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ABSTRACT

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 volum e-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-
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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 isthat 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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Fig. 1. (a) Bathymetry and features of the Changjiang Estuary. Dashed lines across channels indicate the cross-sections used in this study. Weather and hy-
drological stations (WS and BZ at Baozhen) are shown, as well as shipboard measurement locations (A1, A2 and A3). (b) Time series of water level at BZ.
(c, d and e) modeled and observed stratification at A1, A2, and A3, respectively.

horizontal SV (i.e. the horizontal salinity gradient) into vertical SV
(stratification) (Li et al., 2018). The resulting vertical SV can be de-
stroyed by turbulent dispersion. The computation of salt and SV fluxes
at control boundaries and cross-sections is key to construct salt budgets
in estuaries. MacCready (2011) proposed the ‘Total Exchange Flow’
(TEF) framework to calculate salt fluxes in isohaline coordinates. The
terms used in TEF are reminiscent of the Knudsen (1900) relations for
transport (Q) and salinity (S), and employ the subscripts ‘in’ and ‘out’
for inflows and outflows, respectively (Qi,, Qouss Sins Sour)- It follows
that Qj, + Qo is the net volume transport and Qi,S;, + QuuSous the net
salt transport. These terms have been used by many authors (Chen et
al., 2012; Giddings and MacCready, 2017; Grawe et al., 2015; Purkiani
et al., 2016; Rayson et al., 2017; Sutherland et al., 2011).

Based on the budgets of SV in the TEF analysis framework,
MacCready et al. (2018) derived an approximate quantification for
volume-integrated estuarine mixing from the inflow salinity, the out-
flow salinity, and volume fluxes at the boundaries. The ‘‘approxi-
mate’’” expression is used because the errors induced by the nonunifor-
mity of inflow and outflow salinities is ignored in the quantification. In
this study, we will quantify the contribution of the nonuniformity of in-
flow and outflow salinities at the boundaries to the balance of the SV in
a wedge estuary, the Changjiang Estuary. We will use the theory of
MacCready et al. (2018) and our changed equations in a bifurcate estu-
ary for the first time. In addition, we will consider the effects of winter
storm on the balance of SV. To achieve these goals, this article is orga-
nized as follows: Section 2 introduces the budgets of SV under isohaline
framework, and briefly describe the numerical model setup; section 3
shows the results of the numerical experiments; section 4 presents the
discussion; and section 5 lists the conclusions.

2. Methods
2.1. Theoretical framework
First, we revisit the isohaline framework of salinity by MacCready

(2011), defining the tidally averaged volume flux of water with salin-
ity greater than s is defined as:

O(s) = // udA (e
As

where ‘ 4s5” denotes the tidally-varying area of the cross section where
the salinity is greater than s; 44 is the differential of area in the cross-
section, and u is the normal velocity. The volume for a given salinity
class is obtained by estimating the derivative:

@ = lim O(s+6s/2)— O (s —6s/2) @

ds  6s—0 os

According to the flow direction (e.g. ‘in’ for landward and ‘out’ for
seaward), the water flux can be divided in inflowing and outflowing
components:

3)
Qout = </A*§ds>

where the superscripts (+, -) indicate inflow and outflow, respectively,
and the brackets denote a 60-h low-pass filter. The notation “A+“, for
example, indicates that only inflowing contributions of dQ/dS are con-
sidered in the integral. Following this notation, inflowing and outflow-
ing salt fluxes are given by:

@
Fs, :</ s&ds>
A-

It is also convenient to define the flux-weighted salinities as:
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S

Next, we describe the total SV budget in the isohaline TEF frame-
work proposed by MacCready et al. (2018). Considering a three-
dimensional domain, for example, an entire estuary, salinity can be de-
composed as a volume average (§) and a deviation (s") so that
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Fig. 2. Time series of (a) observed and (b) modeled wind vectors at WS, and (c) modeled and observed elevation at BZ. Yellow and green boxes show
neap and spring tide periods for later analysis. (d) Time series of observed and modeled surface salinity at BZ (bottom salinity was not measured). Model
results correspond to the Ex2 scenario. The time axis in this study shows days in February 2014. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

