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ABSTRACT 
 

SEDIMENT RESUSPENSION IN A MICROTIDAL ESTUARY: CAUSATIVE 
FORCES AND LINKS WITH ALGAL BLOOMS 

 
Samantha C. McGill 

Old Dominion University, 2019 
Director: Dr. Richard P. Hale 

 
 

After years of efforts to restore the Chesapeake Bay, bacterial levels are down and 

species diversity has increased, however, algal blooms (primarily dinoflagellates) persist, 

occurring nearly every summer.  Dinoflagellates produce resting cysts that accumulate in the 

bottom sediments and are thought to provide seed populations for future algal blooms when they 

are resuspended. When estuarine sediments are advected from a bed, other materials, such as 

pollutants, nutrients, and organic matter are also released into the water column. Thus, 

resuspended sediments can contribute to the degradation of water quality, habitat, and aquatic 

life, and impart negative impacts on local ecosystems and economies. To investigate the causes 

of sediment resuspension in a shallow, tidal system and the potential role of sediment 

resuspension on algal production, time-series measurements of current velocity, wave height, and 

suspended sediment concentrations were recorded using acoustic, optical, and pressure sensors, 

in conjunction with a temporal and spatial survey of conductivity, temperature, suspended 

sediment concentration profiles, benthic sediment samples, and water samples. Regional 

meteorological data including hourly wind speed and direction and precipitation totals were also 

compiled for comparison with sediment resuspension, chlorophyll a (Chl a) concentrations and 

dissolved nutrient concentrations. Sediment resuspension in estuaries typically results from 

wind-driven waves, tidal currents, or wind-driven currents. Results from this study found 

maximum wave orbital velocities (Ubm) to be an order of magnitude less than current velocities 



 

(Uc), however, periods of elevated Ubm, were associated with the majority of observed 

resuspension events. Despite surface gravity waves primarily causing resuspension, currents 

(tidal and wind-driven), as well as water depth, appeared to mitigate or even negate wave 

induced resuspension. Overall, resuspension most often resulted when Ubm >~2 cm/s, coinciding 

with southwesterly winds ≥ 5 m/s, during periods of relatively weak current speeds and water 

depth. Observation of increased nutrient concentrations and/or Chl a concentrations followed 

numerous resuspension events, suggesting that resuspension likely aided in the growth of algal 

blooms observed in the Lafayette River. The link between sediment resuspension, elevated 

nutrient and Chl a concentrations, was supported via observations of elevated near-bed 

concentrations of ammonium and nitrate/nitrite concentrations. Nutrient concentrations in bottom 

waters then declined as Chl a concentrations increased. The timing of this sequence of events (2-

7 days) was on the order observed previously. This study suggests that sediment resuspension 

may be an import factor for stimulating algal production in shallow, eutrophic, microtidal 

estuaries.  
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CHAPTER 1 
 

INTRODUCTION 
 

In estuarine environments, most sediments are supplied via upstream fluvial systems, 

surface runoff, bank erosion, and resuspension via advection from waves and currents (Webster 

and Lemckert, 2002). Resuspension returns sediment that has been temporarily deposited, back 

into the transportation system for removal and delivery to its ultimate depocenter (Nichols, 

1992). In eutrophic estuaries such as the lower Chesapeake Bay, resuspension can also introduce 

dissolved nitrogen (N) and phosphorus (P) regenerated from organically enriched sediments, into 

the water column.  Sediment resuspension occurs when bed shear stress exceeds the combined 

forces of particle settling velocity and friction between particles and the bed, where shear stress 

predominantly results from surface gravity waves generated by winds (Booth et al., 2000) or 

from currents which may be tidal, wind-driven, or density-driven (Allen, 1974; Green and Coco, 

2013). However, in microtidal environments, such as the Lafayette River, a sub-estuary of the 

lower Chesapeake Bay, wind-generated waves often act as the primary force responsible for 

sediment resuspension (Booth et al., 2000; Carniello et al., 2005; Fagherazzi et al., 2007).  

Suspended and resuspended sediments can have deleterious effects on ecosystems and 

economies. These include the loss of wetlands and shorelines (Brand et al., 2010), infilling of 

channels or changes to bathymetry (Nichols, 1992; Webster and Lemckert, 2002), mortality of 

benthic organisms (Rossi et al., 2012; U.S. Environmental Protection Agency, 1996), increased 

light attenuation and consequential decreases in primary production (Najjar et al., 2010; 

Schallenberg and Burns, 2004), as well as the reintroduction of noxious materials and toxins into 

the water column (Gartner, 2004; Nichols, 1992; Rossi et al., 2012). In addition to these 

potentially harmful substances, bottom sediments often contain nutrients (Simon, 1989; Arfi et 
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al., 1993; Corbett, 2010) that have been regenerated from the degradation of accumulated 

organic matter, as well as algal cysts which can be deposited to the sediments when certain types 

of algae are abundant. Both nutrients (Tang et al., 2010; Morse et al., 2011, 2014; Shin et al., 

2017) and cysts (Tang and Gobbler, 2012; Nehring, 1996; Mohamed and Al-Shehri, 2011; 

Keafer et al., 1992; He et al., 2008; McGillicuddy et al., 2011; Butman et al., 2014) are essential 

components in the formation of certain algal blooms (e.g., dinoflagellates), which also may lead 

to the degradation of water quality. 

Algal cysts are formed by many dinoflagellate species as part of their life cycle, during 

reproduction, or when exposed to environmental stressors; and are typically found in surface or 

subsurface sediments of water bodies where blooms previously occurred (Nehring, 1996; Tang 

and Gobbler, 2012; Shin et al., 2017). Cysts located in the superficial or subsuperficial sediments 

are thought to be the “seed” population for future blooms (Nehring, 1996) and have been shown 

in models to be a first-order predictor of bloom severity (He et al., 2008; McGillicuddy et al., 

2011; Butman et al., 2014). While the triggers for germination of dinoflagellate cysts, are not 

completely understood and vary among species; numerous studies on the germination of cysts 

have shown the complete inhibition of excystment for a variety of dinoflagellate species when in 

anoxic conditions (Anderson et al., 1987; Nehring, 1996; Kremp and Anderson, 2000). As such, 

cysts that are buried in anoxic sediments are not considered part of the population pool, unless a 

mechanism such as bioturbation or sediment resuspension can return them to aerobic conditions 

(Nehring, 1996). Sediment resuspension has been shown to impact bloom formation by 

advecting cysts into water column where light-assisted germination can occur (Anderson et al., 

1987; Butman et al., 2014; Kremp, 2001), and by supplying nutrients necessary for algal growth 

(Tang and Gobbler, 2012; Shin et al., 2017).  
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Cysts of dinoflagellate species can be found throughout sediments of the lower 

Chesapeake Bay and many of its tributaries (Seaborn and Marshall, 2008). Cysts of 

Margalefidinium polykrikoides, formerly Cochlodinium polykrikoides, are of particular interest 

and concern given the species’ known capacity to form massive blooms (Seaborn and Marshall, 

2008; Mulholland et al., 2009).  M. polykrikoides is often referred to as a “mahogany tide”, due 

to the reddish hue it imparts on the water when these organisms are present in elevated amounts. 

It is also considered a “harmful algae” due to its ability to have lethal effects on larval and 

juvenile fish and oysters (Gobbler et al., 2008; Mulholland et al., 2009;). In addition to having 

lethal properties, the dense blooms formed by M. polykrikoides can generate hypoxic conditions 

during bloom degradation, which can also result in the mortality of aquatic organisms (Smayda, 

1997a; Tango et al., 2005). The impacts of M. polykrikoides are not limited to the Chesapeake 

Bay region, as blooms of this species have been documented in mid and low-latitude water 

bodies around the world. Catastrophic blooms of M. polykrikoides have been observed in the 

Caribbean Sea, eastern and western Pacific Ocean, the western Atlantic Ocean, Indian Ocean, 

Mediterranean Sea, Arabian Gulf, Korea’s Masan Bay, and Lampung Bay in Sumatra  

(Margalef, 1961; Matsuoka et al., 2008; Mohamed and Al-Shehri, 2011; Tang and Gobbler, 

2012; Jeong et al., 2013; Thoah et al., 2019).  

