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ABSTRACT 

Predicting and monitoring the spatial and temporal extent of suspended sediment plumes produced from the 
excavation, transport, and placement of dredged sediment are important management practices to avoid unacceptable 
ecological impacts.  The objective of this research was to estimate the concentration of suspended sediments within 
an active dredge plume using reflectance in the visible spectrum collected remotely using a relatively low-cost 
platform.  To achieve this overall objective, a low-cost monitoring system was developed consisting of a weather 
balloon-mounted consumer grade digital camera to acquire turbidity reflectance in the visible bands (400-700 nm) of 
a shallow coastal area affected by a pipeline discharge of dredged sediment.  To enhance the spectral reflectance 
sensitivity, a white reference surface target and white reference submerged target (suspended 7.62 cm below the water 
surface) were situated to be visible in each image.  Turbidity sensors were mounted on the reflectance targets to 
concurrently measure turbidity while images were acquired.  There was no apparent relationship between relative 
reflectance in the open water (i.e., no reference target) and turbidity; therefore, under these field conditions it would 
be difficult to rely on visible reflectance data obtained from an open water area as an indicator of turbidity.  However, 
the importance of the white reference surface target and the white submerged target was demonstrated by the relative 
submerged target reflectance (white reference submerged target water reflectance/white reference surface target 
reflectance) plotted against the turbidity which resulted in an inverse logarithmic trend and r2=0.7953.  The results 
agree with previous research using visible RGB in that the relationship between reflectance and turbidity is logarithmic 
and as the NTU increases the spectral sensitivity decreases and eventually saturates.  This study demonstrated that the 
use of surface and submerged white reference targets increased spectral reflectance and when correlated to 
concurrently measured turbidity reduced the uncertainty of monitoring and predicting turbidity in a shallow water 
turbid coastal environment.  This study provides information to support the design and implementation of relatively 
low-cost monitoring systems for remotely sensing turbidity plumes. 
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INTRODUCTION 

Remote sensing information acquired from satellites and aircraft (manned planes; unmanned aerial systems [UAS]), 
has been used to estimate suspended sediment concentrations on a large spatial scale (Curran and Novo 1988; 
Dörnhöfer and Oppelt 2016; Wilkens et al. 2017; Umar et al. 2018).  Remotely sensed data can be used to create a 
georeferenced snapshot (e.g., orthomosaic) of the sediment plume which can be integrated into a digital map to 
measure the scale of the plume providing insights into other useful information such as the exposure of nearby 
resources to the plume, plume patterns, and areas of deposition may be identified.  Additionally, empirical 
relationships between suspended solids concentration (SSC in mg/L), turbidity (nephelometric turbidity units [NTU]) 
and spectral wavelengths in the visible (400-700 nm) and near infrared (700-900 nm [NIR]) have been established.  A 
number of visible bands from satellite imaging sensors or aircraft using consumer grade digital cameras have been 
used to successfully show correlations with suspended sediments concentrations (as SSC), but commonly these 

1 Research Biologists, US Army Corps of Engineers, Engineer Research and Development Center, 3909 Halls Ferry 
Rd., Vicksburg, MS 39180, USA, T: 601-634-2421, Email: Justin.L.Wilkens@usace.army.mil; T: 601-634-, Email: 
Andrew.D.McQueen@usace.army.mil; T: 601-634-4578, Email: Burton.C.Suedel@usace.army.mil; T: 601-634-
4053, Email: Shea.L.Hammond@erdc.dren.mil; T: 601-634-3687, Email: Austin.V.Davis@usace.army.mil; T: 601-
634-3924, Email: Jay.Bennett@usace.army.mil; T: 601-634-3988, Email: Morris.P.Fields@usace.army.mil.  
2 Geographer, US Army Corps of Engineers, Engineer Research and Development Center, 258B Military Sciences 
Bldg., Baton Rouge, LA 70803, USA T: 225-578-2398, Email: Christina.L.Saltus@erdc.dren.mil. 
3 Environmental Resources Specialist, U.S. Army Corps of Engineers New Orleans District, P.O. Box 60267, New 
Orleans, LA 70160, USA, T: 504-862-1958, Email: Jeffrey.M.Corbino@usace.army.mil.  

