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Response of river delta
hydrological connectivity to
changes in river discharge and
atmospheric frontal passage

SajjadFeizabadi1,2, ChunyanLi1,2*and MatthewHiatt1,2

1Department of Oceanography and Coastal Sciences, College of the Coast and Environment,

Louisiana State University, Baton Rouge, LA, United States,2Coastal Studies Institute, Louisiana State

University, Baton Rouge, LA, United States
Atmospheric frontal passage is a common meteorological event that can

significantly affect hydrodynamics in coastal environments, including the

hydrological connectivity between channels andfloodplains that regulates

material transport in river deltas. This study is focused on the influence of

atmospheric cold fronts on the hydrological connectivity between channels

andfloodplains within the Wax Lake Delta using the Delft3D FM model. The

results demonstrate a substantial effect of passing cold fronts on the exchange of

water and transport fraction between the primary channels andfloodplains. This

impact is intricately connected to the morphodynamical characteristics of the

floodplains, the intensity of cold fronts, river discharge, Coriolis force, and tidal

currents. The passing cold fronts can enhance or reverse the direction of water

exchange between channels andfloodplains. Forfloodplains, the passage of cold

fronts can lead to an increase in the rate of water exchange by as much asfive

times. In the WLD, a substantial fraction of water, 39-58%, isflowing through the

floodplains to the bay at the delta front influenced by the prevailing discharge,

although there is a significant spatial heterogeneity. Passing cold fronts can alter

the transport distribution, depending on the phase of the front. An increase in

river discharge tends to bolsterfloodplain connectivity and lessen the effects of

cold fronts. Conversely, decreased river discharge results in reduced connectivity

and exacerbates thefluctuations induced by cold fronts. Moreover, thefindings

indicate that from the apex to downstream, the contribution of channels

decreases as they become shallower, while the role of thefloodplains

increases, leading to a less distinctdemarcation between channels and

floodplains. It has also been noted that an increase in river discharge correlates

with an increased contribution fromfloodplains to transfer water to the bay.
KEYWORDS
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1 Introduction

Hydrological connectivity refers to the water-mediated

transport among various components of a landscape (Tetzlaff

et al., 2007;Bracken et al., 2013). In river deltas, the concept

focuses on the pathways and mechanisms through which water is

exchanged or transported primarily between distributary channels

and deltaicfloodplains (Passalacqua, 2017). Numerous studies have

shown that hydrological connectivity regulates landscape evolution,

water and material transport, and water quality in river deltas and

other water bodies (e.g.,Hiatt and Passalacqua, 2015;Coffey and

Shaw, 2017;Christensen et al., 2020;Olliver and Edmonds, 2021;

Feizabadi et al., 2022b,2023). The need to understand deltaic

hydrological connectivity and its impact on deltaic eco-

geomorphology is motivated by the necessity to address

challenges associated with the continued loss of coastal wetlands

(Engle, 2011;Wu et al., 2017), heightened nutrient loading in

receiving waters (Rabalais et al., 2002;Wurtsbaugh et al., 2019),

and anthropogenic impacts (Moon et al., 2022;Constantinescu

et al., 2023). These challenges are especially pertinent in the

Mississippi River Delta in coastal Louisiana, USA, where the

average rate of land loss from 1932–2016 exceeds about 57 km2

yr−1(Couvillion et al., 2017). Since 2007, the Coastal Protection and

Restoration Authority (CPRA) has secured $21.4 billion for coastal

restoration and risk reduction in Louisiana and estimated that, from

2023, its 50-year Coastal Master Plan will cost $50 billion to address

future environmental changes (CPRA, 2023).

Hydrological connectivity is primarily determined through an

examination of structural and functional connectivity of the system

of interest (Bracken et al., 2013;Wohl et al., 2019). Structural

connectivity pertains to the physical interconnections between

geographical points within a landscape. In deltaic environments,

the configuration of structural connectivity is intricately tied to the

bed topography of the delta topset and front (Hiatt and Passalacqua,

2015). Functional connectivity delves into the underlying processes

governing the magnitude and direction offluxes within the

hydrological system (Lexartza-Artza and Wainwright, 2009;

Wainwright et al., 2011). Within deltaic systems, external

influences, such as riverine discharge, tides, winds, waves,

seasonal cold fronts, hurricanes, and internal drivers like

vegetation can act as determinants of functional connectivity

(Hiatt and Passalacqua, 2015).

While previous research has assessed the impacts of river

discharge, tides, and vegetation on channel-floodplain

hydrological connectivity in river deltas (Hiatt and Passalacqua,

2015;Olliver et al., 2020), there still remains uncertainty as to how

atmospheric processes drive connectivity. The coastal Louisiana

water is a microtidal system and as such the river discharge has a

major role in controlling the overall water level on seasonal time

scales. The periodic passages of atmospheric cold fronts are known

to generate significant winds that modulate water levels and impact

coastal and deltaic circulation patterns (Li, 2013;Huang and Li,

2017;Feizabadi et al., 2023). The cold front wind generates short

term effect to the water level (e.g., drying effect post front,
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Huang et al., 2024). Thus, it follows that cold fronts should drive

functional hydrological connectivity in river deltas.

A cold front refers to the transitional zone between two

atmospheric air masses with differing densities (Hsu, 1988). In the

northern Gulf of Mexico, the regular occurrence of cold front

passages is notable from late fall through early spring. Over a 40-

year statistical analysis of weather data, it was determined that

coastal Louisiana encounters an average of 41 ± 5 cold front

passages annually from October through the subsequent April (Li

et al., 2020). The pre-frontal phase, occurring approximately 24-48

hours before the frontal passage, is characterized by robust southerly

and easterly winds. These winds generate waves and currents that

drive water towards the coast, causing water level elevations of more

than 0.5 meter above predicted levels (Roberts et al., 1989;Feng and

Li, 2010;Li et al., 2011;Feizabadi et al., 2023). This process also leads

to the resuspension of sediment from coastal bays and deltaic

wetlands. As the cold front progresses through the coastal zone,

there is usually a sharp reduction in barometric pressure

accompanied by precipitation, and a change in wind direction.

This phase is succeeded by the post-front period, marked by a rise

in barometric pressure and a decrease in temperature and humidity.

During this post-frontal phase, fronts move in three distinct

directions: westerly, northerly, and northwesterly. These different

directional movements have varied effects on water transport and

hydrodynamics in deltaic environments (Hiatt et al., 2019;Feizabadi

et al., 2022a). The relatively strong post-front winds play a crucial

role in expelling water from coastal bays, inducing a rapid decline in

water levels (Feng and Li, 2010). Concurrently, these winds

contribute to the transport of suspended sediments (Walker and

Hammack, 2000), nutrients, and organic matter from coastal bays,

and adjacent wetlands onto the continental shelf of the Gulf of

Mexico (Childers and Day, 1990;Perez et al., 2000;Huang and Li,

2017). For example, water and sediment transport processes

associated with cold-front passages have been identified as

beneficial for accretion along the eastern section of the chenier-

plain on the central Louisiana coast (Draut et al., 2005;Jaramillo

et al., 2009;Zhang et al., 2022;Feizabadi et al., 2023). Therefore, the

incorporation of cold fronts into numerical models designed for

morphodynamics and hydrodynamics applications in the northern

Gulf of Mexico is essential.