The spatial extent and severity of M. polykrikoides blooms have led to numerous 

investigations that have related an array of complex factors associated with bloom development 

and initiation, among which include nutrient stimulation (Tang et al., 2010; Tang and Gobbler, 

2012; Morse et al., 2014; Shin et al., 2017). In the Lower Chesapeake Bay, the formation and 

extent of M. polykrikoides blooms have been associated with intense rainfall events, and 

accompanying nutrient loading (Mulholland et al., 2009; Morse et al., 2011); spring-neap tidal 
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modulation, increased stratification, and estuarine mixing (Morse et al., 2011). Further, a hotspot 

linked to bloom initiation has been identified in the Lafayette River, a shallow sub-estuary of the 

Chesapeake Bay (Morse et al., 2011). The Lafayette River is a shallow micro-tidal estuary, that 

connects to the Elizabeth River and lower James River near their confluence with the 

Chesapeake Bay (Fig. 1; Blair et al., 1976; Berman et al., 2002; Egerton et al., 2014). Blooms 

initiating in the Lafayette River have been shown to spread into the Elizabeth River and lower 

James River via tidal flushing and estuarine circulation (Morse et al., 2011). Despite a general 

understanding of the various factors associated with bloom initiation and transport, predicting 

their occurrence continues to prove extremely challenging. Further, the relationship between 

sediment resuspension and bloom initiation has not been examined at these bloom initiation 

hotspots. Therefore, in this study, I examine sediment resuspension and its potential impacts on 

bloom formation in the Lafayette River. 

Based on field data, local observations, and available literature, I hypothesized that 

sediment resuspension resulting from a combination of wind-driven surface gravity waves and 

tidal currents, aids in the formation and proliferation of harmful dinoflagellate blooms through 

advection of cysts and nutrients. A multi-faceted approach was necessary to understand sediment 

resuspension and its link to dinoflagellate blooms. In this study, I combined observations and 

measurements of sediment resuspension and its causative mechanisms, with detailed bloom 

monitoring data. These measurements were recorded by of a variety of sensors deployed at a 

monitoring station, near the terminal head of the Lafayette River. Time-series observations of 

backscatter intensities, current speeds, and estimated wave orbital velocities, were analyzed 

against concurrent meteorological observations and tidal phases. Hydrodynamic and 

meteorological conditions were then compared with a combination of sonde measurements and 
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water samples collected at multiple depths, carried out by the Mulholland Lab at Old Dominion 

University. These included Chl a concentrations, cell counts, and dissolved concentrations of a 

variety of nutrients including nitrate+nitrite, phosphate, and ammonium. These data were used to 

identify and verify the presence of dinoflagellate blooms and were analyzed for auto-correlation 

and cross-correlation with nutrient concentrations as well as resuspension events.  

While no previous research has focused on the role of sediment resuspension in bloom 

formation and propagation in the lower Chesapeake Bay region, a modelling study in the Gulf of 

Maine suggests that resuspension and subsequent transport of sediment and cysts were important 

factors for predicting Alexandrium fundyense blooms as resuspension may transport cysts into 

the water column where germination is facilitated (Butman et al., 2014).  In the Baltic Sea, 

sediment resuspension aided in the germination of some species but not others, influence species 

composition (Kremp, 2001). In Kremp’s study Scrippsilla hangoei cysts were resuspended by 

strong storms, allowing light to significantly increase germination frequency, while the 

percentage of Peridiniella catenata excystment was not significantly influenced (2001).  
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Figure 1. The Lafayette River estuary is located in Southeastern Virginia. Stations where water 
samples and CTD casts were done are noted on the map as circles or triangles. Station 9 was the 
initial location of the ADCP, which was later moved to station 1. Meteorological data were 
collected from Norfolk International Airport, as well as South Craney Island.  
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CHAPTER 2 
 

METHODS 
  
STUDY SITE 
 
 The Ashland Circle (AC) monitoring site is located near the head of the Lafayette River 

estuary in Norfolk, Virginia (Fig. 1). This monitoring site has been maintained since 2015 by the 

Mulholland lab at Old Dominion University and was chosen as the primary location for field  

measurements, due to the existence of historical and ongoing hydrographic records, its relatively 

long fetch nearly aligning with the direction of local prevailing winds, and observations 

suggesting that blooms initiate in this area. The Lafayette River has a mean depth of 1.2 m below 

mean low water (MLW) (Egerton et al., 2014; Blair et al., 1976), with a maximum channel depth 

ranging from 2-6 m (Blair et al., 1976). AC has an average depth of approximately 2 meters. The 

estuary shoals from mouth to head, with its deepest waters located near its confluence with 

Elizabeth River and in its dredged channel that extends to the primary bifurcation in the river, 

approximately 5 km inland from the mouth.  

 

SENSOR DEPLOYMENTS 
 
 Time-series data were collected during six deployments between January 26th and 

October 2nd 2018. Sensors included a pulse-coherent acoustic Doppler current profiler (ADCP), 

mounted on a frame with two optical backscatter sensors (OBS), and a high-frequency 

conductivity, temperature, and depth sensor (CTD). The first deployment (1/26/2018- 2/19/2018) 

at the Ashland Circle station was too shallow, exposing the top OBS at times, so all subsequent 

deployments occurred ~110 m southeast of the first site, where the average water depth was 

deeper (2 meters).  
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 For each deployment, the ADCP was secured to a weighted frame, such that the pressure 

sensor was at approximately 15 cm above bed (cmab), and the acoustic sensors were roughly 19 

cmab (Fig. 2). Between each deployment the ADCP was cleaned, repowered, and applied with a 

new coating of zinc oxide (used as an antifoulant). The ADCP has three upward-facing acoustic 

sensors that transmit 1-MHz sound pulses into the water column, where they are scattered and 

reflected by suspended particles. Moving water results in a frequency shift in the returned signal, 

known as the Doppler shift, which is used to calculate velocity profiles in 3-cm bins that extend 

from ~60 cmab to the water surface. Water depth was measured by a high-resolution pressure 

sensor within the ADCP. Measurements were collected in bursts at a rate of 1 Hz for 256 

seconds at 60-minute intervals. The data recorded by the ADCP were burst averaged, range 

corrected, and adjusted for surface and bottom boundary offsets via routines that were run using 

the MathWorks’ MATLAB software. In addition to the velocity profiles and water depth, the 

acoustic backscatter intensity was used as a proxy for suspended sediments. Near-bed current 

velocity (Ucb) and backscatter were calculated by averaging bins 2 through 11, corresponding to 

~60-90 cmab, while the mean (or depth averaged) current speed (Uc) was the average of bins 2 

through 51. The first and last bins were excluded from these calculations as they were presumed 

to contain the most noise.  

Two optical backscatter sensors were deployed with the ADCP, at elevations of ~0.5 and 

50 cmab (Fig. 2). After the initial deployment, the sensors were treated with a one-time 

application of an antifouling agent to minimize impairment from biofouling. OBS emit infrared 

light that reflects upon contact with particles, with the instrument recording the intensity of this 

reflection. As with velocity measurements, data were burst averaged to filter any high-frequency 

noise. The filtered data were converted to suspended sediment concentrations (SSC) using a 
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calibration curve from based on lab measurements, following a method described by Ogston and 

Sternberg (1999). In the lab, sediment from the study site, was incrementally added to a large 

volume of water that was continuously mixed. After each addition of sediment, water samples 

were collected using a pipette, the while OBS measurements were recorded. These water sample 

volumes were recorded, then vacuum drawn onto pre-weighed 0.7-µm glass-fiber filters, which 

were dried in an oven at ~50 ºC and re-weighed, with the difference in weights used to calculate 

SSC. The SSC were plotted against the recordings from both OBS, where the slopes for each 

sensor were used to convert instrument response to SSC. Calibrations curves of the OBS’ 

showed linear relationships between SSC and OBS intensity for both the top (R2=0.995) and 

bottom sensor (R2=0.99; Fig. 3). Given the improved sensitivity of the OBS relative to acoustic 

backscatter, as well as the location of an OBS sensor completely within the wave boundary layer, 

resuspension events were determined with OBS data.  
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OBS2 

OBS1 

CTD ADCP 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Image of the ADCP mounted on the frame with the CTD and both OBS immediately 
prior to redeployment.  

 

 
 

Deployments 3 (5/7/18-6/6/18) and 6 (9/11/18-10/2/18) included a CTD with a sampling 

frequency of 6 Hz. The pressure data recorded by the CTD were used to estimate non-directional 

spectral and zero-crossing wave parameters using MATLAB routines created by Urs Neumeier 

(2003) after being detrended and corrected for depth attenuation and sea-surface pressure. 

