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A B S T R A C T   

An observation study was conducted at three stations in the inner regime of the Jiulong River estuary to examine 
the tidal mixing asymmetry and its associated residual flow induced by eddy viscosity-shear covariance (ESCO). 
The water columns at the observation stations were approximately well-mixed during the later flood and were 
stratified during the early ebb, a typical tidal mixing asymmetry. Corresponding to the tidal variation of strat
ification, the Reynolds stress and vertical eddy viscosity, which were obtained using the ADCP variance method, 
exhibited distinct differences in the magnitude and vertical structure between flood and ebb tides. The ESCO flow 
was calculated using the decomposition method for estuarine circulation, revealing a two-layer vertical structure 
similar to density-driven flow but with a much greater magnitude, confirming the findings of previous generic 
model studies that the ESCO flow dominates the density-driven flow in periodically stratified estuaries. The 
drivers of tidal mixing asymmetry were explored using the potential energy anomaly method. Longitudinal 
straining reduced stratification during flood tides and reinforced stratification during ebb tides, whereas lon
gitudinal advection acted in the opposite manner. Although the contribution of lateral circulation to stratification 
was neglected due to the lack of lateral observation data, scaling analysis revealed that lateral advection was 
important in the longitudinal dynamics and tidal evolution of stratification and warrants further study.   

1. Introduction 

Estuarine circulation is one of the most studied topics in estuarine 
physics. According to traditional theory, the residual circulation is the 
sum of the runoff and the flow driven by the longitudinal density 
gradient (i.e., the density-driven flow), and is also known as gravita
tional circulation (Pritchard, 1956; Hansen and Rattray, 1965). The 
longitudinal momentum balance that determines the gravitational cir
culation is between the baroclinic pressure and residual water level 
gradients and the vertical divergence of shear stress: 

0 ¼ � g
∂hηi
∂x
þ

g
ρ0

∂hρi
∂x
þ

∂
∂z

�

Km
∂hui
∂z

�

; (1)  

where g is gravitational acceleration, the angle brackets indicate the 
tidal average, η is the water surface elevation, ρ is the water density, ρ0 is 
a reference water density, u is the longitudinal (or along-estuary) ve
locity (x direction), z represents the vertical direction, and Km is the 

vertical eddy viscosity, which is parameterized with a constant effective 
vertical eddy viscosity. Jay and Muziak (1994) found that the vertical 
mixing undergoes remarkable tidal fluctuations, which are typically 
larger during flood than during ebb (this is also referred to as tidal 
mixing asymmetry), and proposed that the temporal covariance be
tween the fluctuations in Km and the velocity shear, i.e., fKm

∂~u
∂z, where u ¼

hui þ ~u and Km ¼ hKmiþ ~Km), can generate a residual flow that consti
tutes a main component of the estuarine circulation. 

To examine the conceptual model of the residual flow driven by tidal 
mixing asymmetry, a series of generic modeling studies have been 
conducted. Burchard and Hetland (2010) showed that the residual flow 
is twice the magnitude of the density-driven flow in periodically strat
ified estuaries using idealized numerical experiments. Cheng et al. 
(2010) provided a two-dimensional analytical solution for the residual 
flow, which showed that substantial asymmetric mixing between flood 
and ebb tides leads to stronger residual flow and reversed tidal mixing 
asymmetry generates a residual flow with an opposite vertical structure 
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to that driven by typical tidal mixing asymmetry. These generic studies 
also indicated that the strength of flow induced by tidal mixing asym
metry depends on the Simpson number, confirming that strain-induced 
periodic stratification (Simpson et al., 1990) is an important physical 
mechanism in creating the tidal variation of vertical mixing. Therefore, 
the residual flow has been referred to as tidal straining-induced flow 
(Burchard and Hetland, 2010) or asymmetric tidal mixing induced flow 
(Cheng et al., 2010). Subsequent studies further revealed that various 
processes can generate the variations in tidal mixing. Burchard and 
Schuttelaars (2012) found that lateral advection plays a key role in 
creating the asymmetry of current velocity shear between flood and ebb 
tides. To generalize the processes that generate the eddy viscosity-shear 
covariance (ESCO) term, Dijkstra et al. (2017) referred to the residual 
flow as ESCO flow and further decomposed the ESCO term and identified 
four mechanisms involving direct and indirect interactions of the 
time-varying eddy viscosity with the tidal current and gravitational re
sidual current. Chen and de Swart (2018) analyzed the influences of 
along-estuary bottom slope and tidal constituents on ESCO flow and 
showed that the magnitude and vertical structure of ESCO flow are 
dependent on the mixture of diurnal, semi-diurnal and quarter-diurnal 
tides. 

