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Impacts to Ingleside On The Bay Seagrass Meadows 
from Siltation and Erosion
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Background

The planned Moda (Enbridge) expansion received approval from USACE to 
construct additional ship berths to accommodate 2 Suezmax class tankers
8.86 acres of seagrass and 0.8 acres of wetlands will be directly lost from 
the construction footprint; Proposed mitigation will construct 20 acres of 
seagrass along Indian Point shoreline and construct a breakwater to 
facilitate its establishment and preservation (Mitigation ratio = 2.26:1). 
Additional acres of upland habitat are also proposed as part of the seagrass 
mitigation
To my knowledge, only potential impacts from the construction activities 
have been considered for mitigation, not any operational impacts
Multiple agencies have reviewed and commented on the permit



Construction Plans Impacting Seagrass 
Habitat
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CConcerns: Operational Impacts
1. Erosional impacts to seagrass from tug propwash
2. Sedimentation impacts to seagrass from tug 
propwash 
3. Additional similar impacts from dredging, shipping 
wake and prop scarring

Goal:  
1. Document any spatial and temporal patterns of sediment/erosion and impacts to 
seagrasses

Hypothesis:
1. Point source suspended sediments will result in a gradient of sediments, attenuated light 
conditions, and seagrass bioindicators



2016 – 2020 NAIP and 2021 UAV Imagery of Seagrass Meadow Adjacent to West Slip of Moda

NAIP and UAV Imagery Credit: Hua Zhang, PhD

Key on Fenceline

2016 NAIP 2018 NAIP 2020 NAIP 2021 UAV

Compare seagrass 
to right of 
fenceline



11:41 PM Clear Water (3 of 4 tugs visible) 

Photo Credit: Patrick Nye

Example of 
sediment 

plume 
generated 

during 
docking 

operation 



1:58 Silt plume and tugboats (3) propwash. Piling (Yellow) is reference point.

Photo Credit: Patrick Nye

Red arrow 
indicates plume 

front

sediment 
plume 
front 1



2:23PM Silt plume approaching piling 1853’ from edge of docking channel. 

Photo Credit: Patrick Nye

sediment 
plume 
front 3



3:14 PM silt plume has expanded to 2334’ in one hour forty-three  minutes. 

Photo Credit: Patrick Nye

Sediment 
plume (4) has 

reached 
homeowner’s 

shoreline 



MMap of 12--2020 Sampling Sites: Seagrass Bioindicators
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June 2021: Light Loggers and Sediment Traps
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- Measure light attenuation integrated over whole day and changing environmental conditions
- Measure light received at seagrass canopy level

Approx
meters from 
Moda
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Axis Title

6-4 Only Site F Top 767
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TTotal Suspended Solids (TSS) and % TSS as Organic
(Yellow is F-Site water Sample Taken During Undocking on 8-3-21)
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Seagrass Bioindicators – Jun - Nov 2021 Sampled all SG by “Ring”
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BBioindicators of the seagrass beds
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- Thal almost disappeared from 1_2
- Syr increased in places
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CComparison of Just Thalassia Across Sites: Leaf Wt and Epiphyte Wt
(Bioindicators of the plants)

Complicated by different numbers of shoots per ring
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Seagrass Plant Bioindicators – Jan - June 2022 Sampled just Thalassia
(Compared 5 whole shoots)
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Comparisons across all seasons: Compare by shoot due to different 
sampling strategies (Ring vs 5 Shoots) 
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Comparisons across all seasons: Compare by shoot due to different 
sampling strategies (Ring vs 5 Shoots) 
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Comparisons across all seasons: Compare by shoot due to different 
sampling strategies (Ring vs 5 Shoots) 

Leaf Wt and Epiphyte Wt for 5 Whole Shoots
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mean SG leaf area for June 2021 to June 2022 comparisions
(For all ANOVA p-values are significant at < 0.05, and marginally 
significant at p < 0.01)

-U Site significantly smaller leaf area than 
AB and Z sites.
-Z site only significantly greater than U

Mean leaf area per shoot in June 
2022

Mean leaf area per shoot in June 
2021

Pier and AB sites significantly larger than 
U and 1_2 sites.

U site significantly smaller than Z and AF 
sites as well.

Numbers on the left vertical Axis 
are the mean of (mean leaf area 
per shoot) per site for the Jun 
2021 samplings

The Horizontal Axis is the 
location of study sites.

Starting from the left side being 
the closest to MODA slip, and 
the right side being furthest.



SG Biomass June 2021 June 2022 
comparisions

June 2022 Seagrass Biomass

June 2021 Seagrass Biomass

Pier Site significantly larger Biomass than other 
sites.

1_2 and U sites significantly smaller biomass than 
AB and Pier Sites

No Significant Variation

Numbers on the left vertical Axis 
are the mean SG biomasses per 
Site
The Horizontal Axis is the 
location of study sites.

Starting from the left side being 
the closest to MODA slip, and 
the right side being furthest.



Epiphyte/Seagrass ratio for 
June 2021 to June 2022 

Epiphyte/Seagrass Biomass Ratio June 
2021

Epiphyte/Seagrass Biomass Ratio 
June 2022

1_2 site has a significantly smaller ratio of 
Epiphyte to Seagrass than the other sites.

Numbers on the left vertical Axis 
are the mean Epiphyte/Seagrass 
ratios.
The smaller the number, the less 
epiphyte and more seagrass

The Horizontal Axis is the 
location of study sites.

Starting from the left side being 
the closest to MODA slip, and 
the right side being furthest.

1_2 and U sites have significantly smaller ratios of epiphyte 
to Seagrass than AF and AB.



Observations Suggesting Direct Erosional Impacts
Apparent loss of SG coverage near Moda from NAIP & UAV imagery
Thal almost disappeared from Site 1_2 immediate area
Some bare areas towards Moda have firm sediment – lack organic 
mat?
Deep “guts” between SG mounds, oriented parallel to shore
Shell hash accumulated in bottom of some guts strong currents
Site U: Possibly ship wake damage

Large patch of exposed Syr rhizomes
Exposed edge of SG with Thal rhizomes

Scouring around Site Markers
Near Moda: from direction of Moda
Farther from Moda: More from SSE (Ship Channel)

Severe Prop scarring at AF (& AB)
August SG biomass less than in June



Exposed Thalassia Rhizomes on Edge of Seagrass Patch

Photo Credit: Carissa Pinon Photo Credit: Carissa Pinon



UAV Imagery 
Credit: Hua Zhang, 
PhD

PProp 
Scarring 

at Site AF



Other Measures of Seagrass Function: “Consumer” Surveys
Squid Pops: Bait consumption indicates higher trophic consumers
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CConclusions:
Observe gradients of SG and physical conditions away from MODA

Sediments, TSS and light during docking events
Biomass, SG species composition, morphology

Aerial imagery suggests multi-year decline in SG coverage
Documented sediment plumes and their spread from ship docking events; 
impacts on light penetration and TSS
Consistent with both siltation and direct erosional processes
Operational impacts extend well-beyond the dock area
But also observe non-Moda impacts challenging SG

Prop scarring, ship wakes, boat landings
More work needs to be done to characterize impacts and map SG 
condition



QQuestions ?
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Scarring 

at Site AB

UAV Imagery 
Credit: Hua 
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Vessel wake contributions to erosion at exposed and sheltered shorelines near 
a tidal shipping channel 

Alexandra C. Muscalus1 and Kevin A. Haas2 

1. Ph.D. Candidate, Ocean Science and Engineering, Georgia Institute of Technology, amuscalus@gatech.edu 

2. Associate Professor, Civil & Environmental Engineering, Georgia Institute of Technology, khaas@gatech.edu 

Highlights 

• The hydrodynamic power of tidal currents, wind waves, and cargo vessel wake was 
assessed with measurements at two types of sites: exposed and sheltered

• Hydrodynamic power was used as a proxy for relative contributions to erosion
• Low-frequency vessel wake was the main source of hydrodynamic power at both sites 

Abstract 

This study investigates the role of low-frequency cargo vessel wake to erosion at Bird/Long 
Island in the Savannah River, Georgia. The island splits the river into the Main Channel that 
accommodates cargo vessels traveling to the Port of Savannah, and the shallower, sheltered 
South Channel. Pressure and velocity data from both channels are used to characterize wind 
waves, tidal currents, and vessel wake. The relevance of each process to erosion is estimated by 
using hydrodynamic power as a proxy for erosive potential.  Instantaneous water level is 
compared to the elevation of an eroding scarp to identify “scarp-relevant” power contributions, 
power occurring when the eroding scarp is at least partly submerged and susceptible to erosion. 
The analysis shows that scarp-relevant power in the Main Channel is dominated by cargo vessel 
wake (88%), with smaller contributions from tidal currents (5%) and wind waves (7%).  Power 
in the South Channel is also dominated by cargo vessel wake (65%), followed by tidal currents 
(34%) and wind waves (1%). A follow-up study confirms that low-frequency cargo vessel wake, 
which produces waves heights up to 2.01 m in the Main Channel, propagates readily around both 
ends of the island and into the South Channel, resulting in wave heights up to 0.32 m.  

Keywords: Coastal erosion, low-frequency vessel wake, Bernoulli wave, tidal river, shipping 
channel 

1. Introduction 

Coastal erosion is of increasing concern as economically vital coastal zones continue to grow 
more populated while shoreline stability is threatened by both natural processes and 
anthropogenic effects. One such anthropogenic effect is vessel wake, which is particularly 
important in commercial shipping channels where large cargo vessels navigate constricted 
waterways near ports, often located near urban centers. When passing through a channel, cargo 
vessels generate a low-frequency (LF) wake system in addition to classical wedge-shaped Kelvin 
wake. The LF wake stems from a water level depression surrounding the vessel in a shallow 
waterway, and at the shoreline it presents as a water level drawdown and return surge with a 
typical duration of about two minutes. The return surges can vary in form from a gentle rise in 

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0378383922001338
Manuscript_0b7e0cfa7810251f1187c7a6cdddb43a



water level to a large bore traveling alongshore at the speed of the ship; the latter is particularly 
dangerous. The surge is generally followed by low-frequency fluctuations that may persist long 
after the vessel has passed. While it may not be as obvious to the eye as higher-frequency wake 
systems, LF wake can carry massive amounts of energy that erode channel shorelines and 
threaten the safety of boaters and beachgoers.   

LF wake is one of several wake components whose properties vary by sailing regimes 
determined by the depth Froude number,   

 (1) 

where  is the ship speed,  is gravitational acceleration, and  is water depth. In the subcritical 
regime , the most visually obvious component of vessel wake is Kelvin wake, a 
wedge of higher-frequency transverse and lower-frequency diverging waves that may be 
described with linear theory (e.g. Thomson, 1887). The Kelvin wedge evolves, and nonlinear 
features become more significant as  increases into the transcritical ( and 
critical  regimes. For instance, linear theory dictates that as  approaches 1, the wedge 
of Kelvin wake widens into the entire half-plane behind the vessel, and the transverse and 
diverging waves form nearly straight waves wave moving at the speed of the vessel with a crest 
perpendicular to sailing line. However, as reviewed by Soomere (2007), wake features in this 
regime are more thoroughly characterized with nonlinear equations such as the Boussinesq 
equation, the nonlinear Schrödinger equation, the Korteweg–de Vries (KdV), and the 
Kadomtsev–Petviashvili equations. Nonlinear features include envelope wave packets within and 
bordering the Kelvin wedge (e.g. Brown et al., 1989 and Munk et al., 1987), narrow v-shaped 
turbulent wake left behind by the vessel (e.g. Munk et al., 1987 and Durkee et al., 2000), and 
long-crested solitary waves resembling KdV solitons (e.g. Wu, 1987). These “precursor solitons” 
radiate ahead of the vessel with properties dependent on  and wave interactions (e.g. Soomere 
2006, Torsvik et al. 2006, Shi et al. 2018). For example, initially curved soliton crests in a 
channel may be straightened in the critical sailing regime (  when a nonlinear curved 
wave forms at the bow of the vessel and interacts with Mach reflections of the channel side walls 
(Katsis and Akylas, 1987). At the low end of the supercritical regime ( , the 
solitons begin to break (e.g. Lee et al. 1989) and may form a flat shelf of water or a bore 
traveling ahead of the vessel (e.g. Gourlay, 2001), but solitons no longer exist at . 
Kelvin wake is also changed in the supercritical regime; the Kelvin wedge is narrowed, the 
curvature of the diverging waves is reduced, energy is concentrated in the leading diverging 
waves, and the transverse waves no longer exist.  
 Low-frequency (LF) Bernoulli wake results from a water surface depression surrounding 
the vessel and is not limited to a particular sailing regime. The depression magnitude decays with 
distance away from the vessel and is negligible in the deep open water environment, but it 
becomes substantial when large vessels navigate shallow open water environments or narrow 
channels due to flow constrictions.  To an observer on a channel margin, LF wake manifests as a 
gradual “drawdown” of the water level as the vessel passes offshore, followed by a return 
“surge” after the vessel has passed that often exceeds the mean water level; this drawdown and 
surge is herein called the “Bernoulli wave.”  

The magnitude of the return current and the depression have been related to vessel and 
channel characteristics in physical experiments (e.g. Johnson 1958, El-Kiki et al., 2007 and 
Macfarlane and Graham-Parker, 2019) and can be computed with models (e.g. Hochstein and 



Adams, 1986, 1989; Maynord, 1996, 2007; Sorensen, 1997) utilizing the Schijf equations (Schijf 
1949), which are derived from volume conservation and Bernoulli principles. While these Schijf-
based depression models work well for predicting the Bernoulli depression near the vessel, they 
do not account for shoaling and refraction behaviors. To capture such effects, more advanced 
fully 3D (e.g. Shepsis et al., 2001; Fenical et al., 2002; MacDonald, 2003; Gharbi et al., 2010; 
Lee et al., 2005) and Boussinesq (e.g. Shi et al., 2018; Stockstill and Berger, 1994) models are 
required. Although questions remain about the characteristics of the Bernoulli wave in shallow 
water, models reliably show that the depression magnitude generally increases with vessel speed 
and “blockage ratio,” the cross-sectional area of the vessel divided by that of the channel. 

The impacts of commercial vessels in the nearshore environment are increasingly of interest 
as growing vessel sizes, faster vessel speeds, and increasing maritime trade augment the 
cumulative effects of vessel ship wake. While wake research has largely focused on offshore 
vessel efficiency, the coastal effects of wake rose to importance when high-speed ferries 
introduced in the 1980s were linked to sediment mobilization (e.g. Velegrakis et al., 2006), an 
increase in hydrodynamic energy, (e.g. Kelpsaite et al., 2009), enhanced runup (Didenkulova et 
al., 2009), coastal erosion (e.g. Kirkegaard et al., 1998; Parnell et al., 2007), and far-field water 
level fluctuations observed kilometers away from the sailing line (Parnell et al., 2008). This body 
of research is summarized and linked to resulting wake management strategies in New Zealand 
and Denmark by Parnell and Kofoed-Hanson (2001). 

 The LF wake of cargo vessels has also been linked to channel erosion, but the significance 
of its role varies by location. For example, ship traffic was determined to be a major source of 
erosion in the Sabine-Neches Waterway, Texas (Herbich and Schiller, 1984); Wootton Creek, 
United Kingdom (Garel et al. 2008); and Venice Lagoon, Italy (Scarpa et al., 2019). The detailed 
wake measurements (Zaggia et al. 2017) in the Venice lagoon reported wake-induced velocities 
up to 2 m/s, Bernoulli wave heights of 2.5 m, and suspended sediment concentrations (SSC) of at 
least thirty times background levels, the maximum measurements capabilities of the SSC sensors 
(Rapaglia et al. 2011). In contrast, LF wake was not significant to the erosion at Cockspur Island 
in the Savannah River, Georgia (Houser 2010, 2011), where shoreline changes were instead 
attributed to wind waves and pilot boat generated wake, perhaps owing to speed restrictions for 
large vessels at the site. 

The present study investigates the significance of LF vessel wake, with respect to tidal 
currents and wind waves, to the long-term erosion documented by Alexander and Calabria 
(2019) along a segment of the Savannah River without vessel speed restrictions. Four weeks of 
velocity and pressure measurements were collected in October 2017 on the margins on the main 
shipping channel and a sheltered secondary channel. Data signals are divided into tidal, mid-
band, and wind-wave signals using band-pass filters. Events in the mid-band signal, containing 
LF wake frequencies, are compared to vessel traffic to identify the relationship between vessel 
passages and mid-band hydrodynamic signals. For each of the three bands, the power density is 
computed as power per meter shoreline and referred to as “power” throughout. Because the 
erosion along the main shipping channel occurs on a scarp at the top of the beach, “scarp-
relevant” power is distinguished as the power occurring at times when water levels exceed the 
elevation of the base of the scarp. The eroding feature in the secondary channel is always 
partially or fully submerged, so all power measured is considered relevant to erosion that site. 
At both sites, the average power of the three bands is compared to estimate the relative erosion 
potential of the associated processes. Upon identifying significant mid-band power in the 



sheltered secondary channel, a set of alongshore pressure measurements were collected to 
confirm the propagation of LF wake into the secondary channel.  

