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[1] Data for high-resolution profiles of current velocity and suspended sediment
concentration (SSC) were collected in bottom boundary layer (BBL) of Mobile Bay,
Alabama. The data were used to study the vertical and temporal variability in SSC
under various forcing conditions of tide, wind and freshwater discharge. During the
winter stormy season, the background SSC was low (0.015–0.03 g l�1). An episodic
storm-induced erosion/resuspension was responsible for the short-lasting high SSC in
BBL. During the spring flooding period, the background SSC was relatively high
(0.04–0.07 g l�1) likely due to the large amount of suspended sediment from the fluvial
input and bed softening, and the contribution of wind forcing to sediment resuspension
was somewhat enhanced by the destratification in BBL. When the freshwater discharge
was extremely high (>5000 m3 s�1), the entire water column in shallow areas of the Bay
was influenced by freshwater input. Therefore, the thermohaline anomaly’s contribution
to the stratification considerably weakened, while the SSC’s contribution strengthened.
When the freshwater discharge was relatively low (<5000 m3 s�1), a critical wind stress for
sediment erosion (0.08–0.1 Pa) was observed to abruptly increase the SSC. Despite a
micro-tidal regime, Mobile Bay exhibited the cyclic erosion and deposition pattern induced
by the tidal acceleration and deceleration.

Citation: Ha, H. K., and K. Park (2012), High-resolution comparison of sediment dynamics under different forcing conditions in
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1. Introduction

[2] Water clarity/turbidity is a basic measure of water
quality. Clarity influences public’s perception of water and
their willingness to utilize it. Turbidity is important in
affecting the primary production by regulating light pene-
tration [Lohrenz et al., 1999] and toxic contaminants
because of their affinity to sediment [Menon et al., 1998].
Turbidity has a coherent relationship with suspended sedi-
ment concentration (SSC), which is primarily governed by
erosion/resuspension and deposition of sediment at water-
sediment interface. Resuspension itself plays an important
role in productivity dynamics of water column and benthic
sediment in shallow estuaries [Shaffer and Sullivan, 1988; de
Jonge and van Beusekom, 1995; MacIntyre and Cullen,
1996]. Resuspended organic matter may exert an enhanced
demand on oxygen level in shallow environments [Wainright

and Hopkinson, 1997]. Deposition may cause smothering of
benthic aquatic organisms and clogging of water intakes, and
may request a high cost for maintenance of navigational
channels [Winterwerp and van Kesteren, 2004].
[3] In sediment dynamics, erosion/resuspension and

deposition are determined by interplay between hydrody-
namic conditions (e.g., current velocity) and sediment
properties (e.g., concentration and size) in bottom boundary
layer (BBL). Because both current velocity and SSC exhibit
large vertical gradient and temporal variability in BBL, their
measurements require high spatial and temporal resolution.
Mooring of single-point current meters inside BBL is not
ideal because their intrusive nature disturbs flow structure in
BBL, and they also fail to provide adequate vertical resolu-
tion (on the order of millimeters to centimeters). Various
methods have been employed to measure SSC [Wren et al.,
2000]. Simply, direct water sampling is the most straight-
forward method and is considered as a standard to get the
true SSC against other methods that require calibration.
However, its time- and labor-intensive procedure in field and
laboratory makes it impossible to meet adequate spatial and
temporal resolution simultaneously. An optical instrument
such as an optical backscattering sensor is a good alternative
to measure SSC at a single point, and its response is well
studied for a wide range of SSC [Kineke and Sternberg,
1992; Sutherland et al., 2000; Downing, 2006]. Being
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intrusive, however, it also disturbs flow structure and hardly
provides adequate vertical resolution in BBL. With these
manifold requests by sediment dynamics community, the
high-frequency acoustic instruments have been spotlighted
as a non-intrusive method to study the BBL processes
[Thorne and Hanes, 2002]. Most recently, a pulse-coherent
acoustic Doppler current profiler (PC-ADCP) has emerged
with high-resolution profiling capability with an attainable
spatial resolution of 1–2 cm [RD Instruments, 2002]. A PC-
ADCP, hence, has a merit to simultaneously measure
hydrodynamic and sedimentary conditions in BBL with fine
enough a resolution and without disturbing flow structure
and sediment distribution [Lacy and Sherwood, 2004; Ha
et al., 2011].
[4] Many estuaries along the northern Gulf of Mexico

(NGOM) possess several common attributes: shallow and
wide bathymetry with deep and narrow ship channels,
diurnal tides with a micro-tidal range, relatively large river
discharge, high turbidity and exchange with the NGOM via
relatively narrow passes [Schroeder and Wiseman, 1999]. In
the shallow, micro-tidal estuaries, wind becomes an impor-
tant factor invoking sediment resuspension, which would
affect large portion of, if not entire, water column. Impor-
tance of resuspension on various biological/ecological pro-
cesses in water column and benthic sediment of the shallow
NGOM estuaries has been suggested and discussed [e.g.,
MacIntyre and Cullen, 1996; Stutes et al., 2006; Pinckney
and Lee, 2008], but the details of erosion/resuspension pro-
cess itself have not been studied with high vertical and
temporal resolution.
[5] To improve the understanding of sediment behavior in

BBL under specific forcing conditions, we carried out a
mooring study in Mobile Bay, as a case system for the
NGOM estuaries. Main focus was to compare different peri-
ods dominated by each of tide, wind and river discharge. By
utilizing the PC-ADCP’s advantages over other traditional
methods, this study attempted: (1) to obtain high-resolution
profiles of current velocity and SSC in BBL of the middle of
shallow Mobile Bay, and (2) to reveal the relationships
between forcing functions (tide, wind and freshwater dis-
charge) and sediment behavior (erosion/resuspension and
deposition) in the context of BBL dynamics.

