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ABSTRACT

An unmanned surface vehicle (USV) was designed and constructed to operate continuously for covering

both flood and ebb and preferably a complete tidal cycle (e.g., ;24 h) to measure the vertical profiles of

horizontal flow velocity. It was applied in a tidal channel at Port Fourchon, Louisiana. A bottom-mounted

ADCP was deployed for 515 days. The first EOF mode of the velocity profiles showed a barotropic type of

flow that explainedmore than 98.2% of the variability. The secondmode showed a typical estuarine flowwith

two layers, which explained 0.47% of the variability. Using a linear regression of the total transport from the

USVwith the vertically averaged velocity from the bottom-mountedADCP, with anR-squared value of 98%,

the total along-channel transport throughout the deployment was calculated. A low-pass filtering of the

transport allowed for examining the impact of 76 events with cold, warm, or combined cold–warm fronts

passing the area. The top seven most severe events were discussed, as their associated transports obviously

stood out in the time series, indicating the importance of weather. It is shown that large-scale weather systems

with frontal lines of ;1500–3000-km horizontal length scale control the subtidal transport in the area. Cold

(warm) fronts tend to generate outward (inward) transports, followed by a rebound. Themaximum coherence

between the atmospheric forcing and the ocean response reached ;71%–84%, which occurred at about a

frequency f of ;0.29 cycle per day or T of ;3.4 days in the period, consistent with the atmospheric frontal

return periods (;3–7 days).

1. Introduction

Measurements of flow velocity are required for esti-

mations of flushing time; fluxes of water, salt, suspended

sediments; and other waterborne materials, either dis-

solved or suspended. A bottom-mounted acoustic

Doppler current profiler (ADCP) or current meter

within a tidal channel can record flow velocity continu-

ously over a long period of time. An ADCP mounted

on a vessel can also provide information about the flow

and integrated total transport (e.g., Zhu et al. 2001;

Andrade et al. 2003; Osi�nski et al. 2003;Waterhouse and

Valle-Levinson 2010; Firing et al. 2011; Chaigneau et al.

2013; Barton et al. 2015; Zhu et al. 2017). In coastal

waters, the latter approach is usually implemented by

running the vessel along a transect line repeatedly over

at least a complete tidal cycle (e.g., Valle-Levinson et al.

1998, 2007; Li 2002, 2006, 2013; Kang and Di Iorio 2008;

Li et al. 2011b; Li and Chen 2014). The pros and cons of

these two methods are readily seen: in the first method,

the instrument is fixed at one location and can provide a

long time series of flow data. It, however, cannot resolve

the spatial structure of the flow and cannot obtain an

accurate quantification of the total transport. In the

secondmethod, the instrument moves with the vessel and

thus can provide detailed flow structure and an accurate

estimate of the total transport along the transect if suffi-

cient repetitions are made within a complete tidal cycle

and possible aliasing is reduced to a minimum. Such ob-

servations are, however, usually more expensive, labor

intensive, and weather dependent, and thus not feasible

for long-term observations except under some special

circumstances, such as when a commercial ship (e.g., a

ferry) is used as a moving platform of observationsCorresponding author: Renhao Wu, mikewu@zjou.edu.cn
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(Buijsman and Ridderinkhof 2007a,b; Codiga and Aurin

2007). In most waterways, such vessel-based observations

are usually done by researchers using a small research

vessel limited in a relatively short period (e.g., Li 2002,

2006). Another limitation of a vessel-based survey is that

it can be a challenge to ensure accurate coverage of the

same transect line each time, as the current can be swift

during peak flood and ebb and the boat operator can

experience fatigue during a long period of repetition

along a planned route. This can lead to inaccuracy in

repeating the transect line and introduce additional errors

in flow structure.

To provide an accurate and long-term estimate of the

total transport, we may combine the two approaches:

a mooring ADCP records a long time series of flow data,

while an ADCP mounted on a vessel runs across a

transect passing the location where the instrument is

deployed and records the spatial structure of flow pro-

files and thus the total transport; the transport is then

correlated with the flow data from the moored ADCP.

By doing this, regression coefficients can be obtained so

that we can calculate the total transport for the entire

dataset from the mooring data.

This study implements such a method with an un-

manned platform for cross-channel observations: we use

an unmanned surface vehicle (USV) for accurate mea-

surements of the cross-channel structure of the along-

channel flows. The goal is to obtain a time series of the

transport of water through a tidal channel at Port Four-

chon, Louisiana, to determine the impact of weather on

the total transport. The use of an automated USV with a

high-resolution GPS allowed for a very accurate repeti-

tion of a planned survey route with 10 cross sections over

an entire tidal cycle across a tidal channel for more than

1500 times, which would not be possible with a manned

vessel, of which a few hundred crossings near a bottom-

mounted ADCP were used in the analysis. We will first

introduce the study area and the observational tool be-

fore the discussion of its application and results.

2. Study area

The study was conducted from 2006 through 2008.

The study area (Fig. 1) is at the southern Louisiana

coast, about 6 km from the coastal ocean through some

narrow tidal waterway. The waterway goes through 1)

the East Channel, a channel bifurcated from the ;230–

300-m-wide Bayou Lafourche; 2) Belle Pass; and 3) the

;800-m-long jetties, before connecting with the coastal

ocean. The survey area is by the Fourchon Laboratory

of the Louisiana Universities Marine Consortium

(LUMCON). It is in a tidal channel with a depth be-

tween 2 and 15m. The width of the channel was about

;60–80m at the time of the survey. The channel is

connected in its east-northeast region to Bay Champagne

(Fig. 1) and a fewbayous.There is a;100-m-wide low-level

FIG. 1. Study site. Unmanned-boat (USV) survey area is shown in the rectangular, where

a bottom-mounted ADCP was deployed from October 2006 to April 2008.
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salt marsh zone separating much of the channel from

Bay Champagne, except where the vegetation disap-

pears in the north, at which point the channel and Bay

Champagne are narrowly connected. Bay Champagne

is a semicircular and semienclosed shallow water of

mostly less than 1.5-m depth not directly connected to

the coastal ocean. It has a dimension of ;1.5 km 3
0.6 km. There is no major river or freshwater source.

This area is characterized by diurnal microtides

(Kantha 2005) with a maximum tidal range of ;0.6m

and thus the wind influence to the water transport is

expected to be relatively significant. Since the adjacent

estuaries and bayous are crucial to fish nursery, there

has been a great deal of interest in wind-induced water

and thus larvae transport (e.g., Norcross and Shaw

1984; Kupchik 2014).