In situ observations of tidal mixing asymmetry have been conducted 
in estuaries and on shelves. Using the acoustic Doppler current profiler 
(ADCP) variance method, Simpson et al. (2005) obtained shear stress 
and vertical eddy viscosity profiles for the York River estuary. The re
sults clearly demonstrated higher eddy viscosities during flood tides 
than ebb tides and revealed the major role of tidal straining in con
trolling the structure and intensity of turbulent stresses and turbulence 
kinetic energy production during both the ebb and flood phases of the 
tide. Becherer et al. (2011) performed a micro-structure profiler obser
vation in the Wadden Sea and obtained evidence of the effects of tidal 
straining on tidal mixing asymmetry, i.e., high values of viscous dissi
pation observed during the flood tide and lower values observed during 
the ebb tide. Although tidal mixing asymmetry was evident in these 
observations, the associated residual flow (i.e., the ESCO flow) has not 
been directly investigated. The main objectives of this study were to 
explore the ESCO flow using observed data from a tidally energetic es
tuary and examine the findings drawn from previous generic models of 
ESCO flow. 

The remainder of this paper is structured as follows. In section 2, the 
study site, observed data, and ADCP variance method are described. In 
section 3, the observed data are used to (1) present the characteristics of 

tidal current velocity and stratification, (2) estimate the vertical eddy 
viscosity, and (3) calculate the ESCO flow. In section 4, the discussion 
focuses on (1) the limitations of the ADCP variance method, (2) drivers 
of tidal mixing asymmetry, and (3) the role of lateral circulation in 
estuarine dynamics. Section 5 summarizes the main findings of this 
study. 

2. Data and methods 

2.1. Study site and observation campaign 

The study site was the Jiulong River estuary, which is located on the 
western side of the Taiwan Strait along the southeast coast of China 
(Fig. 1a). The bathymetry of the estuary is complex, with extensive 
islands and intertidal mudflats in the middle of the estuary (see the re
gions above the 0 m isobars in Fig. 1), which shelter the estuary from 
wave activities propagating from the ocean. The water depth is generally 
less than 15 m. The major tidal constituent is M2. The mean tidal range is 
3.9 m and the maximum range was reported to be 6.4 m (Jiang and Wai, 
2005; Wang et al., 2013). The estuary has two large tributaries, namely, 
the North Stream and West Stream. The mean annual water discharge is 
1.24 � 1010 m3, with approximately 70% of the total discharge occur
ring between April and September (the wet season), when typhoons 
frequently occur. During the dry season (November to February of the 
next year), the discharge is approximately 15–20% less than the annual 
mean (Liu et al., 1994). 

The observations were performed during 6–8, May 2015 at three 
stations along the south coast, which is the main navigation channel of 
the estuary (Fig. 1b). At each station, a bottom-mounted ADCP was 
deployed and a boat was anchored nearby. For the turbulence mea
surements, the Workhorse instrument (1200 kHz) was used with sam
pling at a ping rate of 0.5 Hz and a vertical bin size of 0.25 m. For the 
temperature and salinity measurements, the Sea & Sun Technology CTD 
48M probe was used and 40 CTD profiles were obtained hourly from the 
anchored boat. The width of the south channel where the observations 
were undertaken is approximately 300 m. During the observation 
period, the river discharge into the south channel was approximately 
300 m3/s and the tidal range was about 5 m, a typical tide for the 
estuary. 

Fig. 1. Main body and location (the box in the inset) of the Jiulong River estuary. The solid dots indicate the observation stations and the contours represent 0 
m isobars. 

P. Cheng et al.                                                                                                                                                                                                                                   



Continental Shelf Research 193 (2020) 104035

3

2.2. Methods 

2.2.1. Preprocessing of the ADCP data 
Due to malfunction of the ADCP at station A, velocity data were only 

obtained at stations B and C and were rotated in the along- (x) and cross- 
estuary (y) directions using the principal component analysis method. In 
the rotated coordinates, the x extends toward the sea and the y coordi
nate is to the left of x (i.e., it directs toward the right bank, facing up
stream of the estuary). The data with “Percent Good” smaller than 80 or 
autocorrelation less than 110 dB were removed and replaced using 
spline interpolation. The top blank layer of the velocity measurements 
was discarded and the bottom 1.3 m blank layer was filled by extrapo
lation with the logarithmic velocity profile. The extrapolation of the 
Reynolds stress in the bottom blank layer was performed as described by 
Stacey and Ralston (2005) by assuming a linear distribution of the 
Reynolds stress profile in the bottom boundary layer (BBL): 

� u’w’ðzÞ¼ u2
*

�

1 �
z

hBBL

�

; (2)  

where the overbar indicates the average over a time interval (10 min), 
the prime symbol denotes the departure from the time mean, � u’w’ðzÞ is 
the Reynolds stress profile obtained using the ADCP variance method 
(for the details, see the following section), z is the height above the bed, 
u* is the bottom friction velocity, and hBBL is the height of the BBL. 
Fitting Eq. (2) to each profile of the Reynolds stresses (using the profile 
data for the lower half) results in the two boundary-layer parameters, u* 

and hBBL. Only the fittings with correlation coefficients (R2) greater than 
0.5 within the BBL were used to estimate u2

* . Approximately 70% of the 
profiles at station B and 35% of the profiles at station C (where stronger 
stratification reduces the applicability of Eq. (2)) were valid. For the 
invalid profiles, u2

* was linearly interpolated from estimates of the 
adjacent time steps. 