While various studies have explored functional connectivity in

deltas linked to drivers such as river discharge, tides, and vegetation

(Hiatt and Passalacqua, 2015;Bevington et al., 2017;Hiatt et al.,

2018;Christensen et al., 2020;Olliver and Edmonds, 2021), a few

have addressed the impact of wind on inundation of deltaic

floodplains (e.g.,Geleynse et al., 2015;O’Connor and Moffett,

2015)andquantifications of functional connectivity due to

periodic wind events like cold fronts remain lacking. In this

study, we investigate the functional connectivity between channels

andfloodplains, focusing on how passing cold fronts affect this

connectivity under various river discharge conditions through the

assessment of water exchange and transport fraction. The transport

fraction is defined as the fraction of riverflow crossing the boundary

betweenfloodplains and channels.
frontiersin.org
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2 Study area

The Wax Lake Delta (WLD) is a prograding bayhead delta

situated in the Atchafalaya Basin (Figure 1) positioned at the end

of the Wax Lake Outlet (WLO), a human-constructedfluvial

pathway to convey water from the Atchafalaya River, a significant

tributary of the Mississippi River, into the Atchafalaya Bay.

Atchafalaya Bay is characterized as a shallow and comparatively

low-energy basin, featuring an average wave height of around 0.5 m

and exhibiting mixed diurnal-semidiurnal tides with a Form number

of ~ 1.3 derivable from the spectrum result ofZhang et al. (2022),and

an average range of approximately 0.34 m (Rosen and Xu, 2013). The

WLO carries an average annual flow rate of 2,500 m3s-1and peak

flows exceeding 5,000 m3s-1(Hiatt and Passalacqua, 2015). This 22-

kilometer-long channel was designed in 1941 with the primary

objective of mitigatingflood hazards in Morgan City. Since 1960, a

subaqueous delta started to develop at the mouth of the WLO. By

1973, this delta had become emergent, with several deltaic islands

appearing above the mean low tide level (Roberts et al., 1997). The

WLD receives around 30-40% of the complete water and sediment

discharge from the Atchafalaya River, making up approximately 10-

12% of the total discharge from both the Mississippi and Red Rivers

(Allison et al., 2012). Within a coastal wetland system exhibiting
Frontiers inMarine Science 03
some of the most rapid rates of land loss globally, the WLD continues

to expand both horizontally and vertically (Day et al., 2000;Olliver

and Edmonds, 2017). The WLD experiences areal land growth rates

ranging from 1.0 to 3.3 km² year-1, alongside a vertical elevation

change rate estimated at 2.7 cm year-1between 1981 and 1994

(Majersky et al., 1997;Allen et al., 2012). We utilized the WLD as

a comprehensive numerical experimental system, strategically chosen

to isolate the impacts of various forcing factors. Due to its placement

within Atchafalaya Bay, the WLD is a relatively sheltered

environment, with relatively low wave actions (Georgiou et al., 2005).
3 Methods

3.1 Numerical model

This study utilized D-Flow Flexible Mesh (D-Flow FM), which

succeeds the structured Delft3D 4 Suite. D-Flow FM is a

hydrodynamic and morphodynamic simulation program with

multi-dimensional capabilities (1D, 2D, and 3D). It can calculate

non-steadyflow and transport processes resulting from tidal and

meteorological forces, utilizing both structured and unstructured

grids (D-Flow FM, 2023). The three-dimensional hydrostatic
A      B

DC

FIGURE 1

Study site and Wax Lake Delta channels and islands.(A)The bathymetry of northern Gulf of Mexico (negative values are below mean sea level);

(B)Zoom in view of the study site and bathymetry, and the location of discharge measurement stations (stars);(C)The names of islands and 8 main

channels in the Wax Lake Delta; and(D)Arcs and boundary used in analysis between islands and channels, with the apex point shown by a star.
frontiersin.org
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shallow equations (Equations 1–3), in Cartesian coordinates for

horizontal presented ands-coordinates for vertical dimensions,

include the following momentum and continuity equations:
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whereu(x,y,s,t),v(x,y,s,t), andw(x,y,s,t) are the velocity

components in the horizontalx,yand verticals-directions,

respectively. The total water depth,H(x,y), is defined as the sum

ofd(x,y), the depth below a reference plane, andz(x,y), the water

level above this plane. Here,trepresents time,fis the Coriolis

parameter,Pstands for pressure,ris density, andvVdenotes the

coefficient of vertical eddy viscosity. Moreover,Spis identified as the

non-local source term associated with precipitation, andSEas the

non-local sink term resulting from evaporation. In the momentum

equations (Equations 1,2), the forcesFuandFvrepresent the

unbalance of horizontal Reynolds stresses.

In thes-coordinate system, the vertical velocities (w), are

computed from the continuity equation:

∂z

∂t
+
∂½HU

∂x
+
∂½HV

∂y
+
∂w

∂s
=HQ (4)

by integrating in the vertical from the bottom to a levelswithU

andVthe depth-averaged velocities. The vertical velocitywin the
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Cartesian co-ordinate system can be expressed in the horizontal

velocities, water depths, water levels and verticals-velocities

according toEquation 5:

w=w+us
∂H

∂x
+
∂z

∂x
+vs

∂H

∂y
+
∂z

∂y

+ s
∂H

∂t
+
∂z

∂t
(5)

InEquation 4,asdefined byEquation 6,Qsignifies the per unit

area contributions from water discharge or withdrawal, along with

precipitation and evaporation:

Q=H

Z0

−1
(qin−qout)ds+Sp−SE (6)

whereqinandqoutare the local sources and sinks of water per

unit of volume, respectively.

The model uses a horizontal triangle mesh and 10 layers in the

vertical, with higher vertical resolution for both the bottom and

surface boundary layers (Figure 2). The computational domain for

this study encompasses the region extending from the west side of

the Mississippi River to southeastern corner of Texas, covering the

Louisiana inner shelf and coastal waters that extend offshore to the

shelf-break in the south. The model domain consists of 1,542,859

grid cells, with grid sizes varying from 5000 m at offshore

boundaries to approximately 30 m within the WLD domain.

Ensuring a smooth transition from 5000 m to 30 m is crucial to

meet orthogonality and smoothness requirements. Theflexible time

step is constrained by a maximum Courant number of 0.7. D-Flow-

FM offers support for both Chezy and Manning’snformulations of

bottom friction. The Manning’snbottom friction scheme was

chosen due to its capability to yield lower drag coefficients

compared to the Chezy formulation, particularly in deep waters.

The specific Manning coefficient value used is 0.023 m-1/3s(Shafiei

et al., 2022;Feizabadi et al., 2023).
FIGURE 2

Computational mesh for the model. The stations of observations for water level (WL) and wind & water level (WW) are shown.
frontiersin.org
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3.1.1 Data acquisition
The model is driven by river discharge at the northern

boundary, wind on the surface, and tides at the open boundary.

