c).

4.  Sensitivity Experiments
4.1.  Depth of the Lagoon

With the depth of the lagoon set to 5 m, equal to the depth of the channel, DEEP shows the formation of a fresh-
water plume but no oceanic-water plume (Figures 8a–8d). Oceanic water instead intrudes into the lagoon at the 
subsurface and reaches farther upstream than in the control experiment (Figures 3a–3d). A salinity front is present 
at the surface, but it remains stagnant near the channel, even in late flood. The freshwater plume near the channel 
is thin and the extent of mixing is moderate compared to the control experiment (Figures 9a and 9d). Inside the 
lagoon, the magnitude of bottom boundary-layer mixing is larger during the flood phase than the ebb phase when 
oceanic water enters the lagoon from the subsurface. The time series of flow and salinity in the channel show 
that surface and bottom flows change almost simultaneously with the rapid entry of low-salinity water into the 
ocean after tidal flow reverses from the flood to ebb phase (Figures 8g and 8h). In the absence of an oceanic-water 
plume, no delay in the salinity time series is found, in contrast to the control experiment (Figures 5b and 5c).

Averaged over the tidal cycle, DEEP shows the establishment of estuarine circulation from the channel to the 
interior of the lagoon (Figure 8e). In the control experiment, such two-layer circulation formed in the channel 

Figure 7.  (a) Along-channel velocity and (b) salinity of near-surface (solid black lines) and near-bottom (dashed black lines) 
waters at the middle of the inlet channel in Akkeshi Bay (Figures 3c and 3d). Positive velocity is toward the lagoon, the same 
as the model results shown in Figure 5b. Blue and red shading indicate the ebb and flood tides, respectively.
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Figure 8.  (a) Surface flow and salinity fields for DEEP in the early flood phase (hour 1), (b) the late flood phase (hour 4), (c) the early ebb phase (hour 7), (d) the late 
ebb phase (hour 10), and (e) tidally averaged, and for (f) the tidal average of the control experiment. The upper panels represent the surface within the white dashed box 
in Figure 2a and the lower panels show a vertical cross-section along the black dotted line within the box. (g) Time series of along-channel velocity and (h) salinity at 
the mid-channel point at 0.5 m below the surface (solid line) and 0.87 m from the bottom (dashed line) on day 20 every 10 min. Red and blue shading indicate the flood 
and ebb tides, respectively.
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and the sloping part of the lagoon, but not in the shallow part of the lagoon (Figure 8f). Therefore, DEEP indi-
cates that one role of the shallow lagoon is to generate a barotropic oceanic-water plume within the shallow area 
rather than subsurface oceanic water intrusion. On the oceanic side, a freshwater plume develops with higher 
salinity than in the control experiment. Mixing near the channel becomes moderate in DEEP, especially for the 
ebb phase (Figures 9a and 9b), and the surface water of the lagoon is saltier due to mixing with oceanic water at 
the subsurface.

4.2.  Depth of the Inlet Channel

With the depth of the channel remaining shallow, NODREDGE shows the formation of a freshwater plume and 
an oceanic-water plume that are vertically well mixed in the channel (Figures 10a–10d). Bottom boundary-layer 
mixing decreases because stratification is absent and the freshwater plume remains fresh, prohibited from thick-
ening beyond the channel depth. Strong mixing is induced when the freshwater plume enters the ocean during the 
ebb phase. The maximum flow speed is approximately 0.7 m s −1 (Figure 10c), which is much faster than in the 
control experiment (0.2 m s −1) (Figure 5b), and salty oceanic water is present below the region where the freshwa-
ter enters the ocean. As a result, vertical shear increases, inducing abrupt and much stronger mixing than observed 
in the control or DEEP experiments. The occurrence of this intense mixing is apparent as strong upwelling on the 