2.2.2. Reynolds stress and vertical eddy viscosity 
Estimates of the components of Reynolds stress � u0w0 and � v0w0

were made on the basis of the variance method (Stacey et al., 1999a; Lu 

and Lueck, 1999b): 

� u’w’¼ b’2
2 � b’2

1

4sinθcosθ;
(3a)  

� v’w’ ¼ b’2
4 � b’2

3

4sinθcosθ;
(3b)  

where bi denotes the velocity along the ith (i ¼ 1;⋯;4) beam and θ is the 
angle each beam of the ADCP makes with the vertical direction (θ ¼ 20�

for the RDI Workhorse used here). 
The rate of shear production was obtained from the product of stress 

and shear as 

P¼ � u’w’ ∂u
∂z
� v’w’

∂v
∂z
; (4)  

where u and v are the average velocities over 10 min. The vertical eddy 
viscosity (Km) was calculated from the shear production rate and the 
magnitude of shear (S), 

Km¼
P
S2 (5a)  

S2¼

�
∂u
∂z

�2

þ

�
∂v
∂z

�2

(5b) 

The estimates of Km are subject to large uncertainties, particularly for 
small magnitudes of shear. Negative shear production rates (hence 
negative eddy viscosities) were observed near the surface, especially 
during slack water periods, resulting from measurement errors or 
possible counter-gradient momentum fluxes. These negative eddy vis
cosities were removed and filled by vertical interpolation using spline 
method. Because the mixing was weak during the slack water periods, 
the interpolation of negative eddy viscosities did not distort the tidal 
variation of eddy viscosity. 

2.2.3. Decomposition of estuarine circulation 
Estuarine circulation includes multiple components and can be 

decomposed corresponding to different driving mechanisms. Because 
the south channel of the Jiulong River estuary is very narrow, the cross- 
estuary momentum equation can be decoupled from the along-estuary 
momentum equation and, therefore, the method of Cheng et al. 
(2013) was applied. The ESCO (huiESCO), density-driven (huiD), River 
discharge-induced (huiR), and Stokes return flows (huiS) were computed. 
Here, only the solution for the ESCO flow is presented and the methods 
and results that describe the other flow terms can be found in Cheng 
et al. (2013): 

huiESCO ¼
g
hZi

∂hηiESCO

∂x

Z0

σ

σ’
hKmi

dσ’ �
1
hZi

Z σ

� 1

1
hKmi

0

@ESCO

�

Z 0

σ’
ESCOσdσ’’

1

Adσ’; (6a)  

ESCO ¼ hZi
�

~Km∂ ~u
∂σ’

�

; (6b)     

∂hηiESCO

∂x
¼

R 0
� 1

R σ
� 1

1
hKmi

�
ESCO �

R 0
σ’ ESCOσdσ’’

�
dσ’dσ

g
R 0
� 1

R 0
σ

σ’
hKmi

dσ’dσ
; (6d)  

where σ ¼ ðz � ηÞ=D is the non-dimensional vertical direction, D ¼ ηþ
H, H is the undisturbed water depth, and 1=D2 ¼ hZiþ ~Z. The sigma 
coordinates were used to overcome the difficulty of calculating tidally 
averaged quantities in a surface layer influenced by tidal fluctuations of 
water level. Eq. (6c) arises from the sigma coordinate transformation 
and is part of the ESCO. 

To calculate the tidal mean and fluctuation of velocity and eddy 
viscosity, the first two tidal cycles (6 May 2015 22:00 to 7 May 2015 
23:00) identified from the depth mean velocity were selected. The lon
gitudinal density gradients at stations B and C were computed based on 
the CTD data at the three stations. It was noted that the maximum 
bottom salinity coincided with the high water elevation at stations A and 
C but was delayed by 1 h at station B (Fig. 2c and d). To take into account 

ESCOσ ¼
1
hZi

Z 0

σ’

��

~Z
∂

∂σ’’
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��

þ

�
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∂

∂σ’’

�
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∂u

∂σ’’

��

þ

�

~Z
∂
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�

~Km∂ ~u
∂σ’’

���

dσ’’; (6c)   
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this different salinity evolution, a forward difference scheme was used to 
calculate the density gradients; for station B, ∂ρ

∂x ¼
ρC � ρA
ΔxAC

, and for station C, 
∂ρ
∂x ¼

ρC � ρB
ΔxBC

. Here, Δx is the longitudinal distance between two stations. 