Frequency cutoffs were to set 1 and 0.05 Hz, which correspond to periods of 1 and 20 seconds, 

respectively, for calculating wave parameters from the power spectral density. These cutoffs 

filtered out fluctuations that were not directly related to the orbital motion of the waves (Elfrink 

et al., 2006).  The near bed maximum wave orbital velocity was calculated using the transitional 

water depth equations from the Shoreline Protection Manual (1984).  An additional CTD, with 
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an incorporated OBS sensor, was used to measure water-column properties during casts at the 

various stations (Fig. 1) to characterize hydrographic spatial variability.  

 

 

Figure 3. Calibration curves for the bottom OBS (left graph) and top OBS sensor (right graph), 
used to estimate the suspended sediment concentrations from OBS intensity. 
 
 
 
 
SEDIMENT AND WATER SAMPLES 
 

Sediment samples were collected using a Ponar sediment grab during the first, third, and 

fourth deployments at Ashland Circle and at all stations at the start of deployment 4 (Fig. 4). 

Samples were placed in bags and chilled until subsequent analysis, using a Malvern Mastersizer 

1000 particle-size analyzer. The Malvern determines the particle size distribution by measuring 

the angular variation of scattered light intensity as a laser beam passes through a dispersed 

particulate sample (Malvern Panalytical, 2018). The sediment grab samples were prepared by 
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measuring out ~1 gram of sediment sample, adding 7 drops of sodium hexametaphosphate used 

as a dispersing agent, diluting with 40 mL of deionized water, and allowing to soak for a 

minimum of 24 hours. Samples were sonified for 2 minutes and immediately pipetted into the 

Malvern for analysis. D50 values from the results of the particle size analysis provided the 

median diameter of the sample where 50% of the sample is larger and 50% of the sample is 

smaller. These D50 values are used to reference grain size throughout this study.  

Surface water samples were collected using 500-ml bottles from the side of the boat to 

measure surface SSC. Sample volumes were measured and then vacuum drawn onto pre-

weighed 0.7-µm glass-fiber filters, which were weighed and dried in an oven at ~50 ºC. 

Following equation 1, SSC was calculated in units of milligrams per liter, where filter weights 

were in units of milligrams, and sample volume was in units of liters.  

 

 

(#$%&	()*&+,	-+)./&0	#,+	()*&+,	-+)./&)
2$&3*	%34#*+	5$*64+	

= 𝑆𝑆𝐶    (1) 
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Figure 4. Stations where sediment grabs were collected during the 4th deployment in addition to 
at Ashland Circle sites during February and June. 
 
 
 
 
 
 
 

Sediment Grab Stations 
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Table 1. A breakdown of the data collected/ instruments used for each deployment. 
 
 
 
 

BLOOM MONITORING 
 

Additional hydrographic data collected at AC were provided by the Mulholland Lab at Old 

Dominion University. These data included bi-weekly sonde profiling and multi-depth water 

sampling which commenced at the end of May 2018. Beginning on June 10, 2018, sampling 

occurred daily due to the elevated Chl a concentrations and dinoflagellate abundance. Discrete 

measurements were accompanied by continuous measurements collected by a YSI sonde moored 

to a dock at AC, starting in July. The sondes measured pH, temperature, turbidity, Chl a 

fluorescence, dissolved oxygen, conductivity, and depth. Water samples collected were analyzed 

for ammonium, combined nitrate-nitrite, phosphate, and Chl a, in addition to cell abundance and 

species identification. The presence of a M. polykrikoides bloom was defined by a cell density of 

1000 cell/mL. The term “bloom” was used to reference other dinoflagellate species throughout 

this study, where a single species was present in elevated concentrations and was significantly 

more abundant than other species that were present.  

 

 

Deployment: 1 2 3 4 5 6 

Dates 1/26-2/19 4/2-5/7 5/7-6/6 6/6-7/20 7/20-9/6 9/11-10/2 
ADCP X X X X X X 
OBS X X X X X X 
CTD   X   X 

Water Sample(s)   X X X X 
Sediment 
Sample(s) 

X  X    
CTD profiles   X X X X 
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METEROLOGICAL DATA 

Meteorological data were collected from NOAA’s Tides & Currents webpage 

(http://tidesandcurrents.noaa.gov), and Environmental Information websites 

(https://www.ncdc.noaa.gov/), for 2018. These data included hourly wind speed and direction 

from South Craney Island Station, and daily averaged wind speed and precipitation from Norfolk 

International Airport. South Craney Island’s station is approximately 6.4 km from Ashland 

Circle and Norfolk International Airport’s station is approximately 7.5 km from Ashland Circle. 

These stations were used because of their close proximity to the study area as well as availability 

and completeness of data. Wind velocity data were also collected from Willoughby Degaussing 

Station and used for the duration of the final deployment due to unavailability of data from South 

Craney Island during for this period. Willoughby Degaussing Station is located roughly 12 km 

NNE from AC (Fig. 1). 

 

DATA ANALYSIS 

Linear regression and multiple regression techniques were used to explore the relationships 

between current speed, near bed maximum wave orbital velocity, water depth to wave length 

ratio (wave type), wind speed, acoustic backscatter, SSC, bottom nutrient concentrations 

(combined NO3- NO2-, NH4+, PO43-), and Chl a concentrations. To compare data that were 

sampled at different frequencies, higher frequency datasets were reduced to timepoints that 

corresponded with intervals of the lower-frequency dataset.  

A 38-hour low pass, fourth order Butterworth filter was applied to the current speed, wind, 

and OBS data in order to remove the presence of the semidiurnal tides and examine the data for 

signs of wind-driven currents.  
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CRITICAL WIND SPEED 

 The critical wind speed, (Uwc), (equation 3), associated with the onset of resuspension 

was calculated following the method used in Booth et al. (2000) and the formulations from the 

U.S. Army Coastal Engineering Research Center (1984). In order to use this method, the fetch 

(F) associated with each wind direction observed had to be determined. To do this, wind 

directions were binned in 12-degree increments, the fetch for each wind direction bin was then 

measured using Google Earth Pro. Wind directions for deployments 3 and 6 were then assigned 

their corresponding fetch. The critical wave period (Tc), equation 2, which relied on the hourly 

bin-averaged pressure data (d) is based on the assumption of Deep Water Waves (DWW) with 

the critical condition that when the wavelength is less than two times the water depth, waves start 

to feel the bottom. Values of Uwc were compared with observed wind speeds, to identify expected 

times of resuspension. The results from the critical and observed wind speed comparison were 

further analyzed against bottom maximum wave orbital velocities and resuspension events 

(defined by the bottom OBS sensor). 

 

𝑇; = <=>?
.
@
A
B       (2) 

 

𝑈-; = D1.2 H4127(2K
L

M
)NO     (3) 

 

SHEAR STRESS 

 The wave-generated bed shear stress and the current-generated bed shear stress were 

calculated and compared with the calculated critical bed shear stress for each. Following 

equation 4, the current bed shear stress (tbc) was calculated, where gravity (g) is 981 cm/s2, the 
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density of water (rw) is 1.025 g/cm3, the density of the sediment (rs) is 2.65 g/cm3, the D50 is 

9.2x10-4 cm, the D84 is 3.12 x10-3 cm, and the kinematic viscosity (n) is 1.05 cm2/sec x10-2. The 

drag coefficient (Cd) is assumed to be 2.2x10-3, based on an approximate value for a mud bed 

(Soulsby, 1983). The Uc term is the average current speed profile in m/s.  

 

𝜏Q; = 	𝐶?𝜌-𝑈;S	      (4) 

 

 The wave shear stress on the bed was calculated using equation 4, where Ubw is the maximum 

bottom wave orbital velocity in m/s, the wave friction factor (fw) was calculated using equation 

6, where roughness (ks) is assumed to be D84. Wave amplitude (ab) was calculated using equation 

7, using the peak significant wave period (T).  

 

𝜏Q- = 	0.5𝑓-𝜌-𝑈Q-S 	     (5) 

 

𝑓- = 	𝑒
X.SYZ([\]^

)_.A`a0X.bcc
	     (6) 

 

𝑎Q = 	
e^f
S>/2

	      (7) 

The total bottom shear stress is a non-linear combination of wave shear stress and current shear 

stress, and was calculated using equation 8 (Soulsby, 1997).  

