ac-3
User’s Guide

1. Operation

1.1. System Requirements
This section explains the basic system components necessary to operate the ac-3. If you have acquired only the sensor, you will generally need the components described below. Test cables, software, and system configuration engineering may be obtained by calling WET Labs. Alternatively, you will find additional information about the various system components by consulting the Technical Reference Section of this manual.

The ac-3 was designed for easy use. However, to operate the unit certain system requirements for power and communication with the instrument must be met. The instrument is typically wired for either for a combined RS-232 transmit, dual channel analog output or a combined RS-485, RS-232 transmit and receive configuration. More detailed information on most of the system, the instrument, and data output format can be found in the technical reference section of this manual. Details about hooking the unit up and acquiring data may be obtained later in this section.

Required system components include:

a. Instrument —The ac-3 and its flow assembly form the basic optical sensor.

b. Pump—The flow-through system will typically require an ancillary pump to assure proper operation. Pump requirements depend upon desired flow rates, required depth of operation, power availability, and existing hardware. 

c. Cabling— Depending upon the instrument output configuration and the specific interface to the meter, the ac-3 will require 3–6 conductors to interface. The minimal interface requires 3 conductors for power, power common and RS-232 output. Other configurations may require more conductors. 

d. Power Supply—The ac-3 requires a 9–18 VDC supply, capable of providing a minimum 10 watts continuous output . If a longer cable is used, cable losses must be accounted for in determining the power supply voltage and power requirements. 

e. Host/Data Logger—Signals from the ac-3 analog outputs can be interfaced to any 0–5 volt analog input device. Using the RS-232 or RS-485 output, the ac-3 can be interfaced to any computer or data logger capable of supporting a 19,200 Baud rate serial interface. If you plan to use our WETView software acquisition package, you will need a 386 or 486 IBM compatible computer to support the software package.

1.2. Running the Meter

This section describes how to turn on and use the ac-3.

1.2.1. Mounting
The ac-3 operation is specified for a vertical to forty-five degrees off-vertical orientation with the bulkhead connector facing upward. If your application requires another orientation, please consult the factory.

Specific mounting instructions will depend upon your implementation of the sensor. To assure long term instrument integrity and optimum operation, observe the following basic procedures:

a. Do not make direct contact between the ac-3 aluminum housing and a metal frame or hose clamp. The aluminum housing is hard anodized with a special plastic impregnation to assure minimum corrosion damage and to provide electrical isolation from the aluminum housing and its surrounding environment. However, metal-to-metal contact with the housing can damage this coating and result in possible corrosion of the pressure case. We recommend a neoprene spacer between the unit and its frame or clamp. At the very least, any contact area should be taped carefully to assure mechanical isolation. 

b. Do not apply torsional stress upon the instrument housing. The optical path is encased in a rigid housing, but is still subject to distortion if the unit is subjected to undo stress. Make sure the unit is mounted on at least two points and that neither point is serving as a stress point.

c. Make sure you have provided for an unobstructed upward flow through 
1.2.2. Basic Power On 
a. Check wiring of cable. If you have not yet checked your cable, make sure your voltage input pins on the mating connector plug are wired correctly for connecting to the instrument. While various configurations are available for our meters, we maintain the same power and common conductor designation. Note that the ground socket is the large socket on the connector. The V+ socket is the pin directly opposite.. (Note: power input on this unit is diode protected from reverse polarity power-up, but this is not 100% insurance against damaging the meter.). Refer to the Technical Reference section for other signal assignments 

b. At the surface end of your cable attach the cable terminals to your power supply. 

c. Attach the mating connector plug to the instrument.  Make sure both the instrument bulkhead connector and its mating plug are clean and free of moisture. Applying a small amount of silicone grease or equivalent to the base of the instrument bulkhead connector makes the plug insertion easier and provides greater assurance of a good seal. If you are using a locking ring, screw it on.

d. Turn on power supply or connect battery. If you wish to verify basic operation, and you are not hooked up through a serial port or analog output, you should be able to hear a faint whirring of the filter wheel motor. You can also remove one of the flow tubes and in a darkened environment stick a white piece of paper into the beam path. You should be able to see the beam image on the piece of paper. If you neither hear the motor nor see the beam, the unit is not working. In this case, check your connections, and determine whether it's time to call the factory.

e. For optimum stability allow the instrument to warm up for 3-5 minutes before acquisition. The instrument requires a minimum of ten seconds after power-on to achieve and maintain stable operation. Optimum stability is achieved after a subsequent warm up period of five minutes.

