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Abstract

The Oujiang River Estuary (ORE) is a macrotidal estuary with drastic variation of river discharge and large tidal
range. Numerical simulations based on the unstructured grid, Finite-Volume, primitive equation Community
Ocean Model (FVCOM) are conducted to investigate the intratidal and intertidal variations of salinity with an
extremely upstream river boundary and large computational domain. The dynamic equation of potential energy
anomaly is adopted to evaluate the stratification and mixing processes from model results.  Meanwhile,  the
stability of estuarine stratification on different timescales and its spatial variation are studied using estuarine
Richardson number and stratification parameter.  The critical  values of  tidal  range and river discharge that
determine the stratification state are obtained. The critical values exhibit distinct spatial difference. The north
branch of the ORE exhibits well-mixed conditions when the tidal range exceeds 3.8, 4.0 and 4.6 m at upper inlet,
middle segment and the river mouth, respectively. When river discharge is below 280 m3/s or exceeds 510 m3/s,
the upper part of the north branch is well-mixed sustainably. Near the river mouth, river discharge of 280 m3/s is a
rough critical value that separates well-mixed and stratified states. It is also concluded that periodic stratification
exists in the North Channel. The lower estuary appears to be partially stratified at early ebb or early flood tide, and
well-mixed in other tidal stages. The stratification only develops during early ebb in the upper segment. The
enhancement  of  stratification is  mainly  caused by longitudinal  advection and lateral  velocity  shear,  while
turbulent mixing and longitudinal tidal strain are the main factors of stratification attenuation.
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1  Introduction
Estuarine stratification plays an important role in estuarine

processes, such as vertical gravitational circulation, estuarine
secondary circulation, sediment transport, classification of the
estuary, etc. (Monismith et al., 1996; Cheng et al., 2009; Lin et al.,
2012; Flores et al., 2017). To quantify estuarine stratification, sev-
eral metrics are suggested, such as stratification number, estuar-
ine Richardson number, gradient Richardson number, Froude
number et al. (Dyer, 1997; Fischer, 1972). A widely used metric is
potential energy anomaly proposed by Simpson (Simpson and
Bowers, 1981; Simpson et al., 1990). Simpson et al. (1991) and
Bowers provided a series of metrics of stratification generation
and extinction relating to sea surface heat, bottom friction and
tidal mixing. This method has recently been applied in many es-
tuarine studies (Ralston et al., 2013; Marques et al., 2011; de Vries
et al., 2015; Pu et al., 2015). Burchard and Hofmeister (2008) pro-
posed a dynamic equation for potential energy anomaly, and de
Boer and Pietrzak et al. (2008) also derived a similar equation
simultaneously. In most estuaries and coastal waters, riverine
buoyancy results in vertical density variation that increases strati-
fication, while tidal mixing decreases stratification and causes the
water density to be more uniformly distributed in vertical. Gener-
ally, enhanced mixing during flood destabilizes the stratification

of the water column, accompanied with the tidal flow pushing
the fresh water back to the upstream. On the other hand, tidal
straining and weak mixing make the estuary well-stratified dur-
ing ebb (Chant and Stoner, 2001; Burchard and Hofmeister,
2008). Tidal straining is the effect of vertically sheared velocity
acting on the horizontal density gradient. It results in stratifica-
tion asymmetry during tidal cycles. This paper tries to analyze the
relevant terms of stratification and mixing processes from model
results, thus qualify the terms relevant for generation and de-
struction of stratification using the dynamic equation for the po-
tential energy anomaly.

Estuaries may be classified into different types according to
different vertical structures of salinity and hydrodynamic behavi-
ors (Dyer, 1997; Valle-Levinson, 2010). Due to different time
scales of the variation of river discharge and tidal range, stratific-
ation may exhibit significant temporal changes. Stratification ex-
ists during some periods and disappears during other times in a
tidal cycle (Sharples et al., 1994). Meanwhile, as the variation of
tidal, riverine dynamics and bathymetry along and across the
river, stratification also shows significant spatial changes. Tem-
poral and spatial variations of estuarine stratification affect ver-
tical mixing and suspended materials transport.