3. Method

In this study a USV was used for the measurements of

the cross-sectional flow structure and for an accurate

measurement of transport. The existing technology al-

lows only the USV to do the data collection for a few

days (Weeks et al. 2011) versus a few months—a period

typical for bottom-deployed ADCPs. It was proposed in

this study that we combine the two—the bottom-

mounted ADCP (deployed for a few months) and the

ADCP mounted on the USV (used for at least a few

hours but preferably covering an entire tidal cycle or

longer). Thus, we can calibrate the flowmeter as a

‘‘transport sensor.’’ Obviously, this method has an un-

derlying assumption, that is, the relation between the

USV-measured transport and the flow velocity from the

bottom-mounted ADCP can be linked by a regression

and the regression coefficients do not change with time

when the transport changes over time. For the simplest

case, the mean velocity from the bottom-mounted

ADCP is linearly proportional to the integrated trans-

port measured from the ADCP on the USV. Therefore,

the main idea of this study is to use the USV to

calibrate a bottom-mounted ADCP as a transport sen-

sor by a short-term survey, so we can obtain a time series

of transport through the channel for a much longer pe-

riod. More specifically, we conducted surveys for mul-

tiple hours, covering both flood and ebb, to capture the

variability of the total transport across the tidal channel

(Fig. 1), which will then be analyzed with a regression to

correlate with the vertically averaged flow velocity ob-

served by a bottom-mounted ADCP in the center of the

channel. We then use the regression coefficients ob-

tained to calculate the total transport for the entire

mooring period. We can then determine the impact of

weather on the total transport through the tidal channel.

a. The USV and surveys

USVs are autonomous self-propelled platforms op-

erating on the surface of water (e.g., Goudey et al. 1998;

Roberts and Sutton 2006, 2012; Caccia et al. 2007;

Codiga 2015; Liu et al. 2016) that can carry various loads

with sensors and equipment for environmental surveys

or monitoring. They can be used as educational tools

and precision survey platforms for profiling the water

column and measuring hydrographic parameters and

bathymetry surveys (Vaneck et al. 1996; Brown et al.

2010). We have designed and developed several USVs

for continuous surveys of current velocity profiles using

an ADCP (Li and Weeks 2009; Weeks et al. 2011). The

hull of theUSVused in this study was aluminum (Fig. 2).

The USV was equipped with a 1200-kHz ADCP

mounted on a pole in front of the USV with the trans-

ducers facing downward and a high-resolution GPS

(;0.25-m accuracy by a paid subscription in a desig-

nated area). The transducers of the ADCP were placed

in water about 0.4m below the surface. The USV uses

two electric trolling motors, a laptop computer, a long-

range (;10 km) wireless connection (to another com-

puter on land), an autopilot system (written in Visual

Basic), lead acid batteries, and a small generator. The

control program allows for an unlimited number of

predefined waypoints continuously. The USV has a

cruise speed of up to 4.5 kt (2.25m s21). The average

offline distance (standard error) from the planned route

was 0.97m (Weeks et al. 2011).

On 19 September 2007, the first USV survey was

conducted along a continuous radiator-shaped cross-

channel route (Fig. 3a). This route has 10 segments laid

across the channel, which can be used to calculate the

along-channel transport, and 17 other segments, which

FIG. 2. Picture of the automated unmanned boat developed in the

author’s laboratory used in this study.
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do not provide the along-channel transport. An ADCP

mounted on the USV was set up to record data at

roughly 1-s intervals for velocity profiles at 0.25-m

vertical intervals. Excluding the blanking distance on

surface, the vertical profiles of the velocity vectors

starting at 1.21m below the surface down to the

bottom were obtained. The data were recorded from

19:57:13 UTC 9 September, 2007 till 04:06:57 UTC 20

September.

On 8 January 2008, with the same setup, the second

USV survey was conducted along a slightly modified

route (Fig. 3b). This route has seven segments across the

channel, which can be used to calculate the along-

channel transport, and nine other segments, which do

not provide the along-channel transport. The data were

recorded from 22:31:14 UTC 8 January 2008 till 22:49:22

UTC 9 January. This gives about 24 h, 18min of con-

tinuous time series data, covering roughly a whole tidal

cycle (Fig. 3b).

Among the 10 (or 7 for the second cruise) cross-

channel transects, only 4 of them close to the bottom-

mounted ADCP were used (transects 14 in Figs. 3a,b).

These four transects were identical for the two surveys,

even though a few other transects were slightly modi-

fied. The other transects were more or less affected by

the bifurcations and were thus not included in the

analysis. During the 8-h, 10-min period of the first survey

conducted on 19–20 September 2007, a total of 86

transect transport values from these four transects were

obtained, averaging 21.5 repetitions per transect. During

the 24h, 18min of the second survey conducted on

8–9 January 2008, a total of 89 repetitions for each of the

four transects were made (a total of 356 transport

values), among more than a total of 1500 times across

the channel.

Figure 4 is the water depth averaged from the four

transducers of the ADCP mounted on the USV.

Figure 4b is an example of a surface flow velocity map

from the first survey. There is a relatively deep hole of

;15m at the T intersection of two channels (Fig. 4a).

The water depth ranged between 2 and 15m within the

main channel.

b. The moored ADCP data

A 1200-kHz Teledyne RDI Workhorse ADCP was

installed on a low-profile frame (SeaSpider) for bottom

deployment. The instrument was deployed at a location

roughly centered at the survey area between 31 October

2006 and 29April 2008, covering theUSV survey periods.

The location of the ADCP is in the channel at a depth of

;6.5m and in the middle of the route-covered area

(Fig. 1) with coordinates 29.11338N, 90.18418W. A pres-

sure sensor integrated with the ADCP allowed the re-

cording of the water level at the same time when velocity

profiles were saved. The vertical bins were set to be 0.2m.

The ensemble time intervals are mostly 900 s, except

during the unmanned-boat surveys on 19–20 September

2007 and 8–9 January 2008, when it was set to 5min, and

during one short period of a few days, when it was un-

intentionally set to 1800 s. Over 99.96% of the data had

time intervals of 900 s. The bottom-mounted ADCP data

were quasi-regularly downloaded. There were 18 down-

loads of data, averaging a download every 29 days. There

was a 0.7-day gap during one of the deployments. The

only major data gap was a ;29-day period between

30 October and 28 November 2007, during which the

instrument was maintained before redeployment. The

rest of the data were quite continuous, with a few small

gaps (one to two additional time steps or 15–30min lon-

ger than the normal time step of 15min). A total of 49553

data records were saved. The total length of good data

adds to about 515 days. During the first USV survey,

FIG. 3. Tracks of the USV for velocity measurements on

(a) 19 Sep 2007 and (b) 8 Jan 2008. Location of bottom-mounted

ADCP (square). Numbers 1–4 indicate the transect lines used for

transport values for regression with data from the bottom-mounted

ADCP.
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there were both positive (up to;0.5ms21) and negative

(up to approximately 20.4ms21) velocities from the

bottom ADCP (Fig. 5a). During the second USV survey,

the bottom-mounted ADCP measured flows in about a

complete tidal cycle with velocity values ranging

from 20.7 to 0.6ms21 (Fig. 5b).