1.2.3. Data Acquisition
This section describes how to collect data from the ac-3. WET Labs offers several output configuration options to provide flexible interfacing to different systems. These various output protocols are discussed at length in the technical reference section of the manual. Unless supplied with a custom output protocol the instrument powers up in a free run mode. This means that when turned on the unit automatically begins acquiring data and outputting that data in its appropriate format. Typically the instrument comes supplied with RS-485 or RS-232 output operating at 19,200 Baud. or a RS-232, dual channel analog output. (Consult your specific unit’s specification page for it’s output format). Section 1.2.3.1. discusses serial mode operation.

1.2.3.1. Serial Output

RS-485—For longer cable lengths and maximum data integrity, RS-485 protocol is the preferred method of data transfer. Data is sent from the instrument in a binary format. To view this data, you must have a program capable reading binary data. If you are using our WETView software package, the binary read is done automatically. If you do not plan to use WETView or a WET Labs supplied data logger, consult the technical reference section of this manual for a detailed description of the binary data format. 

RS-232—Operating across an RS-232 cable, you can obtain binary data from the instrument. If you are using WETView, refer to the operational instructions within the manual for collection and processing of data.

Table 1.1 shows a serial output record from the ac-3. If you have a terminal emulator program or are using your own software package, this is how the data will appear. The comments appearing after the semicolons are not part of the data stream.

Table 1.1

00 FF 00 FF



; registration (4 bytes)

EE 00




; record length, (through checksum; 2 bytes) 

40 00 01 05



; serial number (4 bytes)

00 00 




; status (2 bytes)

00 00 




; Filter wheel freq (2 bytes)

00 00 




; depth(opt) (2 bytes)

00 00




; reserved (2 bytes)

;time (2 bytes) Ch 1    Ch 2    Ch 3    Ch 4    Ch 5    Ch 6 (3 bytes each)

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

0001 B2A1C4 812359 77772A 7A3D20 3B2010 2345D0

991999 333355 213640 521132 2000A1 2999D2       ;reference values (3 bytes each)

B715 




; temp (2 bytes)

0000




; checksum (2 bytes)

00 00 




; padding (2 bytes)

1.2.3.2. Analog Output—The meter can also come equipped with a dual-channel analog output. This configuration is generally used for meters using the chlorophyll absorption filter set.  Using this filter set, one channel puts out a 0–5 volt signal directly proportional to the inverse meters resultant from the chlorophyll absorption or, by extension, the chlorophyll content within the water. The manipulations the meter performs are based upon the equation:

achl = a676 - [(a650 + a​710)/2]

All primary data manipulations in converting raw values into units of absorption, determining the chlorophyll value, and subsequent proportional voltages are performed within the meter.

The meter also provides analog output for one channel of red transmittance. This signal is analogous to the typical output of standard red transmissometers. To convert the analog voltage to units of inverse meters, consult the technical reference section of this manual.

1.2.4. Care and Maintenance

Built for field deployment the ac-3 requires minimal maintenance. However, following these simple recommendations will assure optimum data integrity as well as longer instrument life.

1.2.4.1. Cleaning and Storage

After using the ac-3 you need to clean the instrument. This requires a thorough rinsing of the unit and its flow assemblies with fresh water. After rinsing, towel dry the pressure housing. The windows and flow tubes should receive a final rinse with distilled or reverse osmosis-filtered water. Remove the flow tube collars when drying the flow assemblies. Use a clean soft cotton rag or lens paper when wiping off the moisture from the pressure windows. If the unit or windows have grease on them, clean it off by using ethyl alcohol or methanol. Do not use acetone on the windows. It will damage the window holders.
The ac-3 should be stored and transported in a shock-protected environment. Typically, units are supplied with a carrying case. Using the case will assure that you can safely transport the instrument, providing it is handled in a reasonably careful fashion.

1.2.4.2. Flow Assembly 

The flow assemblies are integral to the optical behavior of the ac-3. They are optical components that help produce a very precise measurement, and thus they need to be dealt with accordingly. Before using, inspect both tubes and make sure they are free of stains and dust. The reflective flow tube for the absorption measurement operates using the principle of internal reflection. In order to maintain its reflective properties, it requires a thin air gap between the outer wall of the quartz tube and the inner wall of the surrounding sleeve. The reflective tube should be periodically checked for leaks. To determine if the tube is maintaining reflective properties, immerse it in water and point towards a fairly light background. The inside of the tube should appear uniformly bright. If the tube has leaked, call the factory for repair instructions or tube replacement.

Cleaning the reflective tube may be done by carefully plunging an alcohol-soaked soft tissue through the tube, and rinsing thoroughly with distilled water. After rinsing, dry the tube either by blowing dry nitrogen through it or by plunging a soft tissue. Whenever plunging a tissue through the tube, use a wooden or plastic dowel so you do not scratch the sides of the tube.

