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ABSTRACT

Some of the measurements from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) will not be useful as
ocean measurements. For the ocean data set, there are procedures in place to mask the SeaWiFS measure-
ments of clouds and ice. Land measurements will also be masked using a geographic technique based on each
measurement’s latitude and longitude. Each of these masks involves a source of light much brighter than the
ocean. Because of stray light in the SeaWiFS radiometer, light from these bright sources can contaminate ocean
measurements located a variable number of pixels away from a bright source. In this document, the sources
of stray light in the sensor are examined, and a method is developed for masking measurements near bright
targets for stray light effects. In addition, a procedure is proposed for reducing the effects of stray light in the
flight data from SeaWiF'S. This correction can also reduce the number of pixels masked for stray light. Without
these corrections, local area scenes must be masked 10 pixels before and after bright targets in the along-scan
direction. The addition of these corrections reduces the along-scan masks to four pixels before and after bright
sources. In the along-track direction, the flight data are not corrected, and are masked two pixels before and
after. Laboratory measurements have shown that stray light within the instrument changes in a direct ratio to
the intensity of the bright source. The measurements have also shown that none of the bands show peculiarities
in their stray light response. In other words, the instrument’s response is uniform from band to band. The
along-scan correction is based on each band’s response to a 1 pixel wide bright source. Since these results are
based solely on preflight laboratory measurements, their successful implementation requires compliance with
two additional criteria. First, since SeaWiF§S has a large data volume, the correction and masking procedures
must be such that they can be converted into computationally fast algorithms. Second, they must be shown to
operate properly on flight data. The laboratory results, and the corrections and masking procedures that derive

from them, should be considered as zeroeth order estimates of the effects that will be found on orbit.

1. INTRODUCTION

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
is the successor instrument to the NIMBUS-7 Coastal
Zone Color Scanner (CZCS). The design requirements for
SeaWiFS have been based on the National Aeronautics
and Space Administration’s (NASA) experience with the
operation of CZCS. Among other characteristics, CZCS
often contained obvious anomalies in ocean measurements
that immediately followed measurements of clouds. For
CZCS measurements, and also for those from SeaWiF'S,
clouds are several times brighter than the ocean surface.
In the CZCS measurements, the output from each of the
six CZCS bands would overshoot the ocean surface levels
on their return from the brighter cloud levels. This would
give ocean measurements, on the down-scan side of clouds,
that were too low. The recovery from this overshoot would
take up to 100 pixels, that is, up to 100 measurements in
the CZCS scan line (Mueller 1988). This problem resulted
from a faulty design of the CZCS electronics. When CZCS
viewed clouds, the analog amplifiers for the CZCS bands
saturated. It is believed that these saturating amplifiers
pulled down the output from their power supplies. Af-
ter the instrument had scanned past the bright clouds, it
would require up to 100 pixels or more for the amplifiers
and their power supplies to stabilize again. The bright tar-
get recovery (BTR) performance specification for SeaWiFS
was prepared with this CZCS problem in mind.

For CZCS, the problems from cloud interference with
ocean measurements occurred only down scan of the cloud.
These problems are considered to have been electronic in
origin. CZCS experienced no problems from cloud inter-
ference up scan of the clouds, and for CZCS, there were no
apparent problems with light from clouds contaminating
measurements of adjacent ocean pixels; hence, there were
no apparent problems with stray light.

CZCS was designed with an 8-bit digital resolution.
The minimum value for its measurements was 1/256 of
full scale. SeaWiFS has been designed with 10-bit digi-
tal resolution. Since it has comparable full scale readings,
SeaWiFS is four times more sensitive than CZCS. It can
detect effects, both in the water-leaving radiances and in
the instrument itself, that could not have been noticed in
previous measurements.

In March 1993, during testing of the assembled Sea-
WiFS instrument, light from bright sources was found to
contaminate SeaWiF'S measurements, both up scan and
down scan from these bright sources. The down-scan re-
sponse of SeaWiFS approached, but was not within, the
BTR specification for instrument performance. The effects
of stray light up scan of bright sources were of the same
magnitude of those down scan. At the SeaWiF'S Preship
Review (SPR), an instrument performance appraisal held
at the Santa Barbara Research Center (SBRC) in April
1993, it was found that the radiometer did not meet the
BTR performance specification. At the same meeting, it
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was decided to investigate instrument changes that would
reduce the effects of stray light in the instrument.

In May 1993, SBRC, the SeaWiFS manufacturer, pre-
sented a set of recommendations for changes to ameliorate
stray light in the instrument—the SeaWiFS Stray Light
Signal Paths (SSLSP). In August 1993, the Ocean Color
Contract was changed to allow modification of the sen-
sor. After completion of the instrument modifications and
subsequent testing, a second appraisal of the radiometer’s
performance—the SeaWiF'S Post-Modification Preship Re-
view (SPMPR)—found the instrument to meet all specifi-
cations (Barnes et al. 1994a).

1.1 Local and Global Area Coverage

SeaWiF'S scans across the Earth’s surface from west
to east. Within the instrument, the scanner rotates in a
circle. Each scan of the Earth from the instrument con-
tains 1,285 contiguous pixels over a 116.6° scan centered at
nadir, and each pixel is nominally square with a side length
of 1.6 mrad (Barnes et al. 1994a). For nadir measurements
at the nominal spacecraft altitude of 705 km, the length of
the sides of the pixels on the Earth’s surface is 1.13 km.
The scan lines are nominally perpendicular to the motion
of the spacecraft, which moves from north to south. The
spacecraft orbit and the spacecraft rotation rate have been
designed so that the pixels from adjacent scan lines lie next
to each other at nadir. Thus, at nadir the SeaWiF'S instru-
ment produces measurements of the Earth’s surface in a
two-dimensional mosaic of square pixels.

When SeaWiF§S samples away from nadir, the path-
length between the instrument and the Earth increases.
The pixel size at the Earth’s surface increases as the in-
strument’s measurement angle increases from nadir. Along
each scan line, the pixels remain contiguous, but they are
larger at the scan edges than at nadir. As a result, the areal
coverage of the Earth from each scan line resembles a bow
tie. As explained above, the orbit for SeaWiFS has been
designed so that, at nadir, pixels from adjacent scans lie
next to each other. Away from nadir, the increasing size of
the pixels causes them to overlap in the direction of space-
craft motion. Earth scenes in this format are provided from
the SeaStar satellite as local area coverage (LAC). These
LAC scenes are provided in two ways. First, as they are
obtained, the scenes are transmitted directly to the ground
as the instrument passes over local receiving stations. LAC
scenes from some of the ground stations will be forwarded
to the NASA Goddard Space Flight Center (GSFC) and
placed into the SeaWiF§S archive. The forwarding process
is relatively slow, and the data will become available over
a period of weeks to months after transmission from the
satellite. Second, specific scenes will be recorded on board
the spacecraft for transmission to the ground along with
the global SeaWiFS data. These recorded LAC scenes will
be sent directly from the satellite to GSFC twice daily. A
summary of these two types of LAC data were provided in
the overview of the SeaWiF'S mission (Hooker et al. 1992).

In order to limit the required onboard data storage and
data transmission rate, the mission was designed by NASA
to give global area coverage (GAC) by recording every
fourth pixel from every fourth scan line for transmission to
the ground. These data are transmitted twice daily with
the recorded LAC. As a result, each GAC measurement is
four pixels removed from its nearest neighbor in both the
along-scan and along-track directions.

For stray light in SeaWiFS, LAC and GAC data are
distinctly different. SeaWiFS will measure dark ocean ra-
diances adjacent to very bright clouds. The brightness
and proximity of those clouds will affect the amount of
stray light within the radiometer. The two-dimensional
mosaic of LAC measurements will provide that informa-
tion. For GAC measurements, the 3 pixel gap between
measurements severely limits knowledge of the size and
brightness of adjacent clouds. This lack of information will
reduce the quality of any GAC stray light correction, rela-
tive to LAC. Proposed procedures for on-orbit stray light
corrections are presented in Sections 11 and 12. These pro-
cedures must be tested using actual flight measurements,
particularly for the GAC corrections. LAC scenes will be
used to test the GAC correction. These LAC scenes will
contain complete sets of information on the location and
brightness of clouds and other bright sources. They will be
subsampled to provide a GAC product. Downlinked GAC
data will also be available for any LAC scene. Fixed pixel
subsampling has been shown to produce the best statisti-
cal agreement between synthesized GAC products and the
LAC measurements from which they are obtained (Justice
et al. 1989 and McClain et al. 1992). Such equivalence is
a prerequisite for testing GAC stray light corrections with
LAC scenes.

1.2 Stray Light Modifications

The effects of stray light in SeaWiFS were discovered
after the construction of the instrument. The radiometer
was developed with an engineering design unit that did
not completely duplicate the flight instrument’s optical
characteristics. The SeaWiFS engineering unit was con-
structed to verify the instrument’s basic mechanical and
electrical design, particularly the telescope and half-angle
mirror combination, and detector combinations (discussed
in Section 2), in addition to providing a complete elec-
trical interface for testing the SeaStar spacecraft. The
fast-track, 22 month construction schedule for SeaWiFS
precluded the fabrication of a complete, flight-like engi-
neering unit; full-scale testing; and then the production
and testing of the flight instrument. For SeaWiFS, the en-
gineering and flight units were developed nearly in parallel
with each other. As a result, the effects of stray light in
SeaWiF'S were discovered after the completion of the in-
strument. This development effort resulted in a radiometer
that met all of the prelaunch requirements (Barnes et al.
1994a) except for BTR, which was slightly outside of the
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Fig. 1. The SeaWiFS scanner assembly. The scanner
points at the top of the figure.

specifications. Stray light effects were found both before
and after bright sources and are a part of BTR. As dis-
cussed in Section 5, there were electronic recovery tails in
the instrument’s bright target responses. The corrections
for the electronic tails were simple, and with those repairs,
the instrument met the BTR specification.