S =S+ §'.The total SV is defined as §/2 = (S — S‘)z. From the Reynolds-
averaged advection—diffusion equation for salinity, the total SV budget
in the domain with N boundary sections is:

G([11S2dV) = ZL[0u(S?),, + Qu(57),,]

where the subscript ; denotes the number of boundary sections;

_ </A (s~ <5’>)2%ds>

-TM @ (6)

sec(i)

(5 Oin
and

—{5))?22 45
wﬂw=</jsgj)md>

are the flux-weighted total variances, and TM is the total mixing,
which is the sum of physical (PM) and numerical (NM) mixing. Here-
after, ‘mixing’ and ‘total mixing’ are used interchangeably unless oth-
erwise specified. Li et al. (2018) proposed that physical mixing can be
computed as PM = (2 JJ] K(3S/dz)*dV'), where K is the vertical eddy
diffusivity. To better describe the mixing process, Li et al. (2018) also
decomposed the total SV into vertical (SL) and horizontal (S,’q) compo-
nents. New terms then arise in the isohaline TEF framework:

(57), = (5. (5)’ @
5 )2

([, (5-5.7%e) ®
Qin

which refer to the flux-weighted horizontal and vertical SV, respec-
tively. After manipulation, it can be proved that (for details see
Appendix A):

(Siz)in =

2 2 2

(S, )in = (SI,: )in + (Si )in (9)
Expressions 7-9 also apply to the output salinity variance terms.

Then, neglecting lateral gradients, equation (6) can be rewritten as:

—a(siay

Equation (10) summarizes the vertical SV budget in the control vol-
ume. The straining term describes the conversion of horizontal SV to
vertical SV due to the differential advection of horizontal salinity gra-
dients (Li et al., 2018), and can be written as:

TM = Straining + ¥ | [Qin(S?),, + Qou (S?)

out ] sec(i)

Straining = 31X [04n(52),, + Qout (S2) || ey = 5 (LI Si2dV) (11)
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The second term on the right-hand-side of (10) is the advective
transport of variance across the boundaries. The term d/d¢ < s idV>

is the rate of change of net vertical variance. Note also that
[ s7av = [ s2av + Jf §'3av (Li et al., 2018).
In the steady state, conservation of mass implies that:

0 12)

M=

(Qin + Qaut)

sec(i) =

M=

(QinSin + Qoutsout) sec(i) — 0 (13)

L s?av)=S(ffsiiavy=2(ffs"av) =0

Finally, based on equations (11)-(14), the steady-state mixing term
can be written as:

(14)

T™ = 2,’11 (anS,2n + Quuthux)

+ 21]11 [Qin(Sy)in + QDMI(SL?)OW)'

sec(i)
2.2. Study region and numerical model

The Changjiang (Yangtze River) Estuary is a large, multi-branch es-
tuary (Fig. 1). Chongming Island divides the estuary into branches,
(North and South). The South Branch is further divided by Changxing
Island into two channels, the North Channel (NC) and South Channel
(SC). The SC isdivided by the Jiuduan Sandbank into two passages, the
North and South Passages. The annual mean discharge of the Chan-
jiang Estuary is 30,000 m3/s. Since the NC is the main freshwa ter path-
way to the coastal ocean (Li et al., 2010), a relatively strong horizontal
salinity gradient and stratification develop at its mouth (Li et al.,
2018).

Significant saltwater intrusion in the NC is usually observed in the
winter when the river discharge drops to about 11,000 m3/s. The land-
ward excursion of salinity is enhanced during neap tides (Li et al.,

{a) bottam salinity . e) velocity

[b) stratification

[} salinity, alang-channel
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2020) and under strong northerly winds (Zhu et al., 2020). Shipboard
measurements reveal that strong stratification during neap is usually
destroyed during springs tides (Fig. 1, time series). In this study, we fo-
cus on the variability of salinity and SV in the NC segment of the
Changjiang Estuary.

