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[bookmark: OLE_LINK106][bookmark: OLE_LINK107][bookmark: OLE_LINK90][bookmark: OLE_LINK91][bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK241][bookmark: OLE_LINK242][bookmark: OLE_LINK287][bookmark: OLE_LINK288]Abstract: The characteristics of a shear front system in a tidal channel have been investigated through a field study. High-resolution sampling, including three-dimensional measurements of current, temperature, salinity, and turbidity, was performed on repeated transects across the frontal zone both with fronts apparent and with fronts absent. The density measured using conductivity/temperature/depth sensors provides a field proof that the shear front is present whether a density gradient exists. It is distinguishable from conventional buoyant shear fronts, which require a strong along-channel density gradient. The velocities measured using an Acoustic Doppler Current Profiler (ADCP) and trapping Global Position System (GPS) drifters indicate that shear front evolution has a four-stage dynamic process in a tidal cycle: (1) a directional shear front of shoal-flood and channel-ebb during the slack before flood and early flood, (2) a speed shear front of shoal-quick and channel-slow after the early flood, (3) a directional shear front of shoal-ebb and channel-flood during the slack before ebb and early ebb, and (4) a speed shear front of shoal-slow and channel-quick ebb during the late ebb. Thus, the velocity shear, a variation in the current speed and direction on either side of the front, is the generation mechanism of the observed shear front system. It is caused by the unequal tidal durations between deep channels and shallow shoals in the channel discussed herein. The Coriolis effect is found to be negligible through the momentum balance analysis. The unequal tidal durations can be caused by the following alternative mechanisms, according to the analysis and model simulation: (1) differential friction, owing to the steep bathymetry between the shallow shoal and the deep channel, and (2) circulation, owing to the coastline bend of the shallow shoal.
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1. Introduction
A shear front is a marine velocity front that occurs along the current shearing interface between two fluid bodies (Li et al., 2001). According to the flow velocities of two flowing bodies, two types of shear fronts can be defined: (1) a homogeneous shear front, where currents on both sides of the frontal line flow in a similar direction but with speeds that exhibit significant changes within a short distance, and (2) a reversed shear front, in which the currents on either side of the frontal line flow in opposite directions (Li et al., 2001; Storlazzi et al., 2006). The shear front, which is always associated with downwelling and upwelling, plays important roles in sediment, pollutants, and toxins transport (Small et al., 2008; Belkin et al., 2009). Sometimes, a front may accumulate particles and pollutants up to several orders of magnitude larger than those in the ambient ocean (Rios et al., 2007; Lohmann and Belkin, 2014). 
[bookmark: OLE_LINK217][bookmark: OLE_LINK218][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK36][bookmark: OLE_LINK251][bookmark: OLE_LINK252][bookmark: OLE_LINK261][bookmark: OLE_LINK262]There are two main theories to explain the shear front generation mechanism. Firstly, for shear fronts that are generally aligned along the main channel and positioned close to the edges of the shallow regions, the front requires a strong along-channel density gradient resulting from a transverse velocity shear (Bowman and Iverson, 1978; Nunes and Simpson, 1985; Uncle, 2011). During the flood, the current within the channel is saltier than that over the shoal owing to faster flow; this produces a transverse pressure gradient toward the channel on the surface and a pressure gradient toward the shoals at the bottom. As a result, a convergence will tend to form on the surface and generate a front. During ebb, the convergence on the surface will be replaced by divergence, and thus it cannot generate a front (Li, 2002). On this basis, shear fronts can occur only during flood tides and/or the slack before the ebb (Huzzey and Brubake, 1988; Nunes and Simpson, 1985). However, some observations suggest that fronts can also occur during early ebb (Sarabun, 1980; Huzzey and Brubake, 1988), which implies there may be another possible mechanism of front generation. 
[bookmark: OLE_LINK37][bookmark: OLE_LINK42][bookmark: OLE_LINK109][bookmark: OLE_LINK122][bookmark: OLE_LINK123][bookmark: OLE_LINK124][bookmark: OLE_LINK283][bookmark: OLE_LINK284][bookmark: OLE_LINK13][bookmark: OLE_LINK14]Secondly, it has recently been suggested that shear fronts can be generated and maintained in the absence of a density gradient, requiring only a strong transverse velocity convergence. The genesis of the velocity convergence can be due to unequal tidal duration (Li et al., 2001) and/or strong geometric convergence (Blain et al., 2014; Li, 2002). On this basis, shear fronts can occur not only during the flood but also during the ebb (Huzzey, 1982; Neil et al., 2004; Plant et al., 2009). However, the observations often lack the necessary resolution to effectively describe the density structure across fronts. The proof for this type of shear front formation is mainly based on the model results but is seldomly based on the evidence from the field. 
[bookmark: OLE_LINK112][bookmark: OLE_LINK113][bookmark: OLE_LINK129][bookmark: OLE_LINK130]In this study, we investigated a shear front observed in the Xiazhimen tidal channel (Fig. 1). The front line is ~1 m wide and stretches along the edge of the shoal and channel. Owing to the small scale and relative stability of the front, a spatially and temporally high-resolution measurement scheme was implemented. The horizontal resolution of density observations was ~0.3 m, and the observation range covered the flood/ebb periods and transitions before the flood/ebb from a neap tide to a spring tide. Transects were repeated multiple times to provide detailed information regarding the flow field and density distribution across the front zone. These in-situ measurements allowed us to characterise the observed frontal system and examine the mechanisms by which such fronts form.