The instrument manufacturer provided to the SeaWiFS
Project, a description of the radiometer’s stray light paths
and their associated corrections (in the SSLSP). These
paths are described in Section 6. Risk to the completed
flight instrument was the primary consideration in the de-
cision of whether or not to adopt instrument modifications.
In particular, modifications to the focal plane assemblies,
with their interference filters and detectors, were deemed
to be at high risk. The focal planes were difficult to ac-
cess, and the filters, once fixed in place with epoxy, were
too fragile to be removed and replaced. In addition, cor-
rections requiring major modifications to the instrument
were rejected because of cost and schedule restrictions.

1.3 Document Overview

This document illustrates the magnitude of residual
stray light (bright target response) in the completed Sea-
WiFS flight instrument. It provides procedures for reduc-
ing the effects of that stray light in the flight data, thereby

f

NADIR

mounts to the payload shelf using the four mounting

reducing the size of the stray light masks, and increas-
ing the amount of usable data from the instrument. In
Sections 2 and 3, a description of the instrument and a
summary of the specification for BTR are presented. In
Sections 4 and 5, two electronic modifications to the in-
strument to improve BTR response are discussed: the ad-
dition of bilinear gains to allow the detection of clouds,
and the very large reduction in the electronic portion of
the BTR tail. In Section 6, several stray light sources
within the radiometer, and the modifications to the instru-
ment that reduced their effects, are described. Section 7
provides a description of the post-modification stray light
measurements. Section 8 uses the along-scan and along-
track responses from Section 7 to create an informal stray
light budget. Section 9 describes the procedure for the
along-scan stray light correction based on laboratory mea-
surements. Section 10 applies this procedure to laboratory
scans of bright targets. And finally, in Sections 11 and 12,
proposed schemes are given for applying the corrections to
LAC and GAC scenes from SeaWiFS.

2. INSTRUMENT DESCRIPTION

The SeaWiFS instrument (Fig. 1) is designed to mea-
sure Earth-exiting radiances. The sensor’s instantaneous
field-of-view (IFOV) is 1.6 x1.6 mrad per pixel, with one
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Table 1. Constants used in the calculation of the BTR limit in counts. The L¢joua and Liypical values
come from the performance specifications (see Barnes et al. 1994a, Section 16). The slopes (or sensitivities
for each band) come from the radiometric calibration of the instrument (Barnes et al. 1994b).

Band Leioua/ 0.5% Ltypical
Number Leouat Liypicart Liypical Slope i [counts]
1 60.0 9.10 6.59 0.0137 3.3
2 66.2 8.41 7.87 0.0134 3.1
3 68.2 6.56 10.4 0.0105 3.1
4 65.6 5.64 11.6 0.00920 3.1
5 65.2 4.57 14.3 0.00746 3.1
6 53.8 2.46 21.9 0.00425 2.9
7 43.0 1.61 26.7 0.00301 2.7
8 34.0 1.09 31.2 0.00215 2.5
tmWem 2sr™t pm™?! fmWem™2sr™! pm ™ count ™!

cross-track scan covering +58.3° about nadir. The scanner
can be tilted to +20°, 0°, or —20° relative to nadir to min-
imize the number of glint-contaminated measurements in
the data. Each pixel value is digitized to 10-bit resolution.

In the instrument, light first strikes the primary mirror,
an off-axis parabola, and is then reflected from a second
surface polarization scrambler and the half-angle mirror
before reaching the field stop. The half-angle mirror re-
moves the rotation of the image due to the rotation of
the telescope. This mirror rotates at exactly half the rate
of the telescope and polarization scrambler, and uses al-
ternating mirror sides on successive telescope scans. The
field stop, located at the entrance to the aft optics, is 50%
larger than the detectors and restricts stray light through
the system. After the field stop, the light is collimated by
another off-axis paraboloid and directed through the aft
optics. Dichroic beam splitters divert the light into four
focal plane assemblies, each containing two spectral bands
delineated by narrow band filters in close proximity to the
detector. The optical paths in the aft optics assembly are
shown in Fig. 2.

Attention was given in the SeaWiFS design to mini-
mizing the sensitivity of the instrument to polarized light.
This is the main reason for the rotating telescope, rather
than a rotating entrance mirror. There are other possible
instrument designs with less mechanical complexity, but
they require large incidence angles on one or more mir-
rors, producing unacceptable polarization variations along-
scan, particularly for the SeaWiF'S wavelengths in the blue
(412nm and 443 nm) spectrum. The SeaWiF'S design min-
imizes the angle of light incident on its mirrors. In addi-
tion, SeaWiFS uses a polarization scrambler (see Figs. 1
and 2) to further reduce these variations. The scrambler
eliminates the need for individual compensators to remove
residual polarization at each focal plane assembly. The
scrambler consists of two optical wedges that act as a vari-
able wave plate to convert incident polarized light into sev-
eral cycles of circular, horizontal, and vertical polarized

light across the scrambler’s aperture. The sensitivity of
the output of SeaWiFS to polarized light was measured in
the laboratory, using a source producing plane-polarized
light. The rotation of the polarized light through 360°
produced changes of 0.25% or less in the eight SeaWiFS
bands (Barnes et al. 1994a).

Two instrument bands, each with four detectors aligned
in the scan direction, form a focal plane. The four de-
tectors in each group are added using a time delay and
integration (TDI) technique to improve signal-to-noise ra-
tios (SNRs). The signal from each detector is amplified,
processed through a selectable gain stage, and digitized
with a 12-bit analog-to-digital (A/D) converter. The four
digital words from a band are then appropriately delayed,
summed to obtain the signal-to-noise advantage, truncated
to 10 bits, and transmitted to SeaStar through the elec-
tronics module. A solar calibrator is mounted on the in-
strument, allowing the optical system to view a solar illu-
minated diffuser when passing over the South Pole. The
entire spacecraft can be rotated to allow the instrument
to view the nearly full moon, which is considered to be
a stable calibration source to monitor the long-term re-
peatability of the SeaWiFS measurements (Woodward et
al. 1993).

3. BRIGHT TARGET RECOVERY

The BTR specification has been described in the Sea-
WIiFS Prelaunch Acceptance Report (Barnes et al. 1994a).
Radiometric data should be relatively free of the effects
of overshoot and ringing when the IFOV scans across a
steep gradient in radiance, from a maximum of L¢jouq to
a minimum of Liypical. For this radiance step change, the
output signal should settle to within 0.5% of its final value
(Ltypica) within 10 pixels. This radiance limit, using val-
ues from the specifications, is given in counts in Table 1. It
is given to one-tenth of a count since the values are small,
relative to the quantization of the data.
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Fig. 2. Schematic diagram of the SeaWiF'S aft optics assembly.

During the April 1993 SeaWiF'S Preship Review, it was eight bands settle to within the specification limit within
determined that the instrument did not meet the BTR 10 pixels.
specification. At that time, it was decided that the instru-
ment manufacturer would rework SeaWiFS to improve its
stray light characteristics. The results in Table 2 come
from laboratory measurements, after the instrument mod-
ificatio, using the output of the SBRC integrating sphere

Table 2. SeaWiFS BTR characteristics. The table
gives the number of pixels after the slit (Pyj;t) for the
instrument to return to the residual counts allowed
in the specification. In addition, the table gives

(Barnes et al. 1994a). The measurements were made in the number of pixels required for the instrument to
four sets, one for each focal plane, using a 3 pixel wide settle to a level of zero residual counts (Pjero). This
slit. Color glass filters were placed over the output from material is taken from Barnes et al. (1994a).
the sphere to give a spectral shape approximating that of Band [0.5% Luypieat Pan | Zero Resid.  Prerg
the sun over the wavelength range of the bands on each of N, . .

0. [counts]  [pixels] | [counts] [pixels]
the four focal planes.

The results in Table 2 give the distance in pixels re- 1 3.3 6 0 10
quired for the instrument to settle to less than 0.5% of 2 3.1 5 0 9
Liypical using the counts given in Table 1. For bands 1-5, 3 3.1 7 0 10
the results give the number of pixels required to settle to 3 4 3.1 5 0 15
counts above background. For bands 6-8, the results give : 3.1 9 0 15
the number of pixels required to settle to 2 counts. Table 2 6 2.9 7 0 9
also gives the number of pixels required for the instrument 7 2.7 9 0 11
to settle to zero counts after illumination by the slit. All 8 2.5 7 0 10
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4. BILINEAR GAINS

Tests of the instrument have revealed that SeaWiF'S
measurements will be contaminated by stray light from
clouds in adjacent pixels. These tests also showed the
stray light contamination to be essentially proportional to
the brightness of the adjacent cloud. In order to perform
post-launch corrections, the brightness of the clouds must
be measured; therefore, SBRC changed the sensor’s elec-
tronics to allow on-orbit measurements of cloud radiances.
These changes maintain the sensitivity of the SeaWiFS
ocean measurements, as specified in the requirements for
the instrument.

