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omparison of SeaWiFS measurements of the
oon with the U.S. Geological Survey lunar model

obert A. Barnes, Robert E. Eplee, Jr., Frederick S. Patt, Hugh H. Kieffer,
homas C. Stone, Gerhard Meister, James J. Butler, and Charles R. McClain

The Sea-Viewing Wide-Field-of-View Sensor �SeaWiFS� has made monthly observations of the Moon
since 1997. Using 66 monthly measurements, the SeaWiFS calibration team has developed a correction
for the instrument’s on-orbit response changes. Concurrently, a lunar irradiance model has been
developed by the U.S. Geological Survey �USGS� from extensive Earth-based observations of the Moon.
The lunar irradiances measured by SeaWiFS are compared with the USGS model. The comparison
shows essentially identical response histories for SeaWiFS, with differences from the model of less than
0.05% per thousand days in the long-term trends. From the SeaWiFS experience we have learned that
it is important to view the entire lunar image at a constant phase angle from measurement to measure-
ment and to understand, as best as possible, the size of each lunar image. However, a constant phase
angle is not required for using the USGS model. With a long-term satellite lunar data set it is possible
to determine instrument changes at a quality level approximating that from the USGS lunar model.
However, early in a mission, when the dependence on factors such as phase and libration cannot be
adequately determined from satellite measurements alone, the USGS model is critical to an understand-
ing of trends in instruments that use the Moon for calibration. This is the case for SeaWiFS. © 2004
Optical Society of America
OCIS codes: 010.0010, 120.0120, 120.0280, 120.5630.
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. Introduction

he Sea-Viewing Wide Field-of-View Sensor �Sea-
iFS� is a second-generation ocean color instrument.
s such, its mission was designed in very large part
n the lessons learned from its predecessor, the
oastal Zone Color Scanner �CZCS�.1,2 Contractu-
lly, SeaWiFS was the procurement of an ocean color
ata set by the U.S. government, not an instrument
f the government’s design3; however, the perfor-
ance specifications for the instrument included a

equirement for direct lunar views to monitor instru-
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ent stability.3 In addition, the performance spec-
fications called for either an internal light source or

solar diffuser as a second monitor of instrument
hange. The manufacturer of SeaWiFS chose to in-
orporate a solar diffuser. These design decisions
ave had a fundamental effect on the stability-
onitoring program for SeaWiFS.
SeaWiFS was launched on 1 August 1997 onboard

he SeaStar spacecraft �now called Orbview-2�. The
rst images of the Earth were taken on 4 September
997, and the first lunar measurements were made
n 14 November 1997. Since then, lunar measure-
ents have been made on a monthly basis. The
eaWiFS calibration team does not, as yet, use the
oon as an absolute radiometric standard for cali-

ration purposes. The Moon is used solely as a dif-
use reflector whose surface remains unchanged.4

From the outset, the SeaWiFS calibration team did
ot consider itself to be expert on the surface prop-
rties of the Moon. In particular, the team was un-
ble to account for the effects of lunar libration, in
hich the face of the Moon as seen from the Earth
aries over time owing to a slow, periodic wobble of
he Moon as it moves through its orbit. As the Moon
as an inhomogeneous surface, with a pattern that

an be seen from the Earth, the wobble causes a
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ime-dependent change in the lunar irradiance.
ith the Moon acting as a diffuse reflector of sun-

ight, this change in irradiance comes from variations
n the incidence and the scattering angles of the illu-

inating and reflected flux from its surface. For
ncident flux, the angles are parameterized in terms
f the lunar �selenographic� latitude and longitude of
he subsolar point. For scattered flux, the angles
re parameterized in terms of the selenographic lat-
tude and longitude of the subsatellite point.

With the published description of the U.S. Geolog-
cal Survey �USGS� lunar irradiance model,5 it was
ecognized by the calibration team that the phase and
ibration factors in that model are derived empiri-
ally, that is, from observations of the Moon by the
SGS telescope. As a result, the SeaWiFS calibra-

ion team has developed a set of libration corrections
ased on the long-term set of SeaWiFS lunar mea-
urements. This development has been made pos-
ible, in large part, by the limitation of the SeaWiFS
easurements to a small set of lunar phase angles.
he phase angle is the angle between the Moon–Sun
ector and the Moon–observer vector. The change
n phase angle over a lunar month is the dominant
actor in the cyclical changes in the brightness of the

oon and, therefore, in the USGS lunar model, which
overs phase angles from 90° before full phase to 90°
fter.5,6 It is a much smaller factor in the SeaWiFS
unar measurements and thus greatly simplifies the
nalysis by the team.
In Section 2 we present the SeaWiFS measure-
ents of the Moon, plus corrections to remove non-

nstrumental effects, including libration, from the
unar time series. In that section we also describe
he time-dependent changes in the SeaWiFS bands
erived from the lunar measurements. In Section 3
e give an overview of the USGS telescope and the

unar model based on its measurements, and in Sec-
ion 4 we compare the SeaWiFS measurements of the
oon �after correction for the time-dependent

hanges in the SeaWiFS bands� with the correspond-
ng values calculated from the USGS model.

. SeaWiFS Lunar Measurements

. SeaWiFS Instrument Overview

eaWiFS is an eight-band filter radiometer. The
ands have nominal center wavelengths of 412, 443,
90, 510, 555, 670, 765, and 865 nm. SeaWiFS con-
ists of a scanner, which contains the optics, detec-
ors, preamplifiers, and scan mechanisms, and an
lectronics module, which contains the signal condi-
ioning, command, telemetry, and power supply elec-
ronics. The SeaWiFS scanner is illustrated in Fig.
. Light from the Earth first strikes the primary
irror and then is reflected from the polarization

crambler and from the half-angle mirror before en-
ering the aft optics. The primary mirror and the
olarization scrambler are mounted upon a cylinder
hat rotates six times per second, and the half-angle
irror rotates at half that rate. For lunar measure-

ents SeaWiFS views the Moon in the same manner m
s it views the Earth. Additional details of the de-
ign of SeaWiFS are given by Barnes et al.7,8 Re-
ults of its prelaunch characterization are given by
arnes et al.3
SeaWiFS operates in a polar orbit, crossing the

quator from north to south at local noon. In nor-
al operation the spacecraft is maintained in a
adir orientation, using pitch–axis momentum
heels for attitude control. For lunar measure-
ents the rotation rate of the momentum wheels is

ncreased, and the spacecraft is pitched in the op-
osite direction at a rate faster than that of normal
peration. The maneuver is timed such that Sea-
iFS will view the Moon as the spacecraft Earth’s

rack passes over the sublunar point on the dark
ide of the Earth. At the end of the maneuver the
itch rate is returned to normal. This maneuver
llows SeaWiFS to view the Moon in the same man-
er as it views the Earth.
Inasmuch as the Moon appears to be a stationary

bject during SeaWiFS measurements, the number of
can lines in a lunar measurement depends on the
itch rate of the instrument and on the apparent size
f the Moon. The pitch maneuver causes SeaWiFS
o oversample the Moon. There are approximately
5 scan lines of the Moon in the lunar image, whereas
he Moon has a diameter that is equivalent to ap-
roximately 7 SeaWiFS samples. Additional details
f the lunar maneuver and the lunar sampling pro-
edures are given by Barnes et al.9,10 The uncer-
ainty in the number of scan lines in a SeaWiFS lunar
mage is a principal source of error in the measure-

ents.