We use the ECOM-si hydrodynamic model (Blumberg, 1994; Wu
and Zhu, 2010), which employs the Mellor-Yamada 2.5 turbulence clo-
sure scheme (Mellor and Yamada, 1982). The ECOM-si model of the
Changjiang we use here is well-established and validated; see e.g., Wu
and Zhu (2010) and Lyu and Zhu (2018). River forcing is based on ob-
servations at the Datong hydrological station. The model is forced by
sixteen harmonic tidal constituents at the open boundaries. Initial con-
ditions for salinity were obtained from the Ocean Atlas of the Huanghai
Sea and East China Sea (Atlas, 1992). More details on the model
boundary and initial conditions are provided by Lyu and Zhu (2019).
To validate the spring-neap variability of stratification, we compared
model results with shipboard measurements during January 2015 (Fig.
1, c-e). Although there are some discrepancies between model and ob-
servations, the model successfully captures the transition from weakly
stratified spring to strongly stratified neap.

The winter monsoonal circulation induces northerly winds (~6 m/s)
in the Changjiang Estuary. Stronger winter winds (>10 m/s) during
storms can abnormally increase salt intrusion and salinity (Zhu et al.,
2020) and change the salinity structure in the NC (Li et al., 2020). In
February 2014, a strong northerly wind event was recorded at the
weather station (WS) with maximum wind speeds over 14 m/s, which
significantly increased salt intrusion at station BZ (Fig. 2a, d). Two nu-
merical experiments were designed to study the salinity response under
climatic and strong, sustained northerly winds. In experiment 1 (Ex1),
we force the model with climatic northerly winds of about 6 m/s. In
Ex2, we consider a strong northerly wind event observed in February
2014. Wind forcing was obtained from atmospheric model output
(Weather Research and Forecasting, WRF; further configuration details
are available Li et al. (2014)). Simulated wind vectors at WS are shown
in Fig. 2b and show good agreement with observations. Other bound-
ary conditions, including river discharge (11,000 m3/s, close to the

L fday)

Fig. 3. Model results of (a) mean bottom salinity and (b) stratification during late neap (days 10-13). The black dotted line in (b) is the along-channel coor-
dinate ‘SecNC’ that is used in (d—-f). (c) bottom velocity at km 50 along the channel (flood positive), time series of along-channel (d) bottom salinity, (e) bot-
tom salinity gradient, and (f) stratification. All the results are from scenario Ex1.
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Fig. 4. Time series of (a) water flux (equation (3)), (b) salt flux (equation (4)), (c) exchange flow (0Q/dS), and (d) representative inflow and outflow salinity

(equation (5)) at the mouth of the NC.

monthly mean river discharge in February 2014), are the same in both
experiments.

3. Results

Here we describe the salinity response in the estuary under climatic
and strong northerly winds through the lens of salinity variance and
TEF.

3.1. Salinity response under climatic winds

Fig. 3a and b shows the mean bottom salinity and stratification
from days 10-13 (neap tide in Ex1). The river discharge creates a
strong, stratified salinity front (~20 psp) at the mouth of the NC. The
right panels in Fig. 3 show that the stratified front moves landward
along the NC from days 7-13 when tidal currents are weak (the along-
channel NC coordinate, SecNGC, is the black dotted line in Fig. 3b). The
landward advection of the front is halted as the tidal current speed in-
creases after day 13.

Volume and salt transports at the mouth of the NC exhibit spring-
neap variability (Fig. 4). The net seaward water flux (Q;, + Q,,,) is min-
imum (~1100 m3/s) on day 11 during neap and maximum at day 19
during spring (~8600 m3/s). This occurs because the water diversion
ratio of the NC is smaller than that of the SC during neap (Li et al.,
2010). The salt flux (Q;;Si + QuusSous) is landward from days 10-14
(Fig. 4b) because the seaward water flux in the NC is smaller in neap
than in spring (Fig. 4a and b). In addition, the landward salt flux ex-

change is stronger in neap (Li et al., 2020), similar to other partially
stratified estuaries (e.g., Hudson Estuary (Bowen and Geyer, 2003;
Lerczak et al., 2006); Pearl River Estuary (Gong and Shen, 2011)). Fig.
4c shows the inflow and outflow at different salinities. High-salinity
water (max ~26 psp) enters the NC while relatively low-salinity water
leaves the NC during neap, which is a classic characteristic of estuarine
circulation when tidal stirring is weak (Geyer and MacCready, 2014).
The flux-weighted peak salinities of the inflow and outflow are about
13 and 10 psp, respectively, both appearing at late neap. Starting on
day 14, given the larger seaward water flux and stronger tidal stirring,
the net salt flux is seaward and the minimum flux-weighted salinities of
inflow and outflow both decrease below 3 ps.

