
1.  Introduction
Salt marsh wetlands are an important component of coastal ecosystems. Marsh vegetation has a significant 
potential role as a barrier to storm waves (Fagherazzi, 2014; Möller et al., 2014). It also allows the enclos-
ing estuary to act as a nursery habitat for numerous shellfish and fish species (Mathieson et  al.,  2000). 
Additionally, tidal hydrodynamics facilitate the transport of vital nutrients and tracers into and out of the 
wetlands (during flood and ebb tides), affecting both inshore and onshore vegetation and wildlife (Mann & 
Lazier, 2013).

However, tidal wetlands are continuously affected by sea conditions such as storm surge (Cahoon, 2006), 
natural and/or human-induced regional subsidence (van der Wal & Pye, 2004) and sea-level rise (Alizad 
et al., 2016). It has previously been shown that wind-wave activity near salt marsh wetlands is a potential 
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factor in accelerating wetland loss rates (Karimpour et al., 2016; Leonardi et al., 2016b; Marani et al., 2011; 
Schwimmer, 2001; Schwimmer & Pizzuto, 2000). Moreover, a combination of increased water levels and 
energetic wind-wave conditions can lead to additional wave breaking, amplifying the marsh edge erosion 
(Tonelli et al., 2010).

Numerous studies (Leonardi et al., 2016a, 2016b; Marani et al., 2011; Schwimmer, 2001) have shown a linear 
relationship between wave energy flux (or wave power) and lateral rates of salt marsh boundary retreat—
this despite the possible complicating impacts of marsh root effects, soil characteristics, and bioturbation. 
The wave energy flux is strongly related to the volumetric erosion rates of the marsh edges and is considered 
a critical factor in overall marsh loss (McLoughlin et al., 2015). Moreover, frequent, moderately energetic 
weather conditions, rather than less-frequent extreme weather events (e.g., hurricanes), can have a greater 
impact on salt marsh retreat (Leonardi & Fagherazzi, 2015; Roberts et al., 1987; Roberts et al., 2015). Pass-
ing cold fronts are thus important drivers for shoreline changes of low-energy coasts (Keen, 2002). Despite 
recent progress in linking the wave power to marsh erosion, the connection to cold fronts is still not well 
studied.

Cold fronts are generally active from autumn to spring and move from north to south in the northern hem-
isphere (DiMego et al., 1976). These fronts are accompanied by gusty winds that can cause energetic waves 
over water. Winds ahead of a cold front along the Gulf Coast tend to arrive from the south and southwest, 
and then shift toward the northwest after the frontal passage. Subsequently, coastal water levels would 
change because of cold front-driven currents and Ekman transport before and after the arrival of north-
west winds with the frontal passage. Cold front-driven currents are mainly caused by across-Gulf coast 
winds that can drive across-shelf flow to shallow bays. Ekman transport is caused by the balance between 
along-Gulf coast winds generated stress and Coriolis force in the deep water and the direction of the flows 
is directed 90° clockwise rightward with respect to the wind direction (Fagherazzi et al., 2010; Tilburg & 
Garvine, 2004; Walker & Hammack, 2000).

The water level increase in shallow tidal basins can cause a monotonic increase in wave power, thus causing 
additional potential marsh edge erosion (Fagherazzi & Wiberg, 2009; Valentine & Mariotti, 2019; Young & 
Verhagen, 1996). However, this increase in wave power with water level is true up to a point; further in-
crease in water level can reduce erosion rates by weakening the wave thrust (defined as the depth-integrated 
dynamic pressure due to waves) at the edge of the salt marsh when the wetland platform is submerged. If 
the instantaneous water level is higher than the height of the edge of the wetland, the wave thrust on the 
wetland decreases sharply due to wave “overshoot” (Tonelli et al., 2010; Valentine & Mariotti, 2019). Sub-
sequently, these overshooting waves become attenuated in the marsh platform due to the underlying vege-
tation, and thus no additional lateral erosion occurs (Möller & Spencer, 2002; Möller et al., 2014). As such, 
the wave and water level both needed to be considered simultaneously to evaluate the erosion potential of 
wetlands.

Hydrodynamic and wave models have been applied to evaluate the lateral erosion of salt marsh in shallow 
bays. Fagherazzi and Wiberg (2009) simulated wave evolution in shallow tidal basins based on the formula-
tion presented by Young and Verhagen (1996). McLoughlin et al. (2015) and Priestas et al. (2015) compared 
the shoreline changes of the Virginia Coast (USA) to the wave model results based on the numerical model 
Simulating WAves Nearshore (SWAN) (Booij et al., 1999).

In areas populated by coastal wetlands, such as the barrier islands in shallow bays, wind-driven currents, 
and astronomical tides jointly control water fluxes (Duran-Matute et al., 2016; Lester et al., 2002). To model 
this, a large-scale hydrodynamics and wave model is necessary. In previous studies, coupled ADCIRC-SWAN 
models were applied to identify changes in the coastal environment under hurricane conditions in the 
Gulf of Mexico due to waves, tides, and surge inundation (Hope et al., 2013; Kerr et al., 2013; Sebastian 
et al., 2014). Hurricane-induced hydrodynamics and morphological changes in wetlands areas were also 
investigated by Liu et al. (2018) using the Delft3D model. However, no prior work has been done to model 
the impacts of cold-front-induced waves and hydrodynamics to the salt marsh boundary in a shallow bay.

In the present study, we utilize a large-scale coupled modeling system (Delft3D) to investigate processes 
(including wind, surge, and waves) in Galveston Bay along the Texas coast induced by two different cold 
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front passages. The model is also validated with in-situ data, an advance over many similar previous 
studies.