. Geometry, Phase, and Oversampling Factors

t the time of the first SeaWiFS lunar measurement,
o lunar model was available to the SeaWiFS cali-
ration team. As a result, the team developed a
imited set of normalizing factors for the measure-

Fig. 1. Illustration of the SeaWiFS scanner.
ents, such as the Sun–Moon distance and the

1 November 2004 � Vol. 43, No. 31 � APPLIED OPTICS 5839
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oon–instrument distances.9,10 As the team uses
he Moon to determine long-term instrument
hanges only, the reference values for the normaliza-
ions are set to unity at the start of the mission.

SeaWiFS makes measurements of the input radi-
nce �mW cm�2 �m�1 sr�1� within each 1.6 mrad �
.6 mrad pixel. For lunar measurements, 22 � 33
ixel images are assembled.9,10 These images in-
lude both the Moon and a surrounding region of
ixels of black space. For each SeaWiFS band the
adiances from the pixels in the image are summed to
ive integrated lunar radiances:

Sn � �
i�1

Np

Li,n, (1)

here Sn is the summed radiance for SeaWiFS band
, Np is the number of samples �726� in the SeaWiFS

unar image, and Li,n is the radiance for sample i,
and n �mW cm�2 �m�1 sr�1�.
Normalizing factors are applied to these summed

adiances to remove, as best as possible, noninstru-
ental effects in the measurements. The first nor-
alizing factors make corrections to standard
arth–Sun and Moon–instrument distances:

SAn � Sn� DSM

1 AU�2� DMV

384,400 km�2

, (2)

here Sn is the summed lunar radiance for band n,
SM is the Sun–Moon distance �in astronomical units

AU�	, DMV is the Moon–Viewer distance �km�, 1 AU
s the mean radius of the Earth’s orbit about the Sun,
84,400 km is the mean radius of the Moon’s orbit
bout the Earth, and SAn is the normalized radiance.
he second normalizing factor corrects the radiances

o a standard phase angle of 7°:

SBn � SAn��
i�0

2

vig
i��1 � εn� g � 7	�, (3)

here SBn includes this normalization. The sum-
ation term in Eq. �3� is a second-order polynomial in

unar phase9,10 based on the lunar reflectance model
f Helfenstein and Veverka,11 which is itself based on
he measurements of Lane and Irvine.12 Helfen-
tein and Veverka11 used the average of those mea-
urements, at wavelengths from 360 to 1600 nm, to
reate a single, best-fit lunar reflectance curve at an
ndefined wavelength, presumably near 500 nm.
oefficients vi have been set up to give a value of
nity at 7° lunar phase, and the units of these
oefficients are such that the normalization is di-
ensionless. Such is also the case for the other

ormalizations in this section. The second term
n Eq. �3� is an empirically derived, wavelength-
ependent correction based on the SeaWiFS lunar
easurements.13,14 Coefficient εn �dimensionless�

n the second term is small, with differences among
he bands of approximately 1%.

Because changes in phase angle cause dramatic
hanges in the brightness of the Moon, the decision

as made to keep the phase angles of the measure- c

840 APPLIED OPTICS � Vol. 43, No. 31 � 1 November 2004
ents at approximately 7° to minimize the effect.
he phase of the Moon changes by 
0.75° during a
eaWiFS orbit, so it was anticipated that the varia-
ion in the measurements would be less than 0.5°
rom 7°. However, early in the mission, conflicts be-
ween the timing of the lunar measurements and the
ransmission of satellite data to the ground required
ccasional measurements at phase angles more than
° from the standard angle. The wavelength-
ependent correction adjusts for the effects of these
hase angle differences.13,14 In addition, the flight
peration procedures for SeaWiFS have been modi-
ed to minimize the differences of the phase angles
rom 7°.

The original correction used by the SeaWiFS cali-
ration team included a term for the illuminated area
f the Moon, which is also a function of the lunar
hase angle.9,10 However, it is now known that the
lluminated area is part of the values of Helfenstein
nd Veverka.11 On average, the effect of the erro-
eous incorporation of the illumination area is small,
0.1%. It is no longer used in the processing of the
eaWiFS lunar data set.
The rotation rate of the spacecraft during the
easurement causes an elongated lunar image �see
arnes et al.9,10�. In other words, the Moon is over-
ampled during the measurement. The normaliza-
ion for this noninstrumental effect is made by use of
q. �4�:

SCn � SBn�3474.8 km�DMV

YM
� , (4)

here SCn is the summed radiance after normaliza-
ion and YM is the size of the Moon in the along-track
irection. The oversampling correction in Eq. �4�
epresents a significant change from the previous cor-
ection by Barnes et al.10 In that normalization, the
xtent of the Moon in the along-track direction, which
s the direction of oversampling, was determined as
he point in the image where the instrument response
as 1% of the maximum. Here the normalization is

alculated as the ratio of the along-track angular di-
meter of the Moon as viewed by the SeaWiFS in-
trument to the Moon’s actual angular diameter.
he actual angular diameter of the Moon is the phys-

cal lunar diameter �3474.8 km� divided by the Moon–
nstrument distance �DMV� in kilometers.

The size of the Moon in the along-track direction
YM� comes from the images themselves, as there is
o means of accurately determining the spacecraft’s
otation rate during the lunar maneuver. The ob-
ective is to determine the locations of the pixels at
he top and the bottom of the lunar image that are
0% illuminated by the lunar disk. The size is de-
ermined by use of a modified version of an edge
etection routine in the IDL programming language.
his routine determines the first and second deriva-
ives, as functions of pixel number, in along-track
ections of the lunar images. An example of such an
long-track profile is shown in Fig. 2. The profile

omes from Fig. 2 of Barnes et al.10 and is shown to
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llustrate the basic procedure. The small circles give
he SeaWiFS-measured values, and the line is a fitted
urve. The diamonds give the locations of the max-
mum and minimum in the first derivative. How-
ver, because of the shape of the profile, other
axima and minima also occur. To account for pos-

ible ambiguities, the procedure uses the zero-
rossing point for the second derivative that occurs
losest to the first pixel that is partially illuminated
y the Moon coming from the off-the-Moon direction.
his zero-crossing �or inflection� point provides

he location of the maximum rate of change in the
eaWiFS-measured values. This procedure is re-
eated for each set of along-track measurements by
he instrument. The longest distance, from image
dge to image edge, gives the size of the Moon. With
his procedure, the along-track size of the Moon is
pproximately 20 pixels for the SeaWiFS measure-
ents. It is estimated that the uncertainty in this

ize calculation is approximately 0.5 pixel, or 
2.5%
f the calculated value. The major contribution to
his uncertainty comes from the calculation of the
dges of the lunar image.
A second contribution to the oversampling uncer-

ainty comes from the misalignment of the along-
rack direction of the spacecraft and the long axis of
he illumination of the Moon by the Sun.15 When
he Moon is measured diagonally across its illumi-
ated surface, the along-track size of the illuminated
oon is always smaller than the actual diameter of

he Moon. This effect is also dependent on the phase
ngle for the lunar measurement. For measure-
ents near 7° phase, this effect is small, ranging

rom zero to 0.3%. For measurements with nearly
dentical phase angles, the effect adds to the scatter
n the time series. However, this additional scatter
s small compared with the scatter from the calcula-
ion of the edges of the lunar image, and no misalign-
ent correction is applied to the measurement here.