3. Results 

3.1. Tidal currents and stratification 

The tidal waves in the estuary are approximately standing waves 
with the maximum flood and ebb tides occurring around the mean water 

Fig. 2. Temporal variations in profiles of longitudinal velocity in units of m/s (u, upper panel), salinity in units of PSU (middle panel), and buoyancy frequency in 
units of 1/s (N2, bottom panel) at stations B (left column) and C (right column). Positive values of velocity represent seaward currents. The black contours in a, b, e, 
and f indicate a value of 0. The negative values of N2 result from brief temperature inversion. 

Fig. 3. Temporal variations in profiles of longitudinal Reynolds stress in units of N/m2 (upper panel), vertical eddy viscosity in units of m2/s (middle panel), and 
gradient Richardson number at stations B (left column) and C (right column). Positive values of the Reynolds stresses represent seaward stresses. The black contours 
in a and b indicate a value of 0, and in e and f indicate a value of 0.25. 
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level (Fig. 2a and b). The magnitude and duration were longer during 
ebb than during flood tides, indicating an ebb-dominant tide. At station 
B, the mean current velocity was 0.59 m/s during the flood and 0.70 m/s 
during the ebb. At station C, the tidal asymmetries in current velocity 
and duration were relatively less pronounced. The generation of the ebb- 
dominant tide is attributable to two main processes: (1) the extensive 
intertidal flats store water during flood tides and release water to the 
channel during ebb tides, producing a longer ebb in the channel, as 
described by Friedrichs and Aubrey (1988); (2) the river discharge 
produces a non-negligible barotropic flow that reinforces ebb tides. The 
vertical profile of the tidal current velocity was also asymmetric, with 
weaker shear during flood and stronger shear during ebb tides, reflecting 
the influence of stratification on the tidal current velocity profile (Jay, 
1991). 

Because the two stations are located in the inner regime of the es
tuary, saltwater appeared only during the high-water period and 
freshwater dominated the low-water period, resulting from the migra
tion of the seawater/freshwater interface (or front). The stratification 
was relatively weak during the later flood and stronger during the early 
ebb, showing typical tidal mixing asymmetry during the high-water 
period. The pattern of buoyancy frequency (N2 ¼ � g

ρ0

∂ρ
∂z) was consis

tent with the tidal variation of stratification and further indicated that 
elevated stratification occurred in the middle water column during the 
early ebb. Station C exhibited higher salinity and stronger stratification 
than station B due to its proximity to the mouth of the estuary. Several 
cases of overturning, indicated by negative values of N2, were also 
observed during the low water period (Fig. 2f). 

3.2. Reynolds stress and vertical eddy viscosity 

The Reynolds stress was large near the bottom during both the flood 
and ebb phases of the tidal flow (Fig. 3a and b). During the high-water 
period, the Reynolds stress was low resulting from the combined effects 
of slack water and stratification. The magnitude of the Reynolds stress 
was lager during ebb than during flood tides at station B, whereas the 
opposite trend was observed at station C. In general, the strength of the 
Reynolds stress at station B was one order of magnitude greater than that 
at station C. The Reynolds stress profiles revealed distinct differences in 
magnitude and structure between floods and ebbs (Fig. 4). At station B, 
during flood tides, the profiles were almost linear throughout the entire 

water column, whereas during ebb tides, the Reynolds stress was weak 
in the upper 4 m and thereafter linearly increased toward the bottom. 
These Reynolds stress profiles during ebb tides indicated nearly inviscid 
condition in the upper water column and suggested that the boundary- 
generated stress did not reach the surface during this phase of the tide. 
The tidal variation of Reynolds stress is similar to those found in the 
Hudson River estuary (Geyer et al., 2000) and the York River estuary 
(Simpson et al., 2005), showing that stratification reduces the Reynolds 
stress near the surface. At station C, the Reynolds stress profiles were 
generally linear distribution during flood tides but showed a less clear 
structure during ebb tides, possibly because the measurements of Rey
nolds stress and eddy viscosity were less reliable. The relatively strong 
stratification at station C might be responsible for these low-quality 
results, and a detailed discussion of the limitations of the ADCP vari
ance method is provided in section 4.1. Hereinafter, the analysis of the 
tidal mixing asymmetry and ESCO flow focuses on station B, and the 
results for station C are given as a reference. 

