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SeaWiFS Calibration Topics, Part 2

PREFACE

he SeaWiFS Calibration and Validation Program consists of four primary components (see the Prologue of
Volume 38), that is, the SeaWiFS Instrument, Field Program, SeaBASS, and Calibration and Validation

Element Software. Several volumes of the SeaWiF$ Technical Report Series provided detailed analyses of

prelaunch SeaWiFS sensor performance data, e.g., Volumes 22 (prelaunch acceptance), 23 (prelaunch calibration)

31 (stray light), and 39 (sensor calibration). This volume continues our efforts to identify and address issues
associated with the SeaWiFS sensor calibration and characterization. The considerations described herein also

apply to the calibration of other instruments with finite bandwidths including most in situ radiometers to be

used in the vicarious calibration and algorithm development for SeaWiFS.

The chapters in this volume present discussions of:

a) A nominal top-of-the-atmosphere spectrum for SeaWiFS;

b) SeaWiFS measurements in orbit: spectral radiances at the nominal center wavelengths;

c) The effect of atmospheric absorption on the output of SeaWiFS band 7;

d) The 1993 SeaWiFS calibration using band-averaged spectral radiances;

e) SeaWiFS measurements in orbit: band-averaged spectral radiances; and

f) The SeaWiFS revised temperature calibration.

Greenbelt, Maryland

May 1997

--C.R.M.

Project Scientist
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R.A. Barnes, R.E. Eplee, Jr., E-n. Yeh, and W.E. Esaias

ABSTRACT

For Earth-observing satellite instruments, it was standard to consider each instrument band to have a spectral

response that is infinitely narrow, i.e., to have a response from a single wavelength. The SeaWiFS bands, however,
have nominal spectral bandwidths of 20 and 40 nm. These bandwidths effect the SeaWiFS measurements on

orbit. The effects are also linked to the manner in which the instrument was calibrated and to the spectral shape
of the radiance that SeaWiFS views. The spectral shape of that radiance will not be well known on orbit. In

this technical memorandum, two source spectra are examined. The first is a 12,000 K Planck function, and the

second is based on the modeling results of H. Gordon at the University of Miami. By comparing these spectra,
the best available corrections to the SeaWiFS measurements for source spectral shape, plus estimates of the
uncertainties in these corrections, can be tabulated.

PROLOGUE

The Sea-viewing Wide Field-of-view Sensor (SeaWiFS)

measures the Earth's upwelling radiance at eight wave-

lengths. These bands have finite spectral bandwidths,

ranging from 20-40 nm. As a result, there is a dependence

of the SeaWiFS measurements on the spectral shape of
the Earth-exiting radiance that it measures. The manner

in which this dependence manifests itself in the SeaWiFS
data derives from the radiometric calibration of the instru-

ment before launch.

There are two methods of interpreting the SeaWiFS

calibration data. In the first method, the digital counts
from each band of the instrument are related to the spec-

tral radiance at the nominal center wavelength for that

band. By definition, the center wavelengths for the bands

are fixed. For this method, the relationship between the

counts and the radiance varies with the spectral shape of

the source that is measured. Since the laboratory calibra-

tion source has a spectral shape that is markedly different
from the upwelling Earth radiance, there must be a cor-

rection factor to convert the laboratory calibration to the
calibration on orbit.

In the second method, the digital counts from each

band of the instrument are related to the band-averaged
spectral radiance. Since the band-averaged spectral radi-

ance is taken over the full spectral response of the band,

there is no source shape dependence in the counts to radi-

ance relationship for the band. However, the wavelength

for the band-averaged center wavelength will change with

different source spectral shapes. Fundamentally, it is not

possible to determine both the radiance responses of the

SeaWiFS bands and their center wavelengths during the
laboratory calibration. Depending on the type of labora-

tory calibration, one of them will vary on-orbit with the

spectral shape of the Earth-exiting radiance.
A previous volume in this technical memoranda series

(Barnes et al. 1996) included several sensitivity studies to

examine the effects of different source spectral shapes on
the output of the SeaWiFS bands. These studies used

Planck function curves with a wide range of color tempera-
tures (2,000-38,000 K) covering the full range of laboratory

and ocean scenes that SeaWiFS is expected to view. Using

these Planck curves and the typical SeaWiFS spectral ra-

diances from the sensor's specifications, it was determined

that a 12,000 K Planck function curve best represented the

Earth-exiting radiance spectrum for ocean scenes (Barnes

et al. 1996),
In this technical memorandum, a model from H, Gor-

don (at the University of Miami) of the upwelling Earth

radiance for an ocean scene and a clear atmosphere is
adapted to provide a prelaunch top-of-the-atmosphere

(TOA) radiance spectrum for SeaWiFS. Comparisons of

the responses of the SeaWiFS bands, using this model

TOA spectrum to those for the 12,000 K Planck function,
give an estimate of the uncertainty in the SeaWiFS mea-

surements that comes from a lack of knowledge of the ac-

tual spectral shape of the upwelling Earth radiance on-

orbit. These differences are investigated for the two types
of instrument calibrations described above.