ig. 2. Along-track section of the Moon measured by SeaWiFS.
his comes from Fig. 2 of Barnes et al.10 and has been normalized

o the range from zero to unity. The diamonds give the calculated
dges for the cross section. DN, digital numbers.
For lunar measurements it is important to ensure, s
s best as possible, that the measurements from the
nstrument uniformly cover the Moon’s surface—
ith no gaps between pixels and with no overlaps.
aboratory measurements have shown the SeaWiFS
ixels to be approximately square,3 with cross-
ectional areas equivalent to squares with side
engths of 1.60 � 0.03 mrad. The average side
ength of 1.60 mrad is used to convert the along-track
ize of the Moon from pixels to radians in the over-
ampling correction.

. Libration Factor

or the SeaWiFS calibration team the libration nor-
alization terms are empirically determined from

he set of SeaWiFS lunar observations. They come
rom an analysis of the values of SCN, that is, from the
unar time series after the removal of distance, phase
ngle, and oversampling effects. The normaliza-
ions use the values from band 3 �490 nm�, band 4
510 nm�, and band 5 �555 nm�. Within the full set
f SeaWiFS bands the long-term changes in these
ands are small. The response of band 4, before
ibration correction, is shown in Fig. 3. It is repre-
entative of the responses of bands 3 and 5, also.
igure 3 shows the values of SCn from Eq. �4� nor-
alized to unity for the first lunar measurement.
he figure also shows a fit to the data points by linear
egression. The slope of the fitted line is not crucial
o this normalization. However, its form as a
traight line is important. At the conclusion of the
ormalization for libration, the resultant trends in
ands 3–5 are straight lines. The linear form of
hese calculated trends may be influenced by the
anner in which the libration normalization is ap-

lied. However, if these trends are small, the devi-
tions in the actual instrument trends from the
alculated straight lines should also be small.

The normalization uses the ratios of the measured
oints for bands 3–5 from each of their linear regres-

ig. 3. Response of band 4 before correction for libration. The
esponses are normalized to the initial value. The straight line
ives a linear fit to the responses. Epoch 2000 has a reference of
nity for the first day of the year 2000.
ions �Fig. 3�. It is assumed that the libration effects

1 November 2004 � Vol. 43, No. 31 � APPLIED OPTICS 5841
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re the same for all wavelengths, so bands 3–5 are
epresentative of the other SeaWiFS bands. These
atios can be represented as dependent variables of
ny of the libration variables. For the SeaWiFS li-
ration normalization, the independent variables of
olar selenographic longitude, spacecraft seleno-
raphic latitude, and spacecraft selenographic longi-
ude are used. And, for this normalization, linear
ependencies are calculated.
The dependencies for these variables are shown in

ig. 4. This figure gives the residuals about the line
n Fig. 3 plotted versus the libration variables plus
he linear fits for the residuals. The slopes of these
ines provide the effects for the libration variables.
he calculated effects for the three libration vari-
bles, as functions of time, are shown in Figs. 5�a�–
�c�. Figure 5�d� shows the product of the individual
ffects. The pattern in Fig. 5�d� reflects the basic
attern in Fig. 3, and it is this pattern that the libra-
ion correction removes. The spacecraft’s latitude
nd longitude are periodic functions with different
requencies, and the effect of the difference is evident
n the total effect. The solar longitude effect in Fig.
�c� is not a smooth function with time, as SeaWiFS
akes lunar measurements both before and after full

hase in the lunar cycle. In addition, there is a

ig. 4. Dependencies of the SeaWiFS measurements on the lunar
n Fig. 3 for each variable. The lines give the linear fits for these
mall but noticeable phase angle dependence in the b

842 APPLIED OPTICS � Vol. 43, No. 31 � 1 November 2004
ata set before the libration correction, with the val-
es for the waxing Moon slightly different from those
f the waning Moon. However, this dependence is
emoved by the libration normalization.

The libration normalization takes the form

SDn � SCn��1 � w1���1 � w2��1 � w3��	�1, (5)

here SDn is the summed radiance after normaliza-
ion and w1, w2, and w3 are the coefficients for the
olar selenographic longitude ���, the spacecraft sel-
nographic latitude ��, and the spacecraft seleno-
raphic longitude ���, respectively. The latitude
nd longitudes have units of degrees, and the coeffi-
ients have units of inverse degrees. The coeffi-
ients are calculated by use of linear regressions, and
he normalizations are unity at 0° selenographic lat-
tude and longitude. The terms in Eq. �5� give the
ibration effects, and the correction is calculated as
he inverse of the overall effect. For each libration
oefficient, the values of the coefficients for the three
ndividual bands disagree from the average by less
han 5%.

The SeaWiFS libration corrections are a simplified
ersion of the terms in the USGS lunar model de-
cribed in Subsection 3.B below. There are no com-

tion variables. The data points give the residuals about the line
duals.
libra
ined terms of the form �� or �, as the Moon is near
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. T
ull illumination and the solar selenographic longi-
udes for the SeaWiFS measurements are small.
hese combined terms are significant at large solar

ongitude angles when the Moon is partially illumi-
ated and the uneven distribution of bright and dark

eatures on the lunar surface become a factor in the
easurements. There is also no term in Eq. �5� to

ccount for the opposition effect,16 because that effect
ccurs primarily at phase angles less than 4°, smaller
han those for the SeaWiFS measurements. In ad-
ition, there is no term in the normalization proce-
ure to account for residual correlations among the
ibration variables. However, the libration correc-
ion was calculated in a two-step process, with a sec-
nd iteration of the procedure to remove residual
ibration dependencies in the first step. Finally,
here is no solar selenographic latitude term in Eq.
5� to correspond to the spacecraft’s selenographic
atitude. The effects of spacecraft and solar seleno-
raphic latitudes are correlated, and the spacecraft’s
atitude provides a satisfactory correction by itself.

Figure 6 shows the response of SeaWiFS band 4
efore and after libration correction. Figure 6�a� is
he same as Fig. 3. It is shown for comparison with
ig. 6�b�, which gives the response after correction.
igure 6�b� shows a scatter about the fitted line of
0.75%, 1�. However, that scatter does not show

Fig. 5. Calculated libration effects for SeaWiFS band 4
eriodicities with the frequencies of those in Fig. 6�a�. l
f there is a residual libration component in Fig. 6�b�,
t is lost in the measurement-to-measurement scat-
er, which is thought to come from the oversampling
orrection in Eq. �4�. It has a magnitude that is
onsistent with the uncertainty estimated for the cor-
ection.