2. Study area
2.1 [bookmark: OLE_LINK119][bookmark: OLE_LINK118]Topography
[bookmark: OLE_LINK120][bookmark: OLE_LINK121]Xiazhimen Channel is located between the islands of Xiazhi and Taohua in Zhejiang Province, China (Fig. 1). The north-eastern side of the channel is a relatively straight-walled section of the coastline of Taohua Island, while the southwestern side of the channel incorporates the curved bay-like coastline of Xiazhi Island. The depth in the bay is between 2 and 5 m, and there is a relatively shallow and flat shoal. Outside the bay, there is a deep main channel, reaching a maximum depth of 100 m. There is a slope break between the shallow shoal and the deep channel, with depths ranging from 5 to 60 m over a distance of approximately 500 m. Xiazhimen Channel is therefore characterised by two prominent features: the curved coastline of the shallow shoal and the steep topography between the shallow shoal and the adjacent deep channel.

[image: E:\论文\shear front实测论文\图\虾峙切变峰图 - 英文.jpg]Fig. 1 Map of the Xiazhimen tidal channel. A photograph of the Xiazhimen tidal channel shear front is on the top left corner. Grey diamonds (110 points in total) represent stations used for conductivity/temperature/depth sensor (CTD) measurements of vertical temperature, salinity, and turbidity profiles. Dashed lines F1 and F2 indicate the positions and shapes of the visible frontal lines: F1 was recorded between 12:25 and 12:33 on 29 May 2015 and between 11:00 and 11:10 on 18 October 2017; F2 was recorded between 13:58 and 14:00 on 29 May 2015 (F2). Transects B and G indicate surveying lines. 

2.2 Oceanography
[bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK89][bookmark: OLE_LINK102]A number of studies investigating the hydrodynamic characteristics in the mouth area of the main Xiazhimen Channel have been undertaken (Chen, 1997; Jiang and Yao, 1998; Liu and Wang, 2017), but investigations of the nearby shallow shoal are lacking. The study area has 5.32 m mean spring and 2.61 m mean neap ranges, and the flow in the main channel is dominated by a non-regular semidiurnal tide. Tidal currents are affected by the local topography and shoreline morphology. In general, reciprocating flows dominate in the main channel. Slack water mainly occurs during the half-tide level, characteristic of a progressive tidal wave (Liu and Wang, 2017).