Figure 9.  (a) Time series of area-integrated internal shear-driven mixing ∫〈BSD〉dA from hours 0 to 12 on day 20 for DEEP, 
(b) NARROW, and (c) NODREDGE. Red, solid black, dashed blue, and dotted black lines indicate the lagoon, channel, bay, 
and total values, respectively. (d) Time series of area-integrated bottom boundary-layer mixing ∫〈BBL〉dA from hours 0 to 12 
on day 20 for DEEP, (e) NARROW, and (f) NODREDGE. Values larger than 0.4 are plotted on a logarithmic scale.
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Figure 10.  Surface flow and salinity fields during the (a) early flood (hour 4), (b) late flood (hour 7), (c), early ebb (hour 10), and (d) late ebb (hour 1) phases in 
NODREDGE. Surface flow and salinity fields during the (e) early flood (hour 1), (f) late flood (hour 4), (g), early ebb (hour 7), and (h) late ebb (hour 10) phases in 
NARROW. The upper panel represents the surface within the white dashed box in Figure 2a and the lower panel shows a vertical cross-section along the black dotted 
line within the box.
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oceanic side of the channel. Once in the ocean, the freshwater plume disperses as in the control experiment. The 
oceanic-water plume enters the lagoon as a barotropic and vertically well-mixed flow, which remains salty and 
creates a sharp salinity front inside the lagoon. NODREDGE confirms that shallow depth within the lagoon is 
responsible for the formation of the salinity front in the control experiment (Figures 3b and 3c).

NODREDGE indicates that the increase in depth from the lagoon to the channel in the control experiment enables 
formation of a thick, baroclinic freshwater plume in the channel. In NODREDGE, the velocity of the freshwater 
plume is approximately 0.2 m s −1 during the ebb phase on average, and around 1 hr is required for the plume to 
cross the channel from the lagoon to the ocean. This time is ample for bottom boundary-layer mixing to fully 
mix the water column vertically within the channel. Scaling shows that the time necessary for mixing 𝐴𝐴

(

𝐻𝐻2

𝐴𝐴𝑍𝑍

)

 is 
about 20 min based on the depth of 1 m and the turbulent vertical diffusivity of 10 −3 m 2 s −1 simulated in the 
model. However, at a channel depth of 5 m, as in the control experiment, mixing requires about 7 hr; in that 
case, the freshwater plume can become thick within the channel but not thick enough to eliminate baroclinicity 
of the water column. Similarly, one can evaluate the Fr-M space of Geyer and MacCready (2014), where Fr is 
the Froude number (𝐴𝐴

𝑢𝑢
√

𝑔𝑔′𝐻𝐻
 ), M is a parameter comparing the mixing and tidal time scales, and g′ is the reduced 

gravity (here we use the salinity difference between the river flow and oceanic water). Based on the flow speed 
induced by the river flow vr for u, M and Fr are approximately 1.6 and 0.16 in NODREDGE (0.14 m s −1 is used 
for tidal flow speed), indicating either a well-mixed condition or time-dependent salt wedge. For DEEP, M and  Fr 
are approximately 0.5 and 0.014, suggesting a partially mixed or stratified condition. These conditions align well 
with the model results.

4.3.  Lagoon Size and the Salinity Balance

Equation 2 indicates that the area of the lagoon (A) affects the dynamics of freshwater outflow. For NARROW, A 
is at its minimum, and vc is 0.02 m s −1, comparable to vr, the flow induced by river flow. The model results show 
that near-surface flow in the channel is primarily toward the ocean (Figures 10e–10h); compared to the control 
experiment (Figure 3a), the freshwater plume is thinner and fresher. Intrusion of oceanic water occurs only during 
the late flood phase and within a small distance of the river mouth. Mixing is weak throughout the tidal cycle 
(Figures 9b and 9e). Again, the shift to a more baroclinic flow in NARROW from a more barotropic flow simu-
lated in the control experiment can be explained by the difference in Froude number due to the tidal flow speed 
using vc. Fr is near zero in the channel for NARROW, but 0.44 for the control experiment. Therefore, mixing is 
likely to be more limited in NARROW and make the flow baroclinic.