The attenuation path flow tube is virtually maintenance free, except for occasional cleaning. Follow the same basic instructions as supplied for cleaning the absorption path tube.

2. Instrument Description

This section provides a general description of how the ac-3 operates. It provides a general discussion of the primary instrument configuration as well as a description of the optical and electronics system.

2.1. Instrument Overview

The ac-3 consists of two pressure housings separated by three stand-offs. The shorter of the two pressure cylinders houses the light sources, filter wheel, and transmitter optics. The longer of the two cans houses the receiver optics and the control and acquisition electronics for the unit.  Between the receiver and transmitter housings, fit the absorption and attenuation beam paths and flow assemblies. Power to the unit and signal out of the unit are provided via the bulkhead connector at the end of the long housing.

2.2. Optics
The ac-3 performs concurrent measurements of the water attenuation and absorption coefficients by incorporating a dual path optical configuration. Each path contains its own source, optics, and detectors appropriate to the given measurement. The two paths share a common filter wheel and control and acquisition electronics. For purposes of description, we refer to the beam performing the attenuation measurement as the c beam and the beam performing the absorption measurement as the a beam.

2.2.1. c beam optics

Light from a D.C. incandescent source passes through a 1 mm aperture. The light is then collimated with a 38 mm achromat lens followed by a 6 mm aperture. The collimated light passes through bandpass filters mounted upon a continuously rotating filter wheel, creating a narrow spectral band output. The filter wheel holds three 25 mm diameter, 10 nm full width half maximum (FWHM) filters that are spaced around the perimeter at approximately a 1:1 ratio with associated blank spaces. This configuration provides a chopped output for the detectors which compensates for temperature coefficients in the detector and amplifier circuitry as well as providing low level ambient rejection. Once it has traversed the filter wheel, the beam passes through a beam splitter and the reflected portion impinges upon a reference detector. Using a ratiometric scheme with the reference and signal detectors, we compensate for long term lamp drift. The primary beam then passes through the beam-splitter to a pressure window and then into the sample water volume.

A flow tube encloses the water path. The blackened surfaces of the flow tube absorb scattered light from the beam to provide minimum interaction with the primary optical path. Light radiated through the flow path is subject to both scattering and absorptive losses by the water.

Once through the water path, the light passes through another pressure window and then is refocused through a 30 mm achromat upon a receiver detector. A 1 mm aperture is placed directly in front of the detector, creating a 0.73 degree acceptance angle in water.

2.2.2. a beam optics

The a-beam and c beam are similar. The a beam light is phased 60 degrees from the c beam upon the same radius on the wheel. Beam splitter optics and aperturing of the beam are identical with the c beam source optics.

The sample water volume is enclosed by a reflective flow tube. Light passing through the tube is both absorbed by water and various pigments and scattered by water and particulate matter within the volume. Forward scattered light is reflected back into the water volume by the reflective tube. The light is then collected by a diffused large area detector at the far end of the flow tube. 

The flow tube uses the internal reflection principle in reflecting light back into the water volume. A clear quartz tube is employed. The outer perimeter of the tube is enclosed by a thin annular volume of air. Using Snell's Law, one can see that with an index of refraction of 1.33 in water and index of refraction of 1 in air, the total internal reflection is achieved to 41.7 degrees with respect to the optical axis.

2.3. Electronics
The primary electronic components of the spectral absorption meter include a DC/DC converter power supply, a motor regulation circuitry, an optical encoder mounted on the motor, an amplification circuitry for the detectors, an analog-to-digital converter, and a microprocessor controller. An optional dual channel analog output is provided for users requiring analog signals. The filter wheel spins continuously at a nominal rotation speed determined by a pulse width modulation circuit. The encoder breaks down a single rotation of the wheel into 512 steps. The position information from the encoder is then read by the controller. Signals from the detectors are amplified by a single stage current to voltage operational amplifier configuration. After a post gain stage used for signal level shifting, the signal is digitized by an 18-bit digital signal processing analog-to-digital converter (ADC). The ADC continuously samples the detector signals at a 80 kilosamples/second rate. Its output is sent serially at 4 Mbaud to the controller. The controller watches the encoder output to determine when to begin reading the ADC. Once sampling begins, the controller collects and averages approximately 100 readings as a given filter scans through the light beam. The encoder once again indicates when to stop sampling and the controller then begins processing the new data. This cycle is repeated for each filter and associated blank space through the rotation of the wheel. Processed data from the instrument is then sent serially in a binary format to a host data logging unit. 