The vertical eddy viscosities at the two stations showed a quarter- 
diurnal pattern apparent with high values during the flood tide reach
ing peak values in the middle of the water column and low values during 
the ebb tide (Fig. 3c and d). The temporal variation of the eddy viscosity 
indicated the occurrence of typical tidal mixing asymmetry. The eddy 
viscosity was low during the high-water period due to the weak flow and 
stratification. The highest eddy viscosity appeared at the maximum 
flood tide that was associated with a moderately well-mixed water 
column, whereas stratification reduced the mixing at the maximum ebb 
tide even though the tidal currents were strong. The observation in the 
York River estuary showed a similar tidal asymmetry of eddy viscosity 
with larger eddy viscosities appeared during flood than ebb tides, and 
also showed that the relatively strong stratification during the neap tide 
suppressed the vertical mixing leading to small eddy viscosities (Simp
son et al., 2005). The vertical profiles of the eddy viscosity showed an 
asymmetric parabolic distribution with the maximum value close to the 
bottom (Fig. 5). The deviation from a parabolic profile (i.e., a neutral 
viscosity profile of open-channel flow) was likely attributable to the 
influence of stratification, which led to apparent attenuation near the 
surface. This result is consistent to the eddy viscosity profiles found in 
the Hudson River estuary (Geyer et al., 2000). At the maximum ebb tide, 
the eddy viscosity tended toward zero in the upper 4 m at station B, in 
accordance with the low shear stress, and was small and had an unclear 

Fig. 4. Vertical profiles of Reynolds stress averaged over 30 min for the 
maximum flood and ebb tides at stations B (a) and C (b). At station B, flood 1 is 
chosen at 6 May 23:30, flood 2 is chosen at 7 May 11:30, ebb 1 is chosen at 7 
May 6:00, and ebb 2 is chosen at 7 May 17:30. At station C, flood 1 is chosen at 
6 May 23:00, flood 2 is chosen at 7 May 11:00, ebb 1 is chosen at 7 May 5:30, 
and ebb 2 is chosen at 7 May 17:00. 

Fig. 5. Vertical profiles of vertical eddy viscosity for the maximum flood and 
ebb tides at stations B (a) and C (b). At station B, flood 1 is chosen at 6 May 
23:30, flood 2 is chosen at 7 May 11:30, ebb 1 is chosen at 7 May 6:00, and ebb 
2 is chosen at 7 May 17:30. At station C, flood 1 is chosen at 6 May 23:00, flood 
2 is chosen at 7 May 11:00, ebb 1 is chosen at 7 May 5:30, and ebb 2 is chosen at 
7 May 17:00. 
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structure at station C. 
The gradient Richardson number (Rig ¼ N2=S2) distribution showed 

high Richardson numbers in the surface layer mostly during the high- 
water period (Fig. 3e and f), indicating stable conditions in the upper 
water column (Rig > 0.25). Low Richardson numbers occurred during 
the low-water periods, which is consistent with the greater values of 
eddy viscosity during those times. At station C, high Richardson 
numbers were observed for the upper water column under most tidal 
conditions, indicating relatively strong stratification at this station. 

3.3. Residual flow 

The ESCO represents the driving force of ESCO flow. According to 
Eq. (6a), the sign of the ESCO term (i.e., ESCO �

R 0
σ ESCOσdσ’ because of 

the sigma coordinate transformation) determines the direction of ESCO 
flow. Note the negative sign before the second term on the right-hand 
side of Eq. (6a). Negative values of the ESCO term drive seaward flow, 
acting in the opposite way to the longitudinal density gradient. The 
ESCO term at the two stations has negative values (Fig. 6), which is 
consistent with the findings from idealized numerical experiments 
(Cheng et al., 2013). The magnitude of the ESCO term was larger at 
station B than at station C, although the ESCO flow was stronger at 

station C (Fig. 7) because the flow strength is inversely related to the 
tidal mean eddy viscosity (Eq. (6a)), which was very low at station C. 

Being balanced by the corresponding barotropic force, the ESCO flow 
exhibited a two-layer structure with seaward flow near the surface and 
landward flow near the bottom (Fig. 7). This flow pattern was similar to 
that of the density-driven flow, indicating that the ESCO flow reinforced 
the two-layer estuarine circulation. Because of the weak longitudinal 
density gradient in the inner regime of the estuary, the density-driven 
flow was weaker than the ESCO flow, which is consistent with the re
sults of the generic studies of periodically stratified estuaries (e.g., 
Burchard and Hetland, 2010; Cheng et al., 2010, 2013). The magnitudes 
of the ESCO flow were similar at the two stations. The depth-averaged 
absolute values of the flow were 2.2 and 3.1 cm/s for stations B and 
C, respectively. The density-driven flow, however, was much stronger at 
station C than B, as a result of the lower eddy viscosity and greater 
along-estuary density gradient. 

The decomposition method also provided the solutions of the Stokes 
return and river-induced flows (Fig. 7). The two flows were unidirec
tional with similar vertical profiles. The river-induced flow was the 
dominant component of those flows, and the Stokes return flow was 
comparable to the ESCO flow. Although the advection-induced flow was 
not available, the total residual flow at the two stations was likely 
seaward. Therefore, the residual dynamics in the inner regime of an 
estuary are quite distinct from the well-examined central regime: tidal 
rectification rather than the longitudinal density gradient is the main 
driving force of estuarine circulation. 