There are different methods in estuarine classification (Dyer,  
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1997; Valle-Levinson, 2010), based on either one parameter or
two parameters. The Ouijiang River Estuary (ORE) is located in
the Zhejiang Province, China (Fig. 1). River discharge ranges
from dozens of m3/s to more than 8 000 m3/s. The maximum tid-
al range can reach 8 m. In the ORE, previous studies are mainly in
regard to reclamation engineering (Wang and Li, 2001; Wang and
Shen, 2014; Xu and You, 2016). In recent years, fundamental re-
search has been emphasized substantially (Lin et al., 2012; Xu
and You, 2017). However, there were still few research about the
classification and stratification in the ORE. In the coastal engin-
eering field, according to general understanding, the ORE is
roughly considered as well-mixed since its large tidal range. It is
evidently oversimplified. Lin et al. (2012) studied the estuarine
type of the ORE using the Hansen and Rattary method and estu-
arine Richardson number. However, only some averaged values
of rive discharge and tidal range were used. They also did not
consider the spatial and temporal variations of the estuarine type
of the ORE. Thus variations of stratification and estuarine classi-
fication on different timescales are analyzed on the base of nu-
merical simulations forced by real discharges and tidal range. Be-
sides, previous researchers defined the riverine boundary not
more upstream than Maiao where is significantly affected by tide.
Meanwhile, the sea boundary is not far enough for such a com-
plicated area where many islands are located outside the ORE
mouth. In this paper, numerical simulations are performed in the
ORE with a specified upstream boundary at Weiren where only
river flow works. Variation of stratification is analyzed on intra-
and inter-tidal time scales, and stratification mechanisms are in-
vestigated based on dynamic equation of potential energy anom-
aly. The structure of this paper is organized as follows: In Section
2, the study area is described. The establishment and validation
of the numerical model come in Section 3. Subsequently, the res-
ults, stratification mechanics and classification of the ORE are
discussed in Section 4. Finally, conclusions are presented in Sec-
tion 5.

2  Study area
The Oujiang River, which passes through the Wenzhou City,

originates from the mountains in western Zhejiang Province and
empties into the East China Sea. Numerous islands exist along
the river mouth and nearshore areas. Among them, there are
three islands in this river, i.e., Jiangxinyu Island, Qidu Island and
Lingkun Island. The most upstream one is Jiangxinyu Island,

which bounds Wenzhou City to the north. In the middle, Qidu Is-
land divides the river into two sub-channels, which have almost
equivalent water fluxes. The north channel has a maximum
depth of about 20 m and is slightly narrower than the south chan-
nel with a maximum depth of about 16 m. The Lingkun Island
near the river mouth is the largest island. The north branch is the
main waterway of the ORE with a main channel near the concave
bank. The south branch is very shallow and not inundated dur-
ing low tidal phase. Diversion rate of the two branches is about
7:3. A submerged dike was constructed several decades ago at the
upper inlet of the south branch. Immediately upstream of the
submerged dike, a hollow with a maximum depth of about 33 m
is located near the south bank. Outside the river mouth, many is-
lands of different scale scatter over the nearshore zone, e.g., Da-
men Island, Xiaomen Island and Niyu Island. Semi-closed
Yueqing Sound is located to the north of the river mouth. The
Lingkun Island and The Niyu Island are connected by embank-
ments to promote hydraulic fill. Three waterways to different dir-
ections are separated by the Damen and Xiaomen Islands.

The Nanxijiang River is the largest tributary along the ORE. A
hydrological station Weiren (WR) upstream provides long-term
discharge measurements of the main branch. The multi-year av-
eraged riverine discharge is about 470 m3/s. The maximum value
during flood can be more than 8 000 m3/s. The ORE is a mar-
cotidal estuary where the M2 constituent dominates with a tidal
range of approximately 6 m during spring tide. The largest velo-
city of tidal current in the north branch can reach upwards of 2 m/s.
The tidal limit and salinity water limit are around Weiren and
Qidu Islands, respectively. Under ordinary river discharge, the
salinity in the lower estuary varies significantly at different tidal
phases due to its short length and strong tide.