2.4. Signal Processing
The purpose of the ac-3 signal processing circuitry is to take a raw optical signal and make it into a meaningful measurement ready for output. Signals from the absorption path and attenuation path detectors go through several levels of analog and digital processing before they are registered as output from the unit. To understand the exact nature of signal processing, it is first necessary to better understand the primary data sampling.

Trace one represents the optical signal from the absorption detector as the filter wheel spins through its cycle. During the filter wheel rotation, signal output from the absorption detector is continuously monitored and amplified through an analog current to voltage amplifier circuit. The current to voltage amplifier serves as the primary gain stage for the signal. Typical gains for the channels are set at 5 megaohms. After the primary gain stage, the signal is passed through two more analog stages for level shifting and voltage inversion. At this point, the signal is ready for digitization. The Analog to Digital Converter (ADC) continuously samples the incoming voltage level at a rate equal to approximately 80 kilosamples per second. The ADC runs off its own clock and is, in effect, autonomous from the rest of the system. This leaves it to the CPU to determine when to sample the ADC. 

Trace two shows the sampling periods in which the CPU obtains signal from the ADC. Input from the motor encoder tells the unit when the beam is either within a given filter's transmission band or completely blocked. The CPU sampling period on the ADC is about 10 msecs. It only samples in the middle of the filter's aperture. This means that at a 6 Hz rotation speed the CPU samples and averages about 240 samples per filter or blank per pass, depending upon the rotation speed of the filter (6 or 8 Hz). Both the signal and reference detectors are sampled simultaneously during this period. Once averaged, the dark values are then subtracted from the raw light values in order to create a given datum point. The light sample period and the dark sample period are separated by 0.013 to 0.027 second interval depending upon the rate of filter wheel rotation. This interval defines the limiting frequency response of the electro-optical signal processing within the unit. 

Trace three shows the analog signal from the attenuation beam. The absorption and attenuation beams are located 30 degrees out of phase with respect to each other, in order to provide optimum switching and sampling by the CPU. Trace three shows sampling of the attenuation signal. Input from the primary gain stages is switched into the subsequent processing stages by the CPU. Thus, processing for the a and c channels remains virtually identical.  

The CPU collects and buffers one revolution of raw signal data and then begins to output the data as it is sampling the next revolution. Reference data is stored and accumulated for 10 revolutions, since its primary purpose is to compensate for long term drift. After ten revolutions, the reference channel data is sent along with a temperature reading, depth (if tied in) and other status info.  

Meters employing analog outputs require specific subsequent processing to scale data into voltage units. Refer to the Technical Reference section for details on processing for the analog outputs.

3. Technical Reference

This section provides detailed information about the ac-3 operation and construction
3.1. Connectors 

The ac-3 comes equipped with a VSK-6-BCL (Impulse/SeaCon) connector. The socket assignments are shown in Figure 3.1. ( Serial Output only) and 3.1.a. (Dual Channel Analog Output)

Figure 3.1

Figure 3.1.a
3.2. Power 

Voltage Input: 9–18 Volts D.C.

For red wavelengths in the typical configuration, the meter consumes 4–4.5 watts depending upon the exact electronics configuration. The requirements are roughly broken down among the following components. 

Lamps 
1.0 
Watts

CPU board
2.0 
Watts

Other Electronics
0.5–1.0 
Watts

DC-DC Converter 
1.0 
Watts
       

TOTAL
4.5–5.0 
Watts

3.3 Data

Data from the ac-3 is acquired and processed through the following steps.

1. Analog Acquisition—Optical radiation at the reference and signal channels are continuously monitored by operational amplifiers operating in a current to voltage configuration. The amplifiers are configured for a gain of 5 *106. The primary gain stage is followed by a secondary summing amplifier to level shift the signal from a 0 to - 5 V level to -2.5 to 2.5 volts. This provides compatible input for the Analog to Digital converter.

2. Analog to Digital Conversion —The ADC used in the ac-3 maintains a two- channel input. Between the attenuation beam reference and signal channels and the absorption beam reference and signal channels there are 4 total channels to sample. To meet this requirement, an analog switch is placed after the primary gain stage of the inputs. During a single filter wheel rotation, the switch alternates input into the ADC. Signal and references detectors for a given beam are sampled simultaneously by the ADC. The switch alternates readings between the absorption and attenuation paths. The CPU reads the two ADC channels and controls the analog switching based on encoder information from the motor which defines the exact filter wheel location.  