2. Study Area

[6] Mobile Bay is an estuary where the freshwater from
the sixth largest drainage basin area in the U.S. [Johnson
et al., 2002] mixes with the salt water from the NGOM
(Figure 1). The Bay has a triangular-shaped morphology,
approximately 50 km long and 39 km cross at its widest
point [Mobile Bay National Estuary Program (MBNEP),
2008]. The Bay has a regularly-dredged ship channel along
the north-south axis that connects the port of Mobile to the
NGOM. The channel is approximately 12–14 m deep and
120 m wide to accommodate the large ship traffics. Except
the channel, the Bay is very shallow with an average depth of
approximately 3 m [Schroeder and Wiseman, 1986].
[7] Astronomical tide is predominantly diurnal with the

tropic-equatorial cycle (period of 13.66 days) and tidal range
varies between <0.1 m during equatorial tides and 0.8 m
during tropic tides. The micro-tidal amplitude would pro-
duce relatively weak tidal currents within the Bay, but

maximum tidal currents at the narrow Bay mouth were
reported to reach up to about 1.0 m s�1 [Stumpf et al., 1993].
[8] The principal source of freshwater discharge (QF) is

two major river systems, the Alabama-Coosa-Tallapoosa
River Basin and the Warrior-Tombigbee River Basin
[MBNEP, 2008], which combine to account for about 95%
of total freshwater input into the Bay [Schroeder, 1979]. The
annual discharge is the fourth largest in the U.S. [Stumpf
et al., 1993]. The long-term (1976–2009) mean daily dis-
charge is 1715 m3 s�1, and the 25th, 50th, 75th and 90th
percentiles are 446, 926, 2251 and 4549 m3 s�1, respec-
tively. There is a distinct seasonality in the river discharge
with maxima occurring in late winter and early spring and
minima occurring in late summer and fall. The buoyant
plume of river-driven terrigenous sediment has been fre-
quently observed by satellite images [Stumpf et al., 1993;
Zhao et al., 2011]. Especially during the extreme flooding
events, large volume of sediments eroded from the water-
shed enters the Bay, and then is delivered to the inner shelf.
[9] Wind is an important forcing agent that controls ver-

tical mixing and related sediment transport in shallow
Mobile Bay. Wind shows a distinct seasonal variation, with
southerly winds dominating in spring and summer and
stronger northerly winds dominating in fall and winter
[Schroeder and Wiseman, 1986; Noble et al., 1996]. The
episodic expansion of cold fronts from the north would trigger
vigorous turbulent mixing [Zhao and Chen, 2008] while
reducing the temperature in air and surface water. During the
hurricane seasons, the tropical storms would stir up the entire
water column and severely erode the bottom sediment,
resulting in highly turbid conditions [Park et al., 2007b].

3. Data Collection and Processing

3.1. Mooring

[10] A mooring site (30�24′51″N, 88�03′55″W), with a
mean depth of 3.5 m, is located in the Whitehouse Reef on
the western side of the ship channel (Figure 1). The bottom
sediment at this site is muddy, and the mean grain size of
suspended sediment is about 9.8 mm [Ha et al., 2011]. Two
deployments were conducted to measure the current, tide
and SSC: one for the winter stormy season (November 14 to
December 16, 2008) and the other for the spring flooding
period (March 24 to April 23, 2009). The mooring package
consisted of an ADCP (RDI WorkHorse Sentinel, 600 kHz)
and multi-parameter Sondes (YSI, 6600EDS). A downward-
looking ADCP was installed on a pile constructed for arti-
ficial reefs, with the transducers placed at 2 m above bed
(mab). To avoid the effect of the pile on emitted acoustic
beams, a 2-m horizontal extended arm was mounted on the
pile. Table 1 shows the values used for setup parameters.
The blanking distance was set to 0.5 m, and the bin size was
chosen at 0.1 and 0.05 m for 2008 and 2009 deployments,
respectively. It is acknowledged that the used bin sizes are
too coarse to measure the change in thickness of fluffy layer,
which can be actually less than several millimeters. How-
ever, the existence of thick fluffy layer can be identified by
the interpolation of acoustic signals. In this study, therefore,
we examined the near-bed BBL (�1.5 mab) including
unconsolidated, fluffy layer immediately above the consoli-
dated sediment bed. The ADCP was operated under a 5-min
burst mode to store turbulent velocities and acoustic
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backscatter intensities at the sampling rate of 2 Hz. To attain
high vertical resolution and measurement accuracy, the fea-
ture of mode 11 [RD Instruments, 2002] was selected in
configuration setup. Multi-parameter Sondes were also
installed at four and five levels in 2008 and 2009 surveys,
respectively (Table 1). A 5-min burst mode was used to store
water level, temperature, salinity and turbidity.
[11] At 1–2 week intervals, instruments were serviced and