3  Numerical model

3.1  Model description
The unstructured-grid Finite Volume Coastal Ocean Model,

i.e., FVCOM (Chen et al., 2003), is a widely used model in estuar-
ine studies. Due to its capability in fitting complex land boundar-
ies, FVCOM is adopted to simulate the hydrodynamics processes
in the ORE. The upstream boundary of the main tributary is set at
Weiren (WR) with daily runoff. The open sea boundary extends to
about 100 and 70 km in the alongshore and offshore directions,
respectively. The tidal forcing at the open boundary is predicted
using the NAOTIDE database. The mesh grid ranges from about
30 m in the river to about 9 km near the sea boundary. 20 sigma-
layers are evenly set in the vertical direction. The salinity values
are set to 0 and 35 at the upstream and sea boundaries, respect-
ively. Time step of inner mode is 0.1 s. k-kl turbulence model with
the wall function modified as that proposed by Burchard and
Baumert (Burchard and Baumert, 1998; Warner et al., 2005) is ad-
opted. Wind stress is not imposed in this study since it is not sig-
nificant during the field measurement periods. The numerical
simulations are started from the rest state and run 40 d before the
field observation period and then continue to a 60 d duration to
include the freshet around July 20, 2005. The velocity data in the
river are decomposed to the along-stream and cross-stream
components, defined as the direction of maximum and minim-
um variance of the depth-averaged horizontal velocity vector (de
Vries et al., 2015).

3.2  Stratification equation
The results from numerical simulations are investigated to

analysis the stratification mechanics in the ORE. The dynamic

120.5° 121.0° 121.5° 122.0°E

27.0°

27.5°

28.0°
N

100
90
80
70
60
50
40
30
20
10
5
2
0
-2

Weiren

Zhejiang
Province

Yu
hu

an

East
 Chin

a S
ea

Zhejiang
Province

20

20
10

10

5

5

10

50

5020

D
ep

th
/m

 

Fig. 1.   Topography and model domain in the Oujiang River Es-
tuary.
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equation of potential energy anomaly proposed by Burchard and
Hofmeister (2008) is adopted, which can be rewritten as:
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ũ
∂ρ̃

∂x
dz −g

D

∫ η

−H

(
η−D


−z

)
ṽ
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where ϕ, u, η and H are potential energy anomaly, horizontal ve-
locity, water level and water depth, respectively. ρ0 and  are ref-
erence density and vertically averaged density, respectively.

. , where ω and  are vertical velocity and a
deduced vertical velocity of linear distribution respectively. Kh is
horizontal eddy diffusivity. Pb is vertical buoyancy flux, and the
superscripts s and b mean surface and bottom. D is total water

depth. On the right-hand side,  and  are advec-

tion due to vertical mean horizontal along- and cross-stream ve-

locity.  and  present depth-mean

straining due to the vertical mean horizontal density gradient strai-

ned by the deviation from vertical mean velocity.  is ver-

tical mixing.  and 

 are non-mean straining. 

present vertical advection.  and 

 are surface and bottom buoyancy fluxes and inner sinks or

sources of potential density respectively. 

 means the variations due to horizontal turbulent
transport.

Three sample points set in the north branch (Fig. 1) are used
to calculate the individual terms in Eq. (1) numerically. Since the
water density in estuarine area is more affected by salinity than
temperature which is different to that in far offshore areas where
the density is significantly influenced by temperature. The water
density is calculated using the state equation with temperature
neglected (MacCready and Geyer, 2010; Geyer and MacCready,
2014):

ρ = ρ (+ βS) , (2)

β ≃ .× −where , S is salinity.

3.3  Model validation
The field data of tidal level, velocity and salinity are collected

(Shanghai Marine Engineering Survey and Design Institute
(SMESD), 2005). Hourly tidal level data is from June 20 to July 4,
2005 at six stations. Tidal currents are during June 26–27, 2005.
These data are rearranged to be 25 h-long series with one-hour
interval. The tidal currents are at six depth layers vertically: sur-

face, 0.2D, 0.4D, 0.6D, 0.8D and bottom. The surface and the bot-
tom layer velocity is measured at the 0.5 m below sea surface and
above the bottom, respectively. Sampling intervals and measure-
ment depths of salinity are the same as tidal velocity.