3. Methods and data collection
3.1 Observation range
[bookmark: OLE_LINK142][bookmark: OLE_LINK149][bookmark: OLE_LINK114][bookmark: OLE_LINK115][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK127][bookmark: OLE_LINK128]Three cruises were carried out under varying tidal regimes, one during the neap tide between 05:22 and 17:54 on 29 May 2015, one during the neap tide between 09:45 and 16:00 on 14 October 2017, and one during the spring tide between 05:50 and 12:00 on 18 October 2017 (all times are Beijing local time, UTC +08:00; Fig. 2). Sampling observations on the first cruise (2015) were carried out during a 12.5-h window covering a whole rising-falling tide. However, sampling observations for both cruises in 2017 were shorter owing to strong winds induced by the No. 20 Typhoon Kanu. Therefore, the observation range covers the four typical phases including the flood and ebb and the transition from flood to ebb and from ebb to flood during neap and spring tides.
[image: E:\六横\切变锋实测论文\图\实测时间.png]
Fig. 2 Schematic of the observation period. The solid line represents the tidal water level (H). Inclined dashed lines represent sampling observations. The grey shading represents the occurrence of the shear front. Subscripts H and R represent homogeneous and reversed shear fronts.

3.2 High-resolution sampling
[bookmark: OLE_LINK141][bookmark: OLE_LINK196][bookmark: OLE_LINK70][bookmark: OLE_LINK71][bookmark: OLE_LINK150][bookmark: OLE_LINK155][bookmark: OLE_LINK25][bookmark: OLE_LINK30][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK199][bookmark: OLE_LINK200]As the front stretch along the edge of the shoal and channel (Fig. 1), repeated transects across the channel were undertaken to derive the velocity and density structures of the frontal zone. Five types of survey were undertaken to characterise observed fronts. (1) The velocity structure across the frontal zone was measured, using an RD Instruments 600 kHz downward-looking, vessel-mounted, and continuous logging Acoustic Doppler Current Profiler (ADCP). A total of 51 transects were measured, with 26 transects along surveying line G and 25 transects along line B (Fig. 1). The vertical resolution was 1 m and the horizontal resolution was 0.4 m as measured from a vessel speed of 4 knots and a sampling frequency of 1.3 Hz. (2) The density structure near the frontal zone when the front was present and absent was derived from 110 vertical profiles of water temperature, salinity, and turbidity using a XR-620 conductivity/temperature/depth sensor (CTD). The dense station positions covered the frontal zone from the shoal to the deep channel (Fig. 1). The CTD has a sampling time frequency of 6 Hz with an average depth resolution of approximately 0.1 m. (3) Lagrange tracking of surface flows on both sides of the front were provided using eight trapping Global Positioning System (GPS) drifters with a sampling time interval of 15 s. The drifters were released as pairs, with one on the shoal side and the other on the deep side of the front. The drifters were close to neutrally buoyant, and the corresponding locations and times could determine the surface flow velocity on both sides of the front. (4) The horizontal variations of surface density across the frontal zone were measured using a vessel-towed CTD at an approximate depth of 0.5 m below the water surface. A high sampling resolution of ~0.3 m was employed as measured from a vessel speed of 4 knots and a sampling frequency of 6 Hz. (5) The position and shape of the front were mapped by combining recorded timings of the vessel position along the front line. The vessel was accurately located using GPS-equipped real-time positioning and mapping software. Owing to the variable visibility of the front, it was only possible to map the surface position of the front from the vessel when it was visible.