. Oversampling Error

he measurement-to-measurement scatter in the
versampling correction provides a major limitation
n the determination of long-term instrument
hanges that use the Moon. For each measure-
ent the oversampling calculation adds an uncer-

ainty to the SeaWiFS lunar irradiance. This is a
ystematic error that is present to the same degree
n all the bands. For the lunar time series the
rror appears as a scatter in the trends, as it
hanges from measurement to measurement. The
catter affects the calculated trends as new mea-
urements are added to the data set. Figure 7
hows this effect for SeaWiFS band 4. The figure
hows the time series of the calculated linear trends
or the values from Fig. 6�b�. The linear trend cal-
ulated for measurements 1–6 is �1.1% per thou-
and days. With the addition of measurement 7,
he trend becomes �1.9% per thousand days. The
ddition of measurements 8–10 drives the calcu-

he normalization factors are the inverses of the effects.
ated slope negative. As new measurements con-

1 November 2004 � Vol. 43, No. 31 � APPLIED OPTICS 5843
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inue to accumulate, this oscillation in the calculated
lopes dampens out. For SeaWiFS an extended set of
easurements is required for overcoming the effects of

he measurement-to-measurement scatter.
The oversampling scatter is inherent in the current

nalysis procedure for the SeaWiFS lunar measure-
ents. Its effects are also part of the comparison
ith the USGS lunar model in Section 4 below.
owever, with a set of 66 lunar measurements cov-

ring approximately 5.5 years, its effects are greatly
educed. For the last seven measurements in the
ata set �Fig. 7� the calculated slopes for band 4 have
aried by less than 0.1% per thousand days. Fi-
ally, the residual scatter from the oversampling er-
or is virtually the same for all the SeaWiFS bands.

To correct for this error it is possible to calculate the
ractional difference of each data point from the fitted
ine in Fig. 6�b�, and this process can be repeated for

ig. 6. Response of band 4 before and after correction for libration
inear fits to the responses.

ig. 7. Calculated slopes for the response of SeaWiFS band 4.
he slopes are calculated by use of linear fits. The unit for the
lopes is percent change per thousand days. The slope for mea-
urements 1–6 is �1.1%. The slope for measurements 1–7 is
1.9%. The slope for measurements 1–66 is �0.27%. No slope
as calculated for measurements 1–5. The change in slope, as

ew measurements are added, dampens over time.
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eaWiFS bands 3 and 5. When the fractional differ-
nces for the three bands are averaged, the result is an
versampling scatter correction that can be applied to
ll the SeaWiFS bands. The correction is the inverse
f the average fractional difference. Figure 8�a�
hows the response of band 4 with the removal of the
versampling scatter. Figure 8�a� shows the re-
ponse before the removal. It is a duplicate of Fig.
�b�, except for an expanded vertical scale.
The removal of the oversampling scatter does not

ffect the slope for band 4. The slope is the same for
oth parts of Fig. 8. Nor does the removal affect the
lopes for bands 3 or 5. Ultimately, the oversam-
ling correction does not effect the slopes for the other
eaWiFS bands—bands that change in a nonlinear

ashion with time. However, the oversampling cor-
ection does reveal the shape of the nonlinearities
see Fig. 9�, and, with the shape revealed, it is possi-
le to develop the form for the fitted curves. Those
tted curves, described in Subsection 2.E below, ap-
ly equally well to the measured results with, and
ithout, the removal of the oversampling error. The
versampling correction, however, is a step in their
evelopment.

. Instrument Changes on Orbit

igure 9 shows the responses of all eight SeaWiFS
ands, each with the same correction for oversam-
ling scatter. For bands 1–6 the changes are less
han 2%. For band 7 the change is less than 5%, and
or band 8 the change is approximately 13%.

For these calculations to work, it is necessary to
now that the instrument’s response is changing
moothly over time, without discontinuities. Dis-
ontinuities of this sort were present in the mea-
urements of CZCS,17 the predecessor to SeaWiFS.
s a result, a solar diffuser was incorporated into

he SeaWiFS instrument. Daily measurements of
he solar irradiance reflected from the diffuser18

ave shown no discontinuities in the response of
eaWiFS.

he responses are normalized to the initial values. The lines give
. T
For each band in Fig. 9 there is a fitted curve. For
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ands 3–5 the curves are straight lines. For bands
, 2, and 6 the curves are single exponentials with
ime constants of 2000 days. For bands 7 and 8 the
urves are combinations of two exponentials, one
ith a shorter time constant �200 days� and one with

ig. 8. Response of band 4 before and after removal of the oversam
ines give linear fits to the responses. The slopes for the two linear
cale here.

ig. 9. Responses of the SeaWiFS bands. The responses are nor

–5 the fitted curves are linear. For bands 1, 2, and 6–8 the fitted cu
longer time constant �2000 days�. The general
quation for the eight bands,

y � z0 � z1 t � z2 exp��z3 t� � z4 exp��z5 t�, (6)

g error. The responses are normalized to the initial values. The
re identical. �a� Same as Fig. 6�b�, except for an expanded vertical

zed to the initial values. The lines are fitted curves. For bands
plin
fits a
mali

rves are exponentials.
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ncludes terms for each type of curve. In Eq. �6�, y is
he calculated response �dimensionless�, t is the time
fter the first measurement in the data set �in units
f days�, z0, z2, and z4 are coefficients for the fitted
urve �dimensionless� and z1, z3, and z5 are coeffi-
ients in units of inverse days. The coefficients for
q. �6� are listed in Table 1. For the data points in
ig. 9 the values are normalized to unity for the first
easurement. However, the fitted curves are not

orced to unity for the time of the first lunar mea-
urement �t � 0, which is day �777 in Epoch 2000�,
s can be seen from Figs. 9�a� and 9�b�.
For band 8 the responses agree with the fitted

urve at the 0.1% level �see Table 2�. For the other
ands the agreement is better. This result is an
ndication that the oversampling noise is common to
ll the bands. In addition, the agreement between
he responses and the fitted curves in Fig. 9 gives an
ndication of the level at which instrument trends can
e determined by satellite instruments that use long-
erm lunar measurements.

The first SeaWiFS lunar measurement was made
05 days after the start of the SeaWiFS mission. If
he instrument changes after the first lunar measure-
ent are representative of the changes before, then it

s possible to extrapolate the fitted curves in Fig. 9
ack to the start of the mission to estimate the
hanges in the instrument before the first lunar mea-
urement. Those changes are listed in Table 3.
he extrapolations go back to two dates, to the launch
f SeaWiFS and to the date on which SeaWiFS made

Table 1. Coefficients fo

Band Wavelength �nm� z0 z

1 413.0 0.9729 0
2 444.1 0.9794 0
3 490.1 0.9995 �3.677
4 510.3 1.0004 �2.727
5 554.2 1.0001 �3.098
6 668.8 0.9764 0
7 763.8 0.9282 0
8 866.4 0.8167 0

aCoefficients z0, z2, and z4 are dimensionless. Coefficients z1, z3
below.