 

2. Site Information 
2.1. Site Characteristics 

The present study uses four-week field measurements of pressure and velocities to examine 
the significance of LF wake to erosion at two shallow-water sites near Bird/Long Island, an 
undeveloped dredge-spoil island located between the Main and South channels of the Savannah 
River, as shown in Figure 1. Located 10 km from the inlet of the river, the island is in a tidally 
dominant environment with a tidal range of up to 2.8 m. Tidal currents reach 2 m/s in the center 
of the Main Channel and about 1 m/s in the South Channel, and due to its upriver position, the 
island is sheltered from large wind waves. Field site “M” is located in the Main Channel, on a 
1/30 sloped shelf connecting Bird/Long Island to the shipping channel, as shown by the channel 
cross-section in Figure 2. The site is directly exposed to cargo vessel wake as the Main Channel 
contains a shipping channel 300 m offshore that was about 150 m wide and 16 m deep with 
respect to mean sea level (MSL) at the time of data collection and accommodates about 2,000 
vessel calls annually (Georgia Ports Authority, 2021b). The second field site, Site S is located 
southwest of Bird/Long Island in the South Channel of the Savannah River. As demonstrated by 
the cross-section in Figure 2, the South Channel is relatively shallow, so it is mostly used by 
recreational and fishing vessels and sheltered by the island from direct exposure to cargo vessel 
wake.  

 

Figure 1: Aquadopp (squares) and pressure sensor (triangles) locations near Bird/Long Island in the 
Savannah River, GA. Mean cargo vessel speeds, averaged over a representative month of passages, are 
indicated with circle size. The standard deviation of speed is indicated with circle shading.   

 



The Main Channel shoreline of Bird/Long Island varies between sandy beaches and muddy 
banks fronting upland trees and high marsh, while the South Channel shore consists mostly of 
muddy slopes and marsh. Both shores are threatened by significant erosion, which is of concern 
because the island serves as a wetland mitigation bank for the Georgia Department of 
Transportation and houses an archeological site with a Civil War artillery battery. At Site M, 
erosion is occurring on the scarp between the beach and tree line, but at Site S, erosion occurs 
over the full extent of a steep muddy slope in front of the marsh.  

As documented by Alexander and Calabria (2019), the annual average erosion rates based on 
the 1933 to 2017 shoreline change are 1.39 m/year in the Main Channel and 0.35 m/year in the 
South Channel. Though not the focus of the present work due to the nonoccurrence during the 
measurements, extreme storms do cause rapid erosion at Bird/Long Island. For example, the 
annual average erosion rate based on the shoreline change from 2016 to 2017, which includes 
Hurricane Matthew, are 3.74 m/year in the Main Channel and 0.90 m/year in the South Channel; 
the authors noted that erosion rates remained elevated for at least the one year after the hurricane, 
the temporal extent of their measurements. However, these types of events are rare; only four 
hurricanes have affected Georgia in the past 50 years (NOAA, 2022).  The present work does not 
investigate the episodic erosion driven by extreme conditions but instead focuses on identifying 
the source of the steady erosion at Bird/Long Island.   

Figure 2: Representation of the cross-sections in the Main Channel (dashed line) and South Channel 
(solid line) at Site M (open circle) and Site S (solid circle). Both transects begin at the southwestern shore 
of the channel with distance increasing to the northeast.    

 

2.2. Vessel Traffic  

     Information about vessel traffic in the vicinity of the site is obtained from Automatic 
Information System (AIS) data, which is broadcast from navigation safety devices on large 
vessels at regular intervals and includes vessel characteristics, position, absolute speed, and 
status information. AIS data broadcast during October 2017, coinciding with the deployment 
period, was obtained from three different sources: a publicly available database 
(marinecadastre.gov), commercial port logistics software, and from the United States Army 
Corps of Engineers (USACE). When comparing the quantity of data across the three sources, it 
was observed that no one source was comprehensive; each was missing some vessel passages 
included in at least one of the other data sets. The USACE AIS data had average temporal 
resolution of 20 seconds for all vessel types and 10 seconds for cargo vessels while the resolution 
of the other sources was about 3 minutes. Therefore, the USACE data was used preferentially, 
and missing vessel passages were filled in from the other sources as necessary.  

The vessel types and lengths from the October 2017 AIS data (Figure 3) indicate that vessel 
traffic along the island is predominantly post-Panamax cargo vessels transiting at subcritical 
depth Froude numbers to and from the Port of Savannah. It is of note that although pilot boats 



were the dominant source of vessel-induced erosion at Cockspur Island (Houser, 2010), their 
typical route does not extend upriver to Bird/Long Island, and their passages at this site are much 
less frequent than their passages along Cockspur Island.  
     The absolute speeds reported in the AIS data are discontinuous owing to the coarse time 
resolution of the speed data and rounding to the nearest knot in the reported values. Therefore, 
the absolute speed was instead calculated as the time rate-of-change of interpolated position data 
that was low-pass filtered to remove small-amplitude, high-frequency noise. The calculated 
speeds were compared to the reported speeds as a means of quality control.   

 
Figure 3 Vessel traffic in the Main Channel along Bird/Long Island for a representative month of AIS 
data characterized with (a) overlayed histograms of vessel lengths by type and (b) the distribution of 
depth Froude numbers for Early, Panamax, Post-Panamax, and Neo-Panamax cargo vessels combined 
traveling offshore of Site M.

 
The resulting absolute speeds were characterized for 343 passages of large vessels, vessels 

more than 100 m in length. Figure 1 shows the mean and standard deviation of the absolute 
speeds for large vessel passages, both eastbound and westbound, along 14 km of the shipping 
channel near Bird/Long Island. As indicated by large marker sizes, the fastest mean vessel 
speeds for the region occur near the entrance to the Savannah River, at the eastern end of 
Cockspur Island where vessels transition into or out of their higher open-water speeds. The 
standard deviation of vessel speeds is also high at the river entrance, reflected by the dark marker 
shading. Only two kilometers upriver, along the western half of Cockspur Island, vessels are 
traveling at their slowest speeds (small markers) for the region, and speed variability between 
vessel passages is at its lowest (light markers). This slowdown is due to the Coast Guard station 
on Cockspur Island and its associated speed restrictions. Figure 1 also shows that the highest 
standard deviations (dark markers) in vessel speed occur along Elba Island. This is because Elba 
Island houses a Liquid Natural Gas (LNG) facility and a port along the Main Channel for LNG 



tanker vessels; cargo vessels pass the island more slowly when an LNG tanker is in port than 
when the port is empty.  

Because Bird/Long Island is undeveloped, vessel speed along its length is not affected by 
coastal infrastructure. Compared to speeds at Cockspur and Elba Islands, both mean vessel 
speeds and the standard deviations of vessel speed are spatially consistent along much of the 
length of Bird/Long Island. Table 1 provides basic summary statistics for the absolute speeds of 
eastbound and westbound vessels passing Site M and demonstrates that the speed characteristics 
do not differ substantially with direction.  
 

Table 1: Absolute Speeds of Large Vessels Passing Site M 
Direction  N 

(vessels) 
Mean  
(m/s) 

Median  
(m/s) 

Std.  
(m/s) 

Maximum 
(m/s) 

Eastbound 155 6.20 6.25 0.81 8.31 
Westbound 188 6.08 6.13 0.86 8.39 
Combined 343 6.14 6.16 0.84 8.39  

 
Vessel sailing regimes and corresponding wake characteristics are dictated by , which 

depends on the speed of the vessel relative to the medium on which it sails. Since the Savannah 
River is tidally-dominant in the area of interest, large vessel speeds were evaluated relative to 
tidal currents in the shipping channel using model output from the USA Tidal Current 
Constituent Database (Defne et al. 2011, 2012). The resulting relative speeds of large vessels as 
they passed Site M reach 8.8 m/s, with both a mean and median of 6.1 m/s and no substantial 
differences between eastbound and westbound vessels. Relative vessel speeds and tidally-
varying channel depths were used to compute , shown in Figure 3b, which ranges from 0.23 
to 0.69, fully within the subcritical regime. 

The information just provided describes vessel traffic at the time of the field measurements in 
2017, but it is now outdated due to rapid growth of maritime trade in the region. For example, 
the Port of Savannah experiences approximately 7% annual growth in container trade (Georgia 
Ports Authority, 2021b), and the ongoing harbor expansion project allows for the 
accommodation of increasingly large vessels. At the time of the data collection in 2017, the 
largest vessel to have called on the Port of Savannah was 366 m in length and 48 m in width, but 
at the time of writing, the port has accommodated vessels up to 396 m in length and 54 m in 
width. It is also of note that South Carolina has plans to construct a port on the northern shore of 
the Savannah River near where it intersects the Intracoastal Waterway, which is directly north of 
Site M. It is therefore important to identify the role of vessel wake in the erosion on Bird/Long 
Island, which the present work accomplishes by analyzing the power of tidal currents, wind 
waves, and vessel wake at both sites M and S. 

 

3. Data Collection and Processing 
3.1. Aquadopp Data Collection 

Hydrodynamic data was collected simultaneously at Sites M and S with bottom-mounted, 
upwards-facing Nortek Aquadopp Current Profilers (“Aquadopps”) deployed from October 6th, 
2017 to November 3rd, 2017.  The Aquadopps collected mean velocity profile data with 0.25 m 
vertical bins and pressure data at 10-minute intervals using 1-minute averaging durations. In 
addition, pressure and depth-averaged velocities were recorded at 1 Hertz (Hz) in 1024-point 



bursts with intervals of 20 minutes. This corresponds to a burst duration of 17 minutes and 4 
seconds, so there are 2 minutes and 56 seconds between each burst that are not measured. This 
deployment scheme was selected to capture the full deployment period within internal battery 
and storage constraints.  

The Aquadopps were secured to cross-shaped aluminum channel frames with metal feet at 
each of the four ends to dig into bed sediment and included lead bars for additional weight. An 
anchor chain was attached to each frame at one end and a large lead anchor at the other, to which 
a marker buoy was connected. The buoy and anchor were distanced from the frame to avoid 
interference of the buoy line with the acoustic signal of the Aquadopp. In total, the frames 
weighed 100 and 60 pounds at Sites M and S, respectively, and remained stationary for the full 
deployment.  

The Aquadopp at Site M was deployed at a mean depth of 3.52 m, with tidally-varying 
depths ranging between 2.03 m and 4.97 m. The Aquadopp at Site S was deployed about 1 m 
shallower, with a mean depth of 2.45 m, and tidally-varying depths from 0.79 m to 3.93 m.  

Premature battery failure at the Site M Aquadopp resulted in a sharp drop in voltage on the 
evening of October 27th, after which the data was of unusably low quality. The duration of usable 
data is therefore 21.28 days at Site M and 27.87 days at Site S.  

3.2. Aquadopp Data Processing 

The Aquadopp burst data was quality-controlled by discarding data within 0.20 m of the 
surface and data for which the beam amplitudes were less than 50 counts, indicating weak return 
of the acoustic signal. Bursts and profiles collected after the sharp drop in battery voltage at Site 
M were also discarded. Band-pass filters were applied to the pressure and velocity data to 
distinguish measurements of several hydrodynamic processes. Tidal fluctuations were obtained 
using a low-pass filter with a cutoff frequency of (3 hours)-1, while wind waves were extracted 
with a high-pass filter with a cutoff frequency corresponding to 1/10 Hz; Kelvin wake is also 
captured in the wind-wave band. The signals between the cutoff frequencies of (3 hours)-1 and 
1/10 Hz are treated as “mid-band” signals and include LF vessel wake.  

4. Results 

Hydrodynamic power is used an estimative proxy for the erosive capacity of the processes 
because direct observations of sediment transport were not measured. This method does not take 
into account the interaction of the processes with the shoreline nor the frictional losses as the 
energy travels from the measurement location to the shoreline. However, it is assumed that the 
overall trends in relative power contributions of various hydrodynamic processes at the 
measurement location, just offshore of the eroding shoreline, are similar to the trends at the 
shoreline. Ultimately, the identification of which processes are relevant to erosion is determined 
from only the relative contributions between the processes.  

The Aquadopp measurements were used to directly compute the power, , associated with 
each process at the two sites. Hydrodynamic processes primarily induce erosion when the water 
level is at or exceeds the elevation of the eroding feature. This is important at Site M given the 
large tidal range and the localization of erosion at Site M to the scarp at the back of the beach. 
The scarp has a base elevation  of 1.2 m with respect to Mean Water Level (MWL). This 
elevation is used to designate hydrodynamic power as “scarp-relevant” if it occurs when the 
water level exceeds  and is therefore sufficiently high to contact the scarp and contribute to 
erosion.  In contrast, power measured when the water level is below and therefore not contacting 



the scarp is considered irrelevant to the scarp erosion. The “total power” at Site M reports all 
power measured at the instrument, regardless of whether or not it is relevant to the scarp. Since 
the eroding feature at Site S is always partially or fully submerged and thus continuously 
exposed to hydrodynamic power, all power measured is considered relevant to erosion at the site.  

For each process, several quantities of power are computed from the power time series and 
are presented in a table to support comparison between the processes. First, the “peak power” is 
taken as the maximum instantaneous power in the time series, and it provides insight into the 
strength of the most impactful occurrence of the process. The “average daily peak power” is 
computed by first finding the maximum instantaneous power on each day of the deployment and 
then taking the average across those daily values, and it reflects the power of the most energetic 
occurrence of a process on a typical day. The “average (avg.) power” is the mean of the power 
time series and is essential for comparing the power contributions of processes with different 
cumulative time series durations. However, the time-averaging for processes with very short-
lived and/or episodic periods of high energy results in low average power values that do not fully 
reflect the significance of these events. For Site M, the total power time series is used to compute 
the “total” values for the four quantities described above. Likewise, the scarp-relevant power 
time series, with zeros inserted during times when the water level is below , is used to compute 
the “scarp-relevant” values.    

 

4.1. Tidal Frequency Band 

The characteristics of tidal currents, captured in the frequency band with a low-pass cutoff 
corresponding to 3 hours, differ substantially between the two sites. In the Main Channel, flood 
currents at Site M persisted for an average of 5.7 hours and reached a peak at 0.76 m/s, while ebb 
currents persisted for an average of 6.7 hours and peaked at 0.57 m/s. In the South Channel, the 
Site S flood and ebb conditions were more similar in duration, lasting on average 6.3 and 6.1 
hours, respectively. The difference in peak velocities at Site S were also similar; peak flood 
velocity was 0.58 m/s, and peak ebb velocity was 0.51 m/s. Overall, Site M had stronger tidal 
currents than Site S, and it varied between strongly flood-dominant and strongly ebb-dominant 
throughout the spring-neap cycle. Site S was weakly ebb-dominant throughout the full spring-
neap cycle.   

The power of tidal currents, , is calculated from the profiling data. Velocities are depth-
averaged and low-pass filtered with a (3 hours)-1 cutoff frequency to eliminate effects of wind 
waves and ship wake, isolating the tidal current velocity  Pressure from the profiling data are 
also low-pass filtered with the same (3 hours)-1 cutoff frequency to isolate only tidal 
contributions to depth, .   (kW/m) is then calculated as 

 (3) 

where  is the water density at the field site, ;  is the tidal current velocity; and 
 is the depth accounting only for tidal stage. The time series of total  and scarp-relevant  

is shown alongside the tidal stage time series in Figure 4 and clearly fluctuates with both the 
semi-diurnal and spring-neap tidal cycles, with the most powerful conditions typically occurring 
on the falling tide. At Site M (Figure 4a), when the scarp-relevant portions of the power time 
series (black) are compared to the tidal water level time series and overlaid scarp elevation , it 
is clear that tidal currents affect the scarp only for very high tidal stages, primarily spring high 
tide. In contrast, the tidal current power at Site S (Figure 4b) affects the eroding sediment 



continuously. Since currents are weaker at Site S, the tidal current power is more sensitive to the 
tidally-varying water depth. Therefore, peak tidal current power often occurs nearer to high tide 
at Site S than it does at Site M, where the temporal velocity variation plays a stronger role. The 
relative phasing of tidal currents and tidal stage, which varies with the spring-neap cycle at both 
sites, is also important to the magnitude of tidal current power and is described in the Discussion.   
 

 
Figure 4: Time series of tidal current power ( ) and tidal stage ( ) at (a) Site M and (b) Site S during 
October 2017. Power is plotted on the left axis, and tidal stage is plotted on the right axis. For Site M, the 
total power is shown in grey, and the scarp-relevant portion of that power is shown in black. The scarp 
elevation, , is shown overtop the tidal stage. At Site S, all power is considered relevant to erosion. 
 

The overall peak power (kW/m), average daily peak power (kW/m), and average power 
(kW/m) of tidal currents are calculated from the power time series and reported for both sites in 
Table 2.  