To examine the characteristics of the vertical struc-

ture of the along-channel velocity time series, an em-

pirical orthogonal function (EOF) analysis was done.

The results show a dominant barotropic flow—the first

mode has 98.2% of the variability with a quite uniform

vertical structure. The second mode has only 0.47% of

the variability, which shows a typical estuarine circula-

tion structure with a top layer moving out of the channel

and a bottom layer moving in (Fig. 6a). The third mode

has only 0.13% of the variability, and each of the re-

maining modes has less than 0.08% of the variability,

which can all be neglected. This provides justification for

using the depth-averaged along-channel velocity to

correlate with the total transport measured from the

USV in this study. Figure 6b is an example of time series

of velocity and water level; for convenience in visualiz-

ing the phase difference, the velocity and water level

were normalized by reference values, so both are di-

mensionless (the velocity and water level were divided

by 0.8m s21 and 0.4m, respectively).

c. Meteorological and water-level data

Meteorological data including air pressure and wind

velocity vectors at 6-min intervals were obtained from

the National Data Buoy Center (NDBC) sites GISL1

(29.2658N, 89.9588W; Fig. 1) and BYGL1 (29.7898N,

90.428W; Fig. 1). The reason why data from these two

sites were used was the proximity of these stations to

the study site and none of these sites had a complete

dataset—some gaps existed. Data from these two sites

are generally consistent. The meteorological data be-

tween 1 January 2006 and 30 April 2008 were mostly

from the GISL1 site. The missing data was filled by that

from the BYGL1 site. Wind and air pressure data were

then interpolated into time series with the time interval

of 1 h. Additional hourly water-level data were obtained

from NOAA’s tide gauge at Port Fourchon, Belle Pass,

Louisiana, located at 29.11338N, 90.19838W (Fig. 1).

4. Analyses and discussion

a. Regression for transport

The USV ADCP–measured velocity data were first

calibrated for misalignment and scaling (Joyce 1989).

Each time theUSVwent across the channel, the velocity

was integrated across the channel, with a linear extrap-

olation from 1.21m below the surface to the surface and

replacement of the near-bottom couple of data points

by a linear interpolation to a bottom velocity of zero (to

exclude errors caused by the sidelobe effect near bot-

tom). The edge of the USV route was already very close

to shore with shallow water because the unmanned boat

can literally go to the shore with almost zero water depth

(Weeks et al. 2011). A linear extrapolation was made to

FIG. 4. (a) Mean water depth (m) measured on 19 Sep 2007. (b) Example of flow vectors measured from the USV.

Depth is in reference to the local mean water level.
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include values near the side boundaries in the in-

tegration for the total cross-channel transport. These

transport values were then interpolated onto the times

of the bottom-mounted ADCP (at 5-min intervals).

The mean velocity from the bottom-mounted ADCP

and the transport from USV ADCP appear to follow

each other when plotted on the same graph (but with

different units: cubic meter per second vs centimeter per

second; Figs. 5a,b). Before examining the correlation

between depth-averaged flow velocity measured from

the bottom-mounted ADCP with the transport mea-

sured from the USVADCP, the flow data from bottom-

mounted ADCP were first checked to find the principal

components, so we can rotate the coordinate system to

align with themajor along-channel velocity. For the data

we obtained, the coordinate system was rotated 288
(negative means clockwise; Figs. 7a,b). After interpolating

the data from the USV ADCP onto the time of the

bottom-mounted ADCP data, the following regression

was attempted:

U5ay
r
1b (1)

in which U (m3 s21) is the transport measured from the

USV ADCP, yr (cm s21) is the depth-averaged along-

channel velocity from the bottom ADCP. For the first

survey (19 September 2007), the regression coefficients

are (a, b) 5 (2.1625, 20.6875), in which both are di-

mensional, such that a has a unit of 100m2 and b has a

unit of a cubic meters per second. The 95% confidence

interval for a is (2.0643, 2.2607); the 95% confidence

interval for b is (23.4939, 2.1189), and the R2 is 0.9630.

For the second survey (8–9 January 2008), the re-

gression coefficients are (a, b)5 (2.0850,21.5104), and

R2 5 0.9963. The 95% confidence interval for a is

FIG. 5. (a) Depth-averaged velocity from the bottom-mounted

ADCP and transport values from the USV for the first survey.

(b) Depth-averaged velocity from the bottom-mountedADCP and

transport values from the USV for the second survey.

FIG. 6. (a) First mode (98.2%) and second mode (0.47%) of the

EOF for the vertical structure of the along-channel horizontal velocity

component. (b) Example time series of normalized (dimensionless)

water level and depth-averaged along-channel velocity.
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(2.0700, 2.0999); the 95% confidence interval for b is

(22.1291, 20.8916). If the data from both survey are

combined, then a single unified regression yields the

regression coefficients of (a, b) 5 (2.0800, 21.9954),

and R2 5 0.9863. The 95% confidence interval for a is

(2.0419, 2.1181); the 95% confidence interval for b is

(23.4021 to 0.5887). Obviously, the regression shows a

quite clean linear correlation between the two datasets

(Figs. 7c,d).

Applying the regression coefficients to the entire time

series of depth-averaged velocity from the bottom-

mounted ADCP, the integrated along-channel volume

transport of water for 515 days is obtained (Figs. 8a,b). It

can be seen that the transport has an order of magnitude

of 100–150m3 s21, with clear diurnal tidal signals and

spring–neap variations. Underneath the apparently

trivial daily oscillation is the weather-induced low-

frequency or subtidal transport variations. To analyze

the weather effect, a 40-h Butterworth low-pass filter

(Butterworth 1930) was applied. This is a filter that has a

smooth and uniform pass band and a relatively clean

cutoff, which is widely used in physical oceanography

(Moeller et al. 1993; Dingler et al. 1993; Keen 2002;

Emery and Thomson 2004; Feng and Li 2010; Li et al.