 

4𝜏&$&3* = 	 𝜏Q- + 𝜏Q; D1 + 1.2(
i^f

i^Kji^f
)Z.SO	     (8) 
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The critical wave orbital velocity (Um), associated with the onset of resuspension was calculated 

using equation 9, where Tsig is the peak significant wave period, Hsig is the peak significant wave 

height, d is water depth, and L is wavelength. The critical wave orbital velocity was analyzed 

with the observed orbital velocities to determine when the onset of resuspension occurred. The 

periods of expected resuspension were then compared to observed resuspension events.  

 

𝑈4 =	 >k\lm
2\lmnopq	(

Brs
t )

      (9) 
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CHAPTER 3 
 

RESULTS 
 
SEDIMENT ANALYSIS 
 

The Lafayette River has a median grain size ranging from ~9 to 18 µm (~5-6 phi) (Fig. 

5). The spatial variation of grain size within the estuary is fairly small, however, grains tend to be 

slightly coarser near the mouth, as observed in samples collected east of Hampton Blvd. bridge 

(Fig. 5). 

  

 

 

Figure 5. Grain size frequency from transect subsamples collected during deployment 4 in 
addition to samples collected near Ashland Circle during deployments 1 and 3. The grain size 
units are in phi, where larger phi values equate to smaller particles.  
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WAVES AND CURRENTS 

In general, wave parameters that were estimated from CTD data, showed increasing wave 

orbital velocities during episodes of elevated wave period and wave height (Fig. 6). The 

maximum wave orbital velocity recorded was 9.37 cm/sec during deployment 3 and 5.20 cm/sec 

during the final deployment. The bottom wave orbital velocities recorded during the 3 and 6 

deployments were consistently weaker than the near bed current speeds (Table 2, Figs. 7, 8). 

Overall, wave orbital velocities appeared to increase when southerly or southwesterly 

winds were at speeds of ~5 m/s or greater (Fig. 7, 8, 9). Prolonged southerly and southwesterly 

winds led to increased wave orbital velocities, reduced water depth, decreased current speeds, 

and elevated SSC (Fig. 9). The strongest winds were observed at the beginning of deployment 6, 

on September 14, in association with the remnants of Hurricane Florence. Despite the strongest 

winds occurring during this period, the maximum wave orbital velocities were of similar 

magnitude to those observed during periods of weaker winds observed during deployment 3. The 

period of strong winds that occurred during deployment 6 were northeasterly/easterly, a scenario 

of reduced fetch at AC, while the relatively weaker southerly/southwesterly winds that occurred 

during deployment 3, are associated with a longer fetch at AC.  
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Table 2. A summary of the average current speeds, wave orbital velocities, wind speeds, and 
SSC for each deployment. Wave parameters were obtained during each deployment.

 1 2 3 4 5 6 

Mean Current Speed 
(Avg. of Bins 2:51) 

5.56 cm/s 5.76 cm/s 5.9 cm/s 5.71 cm/s 5.68 cm/s 6.0 cm/s 

Mean Bottom Current 
speed (Bin 2:11) 8.15 cm/s 6.83 cm/s 7.08 cm/s 7.18 cm/s 7.01 cm/s 6.45 cm/s 

Max Current Speed 
(Avg. of Bins 2:51) 

20.79 cm/s 18.28 cm/s 20.08 cm/s 20.82 cm/s 15.81 cm/s 19.58 cm/s 

Max Bottom Current 
speed (Bin 2:11) 

22.06 cm/s 18.66 cm/s 20.72 cm/s 23.92 cm/s 18.07 cm/s 18.06 cm/s 

Min Current Speed 
(Avg. of Bins 2:51) 0.72 cm/s 0.6 cm/s 1.0 cm/s 0.7 cm/s  0.79 cm/s 0.7 cm/s 

Min Bottom Current 
speed (Bin 2:11) 0.46 cm/s 0.30 cm/s 0.39 cm/s 0.28 cm/s 0.39 cm/s 0.23 cm/s 

Mean Wave Orbital 
Velocity (near bed)   0.56 cm/s   0.4 cm/s 

Max Wave Orbital 
Velocity (near bed)   9.37 cm/s   5.20 cm/s 

Mean Wave period    2.14 s   2.14 s 

Max Wave period    7.95 s   7.31 s 

Mean Wave Height   0.98 cm   0.96 cm 

Max Wave Height   39.95 cm   6.88 cm 

Mean Wavelength   6.59 m   6.74 m 

Max Wavelength   35.91 m   31.91 m 

Mean Wind Speed 4.56 m/s 4.84 m/s 3.76 m/s 3.79 m/s 3.11 m/s 5.75 m/s 

Mean near bed SSC 
32.34 
mg/L 

233.47 
mg/L 

167.98 
mg/L 

404.80 
mg/L 

216.87 
mg/L 

216.99 
mg/L 

Mean Water Depth 1.44 m 2.11 m 2.25 m  2.32 m 2.34 m 2.53 m  
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The SSC and backscatter intensity recorded by the OBS and ADCP were also lower for 

all but the final week of deployment 6, when compared with deployment 3 (Figs. 7 and 8). 

Resuspension events during deployment 6 only occurred during the final week, despite the 

largest waves of the deployment occurring during the first week (Fig. 8). The few resuspension 

events that occurred during this periods seemed to result from a mix of current and wave activity 

(Fig.10). During deployment 3, resuspension events were more frequent and appeared to be 

predominantly caused by waves (Fig. 10). However, periods of increased wave orbital velocities, 

that often led to resuspension, seemed to have a reduced or no effect at all on resuspension when 

current speeds and/or water depth were elevated. The observed wave-induced resuspension 

primarily occurred during periods of moderate to low water depth and current speeds, suggesting 

that waves are causing resuspension, but the resultant resuspension is controlled by water depth 

and current speed. This apparent control on wave-driven resuspension appeared to occur during 

deployment 6 as well. When Hurricane Florence was approaching and made landfall, the strong 

northeasterly winds, storm surge, and spring tide that occurred on September 9, caused the water 

depth and current speeds to increase substantially, however as neap tide approached on 

September 16, current speeds began to decrease and remained relatively low despite the strong 

prolonged winds, while maximum near bed wave orbital velocities began to increase (Fig. 8). 

Prior to Florence, current speeds were substantially higher than normal, likely from the new 

moon on September 9, and the elevated water depth. During this period of time, wave orbital 

velocities were reduced, and no resuspension was recorded (Fig. 8). As wave orbital velocities 

increased and current speeds decreased, still no resuspension resulted, likely because of the still 

substantially elevated water depth (Fig. 8).  
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Water depth and current speeds tend to change together due to their strong tidal 

influence. However, wind-driven currents occasionally influenced depth and/or currents as well. 

On September 17,18, and 23 the winds changed and were southwesterly, which led to decreased 

water depths, that later rebounded as the winds died down and changed direction again. The 

current speeds associated with these events were typically low but on occasion could become 

elevated, such as on May 20, and were consequentially associated with resuspension (Fig. 7). 

Despite this, wind-driven currents were no more affective at causing resuspension than episodes 

of strong tidal currents. 

 

REGRESSION ANALYSIS 

 Regression analysis of SSC from the OBS and near bed current speed, for each 

deployment showed weak relationships between acoustic backscatter and current speeds for 

deployments 1,3,4,5 and 6 (p-value <0.05; Appendices A and B). Wave orbital velocities also 

exhibited a weak relationship to acoustic backscatter for deployment 6, optical for deployment 3 

and windspeed for both deployments (p-value < 0.05; Appendices A and B). Visual analysis of 

current speed does not find any specific threshold under which currents result in resuspension, 

but resuspension does appear to occur during or shortly after periods of winds to the northeast, 

when wave orbital velocities current speeds were elevated (Figs. 7 and 8). Results from a 

multiple regression analysis that examined the effects of near bed maximum wave orbital 

velocities and near bed current speeds, on resuspension visually showed a stronger, positive 

relationship between SSC and near bed wave orbital velocities, where currents speeds displayed 

little to none relation to SSC (Fig. 11).  
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Figure 11:  A multiple regression analysis of maximum near bed wave orbital velocity and 
average near bed current speeds with suspended sediment concentrations, where observed 
concentrations are represented by the black circles, while the plane is a best fir through these 
data. Wave orbital velocity appears to have a stronger, more positive relationship with SSC than 
current speed. 
 

