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ABSTRACT
Turbidity has been a point of interest in ecological and environmental studies because its
increase in water column would lead to significant changes in aquatic ecosystems. High
turbidity is the direct result of the increase in organic and inorganic suspended materials
in the water column. Suspended sediment is one of the main contributors to the turbidity
alteration in the water column, which could come from either local or non-local sources.
Terrebonne Bay, located on the fast eroding coast in southern Louisiana, USA, receives
no fluvial inflow. Consequently, all sediment and turbidity changes in the bay are only
related to the bay itself and its surrounding wetlands. Wind sea and swell waves are more
responsible for local erosion and sediment re-suspension, whereas tidal and wind driven
currents are more responsible for transporting the materials from outside sources to the
area. To investigate the turbidity changes in Terrebonne Bay and develop a better
understanding of the forcing agents that play roles in estuarine bottom boundary layer
processes, field measurements were conducted in upper Terrebonne Bay from late August
2010 to the end of 2010. In this study, effects of wind sea, swell, astronomical tides, and
local winds on the near bed boundary layer and the turbidity changes in Terrebonne Bay
were investigated. Qualitative and quantitative analyses of the field data were carried out.
Results show that cold front passages play a significant role in turbidity changes at the
measurement site in Terrebonne Bay. During the passages of the cold fronts, eroded
materials from the surrounding wetlands and the adjacent shallow waters were carried
toward the deeper portion of Terrebonne Bay by currents driven by strong northerly
winds. This process was responsible for the significant increases in the turbidity at the
measurement site during the study period.
* Email: qchen@lsu.edu.
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INTRODUCTION
Turbidity, which is a measure of the degree of water clarity or transparency, has always
been a point of interest in ecological and environmental studies. Increase of turbidity in the
water column can lead to significant changes in the aquatic environment, such as higher water
temperature due to heat absorption by suspended materials, lower capacity of warmer water to
hold dissolved oxygen, and less photosynthesis and production of dissolved oxygen due to
light attenuation in the water column. These changes can damage aquatic ecosystems
seriously and lead to significant reduction in aquatic lives owing to decrease in production
and increase in mortality (Kerr, 1995; Berry et al., 2003).
High turbidity in the water column is a direct result of increase in organic and inorganic
suspended materials in the water column, such as soil particles, algae, plankton, and
microbes. Suspended sediment is one of the main contributors to the turbidity alteration in the
water column. Suspended sediment can have local sources due to the erosion of bed or resuspension of deposited materials. It also can have non-local origins, from which suspended
materials are transported to the area. Tides, wind, waves, and density currents are more
responsible for transporting suspended materials from non-local sources, whereas wind sea
and swell waves are more responsible for local re-suspension.
Field observations have shown that the wave-induced bottom shear stress is the dominant
force in the sediment re-suspension process in coastal waters (Larcombe et al., 1995; Orpin et
al., 1999; Kobashi et al., 2006). In a micro-tidal estuarine environment, tidal currents are
typically not strong enough to contribute significantly to sediment re-suspension (Wang et al.,
1993; Schoellhamer, 1995; Booth et al., 2000). In general, currents are responsible for the
transport and redistribution of suspended sediments (Sheng and Lick, 1979; Halper and
McGrail, 1988; Larcombe et al., 1995).
In this chapter, the focus is on Terrebonne Bay located in southern Louisiana in the
northern Gulf of Mexico. Under fair weather conditions, the northern Gulf of Mexico has low
hydrodynamic energy compared to the east and west coasts of the United States. Along the
Louisiana coast, wave heights are relatively small (Pepper and Stone, 2004; Kobashi et al.,
2005), and tidal currents are weak because of the small tidal range (Wright et al., 1997).
Although the region is classified as a low energy regime during fair weather, it changes to a
very high-energy regime during storm passages. The Gulf of Mexico has been host of the
countless number of storms, including large and devastating hurricanes, severe tropical
storms, and winter storms associated with cold fronts passages. Since 1880, 9 storm surges
higher than 5 m have been reported on the US Gulf Coast, and 7 of them hit Texas, Louisiana,
and Mississippi coasts (Needham and Keim, 2011). While hurricanes and severe storms are
occasional and mostly pass during the summer time, cold front passages are more frequent
between October and April each year. Due to their frequent occurrences, cold front passages
play a significant role in coastal processes of the northern Gulf of Mexico (Chaney and Stone,
1996; Stone and Wang, 1999; Pepper and Stone, 2004; Feng and Li, 2010). During fair
weather, wind blows from south and southeast in southern Louisiana. This situation changes
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significantly during the cold front passage as the wind direction alters from the mild southerly
wind to the strong northerly wind with much higher velocity and lower temperature (Kobashi
et al., 2005). Increases in wave height and decreases in water depth have been observed
during cold front passages (Keen et al., 2003). Another phenomenon associated with cold
front passages is the flushing of the water in Louisiana bays to the Gulf of Mexico. The
flushing rate mainly depends on the wind direction with respect to the bay geometry and the
wind speed. The most effective wind in the flushing process is the northwest one, which may
cause 40% of the bay water to flush out (Feng and Li, 2010).
The storm passages are one of the drivers of coastal erosion in Louisiana (Morton and
Barras, 2011), and sediment are transported offshore during these storm events (Nittrouer and
Wright, 1994; Pepper and Stone, 2004). There is a low possibility that the re-suspension of
the particles will occur under the fair weather conditions, but bottom shear stress can reach
the critical point and cause the re-suspension of sediment during severe weather, such as the
cold fronts passages (Reed, 1989; Jaffe et al., 1997; Pepper et al., 1998, 1999; Perez et al.,
2000; Pepper and Stone, 2002, 2004; Kobashi et al., 2005). Studies have shown that sediment
suspension and turbidity changes in the coastal region of the northern Gulf of Mexico are
primarily related to the cold front and storm passages.
Terrebonne Bay receives virtually no fluvial inflow. Thus, all sediment and turbidity
changes in the area are only related to the bay itself and its surrounding wetlands. Most of the
studies in the northern Gulf of Mexico have been carried out in outer shelf with higher wave
energy. Because of that, the near bed boundary layer effects on the sediment transport inside
the inner shelf and estuaries along the Louisiana coast are not well understood (Pepper and
Stone, 2004). To investigate the turbidity changes in Terrebonne Bay and develop a better
understanding of the forcing agents that play roles in the estuarine bottom boundary layer
processes, field measurements were conducted within Terrebonne Bay from late August 2010
until the end of 2010.
In the next section, the study area and measurement setup are described. Then, a
qualitative analysis of the field data is presented followed by quantitative analyses of the
measured turbidity as a function of the hydrodynamic forcing. The tidal and swell effects on
the turbidity are discussed and the bottom shear stress under combined waves and current is
investigated. The correlation between wind direction and turbidity is examined and the
mechanism for the observed turbidity changes is identified. Finally, a discussion of the results
and conclusions are given.