a conductivity-temperature-depth (CTD) profiler (SeaBird,
SBE-25) was used to measure profiles of temperature and
salinity throughout the water column. At each maintenance
survey, in-situ water samples were collected through a PVC
tube at the levels where YSI Sondes were deployed. Vari-
able volumes (0.03–0.5 l) of water samples were filtered
under the vacuum using pre-weighed and pre-dried 0.7-mm
glass fiber filters (GF/F). The residues on filters were oven-
dried at 100�C for at least 24 h and reweighed. The SSC was
determined by the weight difference divided by the volume
of water filtered, which then was used to calibrate back-
scatter intensities from ADCP and YSI’s turbidity optic
sensors. Ha et al. [2011] demonstrated a good correlation
between backscatter signals from two sensors.

3.2. Suspended Sediment Concentration

[12] The simplified sonar equation by Deines [1999] was
modified and used to derive the SSC profiles from ADCP’s
backscatter intensities. Because the actual sensing range of
the ADCP was within 1.5 mab where the bottom fluffy
sediment can be actively resuspended, the contribution of
suspended sediment to sound attenuation was additionally

included in the original equation of Deines [1999], which
simply leads to

Sv ¼ KcE þ C′; ð1Þ

where Sv = 10 ⋅ log(SSC) � 2(aw + as)R � 10 ⋅ log(R2) is
the net volume scattering corrected by subtracting the sound
spreading and attenuation in the sensing range, E is echo
level, R is range between transducer and measurement vol-
ume, aw and as are sound attenuation coefficients by water
and suspended sediment, respectively. At several levels
where the water-based SSCs were measured, two calibration
constants, Kc and C′, were determined by a linear regression
[Deines, 1999; Kim and Voulgaris, 2003; Traykovski et al.,

Figure 1. Map of study area showing the mooring site (mean depth: 3.5 m) and C-MAN station (DPIA1).

Table 1. Setups of Deployed ADCP and YSI Sondes

Winter 2008 Spring 2009

ADCP (RDI, 600 kHz)
Bin size (m) 0.1 0.05
Sampling rate (Hz) 2 2
Burst interval (h) 1 0.5
Burst duration (min) 5 5
Deployment depth (mab) 2 2
Blanking distance (m) 0.5 0.5

YSI Sondes (YSI, 6600EDS)
Sampling rate (Hz) 1 1
Burst interval (h) 1 0.5
Burst duration (min) 5 5
Deployment depth (mab) 4 levels

(0.15, 0.5, 1 and 3a)
5 levels

(0.15, 0.5, 1a, 2 and 3)

aPartially malfunctioned during the deployment.
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2007; Ha et al., 2011]. The detailed algorithm for converting
ADCP’s backscatter intensities to real SSC profiles can be
found in Deines [1999], and the performance of PC-
ADCP was evaluated by Ha et al. [2011].
[13] In the acoustic signal processing, the average of syn-

chronous backscatter intensities collected from four transdu-
cers was used. When the maximum difference among four
intensities exceeded 2 dB, as Hoitink and Hoekstra [2005]
suggested, they were discarded for data quality control. This
process could effectively remove undesirable noises probably
produced by the existence of fish or other organisms.

3.3. Reynolds Stress From ADCP

[14] Three components (east, north and vertical) of flow
velocity were recorded at 0.1 or 0.05 m bin intervals, and
later were transformed into the beam coordinate velocities
(u1, u2, u3 and u4) using a specific transformation matrix that
the manufacturer calibrated to compensate for small beam

misalignments as well as measured motion parameters of
pitch, roll and heading angles [RD Instruments, 2008]. In our
mooring, the ADCP was firmly attached to the stable pile
and the three motion parameters were almost constant during
the entire deployment period. The converted four beam
velocities were used to calculate the (x, y) components of
Reynolds stress (tR) using the variance technique proposed
by Lohrmann et al. [1990] and Stacey et al. [1999]

tRx
r

¼ u′w′ ¼ var u3ð Þ � var u4ð Þ
4 sin q cos q

;

tRy
r

¼ v′w′ ¼ var u1ð Þ � var u2ð Þ
4 sin q cos q

;
ð2Þ

where var(ui) indicates the variance of the velocity along the
ith acoustic beam (ui), the overbar indicates time average,
the prime indicates temporal fluctuation, and q is the slant
angle from the vertical axis (20� in this case).

Figure 2. Time series from winter deployment (November 14 to December 16, 2008): (a) freshwater
discharge, (b) wind stress, (c) wind, (d) water depth, and (e) ADCP-derived SSC. Thick line in Figure 2b
is the low-pass filtered data.
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[15] The time series of tR in the near-bed bin (13th bin at
0.16–0.26 mab and 27th bin at 0.125–0.175 mab for 2008
and 2009, respectively) were extracted and used to evaluate
the correlation with variations in SSC. The strongest acoustic
signals off the sediment bed may produce biased velocities at
the bins very close to the bottom [Gordon, 1996]. We chose
the bins that were free of the effect of bottom, and thus could
be a proper proxy for bed shear stress.