Neap-averaged volume transports across the lower section (days
10-13) are binned in different salinity classes as shown in Fig. 5a. Both
inward and outward volumes have strong salinity deviations with a
range from 1 to 26 psp. This feature corresponds with the strong strati-
fication in the lower section, as Fig. 5c illustrates. The difference in
flux-weighted salinity between inward and outward volumes is about
3 psp during neap. In contrast, inflow and outflow salinity classes
range from 2 to 9 psp during spring (days 17-20). In spring, the differ-
ence in flux-weighted salinity between inflow and outflow decreases to
0.4, indicating a relatively well-mixed status (Fig. 5d). Overall, the
salinity variance across the lower section undergoes significant spring-
neap variability, from 15 psp? in neap to 1 psp? in spring. Next, we mul-
tiply the tidal variance and volume across the boundaries to obtain the
SV flux advection to the NC segment.
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During early neap (days 8-10), the advection of vertical SV into the
NC is stronger than of horizontal SV, which means that the stratified
saline water intrusion brings more stratification than the along-
channel salinity gradient into the NC (Fig. 6). The maximum vertical
SV is 2.6 x 10° psp? m3/s on day 11. After day 11, the horizontal SV
flux is larger than the vertical with an increase in the landward salt
flux. Both the horizontal and vertical SV decrease during spring tide be-
cause of the weak saltwater intrusion into the NC (Fig. 3d). The total
SV flux at the upper boundary is dominated by the horizontal SV (Fig.
6¢), as the salinity and stratification at that location is close to 0 (Fig.
3a and b). The advection of horizontal SV into the NC from the upper
section is maximum at the late neap when there is maximum saltwater
intrusion in the NC.

Flux-weighted inflow and outflow variances are shown in Fig. 6b
and d. During neap, both horizontal and vertical variances increase
when the stratified saline water moves landward. Note that the vertical
variance of the inflow is slightly higher than the horizontal variance,

which is reversed for the outflow (Fig. 6b). The maximum (Sé2 ) is 25

i

psp? whereas the maximum (SC 2 ) is 15 psp?, which indicates that the
t

ou
water with higher vertical variance is mixed inside the segment and ex-

its to the coastal ocean with lower vertical variance. Both vertical and
horizontal flux-weighted variances are higher at the lower boundary
than at the upper. The vertical SV at the upper boundary is negligible
most of the time, indicating the presence of a stationary river boundary
where salinity and stratification are zero.

The evolution of vertical variance budget terms (equation (10)) are
shown in Fig. 7a. We find that the advection of vertical SV across the
boundary is much stronger than the straining at the beginning of the
neap tide (days 9-11). Stated differently, the early neap stratification
in the segment arises from advection across the boundary rather than
from local re-stratification. In late neap, the straining is stronger than
the vertical SV advection, which means that stratification in the seg-
ment develops mainly from the straining of the horizontal SV rather
than from the advection across the boundary. The rate of change in the
net vertical SV (equation (10)) is positive during the neap, which means

10 (a) variance flux, lower sec

10 18

e ﬂt:] variam_:ﬂ flux, upper sec

—57 flux
2
_Sn flux

2
— 5, flumx
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time (d)
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that the vertical SV from straining and advection exceeds the dissipa-
tion from tidal mixing. The opposite is observed during spring tides un-
der stronger tidal stirring. The advection (during early neap), straining
(during late neap) and mixing are the dominant terms in the vertical SV
balance, while the rate of change in the net vertical SV is relatively
small. The maximum mixing is 8.4 X 10° psp? m3/s is observed in late
neap tide when the volume-integrated vertical SV is maximum (Fig.
7b).