Table 2. Scatter in the SeaWiFS Values about Their Fitted Curves in
Fig. 9a

SeaWiFS Band
Wavelength

�nm�
Standard Deviation

�%�

1 413.0 0.06
2 444.1 0.04
3 490.1 0.03
4 510.3 0.03
5 554.2 0.05
6 668.8 0.06
7 763.8 0.06
8 866.4 0.09

aThe standard deviations of the values about the curves give a

easure of the scatter in the data. m
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ts first image of the Earth. The launch occurred
05 days before the first lunar measurement, and the
rst SeaWiFS Earth image was obtained 71 days
efore. During the 34 days between these two
vents SeaWiFS was raised to its operating orbit and
as allowed to outgas. At the date of the first Earth

mage SeaWiFS began its normal on-orbit operations.
he instrument changes and the processes for the
hanges during the 34-day interim period are un-
nown to us. Only for bands 7 and 8 are the differ-
nces between the two events significant.
For absolute comparisons with the USGS lunar
odel we assume that the extrapolation to the launch

ate, as done for the SeaWiFS transfer-to-orbit ex-
eriment19 and for the reflectance-based calibration
f SeaWiFS,18 gives the best estimate of the change in
he instrument before the first lunar measurement.

. USGS Lunar Measurements

. USGS Telescope System Overview

program to characterize the brightness of the Moon
or the on-orbit calibration of Earth remote-sensing
maging instruments has been established by the
SGS.20,21 The basis for this program is the Robotic
unar Observatory �ROLO�, an automated observa-

ory dedicated to the radiometry of the Moon.
OLO has been observing the Moon in the visible and

he near infrared �VNIR� at wavelengths from 347 to

Fitted Curves in Fig. 9a

z2 z3 z4 z5

0.0260 0.0005 0 0
0.0206 0.0005 0 0

�6 0 0 0 0
�6 0 0 0 0
�6 0 0 0 0

0.0232 0.0005 0 0
0.0646 0.0005 0.0072 0.005
0.1529 0.0005 0.0313 0.005

z5 have units of inverse days. The wavelengths come from Table

Table 3. Instrument Changes before the First Lunar Measurementa

Band
Wavelength

�nm�
Change from
Launch �%�

Change from
First Image �%�

1 413.0 �0.14 �0.09
2 444.1 �0.11 �0.07
3 490.1 �0.04 �0.03
4 510.3 �0.03 �0.02
5 554.2 �0.03 �0.02
6 668.8 �0.13 �0.08
7 763.8 �0.85 �0.54
8 866.4 �2.98 �1.88

aThese changes are extrapolations based on the fitted curves in
ig. 9. The launch of SeaWiFS occurred 105 days before the first

unar measurement. The first SeaWiFS image taken when the
nstrument was turned on occurred 71 days before the first lunar
r the

1

� 10
� 10
� 10
easurement.
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45 nm since 1995 and in the short-wave infrared
SWIR� at wavelengths from 945 to 2390 nm since
997.
The observatory is located in Flagstaff, Arizona, at

he USGS Flagstaff Field Center in a specially de-
igned dome that houses two telescopes, as shown in
ig. 10. The optical path through the VNIR tele-
cope and camera is shown in Fig. 11. The camera
ses an array chip with 512 by 512 usable square
ixels.21 A filter enclosure mounted at the entrance
o the camera head holds two identical wheels with
8 filter holes in each. The first hole position is
mpty in both wheels, permitting the use of the filters
n the other wheel. Twenty-three filters provide

easurements at wavelengths from 347 to 945 nm.
he center wavelengths and bandwidths for these
lters are listed in Table 4. This table also includes
orresponding information for the eight SeaWiFS
ands. Additional details of the VNIR and the
WIR telescope–camera systems are given by Ander-
on et al.21

The goal of the ROLO project is to produce a radio-
etrically calibrated photometric model of the Moon

or all libration angles visible from Flagstaff for phase
ngles from 2° to 90°. However, ROLO observes
tandard stars as well as the Moon. During the
ight the Moon is observed at half-hour intervals
hen it is within 60° of the zenith. Between these
easurements and during the remainder of the

ight, the telescope views the standard stars. The
easurement routines observe as many stars as pos-

ible to maximize the number of calibration measure-
ents for the telescopes. It is the stability of the

nsemble of standard stars, not individual stars
hemselves, that is used as the photometric reference
or determining long-term instrument changes.

ig. 10. Schematic of the ROLO telescope assembly. The single
ork mount holds two telescopes pointed at zenith. The VNIR
amera and telescope are mounted to the right of the declination
ing.
Also during each night, a subset of the photometric I
tandard stars is used to determine the atmospheric
xtinction.6 Each star in this subset is measured
any times over the largest number of zenith angles

o maximize the range of air masses in the atmo-
pheric correction. From these measurements the
tmospheric extinction algorithm finds a least-
quares solution for the abundances of absorbing
ases, and their time dependence during the night.
he fitting coefficients derived from this algorithm
re used to provide the extinction corrections for the
unar and stellar measurements.6

The absolute radiance scale for the ROLO tele-
copes is based on measurements of the star Vega ��
yr�, which are compared with values published in
he astronomical literature.6 Vega is one of the
OLO standard stars, visible in the night sky from
pril to September. From values in the literature,
n exoatmospheric spectral irradiance model for
ega was developed and combined with the spectral
esponses for the ROLO telescope bands to give ef-
ective photon fluxes for Vega in each band. The
atios of the fluxes to the instrument response rates
ive the absolute radiance scales for the ROLO
ands.22

For satellite calibration purposes, the lunar surface
oes not change over a period of 108 years.4 How-
ver, there are cyclical changes in the radiance of the
oon, particularly over the period of a lunar month.

ig. 11. Schematic of the VNIR telescope and camera optics.
he dashed lines show the optical path through the instrument.
t is the USGS model5 that removes these cyclical

1 November 2004 � Vol. 43, No. 31 � APPLIED OPTICS 5847
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atterns from the lunar measurements by the ROLO
elescope.

. USGS Lunar Model

nasmuch as the Moon overfills each sample �pixel�
easured by the ROLO telescope, the measurements

re made as radiance ��W m�2 nm�1 sr�1�. The
ndividual samples are summed and multiplied by
he solid angle for each sample to give a lunar irra-
iance

Ik� � �p �
i�1

Np

Li,k, (7)

here Ik� is the lunar irradiance for ROLO band k
�W m�2 nm�1�, �p is the solid angle for sample i
sr�1�, Np is the number of samples in the ROLO
unar image, and Li,k is the radiance for sample i,
and k ��W m�2 nm�1 sr�1�. For the ROLO mea-
urements, each lunar image includes an edge of pix-
ls of black space. For each band the measured
rradiance is reduced to the corresponding irradiance
t standard Sun–Moon and Moon–Viewer distances
k:

Ik � Ik�� DSM

1 AU�2� DMV

384,400 km�2

, (8)

here DSM is the Sun–Moon distance �AU�, DMV is
he Moon–Viewer distance �km�, and 384,400 km is
he mean radius of the Moon’s orbit about the Earth.