3. Digital Processing and Data Output—The CPU takes multiple samples of both signal and reference channels, accumulates them through the sampling period, and then averages the values at the end of the sampling period. Once an average light and a dark sample are collected for each channel, the CPU takes the difference of these values and obtains its output value. Reference values are subsequently averaged for ten filter wheel scans. Once signal data is accumulated over a given filter wheel rotation its output through the RS-232/RS-485 port. Every ten rotations, the CPU sends averaged reference values as well as temperature and status information. The data output is sent as raw 24-bit hexadecimal averaged values representing ADC counts (Hex 0 - FFFF FF).

4. Analog Processing And Data Output

Chlorophyll Absorption: Once a complete record of data is collected the processor takes the channel signal and average reference values and obtains ratios of the signal to reference for the individual channels. It then uses a lookup table to perform the log function on the individual channels, and divides by the meter’s pathlength to obtain an uncalibrated absorption value. Having performed these manipulations on the three wavelengths the CPU then obtains a raw chlorophyll absorption value using the equation.

achl = a676 - [(a650 + a​710)/2]

(3.3.1)

The rest of the data manipulations involve scaling the chlorophyll absorption value for digital-to-analog conversion and subsequent 0–5 volt output. The meter uses a simple linear equation to apply an offset and scale factor to the chlorophyll absorption value and applies the new value at the input to a 16-bit digital-to-analog converter (DAC). The DAC produces a 0–3 Volt output. We then provide one subsequent stage of gain to provide full 0–5 Volt range. We choose the offset such that at 0 level chlorophyll we provide an analog signal level of approximately 0.1 volts. The scale factor is chosen such that a 1 millivolt signal level corresponds to the maximum sensitivity for the instrument. This equals approximately 0.01 micrograms/liter ( or mg/m3 ) concentration of chlorophyll. These scaling factors are obtained at the factory via water calibrations. When the instrument measures the absorption value for clean water and the voltage is recorded. We then set a constant in the instrument’s firmware to reflect the voltage adjustment required to provide approximately 0.1 Volts output. Scaling voltages are determined in a similar fashion. We introduce an arbitrary concentration of live chlorophyll-containing organisms (Dunaliella ) and measure the chlorophyll absorption. We then measure the voltage from the meter.  Once the chlorophyll absorption is known for the sample we can then determine an internal constant such that the chlorophyll absorption voltage scaling constant, Kv ~10 ug/lV, where Kv is the chlorophyll absorption voltage scaling constant expressed in units of m-1/Volt. Note: The precise value for Kv is found in the instrument specific configuration section of this manual.

We can then determine the chlorophyll concentration, by first solving for achl.



achl = Kv(Vout-VH2O)

(3.3.2)

To determine the actual concentration of chlorophyll one finds that

Cchl = achl/a*



where a* ~0.017 m2/mg, is the chlorophyll specific absorption coefficient and VH2O is the clean water voltage offset.

Note that exact concentrations will ultimately depend upon the physiology of the population measured—chlorophyll-specific absorption coefficient is subject to some variability. 

Analog Transmittance: Analog processing for the beam transmittance requires far less processing than the chlorophyll absorption. Once a record of data is obtained by the meter, the signal to reference ratio is determined for 650 nm attenuation channel. An offset and scale factor are then determined using air values. The scaling factor is set such that the Voltage output of the meter in air is approximately 4.5 volts.  The output decreases linearly with the optical input to approximately 0 volts with increasing beam attenuation. The analog output is proportional to beam transmittance with better than 1 millivolt precision. 

5. Post Processing

Processing of Digital Data Stream: Table 1.1. in this manual shows a complete record of data from the ac-3.  Once accumulated by a host computer, this data must be post processed to yield meaningful scientific data.

The primary transfer equation for yielding the attenuation coefficient, c, or the absorption coefficient , a, for a given wavelength is:

Tr = e-cx 



(3.3.4)

where Tr is the transmittance, c is the attenuation coefficient, and x is the pathlength of the water volume being measured. Assuming no instrumentation errors due to scattering or temperature this equation can be expressed as,

K*Csig/Cref = e-cx


(3.3.5)


where Csig and Cref are the signal and reference count values from the instrument and K is an arbitrary scaling factor to account for optical and electronics components factoring into the measurement.

We therefore can solve for a (or c) by,

-ln(K*Csig/Cref)/ x = a,
or (-ln(K) - ln(Csig/Cref) )/x = a
(3.3.6)


The pathlength for the ac-3 is a fixed constant set at either 10 or 25 cm. This means that we only require the determination of K in order to accurately measure a. K for each channel is supplied with the unit specific data sheet. For more information about deriving K see Calibration and Characterization.

The behavior of the ac-3 is temperature dependent. The temperature coefficient of the instrument is determined at WET Labs so a temperature correction can be performed on apparent c and a values from the unit. This correction is linear and takes the form,

a'=a+ (T-To)*Kt


(3.3.7)
where a' is the temperature corrected attenuation coefficient, T is the measured temperature value in your data file, To the temperature offset, and Kt is the scaling factor.

