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ABSTRACT

A new type of spectral irradiance meter is described, that offers
compact operation, 32 wavelengths of downwelling irradiance, and
low cost. The unit is currently configured to be attached to a mooring
to measure the change in spectral irradiance over time at prescribed
depths. Data from a mooring in the Arabian Sea are presented, and
clearly show the change in spectral quality after the onset of the SW
monsoon. The operation of the moored spectral radiometer (MSR)
agrees closely with the data from an MER-2040, once a correction for

the cosine response is applied.
INTRODUCTION

The spectral distribution and flux of irradiance in the upper
ocean affects all aspects of oceanography, including energy budgets
(Zaneveld et al. 1981, Lewis et al. 1990, Morel and Antoine 1994,
Siegel et al. 1995), photon budgets (Smith et al. 1989), primary
production (Bidigare et al. 1987), and the distribution of plankton
populations (Bricaud and Stramski 1990, Bidigare et al. 1990). The
use of satellite sensors (Hovis et al. 1980) has demonstrated the
importance of understanding the relationship between plankton and

the color of the ocean.
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For primary production studies, the spectral properties of the

irradiance field are often ignored in favor of broad-band

measurements of PAR, photosynthetically active radiation (Marra et

al. 1993). PAR sensors must be calibrated against a known spectral
distribution, and since the irradiance spectrum changes with depth,
PAR sensors will never accurately measure the irradiance, especially
near the surface where the spectrum changes most dramatically

(Booth, 1976).

PAR sensors, although perhaps less accurate, have had the
advantages of low-cost, compactness, and ease of use. Here we
present a similarly low-cost, simple, compact and easy-to-use
spectral irradiance meter. In its current configuration, it is best used
on ocean moorings, however it can be adapted for profiling. We
describe the design of the sensor, laboratory tests involved in its
evaluation, data collected during a six-month deployment during the
Forced Upper Ocean Dynamics Experiment in the Arabian _Sea(Trask
et. al., 1995), and a comparison test with a MER-2040 (Biospherical
Instr., San Diego, CA).



DESCRIPTION OF INSTRUMENT

Linear optical filter: The instrument uses a linear interference filter
(Oriel M/N 57480), or LIF, to separate the different components of
the incoming light by wavelength. The principle of operation is
similar to multiple-cavity interference filters, where multiple
reflections from partially reflecting mirror surfaces lead to
constructive and destructive interference, thus causing transmittance
of bands of light with center wavelengths proportional to the width
of the cavity of the layers. The transmittance wavelength of ‘these
linear filters varies with position along the length of the filter. The
out-of-band blocking is 0.1% as measured by early tests with the
filter. The filter is mounted on a rectangular lens holder that permits
adjusting its position longitudinally with respect to the light sensing

element.

Photodiode array, multiplexer and amplifier: The sensing element is
a blue-enhanced photodiode array (LDA) (Centronics, LD35-5), with
35 diodes embedded in a 40 pin DIP ceramic package. The linear
filter is mounted over the photodiode array. Since transmittance
wavelength in the LIF varies with the longitudinal position, each
photodiode effectively measures a specific spectral wavelength. The
electrical currents of 32 photodiodes are multiplexed using a low

"ON" impedance CMOS integrated circuit. A LM11-C operational



amplifier is used to amplify the signal in an inverter configuration.
The amplifier gain is controlled by switching different feedback
resistors to maximize dynamic range (Fig. 1). Together with the LIF,

the MSR records irradiance at 32 wavelengths.

Pressure case and light diffuser: The underwater unit is contained in
a PVC pressure case (5.5 in. O.D. and 0.4 in. thick) (Fig. 2). The optical
pressure window is made of clear acrylic "G" type plastic (Rohm and
Haas). At 1 inch thick, it is strong enough to withstand pressures up
to 250 m depth. Scratches on the outside face will not produce major
deviations in the ray path since the refractive index of the acrylic is
very close to that of the water.

Covering the clear acrylic pressure window are the light
diffuser and its holder. They are externally mounted to the
instrument so that only a negligible differential pressure is present
on its faces, simplifying the mechanical design. The diffuser is made
of a core of clear Acrylite GP disc inserted into a piece of concave
white Acrylite GP type 020-4, following the design and construction
procedure described in Smith (1969).

Optics and spectral system: The optics system has an infrared (IR)
filter (Oriel M/N 48040) which is used to avoid over-exposure when

the unit is under direct solar light.



