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A numerical experiment of cold
front induced circulation in
Wax Lake Delta: evaluation
of forcing factors

Sajjad Feizabadi, Chunyan Li* and Matthew Hiatt

Department of Oceanography and Coastal Sciences, Coastal Studies Institute, College of the Coast
and Environment, Louisiana State University, Baton Rouge, LA, United States
The effects of passing atmospheric cold fronts with different orientations and

moving directions on the hydrodynamics of the Wax Lake Delta (WLD) were

analyzed by considering the influence of river discharge, cold front moving

direction, wind magnitude, and Coriolis effect. The study employs numerical

simulations using the Delft-3D model and an analytical model to explore water

volume transport, water level variations, water circulation, and particle

trajectories during nine cold front events. Results indicate that cold fronts

cause a decrease in the average contribution of the water transport through

western channels and an increase of that in central and eastern channels. A

westerly cold front with an average wind speed of ~12 m/s can increase water

transport through eastern channels by about 35%. During the passage of a cold

front, the intertidal islands between the main channels and East Bay experience

the largest fluctuations in subtidal water levels, which can be attributed to the

influence of local wind stress. For example, a westerly cold front can result in a

water level variation of approximately 0.45 m over some of the intertidal Islands

and 0.65m in the East Bay. Results also show that the subtidal water circulation in

the WLD is correlated with the Wax Lake Outlet (WLO) discharge and wind

magnitude. The findings illustrate that when WLO discharge is low, the impact of

cold fronts is more pronounced, and cold fronts from the west have a greater

impact compared to those from the northwest and north. This study identifies

the significance of WLO discharge and Coriolis force by the trajectories of

particles in the water column. The results of the simulations indicate that

under low WLO discharge (less than 2000 m3/s), the majority of particles are

found to exit through Campground Pass instead of Gadwall because of the

dominance of Coriolis force. To summarize, this study assesses the impact of

cold fronts on the hydrodynamics of the Wax Lake Delta, underscoring the

contributions of multiple factors, including the cold front moving direction, river

discharge, wind strength, and Coriolis force.

KEYWORDS

Wax Lake Delta, cold front, effect of frontal moving direction, hydrodynamics response,
particle tracking, coriolis force, three-dimensional model (3D)
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1 Introduction

A cold front is the leading edge of a cooler mass of air moving

against a warmer mass of air (Hsu, 1988). Cold fronts are recurring

phenomena with a time interval of approximately 3–7 days (Roberts

et al., 1989). A 40-year statistical review of weather data revealed

that coastal Louisiana experiences 41 ± 5 cold front passages every

year between October and the following April (Li et al., 2020).

Before a typical frontal passage (pre-frontal) in coastal Louisiana,

southerly and easterly winds drive shelf water to the shore. This

causes an influx of water into coastal bays, which can increase water

level by 0.3 to 0.5 m (Denes and Caffrey, 1988; Childers and Day,

1990). After the cold front passes (post-frontal), winds often change

to northerlies in a rotary fashion, e.g., westerly and then northerly

and northeasterly, and water quickly drains from the shallow

marshes and bays (Hsu, 1988). Previous studies illustrated that

the regular flooding and draining induced by cold front passages are

the primary transport mechanisms for water, sediment, nutrients,

and organic matter through coastal bays in the northern Gulf of

Mexico during winter months (Childers and Day, 1990; Li et al.,

2011; Li, 2013; Huang and Li, 2017; Chaichitehrani et al., 2019).

Over the past few years, there have been many studies

conducted on hydrodynamics in response to atmospheric forces

and water transport in the estuaries of the Atlantic and Gulf coasts

(e.g., Snedden et al., 2007; Salas-Monreal and Valle-Levinson, 2008;

Hiatt et al., 2019; Feizabadi et al., 2022; Zhang et al., 2022).

However, the Louisiana estuaries have their own characteristics,

mostly due to the geomorphology features, low-tidal amplitude, and

meteorological conditions between the subtropics and mid-latitude.

Estuaries in coastal Louisiana are often bar-built, longitudinally

short, and shallow (typically less than 3 m). Tides in the region are

dominated by diurnal constituents with a maximum tidal range of

approximately 0.6 m (Kantha, 2005), contrasting with tides in the

east coast, which are predominantly semi-diurnal (Pritchard, 1952)

with higher amplitudes. Therefore, the effects of atmospheric forces

are relatively more important in coastal Louisiana (Roberts et al.,

1989; Georgiou et al., 2005).

Different studies have evaluated the effects of frontal passage on

changes in water level using numerical modeling. According to the

study conducted by Murray (1975), water levels can change

significantly during cold fronts, frequently by a factor of three or

four more than the astronomical tidal range of the northern Gulf

coast. Perez et al. (2000) estimated that during a frontal passage, the

water levels in Fourleague Bay can fluctuate by as much as 0.80 m.

Based on a study in the Wax Lake Outlet, Li et al. (2011) found that

during cold fronts, local wind stress contributed 50% of the water

level setup around theWax Lake Outlet in Atchafalaya Bay, whereas

waves contributed 25% and low barometric pressure contributed

25% of the total water level setup.

In terms of water transport, Perez et al. (2000) estimated that

during a strong frontal passage, 56% of Fourleague Bay’s volume

was exported to the Gulf of Mexico in a single day. In Lake

Pontchartrain, frontal passages can cause volume fluxes up to six

times higher than the tidal prism (Swenson and Chuang, 1983).

Similarly, Feng and Li (2010) noted that cold fronts could wash out

onto the continental shelf more than 40% of water of Louisiana bays
Frontiers in Marine Science 02
in less than 40 hours, while Zhang et al. (2022) showed that this

fraction can reach 76% for strong cold fronts. A study carried out in

the Atchafalaya/Vermilion Bay regions showed that strong

northwest winds may force 30–50% of the water out of the

shallow bays and cause the water level to drop by more than one

meter (Walker and Hammack, 2000). Furthermore, Li et al. (2018)

considered 76 different atmospheric fronts to analyze the

hydrodynamic response of a channel in southern Louisiana to the

passing atmospheric fronts. Their results indicated that

atmospheric frontal activities dominated the transport across a

tidal channel connected to saltmarsh and wetland. Despite

previous studies demonstrating the significance of cold fronts on

water transport in Louisiana’s coasts, there remains an incomplete

understanding of how the forcing factors control water transport

during the passage of cold fronts, particularly over the Wax Lake

Delta region.

The volume transport and subtidal water level variations in bays

can be affected by cold fronts through both local and remote wind

effects (Garvine, 1985). The local wind effect is a result of wind

stress acting on the surface of the water. The remote wind effect, on

the other hand, is a result of remote wind forcing induced water

level variations propagated into the bay through the open boundary,

including water level change due to Coriolis effect through Ekman

transport (Garvine, 1985). This has been studied by, e.g., Garvine

(1985); Janzen andWong (2002), and Feng and Li (2010). Garvine’s

analytical model demonstrates that changes in subtidal water levels

within an estuary are primarily caused by remote winds. This is

because most estuaries are relatively short in comparison to tidal

wavelengths. This conclusion has been supported by studies on

Chesapeake Bay (Wang and Elliott, 1978), Delaware Bay (Wong

and Garvine, 1984), and the Mississippi River Estuary (Snedden

et al., 2007). Garvine also found that the surface slope is dominated

by local wind setup. This has been reiterated by Feng and Li (2010)

using a modified model of Garvine and further confirmed by studies

on Lake Pontchartrain (Huang and Li, 2017) and Barataria Bay

(Payandeh et al., 2019) which concluded that local wind forces are

the primary factor that affects water level variations within a bay.

With extensive studies, our understanding is still limited. This is

partly because cold fronts have a range of variable parameters and

the studies have not been comprehensive enough to include the

effects of some of them. For example, we still lack understanding

about how the moving direction of the front, the strength of the

front (e.g., maximum wind speed and duration of the front), and the

river discharge would influence the resultant subtidal circulation.