4. Results
4.1 [bookmark: OLE_LINK201][bookmark: OLE_LINK202][bookmark: OLE_LINK11][bookmark: OLE_LINK133][bookmark: OLE_LINK134][bookmark: OLE_LINK18][bookmark: OLE_LINK17][bookmark: OLE_LINK31]Velocity structure in the frontal zone
[bookmark: OLE_LINK171][bookmark: OLE_LINK170][bookmark: OLE_LINK177][bookmark: OLE_LINK176]Four types of shear frontal movement were identified in the drifter and ADCP data: (1) a reversed shear front of shoal-flood and channel-ebb (as shown in Fig. 3a), (2) a reversed shear front of shoal-ebb and channel-flood (as shown in Fig. 3b), (3) a homogeneous shear front of shoal-slow and channel-fast (as shown in Fig. 3c), and (4) a homogeneous shear front of shoal-fast and channel-slow. 
[bookmark: OLE_LINK162][bookmark: OLE_LINK163][bookmark: OLE_LINK158][bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK156][bookmark: OLE_LINK157][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK186][bookmark: OLE_LINK187][bookmark: OLE_LINK178][bookmark: OLE_LINK179][bookmark: OLE_LINK86][bookmark: OLE_LINK87][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: OLE_LINK305]Between 12:30 and 13:30 on 14 October 2017, the trapping GPS drifters tracked shoal flooding and channel ebbing, indicating a reversed shear front defined as shoal-flood and channel-ebb according to the direction of the current on both sides of the front (Fig. 3a). Between 08:30 and 09:30 on 18 October 2017 the drifters recorded shoal ebbing and channel flooding, indicating a reversed shear front defined as shoal-ebb and channel-flood (Fig. 3b). Between 08:00 and 09:00 on 14 October 2017, the drifters recorded relatively slow shoal ebbing and relatively fast channel ebbing, indicating a homogeneous shear front defined as shoal-ebb-slow and channel-ebb-fast (Fig. 3c). The fourth type of frontal movement, a homogeneous shear front where the flood current speed on the shoal was larger than the speed in the channel, was indicated by ADCP data but was not tracked owing to no drifters being released during the frontal occurrence. 

[bookmark: OLE_LINK263][bookmark: OLE_LINK264]Fig. 3 Trapping Global Positioning System (GPS) drifter lines in the vicinity of the study transects. (a) Shoal-flood and channel-ebb reversed shear front, (b) shoal-ebb and channel-flood reversed shear front, and (c) shoal-slow and channel-fast homogeneous shear front.

[bookmark: OLE_LINK85][bookmark: OLE_LINK88][bookmark: OLE_LINK57][bookmark: OLE_LINK58][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK77][bookmark: OLE_LINK78][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK63][bookmark: OLE_LINK64][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK172][bookmark: OLE_LINK173][bookmark: OLE_LINK174][bookmark: OLE_LINK175][bookmark: OLE_LINK83][bookmark: OLE_LINK84]A more complete view of the four velocity structures, visualizing a plane intersecting the front, is provided by sequential transects (Fig. 4). Owing to the reciprocating flow, the transverse shear velocity is only a fraction of the velocity and is considered negligible; thus, the longitudinal velocity (u) is used to represent the flow velocity. The vector representation of the data exposes limitations of the horizontal resolution of the 10-s ensembles. Transects crossed the frontal zone at a vessel speed of approximately 2 m s-1. Therefore, each individual 10-s ensemble represents an average value over a horizontal distance of approximately 20 m. Figure 4a shows the horizontal flow of a surface layer of the shoal-flood and channel-ebb reversed shear front (recorded on 29 May 2015), indicating a flow direction change of 180° over a distance of ~100 m between ensembles 10 and 15. Figure 4b shows the horizontal flow of a surface layer of the shoal-ebb and channel-flood reversed shear front (recorded on 18 October 2017), indicating a 180° flow direction change over a distance of ~200 m between ensembles 7 and 17. Figure 4c shows the horizontal flow of the surface layer of a shoal-slow and channel-fast homogeneous shear front during the ebb (recorded on 29 May 2015), indicating a flow velocity differential on the order of 0.3 m s-1 across a distance of ~200 m between ensembles 13 and 23. Figure 4d shows the horizontal flow of a surface layer of a shoal-fast and channel-slow homogeneous shear front during the flood (recorded on 29 May 2015), indicating a flow velocity differential on the order of 0.2 m s-1 across a distance of ~20 m between ensembles 21 and 22. 