STUDY AREA AND MEASUREMENT SETUP
The study site is located in the upper Terrebonne Bay in southern Louisiana on the north
coast of the Gulf of Mexico. Terrebonne Bay was a deltaic plain of Mississippi River 3000 to
4000 years ago and one of its main distributaries during the last 1000 years (Wang et al.,
1993). Terrebonne Bay is surrounded by wetlands, except in the south where it is connected
to the Gulf of Mexico. Although Terrebonne Bay is located between the Mississippi River
bird-foot delta and the Atchafalaya delta, there is no fluvial channel flow into the bay. Its
water exchanges only with the Gulf of Mexico, particularly due to tides and cold front
passages. As there is no external source of sediment to the bay, sediment inside the bay is
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provided by local sources from either the bay bed erosion or the surrounding wetlands erosion
caused by wave activities and cold front and storm passages. Due to continuous erosion,
Terrebonne Bay is experiencing one of the largest land losses in southern Louisiana (Figure
1).

Figure 1. Louisiana basin land losses over time. Data from Couvillion et al. (2011).

Figure 2. Study area (left) and schematic of ADV setup (right).

To study the effect of forcing agents on turbidity changes in Terrebonne Bay, field
measurements were carried out at 29°11'13.20"N and 90°36'33.59"W, close to the Louisiana
Universities Marine Consortium (LUMCON) Terrebonne Bay monitoring station (Figure 2).
Water velocity and pressure were measured from August 24, 2010 to December 31, 2010. A
Sontek Triton ADV (Acoustic Doppler Velocimeter) was mounted in an upward-looking
position on a tripod that was placed on a plywood board sitting at the bottom of the bay, as
shown in Figure 2. The current velocity, water level, and wave parameters were measured
using the ADV, while wind velocity, wind direction, and turbidity data were obtained from
the adjacent LUMCON monitoring station during that period. The velocity and pressure were
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measured using the burst mode of 1024 seconds at a sampling frequency of 2 Hz. The
velocity and pressure probes were located at 1.09 m and 0.80 m above the bed, respectively.
Measurements were conducted from August 24, 2010 to December 31, 2010 in three
segments: the first from August 24 to October 13, the second from October 13 to December
12, and the third from December 12 to December 31. In Total, 6200 bursts were collected
during the measurement period. Metrological data and water turbidity data were extracted
from the LUMCON monitoring station situated about 5 m from the deployed ADV. During
the measurement period, neither hurricane nor tropical storm passed the area. Thus, the data,
analyses, and conclusions presented in this paper do not cover those circumstances.

QUALITATIVE DESCRIPTION OF TIME SERIES DATA
Time series of the water depth, d , near bottom current velocity, uc , and its direction,
wave parameters (i.e., peak wave periods, Tp , and significant wave heights of wind seas and
swell waves, H s ), wind velocity at 10 meter above the sea surface, u10 , and its direction, and
turbidity values are presented in this section. The time series of the measured data in the
second period is presented in Figure 3. Figure 3a shows the changes in water depth, Figure 3b
represents the current velocity and its direction at 1.09 m above the bed. Figure 3c and 3d
depict the peak wave period and the significant wave height, respectively. Figure 3e
illustrates the wind velocity at 10 m above the sea surface and its direction, and Figure 3f
shows the temporal variation of the turbidity at the measurement site. It should be mentioned
that some of the wind data were missing or not recorded in the dataset provided by LUMCON
and not included in the analysis.

Figure 3. Time series of measurement data from October 13, 2010 to December 6, 2010: (a) water
depth, (b) current velocity and direction at 1.09 m from bed, (c) peak wave period, (d) significant wave
height, (e) wind velocity and direction, and (f) turbidity.
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The integral wave parameters, i.e. the significant wave height and peak wave period,
were calculated from the wave spectra. For that purpose, a directional wave analysis was
conducted using the DIWASP (DIrectional WAve SPectra Toolbox) 1.4 Matlab toolbox
(Johnson, 2012). To investigate the effect of the wind sea and swell waves on the turbidity,
the wind sea and swell wave energies were separated, using a separation frequency, f s , in the
wave energy spectra. The separation frequency, f s , is a frequency such that waves with
frequency f  f s are considered to be swell waves and waves with f  f s as wind waves.
There are a number of methods in the literature for the separation of the wind sea from swell
waves, mostly by using the wave energy spectrum (e.g., Wang and Gilhousen, 1998;
Gilhousen and Hervey, 2001; Portilla et al., 2009; Hwang et al., 2012). These methods can be
categorized as a 1D or 2D, wind or non-wind based, and can result in a constant or dynamic
f s value. For this study, a 1D dynamic wind based method, described by Gilhousen and
Hervey (2001), was used. As the first step, a wave steepness function   f  is calculated
using Equation (1), where H s  4 m0  f  is the significant wave height, L is a wave length,