The daily river discharge into the WLO and Atchafalaya River is

from the USGS monitoring stations, namely the Wax Lake Outlet at

Calumet (USGS 07381590) and the Lower Atchafalaya River at

Morgan City (USGS 07381600). The surface wind forcing for the

model is spatially uniform and temporally variable measured at the

Eugene Island (WW1), with 6-min sampling intervals (NOAA,

2023). Since wind speed varies with height and is measured at

different heights above the water surface, the wind velocity data is

standardized to a standard height of 10 meters above the surface

(U10) using the power law approach (Hsu, 1988), as described in

Equation 7:

U10
Uz
=(
10

z
)1=7 (7)

wherezis the anemometer height in m, andUzis the measured

wind speed in m/s.

Drag coefficient,Cd, is evaluated by using the empirical formula

proposed byWu (1980,1994):

Cd= 

Ca   U10≤ Wa

Ca+
Cb−Ca
Wb−Wa

:(U10−Wa)        Wa≤U10≤ Wb

Cb   U10≥ Wb

8
>><

>>:
(8)

The default values for the empirical factors inEquation 8

proposed byWu (1980,1994)wereCa= 1.255 × 10
−3,Cb= 2.425

×10−3,Wa= 7 m/s, andWb= 25 m/s. The open boundary condition

is provided using amplitude and phase information for four diurnal

(O1, K1, P1, Q1) and three semi-diurnal tidal constituents (M2, N2,

S2) along with the M4 and M6 tidal constituents. These tidal

constituents are derived from the US Army Corps of Engineers

(USACE) East Coast 2015 computation carried out using ADCIRC

2DDI (Szpilka et al., 2018). The model uses the bathymetric and

topographic data for the Atchafalaya/Vermilion Bays and their

upstream region, which were obtained in 2016 as part of the

NASA-sponsored Delta-X project. The data has a resolution of 10

meters (Denbina et al., 2020). Additionally, the dataset was enriched

with offshore information sourced from the National Geophysical

Data Center (NGDC), characterized by a resolution of 90 meters

(NGDC, 2001).
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3.1.2 Model calibration and verification
The hydrodynamic model was run for the period from

November 20, 2022, to January 31, 2023. This period was chosen

because it was during the cold front season and because of the

availability of hydrodynamics data throughout the Bay. A model

spin-up period of 10 days was performed from November 20, 2022,

to December 1, 2022, and tidal water levels were used as calibration

parameters over the period from December 1, 2022, to December

31, 2022. The model’s validation was done by comparing the

simulation results with observations for the period between

January 1, 2023, and January 31, 2023.

The model’s proficiency in simulating water level distribution

was assessed through a comparison with 6-minute water level

measurements atfive locations within the computational domain

(Figure 2). The measurements were from Eugene Island (WW1),

LAWMA (WL1), Mouth of Atchafalaya (WL2), Port Fourchon

(WL3), and Grand Isle (WL4).

The Skill score, coefficient of determination (R2), and root mean

square error (RMSE) were calculated to quantify the model’s overall

performance in the entire domain (Equations 9–11). The Skill score

was defined as (Willmott, 1981):

Skill=1− oNi=1mi−oij    j2

oNi=1(mi−oj   j+oi−oj   j)2
(9)

wheremiandoiareith predicted and observed values,

respectively,oiis the mean observed value, andNis the total

number of data points.

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

RMSE=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oNi=1(mi−oi)2
N

s

(10)

The coefficient of determination, which quantifies the matching

between observed and modeled data, was defined as:

R2=1−o
N
i=1(oi−mi)

2

oNi=1(oi−o)2
(11)

Table 1contains a summary of model coefficient of

determination, skill score, and RMSE of water levels for the

calibration and validation periods. During the validation period,

the skill scores range between 0.92 and 0.95, signifying an

acceptable agreement between the simulated and observed water
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) 0.95 0.11 0.81 0.96 0.10 0.86

LAWMA (WW2) 0.94 0.10 0.77 0.95 0.10 0.80

Mouth of Atchafalaya (WL2) 0.93 0.10 0.78 0.95 0.11 0.81

Port Fourchon (WL3) 0.92 0.10 0.72 0.96 0.08 0.82

Grand Isle (WL4) 0.92 0.11 0.70 0.93 0.09 0.73
frontiersin.org
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levels. This conclusion is further corroborated by the low RMSE

values and a high coefficient of determination. Specifically, the error

indices computed for the validation period reflect the accuracy of

the model in simulating the hydrodynamics.

The evaluation of simulated water level time series againstfield

measurements at stations throughout the timeframe encompassing

December 2022 to January 2023 illustrates a level of accuracy

deemed satisfactory within the model (Figure 3).
3.2 Channel-floodplain exchange and
transport fraction

This study is dedicated to investigating hydrological

connectivity within the WLD, with an emphasis on channel-

floodplain water exchange, transport fraction, and the

contribution of channels andfloodplains to water transport. The

discrimination between primary channels and submerged

floodplains is established through the application of a sediment

surface elevation threshold set at−0.75 m NAVD88 (Figure 1C).

The employment of this specific threshold, though somewhat

subjective, defines a boundary between channels andfloodplains

and facilitates an in-depth analysis of the effect of bathymetry. This

approach contributes to a nuanced comprehension of the intricate

interactions governing the channel-floodplain system. The study

seeks to advance current understanding by exploring the

morphological distinctions and the functional aspects of

hydrological connectivity between channels andfloodplains.
Frontiers inMarine Science 06
The channel-floodplain exchange is characterized by the

movement of water across the boundary between channels and

floodplains. The quantification of net channel-floodplain exchange

involves computing the average water transport (m³/s) from the

channels to thefloodplains (for convenience of discussion, we

define this aspositive exchange), and conversely, from the

floodplains to the channels (negative exchange) at a given time.

This calculation provides a measure of the bidirectionalflow

dynamics between channels andfloodplains.

The transport fraction is defined byEquation 12as the ratio

between the integrated water transport (m³/s) across the boundary

offluvial channels andfloodplains, and the total upstream main

channel discharge entering the delta through the apex:

Transport Fraction=

Zz

−H

ZL

0
v(x,y,z)dldz

Qc
*100 (12)

wherev(x,y,z,t) is the horizontal velocity component

perpendicular to the boundary offluvial channels andfloodplains,

as shown inFigure 1D. The water depth is represented byH,zis the

surface elevation,Lis the width of the cross-section, andQc
represents the upstream channel discharge (m³/s). In other words,

the transport fraction signifies the portion of WLO discharge that is

transferred betweenfloodplains and channels, serving as the

primary source for sediment and nutrient transport in the WLD.