The purpose of this study is to show how cold front-driven wave and water level changes impact marshes 
and affect potential marsh edge erosion rates in coastal microtidal bays such as Galveston Bay. The objec-
tives of this study are threefold: (1) to investigate the meteorological condition changes during the cold front 
passage that affect the wave and hydrodynamic environment in Galveston Bay; (2) to investigate the wave 
response to these fronts (and attendant impact on erosion), with a focus on the impact of wind gustiness 
during cold front passage; and (3) to quantify the effect of inundation in the marsh boundary areas on wave 
energy during times of simultaneous high tide and cold-front driven surge.

2.  Study Area
2.1.  Site Description

Galveston Island is a barrier island on the Texas Gulf Coast, located about 80.5 km southeast of Houston, 
Texas, USA. The island stretches 43.5 km long by 4.8 km wide at its widest point. The island is oriented 
northeast-southwest, with the Gulf of Mexico bordering on the east and south, West Bay and San Luis Pass 
on the west, and Galveston Bay toward the north (Figure 1c). The bay has an average water depth of 1.8 m 
with respect to mean sea level. West Galveston Bay is classified as a micro-tidal lagoon. Along the immedi-
ate shorelines of Galveston Bay, Spartina alterniflora grows. This plant is well-known for its extensive roots 
and below-ground production, and grows along many of the world's bay shorelines (Feagin et al., 2009). The 
platform elevation of salt marshes along the area was calculated to range from 0.3 to 0.45 m NAVD88 in both 
LIDAR imagery and survey-grade GNSS (Feagin et al., 2010; Kulawardhana et al., 2015).

A field site was established on the bayside of Galveston Island along West Galveston Bay. The site is located 
between Melager Cove and Oxen Bayou, about 6 km from Galveston Island State Park (Figure 1a). This site 
was chosen since it is typical of eroding north-facing barrier island wetlands, and is therefore exposed to the 
impacts of northerly winds from cold fronts.

The wetlands in the area are affected by mixed (diurnal and semidiurnal) tides and waves generated by 
cold front winds acting across the 6 km (width of West Bay) to 26 km (length of a northeast-southwest line 
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Figure 1.  (a) Image of the Galveston Bay wetland at the study site, along with tide and wave gauge location (Source: NOAA NGS, 2011), (b) Topography and 
bathymetry of the study site in the model, and (c) locations of tide gauges and buoy around Galveston Bay used for model validation.
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delineating the long axis of West Bay) fetch. Northerly winds may lead to water level difference as high as 
1.0 m between east and west sides of the bay (Lester et al., 2002).

The loss of Galveston Bay salt marshes (estuarine marshes) has occurred at a rate of 0.7% from 1979 to 2002 
(White et al., 2004). This is higher than the national wetland loss, estimated to be about 0.5% (59,400 acres) 
annually in the decade before 1986 (Dahl & Johnson, 1991). From 2006 to 2011, a total of 5.1% of Galveston 
county wetlands (yearly average 1.02%) have been eroded in terms of surface area (Entwistle et al., 2018). 
The majority of losses were the result of subsidence, sea-level rise, wave action, sediment deficit, dredging, 
and filling (Moulton, 1997; Ravens et al., 2009). Across our study location, the long-time rate measured by 
Gibeaut et al. (2003) from 1930 to 1995 was 0.58 m per year (Feagin et al., 2010). This rate includes shoreline 
facing both the predominant fetch direction and peripheral, protected shorelines. The rate accelerated in 
the later portion of this time range, largely due to sea level rise (Ravens et al., 2009). For shorelines facing 
the predominant fetch direction only, we also measured the lateral erosion rate using Google Earth images 
for dates from 1954 to 2018 and found a consistent linear rate with minimal outliers, arriving at 1.13 m per 
year. On these same stretches of shoreline, Huff et al. (2019) also recorded erosion in the field, also finding 
1.13 m per year.

2.2.  Cold Fronts Passage on Galveston Bay

From September to May, Galveston Bay is influenced by cold fronts, evidenced by a sudden drop in tempera-
ture and strong gusty winds highly variable in direction. After the cold front passage, the Galveston Bay area 
experiences cool and dry weather brought by the northerly or westerly winds. These changes affect the wave 
and circulation of the Galveston Bay system. The change in hydrodynamic conditions due to cold fronts in 
the Galveston Bay were discussed in Cox et al. (2002).

Changing environmental conditions associated with cold front passages can be classified as prefrontal, 
frontal passage, and postfrontal (Roberts et al., 2015). The mean water level of Galveston Bay is strongly 
influenced by cold front-driven currents, in addition to the astronomical tide. As the front approaches the 
coast, winds become more southerly which causes the water level to increase slightly, due to the influx of 
water from the Gulf of Mexico (prefrontal). Immediately after the cold front passage (frontal passage), the 
northerly or westerly wind dominates over the entire bay; there is a resulting drop in water level as the water 
in the Galveston Bay fetch is pushed to the offshore side (postfrontal).

The number of cold front passages from 2015 to 2019 are shown in Figure 2. The number of cold fronts that 
passed through Galveston Bay from 2015 to 2019 was determined based on the analysis of infrared satellite 
imagery produced by the Weather Prediction Center of NOAA. Analysis consisted of manual recognition 
and counting of surface front locations passing through the Galveston Bay, and was performed at 3-h inter-
vals. Most of the cold fronts moved from North to South or from Northwest to Southeast. During the period, 
the months where the cold front passed most often were from November to February. From June to August, 
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Figure 2.  Monthly cold front passage at Galveston Bay between 2015 and 2019 and its all year average.
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the lowest number of cold frontal passages were observed. The average 
return period of the cold fronts in Galveston Bay was calculated as 6 days 
during the months in which they occur. Cold front gust generation, their 
directionality, and their forcing of waves are quantifiable, so it is impor-
tant to investigate the effect of waves generated by these climatic events 
on the salt marsh.