Table 4. Center Wavelengths and

ROLO Filter
Number

Center Wavelength
�nm�

Bandwidth
�nm�

1 347.3 32.5
2 352.5 31.6
3 405.0 16.2
4 412.7 12.5
5 415.1 17.8
6 441.8 9.6
7 466.5 20.0
8 475.7 18.4
9 488.1 7.9

10 545.0 18.8
11 550.3 8.7
12 554.9 18.1
13 666.7 8.3
14 694.8 16.8
15 705.5 16.7
16 747.1 8.7
17 765.5 16.8
18 776.5 16.9
19 867.7 13.9
20 875.3 18.4
21 885.2 16.0
22 934.6 17.6
23 944.7 18.8

aThese values have no corrections for the detector response or f
avelengths for the SeaWiFS bands are also listed. They come f
f the detectors.7 However, they have no corrections for the spec
Although the observations by the ROLO telescope B
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re made as radiances, the lunar model is developed
n the dimensionless units of reflectance. For each
OLO band the conversion from irradiance to effec-

ive disk reflectance is

Ik �
Ak�M Ek

�
, (9a)

here Ak is the effective disk reflectance �dimension-
ess�, �M is the solid angle of the Moon at 384,400 km
6.4236 � 10�5 sr�, and Ek is the solar irradiance at 1
U, with the same units as Ik ��W m�2 nm�1�.
quation �9a� can be rearranged to give

Ak � �
Ik��M

Ek
, (9b)

here Ik��M in the numerator gives the average ra-
iance over the entire area of the Moon ��W m�2

m�1 sr�1� for the ROLO telescope measurement.
hen the numerator is divided by the solar irradi-

nce, the ratio of radiance to irradiance in Eq. �9b� is
alled the bidirectional reflectance distribution func-
ion �BRDF�, with units of inverse steradians. The
actor of � in Eqs. �9a� and �9b� converts the BRDF to
he bidirectional reflectance factor �BRF�.

The BRF is defined as the ratio of the radiant flux
rom a sample surface to that of an ideal surface
rradiated in the same way.23,24 For an ideal diffuse
urface23,24 the BRDF has a value of 1�� sr, and the

widths for the ROLO VNIR Filtersa

eaWiFS Band
Number

Center Wavelength
�nm�

Bandwidth
�nm�

1 413.0 21.4

2 444.1 21.0

3 490.1 22.0
4 510.3 23.4

5 554.2 19.3
6 668.8 20.0

7 763.8 40.9

8 866.4 41.6

e spectral shape of the observed radiation.21 The corresponding
system level instrument measurements and include the response
hape of the observed radiation.
Band

S

or th
RF, by definition, is unity �dimensionless�. Thus,
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or an ideal diffuse surface and for other surfaces as
ell, the conversion constant between BRDF and
RF has a value of � sr. In reflectance terms the
alue of Ak in Eq. �9b� gives the effective BRF for the
isk of the Moon. Here Ak is called the equivalent
isk reflectance of the Moon.
The USGS lunar model5 fits the results of the

OLO observations into an empirical analytic form
ased on primary geometric variables:

ln Ak � �
i�0

3

aikg
i � �

j�1

3

bjk�
2j�1 � c1 � c2� � c3�

� c4�� � d1k exp��g�p1� � d2k exp��g�p2�

� d3k cos�� g � p3��p4�, (10)

here Ak is the disk-equivalent reflectance �dimen-
ionless�, g is the absolute phase function �in de-
rees�,  and � are the selenographic latitude and
ongitude, respectively, of the observer �in degrees�,
nd � is the selenographic longitude of the Sun �de-
rees�. As the illuminated fraction of the Moon is a
unction of the phase angle, disk-equivalent reflec-
ances for ROLO measurements of a partially illumi-
ated Moon are incorporated into the phase-
ependent terms. In Eq. �10� the first polynomial
epresents the basic photometric function depen-
ence on phase angle, disregarding any opposition
ffect. The second polynomial approximates the de-
endence on the face of the Moon that is illuminated,
rimarily representing the distribution of mare and
ighlands. The four terms with coefficients cn rep-
esent the face of the Moon that is seen, with the way
n which that face is illuminated taken into consid-
ration. The form of the last three terms, each non-
inear in g, is strictly empirical: the first two
epresent the opposition effect, and the last one ad-
resses a correlation found in the residuals after the
tting of the other variables. The surface of the
oon exhibits a strong increase in brightness at

mall phase angles, generally less than 4°. This re-
roreflection has historically been called the opposi-
ion effect.16

. Comparison

. SeaWiFS Input to the Comparison

he comparison between the SeaWiFS input and the
SGS lunar model is made in terms of the lunar

rradiance measured by the satellite instrument.
or SeaWiFS this is the summed radiance from Eq.

1� multiplied by the solid angle for the SeaWiFS
easurements, 2.56 � 10�6 sr3. For this compari-

on the SeaWiFS lunar measurements have been cor-
ected for instrument change by use of the fitted
urves in Fig. 9 �Eq. �6� and Table 1	. The correc-
ions are the inverses of the fitted curves. And, as
eaWiFS oversamples the Moon in the along-track
irection, the comparison requires the oversampling
orrection for the measurement from Eq. �4�, which is
rovided as the along-track image size �mrad�. In

ddition, the comparison requires that the times and i
ocations of the satellite during the measurements be
nown to allow the Sun–Moon and Moon–instrument
istances, the phase angles, and the selenographic
atitudes and longitudes to be calculated. Finally,
he comparison requires knowledge of the spectral
esponses of the SeaWiFS bands.25

For SeaWiFS the summed radiance, the solid angle
f the measurements, and the oversampling correc-
ion are used to calculate the SeaWiFS-measured lu-
ar irradiance, that is, the SeaWiFS version of Eq. �7�
or the SeaWiFS bands. In a separate process the
SGS lunar reflectance model is the basis for a par-
llel calculation of the same lunar irradiance, again
or the SeaWiFS bands. It is these lunar irradiances
hat are compared below.

. USGS Input to the Comparison

he time and location of the SeaWiFS lunar measure-
ents provide the angles required for the solution of
q. �10� for the disk-equivalent reflectances at the
avelengths of the ROLO telescope bands. How-
ver, the ROLO reflectances must be converted to
hose for the SeaWiFS bands. Seven of the eight
eaWiFS bands have wavelengths close to the corre-
ponding ROLO bands �Table 4�. Because the
oon’s spectral features are broad and shallow, the

onversion uses an interpolation between the ROLO
avelengths, with an additional factor that preserves

he shape of the Apollo reference spectrum. The ef-
ective wavelength for the interpolation is calculated
y use of this derived reflectance spectrum plus band
veraging:

�eff �

�
�1

�2

�A�E�R�d�

�
�1

�2

A�E�R�d�

, (11)

here � is the wavelength �nm�, �eff is the effective
avelength for the SeaWiFS lunar measurement

nm�, A� is the effective lunar disk reflectance at
avelength � from the derived reflectance spectrum
escribed above, E� is the solar irradiance at wave-
ength � from the solar model of Wehrli,26 and R� is
he spectral response of the SeaWiFS band at wave-
ength �. Because the lunar reflectance, the solar
rradiance, and the SeaWiFS spectral response all
ppear in the numerator and the denominator of Eq.
11�, their units cancel out of the result. The limits
f integration give the wavelength range for the Sea-
iFS spectral responses, which is 380–1150 nm.25

he effective wavelength ��eff� is that of the radiance
or a SeaWiFS lunar measurement, because the ra-
iance is the product of the lunar reflectance and the
olar irradiance. The calculation of the values of �eff
or the SeaWiFS bands is made once, off line, by use
f a nominal lunar reflectance curve. As the spectral
hape of the lunar reflectance is virtually constant in
he model, the values of �eff can be used as constants

n a lookup table.