2011a; Li 2013). Figure 8c is an example of the low-pass

filtered transport. By comparing the timing of maximum

outward transport with weather maps, linkages between

the abnormal variations in transport and severe weather

can be established. This is discussed in more detail after

the next section.

b. Fourier and harmonic analysis

A Fourier analysis was performed for the time series

data for both the water level (Fig. 9a) and transport

(Fig. 9b). The spectra showed consistent results for

major peaks at tidal frequencies: the vertical dashed

lines of Figs. 9a,b indicate the frequencies of eight major

tidal constituents (M1, O1, P1, S1, K1, N2, S2, and M2).

FIG. 7. (a) Raw along-channel depth-averaged velocity and rotated version for the first survey. (b) Raw along-

channel depth-averaged velocity and rotated version for the second survey. (c) Correlation between depth-aver-

aged velocity from the bottom-mounted ADCP and transport values from the USV for the first survey.

(d) Correlation between depth-averaged velocity from the bottom-mounted ADCP and transport values from the

USV for the second survey.
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The relatively large values at low frequencies are re-

sponses from the weather.

A quick check of the water level and the depth-

averaged along-channel velocity reveals that they ap-

pear to be out of phase; that is, a maximum water level

would follow the maximum inward flow velocity, or the

phase of flow leads that of water elevation (Fig. 6b).

For a standing wave, the phase difference would be 908.
In this case, however, the maximum flow occurs after the

water elevation reaches the mean level during rising

tide, so the water level reaches its maximum sooner than

that with a 908 phase difference (Fig. 6b). This should be

caused by friction in the shallow water and under strong

currents. The exact phase difference can be calculated

with the harmonic analysis.

To quantify the harmonic constants for tidal elevation

and velocity, the following eight major tidal constituents

are selected for a harmonic analysis: M2, S2, N2, K1, O1,

FIG. 8. Time series of transport calculated from the correlation with the USV

measurements. (a) Transport before the 29-day gap or before 30 Oct 2007. (b) Transport

after the 29-day gap or after 28 Nov 2007. (c) Segment of zoom-in time series before the

29-day gap.
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S1, M1, and P1 tides, consistent with what was observed

from the spectra (Figs. 9a,b). The method was based on

and modified from Li et al. (2000). It used the same

convention as NOAA and as described in Boon (2004).

The method was verified with NOAA’s published har-

monic constants (Li et al. 2017). The time is in UTC.

Harmonic analysis results show that the dominant tidal

constituents for both water-level and velocity variations

are K1 and O1, followed by P1 and S1. The amplitudes of

K1, O1, P1, and S1 diurnal tides are 0.14, 0.14, 0.06, and

0.03m, respectively, whereas the semidiurnal tidal am-

plitudes of M2, S2, and N2 are 0.02, 0.02, and 0.01 m,

respectively. The amplitudes of K1, O1, P1, and S1 di-

urnal along-channel tidal velocity are 0.29, 0.29, 0.12,

and 0.05ms21, respectively. The semidiurnal along-

channel tidal velocity amplitudes of M2, S2, and N2 are

0.04, 0.02, and 0.01ms21, respectively (Table 1; Fig. 9).

c. Weather impact

The low-pass filtered transport shows some fluctua-

tions but with apparent episodes of relatively large

outward (with negative sign) transport values from time

to time. Occasionally, there were some relatively large

inward (positive) transports. A thorough examination of

FIG. 9. Fourier transform using FFT for (a) the water elevation and (b) the depth-averaged along-channel ve-

locity from the bottom-mountedADCP.Amplitude for the eight tidal constituents for (c) water level and (d) depth-

averaged velocity. Units here are the same as for the FFT for the original data. For convenience the FFT results

were multiplied by 2/N, in whichN is the total length of record of the data; factor of 2 is for the one-sided spectrum,

so we do not need to use negative frequency.

TABLE 1. Harmonic analysis results, where h is water depth, y is demeaned along-channel depth-averaged velocity, phase_h is phase for h,

and phase_v is phase for y.

Frequency M2 S2 N2 K1 O1 S1 M1 P1

h (m) (h5 6.64m) 0.02 0.02 0.01 0.14 0.14 0.03 0.00 0.06

y (m s21) 0.04 0.02 0.01 0.29 0.29 0.05 0.01 0.12

phase_h (8) 2.6 166.7 141.2 32.6 210.8 250.6 156.5 47.6

phase_v (8) 270.9 121.7 63.0 336.4 151.6 214.1 162.6 359.6

dphase (8) 2268.3 45.1 78.2 2303.8 59.3 36.5 26.1 2312.0
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all weathermaps for the entire study periods reveals that

most of these episodes of relatively large oscillations in

total transport appear to be associated with severe

weather, mostly cold fronts (e.g., Roberts et al. 1989;

Walker and Hammack 2000; Feng and Li 2010; Li 2013;

Kupchik 2014; Li and Chen 2014; Lin et al. 2016), and

sometimes coastal warm fronts. More specifically, the

following dates were found to have a major cold front

passage: 15 and 30 November and 25 December 2006,

15 April and 23 October 2007, and 7 and 19 March 2008

(Figs. 10, 11). There were many minor cold front pas-

sages, such as those on 7, 13, 22, and 31 December 2006;

5, 16, and 21 January; 18 and 25 February; and 2 March

2007. A more complete list of cold and warm fronts can

be found in Table 2—a total of 76 cold or warm fronts

were identified during the study period, most of which

were cold fronts. The timing listed in Table 2 was from

the weather maps with the front having the closest

FIG. 10. Low-pass filtered transport time series calculated using the regression between the depth-averaged flow

velocity and the transport measured from the unmanned boat. Time of an atmospheric frontal passage (vertical

dashed lines). Thresholds for extreme events discussed in this paper (thick dashed horizontal lines).
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proximity to the study site. In the following subsections,

we will discuss seven of the largest of the 76 processes.

These seven events all produced a low-pass filtered

transport with a magnitude of 30m3 s21 or more for

warm front events and 35m3 s21 (with negative sign) or

more for cold front events. The use of 30 and 35m3 s21 as

thresholds (Figs. 10, 11) ismainly for convenience, so the

discussion will focus only on a few relatively large cold

and warm front events.

1) COLD FRONT, 15 NOVEMBER 2006

A low air pressure was centered in northern Texas at

0000 UTC 15 November 2006. A couple of cold fronts

were pushing from its north. Another cold front asso-

ciated with this low pressure center extended from

Southern California through Arizona and New Mexico

to northern Texas, with its length estimated to be

;1500km. A stationary front associated with this low

pressure center extended from northern Texas toward

the southeast to southeastern Louisiana. In the next

12 h, the low pressure changed to an extratropical cy-

clone and slowly moved to east through southern

Oklahoma, during which the stationary front turned

into a warm front, drawing warm and moist air from the

Gulf of Mexico. The originally east–west-oriented cold

front started to turn counterclockwise and becamemore

and more north–south oriented. At 1500 UTC, the ex-

tratropical cyclone reached its mature stage and its cold

front was crossing western Louisiana coastline. At 1800

UTC, the low pressure center of the cyclone reached the

southwest corner of Tennessee and the cold front almost

reached the study site in southern Louisiana (Fig. 12a).