2.3.  Field Measurements

The study site, located at 29°14'46.55''N and 94°55'38.26''W, is near Mel-
ager Cove (Figure 1a), where the salt marshes present along the West Gal-
veston Bay side of Galveston Island are exposed to northerly winds and 
waves. To measure wave energy, an ultrasonic wave sensor (T30UXUB, 
Banner Engineering, Inc.) was placed approximately 5 m offshore from 
the edge for a duration of nine days (December 10 to December 18, 2015), 
with a sampling rate of 20 Hz with no bursts (Figure 3). During this pe-
riod, a large range of sea state conditions was encountered, with wind 
arriving from every direction and speeds ranging from 1.6 to 10.8 m/s, 
arising across a maximum fetch of approximately 6.25 km (the width of 
West Bay near the site).

Spectral wave analysis was performed for the water elevation records. The total record period is 8 days, 7 h, 
16 min, and 28 s. The time series are divided into 1,993 realizations of 7,200 data points apiece, resulting 
in frequency bins of 4097 with a resolution of 0.0025 Hz. Each realization is input into the periodogram 
function, which yields the frequency vector. This function computes the FFT from the input water eleva-
tion vector. These initial spectra were truncated at fmin = 0.05 Hz, as the signal errors and some unrealistic 
low-frequency parts were recorded during the frontal edge crossing mainly caused by the increased water 
level. The high-cutoff frequency was set equal to fmax = 1.00 Hz. The average water level data was extracted 
by applying a moving average of 72,000 data points (1 h) window to the raw ultrasonic gauge data.

2.4.  Wave Power (Wave Energy Flux)

Schwimmer (2001) found that the marsh regression rate is correlated to the averaged wave power, defined 
as:
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where Hs is significant wave height ( 04sH m , m0 being the zero moment integral of the power spec-
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where k is wave number (k =  2π/λ, λ being the wavelength). The wavelength λ is calculated using the 
mean absolute wave period Tm−1,0 (Tm−1,0 = m−1/m0, m−1 being the −1 order moment integral of the power 
spectrum) based on the dispersion relation (ω2 = gktanh(kh), where ω = 2π/T). The mean absolute average 
wave period (often called a mean energy wave period) is used to determine the wave energy flux per unit 
of wave-crest length (Hofland et al., 2017). For a marsh edge oriented at an angle to the wave propagation 
direction, the instantaneous incident wave power density is:

cosi wP P � (3)
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Figure 3.  Sensor configuration and wetland boundary demarcation at the 
field site. Local coordinate system also shown.
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where α is the mean wave direction relative to the direction normal to the marsh edge. Because the wave 
direction cannot be deduced using a single gauge, the Pi was calculated using the wind direction records 
at the Eagle Point wind station for the effective wave power calculation in the measurements, under the 
assumption that the waves are collinear with the wind direction. The average wave direction is assumed to 
be very close to the averaged wind direction records, and it is not considered to be a source of error since 
the direction of wind and waves were very similar in the model results. In addition, Pi < 0 represents times 
when the winds are directed away from the marsh edge, and as such do not generate waves that impact it; 
for these occurrences we set Pi = 0. The water depth at the site was not sufficiently small for the shallow wa-
ter approximation of the linear dispersion relation to be used. The time series of the significant wave height, 
Hs, water level, and mean energy wave period, Tm−1,0, extracted from the wave gauge time series data, were 
used to calculate the Cg in Equation 2. The short distance between the gauge and the wetland edge would 
not allow for additional wind-wave generation, so the wave energy at the gauge was assumed to be repre-
sentative of what occurred at the marsh edge. Wave reflection from the edge of the steep wetlands would 
likely be detected by the gauge; however, since it is a single gauge, there would be no way to extract it from 
the time series. While this reflection is not modeled, its neglect is not expected to be a significant source 
of error since the effective wave power value does not include waves directed away from the marsh edge.

Based on findings from Tonelli et al. (2010) and McLoughlin et al. (2015), we calculated the effective wave 
power by setting P = 0 when the extracted averaged water level was above the top elevation of the marsh 
edge platform. In a later section, we define three wetlands platform thresholds for calculation of effective 
wave power in line with this prior work. However, this definition excludes frictional effects generated by 
wavefront orbital velocity passing through the edge of a wetland, which can affect the salt marsh edge ero-
sion (Karimpour et al., 2016). Other studies consider this effect by exponentially reducing the wave thrust 
as water level increases above the marsh scarp (Donatelli et al., 2019; Leonardi et al., 2016b).

3.  Numerical Models
3.1.  Model Description

Due to this study's focus on wind-generated waves, a phase averaged wave energy (or action) balance mod-
el is required. The SWAN model (Booij et al., 1999) is widely used for coastal regions and was used here. 
SWAN was used with DELFT 3D-FLOW within the DELFT3D model suite, thus allowing coupled wave and 
hydrodynamic modeling.

The DELFT3D-FLOW module solves the unsteady shallow-water equations in two (depth-averaged) or 
three dimensions (Lesser et al., 2004). The system of equations consists of the horizontal momentum equa-
tions, the continuity equation, the transport equation, and a turbulence closure model. The vertical mo-
mentum equation is reduced to the hydrostatic pressure relation as vertical accelerations are assumed to be 
small compared to gravitational acceleration and are not taken into account. Although the 3-D model has 
the advantage in resolving the vertical flow structure, a validated 2-D model can achieve similar accuracy in 
tidal current prediction with much higher computational efficiency (Horstman et al., 2013). Therefore, the 
2-D version of the Delft3D model was used in the study to focus on depth-averaged currents in the shelf-bay-
wetland system. In addition, we employed domain decomposition in the Delft3D-FLOW model. Domain 
decomposition is a technique in which a model is divided into several smaller model domains, with paral-
lel computation occurring among all domains. In simultaneous computation with SWAN, nesting from a 
coarse grid to finer grids is used. In the outer boundary of the Gulf of Mexico grid, periodic conditions are 
applied at the open ocean boundary along the entrance of the Gulf of Mexico. Astronomical tidal constitu-
ents (K1, O1, Q1, P1, M2, S2, N2, and K2) are forced on the open ocean boundary using the TPXO 8.0 tidal atlas 
(Egbert & Erofeeva, 2002).