The impact of tidal flow speed at the channel on the mass and freshwater balance can be examined using the 
estuarine Richardson number (e.g., Nash et al., 2009), 𝐴𝐴 𝐴𝐴𝐴𝐴𝐸𝐸 =

𝑔𝑔′𝑄𝑄

𝑊𝑊 𝑊𝑊3
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

 , which compares the magnitude of turbulence 

to advective fluxes. In this study, vc is used for utidal. RiE decreases as A increases, and the tidally averaged salinity 
of the freshwater plume in the channel increases accordingly (Figure 11a). Salinity is averaged across the channel 
at the mid-channel point, and the freshwater plume is defined here as the southward flow component, which 
tends  to occur in the upper part of the water column. Oceanic flow is defined as the opposite flow component, 
which tends to occur in the lower part of the water column. The increase in the salinity of the freshwater plume 
implies enhanced mixing, in accordance with the tidally driven increase in turbulent flux through changes in A or 
the tidal elevation, as Equation 2 indicates. Note that RiE can also be expressed as the ratio of the channel volume 
to the volume increase within the lagoon caused by tides, RLC:

𝑅𝑅𝑅𝑅𝐸𝐸 =
𝑔𝑔′𝑄𝑄

𝑊𝑊 𝑊𝑊3𝑐𝑐

=
𝑔𝑔′𝑄𝑄𝑄𝑄 3

64𝑊𝑊

(

𝐻𝐻 ⋅𝑊𝑊 ⋅ 𝐿𝐿

𝐴𝐴 ⋅ ∆𝜂𝜂

)3

=
𝑔𝑔′𝑄𝑄𝑄𝑄 3

64𝑊𝑊
𝑅𝑅𝐿𝐿𝐿𝐿

−3�

where L is the channel length. Thus, a decrease in RiE indicates an increase RLC, leading to an increase in lagoon 
size relative to channel size (Figure 11c).

Sensitivity experiments further demonstrate that the time-averaged transport of the freshwater plume in the chan-
nel (U) peaks when RiE is approximately unity. Here, U is defined as the transport of the southward flow compo-
nent across the channel. For RiE above one, U increases with decreasing RiE (Figure 11a). This result is consistent 
with the increase in salinity of the freshwater plume as RiE decreases. As more oceanic water is entrained into the 
freshwater plume, U increases, and estuarine circulation is enhanced.
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For RiE below one, as in the control experiment, U tends to decrease as RiE decreases (Figure 11a). This trend arises 
because tidal pumping, which is the time-varying component of exchange flow in the channel, begins to replace 
part of the water mass and freshwater exchange induced by the estuarine circulation rather than simply enhancing 
estuarine circulation. The increasing role of tidal pumping is clear when examining the freshwater balance across 
the channel. We define freshwater flux as U(S0 − S), where S0 is the reference salinity, 32 PSU (i.e., the oceanic 
value), and the freshwater flux due to the river flow is 180 PSU m 3 s −1. Flow through the channel must balance 
this flux for the salinity of the lagoon to achieve steady state. To compare the roles of the time-averaged flow and 
time-varying flow, we partition the freshwater flux into time-averaged and eddy components:

𝑈𝑈 (𝑆𝑆0 − 𝑆𝑆) = 𝑈𝑈

(

𝑆𝑆0 − 𝑆𝑆

)

− 𝑈𝑈 ′𝑆𝑆 ′� (7)

where variables with overbars are temporal averages over the tidal cycle and variables with prime symbols are 
residuals. The first term on the RHS of Equation 7 represents freshwater flux due to river inflow and estuarine 
circulation, which tends to occur as two-layer flow. The second term represents freshwater flux due to tidal 
pumping.

Sensitivity experiments show that as RiE decreases, the role of tidal pumping in driving freshwater flux increases, 
assuming a greater role than that of estuarine circulation when RiE is less than one, as in the control experiment 
(Figure 11b). At RiE ∼ 1, both tidal pumping and estuarine circulation are large and augment each other, thus 
maximizing mean transport. For RiE > 1, advective flux is stronger and thus estuarine circulation is dominant, 

Figure 11.  (a) Sensitivity of freshwater transport (filled blue symbols) and salinity (open red symbols) in the channel to RiE, 
the estuarine Richardson number. The dashed line is the river discharge rate. Circles, squares, up- and down-pointed triangles, 
and stars indicate data from the control, tidal forcing, lagoon area, NODREDGE, and NOTIDE experiments, respectively. (b) 
Sensitivity values of the time-average flow component (filled black symbols) and eddy component (open red symbols) to RiE. 
Each component is shown as a ratio to total freshwater flux (=180 PSU m 3 s −1). (c) Relationship between RLC (=𝐴𝐴

𝐴𝐴∆𝜂𝜂

𝑊𝑊 𝑊𝑊D
 ) and RiE.
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whereas for RiE < 1, turbulent flux induced by tides is stronger, flow across the channel becomes more barotropic, 
and tidal pumping becomes dominant.