Tz  m0  f  m2  f  is the mean wave period, and mn  f  is the n th moment of the wave
spectrum determined by Equation (2), with S being the wave energy spectrum and fu  0.5
Hz. If a maximum value for the steepness function,   f  , is obtained for a frequency f  f x
, then the separation frequency f s would be given by Equation (3).
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Fair Weather Condition and Background Turbidity
Terrebonne Bay almost never has clear water. Even under fair and calm weather
conditions, without any storm, cold front or strong wind in the area, there is always
background turbidity at the measurement location. This background turbidity, as it is shown
in Figure 3, can be observed between the severe weather conditions. Figure 4 shows the
turbidity changes at the study site for the period from September 7, 2010 to September 17,
2010. Figure 4(a–c) shows the significant wave height, wind velocity, and turbidity values,
respectively. On the Julian Day 251, the turbidity decreased and stayed almost constant
without any considerable changes for the next 7 days until Julian Day 258. The wind was
calm and there was no significant wave activity during that period. Under calm weather
conditions, the mean background turbidity at the study site was about 12.2 Nephelometric
Turbidity Units (NTU).
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Figure 4. Turbidity changes under fair weather conditions: (a) wind sea significant wave height, Hs  sea
, (b) wind velocity and direction, and (c) turbidity. Horizontal dashed line in (c) represents background
turbidity of 12.2 NTU. Thick vertical dashed lines in (c) represent the period of time with the
background turbidity.

Strong South-Southeast Wind
Under fair weather conditions, wind directions along the Louisiana coast are usually from
the south and southeast (Kobashi et al., 2005). The southerly winds that are associated with
the calm weather generally did not cause any significant turbidity changes at the measurement
location.

Figure 5. Southerly winds from August 28, 2010 to August 30, 2010 (Julian Day 240 to Day 242),
between two vertical, thick dashed lines (I). Southerly wind from September 21, 2010 to September 26,
2010 (Day 264 to Day 269) (II). From top to bottom: (a) wind sea significant wave height, (b) wind
velocity and direction, and (c) turbidity. Horizontal dashed line represents an average turbidity of 23.7
NTU for the wind directions between 135 and 225 .
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Except during the period from August 28, 2010 to August 30, 2010, when the southerly winds
were associated with the turbidity values larger than 100 NTU (Figure 5-I), the other turbidity
peaks at the measurement location were associated with northerly winds. Generally, southerly
winds resulted in moderate changes in turbidity at the measurement location, where turbidity
values mostly remained less than 100 NTU (Figure 5-II). The average value of the turbidity
during the measurement period, i.e., from August 24, 2010 to December 31, 2010, was equal
to 23.7 NTU for the wind directions changing between 135 and 225 (wind direction refers
to the direction that wind originally comes from with origin from the north, i.e., 0 from
north, 90 from east, 180 from south, and 270 from west). This shows that southerly
winds only increased the mean turbidity value from its background value of 12.2 NTU up to
23.7 NTU at the measurement location.

Cold Front Passage
The main purpose of this chapter is to investigate the effect of cold front passages on the
turbidity changes in Terrebonne Bay. To this end, field measurements were conducted from
August 24, 2010 to December 31, 2010, which was half way through the cold front season
(Feng and Li, 2010). From October 2010 to the end of December 2010, about 10 cold fronts
passed through the region. The probability of the wind occurrence throughout 2010 and
within the deployment period is presented in Figure 6. A dominant wind direction throughout
the year was southeastern, and the most probable directions were between southerly and
easterly winds. However, in the measurement period, northerly wind was dominant in the
region, which indicates the high cold front activities in the region during the deployment
period.

Figure 6. Wind occurrence probability based on wind direction: (a) during 2010, and (b) during the
measurement period from August 24, 2010 to December 31, 2010.

During a cold front passage, three phases can be distinguished, pre-front phase, front
passage phase, and post-front phase. During the pre-front phase, which refers to the period
when the cold front approached the study area, generally mild and constant southerly winds
blew in the region. In this stage, sea was relatively calm, wave activities inside the bay were

Turbidity Dynamics in Upper Terrebonne Bay, Louisiana

347

limited, and turbidity stayed a little bit above the background value, but not more than 50
NTU most of the time. The pre-front phase followed by the passage of the cold front through
the area. During the passage of the front, the wind condition changed dramatically, as the
mild southerly wind suddenly changed to the strong northerly wind. During the post-front
phase, strong northerly winds blew over the area and wave activity increased. Turbidity at the
measurement location suddenly showed a rapid increase, and in some events, it reached above
700 NTU. Water depth decreased at the measurement location, which indicates that the water
in the bay was flushed out toward the Gulf of Mexico by the strong northerly wind. In Figure
7, two cold fronts passed consecutively over the bay from December 21, 2010 to December
28, 2010. The first one was a weaker front compared to the second front. Increases in the
wave height and turbidity associated with the post-front phase are seen in both events. During
the second front, decreases in water depth due to the strong northerly wind and significant
increases in turbidity are noticeable around Day 360.

Figure 7. Two cold front passages at the study site from December 21, 2010 to December 28, 2010.
Fronts (thick vertical lines) and their pre- and post-front phases are illustrated. From top to bottom: (a)
water depth, (b) wind sea significant wave height, (c) wind velocity and direction, and (d) turbidity.