If you are using a wavelength longer than 700 nm, you must account for the temperature dependency of the absorption due to water. With the ac-3 this may relate directly to the accuracy of the chlorophyll absorption determination.  Experimental results obtained by researchers at Oregon State University show that aT* , the water specific absorption correction due to temperature at 710 nm is 0.0035 per m deg.  The corrected 710 nm absorption is then determined using.

a710T = a710m + aT* * (Tm - T​cal)
(3.3.8)

where a710T is the water temperature corrected absorption at 710 nm, a710m is the measured absorption at 710 nm, Tm is the water temperature at the time of measurement and Tcal is the water temperature at time of calibration. We can thus define achlT as the water temperature corrected chlorophyll absorption coefficient, which is given by 



achlT = a676 - [(a650 + a​710T)/2].

(3.3.9)

Analog Post Processing
Absorption: With the chlorophyll absorption analog output the primary required post correction involves correcting for the water based temperature coefficient of the water. As described in the Digital Post Processing section, water at 710 nm shows a temperature dependency. Looking at equation 3.3.2. we note that the meters output does not correct for this dependency. By looking at equations 3.38 and 3.39 we see that achlT is given by,

achlT = a676 - [ (a650 + a 710m - aT* ( Tm-Tcal))/2]
(3.3.9)

We can now correct our output voltage to reflect the temperature corrected chlorophyll absorption, achlT, by using eqs. 3.3.9 and 3.3.2. we find:

achlT = Kv(Vout-VH2O) + aT*(Tm-Tcal)/2

(3.3.10)


Attenuation: The other analog channel provides a signal proportional to the beam transmittance. To determine the beam coefficient we see that





Tr = Kc (Vout),

(3.3.11)

where Vc is a scaling constant introduced by the instrument electronics, optics and digital to analog conversion process.

Thus,




c = ln(Kc)/x - ln(Vout)/x
(3.3.12)

The value of ln(Kc)/x is once again provided in the calibration sheet. 

​

3.4 Calibration and Characterization

This section reviews our calibration and characterization methods for the ac-3.
Temperature Correction

The ac-3 incorporates numerous design features which make it inherently temperature stable, and in-fact actual temperature error for both digital and analog outputs is less than 0.1% full scale, over the entire temperature range in which the unit operates. However, when operating in digital mode we can apply subsequent correction and enhance performance by another order of magnitude. Thus, beyond confirming basic instrument operation and alignment, temperature corrections are the first tests performed on the meter. Temperature corrections are requisite to all other tests and calibrations incorporating the digital output. Corrections are performed using WETView. The acquisition system receives the raw data from the instrument and converts the values into units of inverse meters. The temperature drifts, to first order, are empirically determined to be linear. Therefore the corrections for a given wavelength take on the form of ,

a' = araw+(To -T) * Kt)


3.4.1


where a' (or c') is the corrected value, To is the nominal set point, T is the measured temperature within the instrument and Kt is the correction factor.

Kt is determined by performing a cooling cycle with the instruments. The instrument is immersed in ice water with dry nitrogen flowing through the tubes to prevent condensation. We allow the instrument to run until the temperature stabilizes. At that point we immerse the unit in a warm water bath (>30 deg C) and once again collect data while the instrument stabilizes. Finally the instrument is allowed to return to ambient room temperature. At the test's conclusion air values are plotted as a function of the instrument internal temperature. Multiple iterations of this test are performed until we obtain a best fit correction. 

Once the corrections are made the corrected temperature error for the instrument is determined by calculating the standard deviation of values acquired through the last temperature cycle and dividing by the net ambient temperature change. For a given channel this results in,

aerror = stddev(a)/(Tmax-Tmin) (m-1 deg-1)
3.4.2

Typical results in all channels of a and c are 0.0003m-1/deg or better. This conservatively gives a compensated error in temperature of 0.01% full range.

Temperature tests do show some hysteresis, which generally proves the limiting factor in providing a correction. We also have noted that the unit can be prone to minor instabilities once internal temperatures exceed 40 deg C. 

Precision 

Precision is determined by running the meter for an interval of time and determining the standard deviation of the signal. We perform this test in air and in water. With one-second binning of the signals worst-case performance is approximately 0.001/m for a 25 cm path instrument.

It should be noted that both the air value test and the water values can be tricky to perform. When running the tests in air you must ensure that the flow cells and windows are completely dry and that you don't allow any ambient light penetration into the cells.

When running in water, you need to make sure you are using clean water, free of bubbles and that you don't exceed flow rates of 1 liter per minute.