In steady-state, the rate of change in net SV is zero (equation (14));
thus, mixing can be quantified by the variance advection across the
boundaries as equation (15) shows. The values of the mean TEF terms
(from days 6-21) at the boundaries of the NC are shown in Table 1.
Values of Qi,,Sl.zn + Qomng at the upper and lower sections are 570 psp?
m3/s and 5.6 Xx 10* psp? m3/s, respectively. The variance flux
0,,(872),, + Qs (S1?),,,,» also at upper and lower sections, are 750 psp?
m3/s and 4.4 x 10* psp? m3/s. Steady-state mixing in the NC is then
1.2 x 10* psp? m3/s, which mainly is determined by the TEF terms at
the lower section.

3.2. Salinity response under strong northerly winds

Previous studies showed that strong northerly winds (>10 m/s) fa-
vor the landward advection of saltwater in to the NC (Zhu et al., 2020).
An example of such a response can be seen during the strong wind event
of February 2014 when the salinity at BZ increased dramatically (Fig.
2d). Fig. 8a and b shows the modeled bottom salinity and stratification
averaged from days 10-13 during neap tide (scenario Ex2). Model re-
sults show that the salinity in the NC increases significantly under the
strong northerly wind, and that the stratification moves landward into
the NC. However, the stratification is weaker (~10 psp) relative to the
climatic wind scenario (~20 psy, Fig. 3b). The net seaward water flux
(Oin + Opyy) is landward from days 9-14 under strong winds condition,
and the maximum landward flux at the lower section about

00 (k) flux-weighted variance, Imqmr SEc
[ neap, spring

1

time (d)

Fig. 6. Variance fluxes and flux-weighted variances at (top, a,b) lower section and (bottom, c¢,d) upper section.
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Table 1
Mean values of the TEF terms from day 6-21 at NC boundaries.
Oin 3/s)  Oou ¥/s) S Sow  (82),,(psu?d) (S7?),,(psu?
(psu) (psu)
Lower 2.4 x 104 -3.0 x 10* 49 4.1 6.0 3.4
section
Upper 2.7 x 104 -2.1 x 10* 0.4 0.4 0.07 0.07

section

1.0 x 10* m3/s (Fig. 8c). During this period of landward transport, a
salt front moves landward into the NC. Stratified saline water reaches
km 80 along the NC (Fig. 8f), which is farther upstream than the intru-
sion in the climatic wind condition (Fig. 3f).

The neap-averaged volume transport across the lower section is
binned in salinity classes as shown in Fig. 9a. The salinity for both the
inflowing and outflowing volumes ranges from 10 to 30 psp. Under
strong winds, the difference in flux-weighted salinity is 1.3 psp, about
half the difference observed in the climatic wind scenario. This feature

Estuarine, Coastal and Shelf Science xxx (xxxx) 107311

corresponds with a relatively weak stratification in the lower section
under strong winds (Fig. 9b). Overall, the salinity deviation across the
lower section is smaller in the strong wind experiment due to the wind-
induced stirring. The averaged variances from days 10-13 are approxi-
mately 10 psp? and 15 psp? in Ex2 and Ex1, respectively.

Under climatic winds, the advection of vertical SV at the
lower section is stronger than of horizontal SV for about two
days during early neap. Under the strong winds, however, this
period is less than a day. In addition, the inflowing vertical SV is
always smaller than the horizontal (Fig. 10b). All of these fea-
tures demonstrate that weakly stratified saline water is ad-
vected into the NC at the lower section under the strong
northerly winds in February 2014. This process increases the
advection of horizontal SV with a maximum value of 1.7 X 104
psp2 m3/s, which is about twice the number under the climatic
winds.