[bookmark: OLE_LINK80][bookmark: OLE_LINK79][bookmark: OLE_LINK166][bookmark: OLE_LINK167][bookmark: OLE_LINK82][bookmark: OLE_LINK81]Fig. 4 Vector plots representing 10-s average Acoustic Doppler Current Profiler (ADCP) data acquired during cross-front casts. Each individual 10-s ensemble represents an average over a horizontal interval of approximately 20 m at a vessel speed of approximately 2 m s-1. (a) Surface horizontal flow of a shoal-flood and channel-ebb reversed shear front; (b) surface horizontal flow of a shoal-ebb and channel-flood reversed shear front; (c) surface horizontal flow field of a shoal- slow-ebb and channel-fast-ebb homogeneous shear; (d) surface horizontal flow of a shoal-fast-flood and channel-slow-flood homogeneous shear front.

The span of the frontal zone ranged between 20 and 200 m and was marked by changes in both speed and direction. Although it is acknowledged that the frontal zone was not stationary during data collection, this transects provides insight into the magnitude of the intensity/span of this front.

4.2 [bookmark: OLE_LINK101][bookmark: OLE_LINK100]Density structure across the frontal zone
[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Vertical profiles of water column temperature (℃), salinity, and turbidity (NTU) were measured at 110 sites to obtain the density (kg/m3) structure near the frontal zone (Fig. 1). In the study channel, density is mainly controlled by salinity. The survey included 40 stations sampled when the front was present and 70 stations sampled when the front was absent. The measured data indicated that the density structure near the frontal zone (along cross-section B in Fig. 1) was relatively stable, regardless of whether the front existed. The water column of the shoal was well mixed, while that of the deep channel was stratified, consistent with the behaviour of other channel and shoal areas (Huzzey and Brubaker, 1988).
Meanwhile, when station sampling is fixed, the measured resolution depends on the station distribution. In this study, the maximum resolution of station sampling was 20 m, while the general resolution is several hundreds of meters (shown in Fig. 1). This resolution cannot match the small scale of the shear front, making it challenging to assess the presence or absence of a density gradient. Therefore, a mobile transect for CTD measurements (survey type 4 in Section 3.2) with a high resolution of ~0.3 m was undertaken to derive approximate-continuous variations in surface density (kg/m3) across the frontal zone (Fig. 5). The results show that fronts occur either in the presence or absence of a density gradient.


(a) Apparent density gradient   (b) Absence of density gradient
Fig. 5 Observed horizontal structure across the frontal zone. (a) Density gradient present; (b) density gradient not present. The position of the front is indicated by the symbol F.

4.3 Shear front timing
[bookmark: OLE_LINK227][bookmark: OLE_LINK228][bookmark: OLE_LINK184][bookmark: OLE_LINK185][bookmark: _GoBack][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK180][bookmark: OLE_LINK181][bookmark: OLE_LINK188][bookmark: OLE_LINK189][bookmark: OLE_LINK182][bookmark: OLE_LINK183][bookmark: OLE_LINK21][bookmark: OLE_LINK22]Shear front occurrence can be identified in three ways: visual identification by marking the presence of debris/foam on the water surface (e.g., Fig. 1), trapping GPS drifters recording different travel velocities (e.g., Fig. 3), and ADCP data recording velocity shear (e.g., Fig. 4). Among them, ADCP provides a comprehensive chart that marks frontal timing. Among the 51 ADCP transects, 24 recorded reversed shear fronts, and 5 recorded homogeneous shear fronts. Shear fronts FR1, FR2, FR3, FH1, FH2, and FH3, with the occurrence time determined from ADCP, are shown in Fig. 2. Detailed tidal characteristics of the shear fronts are shown in Table 1.