3.2.  Bathymetry and Grids

For improved fidelity of the model, four model grids, spanning from the Gulf of Mexico to the wetlands 
in the bayside of Galveston Island, were adopted. The bathymetric grid for the Gulf of Mexico (Figure 4, 
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Grid N1) was based on GEBCO-08 (Becker et  al.,  2009), a global bathymetry and elevation database at 
30 arc seconds spatial resolution. The bathymetric grid for Galveston Bay (Figure  4, Grid N2) was con-
structed using a nearshore digital elevation model at 3 arc -second spatial resolution (U.S. Coastal Relief 
Model, National Centers for Environmental Information NOAA, U.S. Department of Commerce, Boulder, 
CO, September 2010). For Galveston Island (Figure 4, Grid N3) and the site of interest (Figure 4, Grid N4), 
the Galveston Digital Elevation Model 1/3 arc-second (10 m) high-resolution topography and bathymetry 
(Taylor et al., 2008) was adopted for the representation of the salt marsh boundaries located at the bay side 
of Galveston Island (Figure 1b). Because the Galveston DEM was originally transformed to Mean High 
Water (MHW) level for the vertical datum, bathymetric and topographic data for Grid N3 and Grid N4 were 
adjusted to the NAVD88 Datum using NOAA Vertical Datum Transformation (VDatum) software (Parker 
et al., 2003). The difference between MHW and NAVD88 at the study site is 0.3 m. However, the uncertainty 
regarding the difference between the MHW level and NAVD88 presented on VDatum is 0.11 m.

Grid resolutions for the Gulf of Mexico, Galveston Bay, Galveston Island, and wetlands in the Galveston 
Island grid are 5 km, 370 m, 123 m, and 25 m, respectively. Each equidistant grid was rotated such that the 
positive x-direction is oriented 30° clockwise from the west-to-east direction. The datum of the bathymetric 
data is important, since the water depth defined by bathymetry is directly related to wave shoaling and re-
fraction and thus to the wave power at the salt marsh boundary. It should be noted that the present model 
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Figure 4.  Model grid and bathymetry of Gulf of Mexico (N1), Galveston Bay (N2), Galveston Island (N3), and study area (N4) in Delft3D-FLOW and 
Simulating WAves Nearshore (SWAN) model.
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resolution (25 m, Figure 4 Grid N4) cannot reasonably resolve the highly variable bathymetry around the 
salt marsh edge.

3.3.  Wind Input

NCEP Climate Forecast System Version 2 (CFSv2) 6-hourly Products (Analysis data) were applied (Saha 
et al., 2014) for the entire Gulf of Mexico (Grid N1) as well as the offshore side of Galveston Bay. These 
winds had a spatial resolution of 0.205 degrees. The comparison showed good agreement between NCEP 
offshore winds and NDBC buoy Station 42035, located outside of Galveston Bay entrance.

For the N2, N3, and N4 grids, winds and gusts from the nearest NOAA weather station in Eagle Point (Sta-
tion ID: EPTT2, 8771013), Houston, Texas, measured at 6 min intervals, were input to the model over the 
measurement period. Averaged wind speed was determined by a 2-min scalar average of 1-s wind speed 
measurements collected prior to each 10th hour. The wind gusts were determined from the maximum 5-s 
moving scalar average of wind speed that occurred during the previous 6 min at the station. Winds from 
Eagle Point, measured at 8.0 m above mean sea level, were corrected to the standard 10 m height (NOAA 
Tides and Currents, 2020). Scholes International Airport weather station (77551), Galveston, Texas, is locat-
ed 7.3 km east of the wave sensor location in Galveston Island. However, this weather station has low-di-
rectional resolution and frequent data gaps, precluding its use for modeling. Wind data from Eagle Point 
and Scholes Field International Airport were compared to confirm the similarity between two locations. It 
is found that the difference between the Scholes Field International Airport data and Eagle Point data was 
minimal, particularly during the cold front passage.

3.4.  Parameter Selection for Model

The DELFT3D model suite was configured to allow the hydrodynamic flow model (Delft3D-FLOW) and 
the SWAN wave model to communicate every 6 min during the simulation. The time step of the DELFT3D-
FLOW model was 12 s and the SWAN time step and coupling interval with the flow is 6 min. The time step 
of 12 s was chosen as a compromise between the Courant number (<10 is recommended, Deltares [2013]) 
in Grid N4 bathymetry and computational efficiency. Hydraulic friction is parameterized in the DELFT3D-
FLOW model using a spatially varying Manning's n value based on the water depth. Offshore, areas with 
sandy/gravel bottoms such as the Florida shelf are set to n = 0.022, and areas with muddy bottoms like the 
Texas-Louisiana shelf are set to n = 0.012 (Buczkowski, 2006). These values are applied at depths >5 m, and 
they are increased linearly to n = 0.022 toward the shoreline. The SWAN time step of 6 min is determined 
by the time interval of the wind input, allowing the immediate update of the wind velocity and the subse-
quent wind-wave conditions in the model. The wave directional spectra are discretized into 72 directional 
bins of a constant 5-degree width, and the frequencies are discretized over 24 frequency bins, in the range 
of 0.05–1 Hz, which is the default in SWAN. The hindcast uses the wind input formulation based on Sny-
der et al. (1981), the modified whitecapping expression of Rogers et al. (2003), and quadruplet nonlinear 
interactions via the discrete interaction approximation (S. Hasselmann et al., 1985). For the shallow-water 
source terms, depth-induced breaking is computed with a spectral version of the model of Battjes and Jans-
sen (1978) with the breaking index γ = 0.73. Wave refraction is enabled in regions where the resolution of 
the bathymetry is sufficient to prevent spurious wave refraction. Both models were run on the same compu-
tational grid, thus eliminating the need for interpolation between models. In the study area, an inner nest 
was included in the simulations to provide higher resolution in the wetlands of Galveston Island. The nest 
position is shown in Figure 4. Additional details on the SWAN wave model design are as follows:

1.	 �Stationary computations, with settings for numerics according to Rogers et al. (2003)
2.	 �Default settings for nonlinear interactions Snl4
3.	 �Bottom friction for JONSWAP (Hasselmann et al., 1973), set to 0.067 m2s−3

The time series of the significant wave height, Hs, mean absolute wave period, Tm−1,0, and averaged wave 
direction θ as outputs from the SWAN model, combined with the Delft3D-FLOW results of the water level 
time series, were used to calculate wave power.
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3.5.  Skill Metrics

Model validation was quantified using the following skill metrics: Root Mean Square Error (ERMS, which is 
a measure of the magnitude of error, with an ideal value of zero), Coefficient of Determination (R2, which 
describes how well a regression line fits a set of data, with an ideal value of one), Normalized Bias (which is 
a measure of the model's magnitude of overprediction or underprediction normalized to the observed value, 
with an ideal value of zero), Scatter Index (SI, The standard deviation of Ei is SI which indicates how much 
the predicted variation pattern deviates from the observed one, with an ideal value of zero), and Mean Nor-
malized Error (ENORM, which is the mean error normalized by the mean observed value, with an ideal value 
of zero; Hanson et al., 2009; Kerr et al., 2013). Taking N as the number of observation points in the time 
series and Ei = Si − Oi as the difference between the model result Si and the observation Oi, the equation for 
Mean Normalized Bias is
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Additionally, the equation for Mean Normalized Error is
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4.  Results
Two cold fronts were observed during the measurement period. Figure 5a illustrates the frontal passage and 
first cold front, approaching Galveston Bay around DEC 13, 2015 14:30 (UTC) with peak average wind speed 
of 14.2 m/s and gusting of 21.4 m/s. During the prefrontal phase, winds at Eagle Point are directed from 
south to north (arriving from 170° to 180°). As the leading edge passed the weather station, the primary 
wind direction quickly changed to northerly (arriving from 320° to 360°) (Figure 5b). A drop in tempera-
ture of 8.5°C was recorded at the weather station after the frontal passage. A maximum gust of 10 m/s was 
recorded during the postfrontal phase. Gusty winds continued for nearly 7 hours from the frontal passage.

The second front approached Galveston Bay around 12:00 (UTC) on DEC 16, 2015 (Figure 6a), with a peak 
average wind speed of 10.2 m/s and gusts of 13.1 m/s. In contrast to the first cold front, this second front 
was oriented close to parallel to the shoreline. It also passed slowly over the region relative to the first cold 
front. The speed of winds coming from the south during the prefrontal phase of this second cold front was 
also lower relative to the first cold front. After the frontal passage, the gusty winds accompanying the cold 
fronts continued from December 16, 2015 12:00 to December 17, 2015 20:00 (UTC), overall duration of 32 h 
of northerly gusts winds whose directions ranged from 360° to 35° (Figure 6b) during the postfrontal phase. 
During this period the range of gusts was recorded from 5 to 11 m/s.

Figure 7 shows the measured and simulated water levels at the tide stations at Galveston Bay (Figure 1c). 
The measured water level showed a 0.6 m overall tidal range, with diurnal variation, at the site. From De-
cember 13, 2015 00:00 (UTC), wind-driven currents by prefrontal winds were shown to increase the overall 
Galveston Bay water level by approximately 0.2 m. Due to cold front-driven currents and coincident high 
astronomical tide, the water level over the measurement period was highest during the passage of the first 
cold front at December 13, 2015 12:00 (UTC), and lowest at December 14, 2015 23:00 (UTC). The metrics 
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reflecting the accuracy of the modeled water level in the tide stations are summarized in Table 1. The model 
results show accurate predictions during most of the measurement period. However, some discrepancies 
in water level records at the Galveston Bay Entrance and the Galveston Pier 21 tide stations were apparent. 
It is thought that this is due to the lower temporal resolution of wind conditions in the N2 grid (wind in-
put: NCEP model) at the Galveston Bay entrance compared to the N3 grid (wind input: Eagle Point wind 
records).

To evaluate the effect of gusts on wave generation in West Galveston Bay, the model was run using the wind 
gust record and the results compared to that using averaged wind. The comparison also confirmed the wind 
data suitable for cold front-induced wave model prediction in the SWAN model. Significant wave height re-
sults forced by both the average wind data and wind gust data input were compared to measured significant 
wave height data, as shown in Figure 8. Use of the wind gust record as input results in better prediction 
(R2 = 0.68) than use of the averaged wind as input (R2 = 0.45). Therefore, the model result forced by wind 
gust input was used for all comparisons with the measurement result to be described later here.

Water level results in Figure 9d shows the measured and simulated water level changes during the meas-
urement period at the site of interest as well as the generated water level signal from the widely used global 
astronomical tide model TPXO 8.0. As seen in the water level records, winds from the south during the pre-
frontal phase served to increase the water level (wind set-up) of the entire extent of Galveston Bay. The wa-
ter elevation was the highest during the approach of the first cold front at December 13, 2015 12:00 (UTC). 
Both cold fronts passed through Galveston Bay during the end of the high astronomical tide condition, 
maximizing the water level of the Galveston Bay area. Under maximized water level conditions, it is likely 
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Figure 5.  (a) History of movement and (b) Eagle Point (8771013) wind rose during the first cold front (May 13, 2015) 
across the coast of Texas.

Figure 6.  (a) History of movement and (b) Eagle Point (8771013) wind rose during the Second cold front (May 16, 
2015) across the coast of Texas.
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that the wetlands boundary area switches from partially depth-limited conditions to entirely fetch-limited 
conditions. The lowest water level occurred around December 15, 2015 00:00 (UTC), which accompanied a 
low tide. The result of the significant wave height at the site of interest is shown in Figure 9 along with the 
wind inputs.