This quantity is positive when the transport is from channel to

floodplain and negative if the transport is fromfloodplain to

channel. To examine the subtidal water transport, a sixth-order
A      B

D

E      F

G

I

H

J

C

FIGURE 3

Model-data comparison. Modeled and measured water level elevation at Eugene(A, B), LAWMA(C, D), Mouth of Atchafalaya(E, F), Grand Isle(G, H),

and Port Fourchon(I, J)stations. The left and right panels correspond to the calibration and validation, respectively.
frontiersin.org
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Butterworth low-passfilter, characterized by a cutoff frequency of

0.6 cycles per day, is applied.

To quantify the contribution of channels andfloodplains to the

transport of water in WLD, discharges are calculated across ten arcs

drawn at one-kilometer intervals, commencing from a point about 3

km from the delta apex to the delta front (Figure 1C). Arcs

intersecting the pre-established boundaries betweenfluvial

channels andfloodplains serve as the basis for defining channel

segments andfloodplain segments. A channel segment is defined as

the section of an arc that lies between two channel boundaries, while

afloodplain segment is defined as the section of the arc located

between twofloodplain boundaries.

The Water Transport Contribution (WTC) for each of these

segments, as defined byEquation 13, is as follows:

WTC=
QCi or QIj

oQCi+oQIj
100 %       (13)

whereQCiis the transport within each channel segment andQIj
represents the transport through eachfloodplain segment, each

corresponding to a segment of an arc. Thei, indicating the number

of channels in each arc, varies from 3 channels at the initial curve

boundary located 3 km from the apex to 7 channels at the last

boundary, 10 km from the apex. Similarly,j, which denotes the

number offloodplains, changes between 2 and 7 from the upstream

end outward (Figure 1C). For any arc, the sum of the WTC of the

channel andfloodplain segments is 100%.

The WLD comprises seven primary channels and eight

floodplains, with six of thefloodplains bordered by channels on

both the left and right sides. Although these areas are technically

characterized as deltaicfloodplains in geological terms, they are

colloquially referred to as islands in some publications, with names

like Mike Island and Tim Island. For clarity and distinction, the two

boundaries between the channels andfloodplains have been

demarcated as right side and left side. These are depicted in

Figure 1Dusing blue and red at the boundary of thefloodplains,

respectively. This classification is informed by the direction of

movement alongfloodplains and channels, from downstream to

upstream (facing land).

Throughout the simulation period, eight distinct cold front

events occurred, traversing the WLD (Table 2). The determination
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of the cold fronts’timing was based on their entry and exit from the

state of Louisiana as inHuang and Li (2017), using 3-hour surface

analysis maps sourced from NOAA’s Hydrometeorological

Prediction Center (HPC, 2023). The results of the simulation are

discussed and presented in the following sections.
4 Results

4.1 Water exchange

Figure 4delineates the average net channel-floodplain water

volume exchanges through left and right sides, when facing land,

within the WLD over the entire simulation period. The black arrows

indicate positive transport, i.e., water movement from channels to

floodplains. In contrast, the yellow arrows signify the negative

transport, fromfloodplains to channels. Although most of the

floodplains predominantly exhibit water transport from channel

tofloodplain (black arrows, 11 out of 14 possibilities), a distinct

pattern is evident for three specificfloodplains: Mike, Chester, and

Sherman Islands (Figure 4, 3 out of 14 possibilities). Each of these

floodplains showcases a pronounced negative transport of water, as

denoted by the yellow arrows, toward their left side. Specifically,

Chester’s Island manifests a marked water outflow of approximately

123 m³/s directed toward Mallard Pass. Concurrently, Mike Island

demonstrates a notable leftward water discharge of 46 m³/s.

Meanwhile, Sherman Island, although displaying a lower

transport value than the former two, still indicates a discernible

western water egress amounting to about 15 m³/s. The consistent

left-sided net water transport in these threefloodplains can be

attributed to high connectivity and substantial water discharge of

channel in their right sides, including Greg Pass, Gadwall which

transfer about 18% and 27% of the WLO discharge based on the

previous study (Feizabadi et al., 2023).

The average net water exchange from channels to each

floodplain is approximately 90 m³/s, with a range from 29 to 250

m³/s. For Mike Island, there is a water transport (positive) from

Greg Pass to thefloodplain on the right side approximating 75 m³/s,

contrasted by a negative transport from thefloodplain to Main Pass,

measuring around 49 m³/s. Meanwhile, Tim Island experiences
TABLE 2 Summary of cold front scenarios for numerical simulations.

Start time End time
Wind Speed
(m/s)

Moving Direction

Cold Front 1 14 December 2022 21:00 15 December 2022 18:00 5.6 ± 1.4 Northwesterly

Cold Front 2 15 December 2022 15:00 16 December 2022 03:00 4.6 ± 1.3 Northwesterly

Cold Front 3 23 December 2022 00:00 24 December 2022 00:00 10.4 ± 2 Northwesterly

Cold Front 4 04 January 2023 06:00 05 January 2023 09:00 3 ± 0.3 Westerly

Cold Front 5 13 January 2023 00:00 14 January 2023 00:00 9.1 ± 0.9 Northwesterly

Cold Front 6 19 January 2023 12:00 20 January 2023 00:00 2.5 ± 0.6 Northwesterly

Cold Front 7 22 January 2023 06:00 23 January 2023 12:00 5.4 ± 1.6 Westerly

Cold Front 8 25 January 2023 03:00 26 January 2023 12:00 8.3 ± 2.3 Northwesterly
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positive average water transport on both its right and leftflanks,

with rates of approximately 145 m³/s from the Main Pass and 105

m³/s from Gadwall Pass, respectively.

Figure 5represents the time series of the alteration in water

exchange between channels and differentfloodplains from

December 1, 2022, to January 31, 2023. It shows the bidirectional

water exchange between channels and their adjacentfloodplains

influenced by tidal currents. However, the impact of tidal currents

on water exchange varies among thefloodplains: it is pronounced

on Chester, Tim, Mike, and Greg Islands, while it is notably less

significant on Pintail and East Islands (Figures 5A–H).

InFigure 5, the gray dashed lines demarcate the specific times

when cold fronts pass through the WLD, serving as temporal

markers for analyzing the associated changes in water exchange

patterns. The results indicate that significant variations in water

exchange are evident during the pre-frontal phase with dominant

southerly winds and the post-frontal phase characterized by

prevailing northerly and northwesterly winds (Figures 5A–H).

For instance, Mike Island experiences a positive average net water

transport of approximately 75 m³/s from its right side, and a

contrasting negative transport of around -46 m³/s from its left

side towards the Main Pass. During thefirst cold front’s pre-frontal

phase, water transport along the left side increases by roughly

fivefold, reaching -280 m³/s (Figure 5E). Simultaneously, on the

right side, the transport enhances to about 210 m³/s, marking a

twofold rise in the water exchange. However, during the post-

frontal phase, the water exchange patterns reverse and intensify,

with the water exchange on the left and right sides enhancing to 553

m³/s and -305 m³/s, respectively. On Tim Island, where net water

transport is around 105 m³/s and 145 m³/s on the left and right
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sides, respectively, a similar cold front significantly amplifies

exchanges in both frontal phases (Figure 5D). During the pre-

frontal phase, the left side undergoes a reversal, increasing to about

-191 m³/s, while the right side shows an increase to 315 m³/s

without changing direction. In the post-frontal phase, the water

transport on the left side of Tim Island surges to around 635 m³/s,

whereas on the right side it inverts with an increased magnitude to

about -470 m³/s. A similar response in water exchange patterns can

be observed for otherfloodplains, though the magnitude varies,

which shows the significant impact of passing cold fronts on the

channel-floodplain water volume exchanges in a deltaic system.