At the upper section, there is an outward advection of horizontal SV
from days 9-11. This is because the landward residual currents at this

P SpNG__. 10 2 i sprjng
. (e sec2 o |fsec2
o w304 i
E 51 F E
hl:l "‘:.213- |
g ;) | &
mE-‘ .nE 10 4 L
'5 u- T T T T T T T T T ]
] r 4 . . . . . . : 2 .
o | secd
"g & 2 B
E 11 L %
L] ™
2 §. 04 L
=2 L
E:":'- ﬂ_l:l_ -2 4 L
-3 . - : : : : : : : :
2 H H : : . : : : : :
- (0 secd
(E?E! ! f&f\ [ I
(] L]
3 0 0+ L
2 &
'EE -14 3 q';;u_ -3 4 L
'E '4 L] T T T T T T L] T
& N a N : : : : : : : :
:lsecﬁ S8
L E I
E 44 I E
] o, 2 |
al | &
% Bl
] 2 - : : r : T : : :
5 7 8 1 13 15 17 18 21 2 5 g 11 13 15 17 19 21 23
Tirmae [chay) Tirm [divy)

Fig. 12. Time series of SV advection at different sections. For the section locations, see Fig. 1. Variance advection terms are shown: total (black), horizontal
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section bring the saline water that leaves the NC segment (Fig. 8b). Be-
cause the stratified saline water reaches the Upper section under the
strong north wind, both (S/?), and (S/?), , at the Upper section are big-
ger than zero, whereas they are almost zero under the climatic wind.

Time series of the terms in the vertical variance budget
(Equation (10)) under the strong north wind in February 2014
are shown in Fig. 11a. It is found that straining and mixing are
the dominant terms in the vertical SV balance, advection and
the rate of change in the net vertical SV are not dominant terms
in the vertical SV balance. In other words, the relatively well-
mixed saline water is advected into the NC under the strong
north wind, which increases the horizontal salinity gradient and
horizontal SV in the NC. The vertical SV in the NC is mainly
from the straining of horizontal SV and the contribution of the
advection of vertical SV across the boundaries can be neglected
compared with that in the climatic wind. The maximum mixing
in the Ex2 is 1.6 x 106 psp2m3s—1, which is about 1.7 times
that under climatic wind condition (9.6 x 105 psp2m3s—1).
This is because the maximum volume-integrated vertical SV in
Ex2 (2 x 1010 psp2, see Fig. 11b) is about 2 times that under
climatic wind condition (9.6 x 109 psp2).

3.3. SV budgets for all the channels of the Changjiang Estuary

After analyzing SV budgets in the NC, we now consider the whole
estuary. We choose six boundaries to close the entire estuary: secl is lo-
cated at the mouth of the North Branch; sec2 islocated at the mouth of
the NC (the Lower section); sec3 is located along the north dyke of the
Deep Water Project; sec4 is located at the mouth of the North Passage;
sec5 is located at the mouth of the South Passage (the locations are
shown in Fig. 1a using purple dashed lines); and a river boundary is lo-
cated upstream of the North Branch and South Branch junction, where
the salinity is 0.

The advection of SV is shown in Fig. 12. We examine the sum (net)
of all sections under the climatic wind condition first (Fig. 2a). It is

found that the advection of horizontal SV into the Changjiang Estuary
increases from 0.8 X 10° (psu? m3/s) at the early neap (Day 7) to
~4.7 % 100 (s> m3/s) at the early spring tide (Day 17). The advection
of vertical SV is inward during neap tide and outward during spring
tide and the magnitude is much smaller than the Horizontal SV. The
contribution of advection across secl to the net SV advection is rela-
tively small, as the North Branch is a shallow and narrow channel with
less than 5% river discharge entering into (Lyu and Zhu, 2018; Xue et
al., 2009; Zhang et al., 2019). The advection of vertical SV from sec2 is
an important source of the net vertical SV advection. Outward advec-
tion of vertical and horizontal SV due to tide-induced northward trans-
port (Li et al., 2020; Wu et al., 2010) at sec3 is important for the export
of vertical and horizontal SV for the whole estuary. The advection of
horizontal SV into the SC at sec5 during spring tide is important for the
import of horizontal SV for the whole estuary as the landward Stokes
transport is strong during spring tide (Wu et al., 2010). The advection
of vertical SV at sec5 is also an import source for the import of net verti-
cal SV into the Changjiang Estuary from Day 11-17 during the transi-
tion time from neap to spring tide.