The postfrontal passage wind was strong, which reached

20–40 kt on the ground in much of coastal Texas

(Fig. 12a). The resultant low-pass filtered outward

transport was greater than 40m3 s21.

2) DOUBLE COLD FRONTS, 25 DECEMBER 2006

At 0000 UTC 24 December, a cyclone formed at the

Texas–Mexico border and moved eastward and north-

eastward in the next 24 h. The center of this cyclone and

the northern tip of the cold front quickly passed south-

ern Louisiana by 0300 UTC 25 December (Fig. 12b). At

this time, a second front can be seen moving toward the

area covering Iowa, Missouri, Oklahoma, and Texas,

with a length of ;2000km. These two fronts came

through the area back to back. Even though none of

these fronts were very strong, the combined force

produced a significant outward flow of ;40m3 s21

(Fig. 10a), comparable to the case discussed above by

the single cold front on 15 November (Fig. 10a).

3) WARM FRONT, 1 FEBRUARY 2007

There was a large-scale warm front on 1 February

2007. It was shown on weather maps after the passing of

an earlier cold front on the East Coast followed by an

anticyclone (high atmospheric pressure at sea level) that

was centered on Kentucky at 1500 UTC 31 January

2007, with a diameter of;2500km. This facilitated a sea

level southerly wind from the Gulf of Mexico landward.

As the high pressure center moved eastward, warm air

was drawn northward, and the warm front moved

northward toward the coastline. The ground-level wind

was easterly. This continued for another 15 h, when the

warm front crossed the southeastern Louisiana coast

and the study area (Fig. 12c). For the following 9 h, the

front basically stalled and became a stationary front. In

the next 3 h, the front reformed and started to move

again as a cold front as a .1800-km line at 1800

UTC 1 February. During much of this period, coastal

Louisiana had easterly, or southeasterly winds, leading

to a pileup of water on the coast, causing a net inward

transport into the channel with a magnitude of;35m3s21

(Fig. 10b).

4) COLD FRONT, 23 OCTOBER 2007

On 21 October 2007, after a cold front associated with

an extratropical cyclone centered at eastern Canada

moved cross the Eastern Seaboard, a sea level air pres-

sure trough extending ;3000km to the south was

pushed offshore. A high pressure system occupied much

of the eastern states; it moved offshore followed by a

large-scale curved cold front extending more than

3000km from the Great Lakes area to northernMexico.

FIG. 11. Low-pass filtered transport time series (continued from

Fig. 9) calculated using the regression between the depth-averaged

flow velocity and the transport measured from the unmanned

boat. Time of an atmospheric frontal passage (vertical dashed

lines). Thresholds for extreme events discussed in this paper

(thick dashed horizontal lines).

FEBRUARY 2018 L I E T AL . 271

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 07:46 PM UTC



Meanwhile, the central Gulf ofMexico had a warm front

of ;1400km, drawing southerly winds to the southern

states (covering from Texas to the eastern coast of

Florida). By 1500 UTC 22 October, the cold front

quickly moved to the northwestern corner of Louisiana,

extending from Canada to Mexico for more than

3000km, while the warm front pushed onto land, cov-

ering from the Louisiana border to the eastern coast of

Florida. For the next 3 h, the southern portion of the

front moved only to western Louisiana. At 0300

UTC 23 October, the front was just about to pass the

study site (Fig. 12d). In the next 3 h, the front barely

passed the study site. At 0900UTC 23October, the front

moved to the southern tip of the bird-foot delta. It is

probably this slow-moving cold front and associated

westerly winds that lowered the coastal water through

the Ekman effect that caused the relatively large out-

ward transport of approximately 240m3 s21 (Fig. 10d).

5) COLD–WARM–COLDFRONTCOMBINATION, 30
JANUARY–1 FEBRUARY 2008

It is very interesting that there was a cold–warm–cold

front combination event during the study period. It

started 29–30 January 2008, when a roughly north–

south-oriented cold front extending from Canada to

southern Texas swept through Louisiana. At about

TABLE 2. Cold/warm front occurrence time (UTC). Y: year. M: month. D: day. H: hour. Boldface lines correspond to the events discussed

in detail.

No.

Start time End time

No.