Figure 3 shows the river discharges of WR and the Nanxi
River. Figures 4–6 indicate the comparisons between observed
and modeled data of tidal level, velocity and salinity. The negat-
ive and positive values represent flood tide and ebb tide, which
depend on current direction. Most modeled results show accept-
able agreements with observations. Additionally, three indices
are used to quantify the agreements. A skill that has been widely
used is written as the follows (Willmott, 1981; Li et al., 2005):

Skill = −

n∑
i=

|xoi − xmi|

n∑
i=

(|xoi − xo|+ |xmi − xo|)
, (3)

where the subscripts o and m indicate observed and modelled
values, respectively, n is the number of samples. Another index
used here to evaluate the absolute deviation of velocity and salin-
ity is MAE (Mayer and Butler, 1993):

MAE =

∑
|xoi − xmi|

n
. (4)

The deviation of current direction is collected using MAEA
defined in Eq. (5). Comparing to Eq. (4), the Eq. (5) emphasizes
the contributions in the main directions and weakens the influ-
ences arose from the slow slack flow that might be measured less
precisely. The weights are chosen as square velocity amplitudes
in the sense of kinetic energy.

MAEA =

n∑
i=

(xoi − xmi)u

i

n∑
i=

u
i

, (5)

where u is velocity, others are the same as defined above.
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Fig. 2.   Local topography corresponding to the square in Fig. 1
and data locations. Square marks tidal level, circle shows the site
of observed velocity, and samples indicate the nodes where mod-
el results are investigated. Numbers 1–5 indicates the five main
islands. MA represents Meiao, WN Wuniu, QL Qili, WXT Wuxian-
tou, LX Luxi.
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The statistics of tidal level, velocity and salinity are listed in
Table 1 and Table 2. For tidal level, the MAEs vary from 0.19 to
0.3 m. Compared to the tidal ranges of about 6 m, these devi-
ations are acceptable. The index Skills are all larger than 0.97.
MAEs of velocity are between 0.15 and 0.29 m/s. Deviations of the
bottom layers are less than those of surface layers. The modeled
and observed data are not measured at exactly the same depth,
and this influence combined with grid resolution might produce
some large deviations. However, the relatively large Skills show
acceptable performance. MAEAs of current direction calculated
using Eq. (5) are less than 16°. Skills of current direction are all la-
ger than 0.9. MAEs of salinity are less than 3 except for N1 at sur-
face layer. Large deviation at N1 may be caused by the relatively
low measured values at early stage of measure period due to
episodic events. The skills of salinity are all more than 0.8. Ac-
cording to the above analyses, the modeled results are conduc-

ted as acceptable.

4  Results and discussion

ΔS
⟨S⟩

ΔS ⟨S⟩

Three points NU, N3 and ND (Fig. 2) are chosen for the ana-
lyses of stratification, which are located at the center of the north
branch. The ND is at the mouth, the N3 represents the middle
part of the north branch, and the NU is located near the conjunc-
tion in the upstream inlet of the north branch. Upstream the NU,
the water is quite fresh during most of the tidal stages. The strati-
fication mechanism is analyzed based on the Eq. (1) at each
point. Then the stability of estuarine stratification on different
timescale are analyzed using Richardson number and stratifica-

tion parameter , where  and  are salinity difference

between the bottom and the surface and vertical averaged salin-
ity respectively.
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4.1  Vertical and temporal variation of salinity
Figure 7 shows the variations of salinity and velocity at the

three locations. The river discharge is 330 m3/s, while tidal level
variation during ebb is 3.9 and 4.8 m during flood. At ND, the
stratification is weak at early flood, with salinity difference of
about 1.8 from the bottom to surface (Fig. 7a, Hour 6) and depth
averaged salinity of 4.3. One hour later, the water column be-
comes well mixed with salinity of about 5.6. Vertical distribution
of velocity is relatively even during flood tide. Maximum depth-