Table 2: Tidal Current Power 

Site 
Peak   
(kW/m) 

Avg. Daily Peak  
(kW/m) 

Avg.  
(kW/m) 

Site M, Total 3.94 x 10-1 3.10 x 10-1 7.85 x 10-2 

Site M, Scarp-relevant 1.16 x 10-1 3.96 x 10-2 5.88 x 10-4 
Site S 4.54 x 10-1 1.79 x 10-1 4.01 x 10-2 

 

4.2. Wind-Wave and Kelvin Wake Frequency Band 

Wind waves and Kelvin wake are both captured in the wind-wave high-pass frequency band 
with a frequency cutoff of 1/10 Hz. Significant wave height  is calculated from the portion 
of the spectrum within this frequency band for each burst of Aquadopp data and is used to 



represent the total wave field within this frequency band for each burst; individual Kelvin waves 
are not resolved sufficiently to be analyzed in isolation. The mean and maximum  are 0.06 m 
and 0.27 m, respectively, at Site M, and 0.02 m and 0.19 m at Site S. The mean energy period, 

, is 2.78 seconds at Site M and 2.82 seconds at Site S. 
The wind wave power, , is approximated by representing the wave field of each burst by 

a single wave with a period equal to the energy period of that burst. Group velocity  is 
computed from the wavelength  corresponding to that energy period through the dispersion 
relation, so then the power to due to wind waves ( is 

 (4) 

 
It is noted that with a measurement Nyquist frequency of 0.5 Hz, high-frequency wind waves 

are not well-resolved in the measurements. The loss of higher frequencies leads to an 
underestimate of the power, while aliasing into lower frequencies produces an overestimate due 
to a possible peak shift to lower frequencies, which in turn increases  estimates. It cannot be 
determined whether the overall effect is an over- or under-estimate. However, these poorly 
resolved waves are expected to have small amplitudes and negligible energy in the context of 
this study. 

The time series of total and scarp-relevant  is given in Figure 5. The power is low at both 
sites but is an order of magnitude greater at Site M (Figure 5a) than at Site M (Figure 5b). High 
wind speeds elevate wind waves, and northeast winds generate larger responses due to their 
alignment with the channel, maximizing the local fetch. It is also apparent from the scarp 
elevation  overlaid on top of the tidal water level time series in Figure 5a that high tides are 
required for wind waves to affect the scarp at Site M.  

 



Figure 5: Time series of wind wave power ( ) and tidal stage ( ) at (a) Site M and (b) Site S during 
October 2017. Power is plotted on the left axis, and tidal stage is plotted on the right axis. For Site M, the 
total power is shown in grey, and the scarp-relevant portion of that power is shown in black. The scarp 
elevation, , is shown overtop the tidal stage. At Site S, all power is considered relevant to erosion. 

 
The overall peak power (kW/m), average daily peak power (kW/m), and average power 

(kW/m) of wind waves are calculated from the power time series and reported for both sites in 
Table 3.  

 
Table 3: Wind Wave Power 

Site Peak   
(kW/m) 

Avg. Daily Peak  
(kW/m) 

Avg.  
(kW/m) 

Site M, Total 2.42 x 10-1 1.37 x 10-1  1.67 x 10-2 

Site M, Scarp-relevant 1.63 x 10-1  4.31 x 10-2 7.19 x 10-4 
Site S 8.88 x 10-2 9.03 x 10-3 1.24 x 10-3 

 

4.3. Mid-Band Frequency Band 

“Mid-band” processes have frequencies between those of tidal currents, (3 hours)-1, and wind 
waves, 1/10 Hz. This includes the frequencies of LF vessel wake and cross-channel seiching. 

The power in the mid-band frequencies is evaluated with a direct nonlinear energy flux 
calculation. First the velocity and pressure data of a burst are detided with a one-hour polynomial 

curve fit. The velocity is split into tidal (  and fluctuating (  components. Similarly, the 
pressure is split into a tidal component (  and a mid-band fluctuating (  component; because 
the mid-band pressure fluctuations are relatively low frequency and in shallow water, they are 
assumed to be hydrostatic.  The effects of wind waves and high frequency wake components are 



removed from the detided signals using a low-pass filter with a (1/10) Hz cutoff frequency. The 
resulting mid-band velocities and pressure are used to compute a time series of the instantaneous 
mid-band power magnitude per meter shoreline,  

 (5) 

where  is the energy due to mid-band fluctuations,  is the instantaneous 

water depth, and  reflects the advection of the energy by both the tidal and mid-band 

contributions to velocity.  
When determining whether power is scarp-relevant at Site M,  is compared against the total 

instantaneous water level, which includes the effects of the surge in the low-frequency wake but 
does not account for shoaling of that surge. Shoreward shoaling would increase the proportion of 
the mid-band power that impacts the scarp.  

The time series of the mid-band power magnitude  over the full deployment period is 
provided in Figure 6, which demonstrates that very strong spikes in mid-band power occur 
sporadically at both Site M (Figure 6a) and Site S (Figure 6b) and need not necessarily occur at 
high spring tide to affect the scarp. Comparison of these mid-band spikes with AIS vessel traffic 
data, shown for a 72-hour example period in Figure 6, shows that mid-band spikes are produced 
in response to the cargo vessel passages, marked on the time series with filled green circles. The 
LF wake of the vessels can produce sufficiently large surges that reach the scarp even at non-
peak tidal stages. LF wake in the Main Channel produces Bernoulli wave heights up to 2.01 m. 
Wake responses in the South Channel are also linked to cargo vessel passages in the Main 
Channel, suggesting that LF wake propagates from the Main Channel to the South Channel, 
where the maximum recorded wave height was 0.32 m.  

All instances of significant mid-band power were associated with vessel passages based on 
manual inspection of the  time series and vessel traffic records. However, because the burst 
data is discontinuous, it is insufficient for accurately computing the portion of mid-band power 
produced by known vessel passages. With LF wake signals persisting 30 minutes for a single 
event, no full wake system is captured by a 17-minute burst. Even Bernoulli waves alone, the 
first wave of the LF system, were only fully captured within individual bursts for half the cargo 
vessel passages.  

The overall peak power (kW/m), average daily peak power (kW/m), and average power 
(kW/m) of the mid-band processes are calculated from the power time series and reported for 
both sites in Table 4. Because it is directly exposed to cargo vessel wake, Site M has nearly three 
times more mid-band power than Site S. However, only a small fraction of that power at Site M 
is scarp-relevant such that the scarp-relevant mid-band power at Site M is actually less than that 
at Site S.  



Figure 6: Time series of mid-band power ( ) and tidal stage ( ) at (a) Site M and (b) Site S during 
October 2017. Power is plotted on the left axis, and tidal stage is plotted on the right axis. For Site M, the 
total power is shown in grey, and the scarp-relevant portion of that power is shown in black. The scarp 
elevation, , is shown overtop the tidal stage. At Site S, all power is considered relevant to erosion. 
Three-day segments of each power time series are enlarged and supplemented with the times of cargo 
vessel passages (circles) to highlight the coincidence between vessel passages and spikes in mid-band 
energy at both sites. 
 
 

Table 4: Mid Band Power  

Site 
Peak   
(kW/m) 

Avg. Daily Peak  
(kW/m) 

Avg.  
(kW/m) 

Site M, Total 59.2 29.2  2.47 x 10-1 

Site M, Scarp-relevant 29.6  10.9 9.69 x 10-3 
Site S 3.21 1.70 7.63 x 10-2 

 



4.4. Relative Contributions  

The relative average power contributions of currents, wind waves, and mid-band frequencies 
at the two sites are shown in Figure 7. Mid-band frequencies are by the far the dominant source 
of power at both sites. At Site M, mid-band processes account for about 72% of the total power 
and 88% of the scarp-relevant power. At Site S, mid-band processes account for 65% of the 
power. Tidal currents are the second-most important process. They constitute 23% of the total 
power and 5% of the scarp-relevant power at Site M, but are more important at Site S, where 
they account for 34% of the power. Wind waves and Kelvin wake make up 5% of the total power 
and 7% of the scarp-relevant power at Site M, and only 1% of the power at Site S. 

 
Figure 7: Relative contributions from tidal currents (dark grey), wind waves (white), and mid-band 
processes (light grey) to (a) total power at Site M (b) scarp-relevant average power at Site M and (c) 
power at Site S. All power at Site S is considered relevant to erosion.  

5. Discussion 

The hydrodynamic power at the instrument is used as a proxy for erosion potential. It is 
assumed that the relative power contributions measured at the instrument are reasonably 
representative of the contributions at the eroding shoreline itself. Processes introducing greater 
amounts of hydrodynamic power to the shoreline are assumed responsible for greater amounts of 
the observed erosion.  

5.1. The Role of Tidal Currents and Wind Waves 

Tidal currents contribute a significant fraction of the scarp-relevant power at Site S, but not at 
Site M. This disparity in the contribution can be explained by the requirement that water levels 
must exceed  for power to be considered scarp-relevant at Site M and by differences in the 
phasing of tidal stage ( ) and tidal current ( flood positive), shown in Figure 8. First, as shown 
in Figure 8a, tidal water levels only exceed  at spring tide, when flood currents (positive 

and ebb currents (negative  both peak just before mid-tide. The currents during the highest 
water level of the spring high tide are weak. Therefore, during the limited times when the water 
levels reach the scarp, the tidal current power is low, as demonstrated by low  at high  in 
Figure 8c. The relative phasing between tidal currents and tidal stage is slightly different at neap 
tide; flood currents (positive ) peak just after mid-tide, but ebb currents (negative ) still peak 



before mid-tide. All tidal water levels are too low during neap tides for the currents to affect the 
scarp at Site M.  

At Site S, tidal current impacts are not limited to a particular tidal stage, but like Site M, the 
relative phasing of the tidal currents and tidal stage varies throughout the spring-neap cycle. As 
seen in Figure 8b, during a spring tide, Site S flood currents peak at high tide, while the ebb 
currents peak near mid-tide. In contrast, during a neap tide, flood currents peak at mid tide while 
ebb current peak near high tide. For most tidal cycles, the peak velocities for flood and ebb occur 
at . Since tidal current power scales with the depth , where  is the mean deployment 
depth, the coincidence of the strong currents with higher tidal stages produces considerable tidal 
current power, as demonstrated by high  at high  in Figure 8. Therefore, the peak flood 
currents at spring high tide are especially important to the overall tidal current power at Site S.  

Figure 8: Stage-velocity diagrams from the profiling data for all tidal cycles measured at (a) Site M and 
(b) Site S, with representative spring and neap tides indicated in dashed and dotted lines, respectively. 
Temporal progression is counterclockwise, and  is positive in the flood direction. Tidal stage ( ) vs. tidal 
current power  for (c) Site M, with  indicating the elevation the base of the scarp, and for (d) Site S.

 
It is important to note that this analysis method overestimates the contributions of tidal 

currents by evaluating power over the full water column at the instrument. For wind waves and 
wake, it is reasonable to assume that most of the power measured at the instrument propagates to 
shore with the waves, but tidal current power moves with the primarily longshore flow and is not 
conserved in the cross-shore. Rather, tidal current power generally decreases shoreward due to 
both frictional losses slowing current speeds and the decrease in depth. The available velocity 



measurements were collected at mean depths of 3.52 m and 2.45 m at Sites M and S, 
respectively, and for consistency with the other processes, tidal current power was evaluated for 
the depth at the instrument. The actual “effective depth” over which the current can impact 
sediment at the eroding portion of the shore is unknown and likely dependent upon tidal stage, 
flow velocity, and sediment characteristics. However, as a demonstration of sensitivity, if an 
effective depth of 0.5 m is used in the computation of total at Site M, i.e.,  in (3) is replaced 
with 0.5 m, the total average at Site M decreases 86% from the value measured at the 
instrument (Table 1). In this scenario, the relative contribution (compared to Figure 7) of tidal 
currents to the total power at Site M is reduced to 4%, while wind wave contributions increase to 
6%, and mid-band contributions increase to 90%. If currents speeds are weakened by 25% to 
represent frictional losses while the effective depth is kept at 0.5 m, the total average  
decreases by 94%. This decreases the relative contribution of tidal currents to just 2%, while 
wind waves contributions increase to 6%, and mid-band contributions increase to 92%. 
Therefore, in reality, tidal currents are expected to be even less significant to erosion than is 
suggested by the results in Figure 7.  

Wind waves and Kelvin waves are small at both sites. The lack of large wind waves is due to 
the sheltered upriver location of the island, which is not exposed ocean wind waves and has an 
extremely limited fetch for all winds except those aligning southeast or northwest with the river. 
During the measurement period of record, there were no extreme storms, but there were several 
events with moderate sustained winds. On October 17th, 8 m/s to 11 m/s northeast winds 
persisted for 16 hours, producing significant wave heights up to 19 cm at Site M and 3 cm at Site 
S. On October 25th, 7 m/s to 9 m/s northwest winds were sustained for 4 hours and produced 
significant wave heights up to 20 cm at Site M and 8 cm at Site S. The strongest event took place 
on October 29th, when 11 m/s to 14 m/s northwest winds were sustained for 14 hours, producing 
significant wave heights of 19 cm at Site S; the effects were not captured at Site M due to battery 
failure.  

Based on the Sverdrup Munk Bretschneider (SMB) wave forecasting curve (USACE, 2008), 
one hour sustained 22 m/s (50 mph) winds perfectly aligned with the southeast direction of 
maximum local fetch would produce 1 m waves, assuming an average depth of 7.5 m.  
Hurricanes could produce waves exceeding 2 m under these same worst-case-scenario 
assumptions, but such conditions are rare. According to the NOAA Hurricane Research Division 
(NOAA, 2022), Georgia has been affected by hurricanes four times in the past 50 years, but only 
two of these hurricanes produced sustained winds exceeding 22 m/s (50 mph).  

Kelvin wake frequencies overlap those of wind waves and are not easily separated from the 
wind wave signal, but given the overall low power contribution of this frequency band, it may be 
assumed that they do not contribute substantial power to the hydrodynamic environment.  

 

5.2. Low-Frequency Vessel Wake in the Main Channel  

The dominance of power at the mid-band frequencies at both sites motivates the investigation 
of low-frequency vessel wake. This is accomplished by first using the AIS data to determine 
when vessels pass Site M, and then by identifying the corresponding low-frequency wake 
response in the mid-band data. The response has a reliable low-frequency signature, consistent 
across all vessel passages. A time series of the water level, power magnitude, and velocity 
fluctuations in a typical wake event observed at Site M is given in Figure 9, and the 



characteristics are described here from the perspective of an observer on the shore of Bird/Long 
Island looking into the Main Channel. As a vessel approaches, water flows alongshore towards 
the vessel (negative ) and offshore (positive )  while the water level drops. This reduction 
in water level is the shallow-water presentation of the Bernoulli depression that surrounds the 
vessel. Once the vessel and its attached depression have passed offshore of the site, the 
drawdown transitions into the surge. The water level rises, often exceeding the mean water level, 
and the current reverses direction, now flowing in the direction of vessel travel (positive ) and 
onshore (negative ). It should be noted that Bernoulli wave theory does not include cross-
shore velocities, so these may be a shallow-water or shelf effect. High-frequency Kelvin wake is 
usually superimposed on top of the surge but has a much smaller amplitude and therefore less 
energy than the surge itself.  Continued low-frequency oscillations, termed “trailing waves” here, 
may persist more than 30 minutes after the vessel passes. Overall, the wake features are very 
consistent among events in the Site M data since it located very near the shipping channel. A 
lagged mid-band response to cargo vessel traffic is also evident at Site S, but its signature is not 
as clean or consistent as the signature at Site M.  

 
Figure 9: Water level ( ) and velocity fluctuation (  time series from an Aquadopp wave burst shaded 
by power  for a sample LF wake event. Velocity fluctuations are positive longshore in the direction of 
vessel travel ( and offshore (  Characteristics in the low-pass filtered signal (thick line) include the 
drawdown, surge, and first trailing wave. High-frequency Kelvin waves appear in the raw  data (thin 
line) at the top of the surge.  

 
Bernoulli waves, defined from the zero down-crossing into the drawdown to the zero down-

crossing following the surge, were fully captured within individual bursts at Site M for the 
passages of 176 large vessels.  The characteristics of these waves as measured at Site M are 
reflected in Figure 10, which gives the distribution of Bernoulli wave drawdowns and surges, 
velocity fluctuations in the along-shore ) and cross-shore ( directions, and Bernoulli 
wave energy density , which was computed by integrating the mid-band power time series 
over the duration of the Bernoulli wave. The extrema of the large events include a maximum 
drawdown of 1.40 m, maximum surge of 0.62 m, maximum Bernoulli wave height of 2.01 m, 
maximum velocity fluctuation magnitude,  of 2.45 m/s, and maximum  of 2.45 megajoules 
per meter shoreline (MJ/m). In general, the magnitude of the drawdown is greater than that of the 
surge. The alongshore velocities during the drawdown, flowing against the direction of ship 
travel, are highly variable with a mean of 0.64 m/s and standard deviation of 0.39 m/s. The 



alongshore velocities aligned with the vessel direction and occurring during the surge, however, 
are more tightly limited to smaller values, with a mean of 0.32 m/s, and standard deviation of 
0.25 m/s. Cross-shore velocities are distributed similarly in the onshore and offshore direction. 
The energy density of the Bernoulli wave is highly variable between wake events. Across the 
176 analyzed wake events, the mean Bernoulli wave energy density is 0.41 MJ/m, the median is 
0.30 MJ/m, and standard deviation is 0.41 MJ/m, coincidentally equivalent to the mean. Twelve 
wake events exceeded 1 MJ/m. Surprisingly, no statistically significant correlations could be 
identified between measurements of wake characteristics, vessel characteristics, and/or 
hydrodynamic conditions. 