The new electronic configuration uses the four detector
circuits in each SeaWiFS band to create bands with bi-
linear gains. The response for SeaWiFS band 1 (442 nm)
is shown in Fig. 3. The channel’s high sensitivity, i.e., a few
mWem2sr! /ml_lcount_l7 extends over three-quarters
of the band’s dynamic range. Above this point, the chan-
nel’s sensitivity is reduced, allowing the measurement of
cloud radiances up to 60 mW cm =2 sr~! um ™1 (see Fig. 3a).
For ocean measurements, the band will have the same re-
sponse as the original linear gains over a reduced number
of counts, i.e., over a reduced dynamic range (see Fig. 3b).

The operation of the four channels in a SeaWiFS band
can be illustrated using the radiance levels for band 1. The
values for this band are given in Table 3. In Tables 36,
the process of calculating the knee and endpoint locations
for the bilinear gains of SeaWiF§S band 1 is shown. The
values are given for science gain 1—the standard gain for
SeaWiF'S ocean measurements—and are given using the
output from the band’s four channels. This is the stan-
dard detector configuration for the instrument. The input
radiances, counts, and zero offsets (see Table 3) come from
radiometric tests of the instrument found in the SeaWiFS
Calibration and Acceptance Data Package (SCADP). The
SCADP was generated by SBRC in the course of the char-
acterization and calibration of the SeaWiFS instrument.
With the zero offsets removed, the net counts, along with
the sphere radiance, are used to calculate the sensitivity,
or slope, for each channel (Table 3). Channel 1, with low
sensitivity, allows measurement of the high radiances from
clouds. Channels 2, 3, and 4, with high sensitivities, allow
measurements of the low radiances from oceans. These
sensitivities (in mW of radiance per count) are fundamen-
tal to the calibration of SeaWiF§S. They convert the counts
from the instrument into radiances at the instrument’s op-
tical input.

The SeaWiFS channels are digitized at 10 bits, and
each channel’s output ranges from 0-1,023 counts. When
the zero offsets are removed, the saturation counts for the
four channels in SeaWiFS band 1 range from 1,000-1,005
counts (see Table 4). From these saturation counts and
the sensitivities for the channels, it is possible to calculate
the saturation radiances for each channel (Table 4). For
radiances greater than the saturation radiances, the output

from the SeaWiF'S channels will remain at their saturation
count levels.

The saturation radiances in Table 4 give the three knee
radiances and the maximum radiance for band 1 (gain 1).
The knee radiance is the point at which the high sensitiv-
ity channels saturate, and the saturation radiance is the
point at which the low sensitivity channel saturates. The
minimum radiance is zero for zero counts, i.e., for zero
counts after the removal of the offset. Using the satura-
tion radiance levels and the sensitivities, it is possible to
calculate the number of counts from each channel at the
three knees and the two endpoints of the bilinear gains
(Table 5). The counts from the four channels are summed
and divided by four in Table 5; this models the process
performed within SeaWiFS. On orbit, the output from the
channels (as selected by the instrument’s electronics, based
on commands from the ground) will be summed; the result
will be sent from SeaWiF'S to the SeaStar spacecraft. This
digital output is sent, minus its two least significant bits;
in other words, it will be sent from the instrument to the
spacecraft after division by 4.

The radiances and counts at the three knees and the
two endpoints are given in Table 6. For these calculations
(and as is recommended for on-orbit operations) the zero
offsets are removed at the start of the calculations. This
initial step opens up a direct relationship between counts
and radiances for ocean measurements. Below the first
knee (in the radiance region for ocean measurements), Ta~
ble 5 gives the information for calculating the sensitivity
of band 1: 10.899/793.64, or 0.013773 mW /count. Above
the third knee (in the radiance region for cloud measure-
ments), the sensitivity is 0.240158 mW /count, calculated
as (60.159 — 11.049)/(1002.25 — 797.76). The ocean por-
tion of the bilinear gain is 17.5 times more sensitive than
the cloud portion. This difference in sensitivities becomes
greater in sequence for bands 2-8.

The effect of slightly different sensitivities in the three
high sensitivity channels is shown in Fig. 4. In this case,
the knee is not sharp, but it has two internal segments,
rather than just one segment before and one segment af-
ter. This results in a region of uncertainty in the transition
between the ocean and cloud sensitivity regimes. The re-
vised electronic configuration that gives SeaWiF'S the abil-
ity to detect clouds also defines the method in which the
knees for the bilinear gains are calculated (Tables 3-6). If
the detector configuration for a band is changed, then the
knees for the bilinear gains must be recalculated.

5. ELECTRONIC RECOVERY TAIL

Each SeaWiF'S band has an electronic offset of approx-
imately 20 counts. This zero offset is necessary to guar-
antee that the instrument can measure down to zero light.
A schematic drawing of the input circuitry for each A/D
converter is shown in Fig. 5. In this circuitry, the zero
offset (called the bipolar offset) and the input signal en-
ter the A/D converter on different pins. Within the A/D
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Table 3. The input values and calculated sensitivities for the four channels of band 1. The sensitivities are
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calculated from the sphere radiances and net counts.

Channel Radiance Measurement Offset Net Sensitivity
Number [mW] [counts] [counts] Counts [mW /count]
1 9.246 175 21 154 0.060039
2 9.246 871 23 848 0.010903
3 9.246 859 18 841 0.010994
4 9.246 871 21 850 0.010878

Table 4. Saturation counts and saturation radiances for the four channels.
calculated from the saturation counts and the sensitivities. The offset has been removed from both the zero and

saturation counts.

The saturation radiances are

Channel Zero Saturation Saturation Radiance
Number Counts [mW]

1 0 1,002 60.159

2 0 1,000 10.903

3 0 1,005 11.049

4 0 1,002 10.899

Table 5. Calculated instrument output at the saturation radiances for the four channels, in counts. The counts
at the knees are calculated from the knee radiances and the sensitivities.

cannot exceed the saturation counts.

The total counts for each channel

Channel Number Zero Knee 1 Knee 2 Knee 3 Saturation
1 0.00 181.54 181.60 184.03 1,002.00
2 0.00 999.64 1,000.00 1,000.00 1,000.00
3 0.00 991.39 991.75 1,005.00 1,005.00
4 0.00 1,002.00 1,002.00 1,002.00 1,002.00
Sum 0.00 3,174.57 3,175.35 3,191.03 4,009.00
Sum/4 0.00 793.64 793.84 797.76 1,002.25
Radiance [mW] 0.00 10.90 10.90 11.05 60.16

Table 6. Knees and endpoint locations for the bilinear gains. These are the values in the last two rows of

Table 5.
Location Radiance [mW] Counts
Zero 0.000 0.00
Knee 1 10.899 793.64
Knee 2 10.903 793.84
Knee 3 11.049 797.76
Saturation 60.159 1,002.25
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converter, however, the two voltages are summed at the
input to the converter’s sample and hold circuit. This
summation point couples the responses of the two circuits
with each other. In the original design for the SeaWiF'S
electronics, the zero offset was 5 counts, instead of the 20
counts in the final design. The size of the offset in the A/D
circuitry is determined by the size of resistor R115 (see
Fig. 5). The original design also had a capacitor (C40) in
parallel with resistor R115. This resistor-capacitor (RC)
pair comprises a standard type of electronic filter to reduce
high frequency noise. The circuit was designed with a ca-
pacitance for C40 of 1 uF. The residual stray capacitances
in the circuit are on the order of picofarads, smaller by 4-5
orders of magnitude than C40. For SeaWiF'S, this circuit
was originally included to remove possible high-frequency
noise in the zero offset, even though the zener diode was
expected to produce a quiet voltage level.

This RC pair also has a time period for response to
sharp voltage changes. This time constant is determined
by the product of the resistance and the capacitance in
the RC circuit. The constant gives the time period for the
voltage in the RC circuit to adjust to [1 —e™!], or 63%, of
the voltage difference (Diefenderfer 1972). For SeaWiFsS,
such a voltage change occurs when the instrument scans

from a bright cloud to the dark surface of the ocean. Dur-
ing measurements of the bright cloud, the large voltage of
the input signal into the A/D converter is coupled to the
RC circuit through the A/D bipolar offset. The capacitor
charges to that voltage over several time constants. When
the input voltage drops as the instrument scans onto the
comparatively dark ocean, the capacitor then discharges
to the original level over several time constants. For the
original design, the resistor was set to give a voltage equiv-
alent to 5 counts. Along with C40, this gave a time con-
stant that is 0.25 of the measurement period for a SeaWiFS
pixel. That measurement period is 42x107%s (Barnes et
al. 1994a). After one measurement period, or four time
constants, the RC circuit in the original design would have
a voltage within 2% of the input voltage from the com-
paratively dark ocean. After two measurement periods, or
eight time constants, the voltage would settle to 0.03% of
the ocean value.

When the instrument was modified to give a 20 count
offset, the resistance of resistor R115 was increased by a
factor of four. During this modification, the capacitor was
unchanged; as a result, the RC time constant was multi-
plied by 4. Thus, during initial testing of the radiometer in
the SPR, there were very small, but noticeable, electronic
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tails from the RC circuits in the BTR test results. For
example, for SeaWiFS band 8 the residual electronic tail
at 10 pixels from the bright source was approximately 1
count; in this case, the tail was about 40% of the allowed
BTR response. As part of the stray light modifications
in the SPMPR, capacitor C40 was clipped from all of the
zero offset circuits in the instrument. This change has
reduced the electronic portion of the instrument’s bright
target response to an insignificant level. Although other
capacitances remain in the circuit, the electronic recovery
tail has been reduced by more than two orders of magni-
tude. Measurements of the system noise in SeaWiFS have
not indicated any problems from the removal of the C40
capacitors; the SNRs for all bands significantly exceed the
specification requirements (Barnes et al. 1994a).