From December 11 to December 12, significant wave heights were less than 0.1 m at the site even though 
most of the wind speeds were above 5 m/s during this period. This is because most of the winds were not 
directed toward the salt marsh boundary. In the prefrontal phase of the first cold front, from December 13, 
the southerly wind speed increased from 5 to 10 m/s, and the wind arrived from the south which increases 
the influx of water into Galveston Bay. However, the significant wave height only increases from 0.05 to 
0.1 m, likely due to the winds moving away from the north-facing wetlands.

During the frontal passage, a peak wind gust value of 20 m/s was record-
ed. The maximum significant wave height recorded during the first cold 
front passage in the model was 0.29 m.

In the postfrontal phase, wind speeds decreased significantly after the 
leading edge of the front passed the Galveston Bay area. The significant 
wave heights dropped to a very low level on December 14; from Decem-
ber 14 to 16, the significant wave height was below 0.1 m.

The second cold front, observed December 16 and 17, abruptly changed 
the wind velocity; it was accompanied by gusts and generated 0.12–0.21 m 
significant wave heights during the passage on December 16. The gusty 
winds lasted almost 2 days at the site and the wave direction was close 
to the direction normal to the salt marsh boundary. During the postfron-
tal phase after the second cold front passage, the TPXO 8.0 tide model 
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Figure 7.  Measured and simulated water levels at tide stations in Galveston Bay.

Geographic location

Water level (m)

ERMS(m) SI Bias R2 ENORM

Galveston Bay Entrance 0.09 0.005 −0.21 0.81 0.45

Galveston Pier 21 0.11 0.005 −0.17 0.65 0.60

Eagle Point 0.07 0.000 −0.44 0.88 0.45

Morgan Point 0.08 0.001 0.29 0.85 0.45

Site of Interest 0.04 0.006 −0.68 0.88 0.61

Table 1 
The Accuracy of Model Predictions of Water Level Time Series
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showed low tide on December 17 at 00:00 (UTC). During this low astro-
nomical tide condition, the significant wave height slightly decreased to 
below 0.12 m.

The accuracy of model predictions of significant wave height time series 
is summarized in Table 2. The model performance between two different 
wind inputs at the site of interest are also presented in Table 2. The aver-
age of ERMS (m) and R2 of the best fit of water level at all of the stations 
were 0.08 and 0.81, respectively.

The modeled significant wave heights and mean wave directions for dif-
ferent phases of the cold front passage are presented in Figure 10. The 
trend of mean wave direction change between the first cold front and 
second cold front period was very similar. However, the waves during the 
first cold front passage were more energetic (Figures 10b and 10e). Dur-
ing the postfrontal phase, the significant wave height of the second cold 
front was slightly higher than the first cold front (Figures 10c and 10f) 
and the duration of the postfrontal phase of the second cold front lasted 
longer.

Wave power calculated from the SWAN model results was tested against 
the observed wave power at the wave gauge deployment site. For the cal-
culation of the effective wave power in the simulation, the water depth 
of the nearest marsh edge grid point most similar to the depth at the 
measurement was used. In addition, the direction corresponding to that 
of the mean spectrum was used as the wave direction results in SWAN 
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Figure 8.  Comparison of modeled significant wave height results at the 
site of interest to the measured significant wave height results between two 
different wind inputs (Gust and Averaged wind).

Figure 9.  (a) Averaged wind velocities and wind gusts at Eagle Point, (b) averaged wind direction records at Eagle Point, (c) Comparison of significant wave 
height results between measured and modeled records, and (d) results of measured and modeled water level records compare to TPXO8.0 model.
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for the calculation of the wave power. For the calculation of the effec-
tive wave power in the measurement, wind direction records of the Eagle 
Point winds were used to represent the wave direction. The modeled bulk 
wave power includes wave energy from all directions, whereas effective 
wave power only contains wave energy directed toward the edge of the 
wetland.

In addition to effective wave power, inundation of the wetlands required 
consideration since the flooding of the wetlands to elevations higher 
than the marsh edge elevation can reduce the erosion of waves (termed 
“overshooting”). However, to determine the marsh elevations, a detailed 

topographic survey of marsh edge elevation based on NAVD88 datum would be required; such a survey is 
not available. We did initially investigate LIDAR elevation data, and in general the marsh is quite flat in this 
location. Still, to illuminate the effect of inundation without this data, three estimated inundation cases 
were calculated for the estimation of the wave effect at the marsh edge while inundated. The water depth at 
the site immediately after sensor installation (December 10, 2015 18:36:00 [UTC]) was approximately 0.1 m, 
and the maximum water depth during the measurement period was 0.72 m. Data loss due to the extreme 
high tide exceeding the wave gauge measurement range occurred twice during the measurement period, 
which means at least two inundation events were observed. Based on the model grid of the marsh edge 
platform, inundation can be determined, but the simulated records might not represent the actual inunda-
tion at the site due to the inability to resolve the distance between the instrument and the marsh edge at 
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Geographic location

Significant wave height (m)

ERMS(m) SI Bias R2 ENORM

Site of Interest (Gust) 0.03 0.001 0.00 0.68 0.40

Site of Interest (Ave. Wind) 0.03 0.006 −0.26 0.45 0.53

NDBC-42035 0.17 0.021 −0.42 0.83 0.42

Table 2 
The Accuracy of Model Predictions of Significant Wave Height Time Series

Figure 10.  Significant wave height and its direction in different phases during the first cold front passage, (a) December 13, 2015 06:00 UTC (prefrontal phase), 
(b) December 13, 2015 17:00 UTC (frontal passage), (c) December 13, 2015 20:00 December (postfrontal phase) and during the second cold front passage, 
(d) December 16, 2015 10:00 UTC (prefrontal phase), (e) December 16, 2015 13:00 UTC (frontal passage), (f) December 16, 2015 18:00 UTC (postfrontal phase).
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the present grid cell size (25 m). To account for this, the critical water depth at which flooding of the marsh 
platform occurs (thereby nullifying the wave energy impact on the marsh) is set to three values of 0.55, 0.60, 
and 0.65 m, which were estimated based on measured water depth.