The SV advection shows a different pattern under the strong north
wind conditions in Ex2. As Fig. 12a shows, the maximum import of net
horizontal SV (9.5 x 10° (psu? m3/s)) appears at day 12 because of
landward Ekman transport induced by the strong north wind in Febru-
ary 2014. Interestingly, there is a relatively strong export of vertical SV
(=2.1 x 10° (psu®? m3/s)) at Day 11. A large increase in the SV input is
observed at the mouth of the NC (sec2) and becomes an important
source of the net horizontal SV advection, but the vertical SV inputs
disappear, which is strong in Ex1. Under the strong north wind condi-
tions, a notable SV input is observed across sec3 during the neap tide,
which disappears during the spring tide. During neap tides, the wind-
driven southward transport surpasses the northward tidal transport,
causing a net SV input. The opposite conditions occur during spring
tides. Similar to the NC, the vertical SV advection is small due to wind
stirring. However, there is an export of vertical SV at sec4 and sec5
from Day 10-13, which contributes most of the export of the net verti-
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cal SV of the Changjiang Estuary. The reason for this phenomenon is
the wind-induced horizontal circulation (Li et al., 2020; Wu et al.,
2010; Zhu et al., 2020), which prevents the river discharge entering into
the NC and increases the seaward currents in the SC, North Passage and
South Passage. With a stronger river discharge entering into the North
Passage and South Passage, there is a relatively strong stratification at
the lower reach of North Passage and South Passage comparing with
the results in Ex1 (see Figs. 3b and 8b). The stratification has not been
completely destroyed by wind and tide stirring, which carries the verti-
cal variance out of the North Passage and South Passage and into the
plume, and this phenomenon disappears during the spring tide.

The time series of the terms in the vertical variance budget (Equa-
tion (10)) for the whole estuary are shown in Fig. 13a (climatic wind
condition) and Fig. 13b (strong north wind condition). It is found that
straining and mixing are the dominant terms in the vertical SV balance,
advection and the rate of change in the net vertical SV are not domi-
nant terms in the vertical SV balance. In the Ex1, the maximum mixing
of the whole estuary appears at Day 18 during spring tide with the

10
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value of 3.6 x 10° psp?m3s~!, which is ~4 times that in the NC. The
spring-neap variation in the straining and mixing in the whole estuary
isnot obvious compared with that in the NC (Fig. 7a). However, strong
northerly wind events can increase the variation of mixing in the whole
estuary, which is 1.7 x 10° psu?m3s~! on day 7 when the strong wind
begins and increases to 6.7 X 10° psp?m3s~! on day 12.

4. Discussions
4.1. Comparison to other studies

This study is based on the theory of MacCready et al. (2018), which
proposed a simple equation to calculate the time-averaged and vol-
ume-integrated estuarine mixing as 7™M = Q,S;,S,,,. However, there are
some limitations and assumption regarding this equation. First, it only
applies for a control volume with two boundaries, one of which is a
river boundary where (S;, = S,,; = 0). In this study, we do not need the
condition that one of the boundaries should be a river. For example, the
salinity at the upper boundary is not zero in Ex2 (Fig. 8a). We extend
the case from two boundaries in previous studies to N boundaries
(Equations (6), (10) and (15)), which is suitable for bifurcated estuar-
ies. MacCready et al. (2018) also indicated that errors in that simple
equation for TM result from the slight deviation from the assumption of
uniform inflow and outflow salinities. To reduce these errors, the ocean
boundaries should be chosen as the vertically well mixed sections. In
real situations, however, this condition is hard to satisfy. Here, we
quantify contribution of the deviation of the inflow and outflow salini-
ties to the SV balance by (5/%), and (5/?), ,