There is an additional interesting characteristic of the
zero offset circuits. There are 32 detectors in SeaWiF'S,
but only 16 offset circuits; thus, each band has two off-
set circuits for four detectors. In each band, the endmost
detectors—detectors 1 and 4—share the same offset circuit
with the adjacent detectors, detectors 2 and 3, respectively.
This causes a coupling of pairs of detectors through the
offset circuit—an intraband electronic cross talk. The ef-
fect is short range, covering only 1-2 pixels, and is part
of the system level response to performance tests, such as
the line spread functions used to determine the modulation
transfer function (MTF) (Barnes et al. 1994a). Intraband
electronic cross talk is a component of the MTF and does
not play an independent role in the instrument’s BTR.

6. STRAY LIGHT SOURCES

In the SSLSP, SBRC presented a description of the
stray light paths within the SeaWiFS radiometer and a
set of recommended changes to reduce stray light in the
instrument. The SBRC analysis showed several stray light
paths located in the instrument’s along-scan direction. In
addition, there was one significant stray light path in the
direction perpendicular to the instrument’s scan, i.e., in
the along-track direction. This source (secondary reflec-
tions from the polarization scrambler) is discussed in Sec-
tion 6.2.

Individual sources of stray light are discussed here in
Section 6. The instrument’s stray light response, based on
the response to a 1 pixel wide bright source, is given in Sec-
tion 7. Those results are used as the basis for an informal
stray light budget (Section 8) that gives the ranges (in pix-
els) over which the principal stray light sources contribute
to the instrument’s response.

The response of the instrument, along with the stray
light sources in the along-scan direction, is shown in Fig. 6.
The figure shows the instrument response before modifica-
tions were made to ameliorate the bright target response
in the instrument; thus, this figure also shows the effect
of the electronic tail that was described in the preceding
section. Figure 6 shows the stray light signal paths for the

10

four even bands in the instrument. As described earlier,
SeaWiF'S has four focal planes, each focal plane contain-
ing two bands. With regard to the scan direction of the
instrument, the odd bands on each focal plane are located
before the even bands, i.e., light from a ground or ocean
target will strike the odd band on a focal plane before it
strikes the even band. This creates an asymmetry in the
stray light response for the even and odd bands on a focal
plane. The odd bands experience more stray light after,
i.e., down scan of, a cloud than they do before the cloud.
The additional stray light comes from interband (between
band) optical cross talk from the even band on the focal
plane. Conversely, the even bands experience more stray
light before, i.e., up scan of, a cloud than after; again, this
is due to optical cross talk. The effects of cross talk are
described in more detail in Section 6.5.

Figure 7 gives an example of the stray light paths for
one of the even SeaWiFS bands. As discussed above, most
of the stray light paths in an even band contribute to the
response before a bright source. The use of an even band
has an advantage for the example in Fig. 6, since the ef-
fect of the premodification electronic tail is isolated after
the bright source, so it, and the stray light effects, can be
shown separately.

The data in Fig. 6 are the recorded values from the
instrument as it viewed a bright slit 6 pixels wide. These
data have not been taken from the digital output of the
sensor, as the resolution of the standard digital output
does not have the sensitivity to distinguish the very small
radiances that exist several pixels away from the source.
They lie below the quantization limit of the digital data.
For the test results in Fig. 6, the output from the band
was measured with a lock-in amplifier and a voltmeter.
Using several sensitivity ranges for the amplifier, it was
possible to obtain the dynamic range required to measure
the band’s output over five orders of magnitude.

Each of the stray light paths in Fig. 6 is discussed in
the sections that follow. In addition, one section includes
a discussion of the secondary reflections from the polar-
ization scrambler. The discussion sequence duplicates the
path of the radiance transmitted through the instrument,
from the primary mirror into the focal plane assemblies.

6.1 Primary Mirror Scatter

Primary mirror scatter is a minor contributor to stray
light over the range of pixels shown in Fig. 6. To the right
(down scan) of the bright source, the premodification elec-
tronic tail provides the major portion of the residual sig-
nal. With the removal of the electronic tail, the other stray
light sources still dominate over primary mirror scatter, as
they do to the left (up scan) of the bright source. For this
reason, it was decided to retain the original primary mir-
ror in the radiometer, rather than to install a mirror with
reduced scatter. Primary mirror scatter, however, remains
a contributor to the optical blur near the bright source in
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Fig. 6, and contributes to scatter from other stray light
sources farther out.

Additional measurements of stray light, not shown here,
were made at distances of up to 35 pixels from the bright
source. These so-called deep scans in the along-scan and
along-track directions show residual scattered light from
the primary mirror to be five orders of magnitude below
the bright source radiance. From these measurements, it
is possible to calculate the bidirectional reflectance distri-
bution function (BRDF) for the primary mirror:

Rp = 1.93¢ 615 (1)
where Rp is the BRDF, and « is the off-axis angle, in
radians, as documented in the SSLSP.

For large area bright targets outside the instrument’s
field of view (FOV), the scattered light from the mirror
sums and can become a substantial stray light source.
There is an aperture at the instrument’s optical inlet (see
Fig. 2). This aperture attenuates radiance at the primary
mirror for angles equal to 60 SeaWiFS pixels and greater.
The effect of light, well outside the FOV from clouds,
should resemble the effect of light within the instrument’s
FOV that has been scattered from atmospheric aerosols.
In flight, these instrumental and atmospheric effects may
be very difficult to separate.

6.2 Polarization Scrambler Reflections

The polarization scrambler consists of two crystalline
magnesium fluoride (MgF2) wedges with a reflective coat-
ing on the lower surface. The scrambler acts as a second
surface mirror in the SeaWiFS optical train. The MgFq
wedges in the scrambler create several cycles of varying
polarization in the reflected light across its aperture. The
incorporation of this scrambler into a design based on a
rotating telescope has reduced the residual polarization in
SeaWiF'S to 0.25% or less for all eight bands (Barnes et al.
1994a).

The original design of the polarization scrambler, as
described in the SeaWiFS Critical Design Review (SCDR)
held at SBRC, produced two secondary reflections that
straddle the image in the along-track direction. The sec-
ondary reflections from that design were located about 5
pixels from the center, and had an intensity about 0.5%
of that in the central pixel, as documented in the SSLSP.
These along-track secondary reflections are shown in Fig. 7.
Figure 7 also shows the response of the polarization scram-
bler plus the response of a mirror that was substituted for
the scrambler.

As part of the instrument modifications to remove stray
light, the original polarization scrambler was replaced with
a modified unit. The front surface of the modified polar-
ization scrambler was given a very slight wedge, relative to
the mirrored back surface of the scrambler. The geometry
of the new scrambler collapses the secondary reflections
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onto the image from the central pixel at the optical stop
in the optical inlet for the aft optics (Fig. 8). Although it
may not be immediately obvious from the figure, ray traces
predicted the effect in the improved geometry. In addition,
post-modification testing using a laser light source showed
the reflections to converge onto the central beam as a card-
board target was moved away from the scrambler. The
post-modification testing also showed no secondary reflec-
tions from the scrambler in the along-scan direction.

6.3 BG26 and BG39 Filter Reflections

There are two broadband glass color filters in the Sea-
WIFS aft optics assembly (Fig. 2). These filters (Schott
catalog numbers BG26 and BG39) play an important role
in the laboratory calibration of the radiometer (Barnes et
al. 1994b). Reflections from these filters (referred to as
ghosts in Fig. 6) combine with both in-band optical cross
talk and the reflections from the final focusing lenses in
a region located 5-12 pixels from the edge of the bright
source. The reflections from the color filters are thought to
be far out of focus and very diffuse at the detectors—diffuse
to the point that they do not have the characteristics of an
image. Although referred to as ghosts, they are actually
more characteristic of stray light. Lens reflections and op-
tical cross talk are discussed in the following sections. The
sum of these three stray light sources gives a signal that
is about 0.2% the magnitude of the bright source. In the
laboratory testing of stray light in SeaWiF§S, there was no
effort to separate the stray light from these sources.

The ghosts from the broadband filters are reflections
from their optical surfaces of the upwelling light from the
focal plane assemblies (see Fig. 2). The source of this up-
welling light is reflections off the interference filters on the
focal planes. These interference filters are all of dichroic
design without components that absorb light. They either
transmit or reflect the incoming radiation (Barnes et al.
1994b). Thus, the path for these ghosts is reflection from
the interference filters, reflection from the broadband fil-
ters, and transmission back through the interference filters.

As part of the instrument changes to ameliorate stray
light in the instrument, modifications were made to the
mounting rings for the two broadband absorptive filters.
The new mounting rings tilted the filters by about 5° from
the optical path, moving the reflections away from the fo-
cal planes. Since the responses of the filters are very broad
(Barnes et al. 1994b), this modification created no signifi-
cant effect in the spectral response of the radiometer.