Start time End time

Y M D H Y M D H Y M D H Y M D H

1 2006 11 1 0000 2006 11 2 0600 39 2007 10 22 1200 2007 10 23 1200

2 2006 11 6 1800 2006 11 7 1500 40 2007 11 29 0600 2007 11 29 2100

3 2006 11 10 2100 2006 11 11 1800 41 2007 12 3 0000 2007 12 3 1200

4 2006 11 15 0900 2006 11 16 0000 42 2007 12 5 2100 2007 12 6 1200

5 2006 11 30 1200 2006 12 1 0600 43 2007 12 13 0300 2007 12 14 2100

6 2006 12 6 2100 2006 12 7 1200 44 2007 12 15 1500 2007 12 16 0300

7 2006 12 12 1200 2006 12 13 0300 45 2007 12 20 1800 2007 12 21 0900

8 2006 12 22 0600 2006 12 23 0300 46 2007 12 22 1800 2007 12 23 0900

9 2006 12 24 1500 2006 12 25 0300 47 2007 12 26 1800 2007 12 27 0900

10 2006 12 30 0900 2006 12 31 1200 48 2007 12 28 0900 2007 12 29 0900

11 2007 1 4 1200 2007 1 5 1200 49 2008 1 1 0000 2008 1 1 0900

12 2007 1 7 0600 2007 1 8 0300 50 2008 1 8 1500 2008 1 9 1500

13 2007 1 9 1200 2007 1 9 2100 51 2008 1 10 1200 2008 1 11 1200

14 2007 1 15 0300 2007 1 16 0600 52 2008 1 16 1200 2008 1 17 0600

15 2007 1 21 0600 2007 1 22 1200 53 2008 1 19 0900 2008 1 19 1800

16 2007 1 27 1500 2007 1 28 0300 54 2008 1 22 1800 2008 1 23 1500

17 2007 1 27 2100 2007 1 29 0000 55 2008 1 26 0300 2008 1 26 1800

18 2007 2 1 1500 2007 2 2 0000 56 2008 1 29 1800 2008 1 30 0600

19 2007 2 4 1200 2007 2 5 1800 57 2008 1 31 1800 2008 2 1 0300

20 2007 2 8 1800 2007 2 9 1200 58 2008 2 6 0000 2008 2 6 1500

21 2007 2 9 1800 2007 2 10 0600 59 2008 2 7 2100 2008 2 8 1200

22 2007 2 13 0900 2007 2 14 0300 60 2008 2 8 2100 2008 2 10 0000

23 2007 2 17 1200 2007 2 18 0000 61 2008 2 12 1200 2008 2 13 0900

24 2007 2 22 0900 2007 2 23 0900 62 2008 2 17 0300 2008 2 18 0000

25 2007 2 24 2100 2007 2 25 1800 63 2008 2 17 1800 2008 2 18 0900

26 2007 3 1 1200 2007 3 2 0600 64 2008 2 22 0300 2008 2 23 0300

27 2007 3 3 0300 2007 3 3 1500 65 2008 2 26 0300 2008 2 26 1500

28 2007 3 16 0300 2007 3 16 1800 66 2008 3 3 1500 2008 3 4 0900

29 2007 4 4 0600 2007 4 5 0000 67 2008 3 7 0000 2008 3 7 0900

30 2007 4 11 0900 2007 4 12 0600 68 2008 3 10 2100 2008 3 11 1800

31 2007 4 14 0600 2007 4 15 0300 69 2008 3 15 0900 2008 3 16 0600

32 2007 4 18 0600 2007 4 18 1500 70 2008 3 19 0300 2008 3 19 1500
33 2007 4 20 0300 2007 4 20 1500 71 2008 3 22 0600 2008 3 23 0900

34 2007 4 26 0000 2007 4 26 1800 72 2008 4 1 1500 2008 4 2 1500

35 2007 9 15 0300 2007 9 16 0900 73 2008 4 4 1200 2008 4 5 1800

36 2007 9 28 090 2007 9 29 0900 74 2008 4 11 0900 2008 4 12 1200

37 2007 10 9 0000 2007 10 10 0900 75 2008 4 18 0900 2008 4 19 0900

38 2007 10 18 1800 2007 10 19 1500 76 2008 4 27 1500 2008 4 28 0900
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0300 UTC 30 January, the front was oriented

northeast–southwest at about 458 to the coastline,

passing the study site. It moved relatively quickly—in

3 h it already moved cross Florida. This is contrary to

the slow-moving cold front of 23 October 2007, dis-

cussed above. At 0600 UTC 30 January, the center of

high pressure following the front moved to the Texas–

Arkansas–Louisiana border, while the southern por-

tion of the cold front moved into the Gulf of Mexico. In

the next 12 h, the northern portion of the cold front

over the mainland crossed the Eastern Seaboard into

the Atlantic Ocean, while the southern portion of the

front moved farther toward the south of the Gulf of

Mexico and gradually lost its momentum and became a

stationary front (1800 UTC 30 January). Starting

from this point, the front inside the Gulf of Mexico

became a warm front and gained its strength, appar-

ently pushed by the marine tropical air mass. At 0900

UTC 31 January, this warm front had already been well

developed, covering the entire northern Gulf of Mex-

ico for over 1800 km. At 1200 UTC 31 January, the

warm front had advanced to the southern Louisiana

coast (Fig. 13a). At 1800 UTC 31 January, the warm

front had pushed beyond central Louisiana, while its

western portion had already interacted with an ad-

vancing cold front and formed an occluded front and a

low pressure centered at the Texas–Louisiana–

Arkansas border. In the next 6 h, the low pressure

center moved southeast when the cold front crossed the

study site (Fig. 13b). During the warm front, wind was

persistently easterly or southeasterly, pushing water

onshore with either direct wind forcing or Ekman

transport. This resulted in the largest low-pass filtered

inward transport of greater than 40m3 s21 in our entire

515 days of data. The two cold fronts both prior to

and after the passage of the strong warm front worked

in sequence in producing the outward transport

of approximately 225 and 235m3 s21, respectively

(Fig. 10f).

6) COLD FRONT, 7 MARCH 2008

On 6 March 2008, a cold front was approaching

Louisiana from the northwest. The front was moving

slowly and even stalled at one time (i.e., at 1500–1800

UTC 6 March). At the same time, a warm front de-

veloped in the central region of the Gulf of Mexico,

moving north-northeastward and converging with the

southeastward-moving cold front. The two fronts met at

about the study site where a low pressure was formed

(0600 UTC 7 March; Fig. 13c). Subsequently, the low

pressure moved offshore with the cold front followed

by a northwesterly wind at the study site.

FIG. 12.Weather maps fromNOAA for the selected extremeweather associated with atmospheric frontal passages

of the study area for (a) 15 Nov 2006, (b) 25 Dec 2006, (c) 1 Feb 2007, and (d) 23 Oct 2007.
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This was another rather interesting event not just

because it was producing a strong outward transport of

40m3 s21 (Fig. 11) at the study site, but because it was

reported to have produced some unique series of soli-

tary waves of ;1m in height (Sheremet et al. 2016).

Sheremet et al. (2016) originally aimed to study wave

dissipation in the muddy environment on the southern

Louisiana coast. They deployed an array of instruments

with pressure sensors sampling at 2Hz, which happened

to have captured the event. The instruments were de-

ployed northwest of the Trinity Shoal and south of

Atchafalaya Bay. The instruments recorded a cluster of

cnoidal waves or solibore or what they believed to be a

disintegrating wave train as a KdV solution, proceeded

by a solitary wave. These waves had an order of mag-

nitude of about 1m in height and a 20-s time scale. By

coincidence, a few instruments were also deployed by a

group of researchers at Louisiana State University at the

Wax Lake delta at 29.4728N, 91.4788W, which included

pressure sensors and ADCPs sampling at 1Hz. They

were deployed just hours before the event on 6 March

2008 and were retrieved a month later on 5 April. The

data from this effort not only showed the train of solitary

waves on 7 March but also on 19 March (the next case).

The latter case was not reported in Sheremet et al.

(2016). To avoid complicating the discussion, the data

from the Wax Lake delta will not be presented and

discussed here.