averaged velocity is about 1.38 m/s with the difference of about
0.35 m/s from the surface to bottom. At high tidal level, the salin-
ity is nearly 17–20. At the beginning of ebb, significant stratifica-
tion develops in the upper part, while the middle and lower layer
keep well-mixed with salinity of more than 20. The difference of
salinity is nearly 7 from surface to bottom. About 5 h later, strati-
fication disappears. During ebb, the velocity exhibits strong ver-
tical shear until the maximum low tidal level. The maximum ver-
tical shear is near middle tidal level with the magnitude of 1 m/s.
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Fig. 5.   Comparisons of flow direction and velocity at N1, N2 and N3, respectively. a. Surface and b. bottom.
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ΔS
⟨S⟩

At N3, the salinity process shows very similar features to ND.
Though it is absolutely fresh of 2–4 during low water, the water
column exhibits slight stratification. Salinity difference from the
bottom to surface is about 0.7–1.0 (Fig. 7b). Since the water is rel-

atively fresh, the stratification parameter  is about 0.25. The

stratification lasts less than one hour and then the water is well-
mixed until high water. The surface velocity of maximum flood is
about 1.4 m/s with a difference of 0.3 m/s vertically. At high wa-
ter, averaged salinity is about 3, which is less than that of ND.
During early ebb, the water column stratifies with a vertical salin-
ity difference of about 6.3 h after high tidal level, the water re-
turns to well-mixed.

The upstream NU station (Fig. 7c) reveals different features
from those of N3 and ND. Stratification arises immediate after
high tidal level, while the water is well-mixed at low level. At low
water, the salinity is less than 2 because of downstream transport
of fresh water. At high water, the salinity is about 11 at the lower

two-thirds of water column and 7–8 at the surface layer with velo-

city less than 0.2 m/s. When ebb begins, the water becomes strat-

ified for about 3 h and then stays well-mixed until the next

Table 1.   Statistics of tidal elevation
Meiao Wuniu Qili Luxi Wuxiantou Nanshan

MAE elevation/m 0.26 0.29 0.24 0.30 0.19 0.22

Skill elevation/m 0.99 0.99 0.99 0.98 0.99 0.99

Table 2.   Statistics of tidal velocity and salinity
N1 N2 N3

surface bottom surface bottom surface bottom

Velocity/m·s–1 MAE 0.25 0.17 0.22 0.15 0.29 0.22
Skill 0.97 0.96 0.98 0.96 0.98 0.96

Direction/(°) MAEA 10.50   16.14   12.73   11.36   7.61 5.37

Skill 0.91 0.91 0.95 0.96 0.92 0.97

Salinity MAE 3.38 1.91 2.80 2.89 1.57 1.75

Skill 0.96 0.80 0.91 0.84 0.82 0.81
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Fig. 6.   Comparisons of salinity for surface (left panel) and bottom (right panel) layer at N1, N2 and N3, respectively.
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Fig. 7.   Evolution of salinity and velocity at ND (a), N3 (b) and
NU (c). Arrow represents along-channel velocity and gray lines
represent cross-sectional velocity.
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highest salinity of 6–7. Vertically-averaged velocity and vertical
shear is smaller than that of N3 and ND. Maximum ebb velocity is
about 1.1 m/s at surface layer and the maximum difference ver-
tically is about 0.6 m/s. During flood tide, the maximum velocity
and vertical shear are about 0.9 and 0.27 m/s, respectively.

According to the previous discussion, the stratification pro-
cesses in the ORE show different behavior from the common pat-
terns where stratification develops during ebb tide and weakens
during flood. This is due to the specific bathymetric and hydro-
dynamic conditions. Because of the relatively large tidal range
and tidal velocity, the tidal excursion is about two times longer
than the length of the lower estuary. The upper limit of saltwater
moves to and fro and can withdrawal out of the river mouth dur-
ing low water. Moreover, as the river discharge increases, upper
limit of salinity intrusion is pushed downstream and the water in
the north branch becomes quite fresh.