 
Figure 10: Histograms of Bernoulli wave characteristics measured at Site M during cargo vessel 
passages in October 2017: (a) maximum water level fluctuations  of the drawdown and surge, 
(b) alongshore velocity fluctuations ( ), (c) cross-shore velocity fluctuations ( , and (d) 
energy density of the Bernoulli wave  
 

Low-Frequency Vessel Wake in the South Channel 
It was previously assumed that Bird/Long Island shelters Site S from vessel wake, so the 

dominance of mid-band processes at Site S was an unexpected result. While the mid-band 
fluctuations in the Site S water levels and velocities do not produce as consistent of a wake 
signature like that at Site M, spikes in mid-band power do coincide with the passage of cargo 
vessels.  

To further investigate the response in the South Channel to vessel wake generated in the 
Main Channel, two days of follow-up field measurements were collected on November 8th 
through 10th, 2018 to search for evidence of LF wake propagation in the South Channel. As 
shown in Figure 11, pressure transducers were deployed at Sites A, C, and D at depths of 2.21, 
2.53, and 2.27 m respectively in an array spanning the length of Bird/Long Island in the South 
Channel. An Aquadopp was deployed at Site B, near the same location as Site S but at a deeper 
mean depth of 4.19 m. Sampling frequencies varied throughout the measurements but with a 
minimum of 1/3 Hz, which is sufficient to capture mid-band frequencies.   

Following the procedures used previously, AIS data was processed for the Bird/Long Island 
region during the deployment period, and vessel position data was used to estimate when each 
vessel passed the two entrances to the South Channel around Bird/Long Island; the entrances are 
the Intracoastal Waterway and the “blowout” between Bird/Long Island and Cockspur Island. It 
is assumed that when a vessel passes an entrance, it generates LF wake that propagates both 
upriver and downriver in the South Channel. The times at which the wake should arrive at the 
instruments were calculated by modeling the LF wake as a linear shallow-water wave traveling 



with celerity , in which depth  represents the spatial mean of depths in the South 
Channel, approximately 3.5 m, and varies temporally with tidal stage. Although a spatially-
varying depth would yield more accurate results, updated and detailed bathymetry with sufficient 
accuracy for this location is unavailable at this time.  

The calculated arrival times were compared to the time series of each instrument and largely 
coincided with the presence of waves. Notably, waves are in fact introduced into the South 
Channel at both entrances and propagate both upriver and downriver, regardless of vessel 
direction.  An example event is shown in Figure 11 for an outbound vessel that first passes the 
Intracoastal Waterway entrance, where it generates its first South Channel wave, and then 17 
minutes later passes the blowout, where it produces another South Channel wave that propagates 
upriver. Though the waves are largest in amplitude near the entrances from which they originate, 
they are clearly distinguishable at all instrument locations in the array. This implies that wake 
can propagate in the South Channel along the full 6 km length of Bird/Long Island, and that sites 
behind the island receive two sets of wake for a given vessel, one originating from each of its 
ends. The propagation of wake in opposite directions for a single passage implies that the LF 
wake in the South Channel has fully detached from the vessel. 

This follow-up study confirmed that LF vessel wake readily enters and propagates the 6 km 
of the South Channel behind Bird/Long Island, and the confirmation that each vessel passages 
produces two sets of wake lends insight into the large proportion of hydrodynamic energy at Site 
S that is contributed by mid-band processes. However, substantial questions remain about the 
relationship between a Bernoulli depression and the LF wake system it generates at the shore, the 
parameters which govern the proportion of a vessel’s wake energy that enters the South Channel, 
and the extent to which LF wake can propagate into secondary channels. 

Figure 11: (a) Instrument sites and (b) detided  time series showing the propagation of LF wake down 
the South Channel for an outbound container ship. When the vessel passes the north end of Bird/Long 
Island at 21:42:15, it produces wake (solid line) that propagates southward down the South Channel, past 
sites A, B, C, and then D. When the vessel reaches the south end of the island at 21:59:10, it produces a 
second wake (dashed line) that propagates northward up the South Channel past sites D, C, B, and then A. 



6. Conclusions 

Through the analysis of hydrodynamic measurements and AIS vessel data and the application 
of a hydrodynamic power-proxy for assessing scarp-relevant erosion potential, it is shown that 
LF cargo vessel wake is the dominant contributor to erosion for two sites located along 
Bird/Long Island in the Savannah River: one exposed site (Site M) along the main shipping 
channel, the Main Channel, and one sheltered site (Site S) in the secondary channel behind the 
island, the South Channel.  

The power-proxy analysis reveals that the mid-band processes, energized by LF vessel wake, 
account for about 88% of the scarp-relevant power at Site M and 65% of the power at Site S. The 
mid-band processes are characterized by intermittent strong spikes in power that are directly 
linked to vessel passages with AIS data. The LF wakes produced by these vessels are 
characterized by a water level depression, surge, and continued oscillations. The maximum LF 
wave height recorded in this study was 2.01 m, and the maximum wake-induced velocity 
magnitude was 2.25 m/s.  

Tidal currents accounted for 5% of the scarp-relevant power at Site M and 34% of the power 
at Site S, although this is likely an overestimate due to expected shoreward reduction of tidal 
current energy. The effect of the currents was limited at Site M because the currents are weak at 
spring high tide, the only time when water levels are in contact with the eroding scarp at the back 
of the beach and thus contributing to the erosion. There is no such limitation at Site S, where the 
eroding feature is at least partially submerged at all tidal stages.  

Because the sites are located upriver and sheltered from wind waves originating from the 
ocean, wind waves were small. They accounted for 7% of the scarp-relevant power at Site M, 
and 1% of the power at Site S, which is sheltered by marsh. These values also include the effects 
of Kelvin wake, which was much smaller in amplitude and energy than LF wake. The 
measurements did not capture any major storm events, which would increase the significance of 
wind waves by both increasing water levels with storm surge and producing larger waves.  

The significance of LF vessel wake at the sheltered Site S behind Bird/Long Island prompted 
a follow-up study of wake propagation in the South Channel. These additional measurements 
confirmed that cargo vessel wake propagates into the South Channel and along, at minimum, the 
full 6 km extent of the island. Therefore, the scarp-relevant effects of LF wake are not limited to 
shorelines directly exposed to the shipping channel.  

The difference between the findings presented here Bird/Long Island and those reported at 
Cockspur Island, a neighboring island in the Savannah River, by Houser (2010) illustrate that the 
relative significance of erosive processes can exhibit high spatial variability. Cockspur Island is 
closer to the mouth of the Savannah River and subject to large wind-waves originating in the 
ocean, while Bird/Long Island is entirely sheltered from oceanic wind waves. Furthermore, the 
large vessel speed restrictions in place at Cockspur Island but not at Bird/Long Island likely 
plays a key role in the overall significance of large vessel wake. However, additional work is 
needed to robustly relate vessel and hydrodynamic conditions to the characteristics of the LF 
wake as it presents on the shallow-water margins of shipping channels.  
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[1] In August–September 2006, as part of the Second Texas Air Quality Study, NO2 and
SO2 emissions from the Houston Ship Channel and Texas City industrial areas were
quantified using mobile mini‐differential optical absorption spectroscopy instruments. The
measured NO2 emissions from the Houston Ship Channel and Texas City industrial areas
were 2542 and 452 kg h−1, respectively, yielding NOx emissions 70% and 43%,
respectively, above the reported inventory values. Quantified SO2 emissions from the
Houston Ship Channel area were 1749 kg h−1 and were found to be 34% above the values
reported in the inventory. Short‐term variability of NO2 and SO2 emissions was found at
the Houston Ship Channel. On 31 August 2006, a plume was detected at the HSC
during three consecutive measurements, yielding a HCHO flux of 481 kg h−1. This event
has been mainly attributed to photochemical production.

Citation: Rivera, C., J. Mellqvist, J. Samuelsson, B. Lefer, S. Alvarez, and M. R. Patel (2010), Quantification of NO2 and SO2

emissions from the Houston Ship Channel and Texas City industrial areas during the 2006 Texas Air Quality Study, J. Geophys.
Res., 115, D08301, doi:10.1029/2009JD012675.

1. Introduction

[2] Air pollution is a problem in many cities of the world,
and the Houston‐Galveston, Texas, area (HGA) is no ex-
ception, with one of the most severe ozone (O3) problems in
the United States. The process of tropospheric O3 produc-
tion by photochemical oxidation of industrial hydrocarbons
involving NO and NO2 as catalysts has been described in
the literature [Crutzen, 1979]. This process is highly de-
pendent on the concentration and chemical composition of
hydrocarbons [Grover and Bradford, 2001], as well as on
NOx [Jacob et al., 1996; Kasibhatla et al., 1991; Martin et
al., 2002; Murphy et al., 1993; Penner et al., 1991]. Both
NOx and VOCs are a product of combustion processes, from
either stationary or mobile sources, and have biogenic
sources as well [Conley et al., 2005; Finlayson‐Pitts and
Pitts, 2000]. In the HGA, emissions of these compounds
are associated with petrochemical industrial facilities as well
as traffic [Berkowitz et al., 2005; Buzcu‐Guven and Fraser,
2008; De Gouw et al., 2009; Gilman et al., 2009; Jobson et
al., 2004; Leuchner and Rappenglück, 2010; Smith et al.,
2007; Xie and Berkowitz, 2007].

[3] The Texas Air Quality Study 2000 (TexAQS 2000)
demonstrated that industrial complexes in the HGA are large
emitters of NOx and hydrocarbons, which originate spatially
localized plumes rich in O3 and hydrocarbon oxidation
products (i.e., formaldehyde) [Daum et al., 2003, 2004;
Kleinman et al., 2002; Ryerson et al., 2003]. Detailed
studies have demonstrated that the high O3 production rates
in the HGA are linearly dependent on the ratio of total
nonmethane hydrocarbons to NOx [Berkowitz et al., 2005].
In the HGA, the production tends to be more rapid and ef-
ficient than in other urban areas [Kleinman et al., 2002; Lei
et al., 2004]. In addition a detailed particulate growth study
in the HGA concluded that SO2‐rich plumes were associated
with particle formation and substantial particle volume
growth [Brock et al., 2003].
[4] Formaldehyde has a very short lifetime (generally

2–4 h) in the presence of sunlight, which is determined
mainly by photolysis and reaction with OH radicals [Garcia
et al., 2006; Wert et al., 2003]. It can be directly emitted by
incomplete combustion or industrial processes or be sec-
ondarily formed by oxidation of VOCs [Finlayson‐Pitts and
Pitts, 2000]. Studies have shown that oxidation of ethene,
propene, and isoprene tends to efficiently produce HCHO
[Dodge, 1990; Goldan et al., 2000; Lee et al., 1998; Wert et
al., 2003]. During TexAQS 2000, Wert et al. [2003] con-
cluded that there was no evidence for strong primary emis-
sions of HCHO when compared to the secondary emissions
produced in several Houston area plumes.
[5] Worsening air quality in the HGA has increased the

concern of the general public and policymakers regarding
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environmental problems generated by outdoor pollution and
its relationship with human health [Brody et al., 2004;
Conley et al., 2005]. Because O3 threshold mixing ratios
established by the National Ambient Air Quality Standard
are frequently exceeded, the HGA has been designated an
O3 nonattainment region, and it is therefore important to
identify and quantify O3 precursors and reduce their emis-
sions [Allen et al., 2004; Byun et al., 2007; Grover and
Bradford, 2001; Kleinman et al., 2002]. With the objec-
tive to provide detailed accurate emission information, a
5‐week field campaign in the HGA was performed during
the summer of 2006. NO2, SO2, and HCHO differential
vertical columns were quantified in the Houston Ship
Channel (HSC) and Texas City (TC) industrial areas by
traversing the plume of these industrial complexes using a
mini‐differential optical absorption spectroscopy (DOAS)
instrument installed on a car. The DOAS measurements of
NO2 and SO2 presented here were conducted in parallel
with airborne and mobile solar IR measurements to quantify
VOC emissions [De Gouw et al., 2009]. The latter study
shows large discrepancies between measured and reported
emissions. It was therefore of great interest to investigate
whether discrepancies exist also for NO2 and SO2 emissions.
The objective of this paper is to determine the consistency
of our measurements with available emission inventories of
the HGA.

2. Method and Data Analysis

[6] DOAS is a technique that allows the remote detection
of trace gases. It is based on the absorption of electromag-
netic radiation by matter and is widely used for continuously
quantifying atmospheric gases [Finlayson‐Pitts and Pitts,
2000; Platt, 1994; Platt et al., 1979; Platt and Stutz, 2008].
DOAS measurements can be performed using a wide variety
of experimental setups. In this field campaign, passive DOAS
using scattered sunlight by air molecules and particles has
been used in zenith scattered light configuration. Zenith
scattered sunlight measurements offer a large variety of
applications, are one of the earliest applications of passive
DOAS, and have been used to study stratospheric chemistry
and the radiative transport in clouds [Platt and Stutz, 2008].

2.1. Mobile Mini‐Differential Optical Absorption
Spectroscopy

[7] A mobile miniDOAS instrument, described in detail
by Galle et al. [2002], was used to perform the measure-
ments presented in this paper. MiniDOAS instruments have
been widely adopted by the scientific community to quantify
emissions from urban [Johansson et al., 2008, 2009], in-
dustrial [McGonigle et al., 2004; Rivera et al., 2009], and
volcanic [Bobrowski et al., 2003; Bobrowski and Platt,
2007; Galle et al., 2002; Mori et al., 2006] sources. Our
system utilizes an 8 mrad field of view telescope to collect
scattered UV light. The telescope has a quartz lens and, only
for SO2 measurement purposes, a Hoya U‐330 filter was
used to reduce stray light, blocking visible light with
wavelength higher than 360 nm. The telescope is then
coupled to a 600 mm quartz fiber optic which transfers light
into an Ocean Optics S2000 spectrometer with spectral
resolution of approximately 0.6 nm and spectral range of
280–420 nm (SO2 and HCHO) and 336–480 nm (NO2).

The spectrometer and a GPS were connected to a laptop
computer controlled by custom‐built software, Mobile
DOAS [Johansson and Zhang, 2004], which acquired and
preliminarily evaluated spectra in real time.

2.2. Measurement Method

[8] The mobile miniDOAS instrument was mounted on a
car and aligned toward zenith, and spectra were recorded
encircling the sources of pollution. Differential vertical
columns of the species of interest were measured upwind
and downwind of the sources in order to derive inflow and
outflow, respectively, with the flux being the difference
between them. For the Texas City industrial area, mea-
surements were conducted traversing the downwind plume.
Typically measurements were done 100 m to about 10 km
(only the case of the HSC industrial area) downwind of the
sources since these are distributed over large areas with no
accessibility except for public roads. Every measurement
series started with the recording of a background reference
spectrum, considered to be the reference for all the follow-
ing spectra recorded during the measurement series. Ideally
the reference spectrum is expected not to include any con-
centration above ambient of the trace species of interest;
however, in urban and industrial areas this is difficult to
achieve, and therefore our measurement in this case will
produce the difference in vertical columns between the
background reference spectrum and all measured spectra
across the plume for every measurement series. All vertical
columns derived from spectra collected after the reference
spectrum are relative to the latter and will be further referred
to as differential vertical columns.
[9] It is important to notice that we have assumed that the

light path is vertical and no air mass factor has been applied
to the differential vertical columns, which could bring un-
certainties to the results of our measurements. The mea-
surements presented in this study were conducted during
days of clear blue sky without presence of clouds. In order
to give insight for high aerosol loads which could lead to
enhanced light paths through multiple scattering, the oxygen
dimer (O4) was included into the DOAS fit. All measure-
ments conducted during the field campaign that showed
indication of enhanced light paths during the traverses were
disregarded. More details about this procedure are given by
Johansson et al. [2008]. In section 2.5, the uncertainty re-
lated to light path extension inside the plume (multiple
scattering) as well as to scattering of photons into the in-
strument’s field of view by particles beneath the plume
(light dilution) is further discussed.
[10] Stratospheric NO2 variations are expected to be small

in the short time period (few minutes to 1 h) our measure-
ments take when compared with tropospheric NO2 varia-
tions present in the polluted plumes we are quantifying. In
addition, using a background reference spectrum for each
measurement series eliminates the stratospheric NO2 part and
has less influence of instrumental instabilities, as already
pointed out by Sinreich et al. [2005].
[11] GPS data were recorded providing time and position

before and after each spectrum was collected. Fluxes from
traverses were calculated by multiplying differential total
vertical columns by the distance traversed perpendicular to
the wind direction and by the wind speed. Wind information
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was obtained from GPS sondes regularly launched during
the field campaign (see section 2.4).