3.4. Wind and Freshwater Discharge

[16] Hourly wind data were obtained at the Coastal-Marine
Automated Network (C-MAN) station, DPIA1 (Dauphin
Island; 30�14′54″N, 88�04′24″W), maintained by the National
Oceanic and Atmospheric Administration (NOAA)’s National
Data Buoy Center (NDBC) (Figure 1). The wind stress (tw)
was computed by the quadratic law given as

tw ¼ raCd Wj jW ; ð3Þ

where ra = 1.2 kg m�3 is the air density, Cd is the drag
coefficient, and W is the wind speed (m s�1). Cd which gen-
erally increases with the wind speed was estimated by fol-
lowing Wu [1980]. Daily freshwater discharge data from two
gaging stations, Claiborne L&D (31�36′54″N, 87�33′02″W)
in Alabama River and Coffeeville L&D (31�45′30″N,
88�07′45″W) in Tombigbee River, were obtained from
U.S. Geological Survey. The sum of the two discharges
was considered as total river discharge into Mobile Bay,
following Park et al. [2007a].

4. Results

[17] Data from the winter deployment (November 14 to
December 16, 2008) are presented in Figure 2. The fresh-
water discharge remained low until it rapidly increased
to over 3000 m3 s�1 in the later part of the deployment.
The average prevailing winds exhibited a seasonal northerly

Figure 3. Time series from spring deployment (March 19 to April 22, 2009): (a) freshwater discharge,
(b) wind stress, (c) wind, (d) water depth, and (e) ADCP-derived SSC. Thick line in Figure 3b is the
low-pass filtered data.
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pattern. Winter storm events associated with the southward
extension of cold fronts have passed the mooring site several
times (S1 to S6 in Figure 2b). During the storm passage,
tw sharply increased, up to 0.58 Pa on 325.2 d, and air
temperature dropped abruptly by 5–15�C (not shown).
Water depth showed diurnal cycles with a maximum range
of about 0.8 m over a fortnightly period. The background
SSC, defined as the BBL-averaged SSC under fair weather
conditions, was 0.015–0.03 g l�1, and the peaks in SSC were
always accompanied by the strong wind events.
[18] Data from the spring deployment (March 24 to April

23, 2009) are presented in Figure 3. The freshwater dis-
charge persisted above the long-term 75th percentile
(2251 m3 s�1) most of the time. During 86–92 d, in partic-
ular, an extreme flooding event occurred with a peak dis-
charge of 9011 m3 s�1, nearly twice of the long-term 90th
percentile (4549 m3 s�1). The average prevailing winds were

southerly. Strong wind events occurred frequently, but their
durations were shorter than those of winter storms. It is
noted that strong wind events were not always accompanied
by the drop in air temperature (not shown), unlike in winter
season. The background SSC was relatively high (0.04–
0.07 g l�1), 2–3 times of winter season background level.
The SSC showed a number of peaks, some of which were
not associated with strong wind events.
[19] Three time periods, indicated in Figures 2 and 3, were

selected and examined in more details to investigate the
sediment behavior in BBL under dominant forcing condi-
tions of tide (Figure 4), wind (Figure 5) and freshwater dis-
charge (Figure 6).

4.1. Tidal Forcing

[20] In order to clearly reveal the role of tidal currents in
determining the sediment behavior in BBL, a fair weather

Figure 4. Conditions during tropic tide under fair weather conditions with low freshwater discharge and
weak wind (see Figure 2d): (a) water depth, (b) salinities at three levels, (c) current speed, (d) Reynolds
stress, and (e) ADCP-derived SSC. The gray and white areas in Figure 4a indicate the periods of flood
and ebb, respectively. The black solid lines in Figures 4d and 4e are the Reynolds stress at the 13th bin
(0.16–0.26 mab) and the BBL-averaged current speed, respectively. The white line in Figure 4e indicates
SSC = 0.04 g l�1, used as the upper boundary of tide-induced high-concentration layer. White squares in
Figures 4c and 4d are data discarded for quality control (see section 2).
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condition (330–333.5 d in Figure 2d) was selectively
examined in Figure 4. This time window corresponded to
tropic tide with very calm wind (mean tw = 0.01 Pa). The
mean freshwater discharge during this period was 443.5 m3

s�1, close to the long-term 25th percentile (446 m3 s�1).
[21] The water depth fluctuation was primarily due to the

diurnal tide with a maximum range of approximately 0.7 m.
The salinity exhibited a distinct tidal variation, ranging
between 21.3–26.5 psu at 0.15 mab and 18.2–24.9 psu at
1 mab (Figure 4b). There was virtually no salinity difference
between 0.15 and 0.5 mab, but large salinity gradient (4–
6 psu m�1) persisted between 0.5 and 1 mab. This indicates
the presence of relatively strong salinity gradient outside of
the near-bed 0.5-m layer.
[22] The velocity structure during this tide-dominated