The main objective of this research is to address the above

questions and to understand how the hydrodynamics of a delta are

affected by cold fronts coming from different directions in

combination with the forcing factors of river discharge, wind

magnitude, and Coriolis force. This research is conducted by

simulat ing real cold fronts , establ ishing a basis for

comprehending how the hydrodynamics in a delta react to the

passage of cold fronts with different forcing factors. The moving

direction of the cold front varies greatly (Roberts et al., 1989) and

the combined forcing factors have not been examined together.

Previous research has only looked at other factors or specific

instances of cold fronts and their effects on ecosystems and
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fisheries (Castellanos and Rozas, 2001; Gallucci and Netto, 2004;

Ufnar et al., 2006). This study aims at the examination of the impact

of cold fronts coming from different directions on water movement,

subtidal water level, and water circulation in the Wax Lake Delta

and Atchafalaya Bay, under different conditions of river discharge

and wind magnitude for a better understanding of how these

forcing factors work together to determine the water circulation

and transport. Despite the variability of cold front duration, this

study specifically focuses on examining the hydrodynamic

conditions during a defined period before and after the passage of

cold fronts to objectively quantify the hydrodynamic response.

Given the variability of the cold front return period, which

typically ranges from 3 to 7 days, a one-day period before and

after the passage of each cold front is chosen to analyze the

parameters before and after the cold front passages. The process

of cold front passage in the south Louisiana has been thoroughly

discussed in previous studies (e.g., Li et al., 2019; Cao et al., 2020;

Wang et al., 2020; Li and Li, 2022).
2 Study area

The Wax Lake Delta (WLD) is a bayhead delta located in the

Atchafalaya Basin, which is part of the greater Mississippi River

Delta system (Figure 1). It is situated at the outlet of the Wax Lake

Outlet (WLO), an artificial channel that redirects water from the

Atchafalaya River into the Atchafalaya Bay. The Atchafalaya Bay is

a relatively low-energy and shallow body of water. It was reported

by Rosen and Xu (2013) that the average range of diurnal tides in

the region is about 0.34 m. The average depth of the Atchafalaya/

Vermilion Bays, according to bathymetry data from the Delta-X

project, is 2.2 meters. The WLO is a 22-km long channel that was

dredged in 1941 to reduce flood levels in Morgan City. Initially, it

was designed to divert 20% of the Atchafalaya River flow, but it was

later enlarged to carry more than 42% of the combined discharge at

low and normal flows (Powell, 1996). The Wax Lake Outlet was

created to carry 7788 m3s-1 (275,000 ft3s-1) during major floods

(Van Beek, 1979), but it carried 9146 m3s-1 (323,000 ft3s-1) at peak

flow in May 2011 (USGS, 2023). However, on average, the flow rate
Frontiers in Marine Science 03
of the WLO is about 2,500 m3s-1 with an annual peak typically

exceeding 5,000 m3s-1 (Hiatt and Passalacqua, 2015).
3 Method

3.1 Numerical model

This study utilized the Delft3D-FLOW and Delft3D-WAQ

PART models to simulate the movement of water and transport

processes during the passage of cold fronts. The Delft3D-FLOW

model, specifically, was used for hydrodynamic simulations solving

the momentum and continuity equations, and computed transport

and turbulence. The Delft3D-FLOWmodel uses the finite difference

method on a structured curvilinear grid to solve the Reynolds

equations for an incompressible fluid under the shallow water

and Boussinesq approximations (Deltares, 2018). The velocity

output from Delft3D-FLOW was subsequently used as inputs for

the Delft3D-PART module.

A curvilinear orthogonal grid in the horizontal with 10 vertical

layers was used, which allowed the bottom and surface boundary

layers to have higher vertical resolutions. The computational

domain for the study covers the area west of the Mississippi River

to eastern Texas, including the Louisiana shelf and coastal waters

extending offshore to the shelf-break in the south (Figure 2). The

model has 776 x 674 horizontal grid cells with spatial varying

resolutions ranging from 30 meters to 1.5 kilometers in the cross-

shore direction and from 30 meters to 3.5 kilometers in the

alongshore direction. The model grid was designed to encompass

the numerous shallow channels and low slope areas in the upper

part of the WLD and the Atchafalaya Delta. Delft3D incorporates

the wetting and drying algorithm which is applied to simulate the

inundation process in the intertidal regions and floodplain. The

model simulations used a 6-second time step, as determined

through a sensitivity analysis of water level variations. For

simplicity, waves were not included in the study. The horizontal

eddy viscosity and diffusivity were assumed with 1 m2/s and 10 m2/

s, respectively. The bottom roughness was based on the Manning

formula with a default coefficient value of 0.023 m-1/3s.
B CA

FIGURE 1

(A) The bathymetry of Louisiana’s coastal zones, the negative values are below mean sea level, (B) The bathymetry of Atchafalaya River and Wax Lake
Outlet, and the location of discharge measurement stations (star points), and (C) The names of islands and 7 main channels in the Delta and the
cross sections shown in red to analyze the water exchange transport.
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3.1.1 Data
The bathymetry data used in the study for the Atchafalaya/

Vermilion Bays and their upper area was obtained through

bathymetry surveys conducted in fall 2016 from the NASA Delta-

X project (Denbina et al., 2020) and has a resolution of 10 meters.

The data was further supplemented with offshore information

provided by the National Geophysical Data Center (NGDC)

which had a resolution of 90 meters (NGDC, 2001). For the open

boundary of the FLOW module, the model used the sea surface

elevation with the amplitude and phase of tidal constituents. The

tidal constituents included in the model are four diurnal (O1, K1,

P1, and Q1) and three semi-diurnal constituents (M2, N2, and S2)

along with M4 and M6, which were extracted from the USACE’s

East coast 2015 computation done by ADCIRC 2DDI (Szpilka

et al., 2018).

The model assigns river discharge for the WLO and Atchafalaya

River based on the measurements from the USGS Wax Lake Outlet

at Calumet station (USGS 07381590) and Lower Atchafalaya River

at Morgan City station (USGS 07381600), respectively. The model

uses spatially uniform and temporally variable wind data based on

their availability as inputs to incorporate the long-term surface

wind forcing. The hourly wind data at WI1 (https://

www.wavcis.lsu.edu/) and ones measured every 6 minutes at

Eugene Island (WW1), LAWMA (WW2), and Berwick (WW3)

and provided by the National Oceanic and Atmospheric

Administration (NOAA, 2022), were utilized based on their

availability. The power law method is used to convert the wind

speeds measured at various elevations above the sea surface to the

standard height of 10 meters (U10) above the surface

(Kamphuis, 2020).

3.1.2 Model calibration and verification
The model’s ability to simulate water levels was calibrated by

comparing the simulated water level with field measurements taken

at six stations in January 2020. The model was further verified by

comparing the simulation results with observations from

September 2021.

To evaluate the accuracy of the water level distribution

predicted by the model, it was compared against measurements
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taken by NOAA at five locations: Eugene Island (WW1), LAWMA

(WW2), Freshwater (WL1), Port Fourchon (WL3), Grand Isle

(WL4), and another station of USGS at the Mouth of Atchafalaya

(WL2) (Figure 2). To assess the model’s performance, the skill

score, root mean square error (RMSE), and correlation coefficient

were computed.

The skill score, which measures how well the model reproduces

the observations, was formulated as (Willmott, 1981),

Skill = 1 − oN
i=1 mi − oij j2

oN
i=1 mi − �oj j + oi − �oj jð Þ2 (1)

where mi   and oi are i the predicted and observed values,

respectively, �o is the mean observed value, and N is the total

number of data points.