ANALYSES OF PARAMETERS AFFECTING TURBIDITY
In this section, data are extracted from the time series and analyzed quantitatively to find
the important parameters affecting turbidity at the study site. The evaluated parameters are
water depth, significant wave height, peak wave period, shear velocity, u , from the near
bottom current (described later), wind velocity, and wind fetch, . Although the interactions
of all these parameters together cause the way turbidity changes at the measurement location,
understanding the effect of each parameter on the turbidity is essential before considering its
interaction with other parameters. Therefore, the effects of each parameter on the turbidity at
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the measurement location, separately and in combination with other parameters, are
evaluated.
Turbidity versus the mean water depth results at the study site for the measurement
period are presented in Figure 8a. It shows that the large values of turbidity were associated
with the smallest measured water depth, i.e., ~1.8–2 m. As discussed before, the large values
of turbidity, particularly those above 200 NTU, were related to the cold front passages. In
addition, the strong northerly wind during the post-front phase pushed the water out of the
bay and decreased the mean water depth. These observations can be evaluated more precisely
in Figure 8a, as the peak turbidity values are related to the small water depth at the
measurement location. As the water depth increases, the turbidity decreases to the values
lower than 100 NTU.
Figures 8b and 8c show the variation of turbidity as a function of the significant wave
height and the bottom current shear velocity, respectively. These figures show that the peak
turbidity occurred when the significant wave height was about 0.6 m, and the turbidity
decreased when wave heights were smaller or larger than that. The same trend is observed for
shear velocity. The bottom shear velocity related to the peak turbidity was about 0.0055 m/s.
Observations of these trends show that the local wave activities and the local near bottom
currents did not directly correlate with the local turbidity, and were not responsible for
turbidity changes at the measurement site. They might have contributed indirectly to the
process, but unlikely by themselves alone.

Figure 8. Turbidity versus (a) water depth, (b) significant wave height, and (c) near bottom shear
velocity at the study site from August 24, 2010 to December 31, 2010.

The effects of the wind velocity and the wind fetch on the turbidity variations at the
measurement location during the measurement period are shown in Figures 9a and 9b,
respectively. Figure 9a shows that as the wind velocity u10 increased, turbidity increased as
well. The large wind velocity values, however, were related to the greater scatter of turbidity
measurements. In the figure, wind velocity data were categorized into four groups based on
the wind direction: 1) northwest to northeast

 45  135  , 3) southeast to southwest 135
 225  315  . All high turbidity values were

 315

 45  , 2) northeast to southeast

 225  , and 4) southwest to northwest
associated with the strong northerly and

westerly winds, while the southerly and easterly winds caused only mild changes in turbidity.
Figure 9b shows that all peak turbidity values were associated with the shortest fetch values,
i.e., F ~4–7 km. As the wind fetch increased, the turbidity at the measurement location
decreased. The short fetches were related to the winds from the north and west, while the long

Turbidity Dynamics in Upper Terrebonne Bay, Louisiana

349

fetches were related to the winds from the south and east. Of all the analyzed parameters, the
observed turbidity had the strongest correlation with the wind velocity and its fetch at the
measurement site. As discussed before, the peak turbidity values occurred during the cold
front passages as the strong winds blew from the northwest to northeast, which were
associated with the shortest wind fetches at the measurement site.

Figure 9. Turbidity versus (a) wind velocity and (b) wind fetch at the study site from August 24, 2010
to December 31, 2010.

It can be concluded that the most effective parameter on the turbidity changes at the
measurement location in upper Terrebonne Bay is the strong northerly wind related to the
cold front passages. This also can explain why the turbidity peak values did not occur under
the largest value of H s and u . The strong northerly and westerly winds during the passages
of cold fronts blew over a short fetch before reaching the deployment site. Thus, the northerly
winds did not generate large waves. On the other hand, the southerly and easterly winds,
which were associated with the low turbidity values, blew over the longer fetch and generated
larger waves compared to the northerly winds. Thus, the large waves generated by the
southerly and easterly winds were associated with the lower turbidity values at the
measurement location, and the midrange waves generated by the strong northerly and
westerly winds with a shorter fetch during the cold front passages were related to the higher
turbidity values.
In order to obtain a better understanding of the effects of tidal and swell activities on the
turbidity changes at the measurement location, relationships of turbidity with the ratio of the
water depth to the significant wave height, d H s , and the ratio of the swell significant wave
height to the wind sea significant wave height, H s swell H s sea , are presented. Figure 10a
shows the effect of d H s on the turbidity at the measurement location. All the high values of
turbidity occurred under small d H s values, i.e., d H s ~2–5. This trend indicates that high
turbidity was related either to the small water depth or to the large significant wave height
values. As discussed above, this condition was associated with the cold front passages
through the region. During the post-front phase, the strong northerly winds pushed the water
out of the bay, and decreased the water depth. At the same time, relatively large waves were
generated at the measurement location due to the strong northerly wind, although because of
the short fetch, these waves were not as large as the waves generated by southerly winds. The
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concurrent occurrence of the moderate to large waves with the small water depth at the
measurement location led to the small values of d H s , which strongly correlated with the
large turbidity values. Although the waves generated by southerly winds were larger than the
waves generated by northerly winds, the southerly winds pushed the water from the Gulf of
Mexico into the bay, which increased the water depth at the measurement location in
Terrebonne Bay. As a result, the southerly winds were associated with the larger values of
d H s compared to the northerly winds. As the d H s value increased, the turbidity at the
measurement location decreased significantly. Large values of d H s were related to very
small or no waves activities in the area. This shows that in the absence of wave activities,
changes in water depth did not affect the turbidity at the measurement location, and the tidal
activities alone did not change the turbidity.
Relationship between H s swell H s sea and the turbidity at the measurement location is
presented in Figure 10b. All the high values of turbidity were associated with small
H s swell H s sea values in the range of 0.03–0.1. This shows that the large turbidity values
were related either to the small swell significant wave height, or to the large wind sea
significant wave height. As the H s swell H s sea value increased, the turbidity at the
measurement location decreased significantly. The large values of H s swell H s sea were
related to large swell waves and/or to small or no wind wave activities in the area, which
suggests that swell had a very small effect on turbidity changes at the measurement location.

Figure 10. Relationships of turbidity with (a) the ratio of water depth to significant wave height,
and (b) the ratio of the swell significant wave height to the wind sea significant wave height,
, at the study site from August 24, 2010 to December 31, 2010.