In previous studies, it was found that maximum mixing in a par-
tially mixed estuary occurs at the late neap tide (e.g., Hudson River Es-
tuary (Wang and Geyer, 2018); ideal estuary (MacCready et al.,
2018)). In this study, we also find that the maximum total mixing in
the NC occurs at late neap tide and that the total mixing decreases to
zero at the late spring tide. As shown in Fig. 7b, the volume-integrated
vertical SV in the NC is almost zero due to the weak saltwater intrusion
during spring tide (between days 19 and 25), thus the total mixing is,
intuitively, zero (Fig. 7a, black line). As for the physical mixing, more
mixing is expected during spring tides when there are swifter tidal cur-
rents as well as higher vertical eddy diffusivity. Recall that the physical
mixing is calculated as: PM = (2 [ K(0S/0z)*dV’). However, the physi-
cal mixing is not only dependent on K but on 9dS/dz. We quantify the
volume-averaged eddy diffusivity of the NC segment with the turbu-
lence closure scheme and dS5/0z in Ex1. As shown in Fig. 14a, the vol-
ume-averaged eddy diffusivity in the NC is ~4.9 X 10-3 m?/s during
late neap tide (days 12-14), which is about 0.43 times the mean diffu-
sivity from day 21-23 during late spring tide. However, the volume-
averaged 0S/0z from day 12-14 is over an order of magnitude larger
than the volume-averaged 9S/0z from day 21-23 (due to a weak salt-
water intrusion). As a result, physical mixing is maximum at late neap
tide and minimum at late spring tide (Fig. 14c). Overall, the phase of
total and physical mixing in the NC is similar to previous studies.

In previous studies, SV budgets were used to quantify numerical
mixing (Burchard and Rennau, 2008; Li et al., 2018; MacCready et al.,
2018; Wang et al., 2021). Numerical mixing is the result of total mixing
minus physical mixing. In scenario Ex1, numerical mixing in all chan-
nels is shown in Fig. 14d. We found that the magnitude of numerical
mixing is 30% of the total, similar to findings by Li et al. (2018). How-
ever, numerical mixing of our results is higher than that in MacCready
et al. (2018). The reason could be that the river discharge in our study
(11,000 m3/s) is much higher than that (1500 m3/s) in MacCready et
al. (2018). The higher river flow will cause a stronger salt gradient.
Also, according to Rennau (2011), the numerically induced mixing may
be of the same order of the physical mixing when modeling the advec-
tion of high density gradients. Wang et al. (2021) also found a higher
numerical mixing of salinity inside the Changjiang River plume region.

respectively.
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However, the proportion of numerical mixing in this study is higher
than that in Wang et al. (2021). The reason is that our model domain
only includes the Changjiang Estuary, and the domain in Wang et al.
(2021) contains the entire Bohai Sea, Yellow Sea, and East China Sea
(including the Changjiang Estuary). Due to the strong river flow in the
Changjiang Estuary, the volume-averaged salinity gradient is much
higher than the volume-averaged salinity gradient over Bohai Sea, Yel-
low Sea, and East China Sea.
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4.2. Future work

S/Z

” to calculate the contribution

In this study, we use (5/?), and (S/?), .
of vertical SV fluxes at the boundaries. Note that the flux-weighted
vertical SV considers both stratification and lateral variations across
the boundaries. This will lead some errors especially when the lateral

variation is comparable to the stratification. For example, during
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spring tide, the stratification is small and lateral variation will con-
tribute most of the vertical SV flux in the NC, which will cause a bigger
error. But all of the lateral, vertical and along-channel salinity gradi-
ents in the NC is very small during the spring tide, which will not
change the main findings of this study. Future work could separate the
lateral and vertical variation at the boundaries, and employ Eulerian
coordinates rather than isohaline.

Even though we have studied the effects of strong northerly winds
on SV dynamics, the effects of surface waves have not been studied and
should be evaluated in the future. In addition, the effect of wind strain-
ing (Chen and Sanford, 2009; Scully et al., 2005) on the vertical SV bal-
ance has not been examined and merits further discussion.
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5. Conclusions

In the previous study, the flux-weighted total SV is evaluated using
(S — <S‘>)2with the assumption of uni-

~

the approximation (S’Z)m ~
form inflow and outflow salinities(MacCready et al., 2018; Wang and
Geyer, 2018). We now remove this assumption and make an exact rela-

o (s2), ([65084)  gquationts 7)o

o\ 2
(Sin - <S>) + 0
200
< /A+ (S=Su)" 5 ds) is the flux-weighted vertical SV (§/?), in the isohaline
Oin
TEF framework. The benefits of change depend heavily on the salinity



L. Li et al.

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 (S/?), is 25 psp? whereas the
maximum (S{,z)outis 15 psp?, 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 x 10° (psu® m?/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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