6.4 Focusing Lens Reflections

A diagram of one SeaWiFS focal plane assembly is
shown in Fig. 9. This figure includes the focusing lenses
associated with each assembly. The path for ghosts from
these lenses is similar to that for the broadband filters,
with reflections off the interference filters, to the lenses,
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and back through the interference filters to the detectors.
The effect of reflections from the focusing lenses is poten-
tially much more severe than for the broadband filters; but
for SeaWiFS, the lens reflections are severely out of focus
at the detectors. Indeed, all of the stray light ghosts within
SeaWiF'S are well out of focus and extremely diffuse.

This possibility was considered in the initial design of
the radiometer found in the SCDR from SBRC. For that
reason, the focusing lenses were given a general antireflec-
tion coating; however, these coatings were not optimized
for individual focal planes. As part of the testing of stray
light within the instrument, there was a spectral scan of
one of the lenses in the same lot as the flight parts. Over
the range of wavelengths measured by SeaWiF§S, the re-
flectances of the lenses were less than 2%. It was decided
that the minor reduction in stray light, which might re-
sult from special tailoring of the antireflection coatings of
the lenses, was not worth the risk that would accompany
the removal and replacement of the lenses in the focal
plane assemblies. Changes to the focusing lenses, there-
fore, were not part of the modifications to ameliorate stray
light within the radiometer.

6.5 Optical Cross Talk Between Bands

The SeaWiFS instrument is designed with two bands
on each focal plane assembly. The bands are placed end-
to-end with a saw cut between the two detector arrays (see
Fig. 10). The two interference filters that cover each focal
plane are connected over the saw cut with black epoxy. In
the SeaWiF'S focal plane assemblies, there are open spaces
between the black epoxy joints and the saw cuts. These
open spaces provide paths for optical cross talk between
bands. The SeaWiF§S interference filters do not absorb
light—they either transmit or reflect it. The wires, bond
pads, and the light shield metallization around the detec-
tors in each band, are gold or aluminum and provide shiny
surfaces to reflect light. The active surfaces on the detec-
tor arrays are either a dull or glossy black. For the most
part, light that is reflected from the surface of a SeaWiFS
detector array will pass back through the interference filter
(Fig. 10). This is particularly true for wavelengths where
the transmission of the filter is nearly 100%. There are,
however, wavelengths where the transmission of the inter-
ference filters are a few percent or less. Any light that
is transmitted through the filter at these wavelengths can
reflect from the bottom of the filter. This reflected light
can bounce between the detector arrays and the filters in
an alternating fashion until it is absorbed by the array or
transmitted through the filter.

In this manner, a very small amount of light can pass
between the bands on a focal plane assembly. Since the two
interference filters on a focal plane transmit at different
wavelengths, light passing between bands can encounter a
near perfect reflecting surface from the filter of the other
band. It is estimated that 15 reflections are required for
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specular optical cross talk to occur. The light shield met-
allization around the detectors is somewhat rough, so the
primary source of optical cross talk is probably a single,
low angle reflection between bands.

Between-band cross talk can be removed by placing a
septum below the junction between the filters. Such a
septum would have been reasonably simple to fabricate
during the initial construction of the radiometer. In this
process, the filters would have been joined with an excess
of black epoxy hanging below the junction between the fil-
ters; whereupon the epoxy would have been trimmed so it
would reach from the filter junction to a point just above
the sawcut between the detector arrays (Fig. 10). This
septum would have blocked the optical path between the
two bands on each focal plane. The SeaWiF§S interference
filters, however, have long since been epoxied into place.
Their removal is exceptionally difficult and risky. This fact
was demonstrated experimentally during the thermal vac-
uum testing of SeaWiFS in the spring of 1993. At that
time, the focal plane assembly for bands 5 and 6 failed be-
cause of an electrical problem (Barnes et al. 1994b). When
the band 5 interference filter was removed, i.e., dug out
from the focal plane assembly, it was chipped and had to
be replaced. Added cost, and the potential for delays in
fabrication and instrument delivery, as well as a subsequent
launch delay could have resulted from further operations
on the filters. Based on this evidence, it was decided to
leave the status quo. Septa were not added to the focal
plane assemblies.

Optical cross talk between bands on a focal plane as-
sembly is a function of the spectral shape of the measured
radiance, in addition to the stray light characteristics of
the instrument. The bright sources within the set of ocean
measurements are clouds and, in the near-infrared, land
and vegetation. For the purposes here, clouds are con-
sidered to be white, i.e., their reflective properties are al-
most spectrally flat over the wavelengths measured by Sea-
WiFS; thus, cloud radiances measured by SeaWiFS will
have a spectral shape that very closely approximates the
spectral shape of solar flux. This assumption is central
to the post-modification measurements of residual stray
light within the instrument. These measurements require
the use of a light source that has the spectral shape of
the sun. Since the tests are performed individually for
the two bands on each focal plane assembly, the spectral
shape must be maintained only over the wavelength range
for each pair of bands. Additional spectral source shapes,
such as those anticipated for land measurements, were not
included in the stray light measurements at SBRC.

The selection of the low-sensitivity cloud channel for
each SeaWiFS band was made with the effects of stray
light in mind. SeaWiFS has been designed such that the
outer detectors have reduced gain for cloud sensing. Chan-
nel 1 of each odd band is illuminated by a bright source
first, and channel 4 of each even band is illuminated last.
These are the low sensitivity cloud channels in SeaWiF'S.
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The optical cross talk described in this section dominates
the asymmetric response to bright targets by SeaWiFS.
Other, smaller sources of asymmetry also exist within the
instrument. Successor instruments should be tested for
those secondary asymmetric stray light sources.

6.6 Summary of Proposed Modifications

In the SSLSP, SBRC proposed a set of eight possible
changes to ameliorate stray light in SeaWiF'S, along with
the risks to the instrument resulting from each. [These
were presented at the Stray Light Paths Review at GSFC
on 27 May 1993. The decision whether or not to imple-
ment these changes was made at the Performance Speci-
fication Modification Meeting at Orbital Sciences Corpo-
ration (OSC) 3 August 1993.] These possibilities and the
decisions on their implementations are listed in Table 7.

Table 7. Possible stray light modifications to the
SeaWiF'S radiometer. Implemented modifications
are denoted with a checkmark (v'). Those modifi-
cations that were not implemented are denoted with

an X.

Mod. Possible Implemen-
No. Modification tation
1 | Tilt BG26 and BG39 filters. v
2 | Add septa to focal planes. X

3 | Rotate filters (plus the addi-

tion of septa). X
4 | Add custom anti-reflection

coatings on the final

focusing lenses. X
5 | Add wedge to scrambler face. v
6 | Replace primary mirror. X
7 | Eliminate electronic tail. v
8 | Add cloud sensors. v

Among the possibilities discussed, is exchanging the po-
sitions of some of the filters, since the stray light responses
of the even and the odd bands are different (Section 6.5).
One of the principal data products from SeaWiFS mea-
surements is the ratio of the response of band 2 (443 nm)
to band 5 (555nm). It would be possible for the filters
for bands 5 and 6 to be interchanged, so that bands 2 and
5 would be in the even position on their respective focal
planes. Then, both measurements in the band 2 to band
5 ratio would have similar stray light characteristics.

In a similar manner, the same effect could be obtained
by interchanging the filters in the focal plane for bands
1 and 2, placing band 2 in the odd position on its focal
plane. As discussed above, however, there is difficulty and
risk in digging out the interference filters from their epoxy
mountings; as with the proposal to add septa between the
interference filters, this potential modification was not im-
plemented.
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During the period prior to the SeaWiFS Stray Light
Paths Review in May 1993, a large number of scenar-
ios were proposed to reduce the effects of stray light in
the instrument. Many of these scenarios were summarized
in an unpublished internal memorandum to the SeaWiFS
Project (included in this document as Appendix A).

7. POST-MODIFICATION TESTS

Post-modification stray light measurements were per-
formed as part of the stray light modifications to SeaWiF'S
(Barnes et al. 1994a). The measurements were made at
several slit widths (in the along-scan direction) and at sev-
eral slit heights (in the along-track direction). They were
made with two sets of radiances to examine the linearity
of the residual stray light with the intensity of the bright
radiant source (see the SCADP). The measurements used
the SBRC 100 cm spherical integrating sphere as the light
source. Schott optical glass filters, placed in front of the
exit port of the sphere, were used to obtain spectral shapes
for each of the measurements approximating that for so-
lar flux. The test apparatus is described in the following
section.

7.1 Measurement Apparatus

The measurement apparatus for residual stray light in
SeaWiFS is shown in Fig. 11. The apparatus consists of a
target aperture on the exit port of the SBRC integrating
sphere and a collimating lens. The 15.24 cm diameter of
the lens provides a collimated output from the source that
overfills the input aperture for SeaWiFS. The target aper-
ture on the integrating sphere has been designed to hold
both a 5.08x5.08 cm piece of optical colored glass and a
target mask. The sphere is positioned a distance from
the instrument such that a 2.92 mm wide slit in the target
mask subtends an angle of 1.6 mrad, the angular width of
a SeaWiF'S pixel.

The vertical dimension of the opening in the target
panel is equivalent to 10 SeaWiFS pixels. Target masks
1, 2, and 3 have widths equivalent to 1, 3, and 10 Sea-
WiFS pixels. Combined with the vertical dimension of the
opening in the target panel, these masks produce images
of 1x10, 3x10, and 10x10 pixels. Since SeaWiFS was
positioned to scan in the horizontal during these measure-
ments, the slit widths in the target masks determined the
along-scan sizes of the test images, and the slit heights
determined the along-track size.