4.4.  Role of the Coriolis Force

The Coriolis force causes geostrophic adjustment and the freshwater plume becomes a coastal current, even 
for small-scale rivers (e.g., Lemagie & Lerczak, 2020). Accordingly, our results show more low-salinity water 
trapped along the western half of the bay in CORI than in the control experiment (Figures 12a–12d). A coastal 
current is established with weak anticyclonic circulation, similar to the simulation results for a mid-scale river 
reported by Wheless and Valle-Levinson (1996). By contrast, near the channel, tides still generate freshwater and 
oceanic-water plumes. The apparent weak impact of the Coriolis force on tidal pumping arises because the time 
scale of these flows is less than a day (i.e., 12 hr).

4.5.  Impact of Spatial Scale

The behavior of the freshwater exchange changes significantly when the spatial scale of the model domain is large 
and the river discharge rate is high. LARGE shows stable salinity stratification in the channel and flow that oscil-
lates with the tidal cycle (Figures 12e–12h). Outside the channel, anticyclonic circulation and a coastal current 
are present. As the spatial scale is large, the flow is primarily governed by geostrophy; the width of the channel 
(4 km) and the deformation radius of about 3 km lead to a Kelvin number greater than 1. Within the lagoon, the 
water mass becomes fresher because the intrusion of oceanic water does not reach shallow regions of the lagoon; 
for a large lagoon, there is ample time for uniform vertical mixing of the water mass.

5.  Discussion
The geometric characteristics of a lagoon, such as lateral constriction and depth, affect the dynamics and mixing 
of freshwater exchange across an inlet channel. A large semi-enclosed lagoon is found to create strong tidal 
flows in the channel, which enhances mixing from flow convergence and acceleration when the salinity front 
is advected toward the ocean. DEEP shows this process clearly, as bottom boundary-layer mixing strengthens 
in the channel much more than in the lagoon during the ebb phase (Figure 9a). The only difference between 
the channel and lagoon in DEEP is the zonal length, implying that the lateral constriction is responsible for 
the enhanced mixing. For the control experiment, internal shear-driven mixing also occurs where the thicker 
freshwater layer shoals inside the channel. To further examine the role of lateral constriction, we conducted an 
experiment in which the lagoon is a straight channel with the same total area (A) as the control experiment by 
making it narrow and approximately 60 km long (Figure S1). The impact of channel meanders on tidal flow is 
minor. If the strength of the tidal flow remains constant, the experiment should show the role of lagoon geometry 
in freshwater exchange. However, the experiment shows weak tidally reversing flow, and greatly reduced salinity 
of the outflow. Enhanced bottom boundary-layer mixing no longer occurs in the channel. Although A is similar, 
the strength of the tidal flow decreases when the lagoon becomes an extremely long channel because the surface 
gravity wave speed (𝐴𝐴

√

𝑔𝑔𝑔𝑔  ) is about 3 m s −1, meaning waves can travel only about 10 km per hour, which is not 
fast enough to cause a simultaneous response throughout the long estuary. This condition is dynamically similar 
to a reduction of A in Equation 2. For small-scale river flows, the lagoon is often a few kilometers in length; 
therefore, a difference in the width scale between the channel and lagoon is likely to coexist that may enhance 
mixing through the formation of oceanic-water plumes and fronts. Such mixing is the key factor associated with 
changes in A, as examined in the lagoon area experiment (Table 1).