4. Discussion 

4.1. Limitations of the ADCP variance method 

The ADCP measurement of current velocity is based on an assump
tion of homogeneity, which states that the velocity field must be ho
mogeneous in the horizontal plane over the distances separating the 
beams (Lu and Lueck, 1999a). To satisfy this requirement, the turbulent 
eddies must have a length scale larger than the beam separation, or 
statistically the time mean flow must be horizontally homogeneous over 
the spatial domain of the beams. The quality of ADCP data, therefore, is 
often low when the current is weak. In the vertical direction, if the ADCP 
is used to record velocities with a bin interval of 25 cm, the smallest 
length scale that can be resolved is 50 cm, and the variances of the 
measured velocity fluctuations may be reduced if the size of the 

Fig. 6. Vertical profiles of ESCO term at stations B and C over the period from 6 
May 22:00 to 7 May 23:00. 

Fig. 7. Vertical profiles of ESCO flow (uESCO), density-driven flow (uD), river- 
induced flow (uR) and Stokes return flow (uS) at stations B (a) and C (b). 

Fig. 8. Temporal variations in profiles of stratification length scale in units of 
meters defined using shear production and buoyancy frequency (lN ¼

ffiffiffiffiffiffiffiffiffiffiffi
P=N3

p
) 

at stations B (a) and C (b). The white contour lines indicate a value of 1 m. 
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turbulent eddies is smaller than O(0.5 m) (Stacey et al., 1999b). 
The length scale of the largest turbulent eddies in a stably stratified 

flow is the Ozmidov length scale, which is determined by the magnitude 
of the stratification and the dissipation rate ε, i.e., lO ¼

ffiffiffiffiffiffiffiffiffiffiffi
ε=N3

p
(Ozmi

dov, 1965). Because the dissipation rate was not available in this study, 
the stratification length scale defined by Stacey et al. (1999b) was used 
to characterize the theoretical upper bound on the scales of the turbulent 
motions: 

lN ¼

�
P
N3

�1=2

(7) 

This length scale is equivalent to the Ozmidov length scale under the 
assumption that P ¼ ε. The distribution of the stratification length scale 
(Fig. 8) showed the influence of stratification on turbulence. During late 
ebb and early flood, the water column was well mixed and thus 
lNeOð10 mÞ. During other phases of the flow, lN was generally less than 1 
m indicating the turbulence is buoyancy limited. At station C, the 

occurrence of stronger stratification suppressed lN more than it did at 
station B. 

The smallest possible turbulence length that can be resolved using 
the ADCP variance method sets a lower bound for the eddy viscosity that 
can be reliably estimated. At 6 m above the bed (tidal mean water 
depth), the separation distance between the beams was approximately 
4.5 m, indicating that eddies with horizontal scales smaller than 4.5 m 
cannot be properly resolved. Stacey et al. (1999b) suggested that the 
horizontal turbulence scale is approximately 5–6 times the vertical scale 
in an unstratified environment (i.e., the Prandtl mixing length). If we 
assume that a similar result also holds for the stratified case in the Jiu
long River estuary, then the critical vertical eddy length scale is 

approximately 1.0 m at 6 m above the bed. Fig. 8 shows that lN mostly 
satisfies these criteria for the region 0–6 m above the bed during the 
low-water period at station B, whereas it meets the criteria only for the 
region 0–4 m above the bed at station C. Therefore, the results during the 
high-water period presented here, especially those related to the tur
bulence characteristics at station C, should be interpreted in a more 
qualitative manner. 

4.2. Driving mechanisms of tidal mixing asymmetry 

The drivers of tidal mixing asymmetry were examined using the 
potential energy anomaly (ϕ) method that was developed by Simpson 
et al. (1990) and further extended to a time-dependent dynamic equa
tion of potential energy anomaly by Burchard and Hofmeister (2008) 
and de Boer et al. (2008). By diagnosing the terms in this equation, the 
contributions of various processes to stratification can be identified. The 
potential energy anomaly equation for the study sites is  

where ϕ is defined as 

ϕ¼
1
D

Z η

� H
gzð½ρ� � ρÞdz; (9)  

and the square brackets indicate the depth average. For example, ½ρ� ¼
1
D
R η
� H ρdz, bρ ¼ ρ � ½ρ�. According to the definition of ϕ, a positive value 

of ϕt indicates increasing stratification. On the right-hand side of Eq. (8), 
three processes are included and the other terms are omitted due to the 
lack of data. The first term is the longitudinal straining (also known as 
tidal straining), the second is the longitudinal advection, the third is the 

Fig. 9. Major terms in the potential energy anomaly equation at stations B (a) and C (b). LS represents the longitudinal straining, LA represents the longitudinal 
advection, VM represents the vertical mixing, and ϕt indicates the rate of time change in the potential energy anomaly. The vertical dashed lines indicate the times of 
highest water levels and the vertical dot-dashed lines indicate the times of highest water levels. 