The root mean squared error (RMSE) was outlined as:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
oN

i=1(mi − oi)
2

N

s
(2)

The Pearson correlation coefficient which is a measure of the

linear correlation between observed and modeled data, was defined

as (Pearson, 1895):

R = oN
i=1(mi − �m)(oi − �o)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oN
i=1(mi − �m)2

� �
oN

i=1(oi − �o)2
� �q (3)

where �m is the mean predicted value.

The skill scores are between 0.75 and 0.86 (Table 1), indicating

that the simulated water levels generally agree with the observed

water levels, as confirmed by the RMSE, and correlation coefficient,

when compared to other studies (e.g., Payandeh et al., 2019;

Feizabadi et al., 2022). More specially, the skill score calculated

for September 2021 during the validation period is in a higher range

between 0.85 and 0.92.

The comparison of the simulated water level time series with the

field measurements at stations WW1, WW2, WL2, and WL4

(Figure 3) for the period for January 2020 and September 2021,

suggests that the model’s accuracy is satisfactory for further

application in the proposed studies.
3.2 Transport computation

The Wax Lake Delta is characterized by a complex network of

channels that transport water through the delta, including seven

main channels (Figure 1B). The water circulation and flux in the

WLD is mainly influenced by the channel network’s configuration

and its connection to the inundated islands (Hiatt and Passalacqua,

2017; Olliver and Edmonds, 2021).

To calculate the net water flux in each channel, we established

cross-sections spanning the channel using bathymetry to identify

mean flow directions and bank locations. The water transport at an

individual cross-section is calculated using the following equation:

F(x, y, t) =
Z t2

t1

Z z

−H

Z L

0
v(x, y, z, t)dldz (4)
FIGURE 2

Model grid setup with the location of measuring stations, including
wind (WI), water level (WL), and wind & water level (WW) data.
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where v(x, y, z, t) is the horizontal velocity component

perpendicular to the cross-section.

The water depth is represented by H, z is the surface elevation,

and L is the width of the cross-section. The initial time is denoted by

t1, while the final time is t2. To determine subtidal water volume

transport, a sixth order Butterworth low-pass filter with a cutoff

frequency of 0.6 cycles per day is utilized. The average contribution

of channels in transporting water was calculated for a one -day

period before and after a cold front passing the WLD region.

To investigate the proportion of water transported through

various sides of the WLD, the water transport was separated into

three categories: the western channels (comprising of Campground

Pass, Mallard Pass and Gadwall Pass), the central channels (the

Main Pass and Greg Pass) and the eastern channels (the Pintail Pass

and East Pass).
3.3 Analytical model

In addition to the numerical simulations, we also applied an

analytical model to evaluate the impact of both remote and local
Frontiers in Marine Science 05
forces on water level fluctuations in an idealized bay. This is based

on the model of Garvine (1985) developed for a simple barotropic

wind-driven oscillation in an idealized estuary. It considers the

effect of both remote and local wind effects on estuarine subtidal

fluctuations by a rectilinear wind varying in two opposite directions.

Feng and Li (2010) made modifications to Garvine’s model to

incorporate a cold front wind that rotates in the clockwise direction.

The analytic solution of the water level under rotary wind can be

written as:

h(x, t) = Re
i

Kcosh Kw l
c

� � atK
f

cosh
Kw(l − x)

c

� �
−

it
rwc

sinh
Kw
c

x

� �� �
ei wt+qf g

 !
(5)

The model uses various variables to describe the relationship

between remote and local forces of wind and the water level

variability in the estuary. Here l represents the length of the

estuary, a is a coefficient that relates the subtidal water level to

cross-shelf Ekman flow, q is the initial phase, w is the angular

velocity of wind, c = (gh)1=2 is the linear shallow water wave

propagation speed in a water with a constant depth of h, r is the

water density, f is the Coriolis parameter, and t is the wind stress,
B

C D

E F

G H

A

FIGURE 3

Modeled and measured water level elevation at Eugene (A, B), LAWMA (C, D), Mouth of Atchafalaya (E, F), and Grand Isle (G, H) stations. The left and
right panels correspond to the calibration (January 2020) and validation (September 2021), respectively.
TABLE 1 Statistics of the model-data comparison in water elevation (m).

Calibration Validation

Skill Score RMSE R2 Skill Score RMSE R2

Eugene Island (WW1) 0.86 0.15 0.67 0.92 0.11 0.75

LAWMA (WW2) 0.85 0.13 0.65 0.90 0.12 0.71

Freshwater (WL1) 0.75 0.15 0.55 0.85 0.15 0.64

Mouth of Atchafalaya (WL2) 0.83 0.12 0.63 0.91 0.10 0.71

Port Fourchon (WL3) 0.80 0.11 0.67 0.85 0.10 0.69

Grand Isle (WL4) 0.79 0.11 0.72 0.88 0.09 0.83
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which is calculated using the quadratic law,

t = raCd U10j jU10 (6)

where the density of air ra takes a value of 1.3 kg/m3, U10 is

wind velocity magnitude at 10 m above sea level and drag

coefficient, Cd , is evaluated by using the empirical formula

proposed by Wu (Wu, 1980; Wu, 1994).

Cd = Wa Ca +

Ca

Cb−Ca
Wb−Wa

Cb

· (U10 −Wa) 

U10 ≤ Wa

Wa ≤ U10 ≤ Wb

U10 ≤ Wb

8>><>>: (7)

The default values for the empirical factors in the formula

proposed byWu (Wu, 1980; Wu, 1994) were Ca = 1.255 × 10-3, Cb =

2.425 × 10-3, Wa = 7 m/s, and Wb = 25 m/s. The wind stress was

decomposed to the alongshore and cross-shore components

(Figure 2). The axis of Atchafalaya/Vermilion Bays are tilted ~24°

clockwise from the north latitudinal line, and the cross-shore axis

relative to the coastline is ~90° therefore the cross-shore winds

(~24°) give the local wind effect and the alongshore winds (~114°

clockwise from the true north) produce the remote wind effect, as

treated in Garvine (1985). For simplicity the analytical model

domain is a 50-km wide rectangular estuary with a 20-km long

continental shelf, which captures the basic geometry of the

modeling domain near the WLD.

In equation (5), “ K “ is a complex wave number of order unity,

which is represented by the given formula,

K ≡ ( − 1 + il)
1
2 =

r − 1
2

� �1
2

+i
r + 1
2

� �1
2

(8)

r ≡ (1 + l2)
1
2  ,       l ≡

CbouT
hw

(9)

where l is a dimensionless parameter, uT is the root mean

square subtidal current, Cbo is the bottom drag coefficient, and h is

the mean water depth. The equation (5) provides both the impact of

remote and local winds on water level fluctuations. The cosh

function, which is linked to the coefficient a, illustrates the water

level changes resulting from remote winds, while the sinh term

represents water level changes resulting from local winds. These two

effects are shown separately in equations (10) and (11).

h(x,t)
Remote = Re

i

Kcosh Kw l
c

� � atK
f

cosh
Kw(l − x)

c

� �� �
ei wt+qf g

 !
(10)

h(x,t)
Local = Re

i

Kcosh Kwl
c

� � −
it
rwc

sinh
Kw
c

x

� �� �
ei wt+qf g

 !
(11)