DREDGING SUMMIT & EXPO ’18 PROCEEDINGS

309

mailto:Justin.L.Wilkens@usace.army.mil
mailto:Andrew.D.McQueen@usace.army.mil
mailto:Burton.C.Suedel@usace.army.mil
mailto:Shea.L.Hammond@erdc.dren.mil
mailto:Austin.V.Davis@usace.army.mil
mailto:Jay.Bennett@usace.army.mil
mailto:Morris.P.Fields@usace.army.mil
mailto:Christina.L.Saltus@erdc.dren.mil
mailto:Jeffrey.M.Corbino@usace.army.mil


relationships are limited to scenarios where SSC is less than 100 mg/L in the surface water (Dekker et al. 2001; 
Binding et al. 2005; Tyler et al. 2006; Haque and Adhikary 2016).  The visible reflectance relationship is often 
logarithmic, thus as the SSC or NTU increases, the spectral reflectance sensitivity decreases and eventually saturates.  
NIR and red wavelengths are more sensitive to higher SSCs and have been used to determine SSCs up to 1,000 mg/L 
(Doxaran et al. 2002; Karabulut and Ceylan 2005; Sterckx et al. 2007; Umar et al. 2018).  Although empirical 
relationships can be successfully established between visible reflectance and SCCs, these predictive relationships are 
generally site-specific (Matthews 2011). 

Predicting and monitoring the spatial and temporal extent of suspended sediment plumes produced from the 
excavation, transport, and placement of dredged sediment are important management practices to avoid unacceptable 
ecological impacts associated with operations and often necessary to comply with regulatory requirements (Reine et 
al. 1998; Suedel et al. 2008).  Satellite technologies can be too coarse spatially and temporally, making them an 
impractical option to use for determining short-term impacts, such as a dredge plume on a specific area.  Manned 
aircraft can provide higher spatial and temporal resolution imagery, but expensive image acquisition and operating costs 
often make repeated flights impractical.  The improvement of UAS platform technologies allows for the opportunity to 
collect imagery with high spatial and temporal resolution, but the Federal Aviation Administration (FAA) and U.S. 
Army rules governing UAS operations can hinder their use near dredging operations.  Similar remote sensing 
techniques using tethered airships may be more reliable and operations repeatable in most project settings because 
they are less restricted by FAA and U.S. Army regulations.  This option can produce desirable high spatial and 
temporal resolution of the optical water properties over a long monitoring period (e.g. hours to days of air time).  This 
advantage can be important when considering the temporal variability of SSC near a coastal dredging operation which 
can be influenced by tides, prevailing winds and currents, and river flow which can result in a continuous movement 
of water.  In situ grab samples can be concurrently collected with spectral reflectance data to build an empirical 
relationship, but this is often inadequate if too few samples are collected for dynamic systems.  Alternatively, an 
automated turbidity monitoring station synched with image collection may result in a more practical approach.  A 
tethered airship is limited to a smaller area (depending on altitude and sensor), and could be well suited for turbidity 
monitoring in areas situated near ecological sensitive areas that may benefit from continuous measurements during 
dredging operations (e.g., oyster reef, seagrass).  Additionally, the tethered airship provides an opportunity to collect 
data over longer periods of time which can provide insight into useful information about the temporal variability of 
spectral reflectance correlated to SSC or NTUs in moving water.  The objective of this research was to estimate the 
concentration of suspended sediments within an active dredge plume using reflectance in the visible spectrum 
collected remotely using a relatively low-cost platform.  To achieve this overall objective, a low-cost monitoring 
system was developed consisting of a weather balloon-mounted consumer grade digital camera to acquire turbidity 
reflectance in the visible bands (400-700 nm) of a shallow coastal area affected by a pipeline discharge of dredged 
sediment.   

METHODS 

Study area 

The study area was located in the Gulf of Mexico (29°43'48.04"N, 93°0'46.48"W) immediately west of a rock jetty 
extending from the mouth of the Mermentau River, south of Grand Chenier, LA, USA (Figure 1).  This area is part of 
the Chenier Coastal Plain which is characterized by low gradient muddy shorelines or mud flats with an abundance of 
sediments deposited form tides and rivers (Wells and Kemp 1981).  The balloon was tethered and launched 
approximately 30 m from the shoreline over water depths that ranged 1-2 m.  A cutterhead pipeline dredge, Ingenuity, 
excavated sediment from the mouth of the river near the end of the west rock jetty.  Dredged sediment was discharged 
into the shallow coastal waters of the Gulf of Mexico via a pipeline positioned on top of, and perpendicular to, the 
west rock jetty.  The combination of primarily south, southeast winds, and the jetty, resulted in water currents that 
moved southeast into the corner where the jetty and shoreline met and then continued west along the shoreline.  
Observations confirmed that a portion of the sediment plume migrated along this path and extended down the shoreline 
for serval miles.  The study area was subjected to primarily dredge plume inputs and also naturally deposited sediment 
inputs from Mermentau River along with low wave energy and tidal influences. 
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Figure 1.  Study area located in the Gulf of Mexico near the  