∂ϕ
∂t
¼

g
D

Z η

� H
bu

∂½ρ�
∂x

zdzþ
g
D

Z η

� H
½u�

∂bρ
∂x

zdzþ
g
D

Z η

� H
Km

∂ρ
∂z

dzþ
g
D

Z η

� H
bv

∂½ρ�
∂y

zdzþ
g
D

Z η

� H
½v�

∂bρ
∂y

zdzþ⋯; (8)   
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vertical mixing, the fourth term is the lateral straining and the fifth term 
is the lateral advection. Because the lateral density gradients were not 
available, we only evaluate the longitudinal processes. The first three 
terms of Eq. (8) and the left-hand side ϕt are plotted in Fig. 9. 

The tidal variations of longitudinal straining, longitudinal advection, 
and vertical mixing showed similar trends at the two stations. Those 
terms were negligible during the freshwater-dominated low-water 
period because of the small longitudinal and vertical density gradients, 
whereas they possessed large values during the saltwater-affected high- 
water period. The longitudinal straining reduced stratification (negative 
values) during flood tides and reinforced stratification (positive values) 
during ebb tides. This result was consistent with the effect of tidal 
straining on stratification proposed by Simpson et al. (1990) and is 
similar to that found in the Changjiang River estuary (Pu et al., 2015). 
The longitudinal advection exerted the opposite effect on stratification 
compared to the longitudinal straining because it induced the landward 
advection of stratified water during the flood and the seaward advection 
of relatively well-mixed water during the ebb. The vertical mixing al
ways destratified the water column. It can be seen that ϕt was not equal 
to the sum of these three terms because of the omission of the other 
terms in Eq. (8), among which the contribution of lateral circulation in 
particular may be important. The lateral circulation is addressed in 
detail in the following section. 

4.3. Lateral circulation 

The lateral circulation was strong and exhibited relatively clear 
patterns during the high-water period (Fig. 10). Station B is on the right- 
hand (north) side of the thalweg. The lateral circulation was generally 
clockwise (facing upstream) with leftward flow (negative values) near 
the surface and rightward flow near the bottom during the later flood 
and generally counterclockwise during the early ebb. This lateral cir
culation was driven by a lateral baroclinic pressure gradient caused by 
differential advection when the longitudinal salinity gradient was 
established upon saltwater intrusion, as also observed by Nunes and 
Simpson (1985). The strength of the lateral circulation was enhanced 
during the early ebb resulting from the greater longitudinal salinity 
gradient (see Fig. 2b). 

Station C is on the left-hand (south) side of the thalweg, such that the 
differential advection induced lateral circulation during the high-water 

period with the opposite patterns to those at station B. In particular, the 
lateral circulation was counterclockwise around the maximum flood (i. 
e., the mean water level, as indicated by the first vertical dashed line in 
Fig. 10b), which could not be driven by differential advection. As shown 
in Fig. 1, the part of the estuary channel where station C was located is a 
concave bend. Therefore, the centrifugal force was responsible for the 
lateral circulation around maximum flood and also reinforced the lateral 
circulation during the early ebb tides. 

Lateral circulation can make a significant contribution to estuarine 
dynamics in terms of momentum balance and mixing. Lerczak and Geyer 
(2004) proposed that when lateral flows are sufficiently strong to advect 
water parcels a significant distance over a tidal time scale relative to half 
the channel breadth (i.e., 4jvj=ωW � 1, where ω is the tidal frequency 
and W is the width of the estuary channel), lateral advection can be 
expected to play an important role in the longitudinal momentum bal
ance. At station B, the depth-averaged magnitude of lateral circulation 
ranged from approximately 0.03 to 0.08 m/s during the high-water 
period, and the resulting 4jvj=ωW ranged from 2.8 to 7.6 (here, the 
M2 tidal frequency was used, and W ¼ 300 m). At station C, the 
depth-averaged magnitude of lateral circulation ranged from approxi
mately 0.04 to 0.1 m/s during the high-water period, and the resulting 
4jvj=ωW ranged from 3.8 to 9.5. Therefore, lateral advection had an 
important influence on the longitudinal dynamics at the two stations. 