,

BOTTOM SHEAR STRESS ANALYSIS
Effects of the bottom shear stress on the turbidity changes at the measurement location
are investigated in this section. The wave bottom orbital velocity, uwb , shear velocity due to
current, u , bottom shear stress due to current,  c , and bottom shear stress due to wave
activity,  w , and total bottom shear stress due to wave and current interactions,  , are
calculated, and their effects on the turbidity are analyzed.

351

Turbidity Dynamics in Upper Terrebonne Bay, Louisiana

Calculation of Bottom Shear Stress
Soulsby (1997) proposed an equation to calculate the bottom shear stress under the
interaction of waves and current. Assuming the waves and current are in the same direction,
the total bottom shear stress for the combined wave and near bottom current is determined by
Equation (4).




w



w c 

   c 1  1.2 


3.2


 w


(4)

The shear stress due to wave motion,  w , can be calculated from the wave bottom orbital
velocity, uwb , using Equation (5), where  is the water density, and f w is a wave friction

factor. The wave bottom orbital velocity is given by uwb   H T sinh  kd   , where H is the
wave height, T is the wave period, and k is the wave number. The wave friction factor, f w ,
can be calculated using Equation (6) (Swart, 1974), where A  uwb T  2  is half the orbital

excursion of the water in one wave period and ks  2.5d50 is the equivalent grain roughness
based on the median bed particle size  d50  . The shear stress due to the near bottom current,

 c , can be determined by Equations (7), in which u is the bottom shear velocity, also called
friction velocity.
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By knowing the velocity at any point above the bed, for example at z  zref , the shear
velocity can be calculated from the re-arranged logarithmic velocity profile as shown in
Equation (8). Here, zref is the distance of the reference point from bed, u  zref



is the bottom

current velocity measured at the reference point,   0.4 is the von Karman constant, and z0
is the surface roughness and can be estimated by Equation (9) (Christoffersen and Jonsson,
1985) with  as the kinematic viscosity of water.
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ln 

 z0 

(8)
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(9)

Bed Critical Shear Stress
A critical shear stress for cohesive material erosion depends on the sediment properties
and water conditions. Thorn and Parsons (1980) suggested Equation (10) to estimate the
critical shear stress based on the dry density of the bed material. In Equation (10),  e is the
critical shear stress in N/m2,  d is the dry density of the bed material in kg/m3, and a and b
are coefficients that are site specific. Thorn and Parsons (1980) suggested a  5.42  106 and
b  2.28 for 30  d  200 kg/m3. Delo and Ockenden (1992) re-evaluated the values of a ,
b and suggested a  0.0012 and b  1.2 for 30  d  400 kg/m3, including Thorn and

Parsons’ (1980) data in their analysis. Owen (1975) suggested a  6.85  106 and b  2.44
(Mehta, 1986).

 e  a db

(10)

Mitchener et al. (1996) presented Equation (11) to estimate the critical shear stress based
on the bulk density of the bed material  b  in kg/m3. Equation (11) is applicable to a mixed
bed, consolidated bed, and blended high-density bed.

 e  0.015  b  1000 

0.73

(11)

In the literature, different values have been proposed for the critical shear stress of
cohesive material. Although typical values are 0.1–0.2 N/m2, values in the range of 0.01 to 10
N/m2 were also reported (Tolhurst et al., 2009; Grabowski et al., 2011; Le Hir et al., 2011).
While smaller values are more suitable for loose or fluid mud, larger values reflect the critical
shear stress for consolidated muds in an “original” bed. There is no field measurement of the
critical shear stress at the study site, but by considering b  1200–1400 kg/m3 and using
Equation (11), the bottom critical shear stress for the erosion of consolidated bed is estimated
in the range of 0.73–1.19 N/m2. On the marshland north of the study site, in-situ and
laboratory testing of wetland soils indicates that the critical shear stress near the marsh edge
ranges from 0.45 to 1.9 N/m2 (Chen et al., 2012). The critical shear stress on the wetland is
found to increase with vegetation root content, indicating that the roots play an important role
in controlling marsh erosion (Chen et al., 2012).

Effect of Bottom Shear Stress on Turbidity
Based on the information about the shear stresses, as discussed above, the effect of
bottom shear stress on the turbidity changes at the measurement location is evaluated. Figure
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11 presents the time series of the estimated bottom shear stress (only data for October 13,
2010 to December 6, 2010 are presented). Figure 11a represents the total bottom shear stress
for waves with an ambient current, Figure 11b shows the bottom shear stress due to the wave
motion only, Figure 11c depicts the bottom shear stress due to the near bottom current, and
Figure 11d illustrates the turbidity at the measurement location. It is seen that when the total
bottom shear stress values were greater than a certain threshold, changes in turbidity seemed
to follow the bottom shear stress, such as Day 309. However, there were events when
turbidity changes did not follow the bottom shear stress closely, such as after Day 339. The
majority of the total bottom shear stress values stayed below 0.2
.

Figure 11. Estimated bottom shear stress time series at the study site from October 13, 2010 to
December 6, 2010: (a) total bottom shear stress,  , (b) bottom shear stress due to the wave motion,  w
, (c) bottom shear stress due to the near bottom current,  c , and (d) turbidity.