period was affected by two-layer gravitational circulation,
consistent with observations in other estuaries [Jay and
Musiak, 1994; Sanford et al., 2001]. The height of maximum

current was lowered on flood and the opposite on ebb and the
near-bottom current turned to flood sooner and to ebb later,
which resulted in stronger velocity shear during ebb than
during flood (Figure 4c). It is noted that relatively strong cur-
rents intermittently extended down to the near-bed layer. On
332.5 d, for example, the current speed at 0.8 mab reached
0.2 m s�1. The duration of slack before flood (SBF) near the
bed was longer than that of slack before ebb (SBE). The tR
also showed a distinct diurnal variation (Figure 4d). During the
tidal accelerating phase the BBL exhibited tR higher than 1 Pa
with an exception of 330.5–330.7 d, whereas during the
decelerating phase the tR quickly decreased. The near-bed tR
showed the periodic presence of strong stress (solid line in
Figure 4d), which is clearly related to variation in SSC profiles
(Figure 4e).
[23] The tidal signal on SSC in BBL was clearly detected.

The current speed (Figure 4c) matched well with the thick-
ness of high-concentration layer (white line in Figure 4e).

Figure 5. Conditions during the passage of a storm (S3 in Figure 2b): (a) wind stress, (b) salinities at
three levels, (c) current speed, (d) Reynolds stress, and (e) ADCP-derived SSC. The black solid lines in
Figures 5d and 5e are the Reynolds stress at the 13th bin (0.16–0.26 mab) and the BBL-averaged current
speed, respectively.
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A mirror image of SSC between maximum flood and max-
imum ebb was found. For instance, the bottom sediment was
resuspended up to 0.7 mab on 330.7 d (maximum flood),
gradually settled to form the 0.5-m thick high-concentration
layer on 330.9 d, and resuspended again up to 0.8 mab on
331.1 d (maximum ebb). The characteristics of the high-
concentration layer were different between SBF and SBE.
During the longer SBF, the high-concentration layer was
thinner and short lasted, which was quickly resuspended at
the onset of tidal acceleration. During the shorter SBE, the
high-concentration layer lasted longer with a thicker thick-
ness of about 0.5 m.

4.2. Wind Forcing

[24] In order to address the bottom sediment response to
strong wind forcing, the most energetic storm period with
tw > 0.1 Pa lasting for 34 h (S3 in Figure 2b) was examined
in Figure 5. This storm occurred during equatorial tide with
low freshwater discharge (mean QF = 261 m3 s�1), and thus
is ideal to show the dramatic changes before and after the
storm passage.
[25] The salinity at 0.15 mab was almost identical to that

at 0.5 mab, whereas relatively strong stratification still
existed between 0.5 and 1 mab (Figure 5b). When strong

Figure 6. Conditions during an extreme flooding event (see Figure 3a): (a) freshwater discharge, (b) wind
stress, (c) salinities at four levels, (d) current speed, (e) Reynolds stress, and (f) ADCP-derived SSC.
The black solid lines in Figures 6e and 6f are the Reynolds stress at the 27th bin (0.125–0.175 mab)
and the BBL-averaged current speed, respectively.

HA AND PARK: SEDIMENT DYNAMICS IN A SHALLOW ESTUARY C06020C06020

8 of 14



tw was applied, the salinities abruptly decreased by 3–4 psu
at all levels. Stratification between 0.5 and 1 mab not only
survived but became even stronger after the storm passage.
The strong tw with a peak close to 0.6 Pa was not able to
fully mix the BBL, and the salinity at 1 mab decreased more
than that at 0.5 mab, resulting in a stronger stratification after
the storm passage. The maximum current increased up to
0.23 m s�1 at 1.41 mab on 325 d (Figure 5c). As the
tw exceeded 0.1 Pa, the increase in current speed started in
the upper BBL, and then propagated down to the lower
BBL. The current speed of the near-bed 0.5-m layer was not
affected as much as the water above.
[26] The tR increased sharply, reaching its maximum of

0.95 Pa on 324.9 d (Figure 5d). Before the storm, the SSC
remained at the background level (0.015–0.03 g l�1). As the
storm approached, strong mixing-induced resuspension of
bottom sediment increased the SSC, resulting in the maxi-
mum SSC of 0.33 g l�1 on 325.2 d (Figure 5e). The high
SSC in BBL did not last long, and SSC started to decrease
on 325.5 d, likely due to settling. The BBL-averaged current
speed slightly reduced on 325.5 d, which might have pro-
vided a favorable condition for settling and deposition. On
326 d, meanwhile, the deposited sediment was resuspended
by the increased current speed and tR (Figures 5d and 5e).
After the storm passage, the SSC returned to the background
level, and it took about 6.8 h (average for six wind events of
S1 to S6) after the tw decreased below a critical value for
erosion (see section 5.2).