The magnitude of estuarine circulation, estimated as the time-averaged transport of freshwater across the 
channel, is about 42, 29, and 19 m 3 s −1 in the control experiment, DEEP, and NODREDGE, respectively. For 
NODREDGE, this exchange transport is nearly identical to the transport of river flow, as estuarine circulation 
is absent. The theoretical estimate of estuarine circulation is 𝐴𝐴 𝐴𝐴𝑒𝑒 =

𝑔𝑔𝑔𝑔𝑔𝑔3

48𝐾𝐾𝑍𝑍

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 (Hansen & Rattray, 1965), where D 

is the depth of  the river and y is the direction along the river pathway, which indicates an increase in strength 
with greater depth and explains the increase from NODREDGE to DEEP. However, in the control experiment, 
the lagoon is generally 1 m deep, similar to NODREDGE, but the circulation is stronger than that in DEEP, 
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Figure 12.  Surface flow and salinity fields during the (a) early flood (hour 1), (b) late flood (hour 4), (c) early ebb (hour 7), and (d) late ebb (hour 10) phases for 
CORI. Surface flow and salinity fields during the (e) early flood (hour 6), (f) late flood (hour 9), (g) early ebb (hour 0), and (f) late ebb (hour 3) phases on day 201 for 
LARGE. The upper panel represents the surface within the white dashed box in Figure 2a and the lower panel shows a vertical cross-section along the black dotted line 
within the box.
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which is the opposite of the result expected from the change in depth. We find that this enhancement of estu-
arine circulation is a result of mixing induced by tidal flows forced across the slope and the asymmetry of the 
stratification created across a sloping bottom within the lagoon. As the estimates of Fr (or M) in Section 4.2 
indicate, a vertically well-mixed water column is expected for a depth of 1 m, but not for 5 m, so the shallow 
area of the lagoon becomes non-stratified while that close to the channel is stratified. Tidal flows are also fast 
in shallow areas. Thus, as the salinity front moves toward the ocean during the late ebb, a freshwater plume 
exits the shallow area, interacts with the subsurface oceanic water, and induces intense internal shear-driven 
and bottom boundary-layer mixing as the plume thickens, then moves toward deeper water and reaches the 
channel (Figures  5d and  5e). The bottom interface of the thick freshwater layer then shoals in the ocean 
and induces internal shear-driven mixing. Strong mixing would occur in NODREDGE within the lagoon, 
where the flow is fast and RiE is low, but is prohibited by the lack of both stratification and oceanic water 
for mixing below the freshwater for approximately half of the tidal cycle (Figure 13c). Thus, intense mixing 
driven only by internal shear occurs after the freshwater enters the ocean (Figures 9c and 9d). This difference 
results in enhanced estuarine circulation in the control experiment along with strong upwelling in the slop-
ing area, but not in NODREDGE. Compared to DEEP, the magnitude of the buoyancy flux created within 
the lagoon over the tidal cycle is approximately 1.7 times larger in the control experiment (Figures 5d, 5e, 
and 9a, 9b), confirming the presence of enhanced mixing. Furthermore, we find that bottom boundary-layer 
mixing comprises about 33% of the total mixing. As Spicer et al. (2021) found for tidal pulsed plumes on the 
oceanic slope, we find that bottom boundary-layer mixing plays a role equally important to that of internal 
shear-driven mixing.

The importance of the salinity front to mixing within the lagoon is reflected in the primary mixing phase. In 
DEEP, stronger mixing occurs when oceanic water intrudes during the flood rather than the ebb phase (Figures 9a 
and 9d). Stratification is present throughout the tidal cycle and the RiE, estimated using the vertically averaged 
flow speed for utidal and the salinity difference between the surface and bottom within the lagoon for g′, is lower 
during the flood phase (Figure  13b) and weakens stratification (Figure  13d). In the control experiment, RiE 
decreases during the late flood phase (Figure 13a); however, the turbulent flux becomes ineffective at mixing the 
water column (Figure 13d) because stratification is very weak when the salinity front forms and moves upstream. 
Active mixing returns when stratification is re-established in the early ebb phase. Thus, the magnitude of RiE and 
the period of active mixing during the flood and ebb phases are similar (Figure 4e). In NODREDGE, a salinity 
front quickly forms, and stratification is very weak, making turbulent flux ineffective during much of the flood 
period (Figure 13d); thus, the ebb phase is the primary mixing phase in NODREDGE (Figures 9c, 9f, and 13c). 
The importance of mixing during the ebb phase is similar to that found for a salt wedge for mid-size rivers 
and a deeper estuarine basin (Ralston et al., 2010). In a shallower environment with small discharge, internal 
shear-driven and bottom boundary mixing occur more simultaneously, rather than internal shear-driven mixing 
occurring in advance (Figures 5d and 5e).