In order to evaluate the direct relationship between the total bottom shear stress and
turbidity, scatter plot of these parameters, separated based on the wind direction, is presented
in Figure 12. It is seen that the turbidity did not correlate well with the bottom shear stress at
the measurement location. Large values of turbidity occurred when 0.1    0.8 N/m3, with
the largest values at   0.2 N/m3. The turbidity decreased for both small and large values of
bottom shear stress. Although re-suspension of the freshly deposited top layer of sediment
could have occurred by a small or modest bottom shear stress, the low turbidity values in the
presence of the very large bottom shear stress suggests that bed erosion could not be the only
or main source of the observed turbidity changes at the measurement location.
In order to evaluate the contribution of the bed erosion in the shallow water to the
turbidity changes at the measurement location, the bottom shear stress was calculated for
different water depths (Figure 13). Four different significant wave heights of 0.4, 0.6, 0.8, and
1 m and their correspondent bottom shear velocities of 0.00586, 0.00653, 0.00725, and
0.00967 m/s at the measurement site were chosen. The bottom shear stresses from the
interaction of surface waves and the near bottom current were calculated, assuming that the
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wave heights and the near bottom current velocities remain constant. As shown in Figure 8b,
the large turbidity values were related to the significant wave height of about 0.6 m. The
averaged mean water depth at the measurement site was 2.4 m during the measurement
period. Figure 13 shows that the bottom shear stress for d  2.4 m and H s  0.6 m is about
0.4 N/m2, which would be large enough to re-suspend the freshly deposited top layer of the
bed, but is not large enough to erode the original, consolidated mud in the bed. Figure 13 also
indicates that the bottom shear stress in the very shallow area can certainly exceed the critical
threshold and cause erosion. This suggests that the source of turbidity changes at the
measurement location could be from the erosion and transport of the materials in the
shallower water closer to the wetlands, or wetlands themselves.

Figure 12. Relationship between the total bottom shear stress,  , and turbidity at the study site from
August 24, 2010 to December 31, 2010.

Figure 13. Near bottom shear stress for combined waves and current versus the mean water depth for
different wave heights.
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DIRECTIONAL ANALYSIS AND TURBIDITY SOURCE IDENTIFICATION
To understand the effect of wind and current directions on the turbidity at the
measurement location in Terrebonne Bay, a directional analysis was conducted on all
measured data from August 24, 2010 to December 31, 2010. The wind directions in this
section refer to the directions that the winds originally came from with the origin from the
north. Although all the currents were measured in the ENU (East-North-Up) coordinate
system, to make them comparable with the wind direction, all current directions were
converted to comply with the wind direction definition.
Relationships of the wind velocity, total bottom shear stress, and turbidity with the wind
directions at the study site, are shown in Figure 14(a–c), respectively. The turbidity and wind
velocity followed the same trend with respect to the wind direction, i.e., by increasing the
wind velocity, turbidity at the measurement location increased and vice versa. The highest
values of the turbidity were related to the wind directions of 300  350 and 0  45 . Also,
there were some high turbidity values around 150 and 180 . The highest values of turbidity
occurred, first under the strong northwesterly winds, and second under the northeasterly
winds. These winds were associated with the passages of cold fronts in the region.
Unlike the wind velocity, the bottom shear stress did not have a correlation with the
turbidity. The highest turbidity values occurred in 300  315 , while the bottom shear stress
had very low values for winds in these directions. The largest values of shear stress occurred
for wind directions of 135  150 , while turbidity had low values. The bottom shear stress
and turbidity appeared to be relatively high in 15  345 , but these were associated with
northerly winds during cold front passages.
Although the local bottom shear stress might have effects on turbidity changes, Figure 14
shows that it was not the main driving force at the measurement location. The main source of
the turbidity at the site probably came from the suspended particles that originated from the
surrounding wetlands or their adjacent shallow waters. To test this hypothesis, the
relationship of the near bottom current velocity and turbidity with respect to the near bottom
current direction at the measurement location was evaluated (Figure 15). The dominant
current directions were around 30 and 210 , which are in the northeast-southwest direction.
It can be seen that changes in the near bottom current and turbidity followed the same trend
with respect to the current direction, and both increased or decreased at the same time. This
means that the near bottom current carried eroded materials to the measurement location and
caused the increases in turbidity at that location.
Figures 14 and 15 confirm the hypothesis that the main source of the turbidity at the
measurement location was from the suspended materials that were carried by the currents
from the wetlands and their adjacent shallow areas to the measurement site. During the
passages of the cold fronts, strong northerly winds caused flushing in the bay and pushed out
the water from the wetlands toward the Gulf of Mexico. These seaward currents carried all
eroded materials from the wetlands and their adjacent shallow areas toward the center of
Terrebonne Bay and caused a significant increase in turbidity in the bay. The role of the wind
waves was also significant. First, large waves generated by southerly winds in the pre-frontal
phase were responsible for the bed erosion in the shallow water close to the wetlands and
marsh edge erosion. Second, large waves were also responsible for the re-suspension of the
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freshly deposited materials in the deeper water, allowing the eroded materials from the
wetlands to be flushed out of the bay to the Gulf of Mexico.

Figure 14. Variations of (a) wind velocity, (b) total bottom shear stress, and (c) turbidity with respect to
the wind direction at the study site from August 24, 2010 to December 31, 2010.