mouth of the Mermentau River, south of Grand Chenier, LA, USA. 
Digital camera 

A consumer-grade digital camera sensor (Survey2, Visible Light RGB, MAPIR, San Diego, CA) was used to capture 
images in the visible spectrum (400-700 nm).  This 16 megapixel camera is capable of a ground sample distance of 
4.05 cm per pixel at 120 m above ground level (lens optics: 82° HFOV [23 mm] f/2.8 aperture [fixed], -1% extreme 
low distortion [non-fisheye] glass lens).  The camera was USB powered by external battery.  The camera settings used 
during deployment were as follows: image size 16 MP 4:3; RAW+JPG; shutter speed 1/1000; time lapse 5 sec; 
exposure value compensation +0.0; ISO-50; color normal; contrast normal; sharpness normal; metering average; and 
single image capture mode.  Because the camera sensor uses a Bayer filter, there are twice as many green photosensors 
as there are red and blue so a custom white balance (R1, B1) was used in an attempt to enhance the capture of green 
colors at the green photosites on the sensor in order to increase the likelihood of detecting changes in turbidity. 

Weather balloon 

A latex 1,500 g weather balloon (KCl-1500, Kaymont Consolidated, Melbourne, FL) was inflated with helium until a 
lift force of over 2 kg was achieved.  The camera rig consisted of a Styrofoam half ball (Smoothfoam Half Balls-15.24 
cm, Hobby Lobby, Oklahoma City, OK) in which the digital camera, video downlink, battery and other small 
accessories were mounted inside (≈ 950 g total weight).  The camera rig was suspended from a modified Picavet 
system (Picavet 1912) attached to a square supporting frame that allowed approximately vertical photographs and 
self-levelling (Figure. 2).  Immediately above, and attached to the square supporting frame, was a smaller square 
supporting frame with a swivel.  The swivel was attached to the neck of the balloon by a 3 m length of cord (3 mm 
diameter nylon cord).  The swivel helped to compensate for twisting of the balloon and sudden movements.  The main 
supporting frame holding the camera rig was made of aluminum with each of the four corners used to connect the 
tether for anchoring and positioning the balloon which floated approximately 45 m above the water surface. 
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Figure 2.  Modified Picavet system (left); shoreline and mudflat (middle); balloon deployment (right). 

Reflectance targets 

To enhance the spectral reflectance sensitivity a white reference surface target and a white reference submerged target 
were situated to be visible in each image.  A 0.91 m2 submerged target consisted of an opaque white reference made 
from three layers of Tyvek glued to a 1.27 cm thick acrylic sheet.  The acrylic sheet was used because it provided a 
rigid flat surface for attaching Tyvek, low flexibility, and remained submerged by its own weight.  In each corner of 
the acrylic sheet, a 2.54 cm hole was drilled and a 2.54 cm PVC bulkhead fitting was installed.  The calibration target 
was suspended from a 0.91 m2 platform, constructed of 3.81 cm diameter PVC, by chains.  The chains, hose clamped 
to each corner of the platform, were pulled through each bulkhead fitting on the calibration target and then a carabiner 
was clipped through a link to prevent the chain from moving and to set the depth of the calibration target below the 
water surface at 7.62 cm.  A white surface target consisted of three layers of Tyvek glued to a 0.91 m diameter circle 
cut from a white fiber reinforced polymer sheet.  The surface target was attached by Velcro to 8.89 cm diameter noodle 
foam floats which were installed on a 0.45 m2 platform constructed of 1.27 cm diameter PVC.  The surface target 
platform was attached to the submerged target platform by a 0.61 m long PVC piece and hose clamps.  All visible 
PVC was spray painted black. 

Turbidity monitoring 

The NTU sensors were mounted to the reflectance target platforms and positioned about 7.62 cm below the water 
surface to collect NTUs near the water surface which would better represent reflectance values.  This measurement 
depth was chosen because the radiance penetrates only the top few millimeters of the water column before being 
absorbed or reflected.  An optical backscatter turbidity sensor (OBS-3+, 0-1,000 NTU, Campbell Scientific) was 
mounted to the submerged target platform to collect NTU readings prior to the turbidity plume moving over the 
submerged target.  Another turbidity sensor was mounted on the white reference surface target platform to measure 
turbidity in a blank area adjacent to the target.  Approximately 2 m separated the turbidity sensors.  The turbidity 
sensors were both connected to a data logging device which collected measurements every ten seconds.  The data 
logging computer clock was synchronized with the camera clock so that date and time stamps could be used to produce 
concurrently measured NTU and reflectance data. 