The average depth of the Atchafalaya/Vermilion Bays is 2.2

meters. The Coriolis parameter was defined as 7.18 × 10−5 s−1

corresponding to a latitude of 29.5°N. A bottom drag coefficient of

5.0 × 10−3 Li (2003) and a root mean square subtidal current of 0.1

m/s were utilized to estimate the dimensionless bottom friction

parameter l, which was calculated to be 11.4. The density of

seawater used in the calculation was 1,027 kg/m3. The remote
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wind coefficient, a , varies based on both the physical

characteristics of the bay and offshore shelf morphology. Garvine

(1985) estimated a to be 5×10−4 m2·s·kg−1 for the Chesapeake Bay

and Delaware Estuary, but this value is not suitable for the

Atchafalaya/Vermilion Bays as its depth is much shallower and

the basin geometry is different. The frictional damping effect

becomes more significant in shallow Louisiana estuaries, leading

to a much lower expected value of a compared to Chesapeake Bay

and Delaware Estuary (∼10 m). Feng and Li (2010) found a value of

8×10−5 m2·s·kg−1 to be the best fit for observational data in the

region, and that value was used in the present study.
3.4 Particle tracking

The D-WAQ PART model (3D) is employed to examine the

particle transport routes that occur during the passage of cold

fronts. The model utilizes a random-walk approach, as it involves a

limited number of particles, and the simulated behavior is stochastic

in nature (Rubinstein, 1981). The model follows the movement of

individual particles using the Lagrangian description (Wilson and

Sawford, 1996). When a particle is present in a flow field with

Eulerian velocities, its velocity U can be divided into two parts: a

resolved part U and a sub-grid part Û . The resolved part U is

spatially resolved and can be computed explicitly, whereas the sub-

grid part Û is a smaller-scale velocity component that cannot be

directly resolved. The total displacement of a particle in the flow

field is obtained by integrating both the resolved and sub-grid parts

of the velocity.

DX =
Z t+Dt

t
Udt =

Z t+Dt

t
Udt +

Z t+Dt

t
Û dt =  D�X +  DX̂ (12)

If the time step Dt is sufficiently large such that the particle’s

previous velocity becomes negligible, a zero-order model may be

employed. A zero-order model assumes that the velocity of the

particle is constant over the time step and is given by the Eulerian

velocity at the particle’s current location.

DX̂ = R (13)

R   e   ffiffiffiffiffiffiffiffiffiffiffi
2DDt

p
G(1, 0) (14)

The random displacement of a particle over the time step Dt is
represented by the variable R, which is influenced by the diffusion

coefficient D and follows the standard Gaussian distribution G(0, 1).

The zero-order model, along with the numerical scheme, forms the

fundamental components of the particle D-WAQ PART model.

In a 3D simulation, a point source situated 2 km from the

intersection of WLO and Campground Pass (29.559 N, 91.423 W)

was used to release ten neutrally buoyant particles simultaneously

on the water surface. It is important to note that these particles were

programmed in the simulation to neither stick to the land boundary

nor settle down. The particle tracking model has the flexibility to

use either the saved model time step or a chosen multiple sub-model

time steps to move particles through the model domain. The model
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tracks and stores the location and time of particles at each time step,

and in this study, particle positions are saved every 10 minutes.
4 Results

Nine cold front events passing the WLD region were examined

and for each case the moving direction of the front orientation and

wind magnitude were identified (Table 2). The timing of the cold

fronts, as shown in Table 2, were established by identifying when

the cold front entered and left the state of Louisiana using the 3-

hourly surface analysis maps from NOAA’s Hydrometeorological

Prediction Center (HPC, 2023). For the scenarios that fall beyond

the calibration and validation time periods, separate simulations

were carried out for a duration of one month to guarantee proper

representation of circulation patterns in the main domain. The

differences in error indexes between these simulations and the

validation simulation from the mentioned stations were found to

be less than 13%.

To help the discussion on the effect of different cold fronts, we

define the cold front moving direction to be the direction along

which the cold front is coming from, which is roughly

perpendicular to the front orientation. Orientation refers to the

spatial configuration of the cold front that represents the line or

boundary that separates the advancing cold air mass from the

displaced warmer air mass. To assess the effect of cold front moving

direction on hydrodynamic conditions in the WLD, the moving

direction was classified into three categories: northerly, westerly,
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and northwesterly. The results of the simulation are discussed and

presented in the following sections.
4.1 Water volume transport

In Figure 4, the red bars demonstrate the average contribution

of channels in transporting water to the Atchafalaya Bay in nine

scenarios during both pre-frontal and post-frontal phases. The

results of the study indicate that the Gadwall Pass is the most

significant in terms of water transport, accounting for

approximately 26.7% of the total, followed by the Greg Pass,

which accounts for 18.1%. Meanwhile, the East Pass and Pintail

Pass have the lowest contribution to water transport, at about 5.7%

and 10.3%, respectively.

Results show that about 48.7% of the water transport takes place

through western channels and 28.5% through central channels,

while the eastern channels have the lowest contribution at about

16%. Additionally, a considerable percentage of water, around 6.8%,

flows through secondary channels or going through the wetlands

between the channels (Figure 4) as also found in Zhang et al. (2022).

However, the quantification of water flow through these secondary

channels or wetlands depends greatly on the location of cross

sections chosen for transport computation. Previous studies

placed cross sections at the end of channels, whereas in this

study, the cross sections were positioned immediately after

channel branching to determine the average contribution of each

channel to water transport (shown in Figure 1C).
TABLE 2 Summary of cold fronts scenarios for model simulations.

Start time End time
WLO Discharge

(m3/s)
Wind Speed

(m/s)
Moving Direction

Scenario 1 20 January 2016 09:00 22 January 2016 06:00 6870 ± 150 9.1 ± 1.9 Northwesterly

Scenario 2 22 September 2021 12:00 23 September 2021 18:00 1980 ± 230 7.8 ± 1.7 Northwesterly

Scenario 3 18 January 2020 12:00 19 January 2020 12:00 5260 ± 140 5.1 ± 1.3 Northwesterly

Scenario 4 8 September 2021 18:00 10 September 2021 03:00 1870 ± 190 5.4 ± 1.5 Northwesterly

Scenario 5 6 January 2020 18:00 7 January 2020 18:00 4720 ± 120 3.4 ± 1.4 Northwesterly

Scenario 6 15 November 2006 12:00 16 November 2006 00:00 2520 ± 200 12.3 ± 2.7 Westerly

Scenario 7 11 January 2020 06:00 12 January 2020 06:00 4450 ± 170 4.3 ± 2.2 Westerly

Scenario 8 15 January 2020 21:00 17 January 2020 09:00 5040 ± 80 3.9 ± 1.4 Northerly

Scenario 9 27 December 2017 00:00 28 December 2017 03:00 1810 ± 230 4 ± 1 Northerly

Description

Scenario 2a Scenario 2 without wind force

Scenario 6a Scenario 6 without wind force

Scenario 8a Scenario 8 without wind force

Scenario 2b Scenario 2 without wind and Coriolis forces

Scenario 6b Scenario 6 without wind and Coriolis forces

Scenario 8b Scenario 8 without wind and Coriolis forces
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The blue bars in Figure 4 indicate the average changes in water

volume transport within channels during the passage of a cold front

compared to the pre-frontal phase cross nine scenarios. The western

channels exhibit the least changes in water volume transport,

averaging around 3.8%, in stark contrast to the eastern channels,

which experience an average change of about 14.7%. As for the

central channels, there is an increase of approximately 7.1% in water

volume transport. The significant rise in water volume transport

within the eastern channels during cold front passage indicates an

increase in the contribution of transport through these channels.

This should have an impact on the sediment transport and wetland
Frontiers in Marine Science 08
habitats in the WLD. Additionally, it can be observed that cold

fronts decrease the amount of water transported through secondary

channels and the intrusion into wetlands by about 26.8%. During

passing cold fronts, as the water level and depth decrease, part of the

island may be exposed in the air and the water is more likely to flow

out of the main channels than over the shallow water because the

shallow waters can become dry temporarily.

