Comparison of IOPs in Estimating Total Suspended Matter in Coastal Waters
ABSTRACT

INTRODUCTION
Instrument performance verification is necessary so that effective existing technologies can be recognized and promising new technologies can be made available to support coastal science, resource management, and ocean observing systems.  To this end, the NOAA-funded Alliance for Coastal Technologies (ACT) evaluates sensors and sensor platforms for use in coastal environments in an effort to provide technology users with an independent and credible assessment of instrument performance under diverse environmental conditions (ACT, 2007).

In 2006, ACT evaluated the performance characteristics of five commercial-ready, in situ turbidity sensors at eight test sites located throughout North America and the Hawaiian islands.   Turbidity provides a gross assessment of the amount of suspended material in the water column.  There are numerous methods for quantifying turbidity, including light attenuation, back and side scatter, laser diffraction, and acoustic back-scatter.  However, differences in the methods of measurement and their responses to varying types of suspended material have made such measurements difficult to perform in a consistent and standardized way.  In this study, we compare a dataset collected by ACT that includes three different optical measurements commonly used to estimate particulate matter (PM) concentration: 1) backscatter (bbp), 2) side-scatter (bsp), and 3) transmission at 660nm which provides the particulate beam attenuation coefficient (cp) to determine if any one method is better for estimating PM concentrations in coastal waters. 
METHODS
The ACT data set was collected from moored deployments at test sites representing a range of environmental conditions including a tropical coral reef, a high turbidity estuary,  open ocean, and a freshwater lake.  The test sites were situated on fixed piers (Chesapeake Bay, Solomons, Maryland; Winans Lake, Ann Arbor, Michigan; and the Damariscotta River Estuary, Walpole, Maine), floating docks (Moss Landing Harbor, California; the western shore of Skidaway Island, Georgia; the Kaneohe Bay Barrier Reef, Hawaii), and a piling structure located offshore of Tampa Bay, St. Petersburg, Florida (Fig. 1).  The sensors used in this study consisted of five commonly-used back (bbp) and side-scattering (bsp) optical turbidity probes: WET Lab’s ECO-BB-SB Turbidity Probe (λ =660nm), Aquatec’s AQUAlogger 210TY Turbidity Probe (λ =880nm), the In-Situ Troll 9500 Turbidity Probe (λ =860nm), the McVan Analite NEP395 Turbidity Probe, and the YSI 6600 EDS Sonde and 6136 Turbidity Sensor (λ =830-890nm). Ancillary sensors – a CTD package, in situ fluorometer, and a transmissometer (λ =660nm) - collected data to fully characterize field conditions and provide insight on the correlation of environmental parameters and turbidity values. ACT personnel conducted all tests in accordance with training provided by the sensor manufacturers.
The turbidity probes were calibrated onsite and deployed side-by-side on a single, box-shaped rack at a fixed depth of 1m for continuous time periods ranging from four to eight weeks.  Each sensor recorded data in 15 minute intervals.  Four of the probes were equipped with integrated wipers to reduce the effects of bio-fouling which was estimated qualitatively through the use of photographs taken prior to deployment and immediately following recovery.  Growth substrates (glass and PVC plates) were used to assess biofouling rate.  Instrument drift was evaluated by placing each sensor in a container of turbidity blank (fixed, bubbled-free DI water) and then a second container of 5 NTU SDVB (as reference standards) before and after deployment.  
The fluorometer and transmissometer were connected to a datalogger and placed in the water proximal to the turbidity probes to collect ancillary data on relative fluorescence and the particulate beam attenuation coefficient (cp), respectively.  Because these instruments are prone to biofouling, they were cleaned daily during the work week.  After cleaning, one in-air value was recorded to assure that the sensor was performing consistently throughout the test period.  These instruments recorded data at the same 15-minute intervals as the turbidity probes.