4.3. Freshwater Discharge

[27] In order to investigate the role of freshwater discharge
in controlling SSC, an extreme flooding event with a peak
discharge >9000 m3 s�1 (88–92 d in Figure 3a) was exam-
ined in Figure 6. The maximum freshwater discharge during
this period was 9011 m3 s�1, corresponding to nearly 5-year-
recurrence flood event [Schroeder, 1977]. This time win-
dow, corresponding to tropic tide, had several strong wind
events (Figure 6b) but the prevailing direction was not
always northerly, unlike in the 2008 winter survey. It is
noted, therefore, that not all observed signals could be
attributable to the flooding freshwater discharge.
[28] The salinities at all measured levels were almost

fresh (<2 psu). A huge freshwater discharge pushed the
saline water seaward throughout the entire water column in
this shallow part of Mobile Bay. As a result, the salinity
difference between near-surface (3 mab) and near-bottom
(0.15 mab) was negligibly small, indicating that the water
column was fully mixed (Figure 6c). No tidal signal was
found on salinity. The fully-mixed condition persisted
throughout the 2009 spring survey (not shown). The current
speed was stronger and the duration was longer during ebb
than during flood before the extreme flooding event on 90 d
(Figure 6d). The tidal signal on current speed and tR no
longer existed while being influenced by the extreme
flooding event.
[29] During this time period, the near-bed SSC was quite

high (Figure 6f). On 90.25 d, for example, the near-bed SSC
increased up to 1.11 g l�1 at 0.15 mab. Noticeably, this SSC
associated with a peak tw of 0.42 Pa was much higher than
the maximum near-bed SSC associated with a stronger tw of
0.59 Pa during the storm event in 2008 (Figure 5e). This
observation indicates that the sediment bed during the spring

flooding period in 2009 had more sediment available for
erosion/resuspension than the stormy winter period in 2008.

5. Discussion

5.1. Effect of Tides

[30] Under fair weather conditions, the SSC showed a
small, abrupt increase at the initiation of tidal acceleration
(e.g., 330.4 d), but it did not last long (Figure 4). The SSC
started to rapidly increase again on 330.6 d. The same pat-
tern was repeated at the following tidal cycles (e.g., 331.4–
331.6 d and 332.35–332.5 d). This pattern can be explained
by the re-dispersion process proposed in Ha and Maa
[2009]. A small amount of fluffy sediments newly depos-
ited during the previous slack tide can be easily agitated and
re-dispersed because a sufficient time has not been elapsed
for consolidation and thus the erosion threshold is negligibly
small or nearly zero [Maa and Kim, 2001]. Also, they tend to
be quickly re-deposited when the bed shear stress falls below
a critical shear stress for deposition [Ha and Maa, 2009].
[31] Under fair weather conditions with calm wind and

low freshwater discharge, the SSC started to decrease even
before the BBL-averaged current speed reached its maxi-
mum (Figure 4e). This behavior that erosion/resuspension
has reduced or ceased by the time the bed shear stress
reached its maximum is indicative of type-I (depth-limited)
erosion that has been observed in other systems [Sanford
and Maa, 2001; Aberle et al., 2004]. In the shallow part of
Mobile Bay, erosion may be limited by the limited amount
of unconsolidated bed sediment available for erosion only
during periods of relatively low freshwater discharge with
little sediment supply.
[32] Most previous studies in the micro-tidal estuaries

assumed that the tidally-driven contribution to SSC variation
in BBL might be negligible. In the micro-tidal estuaries
along NGOM, e.g., Galveston Bay, it is also claimed that the
sediment resuspension is heavily influenced by the meteo-
rologically driven shear stress rather than tidally driven shear
stress [Dellapenna et al., 2006]. This study, however, sup-
ports that, at least in the shallow part of Mobile Bay, tidal
forcing may play a noticeable role in the cyclic sediment
erosion and deposition in BBL (Figure 4). The currents
during tropic tides were strong enough to produce the near-
bed high-concentration layer, but not strong enough to fully
break up the relatively strong stratification in BBL. The
duration and thickness of the high-concentration layer also
showed tidal characteristics. The longer SBF provided a
sufficient time for settling and deposition of suspended
sediment, resulting in the thinner, shorter-lasting high-
concentration layer, which was quickly resuspended at the
onset of tidal acceleration. The shorter SBE resulted in the
high-concentration layer that was thicker and lasted longer.

5.2. Effect of Wind and Freshwater Discharge

[33] During the winter stormy season, the background
SSC was low (0.015–0.03 g l�1) probably because the low
freshwater discharge delivered less river-borne sediment.
An episodic storm was a major forcing, and was strongly
associated with the short-lasting high SSC peak in BBL
(Figure 2). The variation in SSC in response to wind stress
showed that the BBL-averaged SSC remained at the back-
ground level during weak wind forcing (Figure 7a). As the
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tw exceeded 0.08–0.1 Pa, SSC started to rapidly increase,
indicating the presence of a critical wind stress for erosion.
When the wind stress was larger than 0.8 Pa the SSC was
correlated with wind stress (R = 0.67).
[34] During the spring flooding period, on the other hand,

the background SSC was relatively high (0.04–0.07 g l�1)
likely due to the large sediment supply from high freshwater
discharge and bed softening leading to easier sediment
erodibility. In spring 2009, when freshwater discharge was
<5000 m3 s�1, a critical wind stress of 0.08–0.1 Pa still
existed, but for high discharge condition (>5000 m3 s�1),
it is difficult to define a critical wind stress for erosion and
SSC was no longer a function of wind stress (Figure 7b).