The LIF and LDA are mounted on a custom designed printed
circuit board. The linear filter position is adjustable through
miniature nylon screws to permit wavelength calibration. The board
holding the multiplexer and amplifier is connected through a flat
ribbon cable to the computer system. The computer, an ONSET
Tattletale Model 2B, establishes the sampling time using a DS1216E
IC (Dallas Semiconductors) as an independent real-time clock (RTC)
and for memory back-up. The computer sets the optimum gain for
the amplifier using an automatic gain control algorithm based on an
initial sample, and then digitizes the analog signal of the multiplexed
output from the diode array. The A/D conversion is repeated 20
times and averaged to improve the measurement signal-to-noise
ratio. Finally, each of the 32 averaged outputs from the diode array,
representing one wavelength each, plus the time and date from the
RTC are stored in 279 Kbytes of memory, yielding a capacity of 3100
samples, equivalent to 17 daily samples over 6 months. In addition
to the DS1216 memory back-up, the model 2B computer has its own
battery providing redundancy in memory back-up. The computer
performs a complete measurement at irregular intervals of 0, 3, 6, 9,
10, 10:30, 11, 11:30, 12, 12:30, 13, 13:30, 14, 15, 16, 18, and 21
hours local time, to have higher resolution around local noon and
only a few samples during night hours for reliability, in case of RTC

failure, and to obtain dark current values.



Since this version of the spectral-radiometer is designed to be
moored rather than used in profiling mode, we decreased the
wavelength range from 400-700 nm to 400-600 nm. Irradiance at
wavelengths above 600 nm virtually disappears below 20 m in the
clearest ocean water, thus this limitation does not diminish the
sensor's capabilities for our use. In fact, better wavelength
resolution is gained in the more penetrating range from 400-600 nm.
For other applications, the wavelength range can be adjusted or

extended.

Software: The spectral radiometer uses the ONSET Tattletale Model
2B TTBASIC language to implement all its subroutines and main
program, together with the real-time clock (RTC) mentioned above.
The software handles all relevant functions to control the diode
multiplexer, to set the gain controlled amplifier, for A/D conversion
and filtering and to establish optimum gain for the amplifier based

on the previous measurement and to handle all the RTC subroutines.
LAB TESTS
A calibration bank was constructed around the Optical

Radiation Calibrator from Li-Cor (Model 1800-02) which was

modified to allow movement of the sensor relative to the light
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source, and to permit the use of color filters in the light path. Table
1 shows Calibration data obtained with the above calibration bank.

Previous to deployment, several types of diffusers were tested
in a lab tank following the procedure described in Smith (1969) to
establish the optimum structure for cosine response.

A calibrated light from the modified Li-Cor 1800 radiometer is
vertically and perpendicularly projected against the surface of the
water in which the radiometer is immersed at 10 in. of depth. This
setup is also used to obtain the immersion coefficients following the
procedure described by Mueller and Austin (1995, Sect. 4.1.6).
Several readings were taken at different angles. Figure 3 shows the
units response at 531 nm and is compared to the ideal cosine
response.

We discovered that the diffuser response introduces an error in
the irradiance that depends on the radiance an;gular distribution. For
shallow waters (<10 m), where most of the light energy is located
near the zenith (small angles), the overall error is relatively small
(less than 5%). For deeper waters (65 m), assuming a uniform
distribution and using Eq. (1) from Mueller and Austin (1995, Sect.
4.1.3) correction factor, the error is 35%, i.e. the unit is measuring
0.65 of the true value.

We believe that this cosine distribution is due the material
used in the construction of the diffuser and not the geometry. The
diffusing properties for white Acrylite GP type 020-4 are slightly

different and apparently not as good as the Rohm & Haas Plexiglass



II-UVT used by Smith (1969). Unfortunately, this was not noticed in
time to replace the material for the Arabian Sea Mooring
deployment. On the other hand, it is a problem that is easy to correct
by replacing the diffusing material by one with a higher particulate
content (Smith, 1969).




TABLE 1

Wavelength Sensitivity Background Noise
(nm) (W m2 nm-1) (W m2 nm-1)
550 0.5x10°> 3.5x10°3
500 0.8x10°5 5.6x10°3
400 1x10-> 70x10-3
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FIELD TESTS

We describe two tests of the instrument. The first is a
deployment on an Multi-Variable Moored System (MVMS) used as
part of the Forced Upper Ocean Dynamics Experiment in the Arabian
Sea. The deployment lasted 6 months from April 22 to October 20,
1995. Immediately after recovery the unit was prepared and used
with 2 MER-2040 on the Process-6 cruise of the U.S. JGOFS Arabian

Sea Program.

Moored Observations: The unit was attached to a planned
deployment of an MVMS to support the radiometer to the mooring
cable and for comparison with data from other MVMS sensors. The
MVMS powers and samples a suite of sensors that includes PAR,
Lu(683), fluorescence, beam attenuation, conductivity and
temperature. Useful for the comparison are the PAR and fluorometer
because these sensors should provide environmental information
that can be used to interpret the spectral irradiance.