Water samples were collected and analyzed for PM and particulate organic carbon (POC) at times corresponding to sensor measurements using a 0.7mm nominal pore size GF/F filter.  PM was determined gravimetrically for material in accordance with standard protocols (APHA, USEPA) independently at each site.  POC samples were tested following the Dumas combustion method at the Marine Science Institute, University of California, Santa Barbara. 

DATA
The number of data points obtained for each of the five turbidity sensors, cp, PM, and POC are summarized in Table 1.  Invalid data were removed from the data set prior to our comparison and consisted of those measurements collected during sensor failure, heavy bio-fouling, or when the sensor experienced obvious drift.  We then selected a subset of the data with the highest number of co-located measurements for PM, cp, one backscatter sensor, and one side-scatter sensor (95 data points from five locations).  For comparison, Babin, et. al. (2003) had 220 co-located measurements of PM with bp(555).

	Measurements
	TSS
	POC
	cp
	bb1
	bb2
	sb1
	sb2
	sb3

	Collected
	455
	309
	251
	302
	396
	409
	376
	357

	Valid
	455
	309
	250
	248
	64
	310
	221
	195

	Co-located (all methods)
	21
	21
	21
	21
	21
	21
	21
	21

	Co-located (one of each method)
	95
	95
	95
	95
	
	95
	
	


Table 1. Number of measurements (N).  cp = beam attenuation; bp1 and bp2= backscatter sensors 1 and 2; bsp1 through bsp3 = side-scatter sensors 1, 2, and 3.
Distribution of IOPs when the same data are available (95 points) is shown in Fig. 2. Normalizing the data and log-transforming them provide non-dimensional and scaled variables for which linear-correlation and regression analysis seem more suited.  The uncertainty in the correlation coefficient was calculated from a linear correlation analysis between log-normalized data {log[data/median(data)} using a Monte-Carlo procedure using the uncertainties in the measurements and that of the PM.

RESULTS
For all sites, we find correlations to be high (>0.86, Table 2) with the back- and side-scattering methods being significantly the best predictors of PM.  

	R(N=95)+/-3std
	attenuation
	backscattering
	side-scattering

	PM
	0.86±0.09
	0.93±0.08
	0.92±0.06


Table 2.  Correlation of data sets.

When we look at datasets comprising all sites except Hawaii (which appears anomalous optically, most likely due to high CaCO3 content), we find correlations to be higher (>0.96), Table 3) with backscattering having a slightly better correlation over side-scattering and beam attenuation.

	R(N=95)+/-3std
	attenuation
	backscattering
	side-scattering

	PM
	0.97±0.004
	0.98±0.004
	0.96±0.008


Table 3.  Correlation of data sets without Hawaii.
Models based on linear regression of the log-normalized optical properties to the log-normalized PM perform well over the dataset from which the model was derived (N=85, the model has 2 degrees of freedoms). The model based on backscattering data performs best with a median difference of 9% and with 95% of the data predicting PMC with an error of less than 37% (Table 4).

	Prediction percentile error,

|Model-PM|/PM
	attenuation
	backscattering
	side-scattering

	5%
	1%
	1%
	3%

	50%
	15%
	9%
	19%

	95%
	45%
	35%
	50%


Table 4.  Statistics of absolute difference between PM from a model based on an optical property and measured PM. 

CONCLUSIONS

Analysis of the current dataset suggests backscattering to be the method providing the best prediction of PM (given the deployment methodologies used in the ACT intercomparison).  If possible, it is advisable to use several concurrent optical methods to estimate PM.  Besides redundancy, the additional data can provide information on composition and/or size distribution.
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Figure 1.  Sample locations.  CB: Chesapeake Bay, Maryland; FL: Tampa Bay, Florida; HI: Kaneohe Bay, Hawaii; M1: Traverse Bay, Lake Michigan; M2: Winans Lak, Michigane; ME: Damariscotta River Estuary, Maine; ML: Moss Landing Harbor, California; SK: Skidaway Island, Georgia.
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Figure 2.  Histograms of data distribution.

Figure 3.  Correlation plot.

Figure 4.  Ratio plot.