Figure 13.  Time series of the estuarine Richardson number (RiE) (thick line) and vertically averaged velocity (thin line) 
in the lagoon area shown in Figure 5a from hours 0 to 12 on day 20 in the (a) control, (b) DEEP, and (c) NODREDGE 
experiments. (d) Salinity difference between the surface and bottom for control (black), DEEP (blue), and NODREDGE (red). 
Dashed lines indicate salinity differences of less than 0.1 PSU between the surface and bottom.
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The length of the inlet channel was constant in our study, but varies among estuaries. As a longer channel limits 
lateral dispersion of the freshwater plume, we suspect that more mixing will occur within the channel, thickening 
the freshwater plume compared to that from short channels. Another important bathymetric feature is the location 
of the slope inside the lagoon and the steepness of the slope along the rim of the bay. If the slope inside the lagoon 
is located far from the channel, the exchange flow will become more like DEEP. A steeper slope along the rim 
of the bay may not directly affect freshwater exchange flow, as the lift-off point is located within the channel in 
our model. However, a steep oceanic slope may affect processes that were neglected in this study, such as oceanic 
currents and waves, and thereby affect freshwater outflow.

6.  Conclusion
This study investigates the impact of a large shallow lagoon on the dynamics of freshwater exchange across a 
deep inlet channel, focusing on lagoons affected by river flow with a small discharge rate. Idealized numerical 
model experiments show that large lagoons with narrow inlets induce tidal pumping, generating a stratified 
freshwater plume in the ocean and a vertically well-mixed oceanic-water plume within the lagoon. Strong tidal 
pumping and estuarine circulation enhance freshwater export from the lagoon to the ocean when the estuarine 
Richardson number is approximately one. Below one, tidal pumping becomes dominant while above one, estua-
rine circulation becomes more important. In the presence of a deep inlet channel, tidal flows enhance mixing and 
estuarine circulation for shallow than deep lagoons, attributable to the asymmetric stratification associated with 
the sloping bottom. A shallow lagoon makes the oceanic water intrusion barotropic, resulting in the formation of 
a sharp salinity front inside the lagoon. This salinity front then moves from the lagoon to the ocean, playing a key 
role in driving mixing and exchange flow. Because fast tidal flows are forced by shallow depth, strong internal 
shear-driven and bottom boundary-layer mixing develops as the front exits the shallow area, moves toward deeper 
water, and encounters oceanic water below. Lateral constriction further enhances mixing through convergence 
and acceleration.

To focus on the basic dynamics of riverine and oceanic waters, we neglected the role of atmospheric forcing in 
this manuscript. Winds can enhance vertical mixing near the surface and drive surface flows both locally and 
remotely, and their strength varies on multiple time scales. The magnitude and patterns of vertical mixing are 
also affected by waves and surface heat fluxes. Enhanced background vertical mixing is likely to cause more 
vertically diffused freshwater outflow into the ocean and fresher estuarine water, as mixing in a shallow system 
prohibits the intrusion of oceanic water. We suspect that weather events also create spatial variation in water-mass 
properties within the estuary, as approximately 2 weeks is needed to spin up the model; assessing this possibility 
is a subject for future research. As the strength and direction of winds are likely to change seasonally, regional 
variation should be thoroughly examined using a model with realistic bathymetry and coastlines.

Data Availability Statement
The processed observational data is available on Figshare (Kida et al., 2022). Weather station data was obtained 
from Japan Meteorological Agency website (Japan Meteorological Agency, 2023). The numerical model code for 
KINACO is available at Matsumura (2023) and the input files for the numerical model experiments are available 
on GitHub, https://github.com/shinkida/Akkeshi_Circulation (Kida, 2023). Figures were made with Matplotlib 
version 3.7.0 (Hunter, 2007), available under the Matplotlib license at https://matplotlib.org.
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