 

 
 
CRITICAL WAVE ORBITAL VELOCITY  

The calculated threshold for motion due to wave orbital velocity was found to be ~0.8 

cm/s, which was exceeded numerous times throughout deployments 3 and 6. These occurrences 

did not always correspond to resuspension events, but this threshold is only an estimate for the 

initiation of resuspension; the magnitude of may not meet the event criteria as defined by this 

study. Southwesterly winds at speeds of >5 m/s typically generated wave orbital velocities >1 

cm/s, with waves >2-3 cm/s and capable of resuspending or significantly aiding in the 

resuspension of sediment (Figs. 7, 8, 9). However, there were a few cases were wave orbital 
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velocities exceeded 1 cm/s during deployment 6, with northeasterly and easterly winds at speeds 

≥ 10 m/s. Resuspension events were also not exclusive to periods of wave orbital velocities ≥ 2 

cm/s (Fig. 10); current speed also seems to have a role in resuspension. During deployment 6, 

there are a few cases where wave orbital velocities were elevated but current speeds were 

relatively low, and there was no resuspension, while at other times strong current speeds 

accompanied by wave orbital velocities < 1 cm/s were observed and there was resuspension (Fig. 

8). 

 

CRITICAL WIND SPEED  

To further investigate the effect wind had on wave-driven resuspension, the critical wind 

velocities were compared with the observed wind velocities. During deployment 3, the critical 

wind velocity threshold was never met, although there were numerous instances when it was 

close. Typically, wave orbital velocities exceeded 1 cm/s when the critical wind speed was 

within 5 m/s of the observed speed for prolonged periods during or a few hours prior to the 

elevated wave orbital velocity. Times when observed and critical wind speeds were less than 5 

m/s from one another did not correlate well with the observed resuspension events, as shown in 

figure 9. 

 

SHEAR STRESS 

 The wave-generated bed shear stress calculated for deployment 3 was, on average, lower 

than current shear stress (0.0019 dynes/cm2 and 0.1479 dynes/cm2, respectively). Deployment 6 

had opposite results where the average wave shear stress (0.3433 dynes/cm2) was larger than 

current shear stress (0.1068 dynes/cm2). The critical shear stress was approximated as between 
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0.4 to 0.9 dynes/cm2 based on results from a study with similar bed composition (Bale et al., 

2006).  The total wave-current shear stress and the current shear stress exceeded this threshold 

many times throughout deployment 3 and on a few occasions during deployment 6, although 

resuspension events did not appear to occur as a result.  

 

NUTRIENT ANALYSIS 

In general, combined nitrate & nitrite as well as ammonium concentrations at a nearby 

water quality monitoring station increased with depth, with highest concentrations occurring in 

the bottom waters (Figs. 12, 13). Phosphate samples, however, did not exhibit a patter that varied 

with depth (Fig. 12).  

 

Figure 12.  Top panel: Combined NO3- NO2- measured in µM at various depths, bottom 
concentrations were commonly higher than other depths of the water column.  Bottom panel: 
PO43- measured in µM at various depths of the water column, surface concentrations tend to be 
higher than other depths. 
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Figure 13. NH4+ measured in µM at various depths shows bottom concentrations were 
commonly higher than other depths of the water column. 
 
 
 
 
DINOFLAGELLATE BLOOMS 
 

Three different dinoflagellate species bloomed in succession of one another during the 

summer of 2018. A bloom of Gymnodinium instriatum was observed on June 1 2018, that was 

succeeded by a bloom of Akashiwo sanguinea on July 3 2018, and a bloom of Margalefidinium 

polykrikoides beginning on August 7 2018.  

 

RESUSPENSIONS LINK TO HIGH CHLOROPHYLL 

From May 7 through October 1, more than 60 resuspension events were observed where 

resuspension events were defined by near bed SSC reaching or exceeding 0.5 g/L (App. C and 

D). Events were divided into three different categories based on SSC; events that were classified 

as “low” had SSC’s greater than or equal to 0.5 g/L but less than 1.5 g/L, “moderate” events 

were SSC’s greater than or equal to 1.5 g/L but less than 3 g/L, and “high” events were SSC’s 

greater than or equal to 3 g/L. Many of these events coincided with or were followed by 
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increases in bottom nutrients concentrations which often times were subsequently followed by 

elevated Chl a as well (Figs. 14-17). 

 
Resuspension events were infrequent during the G. instriatum bloom that occurred at the 

beginning of June, but these events began to increase in magnitude on June 10 when about 1 g/L 

of sediment was resuspended followed by an increase of both NH4+ and  NO3- + NO2- 

concentrations on the June 11 (Fig. 14). Smaller, but frequent resuspension events were observed 

from June 11 onward, and were followed by even higher bottom water concentrations of NH4+ 

and NO3- + NO2- (Fig. 14). Chl a concentrations increased substantially from June 12-14. From 

June 12-14th, winds strengthened and were southwesterly, at the same time, current speed 

strengthened, and consequently so did resuspension (Fig. 14). Resuspension events during this 

period resulted in bottom SSC’s of ≥1 g/L, which again were followed by small increases in 

NH4+ concentrations in bottom waters on June 13-14. Concentrations of NO3- + NO2- dropped 

below detection limits at this point, while Chl a remained elevated. On June 15th Chl a 

concentration began to decrease, but another resuspension event of ~ 1 g/L, late on the 15th led to 

increased NH4+ and NO3- +NO2- on the 16, and Chl a on the 17th (Fig. 14).  

The largest resuspension event during summer 2018 occurred on June 20 when SSC 

reached almost 6 g/L.  This event was followed by a near immediate increase of NH4+, NO3- + 

NO2-, and PO43- concentrations, and then increased Chl a concentrations which persisted until the 

June 23 (Fig. 15).  On the June 27-28 smaller resuspension events occur and were followed by 

smaller increases of all nutrients except NH4+ drops below detection limits on the 28 (Fig. 15). 

These events are again followed by a spike in Chl a concentrations on June 29-30 (Fig. 15), 

which was followed by a transition of dominate species.  



 

34 n 

 

 
 

Fi
gu

re
 1

4.
 T

op
 p

an
el

: S
ca

le
d 

w
in

d 
ve

lo
ci

ty
 a

nd
 ra

in
fa

ll 
to

ta
l. 

Se
co

nd
 p

an
el

: C
ur

re
nt

 sp
ee

d.
 T

hi
rd

 p
an

el
: A

co
us

tic
 

ba
ck

sc
at

te
r a

nd
 n

ea
r b

ed
 S

SC
 (g

/L
) r

ec
or

de
d 

by
 th

e 
bo

tto
m

 O
BS

, s
ho

w
in

g 
re

su
sp

en
sio

n 
ev

en
ts.

 T
he

 re
d 

lin
es

 re
pr

es
en

t t
he

 
0.

5 
g/

L 
an

d 
1.

5 
g/

L 
re

su
sp

en
sio

n 
th

re
sh

ol
ds

.  
Fo

ur
th

 p
an

el
: B

ot
to

m
 n

ut
rie

nt
 c

on
ce

nt
ra

tio
ns

. B
ot

to
m

 p
an

el
: C

hl
or

op
hy

ll 
a 

co
nc

en
tra

tio
ns

 fr
om

 m
ul

ti 
de

pt
h 

w
at

er
 sa

m
pl

e 
an

al
ys

is.
 



 

35 n 

 

Fi
gu

re
 1

5.
 T

op
 p

an
el

: S
ca

le
d 

w
in

d 
ve

lo
ci

ty
 a

nd
 ra

in
fa

ll 
to

ta
l. 

Se
co

nd
 p

an
el

: C
ur

re
nt

 sp
ee

d.
 T

hi
rd

 p
an

el
: A

co
us

tic
 

ba
ck

sc
at

te
r a

nd
 n

ea
r b

ed
 S

SC
 (g

/L
) r

ec
or

de
d 

by
 th

e 
bo

tto
m

 O
BS

, s
ho

w
in

g 
re

su
sp

en
sio

n 
ev

en
ts.

 T
he

 re
d 

lin
es

 re
pr

es
en

t t
he

 
0.