The comparison between the measurements and the modeled results for cross-shore components of wave 
power during the entire time period is shown in Figure  11. Underestimation of the modeled effective 
(shore-normal direction) wave power shown in Figure 11 is seen in the slightly underestimated signifi-
cant wave heights and mean absolute wave periods in the model results. Wave power estimates during 
the second cold front have a lower wave power range of 40–60 (W/m), compared to the range of 40–110 
(W/m) from the first cold front. However, the inundation caused by the strong southerly winds during the 
prefrontal phase of the first cold front reduced the impact of the high-wave power (Figure 11b). In contrast, 
the second cold front had a longer duration, and a relatively low-water level, exacerbating the impact of the 
wave power on the marsh edge. The values in the y-axis in Figure 11b represent the waves in measurements 
during the extremely high-water depth, abnormal data recorded due to exceeding the gauge measurement 
range, excluded in measurement records here. These values are considered to have minimal effects on the 
salt marsh lateral erosion since they have occurred during extreme high water depth.

5.  Discussion
5.1.  Sources of Model Input Uncertainty

The results from the DELFT3D-FLOW and SWAN model show accurate predictions of the water level oscil-
lations and significant wave heights during most of the measurement periods at the site. Some disparity with 
measurements of significant wave height was found, especially during December 13, the prefrontal phase of 
the first cold front. The likely cause of the model errors was the spatial difference between the model out-
put location and the location of the measurement since the 25 m grid resolution was coarser than the 5 m 
distance between the measurement location and marsh edge. Because of this disparity, the modeled results 
likely included more waves in the opposite direction of the salt marsh edge. It is believed that the significant 
change in topographic data by wetlands shoreline retreat around the study site between 2007 (when the top-
ographic survey was done) and 2015 (measurement period) could have also contributed to the discrepancy 
between the modeled and observed significant wave height. The salt marsh erosion for the change in the 
estuarine hydrodynamics is considered to influence tidal amplitude and asymmetry. Moreover, the marsh 
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Figure 11.  Comparison of effective wave power between measurement and model based on the “no-cold-front” period and cold fronts period (a) and 
classification of effective wave power based on different water depth thresholds (b).
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deterioration can reduce the sediment stock in back-barrier basins and therefore compromise the resilience 
of salt marshes (Donatelli et al., 2020). Bathymetric data fit to the 25 m resolution grid around the wetlands 
boundary could also cause inconsistency in the significant wave height calculation since there would likely 
be discrepancies in shoaling rates and wave breaking locations between model and measurement. Wind 
input used in the model was also 7 km away from the site of interest, which may cause errors in simulating 
the modeled wave properties. A significant difference in wind velocity during December 11 was found, but 
differences in averaged winds and wind gusts during the cold front passages were minimal. Moreover, the 
SWAN model usually overestimates the wave energy for waves of lower wave height; causing a discrepancy 
in significant wave height difference. Seibt et al. (2013) determined that SWAN simulations with measured 
wind fields tend to overestimate waves with low-wave amplitudes and to underestimate waves with higher 
wave amplitudes regardless of the modification of the specified parameters. The SWAN results in this study 
using default parameters for JONSWAP bottom friction (=0.67 m2s−3) and depth-induced wave breaking γ 
ratio (=0.73) also showed this tendency in the significant wave height results. In this study, the wind gust 
data that was used was slightly higher than the averaged wind during the cold front passages and may offset 
the effect of underestimation of the significant wave heights.

5.2.  Characteristics of Cold Front Induced Wave Climate

A similar pattern of cold front induced hydrodynamic forcing was observed in the water level and the 
significant wave height during prefrontal, front passage, and postfrontal phases. Both the water level and 
significant wave height were highest at the end of the prefrontal phase. High water level conditions during 
the prefrontal phase allowed the generation of larger significant wave heights, which were critical to the 
potential marsh edge erosion. However, this situation was abated by the fact that the marsh edge is com-
pletely inundated by the higher water level. It is hypothesized that the wave energy affecting the marsh 
edge is highest when the water level is equal to or just above the marsh edge ground level, and that the wave 
environment along the north-facing marsh at the site is most energetic during the postfrontal phase of cold 
fronts. During the second cold front, higher significant wave heights in the postfrontal phase continued for 
2 days with minimal (or no) inundation after its passage at the Galveston Bay. This combination of strong 
waves and lower water levels allowed the marsh edge to be intercepted with greater wave energy for a longer 
duration. The wind direction was usually close to shore-normal relative to the north-facing marsh edge 
immediately after the frontal passage and during the postfrontal phase, and this period had the most critical 
effect on the potential erosion of the marsh. However, it should be noted that the favorable model compar-
isons realized by using gust wind input may be related to the characteristics of the default wave generation 
mechanisms and parameters employed in this study.

5.3.  Potential Impact of Model Results

To analyze the most significant likely cause of the marsh erosion at the site of interest, cumulative effective 
wave power from both measurement and model during three periods (“No-cold-front," first cold front, and 
second cold front) are shown in Figures 12a and 12c. To distinguish wave power invalidated by the inun-
dation of the marsh platform, four immersion thresholds (No inundation, 0.65, 0.60, and 0.55 m) are also 
presented.