Table 3 demonstrates the variations in water volume transport

during a cold front by contrasting the water transport before and

after a cold front for Scenarios 2, 6, 8, and 9. In Scenario 2, which is

a northwesterly cold front, the data reveals that it has a significant

impact on eastern channels, resulting in a 27% increase in water

transport, in contrast to the western (0.1%) and central channels

(4.1%). The greatest variations in water transport in the major

channels occur in Scenario 6, which is a westerly cold front. The

eastern channels experience a 34.9% enhancement in water

transport, which is equivalent to 143 (m3/s), whereas the water

transport in western channels decreases about 2%, equivalent to 28

(m3/s). In Scenarios 8 and 9, both are northerly cold fronts, the

response of water transport in the main channels to the cold front is

consistent with the response of water transport in the WLO

discharge (Table 3). In other words, the primary effect of a

northerly cold front is on the transport in the WLO, especially

during low discharge. Comparing Scenarios 8 and 9, the wind

velocity is comparable but the WLO discharge during Scenario 9 is

1810 m3/s, which is about 36% of the discharge in Scenario 8

(Table 2). Therefore, the changes during Scenario 9 are more

significant. It can be deduced that the effects of a passing cold

front are more pronounced during the dry season when the WLO

discharge is low.

The results indicate that a passing cold front causes an increase

in the discharge of the WLO due to the effect of wind stress. For

instance, the WLO discharge increases by about 22%, equivalent to

405 (m3/s), during Scenario 9 (Table 3). Furthermore, the amount

of water transported through secondary channels and the intrusion

into wetlands decreases when cold fronts with any moving direction

pass through. The most substantial decrease in other transport can

be observed in Scenarios 2 and 6, with reductions of - 96% and -

61%, respectively.
FIGURE 4

The average percentage contribution of water exchangeand the
average percentage changes during the passage of cold fronts in
the channels. The red bars represent the average percentage
contributions for a one-day period before and after the cold front
passage, while the blue bars represent the average changes in water
volume transport within the channels during the passage of a cold
front compared to a one-day period before. The caption for the
“Others” presents the quantities of water transported through
secondary channels and the intrusion into wetlands.
TABLE 3 The effect of passing cold fronts on volume of water transport through main channels and other paths for Scenarios 2, 6, 9, and 8.

Wax Lake
Outlet

Western Channels
(Campground, Mallard &

Gadwall)

Central Chan-
nels

(Main & Greg)

Eastern Chan-
nels

(Pintail & East)
Others

Scenario 2
(Northwesterly)

57 (m3/s)
3%

1.2 (m3/s)
0.1%

23.4 (m3/s)
4.1%

89.2 (m3/s)
27%

-52.1 (m3/s)
-96.3%

Scenario 6
(Westerly)

158.7 (m3/s)
6%

-28.1 (m3/s)
-2.1%

111.3 (m3/s)
15%

143 (m3/s)
34.9%

-67.6 (m3/s)
-61.1%

Scenario 9
(Northerly)

404.8 (m3/s)
22.2%

186.8 (m3/s)
19.4%

131 (m3/s)
25.9%

84.5 (m3/s)
26.2%

-2.6 (m3/s)
-8%

Scenario 8
(Northerly)

92.8 (m3/s)
1.7%

59.4 (m3/s)
2.3%

30 (m3/s)
1.9%

29.5 (m3/s)
3.6%

-26.2 (m3/s)
-5%
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4.2 Water level variation

To quantify spatial variability of water level fluctuations in

response to cold front passage, the difference between low-pass

filtered water level variation (setup and set down) has been

calculated for each scenario at the WLD (Figures 5, 6). A sixth

order Butterworth low-pass filter with a cutoff frequency of 0.6

cycles per day is applied to determine subtidal fluctuations of water

levels and currents. Subsequently, the disparity between the subtidal

water level escalation prompted by pre-frontal winds originating

from the southern quadrants, and the subsequent subtidal water

level reduction arising from the reversed winds during the post-
Frontiers in Marine Science 09
frontal phase is quantified. As highlighted in the research conducted

by Li et al. (2018), the subtidal water level undergoes fluctuation in

response to the passage of cold fronts, exhibiting a characteristic

pattern akin to the shape of the letter “M”.

The maximum subtidal water level fluctuations caused by

passing northwesterly cold fronts in the WLD and Atchafalaya

Bay occur in Canvasback Bay, Fred Island, Tim Island, Mike Island,

Greg Island, and East Bay (Figure 5). However, the magnitude of

changes depends on the wind magnitude and river discharge. For

example, the subtidal water level variation in the Tim and Greg

Islands during a northwesterly cold front with an average wind

magnitude of 9.1 m/s and average WLO discharge of 6870 m3/s is
B

C D

E

A

FIGURE 5

The subtidal water level fluctuations due to cold fronts from the northwest (A–E) in Wax Lake delta and Atchafalaya Bay. The Water Level Difference
refers to the disparity between the rise in subtidal water level before cold front (pre-frontal) and the decrease in subtidal water level after cold front
(post-frontal).
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roughly 15 cm (Scenario 1), while in Scenario 2, with the lower wind

magnitude of 7.8 m/s and a lower river discharge of 1980 m3/s, the

subtidal water level variation increases to 45 cm (Figures 5A, B).

The results also indicate the significance of wind magnitude on the

subtidal water level variation. It is shown that when the average

wind speed increases from 5.4 m/s to 7.8 m/s with an approximately

constant river discharge of around 1900 m3/s, the subtidal water

level variation doubles (Figures 5B, D).

Comparison of Figures 5C, D shows that under approximately

the same average wind speed, the subtidal water level fluctuations in

the WLD and Atchafalaya Bay are greater when the river discharge

is lower, this agrees with the comparison of Scenarios 8 and 9

during northerly cold fronts (Figures 6C, D). However, a high WLO

discharge can cause water intrusion in the delta islands and coastal

plain marsh upstream of the WLD. This means that when the river

discharge is higher, the passing of a cold front causes the water level

variation to be affected in a wider area but with a smaller magnitude.

So, the effects of passing cold fronts with different moving directions

on water level fluctuation in the WLD and Atchafalaya Bay are

largely dependent on the river discharge. The impact is more

significant when the river discharge is lower, which is associated

with smaller water depth and thus higher nonlinearity. In the

context of hydrodynamics, nonlinearity is often measured by
Frontiers in Marine Science 10
parameters such as wave height or water level variations relative

to water depth (z/h). A higher value of these parameters signifies a

stronger nonlinear effect, leading to the generation of subtidal and

over-tidal components of oscillations and flows (Li and O’Donnell,

1997; Pihl et al., 2001). Furthermore, within shallow-water regions,

the gradient of water level is directly proportional to the wind stress

divided by the water depth. Therefore, a decrease in water depth

results in an amplified variation in water level. In Scenario 5, the

water level variation is less severe than in Scenario 3, despite a 10%

decrease in WLO discharge, due to a decrease of approximately 33%

in wind speed (Figure 5E). Results for northwesterly scenarios

illustrate that the water level variation in the WLD is controlled

by both the WLO discharge and wind magnitude.

The effect of the direction of cold fronts on changes in water

levels is shown by the subtidal water level response to westerly and

northerly cold fronts under different average wind speeds and

discharge rates (Figure 6). The westerly cold fronts lead to

substantial changes in water levels in Canvasback Bay, Fred

Island, Tim Island, Mike Island, Greg Island, and East Bay

(Figures 6A, B). In Scenario 6, an eastward cold front with an

average wind speed of 12.3 m/s can result in a water level variation

of approximately 0.45 m in the islands (such as Mike and Tim

islands) and 0.65 m in the East Bay, when the average discharge rate
B

C D

A

FIGURE 6

The subtidal water level fluctuations due to cold fronts from the west (A, B) and those from the north (C, D) in Wax Lake delta and Atchafalaya Bay.
The Water Level Difference refers to the disparity between the rise in subtidal water level before cold front (pre-frontal) and the decrease in subtidal
water level before cold front (post-frontal).
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from the outlet is 2520 m3/s. Figures 6C, D show that northerly cold

fronts cause the lowest water level variations in the WLD and

Atchafalaya Bay compared to the other directions. For example, in

Scenario 9 (Figure 6D), the water level variations in different regions

range from 0 to 0.1 m, while in Scenario 7 (Figure 6B), which has

the same average wind speed but a higher discharge, the variations

range from 0 to 0.25 m. These results imply that the cold front

direction can be a factor influencing the flow field and transport in

the delta region.