Data processing 

No adjustments (e.g., white-balance correction; noise reduction) were made to the images post acquisition.  The JPEG 
images were selected and processed using a Python script (PSF 2018).  Raw images were not analyzed but would 
likely exhibit the same pattern but with less uncertainty.  Regions of interest (ROI) were automatically digitized in 
each image to select pixels from the white reference surface target, white reference submerged target, and the open 
water area adjacent to the white surface target.  A circle marked all the pixels belonging to the ROI over each target.  
For each ROI, the mean RGB spectral reflectance data was extracted.  Total RGB reflectance intensity was the sum 
of RGB in each ROI for each image.  A white reference submerged target relative reflective index was created by 
dividing its RGB reflectance number by the white reference surface targets reflectance number.  An open water relative 
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reflective index was determined the same way.  A regression was used to explore the relationship between the 
submerged target index and turbidity and the open water index and turbidity.   

RESULTS AND DISCUSSION 

The weather balloon was successfully deployed on 19 and 20 September 2017 to a height of approximately 45 m with 
a ground sample distance of less than 2 cm per pixel (Figure 3).  Weather conditions on the first day were wind speeds 
of less than 5 m/s with minimal gusts from the south-southeast, scattered clouds, and max temperature of 31°C.  In 
situ image acquisition and NTU readings started at approximately 1400 hours and ended at 1745 h.  Weather conditions 
on the second day were sustained wind speeds of approximately 5 m/s with gusts frequently exceeding 9 m/s from the 
south-southeast, scattered clouds with short rain events, and max temperature of 31°C.  The balloon and NTU sensors 
were briefly deployed from approximately 1300 to 1445 h and then grounded due to wind gusts and rain.  When the 
balloon was tethered in strong winds it was observed the balloon lost its round and more aerodynamic shape and 
instead became flatter or more convex shape.  The combined effects of increased drag and repeated wind gusts 
eventually resulted in the balloon altitude suddenly decreasing and sailing downwards nearly into the water.  In 
addition to difficulties with balloon deployment on the second day, there were also numerous negative or zero readings 
from the NTU sensors.  Due to wave action on the second day and limited mobility of the sensor mount, the sensors 
were apparently lifted repeatedly from the water resulting in a zero reading.  Due to lack of data collection on the 
second day, only the first day is reported. 

  
Figure 3.  Image of white reference targets and a turbidity plume  

approaching the turbidity monitoring area. 

On the first day, a total of 1,937 images were acquired of which 1,133 images were concurrently acquired with an 
NTU measurement and were used for analysis.  The average (standard deviation) turbidity measurement was 31.3 (± 
22.1) for the sensor monitoring water near the submerged target and 23.3 (± 7.6) for the sensor in the open water area 
(Figure 4).  The turbidity ranged from 11 to 114 NTU for the sensor data combined.  These turbidity levels are within 
a range commonly experienced near a dredging operation.  Prior to set up, dredge operations temporarily stopped 
while the crew repositioned the vessel near the west rock jetty and as a result turbidity concentrations remained 
relatively constant (20-40 NTU) for the first few hours of sampling.  Once operations resumed, a sediment plume was 
visually observed and eventually a portion of the plume (max 114 NTU) migrated through the sampling area between 
1635 and 1650 h.  The turbidity sensor located at the submerged target was subject to more variation and numerous 
outliers up to approximately 1540 h at which time the readings appeared more similar to the other sensor in the open 
water.  These outliers are likely the result of a mounting issue while others could have occurred when a kayak was 
nearby collecting samples.  A review of the images before, during, and after the outliers confirmed no obvious plume 
was visible (e.g., > 220 NTU would nearly saturate the visibility of the submerged target).  The NTU peak that occurred 
when the dredge plume migrated through the sampling area showed similar trends between sensors, but the sensor 
located near the submerged target measured a higher NTU.  It would appear the sensors performed differently, but a 
closer examination of the images showed the edge of the plume passed through the sampling area so it is more likely 
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that the sensors saw two different turbidity levels.  Because the dredge operations ceased during the first hours of 
sampling and because no plumes were visibly present in the images prior to the dredge plume beginning at 1635 h, 
only the turbidity measured immediately before, during, and after the dredge plume migrated through the turbidity 
monitoring area (starting at 1600 to 1706 h) was used to determine if the plume could be detected. 

 
Figure 4.  Turbidity (NTU) measured at the white reference submerged target (submerged) and adjacent to 

the white reference surface target (open water). 