4.2  Intertidal variations of stratification
Estuarine classification is a key component in estuarine stud-

ies. Several methods have been proposed in the past several dec-
ades (Dyer, 1997; Valle-Levinson, 2010), however, most of them
are statistically averaged. The classification based on temporal
stratification and mixing of intratidal or spring-neap scales are
not widely concerned in the ORE. Therefore, two indices are dis-
cussed to elucidate the intertidal variation of salinity stratifica-
tion here.

Prandle (1985) defined a stratification number St to evaluate
the estuarine mixing which is written as

St =
.kUL

(Δρ/ρ) ghUf
, (6)

where k is friction coefficient, U0 is amplitude of the tidal cur-
rents, h is water depth, Uf is river flow, g is gravity acceleration,
Δρ and ρ are the density difference between the fresh and sea wa-
ter density.

St
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= S−.
t
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> . . <
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Prandle (1985) gave thresholds of  according to estuarine
mixing conditions. The values of St were also compared with

 and presented thresholds as:  for well-

mixed,  for straitified,  for partially

mixed. It should be noted that in Hansen and Rattray’s stratifica-

tion-circulation diagram,  is the threshold between

stratified and mixed conditions.
Fischer (1972) introduced an estuarine Richardson number

(Rie) representing the ratio of gain of potential energy due to
freshwater discharge to the mixing power of the tidal currents,
which is defined as

Rie =
Δρ
ρ

gQ
WU

t
, (7)

where Q is freshwater discharge, W is estuary width, Ut is root-
mean-square tidal current. For Rie<0.08 well-mixed, Rie>0.8
straitified, 0.08<Rie<0.8 partially stratified.

Figure 8 shows the evolution of river discharge, daily-mean
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Fig. 8.   River discharge and daily-mean salinity (left panel); Estuarine Richard number and stratification parameter (right panel) at
ND, N3 and NU, respectively. The above two are for ND, middle for N3 and bottom for NU, and all date are for the year 2005.
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vertical averaged salinity, Rie and  during the period from June

20 to July 30 at the sample points. Apparently, the trends are sim-
ilar except for their different values. It can be seen that the mean
salinity increases persistently from June 23 when a freshet exis-
ted and exceeded 5 000 m3/s to the next freshet on July 20. Dur-
ing this period, the river discharge decreases slowly. The minim-
um discharge is about 120 m3/s and the maximum salinity de-
creases spatially from the river mouth (ND) of 18 to upstream
(NU) of 11.6. During freshets, the salinities are below 2 indicating
that all the lower estuarine segments are substantially fresh. The
salinity in the estuary seems to be not connected closely to tide
but changes almost simultaneously with river discharge. Accord-
ing to the thresholds, both Rie and  of NU indicate that the up-

per segment of the north branch is well-mixed permanently ex-
cept for two short periods. Meanwhile at the river mouth (ND) as
shown in Fig. 8, the water appears to be partially mixed (0.15 <

) and short periods of well-mixed ( ) and

stratified ( ).

ΔS
⟨S⟩

As a result, the ORE exhibits periodic stratification on inter-
tidal timescales. According to Eq. (7), Rie varies in pace with river
discharge expectedly. Meanwhile, the stratification represented

by  seems to lag river discharge for several days in freshet. The

ΔS
⟨S⟩
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⟨S⟩

Δρ
ρ

= .

Δρ
ρ

 is a direct expression of water stratification while Rie includes

river discharge and is sensitive to it. The lag is not due to adjust-
ment of the ORE to the freshet but the rapid loss of salt in the
river volume. Salinity in the ORE reacts quickly to freshets. Dur-
ing freshet periods, river drainage keeps the water fresh in the

north branch. At the same time, the stratification parameter 

increases inconspicuously, which means that stratification indic-
ated by Rie dose not emerge. This indicates that since the ORE is
considerably short, it may be of different regimes proposed by
Hansen and Rattray (1965) during different riverine conditions.

 is adopted when calculating the Eq. (7). However, it

is worthy to be noticed that the Δρ is defined as salinity differ-
ence between river water and ocean water (Fischer, 1972). The
ORE might essentially include the areas outside the river mouth.
The complex topography and hydrodynamic process make it

substantially difficult to obtain precise evaluation of . Thus the

application of Rie calculated with Eq. (7) ought to be with cau-
tion in the ORE.