When comparing cold fronts 3 and 5, even though they have

similar characteristics in terms of their movement directions,

northwesterly, and nearly identical wind speeds (cold front 3 at

10.4 ± 2 m/s and cold front 5 at 9.1 ± 0.9 m/s), the variation

observed in cold front 5 is significantly lower than that in cold front

3 in all offloodplains. This difference can be attributed to the tidal

currents depicted inFigures 5IandJ. Specifically,during cold front

3, there is a presence of a spring tidal current, while cold front 5

coincides with a neap tide. During a spring tide, the volume of water

in the WLD is larger, leading to higher water levels during theflood

tide. Consequently, the passage of a given cold front during a spring

tide enhances the water transport between channels and

floodplains. It can be concluded that one of the significant factors

affecting water exchange between primary channels andfloodplains

is the water level in the delta.

The analysis reveals that the passage of a cold front alters both

the magnitude and direction of water transport between channels

andfloodplains and the characteristics of connectivity. This change

should have impacts on the ecological and geological processes on
FIGURE 4

Average net water exchange (m³/s) between channels and islands. Black arrows represent waterflowing from channels to islands, while yellow

arrows indicateflow from islands to channels.
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thefloodplains, including sediment transport and deposition,

nutrient cycling, biodiversity, and overall productivity (e.g.,

Bevington et al., 2017;Knights et al., 2020;Olliver and Edmonds,

2021). The extent of this water exchange is influenced by factors

such as wind speed and the water level in the delta, which in turn are

determined by tidal currents and river discharge.
4.2 Transport fraction

In this section, the transport fraction between channels and

floodplains is explored on both the left and right sides, when facing

land. The percentage of non-tidal upstream discharge that interacts

with thefloodplains on each side is determined by assessing the

transport fraction.Figure 6displays the fraction time series for all

floodplains based on water input from the WLO measured at the

delta apex cross-section (Figure 1D).

The average and temporal patterns of transport fraction for

eachfloodplain indicate that thefloodplains can have different

connectivity characteristics (Figures 6A–H). Pronounced cold

front-inducedfluctuations in transport fraction are observed for

Chester, Mike, and Tim Islands. Conversely, Greg, Pintail, and East
Frontiers inMarine Science 09
Islands demonstrate relatively consistent and less variability,

potentially attributed to their distinct geomorphological features.

Pintail, Greg, and East Islands, with average fractions ranging

between 1% and 2%, exhibit the lowest transport fraction when

compared to other islands (Figures 6A–H). This reduced fraction

can be partially attributed to the presence of natural levees along

thesefloodplains, which act as natural barriers (Supplementary

Figure S1A). The cross-sectional views offloodplains in the WLD

show that Pintail Island possesses the highest natural levees on both

sides compared to otherfloodplains (Supplementary Figure S2).

These levees, formed by sediment deposition duringflooding

events, influence the connectivity of thesefloodplains with

adjacent channels. Such variations underscore the integral role of

topography and structural attributes of thefloodplains in

determining the extent and nature of their connectivity with

surrounding waters.

Forfloodplains like Greg and Tim Islands, with positive average

fraction on both sides indicating water transport from the main

channel to thefloodplain, the pre-frontal phase typically sees

decreased fraction on the left side and increased fraction on the

right. However, in the post-frontal phase, this pattern reverses. On

Tim Island, with an average fraction of 4% on the left and 5% on the
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FIGURE 5

Time series of the water exchange (volume transport) between islands and channels, water level, and wind velocity components from December

2022 to January 2023. Water exchange relative to the average net water exchange(A–H), water elevation at the Eugene station(I, J), wind velocity

components Vx and Vy(K, L). Colored numbers indicate the average net water exchange on the left and right sides offloodplains. Dashed lines

across thefigures mark the time of cold fronts passing through. Positive values signify the movement of water from channels tofloodplains, and

negative values suggest the reverseflow. The waterflow on the left and right sides of thefloodplains is represented by red and blue

lines, respectively.
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right, the pre-frontal phase of cold front 1 leads to a reversal and

decrease in fraction on the left side to -3%, while on the right side, it

increases to 13%. In contrast, the post-frontal phase causes an

increase in fraction to 5% on the left and a decrease to 2% on the

right side (Figure 6D). Forfloodplains like Chester and Mike

Islands, with a positive average fraction on the right side and

negative one on the left side, an augmentation in fraction is seen

during the pre-frontal phase, which subsequently diminishes during

the post-frontal phase. Chester Island, with a transport fraction of

7% on the right side and -5% on the left side, experiences intensified

fraction during the pre-frontal phase of cold front 1, with values

surging to 14.5% and -16% for the right and left sides, respectively.

However, in the post-frontal phase, the right-side fraction

significantly drops to 2.4%, while on the left, there is not

only a reduction but a reversal to 0.5% from channel to

floodplain (Figure 6C).
4.3 Effect of river discharge on
transport fraction

As discussed in section 4.1, the water levels within the delta play

an important role in influencing water exchange. Consequently, the

river discharge, which invariably impacts the water level in the

delta, can be a determinant forfloodplain connectivity. This forms

the premise for the investigation into the interplay between river
Frontiers inMarine Science 10
discharge and connectivity. Three distinct scenarios are assessed to

provide a comprehensive perspective on transport fraction under

different river discharge scenarios, including low, moderate, and

high discharge conditions. To consider the variability in

hydrological conditions, an analysis is performed on the daily

water discharge records for the Wax Lake Outlet and the

Atchafalaya River, spanning from 2006 through August 2023. For

the categorization of discharge levels, thefirst quartile is selected to

represent low discharge (1845 m3/s), the mean value indicates

moderate discharge (3210 m3/s), and a value under which 90% of

records fall in is designated as high discharge (5600 m3/s).

Figure 7shows the transport fraction for Chester, Tim, and Mike

Islands during both low (dotted lines inFigures 7A,C,E)andhigh

(dashed lines inFigures 7B,D,F) discharge conditions, as compared

with the actual simulation (solid lines). Examining the water

discharge data (Figures 7G,H) reveals a clear correlation that a

decline in water discharge tends to reduce transport fraction, while an

increase in discharge generally enhances fraction on both sides of the

floodplains. Furthermore, results show that the response of transport

fraction to passing cold fronts varies depending on river discharge.

While an increase in river discharge does bolster the average fraction,

it concurrently mitigates thefluctuations attributable to cold fronts.