The larger water level fluctuations in all scenarios in Canvasback

Bay, Fred Island, Tim Island, Mike Island, Greg Island, and East Bay

relative to Atchafalaya Bay can be attributed to the impact of local

wind stress. Local wind stress over the bay surface can create a water

level gradient, with the highest water level variations in the downwind

end of the bay. In contrast, water level variations farther away from

the downwind end in the bay have smaller magnitude by the local

wind effect because the fetch is shorter.

In Scenario 7 (Figure 6B), the water level difference is greater

than that in Scenario 4 (Figure 5D) despite a higher discharge and

lower average wind speed. Scenarios 7 and 9 have similar average

wind speeds but the outlet discharge is lower in Scenario 9, and the

water level variation caused by the westerly cold front in Scenario 7

is more significant. The results reveal that the water level

fluctuations caused by westerly cold fronts are more substantial as

compared to those caused by the northwesterly and northerly

cold fronts.
4.3 Water circulation

The pattern of water circulation determines how sediment and

nutrients are transported and distributed in a delta. As water flows

within the delta, it transports sediment that can settle in various

locations, shaped by factors including water flow direction, strength

of flow, and the shape of the delta’s bed (Roberts et al., 2015;

Wagner and Mohrig, 2019).

Figure 7 illustrates the response of average surface water

circulation to northwesterly cold fronts for a one-day period

before and after the passage. Despite the cold front having a

strong average speed of 9.1 m/s, Figures 7A, B show that its effect

on the current speed and streamline pattern is limited because of the

prevailing discharge of 6870 m3/s from the WLO in Scenario 1. In

this scenario, water exits Atchafalaya Bay heading southwest with

the average surface subtidal current in the Gadwall Pass and other

passes reaching 1.5 m/s and 0.8 m/s, respectively. In Scenarios 2 and

4, the low WLO discharge results in weak subtidal currents, with

magnitudes of 0.45 m/s in the channels and 0.25 m/s in Atchafalaya

the Bay. However, the response of the streamline pattern to the

passing cold front is different in these two scenarios. In Scenario 2,

the streamlines in Atchafalaya Bay are directed westward before the

cold front due to a strong southerly wind, causing a change in the

streamlines from southwest to northwest (as seen in Figure 7C). In

other words, the wind force is not strong enough to cause the

streamlines to flow towards the north, nor is the outflow

momentum from the WLO sufficient to change the flow direction
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to the southwest. Figure 7C displays the discharge patterns of water

from central channels (the Main Pass and Greg Pass) and eastern

channels (the Pintail Pass and East Pass) into the adjacent islands,

such as the Tim, Mike, and Greg Islands, while water exiting from

the western channels (Campground Pass, Mallard Pass, and

Gadwall Pass) move towards the western side. The alterations in

the flow pattern of streamlines can result in changes in sediment

deposition on the islands. Once the cold front is passed, strong

northwesterly winds drive the subtidal current towards the

southeast direction, resulting in a noticeable shift in the pattern of

streamlines (as shown in Figure 7D). Scenario 3 highlights the effect

of a cold front on the subtidal currents in the channels and the

Atchafalaya Bay, which results in an increase in the subtidal

currents but with minimal changes in the direction of the

streamlines (Figures 7E, F). The cold front has caused a

significant increase (almost doubled) in the subtidal currents, in a

vast area of the Atchafalaya Bay. In comparison to the earlier

scenarios, the wind force significantly overpowers the WLO outflow

momentum due to the low discharge in Scenario 4 (Figures 7G).

This leads to a change in the direction of the subtidal current in the

Atchafalaya Bay, shifting from northward prior to the cold front to

southward during the cold front’s passage, affecting the transport

process in the channels and shoals (Figures 7G, H). The magnitude

and streamlines of subtidal currents remain mostly unchanged in

scenario 5 because of the high WLO discharge and weak average

wind (not shown).

Figure 8 shows the response of average surface subtidal current

to passing westerly and northerly cold fronts. A comparison of

Figures 8A, B reveals that the strong cold front with an average wind

speed of 12.3 m/s causes the streamlines to shift towards the south

when the WLO discharge is around 2520 m3/s, but there is only a

limited change in the magnitude of subtidal currents (Scenario 6).

Despite the powerful westerly wind force, the streamlines are not

altered to the east, indicating that the force is insufficient to cause

such a change in direction. In Scenario 7, the higher subtidal

westward flow prior to the cold front is primarily attributed to

the wind from the east (Figure 8C). Once the cold front arrives, the

strong westerly winds are potent enough to shift the streamlines to

the southwest. Results show that the arrival of a westerly cold front

leads to an increase in subtidal currents in all channels, with the

eastern channels being particularly affected. Since the westerly cold

front pushes the water in the WLO and delta to exit more

prominently from the eastern channel, as discussed in section 4.1.

As an example, in Scenario 6, the subtidal current in the center of

the Pintail channel saw a substantial increase of 30%.

The presence of a northerly cold front with an average wind

speed of 3.9 m/s (Figures 8E, F), does not bring about any significant

changes in the streamline pattern and subtidal current when the

WLO discharge is at a level of 5040 m3/s. In contrast, when the wind

speed is similar to Scenario 8, but the discharge is reduced to 1810

m3/s, the flow direction of the streamlines is impacted (Figure 8G).

As shown in Figure 8G, the streamlines show flows toward the

northeast instead of southwest before the cold front, due to the

decreased outflow momentum from the WLO in comparison to the

southerly wind force in Scenario 9. Thus, instead of flowing out to
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the continental shelf, the water leaving the main channels is directed

towards the adjacent islands or shallow waters and landward

regions of the system. Following the passage of the northerly cold

front, the streamlines shift in the southwest direction (Figure 8H).

The changes in the magnitude of the surface current are consistent

with the variation of water volume transport during the passing cold

front. In the post-frontal phase, as the wind force drives the flow

from the channel towards the bay and enhances the intensity of the
Frontiers in Marine Science 12
surface current, there is an increase in water volume transport

compared to the pre-frontal phase.

Overall, the passage of a cold front leads to major changes in the

streamline patterns and subtidal currents of the WLD and

Atchafalaya Bay, particularly during low WLO discharge. Based

on the streamline patterns, it can be inferred that passing a cold

front during a low WLO discharge may cause a greater amount of

nutrient and sediment-rich water being transported from the
B
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FIGURE 7

The average surface water circulation one day prior to (pre-frontal, left) and one day after (post-frontal, right) the arrival of a cold front from the
northwest (A–H).
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primary channels to the shallow waters where they may remain

there for a longer period than under normal circumstances.
5 Discussion

The results presented in Section 4 demonstrate that the passage

of a cold front has a significant impact on the hydrodynamics,

including water volume transport, water level, and horizontal water
Frontiers in Marine Science 13
circulation, in the WLD, based on the strengthen and direction of

cold front, as well as the WLO discharge. Because the WLD is a

complex delta system with multiple channels, the transport

patterns and water level variations have significant implications

for nutrient removal, sediment deposition, wetland habitats, and

delta evolution. Given the significance of water level variations

in the WLD, an analytical model was used to evaluate the drivers

of water level fluctuation during the passage of a cold front.