5 
g/

L,
 1

.5
 g

/L
, a

nd
 3

.0
 g

/L
 re

su
sp

en
sio

n 
th

re
sh

ol
ds

.  
Fo

ur
th

 p
an

el
: B

ot
to

m
 n

ut
rie

nt
 c

on
ce

nt
ra

tio
ns

. B
ot

to
m

 p
an

el
: 

Ch
lo

ro
ph

yl
l a

 c
on

ce
nt

ra
tio

ns
 fr

om
 m

ul
ti 

de
pt

h 
w

at
er

 sa
m

pl
e 

an
al

ys
is.

 T
he

 la
rg

es
t r

es
us

pe
ns

io
n 

ev
en

t o
cc

ur
re

d 
on

 6
/2

0.
 



 

36 n 

A series of low resuspension events occurred on 1 and 2 of July which were followed by 

increases in all nutrients measured on the 2, then Chl a on the 3 and 4 commencing the A. 

sanguinea bloom. From July 3 through 5 there are several low and a few high events that result 

in minimal nutrient increases, all while Chl a remained elevated (Fig. 16). The second-strongest 

resuspension event occurred on July 6, which lead to a significant increase in NO3- +NO2- and 

increased Chl a throughout the water column as on July 7 (Fig. 16).  

As July progressed, Chl a remained elevated, while consistent low or just below low, 

events dominated, while NH4+ was near detection limits, and NO3- +NO2- increase significantly 

shortly after an elevated current speeds and acoustic backscatter on July 12 (Fig. 16). After July 

20, storms caused significant rainfall with strong southeasterly winds that resulted in only a few 

low resuspension events. Despite minimal resuspension, nutrient concentrations increased on the 

21 and 25, likely from runoff due to the storms. Chl a increased as the conditions ease on the 25, 

through the end of July (App. E, F, and G). 

For the resuspension events that resulted in increased nutrients and/or Chl a, a typical 

sequence is as follows: sediment was resuspended, nutrient concentrations increased within 1-2 

days, and Chl a concentrations increased after 2-3 days. The lag time between a mixing event 

and the observance of increased Chl a is in agreement with results from Morse et al. (2014).  
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CHAPTER 4 
  

DISCUSSION 

RESUSPENSIONS LINK TO HIGH CHLOROPHYLL 
 

Numerous resuspension events followed by increased nutrient concentrations and Chl a 

concentrations were overserved from the start of June throughout July in the Lafayette River. 

The lag times between sediment resuspension, bottom water nutrient enrichment and elevated 

Chl a concentrations were consistent with the 2-7 day lag times between storms and blooms 

observed previously (Morse et al., 2014).  

The link between sediment resuspension and elevated nutrient concentrations was 

supported by observations of increased ammonium and nitrate+nitrite in bottom water as 

compared to mid-water or surface concentrations. Phosphate did not follow patterns similar to N 

concentrations which is expected since the Lafayette River is not P limited, rather its N limited. 

Although, nutrient enrichment might be expected during/after significant rainfall events, due to 

loading from surface-water runoff (Paerl et al., 2001; Howarth et al., 2006; Dwight et al., 2011), 

runoff into the Lafayette River likely results in a buoyant lens of freshwater at the surface, due to 

mesohaline properties of the estuary. Additionally, estuarine sediments have been recognized as 

a source of nutrients, where a benthic-pelagic coupling delivers organic matter that was produced 

in the water column, to the benthos where organic matter can be stored, decomposed, and 

regenerated into nutrients (Kemp and Boynton, 1996; Jahnke et al., 2003; Corbett, 2010). The 

commonality of seasonal blooms which occur in Lafayette River, (Morse et al., 2014; Egerton et 

al., 2014), likely supply its benthos with organic matter initiating the benthic-pelagic coupling. 

The flux of nutrients associated with advection or sediment resuspension are significantly higher 

than fluxes associated with the diffusive flux of nutrients from stable (passive) sediments 
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(Fanning et al., 1982; Simon, 1988; Kristensen et al., 1992; Sondergaard et al., 1992; de Jonge et 

al., 1995; Corbett, 2010). Thus, resuspension events observed in the Lafayette River are likely a 

significant source of fuel for algal growth, especially during periods of drought, when there’s not 

supply via runoff. Sediment resuspension observed appeared to advect nutrients into the water, 

typically leading to greater concentrations in bottom water. This supply of nutrients bottom water 

appeared to support and/or stimulate Chl a abundance that was dominated by dinoflagellates 

throughout this study and may have given advantage to these organisms over other 

phytoplankton, due to their motility within the water column.   

Sediment resuspension in the upstream region of the Lafayette River is more likely to 

contain and consequentially resuspend cysts because dinoflagellate cysts are found in higher 

concentrations among muddy sediments, decreasing in concentration with increasing grain size 

(Brown et al., 2012). While the spatial variability of grain size within the Lafayette River is 

fairly small, there is a slight fining of sediment upstream, where the AC station is located. Prior 

studies have observed the Lafayette River acting as a seedbed for M. polykrikoides blooms, in 

addition to the aggregating and blanketing the bed as a bloom diminished (Morse et al., 2011). 

The resuspension of sediment within this highly productive system may be essential for the 

germination of the cysts to occur. The oxic zone of estuarine sediments, where germination can 

occur, is typically 5 mm or less, and is often absent below 1 mm (Fenchel, 1992). Sediment 

resuspension can either reoxygenate sediments or move cysts to an aerobic sediment layer, where 

germination is possible. Additionally, resuspension can advect cysts from low-light condition to 

more optimal light conditions which have been shown to increase the frequency of germination 

(Anderson et al., 1987; Kremp and Anderson, 2000; Kremp, 2001). Determining controls on cyst 

germination were beyond the scope of this study however, results showed Chl a increased within 
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2-5 days of resuspension events, thus the advection of cysts to an aerobic zone or to a zone of 

greater light intensity, allowing germination to occur and/or at a higher frequency cannot be 

ruled out.  

 

CAVEATS SURROUNDING RESUSPENSION EVENTS  

Dinoflagellate blooms are regulated by a variety of factors, ranging from temperature, 

salinity, and grazing. Of the many resuspension events that were observed in summer 2018, not 

all led to subsequent increases in Chl a. There are a number of explanations as to why this is the 

case. For example, storms with high winds and turbulence are also primary disruptors of blooms 

(Lee, 2006; Morse et al., 2014; Lim et al., 2015; Filippino et al., 2017).  Storms associated with 

large amounts of rainfall can cause “wash out” of algal populations if cells are entrained in high 

flow events (Filippino et al., 2017).  Further, sediment resuspension can introduce turbidity into 

the water column that can block light penetration thus inhibiting photosynthesis. 

Due to the relatively low frequency of nutrient measurements (daily) compared to 

resuspension measurements (hourly), if there were already dense algal populations in the water 

when resuspension occurred, resuspended nutrients may have already been taken up, before the 

daily nutrient samples were collected. Another factor that could limit the amount of primary 

production associated with the resuspension of sedimentary nutrient inputs is the rate of 

sedimentary nutrient regeneration.  For example, if the frequency and magnitude of resuspension 

events is faster than rates of sedimentary nutrient regeneration then this would limit nutrient 

inputs during resuspension events. Runoff associated with rain events can also be a source of 

nutrients to the Lafayette River, however, the effects of runoff on nutrient concentrations near 

the bed were assumed to be minimal because  the fresh water is buoyant; thus it is confined to 
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the surface where phytoplankton would likely utilize nutrients associated with these inputs. 

However, storms that occurred during late July brought significant rainfall, strong southeasterly 

winds, and minimal resuspension events, that were eventually followed by increased nutrient 

concentrations and then Chl a. Significant rainfall events can lead to stratification of the 

Lafayette River, shifting it from a well-mixed estuary, to a partially mixed estuary (Blair et al., 

1976). Increased stratification, in addition to increased nutrient input via runoff, both of which 

have been observed to promote algal growth locally (Morse et al., 2013). 