Figure 15. Variations of (a) near bottom current velocity and (b) turbidity with respect to the current
direction at the study site from August 24, 2010 to December 31, 2010.
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CONCLUSION
Turbidity has been a point of interest in ecological and environmental studies because the
increase of turbidity in the water column leads to significant changes in aquatic ecosystems.
High turbidity in the water column is the direct result of the increases in the organic and
inorganic suspended materials in the water. Terrebonne Bay, located in south Louisiana in the
northern Gulf of Mexico, has suffered tremendous wetland loss. There is no fluvial input to
this bay, and because of that, any turbidity changes in the area originate from the bay itself
and its surrounding wetlands. In order to investigate the effects of the forcing agents on the
turbidity in Terrebonne Bay, field measurements were conducted from August 24, 2010 to
December 31, 2010. A Sontek Triton ADV was deployed at 29°11'13.20"N and
90°36'33.59"W to measure the near bottom current velocity, water depth, and wave
parameters. The wind velocity and its direction, and turbidity data were extracted from the
adjacent Louisiana Universities Marine Consortium (LUMCON) monitoring station.
Time series analyses of the data have shown that under the fair and calm weather
conditions, there was background turbidity equal to ~1.22 NTU at the study site. The
southerly winds (between 135 and 225 ) typically caused only moderate changes in
turbidity, which was mostly less than 100 NTU with an average of 23.7 NTU.
The field data indicate that all of the spikes in the turbidity values were related to the cold
fronts passages. The northerly winds were the dominant agent throughout the measurement
period, which indicates the high cold fronts activities in the region during that period. The
large values of turbidity at the measurement location occurred at the smallest water depth.
These large values of turbidity coincided with the cold fronts passages when the mean water
depth decreased, because of water being pushed out of the bay by strong northerly winds. The
field data suggest that the local wave activities and near bottom currents were not directly
responsible for the turbidity changes at the measurement site.
Directional analyses of the wind and current at the measurement location show that
changes in the turbidity and wind velocity values with respect to the wind direction followed
the same trend. The largest values of turbidity occurred first, under the strong northwesterly
winds, and second, under the northeasterly winds, which were associated with the passages of
the cold fronts in the region. Like the wind velocity and turbidity, the near bottom current and
turbidity followed the same trend with respect to the current direction. This confirms the
hypothesis that the main source of turbidity in the area was suspended materials that were
carried by currents from eroded wetlands and their adjacent shallow water areas to the
measurement location during the cold front passages.
Wind waves in Terrebonne Bay play an important role in turbidity changes because they
are responsible for the erosion of tidal flats and marsh edges, and for the re-suspension of the
freshly deposited materials in the bay. Notice that the conclusions drawn in this study are
based on normal weather conditions with regular cold front passages. It is expected that the
turbidity dynamics in Terrebonne Bay are dramatically different under hurricane or tropical
storm conditions, which is a subject of future research.

358

Arash Karimpour, Qin Chen and Ranjit Jadhav

ACKNOWLEDGMENTS
Funding for the research was provided in part by the Department of Homeland Securitysponsored Southeast Region Research Initiative (SERRI) managed by the Department of
Energy’s Oak Ridge National Laboratory (ORNL), and by the National Science Foundation
(NSF) Northern Gulf Coastal Hazards Collaboratory (Grant No. 1010640). LUMCON
provided meteorological and turbidity data, boats, and personnel assistance for our fieldwork.
Dr. Weiming Wu at the University of Mississippi and Dr. Hongqing Wang in the USGS
National Wetlands Research Center are acknowledged for their helpful comments.

REFERENCES
Berry, W., Rubinstein, N., Melzian, B., Hill, B., (2003). The biological effects of suspended
and bedded sediment (SABS) in aquatic systems: A review. United States Environmental
Protection Agency, Office of Research and Development, National Health and
Environmental Effects Laboratory.
Booth, J.G., Miller, R.L., McKee, B.A. and Leathers, R.A., (2000). Wind-induced bottom
sediment resuspension in a microtidal coastal environment. Continental Shelf Research,
20, 785–806.
Chaney, P.L., Stone, G.W., (1996). Soundside erosion of a nourished beach and implications
for winter cold front forcing: West Ship Island Mississippi. Shore and Beach, 64(1), 27–
33.
Chen, Q., Ozeren, Y., Zhang, G., Wren, D., Wu, W., Jadhav, R., Parker, K., and Pant, H.,
(2013). Laboratory and field investigations of marsh edge erosion. In Sediment
Transport: Monitoring, Modeling and Management, Editors: Khan, A.A., Wu, W., Nova
Science Publishers.
Christoffersen, J. B., Jonsson, I.G., (1985). Bed friction and dissipation in a combined current
and wave motion. Ocean Engineering, 12(5), 387–423.
Couvillion, B.R., Barras J.A., Steyer G.D., Sleavin W., Fischer M., Beck H., Trahan N.,
Griffin B., Heckman D., (2011). Land area change in coastal Louisiana from 1932 to
2010. USGS Scientific Investigations Map 3164, pubs.usgs.gov/sim/3164/.
Delo, E.A., Ockenden, M.C., (1992). Estuarine muds manual. HR Wallingford, Report
SR309.
Feng, Z., Li C., (2010). Cold-front-induced flushing of the Louisiana Bays. Journal of Marine
Systems, 82(4), 252–264.
Gilhousen, D.B., Hervey, R., (2001). Improved estimates of swell from moored buoys.
Proceedings, Fourth International Symposium on Ocean Wave Measurement and
Analysis, ASCE, 387–393.
Grabowski R.C., Droppo I.G., Wharton G., (2011). Erodibility of cohesive sediment: The
importance of sediment properties. Earth-Science Reviews, 105(3–4), 101–120.
Halper, F.B., McGrail, D.W., (1988). Long-term measurements of near-bottom currents and
suspended sediment concentration on the outer Texas–Louisiana continental shelf.
Continental Shelf Research, 8(1), 23–36.