1 November 2004 � Vol. 43, No. 31 � APPLIED OPTICS 5849
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Because the Moon’s spectral features are broad and
hallow, the lunar reflectance at the SeaWiFS effec-
ive wavelength, A�eff, is considered to be the lunar
eflectance for the band, An, where n is the index for
he SeaWiFS band �1–8�. The lunar irradiance is
alculated from this reflectance by

In �
An�M En

�
, (12)

here In is the lunar irradiance for SeaWiFS band n
�W m�2 nm�1�, �M is the solid angle of the Moon
sr�1�, and En is the solar irradiance for band n from

ehrli26 ��W m�2 nm�1�. Equation �12� is similar
o Eq. �9a�. However, the reflectance and irradiance
n Eq. �12� are for band n of SeaWiFS rather than for
and k of the ROLO telescope.
The solar irradiance in Eq. �12� is calculated by

and averaging:

En �

�
�1

�2

E�R�d�

�
�1

�2

R�d�

. (13)

his is the same manner in which the value of Ek is
alculated for Eqs. �9a� and �9b�. The spectral re-
ponse curves for the ROLO telescope are different
rom those of SeaWiFS, as are the limits of integra-
ion for the equation. Thus the consistency of the
peration of the model �going into the model from the
OLO irradiances and coming out of the model to the
eaWiFS irradiances� depends on the wavelength
onsistency of the Wehrli26 solar irradiance values.
or the seven SeaWiFS bands with wavelengths close

o corresponding bands in the ROLO telescope �Table
�, the solar irradiances should have minimal effects.
owever, SeaWiFS band 4 �510 nm� lies more than
0 nm from the closest ROLO telescope band. For
eaWiFS band 4, the Wehrli26 irradiances are con-

Fig. 12. Differences of the SeaWiFS lunar irradiance
istent with the MODTRAN27 solar model and that of U

850 APPLIED OPTICS � Vol. 43, No. 31 � 1 November 2004
huillier et al.28 at the 0.5% level.29 For the adja-
ent SeaWiFS bands, 490 and 555 nm, the agreement
f the three solar irradiance models is better than
.5%.29 As a result, we believe that the effects of the
ehrli26 model on the results presented below are

ess than 1.5%. And, because the solar irradiances
re used as constants, the effects on the differences
ver time are negligible.
The final step in the conversion of the USGS re-

ectance model to SeaWiFS-measured irradiances is
he conversion from the standard Moon–Sun and
oon–instrument distances to those of the actual

eaWiFS measurements, which is the inverse of that
n Eq. �8�. To ensure dimensional consistency in the
omparison, the units for the SeaWiFS-measured lu-
ar irradiances �mW cm�2 �m�1� are converted to
hose for the USGS lunar model ��W m�2 nm�1�.

. Comparison Results

he results of the comparison are given as the differ-
nce �in percent� of the SeaWiFS-measured lunar ir-
adiances from the model-calculated values. This is
he standard form for comparisons with the USGS
odel. For the 66 SeaWiFS measurements in this

omparison, the results are shown in Fig. 12. The
gure also shows the results of linear regressions for
ach band, which are essentially flat lines. The in-
ercept for each band is given as the difference of the
rst SeaWiFS measurement in the data set. The
lope for each band has units of percent per thousand
ays. As explained in Subsection 4.A, for this com-
arison the SeaWiFS lunar measurements have been
orrected for instrument change by use of the fitted
urves in Fig. 9 �Eq. �6� and Table 1	. The compar-
son is made after the application of those corrections.

Table 5 lists the slopes and intercepts for the linear
egressions in Fig. 12. In addition, the table lists the
tandard deviation of the data points from the linear
egression for each band. The slopes in Table 5 are
mall. Over the 2000 days of measurements, the
otal change for SeaWiFS band 1 relative to the

m the USGS model. The differences are in percent.
SGS model is less than 0.1%. For band 7 the total
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hange is less than 0.04%, which is greater than the
hange for the remaining six bands. However, with-
ut the SeaWiFS instrument change corrections the
ifferences from the USGS model would show shapes
imilar to those in Fig. 9. With the correction there
s no significant trend in the calibration of SeaWiFS
elative to the USGS lunar model. For the SeaWiFS
alibration team these results are considered to be a
est of the team’s lunar corrections.

The absolute differences in Fig. 12 derive from
he calibrations of the two instruments. The cali-
ration of SeaWiFS is based on prelaunch labora-
ory measurements of an integrating sphere.30

he calibration of the ROLO telescope is based on
easurements of the star Vega and on published

alues for that star in the astronomical literature.6
he estimated uncertainty for the SeaWiFS radi-
nce measurements on orbit is 4–5%.8 This range
pproximates the sizes of the differences between
nstruments in Fig. 12 and Table 5.

There is a significant scatter in the data about the
tted curves in Fig. 12, with standard deviations of
pproximately 0.8%. The pattern in this scatter is
early the same for each band. As a result, we at-
ribute this scatter to the measurement-to-
easurement uncertainty in the oversampling

ig. 13. Differences of the SeaWiFS lunar irradiances from the US

Table 5. Slopes and Intercepts

SeaWiFS Band Wavelength �nm� Intercept �%�

1 413.0 �0.51
2 444.1 0.69
3 490.1 3.58
4 510.3 2.66
5 554.2 3.23
6 668.8 4.82
7 763.8 6.82
8 866.4 2.84

aThe data are the differences of the SeaWiFS lunar measureme
tted lines at the time of the first lunar measurement. The sta
catter in the data.
easurements. The differences are in percent.
orrection for the along-track measurements, that is,
o the oversampling error. Thus it is possible to ap-
ly the oversampling scattering correction, as dis-
ussed in Section 2 and shown in Fig. 8, to the results
f the comparison. When this is done, the results
re as shown in Fig. 13 and listed in Table 6. There
re small differences in the intercepts and the slopes
ompared with those in Table 5. However, the stan-
ard deviations about the linear regressions are re-
uced by factors of 4–5 compared with those in Table
. This is an indication that the large majority of the
catter in the comparison comes from the SeaWiFS
easurements and not from some unknown lunar

ariation. The agreement between the slopes in Ta-
les 5 and 6 is an indication that the oversampling
orrection does not change the calculated trends for
he SeaWiFS lunar time series. As described in
ubsection 2.D, the correction is designed to reveal
he shapes of the trends in the bands with nonlinear
unar-based changes over time. Other than reduc-
ng the calculated standard deviations about the
rend lines, the oversampling correction has no sig-
ificant effect on the comparison.
There is a small common pattern to the scatter in

ig. 13, with intervals of approximately 0.5–1 year.
his is different from the pattern of the scatter in Fig.