This indicates that the wind-induced erosion/resuspension
was not able to enhance the already high SSC in BBL during
the spring flooding period. The correlation (R = 0.78)
between wind stress and SSC during the low discharge
period (<1000 m3 s�1) was higher than that (R = 0.56) dur-
ing the high discharge period (>5000 m3 s�1). This suggests
that the wind mixing could effectively transfer the momen-
tum to generate the high-concentration suspension of sedi-
ment during the low discharge period when the wind mixing
capacity tends to be strong. During the high discharge
period, the freshwater discharge becomes the more impor-
tant controlling factor that can maintain the sediment in
suspension, regardless of the strength of wind forcing.

Figure 7. Response of the BBL-averaged SSC to wind stress: (a) winter 2008 and (b) spring 2009.
The dashed line in Figure 7a indicates the interpreted line (R = 0.67 for tw > 0.08 Pa) to define a critical
wind stress for erosion, and the shaded areas in Figures 7a and 7b represent the respective background
concentrations. Note that the effect of wind forcing on SSC is not clear for high discharge condition
(QF > 5000 m3 s�1).
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5.3. Effect of Stratification

[35] In a turbid, highly-stratified estuarine system such as
Mobile Bay, it is meaningful to assess the role of stratifica-
tion in controlling the sediment resuspension in BBL.
Stratification stabilizes the water column and may suppress
mixing when it overcomes shear instability. The relative
importance of stratification-induced stability and velocity
shear-induced instability is expressed by the gradient
Richardson number (Ri). In a sediment-laden boundary
layer, Ri is defined as

N 2 ¼ � g

r
dr
dz

¼ � g rs � rð Þ
r

dC

dz
� g

r
ds
dz

; ð4aÞ

Ri ¼ N

du=dz

� �2

; ð4bÞ

where N is buoyancy frequency, u is current velocity, g is
gravitational acceleration, rs and r are sediment and water
densities, respectively, C is sediment volume concentration,

s is thermohaline density anomaly, and z is distance above
the bed [Wright et al., 1999; Friedrichs et al., 2000].
[36] The buoyancy frequency, a measure of stratification, is

governed by two contributors (equation (4a)): (1) sediment
volume concentration; and (2) thermohaline density anomaly.
To examine the competition between these two contributors,
ADCP-derived SSCs and densities measured by YSI probes
were used. During winter 2008, the buoyancy frequency was
almost entirely determined by the thermohaline-induced
stratification (Figure 8a). As a whole, the total buoyancy was
O(10�2 s�2). The contribution of thermohaline density gradi-
ent to the buoyancy was about 2 orders of magnitude larger
than that of concentration gradient. During spring 2009, on the
other hand, the contribution of thermohaline density gradient
considerably weakened, but that of concentration gradient
strengthened (Figure 8b). The two processes made approxi-
mately equal contribution to the total buoyancy of O(10�3

s�2), an order of magnitude smaller compared to that during
winter 2008. Relatively strong stratification during winter
2008 might limit the transfer of momentum into the BBL, and
suppress velocity shear-induced instability. Such stratification

Figure 8. Comparison between two contrasting seasons: thermohaline-induced and concentration-
induced stratification in (a) winter 2008 and (b) spring 2009 and gradient Richardson numbers in (c) win-
ter 2008 and (d) spring 2009. The 6-h moving average was applied to reduce noises.
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may enhance the accumulation of suspended sediment near
the bed by dampening turbulence, which can lead to the
formation of a thick high-concentration layer in BBL [Adams
and Weatherly, 1981; Stumpf et al., 1993; Friedrichs et al.,
2000]. Schroeder and Wiseman [1986] claimed that the
strong stratification in Mobile Bay could frequently occur in
the condition of both low freshwater discharge and persistent
southward-directed wind stress, due to a relatively weak tidal
forcing and a small bay volume (3.2� 109 m3 [Environmental
Protection Agency, 1989]) relative to tremendous freshwater
input.
[37] The Ri was estimated using equation (4b) for BBL to

examine the relative importance between stratification and
shear instability (Figures 8c and 8d). Large values of Ri
indicate a stable condition, while low values may indicate
dynamic instability, with the transition taking place at a
critical Richardson number of order of one [van Gastel and
Pelegrí, 2004]. The Ri showed a noticeable difference
between winter 2008 and spring 2009. During winter 2008,
the Ri was mostly >1 (93.9% of the data), indicating that the
BBL was strongly stratified, and mixing was likely only
during the intermittent storm events. During spring 2009, on
the other hand, the Ri was <1 for 25.7% of the data, indi-
cating that the BBL was less stratified and mixing occurred
more frequently. Based on the freshwater discharge condi-
tions, the statistics of Ri was reanalyzed to examine the role
of discharge in determining the likelihood of mixing
(Table 2). During the low discharge (<1000 m3 s�1), the Ri
was >1 for 95.2% of the data, suggesting that the BBL had
a unfavorable condition for sediment resuspension due to
the strong thermohaline-induced stratification. Noticeably,
during the moderate discharge (1000–5000 m3 s�1), the
mixing occurred more frequently with the Ri < 1 for 25.0%
of the data. Further increases in freshwater discharge
(>5000 m3 s�1) did not change the mixing regime. These
distributions of Ri indicate that the relatively low freshwater
discharge yielded a stable, stratified condition, and that the
moderate-to-flooding discharge pushed the saline water
seaward to form a destratified condition throughout the
water column. Such destratification favored the turbulent
mixing, facilitating the upward transport of high SSC water
trapped near the bed.