2.3. Spectral Evaluation

[12] SO2, HCHO, and NO2 were retrieved from the re-
corded spectra using the WinDOAS software (version 2.1)
(Van Roozendael and Fayt, 2001) in the wavelength regions
of 310–325, 324–347, and 420–460 nm, respectively. This
procedure has been described in detail elsewhere [Galle et
al., 2002; Platt and Stutz, 2008]. The cross sections used
in the DOAS fit (SO2 [Bogumil et al., 2003], HCHO [Meller
and Moortgat, 2000], and NO2 [Vandaele et al., 1998])
were collected from the literature and degraded to our in-
strument’s resolution. In addition, the cross sections of O3

[Voigt et al., 2001], O4 [Hermans et al., 1999], and H2O
[Coheur et al., 2002; Fally et al., 2003] were included in the
fitting procedure as well. To compensate for the filling up of
the Fraunhofer lines in the solar spectrum by inelastic
scattering, the so‐called Ring effect [Platt and Stutz, 2008],
a synthetic Ring spectrum calculated from a high‐resolved
solar spectrum (R. L. Kurucz, I. Furenlid, J. Brault, and
L. Testerman, 1984, Solar flux atlas from 296 to 1300 nm)
(http://kurucz.harvard.edu/sun/fluxatlas/) using the DOASIS
software [Kraus, 2003] was also included in the fit. Details
of every fitting interval and cross sections used are shown in
Table 1. Examples of DOAS fits for NO2, HCHO, and SO2

are shown in Figure 1. The number of spectra collected for
the SO2 and NO2 measurements was in all cases automat-
ically adapted to give a time resolution of approximately 5 s
per measurement point. However, for HCHO evaluation,
spectra were coadded in order to increase the signal‐to‐
noise ratio, resulting in a time resolution of 86 s per mea-
surement point.

2.4. Wind Data

[13] Wind speed and wind direction data were obtained
from wind fields recorded by GPS balloon sondes (RS80‐
15N‐V2D‐A‐GPS) obtained from Environmental Science
Corporation, Boulder, Colorado. GPS sondes were launched
in between our measurements and nearby the measurement
paths used. Typically, three or four balloon sondes were
launched every day; the rise speed of the balloons was typi-
cally 5m s−1. In the HSC the soundings were carried out close
to the Lynchburg Ferry crossing (Figure 2), and in Texas City
the soundings were launched westward of the town
(Figure 3). When balloon sondes were not available, wind
data were used from a radar profiler operated by the Texas
Commission of Environmental Quality within the NOAA
profiler network at the La Porte Airport south of the HSC.
[14] The measurements presented in this study were

conducted in sunny conditions. Under these conditions the
industrial emission plumes mix rather quickly in the vertical,
giving a homogeneous distribution of the pollutants versus
height through the mixing layer even several kilometers

downwind. In addition to the atmospheric mixing, the
plumes from process industries exhibit an initial lift since
they are usually hotter than the surrounding air. This as-
sumption of rapid mixing agrees with Doppler lidar mea-
surements conducted from the ship RV Ronald H. Brown by
NOAA during the TexAQS 2006 [Tucker et al., 2009].
From these measurements information about mixing height
and the vertical mixing of the atmosphere could be obtained
showing typical daytime vertical mixing speeds of ± (0.5–
1.5) m s−1.
[15] The measurements presented in this study were typ-

ically conducted at a plume transport time of 200–500 s

Figure 1. Examples of differential optical absorption
spectroscopy (DOAS) fit in different wavelength regions.
Fitted cross sections of (a) NO2 in the wavelength region
of 420–460 nm, (b) HCHO in the wavelength region of
324–347 nm, and (c) SO2 in the wavelength region of
310–325 nm.

Table 1. Fitting Intervals and Molecules Included in the Differen-
tial Optical Absorption Spectroscopy Fit

Fitting Interval Wavelength Range (nm) Species

310–325 SO2, O3, NO2, HCHO, Ring
324–347 HCHO, O3, NO2, SO2, O4, Ring
420–460 NO2, O3, O4, H2O, Ring
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Figure 2. Measurement performed on 31 August 2006 starting at 1037 LT at the Houston Ship Channel.
Shown are the spatial distributions of (a) NO2, (c) SO2, and (e) HCHO along the Houston Ship Channel
quantified during the traverse, the measured differential vertical columns of (b) NO2, (d) SO2, and (f)
HCHO, (g) the spatial distribution of HCHO measured by the Piper Aztec aircraft, and (h) the differential
vertical column of O4 measured during the traverse. The black square indicates the starting point of the tra-
verse. The site where balloon sondes were launched (close to the Lynchburg Ferry crossing) is indicated by a
black triangle. In gray scale, the known NOx, SO2, and HCHO sources from the EI in the HSC are shown.
The black arrow at the right upper corner of Figures 2a, 2c, and 2e indicates the wind direction obtained from
wind fields recorded by a GPS balloon sonde launched at 0953 LT.
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downwind of the industries, which, according to the dis-
cussion above, means that sufficient time has elapsed for the
emission plume to mix at heights of up to several hundred
meters above the ground. For this reason we have used the
average wind over the lower 500 m of the atmosphere as a
proxy for the mass‐weighted wind.

2.5. Emission Error Estimation

[16] Several types of errors can affect the calculation of
emissions using a miniDOAS instrument. A spectroscopic
error is related to errors in the absorption cross sections,
temperature changes in the spectrometer, fitting errors, and

spectral interferences. The spectroscopic error in this study
reflects the error in calculated emissions due to the DOAS
retrieval of the differential vertical column and was calcu-
lated as 10%, 14%, and 40% for NO2, HCHO, and SO2

respectively.
[17] A scattering error is expected due to light path ex-

tension inside the plume (multiple scattering) as well as to
scattering of photons into the instrument’s field of view by
particles beneath the plume (light dilution). The scattering
error strongly depends on meteorological conditions (i.e.,
cloud coverage, fog, and rain) [Millán, 1980; Moffat and
Millán, 1971] and changes as a function of the distance of

Figure 3. Measurement performed on 20 September 2006 starting at 1634 LT at Texas City. (a) The
spatial distribution of NO2 along the measurement path quantified during the traverse. (b) Measured dif-
ferential vertical columns of NO2 along the traverse. The black square indicates the starting point of the
traverse. The site where balloon sondes were launched is indicated by a black triangle. In gray scale, the
known NOx sources from the EI in Texas City are shown. The black arrow at the right upper corner of
Figure 3a indicates the wind direction obtained from wind fields recorded by a GPS balloon sonde
launched at 1428 LT.
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the instrument from the plume and the wavelength region
used in the DOAS retrieval, becoming more significant at
shorter wavelengths for the case of SO2 [Mori et al., 2006].
Because the measurements presented in this study were
conducted during days of clear blue sky without presence of
clouds and care was taken to disregard measurements with
clear indication of enhanced light paths during the traverses
(see section 2.2), the scattering error was assumed to be 10%
for this study.
[18] The main uncertainty, however, is due to assumptions

about the vertical distribution of the plume, which will lead
to errors in attributing the true wind speed for each molecule
in the plume. Because we are not able to calculate the plume
height with our measurements, we have assumed that the
emission plume from an industry mixes rather quickly ver-
tically, due to convection from solar heating of the ground,
with a speed of about 0.5–1.5 m s−1 in addition to initial
plume lifting due to high temperature. Further discussion
about the wind data used in this study can be found in
section 2.4 and the paper of Mellqvist et al. [2010]. Un-
certainty in the wind speed and wind direction from GPS
balloon sondes, used to calculate emissions presented in this
study, is about 30% [Mellqvist et al., 2010]. Our estimated
uncertainty in the wind field accounts for possible mea-
surement errors and systematic spatial wind differences, in
addition to errors in estimated plume height and therefore
errors in wind speed and wind direction used to calculate
fluxes, as well as errors due to changes in wind speed and
wind direction during the period of time a measurement is
being conducted. Further details about expected errors using
this technique are given by Johansson et al. [2008] and
Rivera et al. [2009].
[19] Another uncertainty regarding the measurement

method is the fact that the measurements are conducted
using a mobile van and driving on roads exposed to traffic
emissions. Because in this study it is not possible to separate
industrial plumes from traffic emissions, we have assumed
that emissions from traffic are negligible compared to
emissions by industries and form part of the background
emissions.
[20] The combined uncertainty for calculated emissions

taking into consideration all errors and uncertainties is
therefore 33%, 35%, and 51% for NO2, HCHO, and SO2,
respectively.

2.6. Airborne Measurements

[21] A Piper Aztec (N6670Y) aircraft operated by the
Baylor Institute for Air Science conducted several research
tasks during the TexAQS 2006 field experiment. Aircraft‐

based measurements were focused on the collection of lower
tropospheric air quality data from August through October
2006 in the Houston region.
[22] NO, NO2, HCHO, and reactive alkenes, among other

parameters, were measured during the conducted flights.
NO and NO2 data recorded during flights conducted on the
same measurement paths as our measurements by the Piper
Aztec aircraft were used in this study with the objective to
gain knowledge of the NO2/NOx ratio. NO was measured
using an Eco Physics CLD 77. NO2 mixing ratios were
measured using the photolysis‐chemiluminescence tech-
nique [Kley and McFarland, 1980], consisting of a Thermo
Environmental 42C instrument and a Droplet Measurement
Technologies BLC photolytic converter. Baseline correc-
tions, from the periodic in‐flight zeroing of the instruments,
were applied automatically for both species. Corrections for
both ambient water and pressure were also applied. The
uncertainty of NO and NO2 was 0.4 and 0.2 ppbv, respec-
tively [Alvarez et al., 2007].

3. Results and Discussion

[23] Measurements were performed between 30 August
and 29 September 2006 aimed at quantifying emissions
from different areas in the HGA. All measurements were
compared with reported values in order to give insight into
the consistency of our measurements with the available
emission inventories of the area. An emissions inventory
(EI) developed by the Texas Commission on Environ-
mental Quality was used in this study (the 2006 Point
Source Emissions Inventory) (http://www.tceq.state.tx.us/
implementation/air/industei/psei/psei.html). It contains daily
averaged emission data for approximately 3000 sources for
the time period 15 August to 15 September 2006. During this
period, some industrial facilities in the HGA reported their
monitored hourly emissions of NOx, SO2, and VOCs, among
other pollutants. In the EI used, these data have been merged
with an annual database, providing daily emissions for
sources not included in the hourly monitored data set. It is
important to notice that daily emissions reported by the in-
dustries show very little variability (about 1%) during the
days our measurements were compared with the inventory.
[24] Table 2 shows a comparison between the median of

total fluxes measured in this field study and reported
emissions in the inventory for HSC and TC sites. The me-
dian absolute deviation from the median (MAD) refers to
the variability of daily quantified fluxes during the field
campaign and not to uncertainty of the measurement itself
(discussed in section 2.5). In addition, a detailed account of

Table 2. Summary of Total Quantified Fluxes (Median) and Comparison With Emissions Inventorya

NO2 NOx (kg h−1) SO2 HCHO

Flux (kg h−1) No. Meas. Adjusted Valuesb EI Flux (kg h−1) No. Meas. EI Flux (kg h−1) No. Meas. EI

Houston Ship Channel
2542 (214) 9 3435 (289) 2015 1749 (160) 3 1308 481 (21) 3 14

Texas City
452 (115) 11 619 (158) 433

aThe median absolute deviation from the median is shown in parentheses. Abbreviation is as follows: EI, emission inventory.
bThe NOx fluxes have been adjusted from the original quantified total NO2 values according to the NO2/NOx ratio derived by aircraft measurements:

0.74 for Houston Ship Channel and 0.73 for Texas City. NOx fluxes have no further correction applied for rapid photochemical NOx loss.
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daily measurements carried out during the field campaign is
presented in Table 3.

3.1. NOx Emissions

[25] Figure 2a shows the spatial distribution of differential
NO2 columns (color coded) quantified during a measure-
ment conducted at the HSC on 31 August 2006 starting at
1037 LT. The known emission sources from the EI inside
the HSC are shown as gray dots. Figure 2b shows the dif-
ferential NO2 columns quantified during the measurement.
The traverse started at the northeast part of the HSC (black
square in Figure 2a) and continued toward the west. Two
main peaks were found during the traverse; the highest peak
found at the southwest is thought to include most of the
accumulated emissions of the HSC, while the second,
smaller peak most likely represents emissions from the
eastern part of the HSC. As discussed in section 2.2, the
oxygen dimer (O4) was included into the DOAS fit in order
to indicate the presence of high aerosol loading, which could
lead to enhanced light paths through multiple scattering.
Figure 2h shows the differential O4 columns quantified
during the measurement where a stable behavior of the
oxygen dimer during the traverse is evident, indicating no
enhanced light paths during the traverse.
[26] From NO2 emissions data reported in Table 3, it can

be seen that differences in NO2 emission rates were found at
the HSC during the same day and among different days. On
31 August, NO2 quantified emissions dropped by half
comparing a traverse conducted at 1153 LT to traverses
conducted previously during the same day.

[27] Figure 3a shows the spatial distribution of differential
NO2 columns (color coded) quantified during a measure-
ment conducted at TC on 20 September 2006 starting at
1634 LT. The known NOx emission sources of the TC area
are shown as gray dots. Figure 3b shows the differential
NO2 columns quantified during the measurement. The tra-
verse started at the north part of a highway located west of
TC (black square in Figure 3a) and continued toward the
southeast. A main peak was identified during the traverse,
found at the western part of the TC industrial area. This peak
is thought to represent one of the largest sources of NOx in
the area located at the western part. The other, smaller peaks
most likely represent emissions from the whole TC area in
general. Some differences were found in NO2 quantified
emissions at TC among different days (Table 3).
[28] The instrument used in this field campaign is capable

of quantifying NO2 but not NOx, which is given in the in-
ventories. Knowledge about the ratio NO2/NOx becomes
important in order to assess the consistency of our mea-
surements with the available inventories. Here we have used
data from measurements conducted by the Piper Aztec air-
craft flying above the same measurement paths we have
used to quantify emissions from the HSC and TC industrial
sites. Aircraft‐based measurements indicate a NO2/NOx ra-
tio of 0.74 for HSC and 0.73 for TC along the measurement
paths we have used. Figure 4 shows recorded NO2 and NOx

mixing ratios by the Piper Aztec aircraft while performing a
vertical profile between 356 and 1265 m above mean sea
level along the HSC on 31 August 2006 at 0800‐0815 LT.
As can be seen, most of the quantified NOx is in the form of
NO2. For this field experiment, NOx average emissions have
been estimated from the original quantified total NO2 values
according to the NO2/NOx ratio derived by aircraft mea-
surements: 0.74 for HSC and 0.73 for TC. This ratio was
estimated for only 1 day for each industrial area; however, it
was extrapolated to other measurement days, slightly adding
uncertainty to our emission estimates of NOx.
[29] In summary, large differences in quantified NO2

emissions were found during and among different days of
the field campaign. Our results show that NOx‐derived
emissions from the HSC and TC industrial areas are 70%

Table 3. NO2, SO2, and HCHO Quantified Fluxes During the
Field Campaign

Date
Start Time

(LT) Species
Wind

Direction (°)
Wind Speed

(m s−1)
Flux

(kg h−1)

Houston Ship Channel
31 Aug 2006 0833 NO2 75 2.07 2756

0946 NO2 75 2.07 2650
HCHO 542

1037 NO2 75 2.07 2540
SO2 3493

HCHO 481
1153 NO2 85 2.04 1411

SO2 1589
HCHO 460

4 Sep 2006 1250 NO2 81 3.64 946
SO2 1749

19 Sep 2006 1127 NO2 47 10.78 4075
1221 31 6.55 2817
1512 38 4.26 2542
1604 38 4.26 2402

Texas City
2 Sep 2006 1340 NO2 99 1.51 186

1405 105 2.23 250
14 Sep 2006 0950 NO2 102 3.96 452

1118 102 3.96 449
20 Sep 2006 1012 NO2 67 6.16 567

1059 67 6.16 634
1310 77 4.9 404
1425 93 3.72 375
1506 93 3.72 499
1619 93 3.72 644
1634 93 3.72 596

Figure 4. NO2 and NOxmixing ratios recorded by the Piper
Aztec aircraft while performing a vertical profile between
356 and 1265 m above mean sea level along the Houston
Ship Channel on 31 August 2006 at 0800–0815 LT.
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and 43%, respectively, above the reported inventory values,
with 33% uncertainty.
[30] A study conducted by Williams et al. [2009] during

the TexAQS 2006 reveals that NOx emissions from com-
mercial marine shipping in the HGA are significant and
present large variability (30%–40% relative standard devi-
ation), which could explain NOx emissions measured in
excess in the HSC and probably to a lesser extent in TC, as
well as the measured short‐term variability in emissions
found at the HSC during the field campaign.