Absolute Calibration

Absolute calibration of any underwater optical absorption or attenuation sensor is difficult as there are no absolute standards that can readily be used. The most obvious choice for a calibration medium, pure water, is difficult to make, unstable once it is made, and its absolute optical properties are not well known. Nevertheless, pure water is the baseline for all oceanic property measurements. We thus approach the problem by making pure water and measuring the water via a absolute pathlength instrument to define clean water values.

To define clean water values we constructed a variable pathlength absorption meter (VPAM). The VPAM employs an a-3 optics assembly and diffused detector. The light source and detector housings are connected by an aluminum base plate and two bars along which the light source can slide. An absorption assembly is used in preference to an attenuation detector because the alignment proves more robust through the changing pathlength. For pure water, such a detector still detects the attenuation coefficient as the scattering function for pure water is nearly flat as a function of angle. This means that the absorption detector receives only a small portion of the total scattered light. 

We produce our pure water with a Barnstead E-Pure de-ionizing system with a 0.2- micron post filter. For VPAM tests, a 120 liter bucket is filled from the E-Pure system and then degassed by recirculating the water from the bucket with an in-line 0.2-micron filter for about 12 hours. Once the water is ready the VPAM is inserted into the bucket with an ac-3. Absolute clarity for three wavelengths (456 nm, 488 nm and 532 nm) is then determined from the VPAM, and clean water offsets are correspondingly set for the ac-3. The ac-3 is then set into a continuous flow mode using freshly cleaned water, since the VPAM tends to slightly contaminate the water.  As an example, we determined absolute values for the reservoir water at 456 nm to be 0.029/m. Once the ac-3 values were set, we then measured clean water values using uncontaminated water to obtain an a of 0.012/m. This test was repeated over several days with repeatability of about 0.003/m.

It should be noted that a clean water system often outputs water that is full of bubbles and just as often not that optically clean.  Different systems have strengths and weaknesses. Some do not remove organics well. Some provide clean water that is simply too full of bubbles to use. Our experience has shown that brand new 0.2-micron filters sometimes shed and contaminate the water. Typically, before clean water may be used it must be put in a reservoir to de-gas, but one must remain vigilant to guard against bio-fouling. These caveats are not meant to dissuade you from performing your own calibrations, but rather to forewarn you so your efforts will be successful.

A qualitative but surprisingly accurate test of water purity can readily be obtained with a beaker, a small laser and a darkened room. By shining a laser through the water and sighting slightly off axis to the impinging beam you can readily detect scatterers in the water. Try this at first with some tap water. It will show you what to look for. Be very careful to not look directly into the beam, and do not try this test with a high power laser. Pointing lasers used in lectures work very well for this task. In addition to detecting scatterers in the water one can also deduce what types of problems they might have in making their water. If you see discreet points of light in an otherwise clean beam path, then you likely have a bubble issue. If your beam forms a solid diffuse image through the path then you are seeing small scatterers, often the result of some contamination. If you see more than one or two large scatterers in the beam path, your water is unsuitable for a clean water calibration.

In setting our calibration values, rather than setting them to the absolute clear water value, we zero them out. With attenuation values we provide a 0.01 offset just to delineate between the a and c channels. This means that if you measure clean water your a values within WETView should all hover around 0.000/m and the c values should center near 0.010. Realistically we feel these values are accurate to about 0.01/m. We will continue efforts to improve upon this standard.

Absorption Meter Scattering Errors

As described in the Instrument Description section of this manual, the absorption meter uses a reflective tube to collect scattered light. Because of the reflective tube and detector design, light scattered at wider angles than 45 deg with respect to the optical axis is lost. This result in a scattering error for the absorption meter. This error was empirically determined by measuring apparent a and c values in the presence of increasing concentrations of a scattering agent (Maalox). The error in all channels was between 18and 19 percent throughout most of the a-meter’s dynamic range. The relationship between a and c remains linear throughout most of a given wavelengths dynamic range. (>.998) For very high c values (>12 m-1) we noticed a slight role off in a. 

Linearity and Dynamic Range

To determine linearity of the absorption and attenuation detection systems we first vary scatterer concentrations and plotted apparent a and c. Typically linearity in c throughout the dynamic range comes to 0.9999. Linearity in a exceeds 0.998. Although this test doesn't truly measure a, it does give a good indication of response. We also tested linearity in a using an orange food coloring. Linearity in the blue channels was on the order of 0.999. The red channels saw very little change due to the food coloring. If you try this test in your lab make sure you use a dye not likely to permanently stain the receiver. A Japanese researcher recently reported nice results in using Japanese green tea. 