[bookmark: OLE_LINK231][bookmark: OLE_LINK232]Table 1 Tidal characteristics of observed shear fronts
	
	Reversed shear front
	Homogeneous shear front

	Label (Fig. 2)
	FR1
	FR2
	FR3
	FH1
	FH2
	FH3

	[bookmark: OLE_LINK131][bookmark: OLE_LINK132]Tidal phase
	slack before flood and early flood 
	slack before flood and early flood
	slack before ebb and early ebb
	ebb 
	ebb 
	flood

	Tidal current
	
	
	
	
	
	

	Shoal
	Flood
	Flood
	Ebb
	Ebb-slow
	Ebb-slow
	Flood-fast

	Channel
	Ebb
	Ebb
	Flood
	Ebb-fast
	Ebb-fast
	Flood-slow



[bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK53][bookmark: OLE_LINK56]Reversed shear fronts may appear near the slack before the flood/ebb and early flood, while homogeneous shear fronts may appear near a maximum flood or ebb tide; this differs from the occurrence times expected for shear fronts requiring a density gradient (Huzzey and Brubake, 1988; Sarabun, 1980) but is consistent with shear fronts lacking a density gradient (Li et al., 2001; Li, 2002; Zhu, 1995). 

4.4 Position and movement of the shear front
Owing to the occasional visibility of the frontal line, the position and shape of the front were recorded from the vessel 3 times (Fig. 1). The frontal lines were primarily parallel to the isobaths and located next to the shoal edge, moving at depths of 3 to 10 m. This is consistent with shear fronts observed elsewhere, which also appear adjacent to shoal edges, although the depth differences vary (Blain et al., 2015; Huzzey and Brubake, 1988; Li et al., 2001; Mullarney and Henderson, 2011).

5. Discussion
5.1 Shear front formation
[bookmark: OLE_LINK243][bookmark: OLE_LINK244][bookmark: OLE_LINK229][bookmark: OLE_LINK230]From the results of the dense observations (Fig. 5), the density effect is found to be negligible for the shear front formation, revealing that the shear front is barotropic. From the data on the frontal velocity, the maximum current speed in the deep channels is approximately two times that in the shallow shoals, while the tidal phase leg is about 3.5 hours. The differences in the current speed and direction on either side of the front lead to a velocity shear, which is the necessary condition for shear front formation. It is related to the unequal tidal duration between deep channels and shallow shoals from the tidal characteristics of observed shear fronts (Table 1).
[bookmark: OLE_LINK192][bookmark: OLE_LINK193][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK55]The cross-channel flow can be discussed through a momentum balance analysis. According to Cáceres et al. (2003), the momentum balance can be given by:
, (1) 
[bookmark: OLE_LINK48][bookmark: OLE_LINK49][bookmark: OLE_LINK20][bookmark: OLE_LINK23][bookmark: OLE_LINK12][bookmark: OLE_LINK15][bookmark: OLE_LINK194][bookmark: OLE_LINK195][bookmark: OLE_LINK16][bookmark: OLE_LINK19][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK50][bookmark: OLE_LINK51][bookmark: OLE_LINK24][bookmark: OLE_LINK43]where x, y, and z represent the across-front/across-channel direction, along-front/along-channel direction, and vertical direction, respectively; the brackets (<>) denote the temporal tidal averages. The first three terms on the left-hand side represent the advective terms, u, v, and w represent the velocity components in the x, y, and z directions; the fourth term on the left-hand side is the Coriolis term (f = 7.2 × 10-5 S-1). On the right-hand side, the first term is the pressure gradient term ( = seawater density); the second term is the vertical friction term, where the vertical eddy viscosity coefficient Az = 0.01 m2s, which is similar to previous studies (Geyer et al., 2000; Cáceres et al., 2003; Zhu et al., 2014; Khosravi et al., 2018). The last two terms are the horizontal frictional terms, where the horizontal eddy viscosity coefficient Ah = 90 m2s, which is similar to previous studies (Cáceres et al., 2003; Zhu et al., 2014; Khosravi et al., 2018); however, the coefficients Az and Ah are expected to vary in space and time, while constant values were used herein for diagnostic purposes. 
[bookmark: OLE_LINK135][bookmark: OLE_LINK136][bookmark: OLE_LINK203][bookmark: OLE_LINK204][bookmark: OLE_LINK190][bookmark: OLE_LINK191][bookmark: OLE_LINK308][bookmark: OLE_LINK309]The four terms in Equation 1 that are underlined—the Coriolis term , the advective term , and the frictional terms  and —were those of the complete momentum balance equation that could be reliably approximated. The magnitudes of each term were used to compare their relative contribution to the momentum balance in the across-front direction (Cáceres et al., 2003). Figure 6 show the distribution of the Coriolis, advective, and frictional terms. The relative magnitudes of the Coriolis term, the advective term, the vertical frictional term, and the horizontal frictional term were about 0.1, 10, 10, and 100, respectively. This suggested a clear dominance of the frictional term and advective term over the Coriolis term, which indicates that the unequal tidal duration of the across-front flow is mostly caused by the friction and advective accelerations. In the study area, the friction and advective terms are greatly influenced by two topography features in the Xiazhimen Channel: (1) the steep bathymetry between the shallow shoal and the deep channel, and (2) the curved coastline of the shallow shoal.
[image: D:\work\shear front 论文\图\surfer4_PS.jpg]
Fig. 6 Contours of the (a) Coriolis term, (b) advective term, (c) vertical frictional term, and (d) horizontal frictional term in the across-front transect G (Fig. 1).