7) WARM–COLD FRONT, 19 MARCH 2008

At 0000 UTC 17 March 2008, a couple of high pres-

sure systems were centered at Lake Superior and at the

border of the Carolinas, producing warm and moist air

landward at the Louisiana and Texas coast from the

south and southeast together with a long warm front of

;2000km cross the Louisiana and Texas coasts, re-

spectively. Wind at the Louisiana coast reached at least

20 kt (1800 UTC 17March). This condition persisted for

another 18 h, when the high pressure system center

barely moved away from Virginia, facilitating the con-

stant drawing of air from the Gulf of Mexico with the

southeasterly wind at the Louisiana coast. At the same

time (1200 UTC 18 March), a cold front was approach-

ing with a large-scale high pressure system from the

northwest. From 1800 UTC 18 March through 0000

UTC 19 March, the center of high pressure moved off-

shore. As the following high pressure system from the

west pushed eastward, the pressure contours were con-

verging and the wind increased. Subsequently, a couple

of low pressure centers formed in eastern Texas and

central Arkansas. The cold front moved across the study

site at ;1200 UTC 19 March, almost perpendicular to

FIG. 13.Weathermaps fromNOAA for the selected extreme weather associated with atmospheric frontal passages

of the study area for (a),(b) 31 Jan–1 Feb 2008, (c) 7 Mar 2008, and (d) 19 Mar 2008.
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the coastline. As the cold front swept through the

southern states of Louisiana, Mississippi, Alabama, and

Florida in that order, the postfrontal northerly and

northeasterly winds kept strong (;20kt) at the coast of

Louisiana for the next 27 h. Apparently, the earlier

warm front and high pressure system associated with

southerly winds produced the relatively large inward

transport of ;30m3 s21 at the study site. The cold front

passage brought persistent strong northerly and north-

easterly winds that induced the largest outward trans-

port of;60m3 s21 (Fig. 11) for the entire 515 days of the

observation period (Fig. 13d). The relaxation after the

strong post–cold frontal wind caused the rebound and

the inward transport of ;30m3 s21.

d. Correlation and regression analysis

To examine the effect of weather, we use the low-pass

filtered (with the 40-h Butterworth filter) or bandpass

filtered data within the weather band [0.14–0.33 cpd

(cycle per day), corresponding to ;3–7 days, which are

the cold front return periods; Roberts et al. 1989]. Cor-

relation coefficients between the low-pass filtered me-

teorological parameters (east wind components, north

wind components, and air pressure) and the water ele-

vation at the Port Fourchon tide gauge were calculated.

Similar correlations for the weather band were also

calculated. All these calculations were performed for

the entire periods. The results show that air pressure and

the low-pass filtered water level are inversely correlated,

with a correlation coefficient of20.63. North winds and

the low-pass filtered water level are positively corre-

lated, but the correlation coefficient is small (0.24). East

winds have a larger linear correlation with the low-pass

filtered water level. However, within the weather band,

the correlation coefficient between air pressure and

water level is 20.82, indicating that the weather band

has a higher correlationwith thewater level in that band.

Within the weather band, the correlation of the water

level with the north wind component also sees some

increase in magnitude (0.41). The linear correlation is of

course not proof of any linear or nonlinear dynamical

relationship among variables. This is especially true

considering the process of having a phase delay between

forcing and response. Nevertheless, the correlation is an

indication that there is a linkage between the atmospheric

weather system passage and the subtidal ocean response.

e. Coherence analysis

To complement the time domain correlation co-

efficient estimate, an analysis in frequency domain is

also done: the magnitude-squared coherence (MSC)

function is calculated. This is aimed at the statistical

relationship (correlation coefficient) in the frequency

domain between forcing and response. The MSC is a

function of frequency f, ranging between 0 and 1,

defined by

g2
xy(f )5

jS
xy
(f )j2

S
xx
(f )S

yy
(f )

, (2)

in which x and y represent the forcing and response time

series, respectively; Sxx(f ), Syy(f ), and Sxy(f ) are the

spectra of x and y, and the cross spectrum of x and y,

respectively. Here theMSC function g2
xy(f ) is calculated

based on Welch’s averaged periodogram method

(Welch 1967).Using the 40-h low-pass filtered data, the

MSC function is obtained for pairs of variables (i.e.,

transport and air pressure, transport and east wind ve-

locity component, or transport and north wind velocity

component). Since the 40-h low-pass filter is equivalent

to a cutoff frequency of 0.6 cpd, theMSC as a function of

frequency is useful for frequencies lower than 0.6 cpd. It

is found that the mean MSC values between the water

transport and the meteorological parameters are ;0.48

(between transport and air pressure), 0.35 (between

transport and north wind), and 0.40 (between transport

and east wind) (Table 3). These values all increase for

the weather band: 0.54 (between transport and air

pressure), 0.38 (between transport and north wind), and

0.46 (between transport and east wind). The maximum

MSC values are all above 0.7, that is, 0.81 (between

transport and air pressure), 0.71 (between transport and

north wind), and 0.84 (between transport and east wind).

Note that these maximum values all occur inside the

weather band, that is, 3.8 days (between transport and

air pressure), 3.3 days (between transport and north

wind), and 3.3 days (between transport and east wind),

with an average of 3.4 days (Table 3). In contrast, all the

minimum MSC values occur outside of the weather

band. This supports the idea and is consistent with the

results of an analysis that the low-pass filtered transport

is mainly caused by the atmospheric cold fronts.

f. Mechanism discussion

From Figs. 10 and 11 it is obvious that the timing of

frontal passages and that of the minimum or maximum

of the transport coincide with each other; that is, the

minimum (maximum) transport occurred at the time of

the passage of a cold (warm) front. This is what we call

the ‘‘immediate response’’ or the transport (as well

as the water level and velocity) and air pressure anomaly

are roughly in phase for the low-pass filtered time series

because the timing of these frontal passages is determined

by the frontal lines, where the air pressure reaches its
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minimum for cold fronts. This is verified by the correla-

tion discussed earlier.

For the cold front cases, prior to the frontal passage,

wind is usually onshore (southerly, southwesterly, or

southeasterly). After the frontal passage, wind is usually

offshore (northerly, northwesterly, or northeasterly).

For the warm front cases, wind is usually onshore first

and reaches its maximum at the (warm) frontal passage,

after which the cold front connected with the warm front

from the west usually pushes through, bringing offshore

wind. By direct wind stress, the onshore wind would

produce an inward flux while an offshore wind would

produce an outward flux, of water. This is generally the

case as discussed earlier. The transport, however, is not

obviously correlated with the northerly wind, since the

correlation coefficient of the water level and the north-

erly wind is less than 0.30. This is probably because the

frontal passage time is not exactly the time of sign

change of the north component of the wind, or there is a

lag between the wind and setup or setdown. Wind is a

vector and is not usually in phase with the air pressure,

even though they are related, but not in a linear way. This

is similar to a recent study of the wind-driven transport

through multiple inlets of Lake Pontchartrain (Huang

and Li 2017), in which the correlation of the transport and

the northerly wind component is on the order of 0.2–0.4.