3.2. SO2 Emissions

[31] During the measurement period, SO2 plumes were
only successfully quantified in the HSC industrial area.
Figure 2c shows the spatial distribution of differential SO2

columns (color coded) quantified during a measurement
conducted at the HSC on 31 August 2006 starting at 1037 LT.
The known SO2 emission sources from the EI inside the
HSC are shown as gray dots. Figure 2d shows the differ-
ential SO2 columns quantified during the measurement. The
traverse started at the northeast part of the HSC (black
square in Figure 2c) and continued toward the west. Two
main SO2 peaks were found during the traverse, coinciding
with the previously discussed NO2 peaks. As for the case of
NO2, the highest SO2 peak found at the southwest is
thought to include most of the accumulated emissions of the
HSC, while the second, smaller peak most likely represents
emissions from the eastern part of the HSC.
[32] Table 2 shows a comparison between measured SO2

fluxes and reported values in the inventory. The reported
daily emissions from the EI are also presented for compar-
ison. In addition, a full summary of daily SO2 measurements
carried out during the field campaign is presented in Table 3.
Table 2 indicates that the quantified SO2 fluxes at the HSC
industrial area were 34% higher than the emissions reported
in the inventory, with a range of uncertainty, however, that
encompasses the inventory.

3.3. HCHO Event

[33] On only 1 day during the field campaign was it
possible to clearly identify the presence of HCHO in the
plumes from the HGA. On 31 August 2006, HCHO was
quantified during three consecutive measurements performed
at the HSC industrial site between 0946 and 1245 LT (1446‐
1745 UTC). Figure 2e shows the spatial distribution of dif-
ferential HCHO columns (color coded) quantified during a
measurement conducted at the HSC on 31 August 2006
starting at 1037 LT. The known HCHO emission sources
from the EI inside the HSC are shown as gray dots. Figure 2f
shows the differential HCHO columns quantified during the
measurement. The traverse started in the northeastern part of
the HSC (black square in Figure 2e) and continued toward the
west. As for the case of the NO2 and SO2 emissions measured
during the same traverse, two main HCHO peaks were found
during this traverse; the smaller peak found in the south-
eastern corner is thought to include the accumulated flux of
the entire HSC, while the second, larger peak most likely
represents the flux from the eastern part of the HSC where
most of the HCHO sources are located.
[34] The three consecutive transects yielded a median flux

of 481 kg h−1 with a MAD of 21 kg h−1. From HCHO fluxes
data reported in Table 3, it can be seen that the quantified

HCHO fluxes during the three consecutive traverses give
very similar values. The high HCHO quantified flux at the
HSC is unexpected, especially when compared to the
emissions inventory of 14 kg h−1 of HCHO for the HSC area
(Table 2), representing primary emissions from the indus-
tries. It is important to note that only a small fraction of
industrial facilities specify, in the data reported in the EI, the
type of VOC emitted. In this case we have added all sources
located inside the HSC that specifically report HCHO
emissions; however, it is possible that some facilities have
been missed because of the way of reporting HCHO as
VOCs in general.
[35] During the morning flight of 31 August 2006, the

Piper Aztec aircraft measured elevated mixing ratios of
HCHO over the HSC. Figure 2g shows the spatial distri-
bution of HCHO along the HSC measured by the Piper
Aztec aircraft. The peak on the HCHO mixing ratio
measured by the aircraft at the southern part of the HSC
(Figure 2g) coincides with measurements reported in this
study conducted by the mobile miniDOAS instrument.
[36] It is highly likely that the quantified HCHO in the

HSC during this field observation was not directly emitted
but rather was formed by oxidation of emitted VOCs.
During this flight, the Piper Aztec aircraft also measured
elevated mixing ratios of reactive alkenes at the south-
western part of the HSC [Alvarez et al., 2007], coinciding
with HCHO measurements reported in this study conducted
by the mobile miniDOAS instrument. In addition, Mellqvist
et al. [2007, 2010] measured large and highly variable
emissions of propene, 200–2000 kg h−1, on the same day and
upwind of the location where the high formaldehyde differ-
ential columns were measured with the mobile miniDOAS
instrument [Mellqvist et al., 2007]. In addition, 31 August
2006 was characterized by low wind speeds (about 2 m s−1),
suggesting both more concentrated VOC levels and a longer
photochemical processing time between the VOC emission
and sampling time.
[37] We consider that the presence of HCHO in the HSC

on 31 August 2006 is an isolated event rather than a per-
manent situation since it was only observed for a short
period of time (3 h) and only once during 5 weeks of mea-
surements conducted in the HGA. The occurrence of in-
dustrial emission events in the HGA has been previously
identified and studied. They typically last hours to days and
are largely made up of ethene and propene. Some events are
reported to release a few hundred kilograms [Murphy and
Allen, 2005], while others have been reported to lead to
emission rates of up to several thousand kilograms per hour
[Vizuete et al., 2008]. More than half of the mass of highly
reactive VOC emission events has been attributed to ethene
and almost one third to propene; the remainder consists of
isomers of butene and 1,3‐butadiene [Murphy and Allen,
2005]. In this case, the HCHO quantified in the HSC can-
not be regarded as an emission but rather as the photo-
chemical production of HCHO by the oxidation of emitted
alkenes, which tend to efficiently produce HCHO [Dodge,
1990; Goldan et al., 2000; Lee et al., 1998; Wert et al.,
2003].
[38] In addition, as part of the TexAQS 2006 field

experiment, Brooks et al. [2009] report extreme pollution
events in the early morning hours of 31 August 2006
during measurements conducted atop the Moody Tower
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TexAQS II Radical Measurement Project site. Their findings
include the highest fine particulate mercury value observed
on 31 August 2006, along with extremely high values of
VOCs, SO2, aerosol mass, and most other primary pollutants.
At 1430 UTC spikes in HCHO (23 ppb), PAN (3.6 ppb), and
O3 (∼100 ppb) were reported as well. Back trajectories and
wind direction showed air parcels coming from the Houston
Ship Channel [Brooks et al., 2009].

4. Conclusions

[39] In summary, measurements conducted during the
TexAQS 2006 field experiment show that measured SO2

emissions at HSC were 34% higher than the emissions re-
ported in the inventory, with a range of uncertainty, how-
ever, that encompasses the inventory. The derived NOx

emissions at the HSC and TC industrial areas were 70% and
43%, respectively, above the reported inventory values, with
33% uncertainty. This should be compared to mobile solar
infrared measurements and airborne measurements showing
an order of magnitude difference in measured and reported
ethene emissions from industrial sources in the HGA [De
Gouw et al., 2009]. Short‐term variability of NOx and SO2

emissions were also found. On 31 August 2006, the mea-
sured emissions of NO2 and SO2 at the HSC dropped by half
between a traverse conducted at 1153 LT when compared to
traverses conducted previously during the same day.
[40] During the TexAQS 2006 field experiment, it was

possible to identify a HCHO event occurring on 31 August
2006 yielding HCHO fluxes an order of magnitude greater
than the reported primary emissions in the inventory. For
this reason and due to the fact that during daytime, generally
the amount of primary emitted HCHO is considerably
smaller than the amount that is secondarily photochemically
produced [Wert et al., 2003], it is highly likely that the
quantified HCHO in the HSC was formed by oxidation of
emitted alkenes since these tend to efficiently produce
HCHO, implying a very rapid photochemical conversion.
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CCHARACTERIZINGG TRAILINGG WAVESS FROMM CARGOO SHIPP WAKEE 
Kevin Haas, Georg ia  Ins t i tu te  o f  Technology , khaas@gatech.edu

Alexandra Muscalus, Georg ia  Ins t i tu te  o f  Technology , amuscalus@gatech.edu

INTRODUCTION
Low-frequency (LF) cargo ship wake is a major 

source of hydrodynamic energy in shipping channels, 
where it has increasingly been linked to shoreline erosion. 
The LF wake consists of a drawdown called the “Bernoulli 
depression,” a return surge, and finally a series of trailing 
waves that may persist longer than 30 minutes after the 
vessel passage (Figure 1). While the Bernoulli depression 
and surge are well-explained by conservation principles, 
we presently lack a robust explanation of the trailing 
waves. They are a ubiquitous feature observed at many 
locations (e.g. Garrel, Lopez, and Collins, 2008), and 
have frequently been attributed to cross-channel 
seiching; however, field measurements from the 
Savannah River, GA, USA suggested that some of the 
waves may have alongshore progressive characteristics, 
which contradicts this assumption. 

Figure 1 – A sample field measurement of low-frequency 
cargo ship wake showing the Bernoulli depression, 
surge, and trailing waves.

Over 500 large vessel wake events were 
measured with current profilers and pressure transducers 
in a previous study investigating the source of erosion at 
Bird/Long Island in the Savannah River, Georgia, USA 
(Haas and Muscalus, 2019). The island divides the river 
into two channels, the larger of which – the “Main Channel” 
- contains a shipping channel with about 5,000 annual 
cargo ship transits. Measurements on the shelf of the 
Main Channel along Bird/Long Island revealed that the
low-frequency (LF) component of vessel wake is the 
dominant energy source; its contribution is much stronger 
than that of tidal currents, wind waves, and Kelvin waves.  
While the primary wave is the most energetic wave in the 
LF wake system, the trailing wave system contains on 
average 40% of the total LF wake energy. Therefore, it is 
imperative to gain a better understanding of trailing wave 
characteristics and their generation mechanisms. 

CHARACTERIZING TRAILING WAVES IN THE FIELD 
In order to characterize the trailing waves, two 

different field experiments with alongshore arrays of 
pressure transducers were completed. Within the 
Savannah River along Bird/Long Island, an alongshore 
array spanning 290 m with seven variably spaced 
instruments was deployed in approximately 3 m mean 
water depth in February 2022, and an alongshore array 

spanning 240 m with six variably spaced instruments was 
deployed in a little over 2 m mean depth for several days
each (Figure 2). In addition, the channel bathymetry was 
surveyed along the full island. In February, 37 cargo ship 
passages and in June 42 cargo ship passages were 
captured with both inbound and outbound vessels. Figure 
3 below shows the occurrence rate of the speed and 
length of the vessels for the two time periods. Both months 
had vessels with similar lengths ranging from 100 to 400 
m long; however, the February data set had more vessels 
traversing the channel at higher speeds. While a range of 
vessel speeds were observed, from 4.5 to over 8 m/s, all 
depth Froude numbers for the vessels remained well 
within the subcritical range.

Figure 2 – Map of the location for the seven-instrument 
(Feb) and six-instrument (June) alongshore arrays near 
Bird/Long Island in the Savannah River, Georgia, USA.

Figure 4 shows an example time series from an 
outbound vessel (Cosco Excellence) on June 9, 2022. 
The 366 m long vessel was traveling approximately 6 m/s 
when it passed the longshore array around 22:35. The first 
wave is the Bernoulli depression which is attached to the 
passing vessel. This event had a large depression around 
0.9 m. The progressive nature of this first wave is clearly 
observed from the time lags as the wave passes through 
the array starting at PT 1. The second wave, which is the 
first trailing wave, although much smaller in amplitude 
also demonstrate progressive behavior in the same 
direction. However, from the second trailing wave (wave 
3) onwards, the characteristics become much more 
complicated as there are even indications of progressive 
motion in the opposite direction.

Figure 3 – Histograms of the vessel length (left) and vessel 
speed (right) from the February and June data sets.



Figure 4 – Time series of the mid-band-pass filtered water level data from each instrument within the longshore array of the 
Cosco Excellence (366 m long) traveling outbound on June 9, 2022 passing the array around 22:35 moving with an absolute 
speed about 6 m/s. 

 
 

Figure 5 – Histograms of the observed wave height (left 
column) and period (right column) for the primary “wave 
1” (1st row) and the first two trailing waves, “wave 2” and 
“wave 3” (2nd and 3rd rows, respectively) from the 
February and June data sets. 

The wave heights and periods for the first three 
waves are computed for each vessel passage and are 
used to compute the histograms shown in Figure 5. 
Despite having slower vessels, the June dataset included 
the largest observed primary wave heights, perhaps from 
wave shoaling due to that array being in shallower water. 
The trailing wave heights become decreasingly smaller for 
both data sets. The periods cover a broad range of values 
from 100 to nearly 400 s. The primary wave tends to have 
a longer period than the trailing waves. Interestingly, the 
first trailing wave tends to have a narrower range of 
periods than the third wave. 

These data sets are going to be further used to 
analyze the specific characteristics of the trailing waves, 
in order to determine the presence of progressive and/or 
standing waves and attribute their generation to the 
properties of the vessels that created them. 
 
MODELING TRAILING WAVES WITH FUNWAVE-TVD 

Cargo ship passages have been simulated with 
a simplified channel bathymetry in FUNWAVE-TVD, a 2D 
Boussinesq model. The model simulates the vessel as a 
pressure source with the same dimensions and speed as 
a typical cargo ship observed in the field. These initial runs 
generated trailing waves, which spectral analysis 
confirmed to be edge waves trapped on the shelf of the 
channel. Additional suites of simulations were also run 
with independently varying beach slopes and ship speeds 
to isolate the effects of these parameters on trailing wave 
characteristics and confirmed the adherence of the trailing 
waves to edge wave dispersion.  

However, to understand the effect of the more 
complicated bathymetry and to see if edge waves are still 
generated, additional simulations will be completed using 
representative channel cross-sections as measured from 
the bathymetric survey. These simulations will still utilize 
a long straight channel, but with a more realistic cross-



section. Finally, simulations of vessel passages using the 
true bathymetry accounting for the along-channel 
variability will be completed to fully resolve the impact this 
has on the trailing wave generation and characteristics.  
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A B S T R A C T

Coastal economies are often supported by activities that rely on commercial or recreational vessels to move
people or goods, such as shipping, transportation, cruising, and fishing. Unintentionally, frequent or intense
vessel traffic can contribute to erosion of coastlines; this can be particularly evident in sheltered systems where
shoreline erosion should be minimal in the absence of boat waves. We reviewed the state of the science of known
effects of boat waves on shoreline stability, examined data on erosion, turbidity, and shoreline armoring patterns
for evidence of a response to boat waves in Chesapeake Bay, and reviewed existing management and policy
actions in Chesapeake Bay and nearby states to make recommendations for actions to minimize boat wake
impacts. In the literature, as well as in our analyses, boat wake energy may be linked to elevated turbidity and
shoreline erosion, particularly in narrow waterways. In Chesapeake Bay, three lines of evidence suggest boat
waves are contributing to shoreline erosion and poor water clarity in some Bay creeks and tributaries: 1)
nearshore turbidity was elevated in many waterways during periods of expected high boating activity, 2) ar-
moring was placed along about a quarter of the low energy shorelines of three examined tidal creeks that are
exposed to relatively high boating pressure, and 3) 15% of the shorelines we examined throughout the Bay
(9000 km) are low energy shorelines that are experiencing high erosion (≥0.3 m/yr) that cannot be attributed to
wind wave energy. Still, there remain significant data gaps that preclude the determination of the overall
contribution of boat waves to shoreline erosion throughout the Bay, notably, shoreline erosion data in low
energy waterways, recreational boating traffic patterns, and nearshore bathymetry. Interim protective measures
can be (and have been) applied in high risk waterways, such as small, low energy waterways that have high
recreational boating activity, to help reduce shoreline erosion. Policy options used in Bay states and elsewhere
include setbacks from the shore, wake restrictions, and speed restrictions; other more restrictive policies may
include prohibition on boats of a certain size or limiting the number of passages. Finally, a systems-approach to
boat wake impact management using uniform boat wake policies is likely to be the most effective for consistent
shoreline protection.

1. Introduction

Human pressures in coastal systems are extensive as a large pro-
portion of the global population inhabits these areas and utilizes the
natural resources they provide (McGranahan et al., 2007). The

magnitude of some human impacts are well understood, such as those
caused by land development and occupation along the coastline. The
magnitude of other impacts are poorly quantified, such as the im-
plications of the intensive vessel traffic that supports our maritime and
recreational pursuits. Commercial and recreational boating activities
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are often prominent contributors to a coastal economy, resulting in
intensive and frequent vessel traffic. This is especially true when the
region is a major route for shipping, transportation, and/or cruise in-
dustries. In 2013, the Ocean Economy for U.S. coastal states comprised
about 2.2% of both U.S. GDP and employment, a larger share of the U.S.
economy than other major natural resource industries, including
farming, food products, oil and gas extraction, and forest products.
Marine Transportation, the movement of people and goods across
oceans and Great Lakes, generated $59 billion in annual total GDP
(Kildow et al., 2016). As coastal communities continue to struggle to
address rapidly eroding shorelines and increasing nearshore turbidity,
more attention has been given to the contribution of boat-generated
waves to these issues.

In general, boat wakes have been shown to erode shorelines (e.g.,
Castillo et al., 2000; Bauer et al., 2002), scour the bottom of the
shoreface, and decrease water clarity through turbulence (e.g., U. S.
Army Corps of Engineers (USACE) 1994; Asplund 1996). Boat wakes
negatively affect coastal systems through two general processes – tur-
bulence and bank erosion. Turbulence causes elevated suspended se-
diment concentrations which can lead to degraded oyster reefs, light-
limitation of submerged aquatic vegetation, and can alter prey re-
sources for fish (e.g., Liddle and Scorgie, 1980; Grizzle et al., 2002;
Koch, 2002; Koch et al., 2006; Hallac et al., 2012; Whitfield and Becker,
2014; Campbell, 2015). Bank erosion can cause undercutting, marsh
loss or degradation, and disturbance to faunal communities (Parnell
and Koefoed-Hansen, 2001).