5.1.1 [bookmark: OLE_LINK38][bookmark: OLE_LINK39]Steep bathymetry between the deep channel and shallow shoal, and friction 
It is understood that variations in bathymetry would lead to unequal tidal durations though frictional effects (Blanton et al., 2002; Prandle, 2003; Brown and Davies, 2010). The frictional effect, related to the depth of the water, decreases as the water depth increases, and the converse is also true. An optimal estimate of the bottom drag coefficient (representing the frictional effect) as a function of the water depth was provided (Li and Valle-Levinson, 1999; Li, 2002). In the across-front transect G, the water depth varies from approximately 7 m in the shallow shoal to 60 m in the deep channel (as shown in Fig. 6). The calculated corresponding drag coefficient varies from 0.003 to 0.001. The doubling of the drag coefficient in shallow water would result in a decrease in the velocity amplitude and an increase in the velocity phase compared to that in deep water. The mechanism has been demonstrated theoretically (Blain et al., 2015), by analytical models (Li, 2001), and through observations (Huzzey and Brubaker, 1988; Li and Valle-Levinson, 1999), so it will not be explored herein. It can therefore be determined that the water depth between the deep channel and shallow shoal in the Xiazhimen tidal channel alone can lead to unequal tidal durations through frictional effects that eventually generate a shear front.
5.1.2 [bookmark: OLE_LINK233][bookmark: OLE_LINK234]Coastline bend of the shallow shoal and circulation
[bookmark: OLE_LINK219][bookmark: OLE_LINK220]Field and laboratory studies suggest that a bend can create a circulation (Vennell and Old, 2007; Nidzieko et al., 2009), and it may lead to unequal tidal durations between deep channels and shallow shoals in the Xiazhimen tidal channel. In the study area, there is a bend in the shallow shoal. To establish the role of the bend in the formation of a shear front, a simulation was applied in two cases: (1) with realistic bathymetry and topography at the Xiazhimen tidal channel and (2) with the realistic channel bathymetry replaced by uniform depths of 50 m. The validity of the model computations was certified through a fine comparison between the modelled and observed water elevations with a 32-day period focusing on 20 May to 21 June 2015 at eight stations (the comparison results are not provided herein due to length limitations). Clearly, the shear front is still present without a depth variation (Fig. 7), although the current flow is slightly different. This means that the coastline bend of the shallow shoal alone can lead to unequal tidal durations and generate a shear front. 
[image: E:\论文\shear front实测论文\图\数模结果\550_terrain.wmf][image: E:\论文\shear front实测论文\图\数模结果\550.wmf]
Fig. 7 Modelled currents on 11 June 2015 at 22:00 (a) with realistic bathymetry and (b) with uniform bathymetry of 50 m.
5.2 [bookmark: OLE_LINK5][bookmark: OLE_LINK6]Periodic shear front changes during a tidal cycle
[bookmark: OLE_LINK61][bookmark: OLE_LINK62][bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK96][bookmark: OLE_LINK97]A schematic mechanism for shear front generation is proposed (Fig. 8), with the shear front changing according to the tidal phase. In Phase 1, when the water on the shoal is slack before the flood, and during the early flood, the deep channel is still in the ebb phase. This results in the generation of a reversed shear front with a shoal-flood and channel-ebb form. In Phase 2, after the early flood period, the deep channel has entered the flood, while the shoal regions have been undergoing flood conditions for several hours. A homogeneous shear front is formed whereby the flow is faster on the shoal and slower in the channel. In Phase 3, during the slack before the ebb and the early ebb period, the deep channel is still in the flood phase, while the shoal regions have already started to ebb. A reversed shear front with the form of shoal-ebb and channel-flood is therefore generated. Lastly, in Phase 4, during the late ebb, the deep channel has been undergoing ebb conditions for several hours, and the velocity of the ebb current reaches a maximum. However, the shoal regions during the ebb is close to reversal, and the velocity of the ebb current is close to zero. A homogeneous shear front forms and is slower on the shoal but faster in the channel.