Mask 4 was used for measurements of the along-track
response of SeaWiF§S. This mask produced an image of
1x3 pixels, with the along-track portion of the image 3
pixels in size. For the along-track measurements, a series
of SeaWiFS scans were taken, with adjustments of the ver-
tical position of the integrating sphere made using a screw
crank. In the test procedure, the vertical position of the
sphere was continuously adjusted by a distance equal to
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Fig. 11. The test apparatus for the measurement of residual stray light in SeaWiFS. The 15.24 cm, F/12 lens

collimates the flux from the integrating sphere.

one-sixth of a SeaWiFS pixel between sets of scans by the
sensor; thus, the along-track residual stray light measure-
ments were oversampled by a factor of six.

7.2 Intensities of the Bright Sources

The SeaWiFS performance specifications require each
SeaWiF'S band to settle to a radiance value that is within
a specified radiance step above the background ocean radi-
ance. The size of that radiance step is 0.5% of the typical
radiance (Ltypica1) for that band (Barnes et al. 1994a). Ac-
cording to the specifications, the output from the sensor
should meet that radiance level within 10 pixels of the edge
of a bright source. The SeaWiFS BTR specification uses a
percentage of the Liypical values, rather than an absolute
set of radiances expressed in units of mWem=2sr=! ym~1.
For that reason, the discussions of stray light in this doc-
ument will refer to the bright radiances from the sources,
and to the residual stray light radiances within the instru-
ment, in terms of their Liypicar values.

The typical ocean radiances (Liypical) and the maxi-
mum cloud radiances (Lciouq) expected for SeaWiFS mea-
surements on orbit are listed in Table 22 of Barnes et al.
(1994a). Those radiances are shown in Fig. 12a. As can
be seen in the figure, the maximum cloud radiances have a
peak value of about 68 mW cm~=2sr~! ym~! for SeaWiFS
band 3, and the Lypical radiances have a peak of about
9 mW cm~2sr~! um~! for band 1. The nature of the two

sets of radiances is such that the ratio Leiouda/Ltypical in-
creases with SeaWiFS band number (Fig. 12b); thus, the
SeaWiFS cloud radiances vary from about 6.5 times the
value of Liypical for band 1, to about 31 times the value of
Liypical for band 8 (see Table 22 of Barnes et al. 1994a).

The fluxes from the SBRC test apparatus were set, as
closely as possible, to provide the radiances equivalent to
Lecioua and 0.5 Lc1ouq; however, the limited output from the
SBRC sphere in the shorter wavelengths severely limited
the quality of this equivalence (Fig. 13). The cloud radian-
ces from Fig. 12b are repeated in Fig. 13 for reference. The
radiances that are 3 and 10 pixels wide come from Sea-
WiFS measurements of the test images from the sphere.
For band 1 in Fig. 13b, the image from the SBRC test ap-
paratus has a radiance of about 0.5 Liypicai. For bands 7
and 8, in Fig. 13a, the radiances are 25 and 30 times the
value of Liypical, Tespectively.

7.3 Theoretical Band-to-Band Response

To allow for an analysis of the SeaWiFS bands over a
wide range of optical overdrives, the assumption was made
that the stray light responses of the eight bands are similar,
at least to a very good approximation. This assumption
allows the conclusion that the shorter wavelength bands,
tested at small optical overdrives, will behave in the same
manner as the longer wavelength bands when optical over-
drives are large. Conversely, it allows the conclusion that
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the longer wavelength bands, tested at large optical over-
drives, will behave like the shorter wavelength bands when
overdrives are small. It assumes that none of the bands
have peculiarities in their bright target responses.

The assumption of band-to-band uniformity works bet-
ter for the sets of four odd and four even SeaWiFS bands,
since there is evidence in the test results of odd-even band
differences due to optical cross talk. These odd-even differ-
ences are relatively slight, and their characteristics show up
in all of the pairs of odd-even bands. As discussed above,
this odd-even band difference in stray light response was
predicted before the post-modification tests. Indeed, the
character of the predicted odd-even differences was one of
the principal guides for the design of the post-modification
measurements.

Consistent and explanable effects, such as these, must
be demonstrated in the test results, if the assumption of
band-to-band uniformity in stray light response is to be
believed. The analysis presented below will refer to this
assumption; however, the proposed stray light corrections
are tailored individually to the eight SeaWiF'S bands. For
these corrections, very small differences in the responses of
the bands become significant. The stray light corrections
can be a few tenths of a percent or less of the radiance
from the bright source. At levels above this, it will remain
important to check the assumption that the stray light
response is consistent from band to band.

7.4 Source Brightness Response

With the effective removal of the electronic recovery
tail (Section 5.0), there has been no sign of any significant
electronic component to the instrument’s bright target re-
sponse at a distance of more than one or two pixels from
the edge of the bright source. There is a small electronic
overshoot in each band’s electronic response 1 pixel after
a bright source (see Fig. 1 of Barnes et al. 1994a). The
effect derives from the design of the Goldberg noise reduc-
tion circuit in each band’s intermediate electronics. That
response, in the along-scan direction, is present in the test
results, and it will be present in the measurements on or-
bit. That response will be located within 1-2 pixels from
the edge of bright sources. This overshoot will be discussed
in the analysis of the test results presented below.

Without an electronic effect, the remaining response
to a bright source is caused by scattered or reflected light
from the bright source. As the brightness of the source
varies, so does the amount of scattered or reflected light
within the radiometer and the amount of stray light in the
radiometer’s measurements. This is the assumption of a
stray light response linear with source brightness; again, it
will be important to check this assumption in the results.

7.5 Along-Scan Responses

The characterization of residual stray light in the in-
strument was performed using a 1 pixel wide image po-
sitioned at the nadir pixel for SeaWiFS, pixel 643. The
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SeaWiFS response was measured with the standard detec-
tor configuration for the radiometer and with science gain
1. Each band’s response to that bright impulse was mea-
sured over a range of 20 pixels on either side of the nadir
pixel. Over these 41 pixels, the output for each band was
summed, and each summation was normalized to unity.
The calculations presented here assume that all energy
from the impulse is contained within the 41 pixels of the
instrument output.

The along-scan impulses and responses are listed in Ta-
ble 8. The results are given for the range from 13 pixels
before the impulse (pixel offset —13) to 15 pixels after the
impulse (pixel offset 15). The responses are given for the
standard detector configuration for SeaWiF'S, i.e., for mea-
surements using all four detectors in each band. Stray light
measurements, using the same impulses, have also been
made individually for each detector in each band. They
are part of the SeaWiFS bio-optical archive and storage
system (Westphal et al. 1994). If changes to the detector
configurations are required on orbit, these test data can be
used to construct additional responses.

Table 8 gives the averages and standard deviations for
the odd and even band responses. Each of the eight re-
sponses summarized in Table 8 was normalized to unity
before the calculation of the table’s results. The standard
deviations in Table 8 range from about one-third to about
one-half of the corresponding mean values. These small
standard deviations are a measure of the band-to-band
similarity in the instrument response; however, there is
still the need for individually tailored responses for each
band in the stray light correction procedure presented be-
low.

The impulse from the 1 pixel wide bright image is
shown in Fig. 14. The abscissa has been changed so that
the impulse is at pixel zero, rather than pixel 643. The
spread of this input into the odd band response is shown
in Fig. 15. This figure gives the average response for the
four odd SeaWiF'S bands (bands 1, 3, 5, and 7). Figure 15a
shows that almost 99% of the response of the odd bands
can be found within two pixels of the source. Figure 15b
shows the remaining 1% of the odd band response, i.e., the
response that is three or more pixels from the source. In
these figures, the instrument scans left to right. Figure 15b
shows the effect of optical cross talk on the response of the
odd bands on the SeaWiFS focal planes. There is a signif-
icantly longer and larger response after the bright source.
For each odd band, this increased response results from
additional stray light from the even band (Section 6.5).
It is felt that the addition of a septum between the focal
planes would greatly reduce this additional stray light and
make the down-scan response in Fig. 15b nearly identical
to the up-scan response.

The spread of the impulse into the even SeaWiFS bands
is shown in Fig. 16. In the same manner as before, this fig-
ure gives the average response for the four even bands, and
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Table 8. Along-scan impulse and response. The impulse represents the illumination from a 1 pixel
wide slit. The responses come from the SCADP measurements performed at SBRC. The response values
give the means and standard deviations for the four odd and four even bands. All functions have been

normalized to give integrated values of unity.