Boat wake energy is event-dependent and influenced by vessel
length, water depth, and boat speed (Sorensen, 1973; Glamore, 2008).
While each boat passage generates a complex series of waves with
unique characteristics, wake wave height can be reasonably predicted
by vessel speed (Sorenson, 1973; Zabawa and Ostrom, 1980; Fonseca
and Malhotra, 2012). Wakes tend to be most harmful in shallow and
narrow waterways where wake energy has limited ability to dissipate
with distance from the vessel. Published values of wave decay after boat
passage indicate that even small (16 ft) recreational vessels traveling
within 150m (~500 ft) of shore are capable of producing erosion –
causing waves (Sorenson, 1973; Zabawa and Ostrum, 1980). Although
periodic in comparison to wind waves, boat wakes may be the primary
source of erosion in areas with low wind wave energy due to their
greater heights and longer periods. For example, on the Savannah
River, boat wake energy contributes less than 5% of the total wave
energy, yet it accounts for 30% of the wave force impacting shorelines
(Houser, 2010). Adding to the complexity, the relative amount of wave
energy attributable to boats versus wind may vary temporally because
the intensity of boating activity may vary throughout the year (Zabawa
and Ostrom, 1980; Maynord et al., 2008). The frequency of vessel
passage influences the overall amount of boat wake energy impacting a
given shoreline, with highly traveled waterways more likely to ex-
perience boat wake-induced shoreline erosion than those that are less
frequently traveled (Zabawa and Ostrom, 1980; Glamore, 2008).

Waves can be attenuated by shoreline vegetation in certain settings;
however, frequent exposure to boat wakes may limit the capacity of
these shorelines to mitigate erosion. Vegetated marsh shorelines can
erode when regularly exposed to 10 cm waves (Coops et al., 1996);
when waves are greater than 30 cm for as little of 5% of the time, marsh
survival was shown to be compromised in the Gulf of Mexico (Schafer
et al., 2003; Roland and Douglas, 2005). Therefore, even infrequent
wake impacts may lead to erosion and habitat loss. Several studies in
coastal systems have examined the relationship among wave heights,
vessel speed, and distance offshore for a variety of typical vessel types
and sizes. Generally, for speed ranges of 11–50 km/h within 150m from
shore, maximum wave heights between 10 and 50 cm occurred, sug-
gesting erosion is likely in most cases (Table 1).

The Chesapeake Bay is a major maritime center along the Eastern
Seaboard that supports a myriad of marine transportation sectors in-
cluding military, cargo, transportation, cruise, fisheries, and

recreational boating. There are several major ports, most notably,
Baltimore and Port of Virginia (includes Norfolk, Portsmouth, Newport
News) which handle significant cargo tonnage. There is a large military
presence in the Chesapeake Bay, including the Navy, Coast Guard, and
Marines Joint Forces, as well as major ship building industries that
make use of Chesapeake Bay waterways. In addition to commercial
traffic, there are at least 500,000 registered recreational vessels in the
Chesapeake Bay (Virginia Department of Game and Inland Fisheries,
data from 1997 to 2012; Environmental Finance Center, University of
Maryland, 2013). Boating activity has intensified with increasing Bay
populations and improved access to waterways from the growing
number of private and public piers. Recreational boating can be most
concerning for shoreline erosion because of the ability of these small (or
shallow-draft) vessels to pass frequently near the shores, often at high
speeds.

The Chesapeake Bay region has experienced extensive development
over the course of hundreds of years, currently supporting about 18
million inhabitants, which has caused eutrophication, hypoxia, and
coastal habitat and species loss. In response to growing pollution issues,
the Chesapeake Bay Program (CBP) - a partnership between the states
of Maryland, Virginia, Pennsylvania, New York, West Virginia,
Delaware, the District of Columbia, federal agencies (represented by the
U.S. EPA), and the Chesapeake Bay Commission - was formed in 1983
to guide restoration of the Bay. The Chesapeake Watershed Agreement
(2014) designates a series of goals including habitat (tidal marsh,
submerged aquatic vegetation) and water quality restoration that could
be adversely affected by boat wave-induced erosion. Other Bay
Agreement goals may inadvertently exacerbate the issue, such as the
goal to increase public access to the Bay waterways.

Here, we: (1) evaluate existing and new data for evidence of en-
hanced turbidity, high erosion, or enhanced shoreline armoring in re-
sponse to boat-generated waves in Chesapeake Bay and identify data
gaps, and (2) review existing management and policy actions in
Chesapeake Bay states and make recommendations for actions to help
minimize potential boat wake impacts.

2. Methods

Comprehensive information on boating activity and shore erosion
driven by boat wakes is not available for Chesapeake Bay. However,

Table 1
Measured wave heights at varying vessel speeds and distances extracted from
Zabawa and Ostrum (1980) for Chesapeake Bay and Sorenson, 1973 for Oak-
land Estuary, CA. Wave heights of 0.3 m or less have been shown to erode
vegetated shores or compromise marsh survival (Coops et al., 1996; Schafer
et al., 2003; Roland and Douglas, 2005). Table modified from Bilkovic et al.,
(2017). * indicates planing hull, ** indicates displacement hull.

Boat type Distance from
sailing line (m)

Speed of boat
travel (knots
((km hr−1))

Max wave
height (m)

26’ (8 m) Recreational boat:
Uniflight*

100 10 (19) 0.41
100 26 (48) 0.29
150 10 (19) 0.37
150 27 (50) 0.21

16’ (5 m) Recreational boat:
Boston Whaler*

50 10 (19) 0.22
50 24 (44) 0.13
150 12 (22) 0.14
150 27 (50) 0.07

45’ (14 m) Commercial boat:
Tugboat**

30 6 (11) 0.2
30 10 (19) 0.5
150 6 (11) 0.1
150 10 (19) 0.3

263’ (80 m) Commercial
boat: Barge**

150 10 (19) 0.2
300 10 (19) 0.1
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surrogate measures can be useful as indicators of the potential for
boating to be contributing to shore erosion. Using existing data from
Chesapeake Bay, we examined 1) the relationship between recreational
boating activity and nearshore turbidity; 2) the occurrence of high
erosion along shorelines with low wind energy (small fetch), and; 3) the
occurrence of shoreline armoring along shorelines with low wind en-
ergy. We acknowledge the limitations in these analyses because the
data used were not collected to specifically address boat wake impacts;
however, our objectives were to use available data to explore potential
trends and identify data gaps.

2.1. Elevated turbidity and recreational boating

We investigated the relationship between nearshore turbidity and
recreational boating activity using data from 26 fixed, shallow water
monitoring stations at which continuous water quality data, specifically
turbidity, were available between the years 2003–2015 (www.vecos.
org, www.eyesonthebay.net, Virginia N=14; Maryland N=12

stations; Fig. 1). The number and location of continuous water quality
monitoring stations have varied as research needs and available re-
sources have changed; stations are often located for a period of 3 years
and then moved to another waterway. At each station, water quality
parameters including depth, water temperature, salinity, pH, chlor-
ophyll, turbidity, and dissolved oxygen are collected at 15-min intervals
using YSI 6600 data sondes. In our analyses, we included monitoring
stations with 2–3 years of consecutive data, near to shore (within
~50m of shore and attached to a pier or dock), and on shore reaches
with minimal exposure to commercial vessel traffic and/or wind waves
to better isolate the effect of boat waves on nearshore turbidity pat-
terns. We used ship traffic pattern data collected by the U.S. Coast
Guard through the Automatic Identification System (AIS) to determine
the level of commercial vessel traffic. The AIS is an onboard navigation
safety device that transmits and monitors the location and character-
istics of large vessels in U.S. and international waters in real time. The
Marine Cadastre provides AIS data filtered and summarized into 1-min
intervals, with each record (ping) representing a ship's location every

Fig. 1. Distribution of long-term water quality monitoring stations in relation to commercial vessel traffic patterns in Chesapeake Bay. Figure modified from Bilkovic
et al., (2017).
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minute. We determined the total number of pings recorded in the vi-
cinity of the stations from 2009 to 2014 and identified stations with low
or no commercial traffic (half of the stations were in reaches with no
pings, 11 stations had < 500 pings, and 2 sites had less than 1800
pings during the 6-year record) to be used in the analysis (spatial data
source: Bilkovic et al., 2016a; and the Marine Cadastre http://
marinecadastre.gov/ais) (Fig. 1).

In the Chesapeake Bay there is generally higher recreational boating
activity on weekends (Saturday, Sunday) and major warm-weather
holidays (i.e., Memorial Day, July 4th, Labor Day) than during week-
days (Monday, Tuesday, Wednesday, Thursday, Friday). As a result, our
analytical approach involved comparing levels of turbidity during the
week with the weekend and holidays (henceforth referred to as
“weekend”). We limited the analysis to include turbidity data from May
through September, when recreational boating is most prevalent. We
used the 3 most recent years of consecutive data recorded in 15min
intervals for each station (except 4 Maryland stations which had 2 years
of data). For each site, we estimated mean turbidity for weekend and
weekdays during the three years examined. To control for other en-
vironmental factors (sediment sources, storms, tidal flow, etc.) that may
affect an individual station's turbidity measures, we developed a tur-
bidity index to represent the relative change in turbidity between
weekends and weekdays (Equation (1), Fig. 2).

= −

÷

Turbidity Index TI mean weekend turbidity mean weekday

turbidity mean weekday turbidity

( ) (
) (1)

In addition to the primary factor of interest, boating intensity, we
included three potential moderating factors on the relative change in
turbidity in the analysis: distance to navigational depth (m) from sta-
tion, maximum fetch (m), and presence of shoreline armoring (bulk-
head or riprap revetment). We conducted all estimates of factors for
station locations in ArcGIS v. 10.4. We used the total number of piers
and marinas upriver of the stations as a proxy measure for relative
boating intensity; marinas tend to concentrate boat activity compared
to private piers, so these were weighted by a factor of 5 (data source:
Chesapeake Bay Shoreline Inventory, CCRM-VIMS, 2016). We defined
navigational depth as 1-m to be inclusive of small watercraft (e.g., jet-
ski), and estimated the shortest linear distance (m) from the station to
the 1-m depth contour. We used maximum fetch as a surrogate for

relative wind wave energy. We determined maximum fetch by esti-
mating fetch, the distance over water that the wind blows in a single
direction, for 16 compass directions originating from each station lo-
cation and taking the largest value (i.e., longest distance). Presence or
absence of armoring along the shoreline near the station was de-
termined using aerial imagery and the Chesapeake Bay Shoreline In-
ventory (CCRM-VIMS, 2016). We then examined the effect of the 4
factors on the turbidity index (TI) using generalized linear models
(GLM) with a Gaussian distribution, coupled with Akaike information
criterion (AIC) model selection. Boating intensity, maximum fetch, and
distance to navigational depth were log-transformed prior to the ana-
lysis to meet test assumptions. All possible combinations of the vari-
ables were assessed using AICc, which ranks models based on the
principle of parsimony (Johnson and Omland, 2004). The top models
were based on ΔAICc values < 2, and ΔAICc values between 3 and 7
were considered to be models with moderate but less support (Burnham
and Anderson, 2002).

2.2. Occurrence of high erosion in low energy settings

Absent data on boating activity in relation to shoreline erosion
rates, those shorelines that may be experiencing boat wake-induced
erosion can be targeted for further study by comparing wind energy
(fetch) with shoreline erosion rates. A shoreline with low fetch exposure
would not typically have high erosion rates. If this does occur, another
driver for the erosion - often boat wakes - is the likely cause. To eval-
uate the extent that this occurs in Chesapeake Bay, we identified shores
potentially experiencing erosion from boating by selecting shorelines
with low fetch (< 1000m) and high erosion (≥0.3 m/yr) using GIS
(ArcGIS v. 10.5). We determined maximum fetch for points every
50–100m along all of the Virginia and Maryland tidal shorelines and
used those values as the fetch along that reach of shoreline.

We transferred existing shoreline erosion rate data to the same
shoreline as our estimated fetch data to facilitate spatial analyses. For
both states, erosion rate data (distance/time) were previously devel-
oped using digital shoreline analysis system (DSAS) software 2.0
(Maryland) and 4.2 (Virginia) (Thieler et al., 2003; Thieler et al., 2010;
https://woodshole.er.usgs.gov/project-pages//; DSAS). For Maryland,
erosion rate data were calculated for transects spaced 20m apart for a
series of shorelines in varying time spans, with most occurring in some
interval between 1942 and 1995 (MGS, 2003). For Virginia, erosion
rate data were taken from the Shoreline Studies Program shoreline
evolution database 1937–2009 (Hardaway et al., 2017), which calcu-
lated the erosion rate using the linear difference on transects between
1937 and 2009 shorelines. We then summarized the linear distances
and percentages of Chesapeake Bay shorelines with low fetch exposure
and high erosion rates.

2.3. Occurrence of shoreline armoring in low energy settings

Shoreline erosion can be caused by wind waves, boat wakes, or a
combination of the two. Disentangling these effects is challenging, re-
quiring site specific data on vessel traffic patterns combined with wind
wave erosion models. Armoring on shorelines exposed to low wind
wave energy can be indicative of erosion from other sources. In some
instances, property owners have pointed specifically to boat wake
erosion as a reason to armor their shorelines (Smith et al., 2017).

To evaluate the possibility that shorelines are being armored in
areas not anticipated to have active erosion from wind waves, we
compared a recommended shoreline management option for eroding
shores on the basis of physical conditions with the actual management
approach applied (e.g., bulkhead, riprap revetment, created or en-
hanced marsh) within three low wind wave energy tidal creeks in
Virginia known to experience relatively high recreational boating
pressure - Lynnhaven River, Virginia Beach; Lafayette River, Norfolk;
Sarah Creek, Gloucester Point. Sarah Creek is a rapidly developing tidal

Fig. 2. Elevated turbidity associated with weekends and July 4th, 2007 in
Pohick Creek, Virginia. Twkday shows the mean turbidity during weekdays from
June 30 to July 10, 2007. Twkend is the mean turbidity during weekends and
holidays in the same time frame. Figure modified from Bilkovic et al., (2017).
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creek with relatively low wind wave energy and relatively high boating
pressure including the presence of several marinas. Lafayette River is an
urban tidal creek in Norfolk, Virginia. Lynnhaven River is a highly
developed shallow-water tidal river. In this system, very shallow creeks
have been dredged to provide residential boat access and there con-
tinues to be pressure to dredge additional creeks (Bilkovic, 2011). We
used a geospatial Shoreline Management Model (SMM), Version 4.0
that identifies appropriate shoreline management approaches along
Virginia's tidal shores using a suite of parameters that can be mapped
and measured using GIS including fetch (a surrogate for wind wave
energy), nearshore bathymetry, intertidal habitat (e.g., marsh), riparian
features, bank height, and permanent structures within the riparian
zone (CCRM, 2015). The SMM is based on decision tree logic and
guidance that has been vetted through the Virginia Institute of Marine
Science Wetlands Advisory Program and state locality shoreline man-
agement boards over many years (https://www.vims.edu/ccrm/ccrmp/
bmp/decision_tools/index.php). The model extracts information from
eleven spatial datasets containing attributes describing the shoreline.
Using ESRI's ArcGIS ModelBuilder and scripts written in Python, a
series of model pre-steps compiles the datasets into one linear shapefile.
The model calls for specific data from the shapefile as a way to evaluate
on-site condition, and follows the logic pathways of the decision tree to
yield the final model output of shoreline best management approach
recommendations for estuarine and tidal fresh shorelines, which is ex-
ported as a shapefile. All processing steps occur in ESRI's ArcMap,
ArcGIS version 10.4 and 10.5 software.

Shoreline best management approach options in the SMM include
three living shoreline treatments: 1) to create a new marsh or to
maintain or enhance an existing marsh (maintain/enhance/create
marsh), 2) create marsh with a stabilizing sill structure fronting the
marsh, or 3) maintain beach or place offshore breakwaters with beach
nourishment, and an armoring treatment: riprap revetment. Living
shoreline approaches address erosion by providing protection, re-
storation, enhancement, or creation of vegetated shoreline habitats
through strategic placement of plants, stone, sand fill and other struc-
tural or organic materials, while maintaining the connection between
aquatic and terrestrial habitats (Bilkovic et al., 2016b). In Virginia,
living shorelines are the preferred shoreline management option for
tidal shorelines where appropriate (Code of Virginia §28.2–104.1). The
SMM is a tool to help identify shoreline reaches that are appropriate for
the preferred management approach of living shorelines. A re-
commendation to maintain/enhance/create marsh is applied to shor-
elines with low wind wave energy (low fetch, 0–0.8 km) where marshes
can be established or maintained naturally without protection, no
physical structures near the shoreline that would prohibit bank grading
to achieve proper tidal elevations for marsh plants, and shallow water
(no greater than 1m deep up to 10m from shore). A stabilization
structure fronting the marsh (e.g., rock sill or oyster reef) may be re-
quired in shallow water, moderate wind wave energy environments
(fetch between 0.8 and 3.2 km) to allow the marsh to become estab-
lished. Armoring (riprap revetment) is recommended for moderate
(fetch between 0.8 and 3.2 km) to high (fetch> 3.2 km) wind wave
energy, where the nearshore is deep, and/or the shoreline has perma-
nent physical structures that would prohibit bank grading. For each
tidal creek, we documented the occurrence of shorelines that have been
armored (bulkhead or riprap revetment) while having a recommended
shoreline management approach to maintain/enhance/create marsh
that is indicative of a low wind wave energy shoreline. In addition, we
extracted information provided by property owners from the Virginia
Shoreline Permit Database (1993–2010; CCRM, 2019) on their purpose
for applying for a permit to armor their shoreline; listed reasons include
erosion control, marina development, commercial construction, water
access, yard improvement, aesthetics, and other.