ΔS
⟨S⟩

Figure 9 shows the variations of stratification parameter
against river discharge and tidal range at NU, N3 and ND. The

stratification is represented by , which is calculated hourly

and then averaged daily. The NU is well-mixed when river dis-
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Fig. 9.   Stratification parameter against river discharge (a, c, e) and tidal level (b, d, f) at NU, N3 and ND.
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charge is less than 280 m3/s or exceeds 510 m3/s or tidal range is
greater than 3.8 m. It also shows that in only a few days the strati-
fication parameter exceeds 0.15 indicating partial mixing. At N3,
the water is well-mixed while the river discharge is larger than
510 m3/s or less than 280 m3/s. Meanwhile there exists sustain-
able well-mixed conditions when the tidal range exceeds 4 m. For
ND at the river mouth, the water is stratified when river dis-
charge is larger than 280 m3/s or tidal range exceeds 4.6 m. On
the other hand, while river runoff is less than 280 m3/s, the ND is
well-mixed. Meanwhile, the ND may be stratified or well-mixed
depending on river discharge as the tidal range decreases below
the 4.6 m. Under conditions of small tidal range, the N3 and ND
also exhibit high stratifications for .

ΔS
⟨S⟩

ΔS
⟨S⟩

For further investigation, regressions of  against tidal

range and river change are conducted basing on the data under
stratified conditions. Results are shown in Table 3. It can be seen

that there are acceptable linear relationship between  and tid-

al range and river discharge. The stratification parameters can be
well calculated using the regression equations at N3 and NU, but
maybe contain relatively larger deviations at ND than N3 and
NU. The linear regression shows that estuarine stratification is
negatively related to river discharge, and in Fig. 8 the Rie in-

ΔS
⟨S⟩

creases dramatically while  decreases slightly. This result

seems to contradict common sense. This is because that from Ju-
ly 20 to July 22, the river discharge increases greatly and leads to a
simultaneous increment in Rie. However, as the river discharge
increases, upper limit of salinity intrusion is pushed downstream
and the water becomes quite fresh. This also means that Rie

might not be a proper parameter in the Oujing Estuary when only
the segments upstream the river mouth are considered.

4.3  Stratification dynamics
The dynamic equation of the potential energy anomaly (PEA)

for analyzing stratification proposed by Burchard and Hofmeister
(2008) has been used in estuarine stratification research. We ap-
ply this equation in the ORE for quantitatively analysis of the rel-
evant terms from model results to discuss generation and de-
struction of stratification. The period of July 4–5 is chosen for
analysis for its medium tidal range and river discharge.

Figures 10a, c and e show the temporal gradient of PEA and
the sum of all right-hand side terms in Eq. (1). As it is shown, the
acceptable agreements indicate that the fundamental trench of
PEA evolution can be composed by the modeled individual
terms. At ND, there are distinct increments during flood tide
(Hours 6 and 17) and ebb tide (Hour 13). At N3, peaks similar to
ND also exist. However, the NU exhibits different features from
those of N3 and ND. There is almost no change during flood tide
while there are distinct increments during early ebb and fol-
lowed by immediate decrease. These features coincide with what
revealed in Figs 7a and b.

From Fig. 10b, it can be seen that the increase during early
flood are caused mainly by longitudinal advection and lateral
depth-mean straining near river mouth. During the transition of
low water, clear lateral circulation develops at the end of ebb,
which causes important lateral shear. Meanwhile, during low wa-

Table 3.     Regression of  stratification parameter  against  tidal
range and river discharge