Acoustic backscatter and SSC from the OBS did not exhibit a strong correlation, which is 

not a tremendous surprise (App. H). Measurements of backscatter using the ADCP ranged from 

~60 cmab up to the water’s surface while the OBS recorded at ~50 cmab and ~3 cmab Since the 

sensors were measuring different portions of the water column, the acoustic sensor may have 

missed events that the OBS would have captured, as the wave boundary layer is typically <5 cm; 

well below the lowest bin of acoustic measurements. In addition to the sampling depth 

difference, these sensors are sensitive and dependent on different environmental phenomena and 

factors since one relies on the transmission of sounds while the other, relies on light. Acoustic 

backscatter is dependent on water temperature, salinity, and pressure but is not prone to 

biological fouling, while optical backscatter is highly susceptible to biological fouling 

(Schoellhamer, 1993; Gartner, 2004). Fouling of the optical sensor face can either reduce the 

amount of backscatter received by the sensor, giving a false low reading or can increase the 

backscatter, resulting in a false high reading (Downing, 2006). To reduce the effects of fouling 

both the ADCP and OBSs were treated, which reduced the amount of fouling observed but not 

all. 
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Phytoplankton have been shown to cause interference with OBS measurements of SSC 

when present in high concentrations, one study in particular found a suspended solids signal of ~ 

100 mg/L when phytoplankton concentrations were high and suspended sediment was low 

(Schoellhamer, 1993). Despite documented interference OBS measurements, phytoplankton cells 

have a spectral backscatter coefficient that’s 4-60 times lower than mineral particles, making 

their scattering abilities sufficiently lower than sediment (Downing, 2006; Ahn et al., 1992; 

Stramski and Kiefer, 1991). For the purpose of this study, the effects of interference from blooms 

are considered negligible since the lower limit of defined resuspension events required 

suspended solid concentrations of 500 mg/L or more.  

 

CAUSE OF RESUSPENSION 

It is well established that sediment resuspension is predominately caused by current or 

wave motion that erodes surface particles and re-entrains them into the water column (Nichols, 

1992; Green and Coco, 2012). In shallow micro-tidal environments, such as the Lafayette River, 

the resuspension of material is typically controlled by wind (Lawson et al., 2007; Booth et al., 

2000; Nichols, 1992) due to the reduced water depth, tidal currents are often weak and wind-

waves can penetrate to the bed (You, 2005). In fact, wave-forced resuspension by wind, in 

shallow areas, has been shown to be 3-5 times more effective than tides at resuspending 

sediment, despite the limitations fetch imposes on waves (Brand et al., 2010; Booth et al., 2000). 

 Wind speed, fetch, and water depth appeared to control observed wave orbital velocities 

in the Lafayette River, consequentially wave orbital velocities were an order of magnitude less 

than current velocities. Despite this, waves were more often associated with resuspension than 

elevated current velocities. This may be due to difference between wave and current motion; 
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waves exhibit oscillatory motion, which is more effective at eroding and resuspending materials 

than currents, which have unidirectional motion and are more effective at transporting materials. 

Considering the controls on wave generation in the Lafayette River, fetch is shortest at 

AC during northerly and northeasterly periods of winds, but is substantially longer during 

southwesterly winds. However, local seasonal wind patterns result in weak southerly and 

southwesterly winds and strong northerly and northeasterly winds (App. I, J, K, and L). 

Subsequently, weak southerly and southwesterly winds generated waves of the same magnitude 

as strong northerly and northeasterly winds (Fig. 17). An example of the limitations fetch had on 

wave orbital velocity occurred during deployment 6, when northeasterly winds reached ~15 m/s, 

but resulted in wave orbital velocities comparable to those generated by southwesterly winds of 

less than half the speed. Results overall showed southwesterly winds with speeds of ~5 m/s and 

greater typically generated wave orbital velocities of >1 cm/sec, and were associated with 

resuspension events (Figs. 8, 9), while northeasterly and easterly winds required speeds of ≥ 10 

m/s to generate waves of comparable velocity, but didn’t result in resuspension.  

Prolonged southerly and southwesterly winds led to increased wave orbital velocities, 

reduced water depth and current speeds, and elevated SSC, which suggests a wave-current 

interaction is likely present. However, the CTD and ADCP were not able to capture wave 

direction, thus investigating this suspected interaction was not possible. The prolonged 

southwesterly winds may have generated wind-driven currents, which led to the decreased water 

levels that were commonly observed during these conditions and likely aided in wave-generated 

resuspension, since these wind-driven currents were not often not associated with increased 

current speeds and were thus unlikely to be the primary force behind observed resuspension.  
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Figure 18. The red lines represent the fetch distances used for calculating the critical wind 
velocity. Northeasterly winds are associated with the shortest fetch at AC station. 
 
 

Based on the calculated wavelength and observed water depths, waves observed during 

deployments 3 and 6 were Intermediate Water Waves (IWW) but on occasion met the criteria for 

DWW or Shallow Water Waves (SWW), according to the Shoreline Protection Manual’s 

definition. IWW have a wave base that is greater than 0.04 but smaller than 0.2, and an elliptical 

orbit that reaches the bed prior to decay. However, the motion of these orbitals is not as powerful 

near the bed as a wave that meets the SWW criteria, thus limitations imposed by water depth are 

just as important as fetch. In other words, the observed wavelengths are often too short, relative 

to water depth, to result in sufficient force on the bed to generate significant resuspension. 
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Deployment 6 had more instances of DWW than deployment 3, in addition to having fewer 

resuspension events than deployment 3 (Figs. 8, 9), which were suspected to have resulted from 

the substantially elevated water depth associated with the movement and arrival of Hurricane 

Florence. Despite DWW not having the capability to resuspend materials, elevated SSC and 

backscatter intensity were observed concurrently with waves of this class. These occasional 

instances of elevated SSC, that were recorded during periods of DWW, likely resulted from 

resuspension due to elevated current speeds (tidal or wind-driven), suggesting currents alone, or 

with minimal aid of waves motion, can resuspend sediments at AC. However, some of the 

observed resuspension events may have resulted from resuspension at another location within the 

estuary, that was advected to the AC study site. Resuspension throughout the Lafayette River 

varies spatially since the estuary varies morphologically. Unfortunately, the data from this study 

could not fully differentiate SSC generated by resuspension from SSC associated with advection. 

There were a few resuspension events that were not explained by waves or currents and may 

have resulted from the advection of sediments already in suspension or biological interference 

from fish feeding on algae that grew off from other portions of the sensor’s housing 

(Schoellhamer, 1993). 

Only deployments 3 and 6 included the high-frequency (6 Hz) CTD necessary to 

calculate wave parameters in this shallow-water, fetch-limited system. Because deployments 4 

and 5 (i.e., when blooms occurred) lacked these measurements, determining the specific cause of 

resuspension remains a challenge. All other deployments only included the ADCP, which 

sampled at a rate of 1 Hz and therefore could only detect frequencies up to 0.5 Hz. Putting this 

into perspective, the wind wave frequency band ranges from about 0.003 Hz beyond 10 Hz., 

while frequencies around 0.3 Hz are associated with the most energy within the wave band. 
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Therefore, the ADCP could not fully capture wave motion, while the CTD was able to cover 

most, but not all of the spectrum. In addition, higher-frequency waves attenuate much quicker 

with depth and thus are less likely to be recorded by the CTD (Gibbons et al., 1983). While the 

complex geometry of the study area and inherent challenge of working in fine-grained sediments 

are certainly confounding factors, it is likely that the poor correlation between observed wave 

orbital velocities, wind parameters as well as resuspension events resulted in part from sampling-

frequency limitations. 

Despite sampling limitations, these data showed sediment resuspension primarily 

occurring as a result of wave orbital velocities ≥ ~2 cm/s, coinciding with southwesterly winds 

≥ 5 m/s, relatively weak to moderate current speeds and low to moderate water depths (Figs. 7, 

8, 9). Periods of relatively fast current speeds and elevated water depth appeared to negate the 

effects of elevated wave orbital velocities on sediment resuspension. Elevated water depth likely 

caused the orbital motion of these short wind-driven waves to dissipate prior to reaching the 

estuary’s bed, while the current speeds may have had a more complex effect on mitigating wave-

driven resuspension that could have resulted from the direction of the current and waves. 

Additional critical components to resuspension events are morphology and fetch. The 

resuspension events observed were primarily associated with periods of southwesterly winds, 

which due to the shape of the estuary, had a larger fetch, and led to water levels decreasing in 

this lower branch of the estuary, subsequentially reducing current speeds as well. Thus, wind-

driven currents are another key factor for resuspension at AC station, not because of increased 

current speeds, but rather, due to decreased current speeds and water depth. 
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CHAPTER 5 
 

CONCLUSION 
 

From this study, sediment resuspension at AC station appears to be largely controlled by 

wind-driven waves, but occasionally resulted from current activity (tidal and wind-driven). 