Overall, the measurements and model values were in good agreement. Because only one wave gauge was 
used, the wave direction was not measured but instead assumed to be the same as the wind direction. This 
can lead to potential errors in the measurement results of effective wave power. However, according to the 
results of the model, the errors were considered minimal, especially during the passage of the cold front 
since the wave direction closely coincided with the wind direction when the winds blew in the same direc-
tion for more than a given time. From the cumulative effective wave power results (Figures 12a and 12b), it 
was likely that cold front induced waves were a significant driver of potential marsh edge retreat in the Gal-
veston Bay wetlands considering its short duration (first cold front—24.6 h, second cold front—30 h). The 
first cold front showed the highest wind gusts for a relatively short time, but after its passage, the duration 
of the postfrontal phase over which the waves approached the marsh boundary was short. This results in 
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less cumulative effective wave power of the first cold front to the site of interest even though its bulk wave 
power was 110% higher than the effective wave power.

On the other hand, the second cold front arrived with moderate wind gusts for a relatively long time, with 
limited flooding affecting the marsh edges with elevated wave energy over a long duration. Unlike the first 
cold front, the winds during the postfrontal phase were much higher than that of the prefrontal phase (Fig-
ure 6b), which results in a significant effect on the accumulation of wave energy toward the north-facing 
salt marshes (Figure 12).

The duration of time without a cold front (“no-cold-front” period), the first cold front, and the second cold 
front were 167, 24.6, and 30 h, respectively. The time-averaged effective wave power of the second cold front 
was the highest among the three periods, likely due to its duration (Figures 12c and 12d).

In the comparison of the wave power along with the immersion thresholds, there was no sudden cumu-
lative wave power reduction except in the scenario of flooding at 0.55 m. Using estimated flood elevations 
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Figure 12.  Plot of cumulative effective wave power with different salt marsh platform thresholds in measurement (a) and simulation (b), plot of averaged 
effective wave power with different salt marsh platform thresholds in measurement (c) and simulation (d).
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of 0.65 and 0.60 m, the effective wave power reduction was minimal, due to the postfrontal winds which 
contributed to the rapid reduction of the water depth in the Galveston Bay. Therefore, after passing through 
the cold front, the possibility of flooding is greatly reduced, so that the wave energy can affect the edge of 
the salt marsh without loss.

Leonardi et  al. (2016b) suggested that winter cold fronts called winter storms which accompany strong 
winds, can lead to more erosion than hurricanes and found that waves with a return period of 2.5 months 
have the highest effect on salt marsh deterioration. In connection with these findings, additional parameters 
such as the presence of wind gusts, the wind direction change, and water level change during cold fronts 
may need to be considered together as factors in determining the cause of wetland erosion in shallow bays.

6.  Summary and Conclusions
The model successfully reproduced the observed tides and waves in the relatively shallow depths of West Gal-
veston Bay. This case study demonstrates the effect of cold-front-induced wave and water level amplification 
on the edge of bounding wetlands. Compared to that of storm surge, the role of seasonal cold fronts and the 
generated waves on impact and erosion of wetlands has not been as well identified. From the measurement 
and the model results, the following findings can be derived. First, wind gusts during the cold front passage 
affect the wave conditions in the area, making its use essential for wind input to models. Furthermore, from 
the prefrontal phase to the passage of cold frontal edge, an increase in water elevation in the coastal microtidal 
bay was observed both in first and second cold fronts which are caused by wind-driven currents to the bay 
during the prefrontal passage. Increased water level changes the wind-wave growth characteristics within the 
bay from partially depth limited condition to fully fetch limited condition, ensuring additional wave growth. 
During the passage of frontal edge, increased gustiness of the winds increases the significant wave heights 
to a level in which the erosion of the salt marsh edge was possible. However, when high tide coincided with 
the prefrontal phase, the water level in the microtidal bay increased to the point where the inundation of the 
wetlands occurred, which reduced the possible erosive impact of the generated waves. Additionally, consid-
ering the time-averaged wave power of the second cold front, we determined that the cumulative wave power 
increase at a faster rate when a cold front was moving through the area relatively slowly. Under the assump-
tion that the waves move in line with the wind (applicable for wind-generated waves), the waves during the 
“no-cold-front” period had no distinct directionality, limiting its impact on the marsh edge.

In contrast, the cold front-induced waves had a clear preferential direction throughout the prefrontal, fron-
tal passage, and postfrontal period. This is indicated by the high cumulative wave power value of the second 
cold front (4,200,000 W/m) compared to the no-cold-front period (2,150,000 W/m) even though the meas-
urement period of the no-cold-front period (167 h) was much longer than the second cold front (30 h). We 
confirmed that the second cold front-induced waves had a greater impact on north-facing salt marsh erosion 
during the frontal passage and postfrontal with its high cumulative wave power in the site of interest. In this 
study's investigation of cold front induced surge and waves, high gusts and winds from cold fronts increased 
tide and waves along the shallow bay. The occurrence of gusts and dynamical changes in wind direction 
during the cold front passage can have a significant impact on changes in water depth, wave amplitude, and 
ultimately on the potential erosion rate of salt marshes in shallow bays. Considering that the number of 
times that cold fronts pass per year is higher compared to that of hurricanes, the potential impact on lateral 
erosion of coastal wetlands is thought to be significant. Moreover, prefrontal winds and postfrontal winds 
that occur as the cold front passes through can significantly affect the salt marsh edges facing the opposite 
of their wind directions, evidenced by the postfrontal wind's effect on the north-facing salt marshes in the 
study. Subsequently, the characteristics of these cold fronts can have a lasting effect on salt marshes in spe-
cific locations in shallow bays.

Now that the model has been verified for this application, it can be used to gauge the effect of wave action 
on barrier island salt marsh, and further also be used to determine the cumulative wave power of the entire 
cold front passing each year to associate with the annual salt marsh retreat rate. The model can provide 
wave data to identify the role of wave energy affecting total salt marsh erosion. However, such modeling 
work could be coupled with extensive field measurements of marsh platform height, soil, and vegetation 
properties.
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Data Availability Statement
The data used in this study can be obtained online at https://doi.org/10.5281/zenodo.3971498 repository.
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