The Python script successfully identified ROIs >99% of the images.  Less than 1% of the images collected were 
omitted due to interferences (e.g. image obstruction, etc.).  The manual camera settings resulted in green colors 
exhibiting the highest RGB reflectance values (mean, range) for the white surface target (214, 122-242), followed by 
the submerged target (135, 40-193), and open water (48, 18-85) ROIs (Figure 5).  The total RGB intensity was greatest 
for the white surface target, followed by the white submerged target, and open water (Figure 6).  The RGB intensity 
of the white surface (514, 261-694) and submerged targets (298, 82-432) was greatest at the beginning of the sampling 
period (1357 h) and noticeably decreased throughout the day as the sun angle decreased.  In contrast, Figures 4 and 5 
depict the open water RGB intensity (103, 43-196) remaining relatively constant throughout the sampling period with 
only a small decrease over time which suggests the sensor was likely saturated by environmental conditions in the 
open water area. 

 
Figure 5.  The green color reflectance value of the white reference surface target (surface) and white 

reference submerged target (submerged) and open water adjacent to the surface target. 
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Figure 6.  Total RGB intensity measured for the white reference surface target (surface), and white reference 

submerged target (submerged) and open water adjacent to the surface target. 

The relative open water reflectance calibration showed no relationship between relative reflectance and turbidity; 
therefore, under these field conditions, it would be difficult to rely on visible reflectance data as an indicator of 
turbidity (Figure 7 and 8).  Sun glint, clouds, and waves were likely the main environmental factors contributing to 
the low quality signal in the open water area (Zeng et al. 2017).  Increasing altitudes from 20 to 100 m have been 
shown to have negligible effects on water reflectance thus balloon altitude likely had little influence on the results 
(Zeng et al. 2017).  When comparing total reflectance values between the ROIs, the reflectance of the open water as 
compared to the white reference target decreased by an average 80% while the submerged target decreased by only 
43%.  The percent increase in reflectance from open water to the submerged target averaged 188% due to increasing 
reflectance from the Tyvek.  The majority of the reflectance values are derived from the water surface, thus an 80% 
decrease in signal due to environmental factors resulted in reduced signal from which to detect changes in turbidity in 
open water.  The importance of a white reference surface target and submerged target calibration is demonstrated by 
the relative submerged reflectance plotted against the turbidity measured at the submerged target (Figure 9 and 10).  
An inverse logarithmic trend between relative reflectance and turbidity is apparent (r2=0.7953).  The use of surface 
and submerged white reference targets reduced uncertainty when correlated to concurrently measured turbidity and 
extended the utility of the consumer grade digital camera in a shallow water turbid coastal environment.   

 
Figure 7.  Scatter plot of relative open water reflectance (open water reflectance/white reference surface 

target reflectance) and corresponding turbidity measurements. 
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Figure 8.  Open water relative reflectance (open water reflectance/white reference surface target reflectance) 

and corresponding turbidity measurements plotted over time. 

 
Figure 9.  Scatter plot of relative submerged reflectance (white reference submerged target reflectance/white 

reference surface target reflectance) and corresponding turbidity measurements. 

 
Figure 10.  The relative submerged reflectance (white reference submerged target reflectance/white reference 

surface target reflectance) and corresponding turbidity measurements plotted over time. 

A logarithmic relationship is expected because increasing turbidity would eventually eliminate reflectance values 
measured at the submerged target.  This was observed in a bench scale test performed with the camera prior to field 
sampling where it was determined that when the white reference target was submerged 7.62 cm below the water 
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surface the reflectance from the target was eliminated when turbidity reached approximately 250 NTU and at 2.54 cm 
the submerged target reflectance was mostly eliminated at 500 NTU.  These bench-scale observations generally 
support the field results, in terms of anticipated visible spectrum saturation with increasing SSCs.  The combination 
of the white surface target and the submerged target make it possible to monitor turbidity migrating over the targets 
using the visible RGB wavelengths within environmentally relevant accuracy and precision up to a saturation point 
which is dependent on the depth of the submerged target. 

CONCLUSION 

A low-cost turbidity monitoring system consisting of a weather balloon-mounted consumer grade digital camera to 
acquire turbidity reflectance in the visible bands (400-700 nm) of a shallow water turbid coastal environment was 
achieved.  This study demonstrated that the use of surface and submerged white reference targets increased spectral 
reflectance and when correlated to concurrently measured turbidity reduced the uncertainty of monitoring and 
predicting turbidity.  Relying only on open water RGB under these field conditions did not provide an accurate 
estimate of turbidity.  These results generally agree with previous research using visible RGB in that the relationship 
between reflectance and turbidity is logarithmic, thus as the NTU increases, the spectral sensitivity decreases and 
eventually saturates.  This study provides information to support the design and implementation of relatively low-cost 
monitoring systems for remotely sensing turbidity plumes. 
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