Conversely, a decrease in river discharge exacerbates thefluctuations

induced by cold fronts, which is associated with smaller water depth

and thus higher nonlinearity (Li and O’Donnell, 1997;Feizabadi et al.,

2024a). For example, during the cold front 4 in the pre-frontal phase
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FIGURE 6

Time series of the transport fraction between islands and channels from December 2022 to January 2023 relative to the non-tidal inflow from the

WLO, average connectivity for each side of islands(A–H), and wind velocity components Vx and Vy(K, L). Colored numbers indicate the average net

water exchange on the left and right sides offloodplains. Dashed lines across thefigures mark the time of cold fronts passing through. Positive

values signify the movement of water from channels tofloodplains, and negative values suggest the reverseflow. The waterflow on the left and

right sides of thefloodplains is represented by red and blue lines, respectively.
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in the low discharge scenario, the transport fraction of Mike Island

through the left side is approximately -11% and 8% for the right side

from the channel to thefloodplain (Figure 7E). Meanwhile, in the

high discharge scenario, their magnitudes decrease to -4% and 5%,

respectively (Figure 7F).

Table 3illustrates the average transport fraction of all

floodplains to WLO water discharge under different conditions,

split between the right and left sides of eachfloodplain. The fraction

values appear to be influenced by the discharge values; as the

discharge increases, the transport fraction for manyfloodplains

tends to rise. However,floodplains like Mike Island exhibit varied

responses, with Mike’s left side showing consistent transport

fraction across scenarios. Chester and Tim Islands exhibit a

greater fraction relative to the otherfloodplains. In contrast, the

Pintail and East Islands present the lowest fraction values among all

floodplains, suggesting they might be least affected by changes in

water discharge. Additionally, thefindings indicate that the

transport fraction on the right side of thefloodplains is higher

than that on the left side, which may be attributed to the influence of

the Coriolis force and topography (Feizabadi et al., 2023).

To assess the impact of the Coriolis force on transport fraction

across different river discharges, simulations without the Coriolis

force are performed for low and high WLO discharges. Thefindings

highlight the significant influence of the Coriolis force, which

amplifies transport fraction on the right (eastern) side and
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diminishes it on the left (western) side offloodplains in the

northern hemisphere, when facing land (Supplementary Figure

S3). However, the influence on the right side is considerably more

pronounced than that on the left side. Specifically for Tim Island,

the Coriolis force increases transport fraction by 5-12% on the right

side and reduces it by approximately 1-2% on the left, depending on

river discharge (Supplementary Figure S3). In Mike, Chester’s, and

Sherman Islands, the net water exchange is characterized by a

dominantflow from thefloodplain to the channel on the left side,

where the volume of water transferring from thefloodplain to the

channel surpasses that from the channel to thefloodplain. The

Coriolis force enhances the volume of water directed toward the

floodplain from the right side while simultaneously reducing the

volume directed toward the channel from the left side, when facing

land. This interaction results in an elevated transport fraction on the

left side of thesefloodplains. Furthermore, the results indicate that

the impact of the Coriolis force on transport fraction is more

pronounced during periods of low discharge, aligning with the

findingsof prior studies (Feizabadi et al., 2023). The difference in

the responses of thesefloodplains underscores the complexity of

hydrodynamic processes and implies that eachfloodplain’s

topography, position, and surrounding channel morphology

might play a crucial role in determining its connectivity behavior.

To quantify the water exchange between each channel and their

adjacentfloodplains under multiple discharge conditions, an
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FIGURE 7

Time series of the transport fraction for Chester, Tim, and Mike islands from December 2022 to January 2023 relative to the non-tidal inflow from

the WLO under low(A, C, E)and high(B, D, F)discharge scenarios, average connectivity for each side of islands, the Wax Lake Outlet discharge time

series represented by solid (measured), dotted (low), and dashed (high) lines(G, H), and wind velocity components Vx and Vy(I, J). Colored numbers

indicate the average net water exchange on the left and right sides offloodplains. Dashed lines across thefigures mark the time of cold fronts

passing through. Positive values signify the movement of water from channels tofloodplains, and negative values suggest the reverseflow. The

waterflow on the left and right sides of thefloodplains is represented by red and blue lines, respectively.
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evaluation of the average fraction of channels based on the water

discharge of each channel is provided inTable 4. The data illustrates

a wide variability in average transport fraction depending on both

the specific channel and the discharge condition. As concluded in

the previous sections, the magnitude of fraction increases with

higher discharge rates. The Main, Mallard, and Campground

Passes demonstrate consistently elevated total fraction rates,

quantified as the summation of absolute fraction values with two

adjacentfloodplains. Under the high discharge, this rate has been

observed to exceed 90% (Table 4). In other words, it indicates that

the integrated average water transport between these passes and

their correspondingfloodplains accounts for over 90% of their

channel discharge. Nonetheless, the high fraction rates of Main,

Mallard, and Campground Passes do not necessarily indicate the

greatest volume of water exchange withfloodplains relative to other

channels. While Gadwall Pass demonstrates a total fraction rate of

53%, it accounts for approximately 27% of the water transport from

the WLO, as reported in previous studies (Feizabadi et al., 2023). In

contrast, the contribution from each of Main, Mallard, and

Campground Passes is approximately 11% (Feizabadi et al., 2023).

Furthermore, results show that Greg Pass has the lowest total

fraction compared to other channels, ranging from 20% to 37%

depending on the discharge conditions. Typically, the average total

fraction for all passes is around 50%, with a variation from 23 to

77%, under the moderate discharge condition as the mean WLO

discharge to the delta. The disparities in transport fraction among

channels underscore the heterogeneity of water and sediment

dynamics in the system.
4.4 Floodplain and channel contributions

The average contributions of channels andfloodplains, from the

delta apex to the delta front, are evaluated to determine their roles in

water transport relative to the total inflow from the WLO (Figure 8).

InFigure 8, the blue curves represent the channels’contribution,

with varying line patterns delineating different discharge

conditions: solid (measured), dotted (low discharge), solid-circles

(moderate discharge), and dashed (high discharge). The remainder

of the contribution is attributed to thefloodplains (red lines),

encompassing sixfloodplains bordered by channels on both sides,

along with the Fred and East Islands. As the distance from the delta

apex increases, the percentage contribution of the channels,

regardless of the discharge condition, shows a generally declining

trend, while the percentage contribution of thefloodplains shows an

increasing trend. At 8 to 10 km from the apex, there is a notable

shift in the contributions from channels tofloodplains, which is

largely due to the bathymetry of the channels (Supplementary

Figure S1B). The bathymetry of channels indicates a sudden

reduction in water depth within this specific range due to an

adversely sloping channel, leading to a significant diversion of

water into thefloodplains (Supplementary Figures S1C,D). Also,

the results demonstrate that with the increase in river discharge, the

contribution of channels diminishes, and conversely, the

contribution of thefloodplains enhances. At 10-km from the

delta apex, the average contribution offloodplains in water
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transport oscillates between 39% and 58%, depending on the river

discharge from low to high.

