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A B S T R A C T

Vertical salinity variance (SV) budgets are derived using the isohaline Total Exchange Flow (TEF) frame-
work, with the advection of vertical SV quantified by the dispersion of salinity classes across sections. A nu-
merical model of a bifurcated estuary, the Changjiang Estuary, is used to demonstrate the application of this
method. The analysis is focused on the North Channel (NC) segment, where strong stratification is produced
during neap tides. A notable finding is that the advection of vertical SV is stronger than the advection of hor-
izontal SV during the early neap tides due to the landward excursion of stratified water. However, strong
northerly winds can significantly decrease the contribution of advection of vertical SV but increase the ad-
vection of horizontal SV into the NC due to landward transport of relatively well-mixed saline water. This
process increases the seaward advection of vertical SV in the southern channels. In addition, it is found that
the vertical SV dissipation (mixing) balances the straining and reaches maximum at late neap tides in the
NC, coinciding with the maximum volume-integrated vertical SV.

1. Introduction

Estuarine dynamics have long been studied from tidally-averaged
and tidally-varying perspectives. Steady-state theory (Hansen and
Rattray, 1965) indicates that the exchange flow is proportional to
depth and along-channel salinity gradients and inversely proportional
to the eddy viscosity. The mean velocity and salinity profiles produce a
landward, residual salt flux that is consistent with the gravitational cir-
culation (Lerczak et al., 2006). This landward salt flux can be offset by
the river discharge, which tends to push the salt seaward. By equating
these opposing fluxes, it can be shown that the salt intrusion length de-
pends on basin geometry and mixing (Aristizabal and Chant, 2013;
Monismith et al., 2002; Ralston and Geyer, 2019). Wind can also affect
the distribution of salinity by Ekman transport (Li et al., 2012; Wang,
1979; Zhu et al., 2020), wind straining (Chen and Sanford, 2009; Scully
et al., 2005) and direct wind mixing (Chen and Sanford, 2009; Li et al.,
2006). From a tidally-varying point of view, the evolution of stratifica-
tion and mixing over tidal cycles has been studied through the lens of
the potential energy anomaly and turbulent kinetic energy budgets
(Simpson et al., 1990). Mixing erodes stratification through shear pro-

duction by tidal currents while the exchange flow acts as a buoyancy
flux that stabilizes the water column. This competition between stabi-
lizing and destabilizing components explains the Strain-Induced Peri-
odic Stratification, also introduced by Simpson. The spring-neap cycle
involves additional changes in stratification and mixing with implica-
tions for the magnitude of the exchange flow at fortnightly timescales.
While much has been learned about the spring-neap and ebb-flood vari-
ability of straining and exchange, recent studies have broadened the
scope by considering the spatiotemporal heterogeneity of the salt field
through the concept of salinity variance, ‘SV’ (Wang et al., 2017).
Here, the SV is the squared standard deviation of salinity in an estuary,
which is considered a closed control volume. One of the features of the
SV is that the total variance can be divided into vertical and horizontal,
which facilitates the analysis of straining and lateral dynamics. Intu-
itively, stratification can be defined as vertical variance and mixing as
the destruction of variance. Advection-dispersion (e.g. transport) equa-
tions can be derived for SV, as well as budgets in which the SV volume
storage is a function of boundary fluxes and internal decay or mixing
(Li et al., 2018). Some estuarine processes can be explained in terms of
SV transformations. For example, the estuarine circulation strains the
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gradients at the chosen boundaries. When the chosen boundaries have a
stronger stratification, this improvement is worthy.

Under climatic wind in the winter, the vertical SV flux in the NC is
larger than the horizontal SV flux during the early neap tide, which
may be common for estuaries with landward salt fluxes dominated by
estuarine circulation salt fluxes (e.g., Hudson River Estuary (Bowen
and Geyer, 2003; Lerczak et al., 2006)). The horizontal SV flux domi-
nates the SV flux at the late neap tide. Both the vertical and horizontal
SV disappear during the spring tide because the salt is fully flushed back
into the coastal sea. The SV flux is dominated by advection at the
Lower boundary of the box, i.e., the mouth of the NC. The inward hori-
zontal SV advection into the NC at the Upper boundary occurs later af-
ter the salt flux enters the box through the Lower boundary during
neap tide. It is found that the maximum is 25 psμ2 whereas the
maximum is 15 psμ2, which means the water with higher verti-
cal stratification entering the box is mixed in the box and returns with
lower vertical stratification to the coastal ocean. The advection (dur-
ing early neap tide), straining (during late neap tide) and mixing are
the dominant terms in the vertical SV balance, the rate of change in the
net vertical SV is not a dominant term. The maximum mixing is
8.39 × 105 (psu2 m3/s) appearing at the late neap tide when the vol-
ume-integrated vertical SV reaches the maximum and eddy diffusivity
reaches the minimum.

Under the strong north wind in February 2014, saline water with a
relatively weak stratification is advected into the NC. As a result, the
contribution of advection of vertical SV at the Lower section decreases
significantly and the advection of horizontal SV increases. The advec-
tion of horizontal SV under the strong north wind is about 2 times of
that under the climatic wind. Volume-integrated mixing and SV in the
NC also increase under the strong north wind. The landward transport
in the NC prevents the river discharge from entering into NC. As a re-
sult, more river discharge enters into the southern channels, which in-
creases the stratification at the mouth of South Passage and North Pas-
sage. This process induces an export of vertical SV in the South Passage
and North Passage.
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Appendix A. Derivation of Equations (9) and (10)

Equation (9) can be proven as follows:
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