In contrast, the transport and easterly wind compo-

nent have generally larger correlations. In the present

study, this correlation for the ‘‘cold front season’’ (late

October to the following April) has an overall value

of 20.59 for the first deployment and 20.39 for the

second (the negative sign indicates that this is consistent

with the Ekman transport—a negative or east wind

would cause the coast to have a higher water level).

Compared with a correlation coefficient of 20.73

to 20.78 of Huang and Li (2017), the present study

shows a smaller magnitude of correlations. However,

the larger magnitude of correlation between the easterly

wind component and the transport than that between

the northerly wind component and the transport sug-

gests that the wind-driven Ekman transport does play an

important role in the setup and setdown of the overall

water level, considering the fact that the coastline in the

study area along the northern Gulf of Mexico is roughly

east to west. As a result, the inward and outward

transports are more correlated with the east wind com-

ponent as accepted in many studies, for example,

Kupchik (2014).

5. Concluding remarks

A single-point bottom-mounted acoustic Doppler

current profiler (ADCP) can record velocity profiles at a

fixed location. It is, however, not sufficient to provide

the total volume transport of water across a section.

A small boat equipped with a surface-mounted ADCP

can run along a planned transect to provide measure-

ments of volume transport. The latter approach is costly

and cannot be operated for long term (e.g., weeks or

longer). Here, we used a combination of the two

methods and established a correlation between the flow

velocity from the bottom-mounted ADCP with the total

transport. This study involves 1) a new technique using a

combination of measurements from an ADCP on an

unmanned boat (a USV) and an ADCP deployed at

bottom to calculate the total transport of water in a tidal

channel using a regression, and 2) results for the influ-

ence of synoptic weather on subtidal transport varia-

tions in a tidal channel.

The observational data from the bottom-mounted

ADCP covered 515 days. With two surveys using the

USV, one for 8 h and one for 24 h, we were able to obtain

regression coefficients that had an R-squared value of

;0.98–0.99. The first EOF mode of the flow velocity

profile shows a one-layer barotropic flow that explained

98.2% of the variability, while the second mode is a

TABLE 3. Magnitude-squared coherence with transport.

MSC Air pressure North wind East wind Unit Note

Mean 0.4751 0.3498 0.3985 All banda

Mean 0.5389 0.3816 0.4594 Weather bandb

Max 0.8147 0.7088 0.8412 All banda

Max 0.8147 0.7088 0.8412 Weather bandb

Min 0.0472 0.0104 0.0519 All banda

Min 0.1585 0.0897 0.1548 Weather bandb

fmax 0.2636 0.3046 0.3046 cpd

Tmax 3.7936 3.283 3.283 Day

Mean(fmax) 0.2909 cpd

Mean(Tmax) 3.4 Day

a All band: 0–0.6 cpd in frequency, or ;40 h to infinity in period.
bWeather band: 0.14–0.33 cpd in frequency, or ;3–7 days in period.
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typical two-layer estuarine type of flow with only 0.47%

of the total variability. This means that the flow in this

system is basically barotropic and stratification is very

limited. For that reason, the linear regression between

transport measured from the USV and depth-averaged

velocity recorded from the bottom-mounted ADCP

data is reliable and the regression can be extended for

the entire 515 days for the transport. The second part of

the study uses the 515-day time series of transport data

and analyzed the impact of synoptic weather systems,

particularly cold fronts and warm fronts. Using har-

monic analysis, it is shown that the most regular varia-

tion is the diurnal tidal variations, with K1 and O1 tides

dominating. It is shown that whenever there was a sig-

nificant atmospheric frontal system passing the study

area, whether it was a cold or warm front, there was an

almost immediate response of the subtidal water trans-

port. This immediate response is consistent with Huang

and Li (2017), who show that a quasi-steady state is a

surprisingly accurate approximation for low-frequency

wind-driven response in cold front weather.

In the present study, there were individual cold and

warm fronts, and combinations of them passing in se-

quence. This resulted in a complicated response of

transport. Our study focuses mainly on seven of the

largest such events that caused a net transport in the tidal

channel at Port Fourchon of 30–40m3 s21. A correlation

can be established between atmospheric parameters and

the water level, velocity or transport. It is found that air

pressure can be used to predict the transportmost reliably

(with a correlation coefficient of up to 0.82). The corre-

lation is further confirmed with the MSC value, which

showed a maximum within the ‘‘weather band’’ and the

maximumoccurred at;0.2909 cpd or 3.4 days, which falls

into the weather band (0.14–0.33 cpd, or 3–7 days).

It is found in this study that a cold front almost always

causes a decrease inwater level and an outward transport.

The opposite is true for a warm front. This can be seen

from all the major events discussed. The transport is ba-

sically determined by the wind of the cold front andwarm

front systems passing the area. Although the wind vari-

ation in these systems has some general patterns, thewind

variation can be different depending on the orientation of

the fronts and the direction of movement of the systems

(Roberts et al. 1989; Huang and Li 2017). The conclusion

is similar to that of Huang and Li (2017) for the Lake

Pontchartrain estuary, but the latter work has a more in-

depth discussion on remote and local wind effects, and a

quasi-steady state momentum balance is found and il-

lustrated. Unlike the work of Huang and Li (2017), the

system here is a narrow tidal channel within a network of

channels and therefore is not necessarily the same as the

Lake Pontchartrain estuary. However, the low-frequency

wind-driven flows do appear to be consistent in both

studies. Our focus here is the implementation of the

technique of using an unmanned boat to calibrate total

transport during severe weather when a boat-based sur-

vey is not feasible or safe to implement. This method

should have a broader application in the coastal region.

This work shows that in this system the linear re-

gression to calculate the total transport from a single

moored ADCP can be surprisingly accurate. This may

not be guaranteed in other systems. For instance, if there

is a strong lateral structure in velocity (such as that

within an eddy), or a tidal phase difference, and/or

strong stratification, the conclusion may be different

and a linear regression is not guaranteed to be accurate.

The moored ADCP flow data would have shown a

similar trend in response to weather, except that we

would not know the total transport and if there is any

cross-channel variation that would alter the conclusion

(i.e., whether the transport view and velocity viewwould

agree with each other). From this point of view, the

discussion on transport does add more information and

provides a useful approach for future study in other

systems. The use of an unmanned boat added a reliable

technique to accurately measure the cross-channel dis-

tribution of flows. The use of a unmanned boat for

measurements is easier, faster, and much more accurate

in repeating planned transects, and it can be repeated

many more times than using a manned boat.
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