To further understand the role of individualfloodplains and

channels at various distances from the delta apex under different

river discharge scenarios, the average contribution of each

floodplain and channel segment has been quantified based on the

total waterflux along the respective arc boundary illustrated in

Figure 1D(Figure 9). The cumulative contribution of all segments

in each arc equates to 100%, without considering the roles of Fred

and East Islands. This is attributed to the low-lying nature of the

floodplain bathymetry, which presents no distinct boundaries to

demarcate these two islands from the upper reaches of the delta.

The uniformity of the low-lying terrain precludes the definition of

discrete segments in the hydrological analysis of the area. The

results indicate that moving away from the delta apex to the delta

front, there is an uptick in the rolefloodplains play in water

transport, while the contribution of channels diminishes

conversely. For example, the average contribution of Gadwall

Pass, which serves as the main water transport channel,

diminishes from 28% at 5 km from the apex to 14% at 10 km

under moderate discharge conditions. Conversely, the contribution

of Tim Island rises from 0% to 11% (Figure 9C). Thefloodplains

located at the delta have a modest gradient extending from the delta

front to its apex, marked by a progressive shift from subtidal zones

tointertidal and eventually to supratidal regions. Natural levees

hinderflow between channels andfloodplains, notably during low

discharge. Consequently, pronounced channel-floodplain

interactions are evident in places where sediment surface

elevations are diminished, and the subtidal zone is prevalent.

In comparison to otherfloodplains, Tim, Mike, and Greg Islands

have the highest average contribution in water transport, with their

contributions ranging from about 8 to 12%, depending on the water

discharge, at 10 km from the apex of the delta (Figure 9). The

substantial contribution of thesefloodplains can be due to their

relative youth compared to others (Bevington and Twilley, 2018), and

their extensive shallow areas (Supplementary Figures S1A,2). In

contrast, Sherman and Pintail Islands have the lowest contributions

in water transport. Furthermore, results illustrate that an increase in

WLO discharge amplifies the role offloodplains in the conveyance of

water and materials, encompassing sediments, nutrients, and other

relevant elements. Concurrently, there is a discernible reduction in

the contribution of channels. In particular, the Gadwall Pass, with a

considerable 17% contribution in low discharge conditions,

experiences a reduction to 14% under high discharge conditions at

10 km from the apex. Conversely, the contribution of Tim Island

increases from 8% to 13% when the discharge changes from low to

high. It can be attributed to the general rise in water depth in the

channels andfloodplain during high discharge conditions, leading to

an enhancedflow across the boundary separating the channel and

thefloodplain.
5 Discussion

The present study adds more understanding of the impact of

atmospheric cold front to the deltaic system. The previous studies
frontiersin.org
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Feizabadi et al., 2023) examined different forcing factors to the

circulations in the system. These factors include the

geomorphological setup of thefloodplains, orientation and

intensity of the cold front, variations in river discharges, tides,

and Coriolis force.

In contrast, the present study further explored the hydrological

connectivity between channels andfloodplains under cold fronts,

providing more understanding of the complex geomorphological

impact to the water transport distribution and pathways under the

influence of cold fronts in a deltaic system. While earlier studies

broadly investigated the factors influencing water level variations,

water volume transport in channels, and overall water circulation

within the WLD (e.g.,Zhang et al., 2022;Feizabadi et al., 2024b), the

present research delves into the specifics of hydrological

connectivity between channels andfloodplains and the variations.

Specifically, we highlight the spatial variation in the critical role of

floodplains in water transport under different conditions, a

previously underexplored facet. Thus, this study progresses from

a general examination of hydrodynamic forces to a detailed

exploration of localized interactions between channels and

floodplains, advancing the understanding of how these dynamics

manifest at another level within the deltaic system.
5.1 Reaction offloodplain water exchange
patterns to passing cold fronts

For a clearer comprehension of how water exchange on the

floodplains reacts to the passage of cold fronts, thefloodplains have

been categorized into two distinct groups as depicted inFigure 10,
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based on their net water exchange with adjacent channels. In this

classification, Sherman, Chester, and Mike Islands are designated as

Type 2 Chevron shapedfloodplains, whereas the rest fall under the

Type 1 category. For Type 1floodplains, under the non-frontal state,

the net water exchange is characterized by aflow from the channels to

thefloodplain on both sides. With the advent of a cold front, this

water exchange intensifies on both sides. During the pre-frontal

phase, the water exchange on the left side undergoes a reversal,

transitioning from thefloodplain to the channel. Similarly, in the

post-frontal phase, the right side reflects this alteration, shifting its

flow from thefloodplain towards the channel. For Type 2floodplains,

as depicted in the non-frontal state shows water exchange from the

channel to thefloodplain on the right side and from thefloodplain to

the channel on the left side. The passage of a cold front amplifies the

water exchange during both the pre- and post-frontal phases. In the

pre-frontal phase, the direction remains consistent with the non-

frontal state. Conversely, during the post-frontal phase, both sides

undergo a reversal in their water exchange direction. This

classification offers a valuable perspective for predicting how the

hydrological connectivity offloodplains respond to passing cold

fronts and variations in discharge levels. The distinct characteristics

of these two types offloodplains could potentially be attributed to

their morphological structures and features, which may be influenced

by factors such as water circulation patterns, sediment transport

dynamics, and meteorological conditions.
5.2 Verification offloodplain contributions
to water transportation

The results indicate that between 39-58% of the water exchange

from the WLD to the bay passes throughfloodplains, aligning with

the 24–54% range observed infield measurements (Hiatt and

Passalacqua, 2015). These measurements were conducted on 11

different Acoustic Doppler Current Profiler (ADCP) transects along

Gadwall and Main Pass, encompassing 5 transects in each pass and

one in the upper section, during the period of 16 to 19 June 2014

(Figure 11A). This period, characterized by both falling and rising

tides, saw an average discharge at the Calumet gauge of 3344 m³/s.

The data collected byHiatt and Passalacqua (2015)were used to

calculate the average discharge at each transect within the Gadwall

and Main Passes, and to determine the respective contributions of

each transect. Thesefindings are subsequently compared with the

contribution estimates derivedfrom our simulations at these

channels under a moderate discharge of 3210 m³/s (Figure 11).

The comparison reveals that the measured and simulated

contributions share similarities in both magnitude and pattern,

notably a trend of diminishing channel contribution from upstream

to downstream transects. This similarity underscores that the

adjusted control model effectively captures the channels and

floodplains interaction at the WLD. However, certain disparities

are observed, potentially stemming from variations in river

discharge conditions, the impact of tidal currents on measured

data, and the specific locations of the transects.
FIGURE 8

The average water transfer contribution by channels andfloodplains

based on their distance from the apex under different discharge

conditions, measured (solid), low (dotted), moderate (solid-circles),

and high discharge (dashed) scenarios, over a span of 3 to 10

kilometers from the apex. Blue and red lines represent the

contribution of channels andfloodplains, respectively.
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5.3 Implication offindings on
sediment transport

In deltaic environments, sediment transport determined by

hydrodynamics plays a pivotal role in the formation and

sustenance of the delta’slandarea.Olliver and Edmonds (2021)

observed that within the Wax Lake Delta, the amount of inorganic

sedimentflux and average accretion of a givenfloodplain is related to

the hydrological connectivity between thefloodplain and the

primary channel network. This is crucial as the exchange patterns,

via secondary channels, determine both the trajectory and the overall

flow of water and sediment onto and from thefloodplains. In a

specificscenarioinOlliver and Edmonds (2021), with a riverflow of

2000 m3/s, absence of vegetation, and a 0.236 m semi-diurnal tidal

amplitude, Tim Island receives about 29% of sediment deposits,

followed by Mike and Greg Islands with 24% and 15% respectively.