The scattering tests and dye tests also gave us dynamic range. We determine dynamic range by dividing the response range for a given channel which exceeds 0.998 linearity by the precision. This relatively conservative criteria provides a worst case dynamic range of about 16,000 to 20,000 in a (412). All other absorption channels exceed 20,000. Worst case c dynamic range is typically c412 which is about 50,000. All other c channels exceed 100,000.

3.5. Absorption Meter Scattering Correction -

The imperfect reflectivity of the reflecting tube and other imperfections causes scattered light errors in the absorption meter. The magnitude of these errors must be corrected to obtain accurate absorption values. While the chlorophyll absorption algorithm is largely self correcting other application may require a more specific correction. There are several alternatives in performing the scattered light correction. We present one recommended method developed by Dr. Ron Zaneveld which has thus far proven the most robust.

For what follows we assume that pure water absorption and attenuation have been subtracted.

For a given wavelength, () the absorption tube overestimates the absorption coefficient as it does not measure all of the scattered light. Designate the proportion of the total scattering coefficient that the device does not receive by ka ().

If the shape of the scattering function does not change much, we may assume that ka () is not a function of . 

HYPOTHESIS 1:
The fraction of scattered light not received by the absorption




meter is independent of wavelength.

We designate the true absorption coefficient at a wavelength by at (), and the measured absorption coefficient by am (). Similarly ct () and cm () are the true and measured coefficients, respectively. We define the scattering coefficients similarly:




bt()=ct()-at()



(3.5.1)




bm()=cm()-am()



(3.5.2)

Using Hypothesis 1, we then set:




at()=am()-kabt( l), and 


(3.5.3)




ct()=cm( l)+kcbt().


(3.5.4)

We have assumed here that the scattered light received by the attenuation meter is also independent of wavelength, so that it is a constant proportion of the total scattering coefficient.

HYPOTHESIS 2:
The fraction of scattered light received by the attenuation meter is 




independent of wavelength.

We now subtract equation (3) from (4):




bt()=bm()+bt()[kc+ka],

(3.5.5)

so that:




bt( l)= (1/1-kc-ka)bm()

(3.5.6)

Since, using hypothesis 1 and 2, kc and ka are constants, we see that the measured scattering coefficient spectrum, bm(), is only a constant [1/1-kc-ka] different from the true scattering spectrum. We may the conclude that:




bt( 1)/bt( 2)=bm( 1)/bm( 2)
(3.5.7)

We now assume that there is some reference wavelengths, lr, at which the absorption coefficient (excluding the already subtracted water component) is zero.

HYPOTHESIS 3:
There exists a reference wavelength, lr, at which the particulate 




and dissolved material absorption is negligible.

For the present we set  r=712, although there may be better choices further in the infrared.

Thus,


at( r)=0



(3.5.8)

Substitution of equation (3.5.8) into (3.5.3) gives:




am( r)=kabt( r).


(3.5.9)

Hence, 





ka=am( r)/bt( r).


(3.5.10)

Substitution of equation (3.5.10) into (3) gives:




at()=am()-am( r)/bt( r)*bt()
(3.5.11)

Substitution of equation (3.5.7) into the above gives:




at()=am()-am( r)/bm( r)*bm()
(3.5.12)

Note that we can thus determine the true absorption coefficient at any wavelength, using the three hypothesis. We do not need to know the fraction of scattered light not received by the attenuation meter, i.e. we need not know kc.

For spectrophotometric work one normally cannot take into account the spectral variations in b(). One simply subtracts the absorption at the reference wavelength. This then would imply that bm( lr)=bm() from equation (3.5.12), an unnecessary assumption in our case.

The accuracy of the absorption meter may be expressed in terms of ka. From the above, we can derive an expression for ka.

Substitution of (3.5.6) into (3.5.9) gives:




am(712)=ka/1-kc-ka*bm( r),

(3.5.13)

so that,




ka=am( r)/cm( r)*(1-am( r)/cm( r))
(3.5.14)

We can use equation (3.5.14) to determine the error in an absorption meter, provided hypotheses 1,2, and 3 are true.

kc is the scattered light included in the attenuation measurement. This depends, in a collimated system, on the acceptance angle of the detector. We should know this parameter to within 10 percent of the scattering coefficient. The remaining error is then determined by am( r)/cm( r).

In a recent ac-3 test, am(712)/cm(712) was 0.33. kc was guessed to be 0.12+/-0.05. We then would set




ka=0.03 (0.88+/-0.05)




ka=0.29+/-0.017.

This implies that the absorption meter did not receive 29 percent of the scattered light and that we can correct for this effect to within 1.7 percent of the scattering function.

WET Labs Inc. ac-3 Users Manual

22