odel after correction for the oversampling scatter in the SeaWiFS

e Linear Regressions in Fig. 12a

Slope �%�Thousand Days� Standard Deviation �%�

0.0484 0.76
0.0149 0.76
0.0122 0.78
0.0113 0.77
0.0022 0.78

�0.0104 0.79
�0.0178 0.79
�0.0016 0.80

om the USGS lunar model. The intercepts are the values of the
deviations �about the linear regressions� give a measure of the
GS m
for th

nts fr
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2, which is assumed to be dominated by the over-
ampling. The pattern in Fig. 13 has a standard
eviation that is approximately twice that for the
tted curves in Fig. 9 �Table 2�. As a result, we have
oncluded that half, or more, of the scatter in Fig. 13
omes from the comparison with the USGS model
nd that the remaining scatter is caused by imperfect
orrection for the oversampling error. Also, the re-
ults in Fig. 13 show the level of agreement that can
e reached in comparisons of Earth imaging instru-
ents with the USGS model, particularly in terms of

hanges in the radiometric calibrations of the instru-
ents over time.

. Concluding Remarks

he SeaWiFS measurements of the Moon are inde-
endent from those of the ROLO telescope. How-
ver, the claim of independence of the two
echniques must be tempered by knowledge of the
imilarities in the methods of analysis. Both sets
f measurements apply corrections for distances
nd phase angles and for changes in the portion of
he Moon that is observed over time. If this set of
orrections is appropriate, then the agreement in
he instrument response histories for the two tech-
iques provides a validation of the USGS lunar
odel by SeaWiFS over the range of SeaWiFS

hase angles and vice versa.
As the SeaWiFS mission continues, the under-

tanding of the measurements also continues to de-
elop. As of this writing in 2004, the SeaWiFS
roject has completed its fourth update of the data
et with a reprocessing in July 2002.31 A fifth re-
rocessing of the data set, in 2005, is anticipated.
efore the July 2002 reprocessing, long-term in-
trument changes in the data set were based on the
ssumption that, on average, the 490- and 510-nm
ands were not changing over time.8,14 We calcu-
ated the changes in the other instrument bands by
ormalizing the output of each band to the average
f the 490- and 510-nm bands.8,14 In early 2002 a
omparison was made with a preliminary version of
he USGS lunar model. Based on that comparison,
n average change rate of 0.35% per thousand days
or those two bands was incorporated into the

Table 6. Slopes and Intercepts

SeaWiFS Band Wavelength �nm� Intercept �%�

1 413.0 �0.53
2 444.1 0.67
3 490.1 3.55
4 510.3 2.64
5 554.2 3.21
6 668.8 4.80
7 763.8 6.79
8 866.4 2.82

aThe data are the differences of the SeaWiFS lunar measureme
catter in the SeaWiFS measurements. The intercepts are the va
tandard deviations �about the linear regressions� give a measure
ourth reprocessing as a substitute for the earlier t

852 APPLIED OPTICS � Vol. 43, No. 31 � 1 November 2004
ssumption.31 Changes for the individual bands
ere determined by the same normalization to the
90- and 510-nm bands. At that time, the inability
f the SeaWiFS calibration team to correct the
ibration-based oscillations in the lunar data set
recluded an independent determination of instru-
ent changes. With the developed understanding

f libration presented here it is now possible to
etermine the changes in each SeaWiFS band with-
ut the need for the USGS lunar model as a refer-
nce. Also, the instrument changes presented
ere are nearly identical to those from the fourth
eprocessing. The average of the linear change
ates for the 490- and 510-nm bands in Table 1 is
.32% per thousand days.
A developed understanding of libration and other

actors in a lunar time series comes from the analysis
f an extended data set. The results presented here
re based on 66 lunar measurements by SeaWiFS.
or satellite instruments at the beginning of on-orbit
perations, when the number of lunar measurements
s limited, the USGS model is critical to an under-
tanding of instrument trends that use the Moon for
alibration.

For ocean color measurements the determination
f instrument changes at the level presented here is
mportant. The ocean is dark, and most of the top-
f-the-atmosphere radiance over oceans comes from
he atmosphere. Thus the calculation of the radi-
nce leaving the ocean surface from top-of-the-
tmosphere measurements comes from the small
ifference between two large numbers. Small
hanges in the calibration of the satellite instrument
an cause large changes in the water-leaving radi-
nces, with a multiplying factor of 
10. The deep
cean gyres, where the water is clear and the chloro-
hyll concentrations are small, provide sensitive lo-
ations for monitoring instrument changes. Over
eriods of several years or more, the conditions of the
yres are not expected to change, nor are the average
ater-leaving radiances.32 With the current lunar-
ased determination of the calibration history of Sea-
iFS, the trends in the global mean clear-water
ater-leaving radiances measured by SeaWiFS are

ess than 0.5% per thousand days.31 The assump-

e Linear Regressions in Fig. 13a

Slope �%�Thousand Days� Standard Deviation �%�

0.0476 0.15
0.0141 0.15
0.0113 0.15
0.0104 0.15
0.0014 0.13

�0.0110 0.13
�0.0184 0.15
�0.0025 0.20

rom the USGS lunar model after correction for the oversampling
f the fitted lines at the time of the first lunar measurement. The
e scatter in the data.
for th

nts f
ion of no long-term geophysical change in the deep
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ceans is central to the interpretation of this result.
or satellite calibration purposes, however, the lunar
urface is photometrically stable over the period of
08 years.4
The libration corrections presented here are not part

f the latest processing of SeaWiFS �Reprocessing 4,
uly 2002�. Other changes from Reprocessing 4 in-
lude calculation of the illuminated fraction of the
oon and of the along-track size of the Moon in Eq. �4�.

t is anticipated that these changes will be incorpo-
ated into the next SeaWiFS reprocessing. Also, the
tted forms for the time-dependent changes in SeaW-

FS bands 3–5, 7, and 8 in Eq. �6� differ from the form
or instrument change in Reprocessing 4, in which
ach band was treated as a single exponential.31

At the time of the fifth SeaWiFS reprocessing there
ill be an expanded set of lunar measurements avail-
ble for analysis. In addition, it may be possible to
ncorporate the efficiencies of the USGS computational
echnique given in Eq. �10� into the SeaWiFS libration
orrection. The form of Eq. �10� that uses the lunar
rradiance in logarithmic space provides a potentially
mproved method for calculating the SeaWiFS libra-
ion coefficients compared with the current multiplica-
ive technique. However, these changes should not
ffect the overall agreement of the SeaWiFS measure-
ents with the USGS lunar model.

Support for this research was provided in part by
ASA contact NAS5-00141 and by interagency
greement S-41359-F.
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