Currents are typically not the leading cause of sediment resuspension in shallow microtidal 

estuaries due to the episodic flow reversal and consequential reduced current speeds, whereas the 

shallow waters allow the short wind-driven waves that occur in estuaries, to interact with the 

bed. Despite the role of wind-driven waves in this system, water depth and current speeds were 

able to negate the effects of elevated wave orbital velocities. Depth’s control on wave-driven 

resuspension is not unexpected as observed waves were relatively short, limiting interaction with 

the bed. Mitigation of wave-induced resuspension resulting from elevated current speeds 

appeared to occur and is likely a function of current and wave direction induced interference, 

however, this particular phenomenon remains unresolved due to sensor limitation. In addition to 

increased water depth, fetch limitations were able to moderate intense wave activity during 

periods of strong northeasterly winds. Despite wind-driven waves predominantly causing 

resuspension at AC, currents were on average, the largest source of shear stress on the bed, due 

their speeds often being an order of magnitude higher than waves. Future work should include 

higher frequency measurements of waves and currents, wave direction, as well as measurements 

of waves and currents at other locations within the Lafayette River. These measurements would 

help describe the interaction between waves and currents better, and would capture the spatially 

variability of currents, waves, and resuspension within the estuary. 

Numerous observations of resuspension events followed by increased bottom water 

nutrient concentrations and/or Chl a concentrations suggests that resuspension of cysts and 
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nutrients may aid in the development of dinoflagellate blooms observed in the Lafayette River. 

The link between the succession of sediment resuspension and algal blooms was supported by 

observations of sediment resuspension followed by elevated bottom water ammonium and 

nitrate+nitrite concentrations and increases in Chl a concentrations.  The time lags associated 

with sediment resuspension, increased nutrient, and Chl a concentrations was found to range 

from 2-7 days, and were consistent with results found in previous studies in this estuary (Morse 

et al., 2014; Egerton et al., 2014). I conclude that sediment resuspension appears to be another 

control on dinoflagellate blooms, shedding light on these persistent and complex phenomena.  

Cultural eutrophication has long been linked with the formation of harmful algal blooms 

(Paerl, 1988; Smayda, 1990; Pinckney et al., 2001; Anderson et al., 2008). Due to the impacts 

nutrient-laden runoff can have on water quality, “green” infrastructure has been implemented 

along many waterways including, the Lafayette River (U.S. Environmental Protection Agency, 

2015).  The reduction of nutrient loading from runoff, via marsh restoration, living 

shorelines/bioretention cells and additional green infrastructure, reduce nutrient loading (Kemp 

et al., 2005; U.S. Environmental Protection Agency, 2015). However, based on the results of this 

study, it appears that the supply of nutrients from sediment resuspension can also fuel unwanted 

chlorophyll production, particularly in productive systems where excess organic matter can 

accumulate on the bottom where nutrients can be regenerated.  

Sediment resuspension and its apparent effects on algal growth are likely to be 

exacerbated by the climate change. Many studies suggest climate change and sea level rise will 

lead to increases in harmful algal growth due to rising water temperatures, increased storm, 

flooding events, and loss of marsh (Kemp et al., 2005; Moore et al., 2008; Najjar et al., 2010). 
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Increased storm activity can result in increased sediment resuspension, which is likely to further 

amplify algal production via benthic-pelagic coupling.  

Results from this study not only provide evidence that sediment resuspension can 

stimulate bloom initiation but also provides an important first step in developing and improving 

predictive models of bloom formation. In addition, it can be concluded that despite the 

importance of reducing surface nutrient runoff to mitigate the development of blooms and 

improve water quality, we also need to understand the role of sediment resuspension in re-

introducing nutrients stored in the sediments to the water column where they can fuel algal 

growth. Future efforts to control blooms should also consider the location of cyst beds and 

factors that control germination cysts such as oxygen and nutrient concentrations. By better 

understanding how sediment resuspension effects the formation of dinoflagellate blooms, we can 

improve models and mitigation efforts to prevent them.  
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APPENDICES 

APPENDIX A 

Regression analysis results from bottom wave orbital velocity with near bed acoustic backscatter, 
SSC from the bottom OBS, and wind speed for deployments 3 and 6. Weak positive 
relationships appear to be present for deployment 3, and for wave orbital velocity vs wind speed 
for deployment 6. 
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APPENDICES 

APPENDIX B 

Resulting R2 and p-values from the regression analyses of near bed current speed and bottom 
wave orbital velocities with acoustic backscatter and SSC as well as bottom wave orbital  
velocity with acoustic backscatter, SSC, and wind speed. 
 
 

 1 2 3 4 5 6 

Current Spd 
x Acoustic 

Backscatter 

R2=0.01 
P-value < 

0.05 

R2=-0.001 
P-value 
=0.81 

R2=0.03 
P-value < 

0.05 

R2=0.078 
P-value < 

0.05 

R2=0.026 
P-value < 

0.05 

R2=0.01 
P-value < 

0.05 
Current Spd 

x Bottom 
OBS  

R2=0.0034 
P-value = 

0.09 

R2=-0.001 
P-value = 

0.78 

R2=0.009 
P-value < 

0.05 

R2=0.0026 
P-value 
=0.05 

R2=0.0003 
P-value = 

0.4 

R2=0-.002 
P-value = 

0.8 
Wave Orb. 

Vel x 
Acoustic 

Backscatter 

  
R2=0.006 
P-value = 

0.09 
  

R2=0.13 
P-value < 

0.05 

Wave Orb 
Vel x Bottom 

OBS 

 
 
 

 
R2=0.007 
P-value < 

0.05 
  

R2= - 0.001 
P-value = 

0.5 
Wave Orb. 
Vel x Wind 

Speed 
  

R2=0.13 
P-value < 

0.05 
  

R2=0.1 
P-value < 

0.05 
 

 

APPENDIX C 

Days that sediment resuspension events occurred, broken down by month between 5/7 and 10/1, 
categorized by approximate magnitude. 
 

 
 0.5 g/L  SSC < 1.5 g/L 1.5 g/L   SSC 3 g/L SSC   3 g/L 

May 
 8, 10, 11, 12, 16, 24,  27, 30 None 

June 
 1, 2, 3, 10, 12-14, 15, 17, 23, 30 18, 22, 24, 26-27, 28 20, 25 

July 
 1, 3, 8, 16, 25, 27, 28 2, 4, 7, 10, 14, 17, 18 5, 6 

August 
 1, 4, 6, 7, 8, 9, 10, 11, 19, 22, 24, 26 20, 23, 25, 27, 28, 29 None 

Sept./Oct. 
 26, 28, 29, 30, 1 29 None 
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APPENDICES 

APPENDIX H 

Suspended sediment concentrations estimated from the calibrated bottom OBS’ for each 
deployment were plotted against backscatter intensity recorded by the ADCP. 
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APPENDICES 

APPENDIX I 

 Wind Roses which display the frequency of wind speed and direction for deployments 1 and 2. 
The seasonal wind patterns show weak southerly/southwesterly winds during that start mid 
spring and end early Fall. While strong Northeasterly or Northerly winds are more frequent 
Starting Early Fall into Spring. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Deployment 1: 1/26-2/19 

Deployment 2: 4/2-5/7 
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APPENDICES 

APPENDIX J 

Wind Roses which display the frequency of wind speed and direction for deployments 3 and 4. 
The seasonal wind patterns show weak southerly/southwesterly winds during that start mid 
spring and end early Fall. While strong Northeasterly or Northerly winds are more frequent 
Starting Early Fall into Spring. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Deployment 3: 5/7-6/6 

Deployment 4: 6/6-7/20 
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APPENDICES 

APPENDIX K 

Wind Roses which display the frequency of wind speed and direction for deployments 5 and 6. 
The seasonal wind patterns show weak southerly/southwesterly winds during that start mid 
spring and end early Fall. While strong Northeasterly or Northerly winds are more frequent 
Starting Early Fall into Spring. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Deployment 5: 7/20-9/6 

Deployment 6: 9/11-10/2 
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APPENDICES 

APPENDIX L 

Wind Roses which display the frequency of wind speed and direction for all of 2018. The 
seasonal wind patterns show weak southerly/southwesterly winds during that start mid spring 
and end early Fall. While strong Northeasterly or Northerly winds are more frequent Starting 
Early Fall into Spring. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2018 
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