Fig. 4 shows the Lu(683) and PAR signals from the MVMS
instrument, and the E(550), E(493) and temperature from the MSR

for comparison purposes.
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There is a sharp drop in E(550) and E(493) after July 4, the
drop coincides with a decline in temperature, and is also mirrored in
the other optical sensors, PAR and Lu(683). The declines in all these
signals can be seen as the advent of the SW monsoon (Yentsch and
Phinney, 1993). The surface buoy on the mooring recorded an
increase in wind from 4 to above 10 m s-1 from about day 155
through day 235 (Aug. 23) (R. Weller, personal communication). The
increase in mixing driven by the wind leads to an increase flux of
nutrients to the surface layer and, consequently, increases in
primary production and chlorophyll a. By this point in the
deployment, the fluorometer and transmissometer became fouled,
however, the Lu(683) signal, as presented here, will be inversely

proportional to chlorophyll a (See Kiefer et al., 1989).

Further evidence that the spectral radiometer is recording an
increase in phytoplankton biomass is from an examination of the
behavior of the irradiance of different wavelengths, E(). As the total
irradiance declines, the spectrum shifts from blue to green,
consistent with an increase in phytoplankton (Fig. 5, Morel and
Prieur. 1977). E(450)/E(550) also declines (Fig. 6), indicating
"greener" water during the SW monsoon. Figure 12 shows the noon

values of irradiance for the 32 wavelengths at 65 m.
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Comparison to a MER-2040 instrument: On the cruise immediately
following the mooring recovery, Process-6 of the U.S. JGOFS Arabian
Sea Program, four casts were made using the MSR attached to the
frame of an MER 2040 instrument for comparison. The frame
containing the instruments was stopped at different depths to
sample for about 5 min. at each depth. The instrument sensitivity is

within the range of the MER 2040 (10-> W m-2 nm-1).

For each cast with the MER-2040 clear skies prevailed and the
sun altitude above the horizon was 50°-60°. The Spectroradiometer
software was modified to sample at a higher rate to increase the
number of samples taken at each depth. The data shown in the Figs.
7 through 10. are the averaged values at each depth (1800 samples
MER and 20 samples MSR)

The two instruments, the MER-2040 and the MSR deviate from
an equal response as a function of depth (Fig. 7 through 10) . The
deviation results from the inadequate cosine response discussed in
the previous section, and if we apply the correction determined in
the laboratory, the output from the MSR is indistinguishable from the
MER-2040 (Fig. 11).

Further work on the MSR will involve improvements in several

areas. First, the out-of-band blocking (now 0.1%) needs to be

improved, especially if the MSR is to be used in a profiling mode
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(Siegel et al., 1986). According to the manufacturer, the out-of band
blocking in the LIF can be improved to at least 0.01% depending on
demand for such a device. Second, the photodiode array could be re-
designed for different applications, depending on the spectral range.
Third, we plan to incorporate a sensor for upwelling radiances.
Finally, the sensor, electronics and data acquisition systems can be

made more compact to ensure against self-shading (Gordon and Ding,
1992).

CONCLUSIONS

We have developed a spectral radiometer capable of measuring
irradiance at 32 wavelengths for periods of up to 6 months. The unit
is lightweight and small, which is ideal for mooring applications. The
instrument has been successfully deployed on a mooring with 100 %
data return. The software used is simple and robust and which
allows adjustments to the sampling mode and rates in the field. At
$500 each, the LIF and the LDA are the most expensive components,
but the device can be fabricated for less than $2500. The low-cost,
size, and easy of use will make this spectral sensor attractive to a

broader range of ocean scientists than heretofore.
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The materials used in the diffuse collector have to be re-
specified to eliminate errors associated with the distribution of
angular radiance, and we suggest other improvements to some

components.
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FIGURE CAPTIONS
Fig. 1. Circuit-board design used in the MSR.
Fig. 2. Schematic of the MSR

Fig. 3. The cosine response of the MSR (+) compared with a perfect

cosine response (solid line)

Fig. 4. Properties measured on the mooring of the Forced Upper
Ocean Dynamics Experiment in the Arabian Sea in 1995. The
mooring was deployed on April 20 (day 118) and recovered on
October 20, 1995. Beginning on or about day 160, the MSR records
differential decreases in Ed(550) and Ed(493). The PAR sensor also
records a decrease. Natural fluorescence, Lu(683), is normalized to
PAR. We used the square of the Lu(683) value to prevent division of
one small number by another. The Lu(683) sensor became fouled at

about day 186, as indicated by the arrow.
Fig. 5. Irradiance spectra from selected days during the deployment,

showing the shift toward longer wavelengths, indicating an increase

in the quantity of chlorophyll at 65 m.
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Fig. 6. Ratio of Ed(450)/Ed(550) as a function of time. The decrease
in this ratio means the water is becoming greener during the SW

monsoon period.

Fig. 7 - 10 Comparisons of the MSR with an MER-2040 during the
Process-6 cruise of the Arabian Sea JGOES program, November, 1995.
The MER and MSR were stopped at selected depths for five minutes:
(a) 10 m, (b) 35 m, (d) 65 m.

Fig. 11. A comparison of the MER and MSR without (a) and with (b)

the corrected cosine (see Fig. 3).

Fig. 12. Noon values of irradiance for the 32 wavelengths at 65 m.
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