Among the top threefloodplains in terms of sediment

deposition, both Tim and Greg Islands exhibit positive transport

fraction on both their left and right sides (Type 1). In contrast, Mike
Frontiers inMarine Science 15
Island shows a positive transport fraction on its right side and

negative fraction on the left (Type 2). A comparison between the

connectivity patterns of Mike Island and those of Chester and

Sherman Islands reveals some intriguing differences. Although

Mike Island has either similar or slightly lower positive transport

fraction on the right side (Table 3) under varying discharge

conditions than both Chester and Sherman Islands, it still ranks

second in terms of sediment transport. This shows the high

sediment retention efficiency of Mike Island in contrast to the

others. Given a constant river discharge scenarios are explored in

both and other studies (e.g.,Olliver and Edmonds, 2021), the

variance in sediment retention highlights the significant influence

of tidal currents on sediment retention, which is consistent with

previous studies (Allison et al., 2017;Olliver et al., 2020).

Furthermore, thefindings of this research emphasize the

significant impact of passing cold fronts on the expansion of

floodplain land and sediment accumulation in a delta. The

interplay of the pre-front and post-frontal phases of a passing cold

front does not just amplify the fraction rate betweenfloodplains and
A      B

DC

FIGURE 9

The average water transport contribution of channels andfloodplains under various discharge conditions.(A)the actual or“Measured”discharge,

(B)the Low Discharge,(C)the Moderate Discharge, and(D)High Discharge. Blue and red numbers represent the contribution of channels and

floodplains, respectively.
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channels; it can also remarkably shift the very direction of water

movement, particularly in low discharge conditions. However, in the

WLD,Bevington et al. (2017)conducted measurements of sediment

surface elevation along seven transects from February 2008 to

August 2011 and found that during the winter cold front season,

sediment was eroded from the deltaicfloodplains. There is a research

gap in understanding the interaction effects of passing cold fronts,

tidal currents, and river discharge on sediment distribution and

transport within individualfloodplain.
Frontiers inMarine Science 16
6 Conclusion

This research examines the impact of cold fronts on

hydrological connectivity between primary channels and

floodplains of the Wax Lake Delta (WLD), by considering

different factors including atmospheric cold front related wind

forcing, river discharge, tides, geomorphology, and the Coriolis

force. Utilizing the hydrodynamic model D-Flow FM, this study

conducts simulations and subsequent analyses to investigate the
FIGURE 10

Visual representation offloodplain classifications based on water exchange responses to passing cold fronts. Black arrows indicate water movement

from channel tofloodplain, while orange arrows depict water transport fromfloodplain to channel. The increased thickness of arrows highlights the

amplification of water exchange during cold front passages relative to normal state.
A      B

FIGURE 11

Comparison of percentage contribution of water transport for Gadwall Pass and Main Pass, as determined byfield measurement(A)and

simulation(B).
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water exchange, transport fraction, and contributions of channels

andfloodplains to water volume transport in the WLD.

The study categorizesfloodplains into two types based on their

water exchange patterns and transport fraction. Thefirst type

experiences net water exchange from channels tofloodplains on

both the left and right sides of the channel-floodplain interface,

while the other type shows a significant net waterflow from

channels to thefloodplains on only one side, which can influence

water exchange on the opposite side, altering it fromflowing to the

floodplains to moving towards the channels. The net water

exchange from channels tofloodplains averages about 90 m3/s,

varying between 29 and 250 m3/s.

The water exchange and transport fraction between primary

channels andfloodplains under the influence of cold fronts depend

on several factors, including morphodynamic characteristics of

floodplains, the intensity of the cold front, the river discharge,

Coriolis force, and tidal currents. The passage of a cold front can

amplify or reverse the direction of water exchange between

floodplains and channels during different frontal phases. In the

pre-frontal phase, there is an increased water transport from the

channel to thefloodplain on one side (usually east side), while

simultaneously, a reverse transport occurs from thefloodplain to

the channel on the opposite side offloodplain (usually west side).

Conversely, the post-frontal phase is characterized by a reversal of

this pattern, with an amplified exchange of water between

floodplains and channels. The passage of cold fronts significantly

enhances water exchange between channels andfloodplains during

both the pre- and post-frontal phases, particularly when coinciding

with high water levels during spring tidal periods. Cold fronts can

increase the rate of water exchange across one side of the channel-

floodplain interface by up tofive times.

The ratio of volumetricflow rate across the channel-floodplain

interface, here termed the transport fraction, is modulated by

atmospheric frontal passage. Forfloodplains experiencing

transport into thefloodplain from both channel boundaries, the

passage of cold fronts may enhance transport fraction on one side of

afloodplain (usually east side) and diminish it on another side

(usually west side) during the pre-frontal phase. This pattern is

reversed during the post-frontal phase. Meanwhile, forfloodplains

that have positive fraction on one side and negative on the other,

there is an increase in transport fraction on both sides during the

pre-frontal phase, followed by a decrease during the post-frontal

phase. Cold fronts have the potential to enhance the transport

fraction on one side of afloodplain by approximately threefold,

rising from an average of 5% to 16%. Furthermore, results illustrate

that increased river discharge enhances the transport fraction of

floodplains and mitigates the impact of cold fronts, whereas a

reduction in river discharge diminishes the transport fraction and

intensifies the variations caused by cold fronts.

The transport fraction between each channel and its adjacent

floodplains is typically about 50%, which is supported by previous

field measurements at WLD. Furthermore, results show that the

Coriolis force can diminish the transport fraction on the left side of

floodplains and substantially enhance it on the right side. However,

this effect is more pronounced during periods when the river

discharge is low.
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Findings regarding the roles of channels andfloodplains in water

exchange with the receiving basin reveal that the contribution of

channels decreases from the apex towards downstream, whereas

floodplain contributions show an increase. From the delta apex to

the delta front, channels become shallower, so there is less distinction

between channel andfloodplains in terms of water depth and water

spreads readily spreads laterally tofloodplains via overbankflow.

Consequently, with a rise in river discharge, the capacity offloodplains

to transport water also increases. For the WLD, a significant portion of

water, ranging from 39% to 58%, is transported throughfloodplains to

the bay at the delta front, depending on the discharge condition. A

substantial portion of this water is transported through relatively

youngfloodplains with subaqueous levees versus maturefloodplains

with established levees and subaerial platforms.
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