Pixel Along-Scan Odd Band Response Even Band Response
Offset Impulse Mean o Mean o
—13 0.0 0.000000 0.000000 0.000000 0.000000
—12 0.0 0.000000 0.000000 0.000047 0.000011
—11 0.0 0.000000 0.000000 0.000150 0.000036
-10 0.0 0.000000 0.000000 0.000263 0.000066
-9 0.0 0.000000 0.000000 0.000435 0.000104
-8 0.0 0.000025 0.000016 0.000638 0.000147
-7 0.0 0.000069 0.000030 0.000773 0.000185
—6 0.0 0.000198 0.000079 0.000969 0.000238
-5 0.0 0.000573 0.000202 0.001136 0.000202
—4 0.0 0.001661 0.000553 0.001458 0.000187
-3 0.0 0.004368 0.001589 0.003672 0.001050
-2 0.0 0.012424 0.004133 0.009061 0.002671
-1 0.0 0.149717 0.057032 0.124966 0.067547
0 1.0 0.703367 0.029070 0.765813 0.082545
1 0.0 0.097853 0.086333 0.061887 0.081895
2 0.0 0.016655 0.005364 0.014468 0.012949
3 0.0 0.005788 0.002888 0.008829 0.002597
4 0.0 0.002021 0.000866 0.003241 0.000861
5 0.0 0.001459 0.000944 0.001259 0.000442
6 0.0 0.001127 0.000708 0.000493 0.000252
7 0.0 0.000931 0.000636 0.000214 0.000157
8 0.0 0.000675 0.000438 0.000106 0.000106
9 0.0 0.000541 0.000332 0.000049 0.000064
10 0.0 0.000310 0.000117 0.000025 0.000043
11 0.0 0.000154 0.000025 0.000025 0.000043
12 0.0 0.000059 0.000036 0.000015 0.000026
13 0.0 0.000017 0.000030 0.000007 0.000013
14 0.0 0.000007 0.000013 0.000000 0.000000
15 0.0 0.000000 0.000000 0.000000 0.000000
Sum 1.0 1.0 1.0

as with the odd bands, almost 99% of the even band re-
sponse can be found within two pixels of the source. A
comparison of Figs. 15a and 16a shows a marked similar-
ity in the pattern of the response. For the even bands,
the response in the central pixel is about 6% greater than
for the odd bands. As a result, the even band responses
for pixels —1 and 41 are smaller. The overall assessment
is that the relationships illustrated in Figs. 15a and 16a
between these two pixels are similar.

A comparison of the lower level responses in the outer
pixels (Figs. 15b and 16b) shows more of a mirror image
with respect to the central pixel. The extended down-scan
tail in the response of the odd bands is mirrored by the
extended up-scan tail in the even bands. In both cases, the
extended tails for the bands are caused by cross talk from
the bands that share the focal planes with them. For both

the odd and even bands, the tails with cross talk extend
about 11-12 pixels. For the responses without cross talk,
the tails extend about 7-8 pixels.

7.6 Along-Track Responses

The impulse in the along-track direction comes from a
3 pixel wide bright source. The measured along-track re-
sponse is shown in Fig. 17. The vertical scales for Figs. 17a
and 17b duplicate those for the respective parts of Figs. 15
and 16, but the horizontal scales of Figs. 17a and 17b have
been expanded by a factor of three. The spacing of the
data points in Fig. 17 reflects the oversampling in the
measurements discussed in Section 7.1. Figure 17 shows
six along-track measurements per pixel. Again, for both
the along-scan and along-track stray light results presented
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Fig. 14. Impulse for the stray light responses. The impulse has been set to unity, since it represents all of the

input light to the instrument.

here, a pixel is defined as a square with a side length of
1.6 mrad, which will be 1.13km for nadir measurements
made from an altitude of 705km (Barnes et al. 1994a).
The 2 pixel plateau at the top center of the response de-
rives directly from the width of the illuminated slit. The
half-power points for the response are 3 pixels apart.
Figure 18 shows the along-track response in a format
identical to the along-scan figures. This was obtained by
removing just over 1.5 pixels from the central plateau in
Fig. 17a to create a narrower response. The responses in
Figs. 18a and 18b have been prepared for qualitative pur-
poses only. They do show, however, that the side lobes
of the secondary reflections from the scrambler have been
moved from 5 pixels from the central image (see Fig. 7), to
1 pixel from the center. In addition, the along-track stray
light response exists for only 1 to 2 pixels from the central
image. This width is significantly less than that for either
the odd or even along-scan stray light results. The along-
track results are also presented in Table 9. This table does
not separate the results into odd and even bands, since
there are no significant odd-even band differences. The
standard deviations in Table 9 are also reasonably small
when compared with the mean values. The narrower stray
light response in the along-track direction in SeaWiF'S re-
sults from the basic design of the focal plane assemblies.

22

As shown in Fig. 10, each SeaWiFS band is 4 pixels long
(in the along-scan direction), but only 1 pixel wide.

Table 9. Along-track impulse and response. The
impulse represents the illumination from a 1 pixel
wide slit. The responses come from measurements
in the SCADP. The response values give the means
and standard deviations for the SeaWiFS bands.
All of the functions have been normalized to give
integrated values of unity.

Pixel  Along-Track Response
Oftset Impulse Mean o
—6 0.000000 0.000000  0.000000
-5 0.000000 0.000003  0.000009
—4 0.000000 0.000100  0.000120
-3 0.000000 0.000238  0.000217
-2 0.000000 0.002165 0.001704
-1 0.000000 0.176247 0.045494
0 1.000000 0.645052  0.013227
1 0.000000 0.175668  0.041982
2 0.000000 0.000511  0.000183
3 0.000000 0.000016  0.000018
4 0.000000 0.000000  0.000000
Sum 1.0 1.0
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The field stop at the inlet to the aft optics masks the
bands in the focal planes, leaving an open area that is
approximately 6 pixels long by 2 pixels wide per band.
The narrower the mask, the less stray light there is in
the measurement. Thus, the reduction of the along-scan
mask is one method for reducing stray light in that direc-
tion; such a suggestion was raised by W. Esaias (see Ap-
pendix A). For SeaWiFS, reducing the along-scan masks
over the band areas would eliminate using some of the de-
tectors through vignetting and reduce the signal-to-noise
improvement from the use of those detectors. This sug-
gestion was not implemented. Remodeling the instrument
to separate the individual detectors and place them under
individual filters was also considered impractical.

8. STRAY LIGHT ASSESSMENT

There are three primary contributors to the BTR in
SeaWiFS—MTF /optical blur, optical cross talk under the
interference filters, and mirror BRDF. Mirror BRDF, or
primary mirror scatter, was discussed in Section 6.1, and
included a calculation of the angular dependence of the
BRDF. Primary mirror scatter remains a stray light source
after all other sources have been removed. The ranges over
which primary mirror scatter dominates SeaWiFS BTR are
given in Table 10. These ranges can be compared with re-
sults from the laboratory measurements in Fig. 15 (along-
scan odd band response), Fig. 16 (along-scan even band
response), and Fig. 18 (along-track response).

Optical cross talk has been described in Section 6.5.
It is the primary source of asymmetry in the along-track
BTR from SeaWiFS. For the stray light budget presented
here, optical cross talk covers all sources of reflections un-
der the interference filters. For the odd bands, intraband
optical cross talk, i.e., reflections under the interference
filter within a band, dominates from 3-5 pixels before a
bright source. The so-called excess stray light from inter-
band cross talk extends to 9 pixels after the bright source.
The same along-scan cross talk occurs in the even bands,
except that the excess interband cross talk comes before
the bright source.

The MTF has been discussed in terms of the line spread
function in Barnes et al. (1994a). The MTF is called op-
tical blur in Fig. 6. In optical terms, this effect creates a
blur circle that extends 1 or 2 pixels around each pixel.
Other effects, such as intraband electronic cross talk and
reflections from the focusing lenses, are present in BTR;
however, they are considered to be secondary contributors
to stray light in SeaWiFS.

9. ALONG-SCAN CORRECTION

The individual responses for the eight SeaWiFS bands
are listed in Table 11. These values have been taken from
the SCADP, which also gives a brief description of their
derivation. The application of responses to remove resid-
ual stray light from an individual pixel uses the response of

that pixel plus the responses of pixels near it. Each pixel
is treated, in turn, as the central pixel in the response.
The correction is applied in two parts. First, the so-called
missing signal from the central pixel is restored. For the
odd bands, approximately 30% of the original impulse is
removed from the central pixel in the response (Table 8).
For the even bands, about 24% of the central pixel is re-
moved and must be replaced. Second, the light added to
the central pixel must be removed from its neighbors.

The stray light correction illustrated in Table 12 in-
cludes only five pixels; the pixel to be corrected and the
two pixels on either side of it. This was done to produce
a simplified explanation. In practice, the SeaWiFS along-
scan stray light correction will involve many more pixels,
and the correction is applied after the counts have been
converted into radiances. Using the notation from Ta-
ble 12, the stray light correction (Fgr) for an individual
pixel proceeds in the following sequence.

Step 1: Set the correction term to zero:
Fg;, = 0. (2)

Step 2: Replace the missing signal from pixel Py, as in

(3)

1 - K
Fsr, = Fgp + Ro{ 0}7

Ky

where R designates the radiance of pixel Py, and K
is the correction constant for pixel Pj.

Step 3: Remove the contributions from the adjacent
pixels. This example includes only two pixels up scan
and down scan. In practice, there will be many more.

Koy
F = F. — R_o|—= 4
I SI 2| &Ky | (4)
(Ko
F = F. — R_
SL s — Ry & | (5)
KT
F = F —
SI SI Ry Ko | (6)
and
S
Fs;, = Fsr — Ry 72 (7)
L 0 |

Step 4: Apply the correction to the radiance:

Ry = Ry + Fsp. (8)

The correction in Step 2 is straightforward, since the radi-
ance and the correction constant come from the same pixel.
For Step 3, the location of the pixel under correction, rela-
tive to the source of radiance, determines the appropriate
correction constant.