Lateral circulation modifies stratification in estuaries through 
straining and advection. To evaluate the importance of lateral straining, 
the ratio between lateral straining (Sy) and longitudinal straining (Sx) 
was scaled based on the potential energy anomaly method (referring to 
Eq. (8)) 

Sy

Sx
¼

∂v
∂z

∂½ρ�
∂y

∂u
∂z

∂½ρ�
∂x

: (10) 

As the cross-channel density was absent in the observation, ∂½ρ�=∂y 
was related to the lateral circulation velocity following Lerczak and 
Geyer (2004), when differential advection dominated the driving forces 
of lateral circulation 

ve
1
24

gH3

ρ0Km

∂½ρ�
∂y
: (11) 

Combining Eqs. (10) and (11), the ratio becomes 

Fig. 10. Temporal variations in profiles of the lateral circulation in units of m/s at stations B (a) and C (b). Positive values indicate rightward (facing upstream) 
currents. The black contour lines represent a velocity of 0 m/s. The vertical dashed lines illustrate the high-water period of the first tidal cycle; I and II indicate the 
later flood and early ebb, respectively. 
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Sy

Sx
¼

24ρ0KmvðΔvÞ
gH3Δu∂½ρ�

�
∂x

(12) 

Here, the vertical velocity difference is scaled as Δu ¼ umax � umin, 
and Δv ¼ vmax � vmin. For the mean values observed during the high- 
water period (H ¼ 7 m, Δu ¼ 1:0 m/s, and ρ0 ¼ 1:0� 103 kg/m3), this 
ratio was approximately 1.29 at station B (here, ∂½ρ�=∂x ¼ 5:0� 10� 4 

kg/m4, Km ¼ 3� 10� 3 s-2, v ¼ 0:1 m/s, and Δv ¼ 0:3 m/s) and approx
imately 0.64 at station C (here, ∂½ρ�=∂x ¼ 8:0� 10� 4 kg/m4, Km ¼ 1:2�
10� 3 s-2, v ¼ 0:15 m/s, and Δv ¼ 0:4 m/s), suggesting that lateral 
advection is important for vertical exchange under stratified conditions. 
It is noted that the ratio might be slightly overestimated at station C 
because centrifugal force also contributes to generate lateral circulation 
such that lateral density gradient might be overestimated using Eq. (11). 
Lateral advection of potential energy anomaly is related to the vertical 
density difference. As the CTD measurements were not conducted on 
shoals, the contribution of lateral advection to the change in the po
tential energy anomaly was not available. However, shoals in a tidal 
channel typically have strong vertical mixing, and the lateral gradient of 
vertical density anomaly is expected to be smaller than its counterpart in 
the longitudinal direction and therefore less important in determining 
stratification at the two stations. The analysis indicates that the lateral 
circulation in the Jiulong River estuary plays an important role in tidal 
mixing asymmetry and ESCO flow. Consequently, an in-depth exami
nation of lateral circulation is needed and must await future studies. 

5. Conclusions 

It has been recognized that tidal variation of vertical mixing acts as a 
driver of estuarine circulation through the eddy viscosity-shear covari
ance term in the longitudinal momentum equation. To examine the 
ESCO flow, an observation campaign was carried out at three stations in 
the inner regime of a tidally energetic estuary. Because of the migration 
of the saltwater/freshwater interface and the characteristic of standing 
tidal waves, saltwater was introduced during the high-water period and 
freshwater dominated the low-water period. The water column was 
relatively well-mixed during the later flood and was stratified during the 
early ebb, showing a typical tidal mixing asymmetry. Affected by 
stratification, the Reynolds stress and vertical eddy viscosity, which 
were obtained using the ADCP variance method, exhibited distinct dif
ferences in magnitude and vertical structure between flood and ebb 
tides. Using the decomposition method for estuarine circulation, two 
components of residual flow were obtained at two of the observation 
stations. The ESCO flow possessed a two-layer vertical structure and a 
considerably greater strength than the density-driven flow, supporting 
the findings of generic model studies that the ESCO flow dominates the 
density-driven flow in periodically stratified estuaries. 

The drivers of tidal mixing asymmetry were examined using the 
potential energy anomaly method. The results showed that longitudinal 
straining reduced stratification during the flood tides and reinforced 
stratification during the ebb tides, which is consistent with the effects of 
tidal straining on stratification. Longitudinal advection exerted the 
opposite effect on stratification and vertical mixing always destratified 
the water column. The contribution of lateral circulation to stratification 
was neglected due to the lack of lateral observation data. However, a 
scaling analysis of the lateral circulation revealed that lateral advection 
was crucial for the longitudinal dynamics and the influence of lateral 
straining on stratification was as important as that of longitudinal 
straining. Further study of the lateral circulation is required to examine 
its role in generating ESCO flow. The ADCP variance method is based on 
an assumption of homogeneity, which requires that the turbulent eddies 
possess a length scale larger than the beam separation and bin size. 
Examination of the stratification length scale, which represents the 
largest scale of turbulent eddies, revealed that the turbulent eddies were 
not sufficiently large during slack water and the stratified early ebb 
tides, particularly at station C, and the interpretation of the data for 

these periods was therefore limited to a qualitative analysis. 
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