Additionally, particle tracking was utilized to assess the impact of
B
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FIGURE 8

The average surface water circulation one day prior to (pre-frontal, left) and one day after (post-frontal, right) the arrival of a cold front from the
west (A–D) and north (E–H).
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these changes on the transport processes within the channels and

Atchafalaya Bay.
5.1 Analytical model

Figure 9A displays the measured wind data from September 21,

2021, at 00:00 to September 25, 2021, at 04:00. Figure 9B displays an

analytical model-generated representation of a cold front wind, with

a constant wind speed of 8 m/s. According to the period of cold

front (100h), the angular frequency of the wind was determined to

be 1.75 × 10-5 s-1. In the equation (6) (Wu, 1980; Wu, 1994), the

surface drag coefficient was set to 1.32*10-3. Figure 9C illustrates

typical observed water level variations during a cold front event

(Scenario 2) at the LAWMA station (∼15 km from mouth).

Meanwhile, Figure 9D shows the model-predicted water level

variation, which is generally consistent with the observed results.

The amplitude of water level induced by cross-shore wind forcing
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(0.08 m) is smaller than that from alongshore wind forcing (0.15

m) (Figure 9D).

The analytical model with rotary wind (Feng and Li, 2010) was

examined to determine the water level variation in various water

depths and locations as well as both remote and local wind effects

during the same cold front event (Figure 10). For a complete

description, we reiterate the findings of Feng and Li (2010) on the

remote and local wind effects, before we look at the effect of overall

water depth changes at low and high discharge conditions. The first

row of figures shows water level fluctuation caused by local and

remote wind effects as a function of distance from the mouth of the

bay (Figures 10A-C). Results show that the remote wind-induced

fluctuations are not dependent on the distance from the mouth and

remain constant throughout the bay, consistent with Feng and Li

(2010). The uniformity of remote wind-induced water level

fluctuations along the bay is a result of the short length of the bay

compared to the wavelength and the remote-wind-induced motion

behaves as a standing wave (Honda et al., 1908). Therefore, this
B
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FIGURE 9

(A) Wind measurement at LAWMA station from September 21, 2021, at 00:00 to September 25, 2021, at 04:00, (B) Idealized clockwise rotating wind
with 100 hour-period, (C) measured and subtidal water level at LAWMA, (D) The yellow and red lines demonstrate water level variations induced by
cross-shore winds and alongshore winds, respectively and blue line is the total water level.
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behavior of remote wind-induced water level fluctuations explains

the higher water level variations in the WLD and Atchafalaya Bay

during westerly cold fronts compared to the northwesterly and

northerly cold fronts. Additionally, the analysis shows that the

water level slope is mainly influenced by local wind forcing

(Figures 10A–C), consistent with Garvine (1985) and other more

recent studies. This means that the effects of local winds on water

level variation are more pronounced at the head of the bay than at

the mouth during a cold front, which explains the higher water level

fluctuations observed in areas such as East Bay, Fred Island, and

other islands during a cold front event.

Figures 10A, D, E show that water level changes caused by local

wind increase significantly as the water depth decreases, while those

caused by remote wind remain constant. For example, when the

water depth decreases from 2.2 to 1 m, the amplitude of water level

fluctuations induced by local wind at the LAWMA station, located 5

km from the bay head, increases by approximately 0.08 m

(Figure 10E). The impact of a decrease in water depth on water

level fluctuations caused by local wind becomes more pronounced

in the low-lying areas near the head of the bay. The analytical model

demonstrates that when the water depth is 1 m, the water level

changes caused by local wind increase by approximately 0.1 m in

areas located 1 km from the head of the bay (Figure 10F). The

results from the analytical model indicate that the increased water

level variations in low-lying areas during cold fronts with low WLO

discharge can be attributed to the decrease in water depth. For

instance, in Scenario 3 with an average WLO flow rate of 5260 m3/s,
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the estimated water depth at the LAWMA station is 1.05 m, which

decreases to 0.82 m when the flow rate decreases to 1870 m3/s in

Scenario 4.
5.2 Particle tracking

To explore the influence of passing cold fronts under various

conditions and the significance of the Coriolis force on water

transport, a Lagrangian particle tracking model was utilized. The

particle trajectory may imply the trajectory of suspended materials

such as sediment and nutrients. However, it’s worth noting that

predicting the fate of suspended sediment and nutrients is more

intricate than simply tracking particles. This is because the particles

in this study are buoyant and passive, while the transport of

suspended sediment and nutrients involves complex physical and

biogeochemical processes. The simulation involved releasing

particles 2 km from the intersection of the WLO and

Campground Pass, and then observing their movements after the

arrival of cold fronts. The path of the particles was determined

based on the majority behavior of the particles, which was tracked

for a period of 8 days (Figure 11, Lagrangian particle tracks shown

as colored lines).

Figure 11A displays the paths of particles in Scenarios 3, 7, and

8 with different moving directions of the cold fronts, but roughly the

same WLO discharge (about 5000 m3/s) and wind magnitude (4-5

m/s). The results indicate that under these conditions, there is no
B C

D E F

A

FIGURE 10

The response of water level variation to the local and remote winds based on the analytical model in different average water depths and distances
from head of the bay. (A) water depth of 2.2 m and 5 km distance, (B) water depth of 2.2 m and 1 km distance, (C) water depth of 2.2 m and 10 km
distance, (D) water depth of 1.5 m and 5 km distance, (E) water depth of 1m and 5 km distance, (F) water depth of 1m and 1 km distance. The yellow
and red lines demonstrate water level variations induced by cross-shore winds and alongshore winds, respectively, and the blue line is the total
water level.
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significant difference between scenarios. The majority of particles

flow out from Gadwall Pass and are influenced by tidal currents

based on the outflow momentum, ultimately being deflected to the

west side likely due to the Coriolis effect (Kourafalou et al., 1996).

The impact of changes in WLO discharge and wind magnitude on

the particle tracking under northwesterly cold fronts is depicted in

Figure 11B. As seen in Scenario 1, with a high WLO discharge, the

flow carries the particles out of Gadwall Pass and onto the shelf

without being impacted by the tidal currents in the Atchafalaya Bay,

in contrast to the other scenarios. In Scenario 2, the particles are

influenced primarily by the wind force, which overpowers the

outflow momentum and other forces. As a result, the particles are

pushed to the east and leave the area through the Main Pass. A

comparison between Scenarios 3, 4, and 5 reveals that the exit of

particles through the Mallard Pass in Scenario 4 is likely caused by

the Coriolis force, because the WLO discharge in Scenario 4 is lower

when compared to the discharge in Scenarios 3 and 5. In Scenario 6,

which features a strong westerly cold front with an average wind

speed of 12.3 m/s and WLO discharge of about 2520 m3/s, the wind

stress dominates the particle pathway, causing the particles to exit

the Gadwall Pass and move towards the east side (Figure 11C). A

weak northerly cold front and weak WLO discharge led to the

majority of particles exiting from the Campground Pass and

remaining in the Atchafalaya Bay after 8 days of tracking

(Scenario 9, Figure 11C). This highlights the importance of the
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moving direction of the cold front in transporting suspended

sediment and nutrients, especially in low discharge conditions, as

evidenced by the comparison of Scenarios 4 and 9.

Based on the results demonstrated in these scenarios, the WLO

discharge is one of the most important factors to determine the

trajectory of particles. To highlight the significance of the WLO

discharge, particle tracking simulations were conducted for

Scenarios 2, 6, and 8, which represent low, moderate, and high

WLO discharge, respectively. Wind force was not taken into

account in the simulations for these scenarios and were

designated as Scenarios 2a, 6a, and 8a (Figure 11D). The results

of the simulations indicate that under lowWLO discharge, Scenario

2a, the majority of particles are found to exit through the

Campground Pass, while under moderate and high WLO

discharge (Scenarios 6a and 8a), the particles are seen to exit

through the Gadwall Pass and are influenced by the tidal current

based on the strength of the WLO discharge.