5.4. Limitations

[38] Given the limitations of the data set, there are a few
issues that this study is not able to address. The main issue
is a lack of wind wave data. It is the combined bed shear
stress of currents and waves that controls sediment erosion/
resuspension in BBL [Grant and Madsen, 1986; Wright,
1995; Lee, 2010]. Data for wind waves were not collected
in this study. There are only a few publications that address
wind waves, excluding storm surges, in Mobile Bay [Chen
et al., 2005; Roland and Douglass, 2005], and there is no

journal publication that reports any data or information for
wave-induced bed shear stress. With no information avail-
able for wave-induced bed shear stress, this study was
unable to assess the relative contribution of waves and cur-
rents in generating bed shear stress. Instead, therefore, this
study tried to relate wind stress to sediment erosion in BBL,
showing a good correlation between wind stress and SSC
and the presence of a critical wind shear stress of 0.08–
0.1 Pa for sediment erosion when freshwater discharge was
<5000 m3 s�1 (Figure 7).
[39] Another limitation is that this study was based on data

from single mooring site. Given the limited observations in
Mobile Bay, it is not clear how representative the data from
our station are for the entire Bay. The conditions in the deep
ship channel are expected to be different, although no time
series observations are available because mooring instru-
ments is prohibited in the federally managed ship channel.
Compared to the shallow areas, near-bottom currents would
be more affected by the stronger gravitational circulation
present in the ship channel [Wiseman et al., 1988]. It is
likely that surface wind stress would get weaker near the
bottom of the deep ship channel. The frequent translation
between stratification and destratification as a function of
freshwater discharge (Figure 8) is likely to be confined to the
shallow areas because the strong vertical density gradient
persists along the deep ship channel throughout the year
[Dzwonkowski et al., 2011]. The effect of some forcing con-
ditions may also vary along the estuary. Observations in the
shallow inner part of Mobile Bay [Park et al., 2007a], for
example, show much weaker tidal signal in current velocity
compared to that in this study. Relatively strong wind con-
ditions tend to be uniform over the entire Bay, and thus the
conclusions for the wind-dominated period are expected to be
applicable throughout the shallow parts of the Bay. The effect
of freshwater discharge seems to vary along the estuary, with
river influence mostly confined to the northern portion of the
Bay [Schroeder and Wiseman, 1986; Kim and Park, 2012].

6. Conclusions

[40] The sediment behavior in BBL of Mobile Bay is
controlled by several forcing mechanisms. The most favor-
able forcing for sediment resuspension is the combined
condition of strong wind, tropic tide and moderate-to-high
freshwater discharge. Mooring measurements at two con-
trasting seasons showed different typical sediment behavior.
[41] In winter, Mobile Bay predominantly experiencing

northerly wind and low freshwater discharge showed rela-
tively low background SSC. Local resuspension by the epi-
sodic storm events, despite the persistent stratification
outside of the near-bed 0.5-m layer, was responsible for the
intermittent, short-lasting high SSC in BBL. In spring,
Mobile Bay predominantly experiencing southerly wind and
high freshwater discharge showed relatively high back-
ground SSC (2–3 times of winter season background level).
The high concentration during flood events was likely due to
the large amount of suspended sediment from the fluvial
input and bed softening leading to easier sediment erodi-
bility. They can play an important role in forming a high-
concentration layer near the bed which can be readily
resuspended into the overlying well-mixed water column.

Table 2. Distributions of the Gradient Richardson Number, Ri,
Under Different Discharge Conditions

Freshwater Discharge (QF) Ri < 1 Ri > 1

<1000 m3 s�1 4.8% 95.2%
1000–5000 m3 s�1 25.0% 75.0%
>5000 m3 s�1 23.6% 76.4%
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[42] Despite a micro-tidal regime, probably due to the
shallow depth of Mobile Bay, tidal currents produced dis-
tinct variations in salinity and velocity during tropic tides,
resulting in noticeable signatures of erosion and deposition
in BBL. When freshwater discharge was <5000 m3 s�1, a
good correlation existed between wind stress and SSC,
showing the presence of a critical wind stress of 0.08–0.1 Pa.
When freshwater discharge was >5000 m3 s�1, wind stress
was no longer a main controller for SSC, showing a rela-
tively poor correlation between the two. During the low-
energy period with low freshwater discharge, the near-bed
thermohaline density anomaly was a major factor that
determined the stratification in BBL. When the Mobile River
system provided a large freshwater discharge, the entire
water column in shallow areas was mostly influenced by
freshwater input, so that the thermohaline anomaly’s con-
tribution to the stratification considerably weakened while
the SSC’s contribution strengthened.
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