Turbidity Dynamics in Upper Terrebonne Bay, Louisiana

359

Hwang, P.A., Ocampo-Torres F.J., García-Nava H., (2012). Wind sea and swell separation of
1D wave spectrum by a spectrum integration method. Journal of Atmospheric and Ocean
Technology, 29, 116–128.
Jaffe, B.E., List, J.H., Sallenger Jr., A.H., (1997). Massive sediment bypassing on the lower
shoreface offshore of a wide tidal inlet-Cat Island Pass Louisiana. Marine Geology, 136,
131–149.
Johnson, D., (2012). DIWASP, a directional wave spectra toolbox for MATLAB: User
manual. www.metocean.co.nz/cms/webcontent/software/DIWASP_manual.pdf.
Keen, T.R., Stone, G.W., Kaihatu, J., Hsu, Y.L., (2003). Barrier island erosion during a
winter cold front in Mississippi Sound. Coastal Sediments 2003, Clearwater Beach,
Florida, ASCE.
Kerr, S.J., (1995). Silt, turbidity and suspended sediments in the aquatic environment: An
annotated bibliography and literature review. Ontario Ministry of Natural Resources,
Southern Region Science & Technology Transfer Unit Technical Report TR-008.
Kobashi, D., Jose F., Stone, G.W., (2005). Hydrodynamics and sedimentary responses within
the bottom boundary layer: Sabine Bank, western Louisiana. Gulf Coast Association of
Geological Societies Transactions, 55, 392–399.
Kobashi, D., Jose, F., Stone, G.W., (2006). Wave and bottom sediment interactions over a
submerged sand bank during the winter cold-front season, western Louisiana. Gulf Coast
Association of Geological Societies Transactions, 56, 395–401.
Larcombe, P., Ridd, P.V., Prytz, A., Wilson, B., (1995). Factors controlling suspended
sediment on the inner-shelf coral reefs, Townsville, Australia. Coral Reefs, 14, 163–171.
Le Hir, P., Cayocca, F., Waeles, B., (2011). Dynamics of sand and mud mixtures: A
multiprocess-based modelling strategy. Continental Shelf Research, 31 (10), S135–S149.
Mehta, A.J., (1986). Characterization of cohesive sediment properties and transport processes
in estuaries. In Estuarine Cohesive Sediment Dynamics, Editor: Mehta, A.J., Berlin,
Springer-Verlag, 290–325.
Mitchener, H.J., Whitehouse, R.J.S., Soulsby, R.L., Lawford, V.A., (1996). Estuarine
morphodynamics: Development of SedErode — instrument for in-situ mud erosion
measurements. HR Wallingford, UK, Report TR17.
Morton, R.A., Barras, J.A., (2011). Hurricane impacts on coastal wetlands: A half-century
record of storm-generated features from southern Louisiana. Journal of Coastal
Research, 27(6A), 27–43.
Needham, H.F., Keim, B.D., (2011). A storm surge database for the US Gulf Coast.
International Journal of Climatology, 32(14), 2108–2123.
Nittrouer, C.A., Wright, L.D., (1994). Transport of particles across continental shelves.
Reviews of Geophysics, 32, 85–113.
Orpin, A.R., Ridd, P.V., Stewart, L.K., (1999). Assessment of the relative importance of
major sediment-transport mechanisms in the Great Barrier Reef Lagoon. Australian
Journal of Earth Sciences, 46(6), 883–896.
Owen, M.W., (1975). Erosion of Avonmouth mud. Report No. INT 150, Hydraulics Research
Station, Wallingford, UK.
Pepper, D.A., Stone, G.W., (2002). Atmospheric forcing of fine-sand transport on a lowenergy inner shelf: South-central Louisiana USA. Geo-Marine Letters, 22, 33– 41.

360

Arash Karimpour, Qin Chen and Ranjit Jadhav

Pepper D.A., Stone G.W., (2004). Hydrodynamic and sedimentary responses to two
contrasting winter storms on the inner shelf of the northern Gulf of Mexico. Marine
Geology, 210(1–4), 43–62.
Pepper, D.A., Stone, G.W., Wang, P., (1998). A preliminary assessment of wave, current, and
sediment interaction on the Louisiana shoreface adjacent to the Isles Dernieres. Geology
Faculty Publications. Paper 172, Louisiana State University.
Pepper, D.A., Stone, G.W., Wang, P., (1999). Bottom boundary layer parameters and
sediment transport on the Louisiana inner-shelf during cold front passages. Gulf Coast
Association of Geological Societies Transactions, 49, 432– 439.
Perez, B.C., Day Jr, J.W., Rouse, L.J., Shaw, R.F., Wang, M., (2000). Influence of
Atchafalaya River discharge and winter frontal passage on suspended sediment
concentration and flux in Fourleague Bay, Louisiana. Estuarine, Coastal and Shelf
Science, 50(2), 271–290.
Portilla, J., Ocampo-Torres, F.J., Monbaliu, J., (2009). Spectral partitioning and identification
of wind sea and swell. Journal of Atmospheric and Ocean Technology, 26(1), 107–122.
Reed, D., (1989). Patterns of sediment deposition in subsiding coastal salt marshes,
Terebonne Bay, Louisiana. Estuaries, 12, 222–227.
Schoellhamer, D.H. (1995). Sediment resuspension mechanisms in Old Tampa Bay, Florida.
Estuarine, Coastal and Shelf Science, 40(6), 603–620.
Sheng, P.Y., Lick, W. (1979). The transport and resuspension of sediments in a shallow lake.
Journal of Geophysical Research, 84(C4), 1809–1826.
Soulsby, R.L., (1997). Dynamics of marine sands. A manual for practical applications.
Thomas Telford, London.
Stone, G.W., Wang, P., (1999). The importance of cyclogenesis on the short-term evolution
of gulf coast barriers. Gulf Coast Association of Geological Societies Transactions, 49,
478–487.
Swart, D.H., (1974). Offshore sediment transport and equilibrium beach profiles. Delft
Hydraulics Laboratory Publication 131.
Thorn, M.F.C., Parsons, J.G., (1980). Erosion of Cohesive Sediments in Estuaries: An
Engineering Guide. Proceedings of the 3rd International Symposium on Dredging
Technology, BHRA Fluid Engineering, Bedford, U.K.
Tolhurst, T., Black, K., Paterson, D. (2009). Muddy sediment erosion: Insights from field
studies. Journal Hydraulic Engineering, 135(2), 73–87.
Wang, F.C., Lu, T., Sikora, W.B. (1993). Intertidal marsh suspended sediment transport
processes Terrebonne Bay, Louisiana. Journal of Coastal Research, 9, 209–220.
Wang, D., Gilhousen, D., (1998). Separation of seas and swells from NDBC buoy wave data.
Fifth Int. Workshop on Wave Hindcasting and Forecasting, Melbourne, FL, ASCE, 155–
162.
Wright, L.D., Sherwood, C.R., Sternberg, R.W., (1997). Field measurements of fairweather
bottom boundary layer processes and sediment suspension on the Louisiana inner
continental shelf. Marine Geology, 140(3–4), 329–345.