In the tests summarized below, the stray light correc-
tions were accomplished using a commercial spreadsheet
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Fig. 15. The response for the odd bands on the SeaWiF§S focal plane assemblies. This is the instrument
response in the along-scan direction. The total response from the two portions of this figure is equal to unity,
since it represents all of the response to the impulse in Fig. 14. The figure shows: a) the response of the central
pixel and its immediate neighbors when the ordinate is set to unity; and b) the response of the outer pixels
when the ordinate is set to 1% of full scale. The excess stray light in the higher number pixels, relative to the
pixels on the lower number side, is the result of optical cross talk from the even bands.
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Fig. 16. The response for the even bands on the SeaWiFS focal plane assemblies. This is the instrument
response in the along-scan direction. The total response from the two portions of this figure is equal to unity,
since it represents all of the response to the impulse in Fig. 14. The figure shows: a) the response of the central
pixel and its immediate neighbors when the ordinate is set to unity; and b) the response of the outer pixels
when the ordinate is set to 1% of full scale. The excess stray light in the higher number pixels, relative to the
pixels on the lower number side, is the result of optical cross talk from the even bands.
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by a factor of 6.
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impulse in Fig. 14. The figure shows: a) the response of the central pixel and its immediate neighbors when the
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27



28

Table 10.

Stray Light in the SeaWiFS Radiometer

Primary BTR components. This is a qualitative summary of the principal components in the

BTR/stray light response of SeaWiFS. The pixel ranges give estimates for the regions over which each component
dominates the BTR/stray light response. (The + sign indicates the pixel enumerated and beyond.)

Scan BTR Pixels Before Source Pixels After Source
Direction Component Odd Band  Even Band Odd Band  Even Band
Along-Scan MTF/Optical Blur 1-2 1-2 1-2 1-2
Optical Cross Talk 3-5 3-9 3-9 35
Mirror BRDF 6+ 10+ 10+ 6+
Along-Track MTF /Optical Blur 1-2 1-2 1-2 1-2
Mirror BRDF 3+ 3+ 3+ 3+
Table 11. Along-scan responses for SeaWiFS bands 1-8. These are the constants used in the correction
procedure.
Pixel Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8
Offset (412nm)  (443nm) (490 nm) (510nm)  (555nm) (670nm) (765nm) (865 nm)
—13 0.00000 0.00000 0.00000 0.00000 0.00000  0.00000  0.00000  0.00000
—12 0.00000 0.00005 0.00000 0.00006 0.00000  0.00005 0.00000  0.00003
—11 0.00000 0.00015 0.00000 0.00020 0.00000  0.00016  0.00000  0.00010
-10 0.00000 0.00030 0.00000 0.00034 0.00000  0.00027  0.00000  0.00016
-9 0.00000 0.00050 0.00000 0.00052 0.00000  0.00049  0.00000  0.00026
-8 0.00004 0.00074 0.00004 0.00070 0.00002  0.00077  0.00000  0.00039
-7 0.00010 0.00090 0.00010 0.00078 0.00005  0.00099  0.00003  0.00048
—6 0.00030 0.00110 0.00025 0.00090 0.00015  0.00131 0.00010  0.00064
-5 0.00080 0.00130 0.00075 0.00104 0.00045  0.00142 0.00031 0.00087
—4 0.00240 0.00148 0.00199 0.00156 0.00134  0.00170  0.00097  0.00119
-3 0.00639 0.00519 0.00546 0.00442 0.00342  0.00296  0.00235 0.00241
-2 0.01758 0.01335 0.01565 0.01040 0.00921 0.00607  0.00769  0.00716
-1 0.13183 0.10236 0.21913 0.10948 0.06523  0.05654  0.19012 0.23871
0 0.73314 0.87317 0.74859 0.85724 0.66876  0.71775 0.68751 0.66864
1 0.06392  —0.00445 —0.00273 —0.00104 0.23318  0.20043  0.09758  0.05559
2 0.02000 0.03400 0.02000 —0.00416 0.00743  0.01400  0.02000  0.01600
3 0.01039 0.01335 0.00621 0.00910 0.00297  0.00558  0.00377  0.00803
4 0.00350 0.00440 0.00180 0.00300 0.00149  0.00197  0.00135 0.00385
5 0.00300 0.00148 0.00149 0.00090 0.00059  0.00082 0.00080  0.00193
6 0.00230 0.00055 0.00110 0.00026 0.00052  0.00030  0.00062 0.00090
7 0.00200 0.00020 0.00085 0.00008 0.00045  0.00011 0.00045 0.00048
8 0.00140 0.00007 0.00066 0.00003 0.00035  0.00004  0.00031 0.00029
9 0.00110 0.00002 0.00050 0.00000 0.00030  0.00002 0.00028  0.00016
10 0.00050 0.00000 0.00032 0.00000 0.00022  0.00000  0.00021 0.00010
11 0.00013 0.00000 0.00020 0.00000 0.00015  0.00000  0.00014  0.00010
12 0.00000 0.00000 0.00007 0.00000 0.00007  0.00000  0.00010  0.00006
13 0.00000 0.00000 0.00000 0.00000 0.00000  0.00000  0.00007  0.00003
14 0.00000 0.00000 0.00000 0.00000 0.00000  0.00000  0.00003  0.00000
15 0.00000 0.00000 0.00000 0.00000 0.00000  0.00000  0.00000  0.00000
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Table 12. Application of the along-scan stray light correction. The correction in this table is demonstrated for
a reduced set of five pixels. The correction is shown for the central pixel, P, only.

Correction Pixel

Variable P_2 P_1 PO P+1 P+2
Radiance R_Q R_l R() R+1 R+2
Correction Constant K_o K 4 Ky Ky Ko
Complete Correction Ry(1-Ky) — R3Kis — R.1Ky1 — R\1K_ 1 — R 2K _»

program. In that program, all calculations were made with
radiances that were not corrected for stray light. This
spreadsheet technique gives results that are different from
calculations which correct pixels in series down a scan line.
In that type of calculation, called a moving window calcu-
lation, some of the radiances used in the stray light correc-
tion have been adjusted for stray light, and some have not.
The actual correction routine for flight data will not dupli-
cate the spreadsheet process that derived these corrections;
however, there are other algorithms that can provide es-
sentially identical results.

10. ALONG-SCAN TEST RESULTS

The 32 stray light tests presented here correspond to
the combination of radiances and slit widths in Figs. 13a
and 13b. There are two sets of radiances, called high and
midrange, and there are two slit widths—3 pixels and 10
pixels. A sample calculation from the test results is pre-
sented in Table 13.

10.1 Sample Calculations

The results in Table 13 are for SeaWiFS band 7, with
high radiance, and a 10 pixel slit. For the calculations,
a subset of pixels ranging from pixels 601-680, is taken
from the 1,285 pixel scan line. The laboratory measure-
ments were made in a darkened room with an illuminated
slit (Section 7.1). From those measurements, the instru-
ment output (in counts) for pixels 601-620 was averaged
to provide the zero (or dark) count; this zero count was
subtracted from all of the pixels in the subset. The dark-
corrected counts have been converted into radiances using
the prelaunch calibration constants in Barnes et al. (1994b)
for bilinear gains (Section 4).

These measured radiances form the input for the stray
light correction. For band 7, with high radiance and a
10 pixel slit (Table 13), the input radiance shows a peak
value of about 41.8 mW em~2sr~! yum~1 at pixel 640. The
output radiance from the stray light correction for that
pixel is nearly the same. The radiance at pixel 640, in
normalized units, is very close to L¢ouq and is about 26
times greater than Liypical-

The 10 pixel bright source extends from pixel 634 to
pixel 643. In all of the test set measurements, the right-
most edge of the bright source has been placed at pixel 643.
The zero values in this case (pixels 615-620 and 657-660)

range from 0.001-0.004 mW cm~2sr~! pm™!; i.e., from ap-
proximately 0.33—1.33 counts above the zero offset calcu-
lated from pixels 601-620. In other terms, the zero values
range from 0.06-0.25% of Liypical. On the surface, this
is a small offset, but the SeaWiFS performance specifica-
tions call for the output of the band to fall within 0.5% of
Liypical within 10 pixels of the bright source. In these re-
sults, where 2 or 3 counts are equivalent to 0.5% of Lyypical,
these zero values can be significant.

The decision was made not to fine tune the zero val-
ues in these calculations. In addition, the decision was
made not to fine tune the responses in these calculations.
A hypothetically improved set of response constants could
remove more of the residual stray light tails in Table 13.
Individual tailoring of these parts of the calculations could
produce improved results. Those improvements would be
of laboratory measurements of bright slits, and will not be
made on orbit. There can, and will be, multiple bright
sources in each scan of the Earth. Most of those bright
sources, clouds in particular, will not have the sharp edges
characteristic of laboratory slits.

Extrapolation of these controlled laboratory measure-
ments of stray light to the conditions to be found on orbit
is not completely straightforward. As a result, it was de-
cided to define the procedure for stray light reduction be-
fore analysis of the actual measurements and to use those
results without empirical fitting. The calculation of the
zero values and the constants in the along-scan responses
were not adjusted. Based on the test results presented
here, improving the laboratory results in this manner does
not necessarily lead to better results from orbit. In essence,
scatter, and possibly some bias, has been retained in these
test results.

10.2 Results

The laboratory stray light correction results are shown
in Figs. 19-50. The data from which these results were cal-
culated have been stored by the SeaWiFS Project (West-
phal et al. 1994), and are available to the interested user.
Each of these figures has four subpanels, a—d, respectively,
and the format for each part is the same from figure to fig-
ure. In all of the figures, the abscissa runs from pixel 615 to
pixel 665. Figure 19 will be used for illustrative purposes.
Subpanels 19a and 19b show the input (uncorrected) ra-
diances for the measurement, with 19a scaled to show the
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