To determine the cause of particles exit through the

Campground Pass in the case of low WLO discharge and to

assess the impact of the Coriolis effect on particle trajectories in

the WLD, simulations were performed for Scenarios 2b, 6b, and 8b,

excluding wind and Coriolis forces for Scenarios 2, 6, and 8

(Figure 12). Figure 12A highlights the role of the Coriolis force in

particle trajectory during low discharge conditions in the WLD. In

Scenario 2a, without wind, the majority of the particles were
B

C D

A

FIGURE 11

Trajectory of particles using a LAgrangian model for 8 days. (A) Trajectory of particles during Scenarios 3, 7, and 8, (B) Trajectory of particles during
northwesterly cold fronts, (C) Trajectory of particles during Scenarios 6 and 9, (D) Trajectory of particles during scenarios 2, 6, and 8 without wind force.
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observed exiting through the Campground Pass. However, when

both the wind and Coriolis forces were removed (Scenario 2b), the

particles were seen exiting through the Gadwall Pass instead

(Figure 12A). The results obtained from these simulations are in

line with the findings from Scenario 9, which involved a northerly

cold front with low WLO discharge (Figure 11C). Figure 12B

illustrates that when the WLO discharge is moderate

(approximately 2520 m3/s), the outflow momentum dominates

over the Coriolis force, causing the particles to exit through the

Gadwall Pass. The results also reveal the impact of a strong westerly

cold front on the fate of the particle transport process after exiting

the WLD. Furthermore, results show that when the WLO discharge

is high, such as in Scenario 8 with an average of 5040 m3/s, the

outflow momentum dominates and controls the transport process

in both the WLD and Atchafalaya Bay (Figure 12C). These findings

emphasize the crucial role of the WLO discharge and Coriolis effect

on the particle trajectories in the WLD and Atchafalaya Bay.
5.3 Implication of findings on sediment
transport and wetlands

The sediment transport process is a key driver to build and

maintain the delta’s landmass, with sediment deposited in the delta

causing the delta to expand (e.g., Olliver et al., 2020). This
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expansion provides new habitats for wildlife, as well as providing

coastal protection from erosion. The WLD is formed by sediment

delivered by the Atchafalaya River, which is then transported and

deposited in the WLO. The sediment transport and accretion in the

WLD and Atchafalaya Bay can be regulated by water level variation,

water volume transport, and water current induced by winter winds

(Elsayed and Oumeraci, 2017; HRECOS, 2017; Kemp et al., 2017; Li

et al., 2017).

The formation and maintenance of wetlands is a crucial topic in

the Wax Lake Delta. Variations in water level and water transport

have a profound impact on the wetlands in the WLD, as they can

lead to the flooding or draining of wetlands, which affects their

productivity and capacity to keep pace with sea level rise (Roberts

et al., 2015; Olliver and Edmonds, 2017). Depending on the

duration, flooding can negatively impact many beneficial

functions of wetlands such as fish and wildlife habitats and

nutrient removal and can harm upland plant species (Nyman

et al., 2006; Hiatt et al., 2018).

The results of this work indicate that, among the cases we

investigated, the westerly cold fronts have the most significant

impact on water level variations and volume transport in

channels and bays, followed by northwesterly and northerly cold

fronts. Using a uniform probability distribution on monitoring data

provided by NOAA’s Hydrometeorological Prediction Center

(HPC, 2023), we analyzed 631 cold front events that occurred
B

C

A

FIGURE 12

Trajectory of particles using a LAgrangian model for 8 days. (A) Trajectory of particles during Scenarios 2, 2a, and 2b, (B) Trajectory of particles
during Scenarios 6, 6a, 6b, (C) Trajectory of particles during Scenarios 8, 8a, and 8b.
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between 2010 and 2022 and determined that the probability of

northwesterly cold fronts is the most common, making up 44% of

all cold fronts, while northerly and westerly cold fronts account for

32% and 0.24%, respectively. Additionally, the analysis shows that

the impacts of cold fronts on water level variation, subtidal current,

and transport processes are more pronounced when the WLO

discharge is low (less than 2000 m3/s or lower). The probability

of a cold front occurring during low discharge conditions is

approximately 0.28 based on the uniform distribution analysis for

cold fronts between 2010 and 2022.

Despite these analyses, there remains a gap in understanding

how cold fronts influence the spatial pattern of sediment transport

and concentration in deltaic environments. Future research should

address the impacts of cold fronts for sedimentation and erosion in

complex deltaic environments and evaluate the importance of such

periodic forcings on long-term deltaic sustainability. Such analyses

will become more important as restoration activities aiming to

leverage deltaic land-building processes, such as sediment

diversions in Louisiana (e.g., Allison and Meselhe, 2010), are

increasingly used to mitigate coastal hazards and land loss.
6 Conclusion

This study analyzes how cold fronts influence the

hydrodynamics of the Wax Lake Delta (WLD) by considering

various forcing factors including the orientation and moving

direction of the cold front, Wax Lake Outlet (WLO) discharge,

the intensity of the wind, and the Coriolis effect. To examine the

hydrodynamics of wind-driven circulations caused by cold fronts,

the study utilized two numerical models, Delft3D-FLOW and

Delft3D-WAQ PART, to simulate 9 different cold fronts. Apart

from the simulations, an analytic model was also employed to

analyze the effects of both remote and local forces on water level

fluctuations in an idealized bay.

The study confirms that the Gadwall Pass is the most significant

channel for water transport, accounting for around 27% of the total,

followed by the Greg Pass, which accounts for 18%. The results also

found that cold fronts generally cause a decrease in the average

contribution of western channels, while there is an increase in the

central and eastern channels. Furthermore, the results conclude that

the volume of water transported through secondary channels and

the intrusion into wetlands decrease during cold fronts, mainly due

to the low water depth in the primary channels at this time. In terms

of subtidal water level, the maximum variations happen in

Canvasback Bay, Fred Island, Tim Island, Mike Island, Greg

Island, and East Bay. These changes are primarily caused by local

wind stress, and their magnitude depends on factors such as the

intensity of wind, cold front’s moving direction, and the WLO

discharge rate. For example, a westerly cold front can lead to a water

level variation of approximately 0.45 m on Mike and Tim Islands,

while East Bay can experience a variation of up to 0.65 m.

The study revealed that the primary pattern of subtidal water

circulation in the Wax Lake Delta involves water flowing out from

Atchafalaya Bay towards the southwest side. However, this

circulation pattern can be altered, and even reversed, by changes
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in the WLO discharge and the strength of the cold front. In a strong

northwesterly cold front, the average subtidal current in the

Gadwall Pass and Atchafalaya Bay can reach 1.5 m/s and 0.8 m/s

to the southwest, respectively. In contrast to typical conditions, the

streamlines in Atchafalaya Bay undergo a northward shift during

the pre-frontal passage phase when the discharge rate of WLO is

relatively low (less than 2000 m3/s) because the prefrontal southerly

wind overcomes the river discharge.

When the outflow momentum dominates over the wind and

Coriolis forces, most of the particles exit the Wax Lake delta

through the Gadwall Pass and then flow towards the west side of

the bay due to the Coriolis force. However, a robust cold front can

cause the particles to exit through the Main Pass and flow towards

the east side. Additionally, the study found that the Coriolis force

plays a crucial role in determining the trajectory of particles exiting

from WLO, particularly when the WLO discharge is low.

Overall, the results suggest that the passage of cold fronts can

significantly impact the hydrodynamics of the Wax Lake Delta,

which can have implications for the transport of sediment and

nutrients, wetland productivity, and wildlife habitats. These effects

are more pronounced when the discharge of WLO is low and

during westerly cold fronts. The study also found that westerly cold

fronts have the most significant impact on the hydrodynamics of

Atchafalaya Bay, followed by the northwesterly and northerly

cold fronts.
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