3. Results

3.1. Elevated turbidity and recreational boating

Elevated turbidity was evident on the weekends in comparison to
weekdays for the majority of the stations (n=19; 73%); however, in
many instances, the percent difference was low (< 5% turbidity dif-
ference for 35% of stations with elevated weekend turbidity). A nega-
tive turbidity index (higher turbidity during the week) occurred for 7
stations, but weekday turbidity at those sites was only slightly (> 10%)
higher than the weekend turbidity (Fig. 3). None of the variables ex-
amined were significantly associated with the turbidity index (GLM:
X2= 3.14, df= 21, p=0.53). However, model selection based on AICc
indicated marginal support (ΔAICc= 3.04) for a best fit model that
included boating intensity and armoring (Supporting table 1). This was
likely because on unarmored shores, the turbidity index tended to be
higher (TI= 10.5% ± 15.1%) in comparison to armored shores
(TI= 4.5% ± 11.3) and along unarmored shores, boating intensity
appeared to be associated with elevated local turbidity within some
waterways.

3.2. Occurrence of high erosion in low energy settings

There are about 26,000 km of tidal shoreline in Chesapeake Bay, but
only about a third of that shoreline has erosion data available (Table 2).
Of the 8576 km of shoreline for which erosion data are available,
1310 km (15%) are potentially experiencing boat wake-induced ero-
sion. This is likely an underestimate because a large proportion of low
energy shorelines, the areas most at risk of experiencing boat wake-
induced erosion (i.e., tidal creeks), were lacking erosion rate informa-
tion (68%), which limited our ability to identify areas experiencing
unusually high erosion (Fig. 4).

3.3. Occurrence of shoreline armoring in low energy settings

In all three creeks, armoring is present along approximately a
quarter (Sarah Creek 28% (7.1 km), Lynnhaven River 22% (41.1 km),
Lafayette River 31% (22.3 km)) of the shorelines where the SMM spe-
cifies that only marsh enhancement, maintenance, or creation should be

Fig. 3. Comparison of weekend turbidity measures to weekday measures.
Positive TI values indicate relatively higher turbidity during the weekend than
the week possibly because of increased recreational boating intensity during the
weekend. Negative values indicate relatively higher turbidity during the week
than weekend. Station location numbers correspond to those on Fig. 1. Stations
with * had 2 years of data, all other stations had 3 years of data. Figure mod-
ified from Bilkovic et al., (2017).
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needed to stabilize shorelines (Fig. 5). In fact, on the basis of the phy-
sical setting, the vast majority of the shorelines in these low energy
creeks could be managed simply by maintaining, enhancing, or creating
marshes (Sarah Creek 83% (25.6 km), Lynnhaven River 74%
(185.6 km), Lafayette River 78% (70.8 km)). This suggests another
source (or perceived source) of shore erosion, possibly boating, has led

to the armoring of shorelines (along with the attendant adverse effects
of armoring) in low energy areas, where armoring should not be ne-
cessary. The vast majority of property owners stated erosion control
was the purpose for armoring ((Sarah Creek 98% (62 projects), Lynn-
haven River 97% (251 projects), and Lafayette River 92% (135 pro-
jects)).

Table 2
Chesapeake Bay tidal shorelines with available data, approximately 15% (1310 km) are experiencing high erosion (≥0.3m/yr) in low wind-wave energy settings
(fetch < 1000m), indicating potential boat wakewave induced erosion. Significant erosion data deficiencies exist for high risk areas, so these estimates are likely
low.

Location Total tidal shoreline
(km)

Shoreline with erosion and
fetch data (km)

Shoreline with erosion and
fetch data (%)

Shorelines with low fetch and high
erosion (km)

Shorelines with low fetch and high
erosion (%)

Maryland 10,945 3302 30 569 17
Virginia 15,776 5274 34 741 14
Total 26,721 8576 32 1310 15

Fig. 4. Distribution of shorelines likely experiencing boat wave-induced erosion in Chesapeake Bay (shown in red); these are shorelines with low fetch (< 1000m)
and high erosion rates (≥0.3 m/yr). The black shorelines are areas lacking erosion data. The insets show example waterways with low wind wave energy where
erosion should be low – Sarah Creek (a), Lafayette River (b), and Lynnhaven River (c). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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4. Discussion

There is evidence that links boat wake energy to elevated turbidity
and shoreline erosion, particularly in narrow waterways (Ellis et al.,
2002; Baldwin, 2008; Houser, 2010; Currin et al., 2017). Our findings
suggest that boating may contribute to shoreline erosion and poor
water clarity in some Chesapeake Bay creeks and tributaries. Turbidity
was elevated in many waterways during periods of expected high
boating activity. Armoring was placed along about a quarter of the low
energy shorelines of all three examined tidal creeks that are exposed to
relatively high boating pressure. Of the nearly 9000 km of shoreline
examined throughout the Bay, 15% (1,310 km) are low energy shor-
elines that are experiencing high erosion (≥0.3 m/yr) that is not likely
attributable to wind wave energy. Although our study cannot causally
link boat traffic to high erosion along low fetch shorelines, the reaches
we identified as potentially being vulnerable to boat traffic impacts are
places to target for additional data collection on boating intensity and
wave conditions, as well as potential candidate areas for management
or policy action to mitigate boat wake impacts. A series of strategically
targeted investigations of shorelines of particular concern (ideally
shorelines that are experiencing significant erosion and that represent a
range of conditions with respect to fetch and boating activity), would be
a valuable first step to development of a Bay-wide understanding of the
conditions under which boat wakes make a significant contribution to
shoreline erosion. This type of data would provide the foundation for
sound policy decisions regarding boat wake management strategies in
the Chesapeake Bay and elsewhere.

Boat wake policies and the overarching regulatory framework in
states with Bay frontage (Virginia, Maryland, and Delaware) vary from
state to state. In Virginia, neither state code nor regulations establish
wake or speed restrictions for any specific waterway. However, a state
agency, the Virginia Department of Game and Inland Fisheries, has
express authority to enforce and administer state boating laws (Va.
Code Ann. § 29.1–701(A)) and has adopted regulations regarding boat
speed near vessels, piers, docks, boathouses, and persons generally (4
Va. Admin. Code § 15-390-80). Additionally, localities have express
authority to implement their own boat wake restrictions via a local
ordinance (Va. Code Ann. § 29.1–744(D)), and individuals or businesses
may apply to their local governing body for the establishment of a no-

wake zone via a local ordinance (Va. Code Ann. § 29.1–744(E)).
Although Maryland also delegates regulatory authority to a state
agency, the Maryland Department of Natural Resources (DNR) (Md.
Code Ann., Nat. Res. § 8-8-704(c)), and permits localities to establish
local regulations that conform with DNR regulations (Md. Code Ann.,
Nat. Res. § 8-8-704(f)), Maryland has set forth speed limits for specific
waterways within state code (see, e.g., Md. Code Ann., Nat. Res. §
8–725.2). Additionally, DNR's regulations define various speed limits
(Md. Code Regs. 08.18.01.03) and apply these defined limits to specific
designated areas, such as the eastern and western shores of the
Chesapeake Bay (Md. Code Regs. 08.18.07.01–02). As with both
Virginia and Maryland, Delaware also delegates regulatory authority to
a state agency, the Delaware Department of Natural Resources and
Environmental Control (DNREC) (Del. Code Ann. tit. 23 § 2114(b)(4)).
DNREC regulations define “slow-no-wake” and limit speeds next to
swimmers and certain structures (Del. Admin. Code § 3100–2.1 &
−6.1.2). Additionally, localities have limited boat speeds near specific
structures or on specific waterways (See e.g., Smyrna, Delaware Code of
Ordinances Sec. 46-58(h)). While regulation of boat wake speed does
occur in some manner within each of the three states with Bay frontage,
this regulation has not been done comprehensively across the Bay or
through coordination between the states.

Other shallow water estuaries have established boat wake policies
following differing procedures. Examples include the Narragansett Bay
in Rhode Island and the Pamlico Sound in North Carolina. Rhode Island
authorizes the Department of Environmental Management (DEM) to
“establish maximum speeds for boats in the public harbors in the state
of Rhode Island at five (5) miles per hour, no-wake” (46 R.I. Gen. Laws
§ 22–9(c)). Additionally, ordinances or local laws may be adopted that
are identical to the state laws and regulation, and subdivisions of the
state may apply to DEM for special rules and regulations regarding
vessel operations within the subdivision's territorial limits (46-22 R.I.
Gen. Laws §§ 14(a)&(b). This has resulted in many coastal localities
adopting wake restrictions (See e.g., Bristol, Rhode Island Code of
Ordinances Sec. 8-41)). North Carolina utilizes a state agency, the
North Carolina Wildlife Resources Commission (NCWRC), to implement
boat wake policies in a uniform manner across the state (N.C. Gen. Stat.
§ 75A-15). NCWRC is authorized to adopt its own rules to prohibit the
entry of vessels and establish speed zones in certain areas (N.C. Gen.

Fig. 5. On the basis of physical conditions, the re-
commended shoreline management approach is to
create a new marsh or to maintain or enhance an
existing marsh for the majority of the shoreline – (a)
Sarah Creek, Virginia (83%), (b) Lafayette River,
Virginia (78%), and (c) Lynnhaven River, Virginia
Beach, Virginia (74%). Of those shoreline reaches
where marsh is recommended, 28%, 31% and 22%,
respectively, have armoring (revetment, bulkhead)
currently. Figure modified from Bilkovic et al.,
(2017).
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Stat. § 75A-15). Additionally, localities may petition NCWRC for wake
rules and the Commission is authorized to adopt rules for local areas
that are “heavily used for water recreation purposes by persons from
other areas of the State and as to which there is not coordinated local
interest in regulation” (N.C. Gen. Stat. § 75A-15). Under this manage-
ment structure, boat wake restrictions have been established for almost
all coastal counties through agency regulation. This results in consistent
language between regulations and provides easier access to boat wake
restriction rules because the information can be found in one place.

Management and policy strategies to address boat wake-induced
shoreline erosion that are alternatives to boat speed/wake restrictions
include motorboat bans and shoreline armoring. Banning motorized
vessels is unlikely to be adopted in any major waterway, especially one
whose economy relies heavily on both recreational and commercial
boating and/or shipping; however, in smaller waterways this can be a
viable option. With respect to armoring of the shoreline, living shor-
elines are preferred to armoring because these techniques strengthen
the endurance of the shoreline and build resilience by using natural
vegetation and sediment. By contrast, armoring may result in adverse
effects, such as natural habitat degradation and erosion of downdrift
shorelines due to deflected wave energy or lack of sediment supplies to
maintain the shorelines. Other policy strategies targeting boating be-
havior that have a higher likelihood of being implemented include
limiting the number of passages that a boat makes in a waterway,
setting minimum distance of a navigation channel from the shore, and
implementing boat size restrictions in small waterways.

Although concerns about the harm that boating activity may pose
for shoreline stability, water quality, and ecosystem integrity have been
voiced for decades, the development and implementation of manage-
ment and policy actions to mitigate boat impacts has been hampered by
lack of a proven approach for quantifying the role of boat waves in
shoreline erosion. While there is currently no one-size-fits-all approach
for evaluating boat wake impacts, there have been a few recent at-
tempts to develop overarching strategies. Glamore (2008) developed a
Decision Support Tool (DST) aimed at evaluating the relative impact of
boat vs. wind waves along a given reach of shoreline. The tool calcu-
lates total wind wave energy, total boat wake energy and shoreline
erosion potential. User inputs include data on the frequency of boat
passage, local wind data, and 22 different shoreline characteristics that
are used to determine erosion potential including: shoreline slope, se-
diment type, channel width and upland land use, among others. Output
from the DST includes guidance regarding whether management of
boat wakes is necessary based on the relative amount of shoreline wave
energy contributed by boats compared to that of wind energy, and the
calculated shoreline erosion potential. This tool represents a viable
approach to analysis of boat wake impacts and has been successfully
employed in the management of lake shorelines and limited river
reaches, but the large number of required input variables make its
application across a large and diverse system like Chesapeake Bay
challenging.

Fonseca and Malhotra (2012) developed a similar approach that
involved the use of two GIS-based modeling packages: WEMo (Wave
Exposure Model) for quantifying wind-wave energy and its companion
product BoMo (Boat wake Model) for quantifying boat wake energy. In
their approach, these tools are used in tandem to estimate the relative
contribution of boat wake energy along a given shoreline. WEMo
(which is freely available, https://coastalscience.noaa.gov/research/
coastal-change/wemo/) requires users to input local wind data, a GIS
shoreline shapefile, and high quality bathymetry data; BoMo (not yet
available) also requires shoreline and bathymetry data and allows a
user to select hull type, size and speed. The models then calculate the
total amount of wave energy impacting the shoreline from their re-
spective sources. With this approach, both wind and boat wakes can be
hindcast or forecast to determine which is the predominant driver of
shoreline erosion. Like the DST, this dual model approach is limited by
the availability of data. While wind data and shoreline shapefiles are

relatively easy to obtain, much of the publicly available bathymetry
data is either outdated, or not of sufficient spatial coverage, and data on
the number of boat passages along a given shoreline do not exist. As a
result, these approaches have not been broadly implemented.

Prior to development of a truly quantitative understanding of boat
wake-induced erosion at a systems-level, interim protective measures
can be applied on the basis of documented effects of boat wakes in the
literature. Wave height- or wave energy-based criteria have been used
to establish wake management strategies (Stumbo et al., 1999;
Glamore, 2008). Wave decay studies indicate that, in general, even
small (< 9m) power boats traveling within 150m of the shore are
capable of generating wave heights that can cause erosion of vegetated
marsh shorelines (Zabawa and Ostrum, 1980; Coops et al., 1996; Coops
et al. 1996, 1996; Schafer et al., 2003; Roland and Douglas, 2005). This
distance is not without exceptions, for example, boats traveling further
offshore can still produce erosive boat wakes, particularly those vessels
that are large or moving at high speeds, which increases the wake en-
ergy. Still, setbacks can be a relatively easy solution to boat wake-in-
duced shoreline erosion where the setting allows. With additional in-
formation on recreational and commercial boating traffic, varying
setback distances could be established in vulnerable Bay waterways. A
150m setback in small, low energy, waterways that have high recrea-
tional boating activity could help reduce shoreline erosion, while those
waterways used by large commercial vessels may require larger set-
backs to lessen the erosive effects of wakes. In restricted waterways
where there is no space to move channels away from shore, no-wake
zones provide an alternative strategy for managing erosion. A GIS-based
investigation of regions where there IS high erosion that is likely caused
by boat wakes and there IS NOT room to move navigation channels
farther from shore might provide the first cut for sites to investigate for
potential implementation of no-wake zones. Another important con-
sideration for the implementation of no-wake zones is that maximum
wave height can be produced as a boat transitions in and out of planing
mode, often at the start and finish of designated no-wake zones. This
should be factored into their placement.

Shoreline wave energy, whether generated by wind or boating ac-
tivity, is a critical factor to consider in the implementation of shoreline
management strategies. The design and use of more natural approaches
to shoreline erosion (i.e., living shorelines) is strongly influenced by
shoreline wave energy. A quantitative understanding of the relationship
between boating activity and shoreline wave energy will help to inform
the design of these sites and give property owners and design practi-
tioners a greater level of confidence in their application. In addition,
this information could be used when planning and siting Bay restora-
tion activities (e.g., wetland or seagrass restoration) to evaluate the
probability of long-term persistence. Conversely, and just as important,
this information can help to identify areas where shoreline wave energy
is too high to consider the use of “softer” living shoreline management
strategies.

While our focus area is Chesapeake Bay, sheltered coasts around the
world are struggling with these same issues and as coastal regions
continue to become more densely populated, the role of boat wake-
induced erosion will be increasingly significant. In general, there is a
dearth of data on boating activity and its consequences, particularly
that of small, recreational boats. While some of these data gaps can be
effectively addressed through citizen science-led efforts (e.g., doc-
umenting the frequency of boat passages at a given location), others
will require field and modeling studies. All efforts to increase our
quantitative understanding of the amount of boat wake energy im-
pacting a given shoreline, and the consequences of this impact, will be
vital to the development of effective management strategies for miti-
gating boat wake-induced shoreline erosion. Such strategies should be
implemented with a whole-system perspective, as uniform boat wake
policies will likely be most effective for consistent shoreline protection.
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