Fig. 8 Shear front stages during a tidal cycle. (a) Shoal-flood and channel-ebb phase; (b) shoal-fast and channel-slow flood phase; (c) shoal-ebb and channel-flood phase; and (d) shoal-slow and channel-fast ebb phase.

6. Conclusions
[bookmark: OLE_LINK151][bookmark: OLE_LINK152]A shear front in a tidal channel was observed using high-resolution sampling to determine whether a density gradient is necessary for shear front formation. Using a mobile vessel-mounted CTD across the frontal zone, we successfully measured the high-resolution density variation. High-frequency serial transects covered four typical tidal phases including the flood and ebb and the transitions from flood to ebb and from ebb to flood during neap and spring tides. 
The field data demonstrate that shear fronts can be present with and without a density gradient (Fig. 5). The occurrence of shear fronts was identified through visual markers (debris/foam), trapping GPS drifter travel, and ADCP data. The results suggest that the mechanism of shear frontal formation can be the velocity shear between the shoal and channel; a density gradient is not required. Frontal movements have four stages coincident with tidal changes (Fig. 8): (1) shoal-flood and channel-ebb with a current direction shear, (2) shoal-quick and channel-slow with a current speed shear, (3) shoal-ebb and channel-flood with a current direction shear, and (4) shoal-slow and channel-quick ebb with a current speed shear. 
[bookmark: OLE_LINK235][bookmark: OLE_LINK236][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK145][bookmark: OLE_LINK146][bookmark: OLE_LINK237][bookmark: OLE_LINK238][bookmark: OLE_LINK75][bookmark: OLE_LINK76][bookmark: OLE_LINK208][bookmark: OLE_LINK209]The different current velocities and directions between the shoal and channel, for the mechanism of shear front formation in the Xiazhimen Channel, were mainly caused by the unequal tidal durations between deep channels and shallow shoals. The momentum balance analysis showed that the Coriolis effect is unimportant for the unequal tidal durations, so the front was generated by the following alternative mechanisms, according to the analysis and model simulation: (1) differential friction, owing to the steep bathymetry between the shallow shoal and the deep channel, and (2) circulation, owing to the coastline bend of the shallow shoal.
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