Sample
point

Regression equation |R| R0.05

NU Sp= 0:904 2¡ 0:191 2£ Tr ¡ 0:000 051£ Q 0.984 0.755

N3 Sp= 1:378 5¡ 0:227 4£ Tr ¡ 0:000 252£ Q 0.951 0.878

ND Sp= 0:558 6¡ 0:069 5£ Tr + 0:000 61£ Q 0.565 0.404

¢S= hSi         Note: Sp is stratification parameter , Tr is tidal range.
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Fig. 10.   Temporal variation of terms in Eq. (1) at ND, N3 and NU (the above two are for ND, middle for N3 and bottom for NU). Φt is
temporal gradient of PEA, ∑ means sum of the RHS terms. T1, T2, T3, T4 and T5 denote the first five terms on the right side of Eq. (1).
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ter, the water stratification is stronger in the downstream areas
(Fig. 7a). While during early ebb, the increases of stratification
are primarily introduced by the lateral advection and longitude
depth-mean straining. After then, the strong mixing due to en-
hanced tidal current decreases the PEA. Longitudinal tidal advec-
tion and lateral current shear contribute to the increase of PEA
during early flood tide in the middle part (N3), while tidal strain-
ing in the main direction and vertical tidal mixing cause the de-
crease of PEA. During early ebb tide, the increases of PEA are
mainly due to longitudinal tidal depth-mean strain and lateral
advection. As the ebb continues, upstream water of less salinity
reaches and velocity increases significantly. As a result, longitud-
inal advection and vertical turbulent mixing become strong and
weaken the stratification. At NU, during early ebb tide there is no
predominant effect that contributes to the enhanced stratifica-
tions (Fig. 10f). Residual mechanisms might be the dominant
factors. However, near the upstream conjunction, there is a deep
hollow and a dike that is submerged and exposed on different
tidal stages, and water is relatively shallower and fresher in this
area. These complex factors might lead to substantially complicit
stratification processes. After the brief stratification, PEA de-
creases since the well-mixed fresher water reaches. This is re-
vealed in Fig. 10f that longitudinal advection plays a dominant
role in the following stratification attenuation.

5  Conclusions
A 3-D numerical simulation using FVCOM is conducted to

overcome the deficiencies of former understandings on stratifica-
tion and mixing in the ORE which has large tidal range, drastic
variation of runoff and many islands outside the estuary. The in-
tratidal and intertidal variations of salinity stratification are in-
vestigated according to the model results. The dynamic equation
of potential energy anomaly is adopted to evaluate relevant terms
and analyze the stratification mechanism.

Periodic stratification exists in the north branch under ordin-
ary hydrodynamic conditions even for large tidal range. At early
ebb and flood, the lower estuary appears to be partially stratified
while well-mixed in other tidal stages. Upper limit of salinity in-
trusion moves to and fro and can withdrawal out of the river
mouth during low water due to the short length of the ORE. The
upper limit of salinity intrusion is pushed downstream and the
water becomes greatly fresh under large river discharge. This
causes distinct characteristics of the stratification evolution at
different locations and different hydrodynamic conditions.

The enhancement of stratification during early flood is due to
longitudinal advection and lateral velocity shear, while turbulent
mixing and longitudinal tidal straining are the main factors of
stratification attenuation. In the upper segment of the north
branch, there is no stratification during low tide. Stratification
only develops during early ebb tide due to interactions between
vertical variations of velocity and density gradients. Then, strati-
fication disappears due to the transport of fresh river water.

The north branch of the ORE exhibits well-mixed conditions
when the tidal range exceed 3.8 m, 4.0 m and 4.6 m at NU, N3 and
ND, respectively. Meanwhile, when river discharge is less than
280 m3/s or greater than 510 m3/s, the estuary is also well-mixed
sustainably at upper segments of the north branch. Near the river
mouth, river discharge of 280 m3/s is a rough critical value that
separate well-mixed and stratified states. A regression equation is
obtained to express the relationship between the estuarine strati-
fication and the riverine discharge and tidal range. The linear re-
gression shows that estuarine stratification is negatively related
to river discharge that conflicts common sense. This is because

that the head of saltwater intrusion moves the north branch and
the water becomes quite fresh and of minor vertical density vari-
ation when riverine discharge increases. It should be noticed that
the critical values of tidal range and river discharge evaluating
stratification state is just based on this simulation. More precise
values need to be investigated by further field and experimental
measurements.
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