In addition, the LOWTRANand MODTRAN7 atmospheric
radiative transfer codes were modified and combined with

the Gordon model to allow estimates of the effects of at-

mospheric water vapor and oxygen A-band absorption on

the SeaWiFS measurements. Again, these effects are in-
vestigated for the two types of instrument calibrations de-

scribed above. The laboratory measurements from Novem-

ber 1993 calibration were also used to provide a calibra-

tion in terms of band-averaged spectral radiances. These

results were used for comparison with the postthermal-

vacuum calibration of the SeaWiFS instrument and space-

craft at the conclusion of environmental testing. This
took place at the spacecraft manufacturer--Orbital Sci-

ences Corporation (OSC)--on 23-24 January 1997. The
results of the second SeaWiFS radiometric calibration will

be published in a future volume in this series. Prelimi-

nary calculations suggest a consistency between the two
SeaWiFS calibrations at the 3% level.

A short synopsis of each chapter in this volume is given
below.
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1. A NominM Top-of-the-Atmosphere

Spectrum for Sea WiFS

This chapter presents a TOA radiance spectrum to be

used in modeling studies of the interaction of the SeaWiFS

relative spectral responses with the radiance spectrum that
they view. The TOA spectrum presented here was devel-

oped from previous modeling work by H. Gordon at the
University of Miami. It covers the full wavelength range

of the relative spectral responses for the SeaWiFS bands

(380-1,150 nm), and it can be modified using L01Crl_N ab-
sorption spectra for atmospheric water vapor and oxygen

to account for the effects of these absorbers. In addition,

it includes the MODTI_N7 spectrum for atmospheric oxygen

A-band absorption, which occurs in the band pass of Sea-

WiFS band 7 (765 nm). These spectra are available on the

SeaWiFS Web site (Barnes 1997a).

2. SeaWiFS Measurements in Orbit:

Spectral Radiances at the NominM

Center Wavelengths

In November 1993, SeaWiFS was calibrated using a

technique in which the digital counts from the instrument

were paired with the spectral radiances from a laboratory

integrating sphere at the nominal center wavelengths for

the SeaWiFS bands. The conversion of this type of labora-

tory calibration to orbit requires three factors linked to the

spectral shape of the source that SeaWiFS views. First,

the total band response to the laboratory source must be
converted to that for the source viewed in orbit. In this

case, the nominal TOA spectrum of Barnes and Esaias

(1997) is used. Second, the effects of water vapor and

oxygen A-band absorption on the upwelling atmospheric
radiance must be removed; and third, the out-of-band re-

sponse of the SeaWiFS bands to the upwelling radiance

must also be removed. These factors are presented in a

tabular form as the basis for an efficient correction algo-
rithm for on-orbit measurements.

3. Atmospheric Oxygen

Absorption and SeaWiFS Band 7

Oxygen A-band absorption in SeaWiFS band 7

(765nm) has been investigated twice previously. Fraser

(1995) calculated the ozone equivalent bandwidth for two

pathlengths through the atmosphere, and Ding and Gor-

don (1995) provided an analysis in which ozone absorp-

tion was imbedded in their radiative transfer model. Here,

ozone absorption is presented using the relative spectral

responses from Barnes (1994), the nominal TOA spectrum

from Barnes and Esaias (1997), and the ozone absorption

spectrum from MODTI_N7. The study presented here is

compared with the previous studies. The MODTI_N7 spec-
trum has a much higher wavelength resolution than the

LOWTI_N spectrum used by Barnes et al. (1997), and Ta-

ble 5 in this paper completes Table 11 in Barnes et al.

(1997). The uncertainty in the correction for oxygen ab-

sorption in SeaWiFS band 7 is estimated to be 0.8%.

4. The 1993 SeaWiFS Calibration Using

Band-A veraged Spectral Radiances

The radiometric calibration of SeaWiFS in November

1993 used a calibration technique that paired the digital
counts from the instrument bands, with the spectral ra-

diances from the laboratory's spherical integrating source
(SIS) at the nominal center wavelengths for those bands.

Using the spectral shape of the output of the laboratory

radiance source, as provided by the manufacturer, it is

possible to provide a radiometric calibration of SeaWiFS

in terms of band-averaged spectral radiances. That cali-

bration is presented here. It is given for three wavelength
ranges, 380-940 nm, 380-1,150 nm, and for the in-band re-

sponse ranges of the SeaWiFS bands.

5. SeaWiFS Measurements in Orbit:

Band-Averaged Spectral Radiances

This paper presents the culmination of the source spec-

tra shape studies in Barnes et al. (1996) and in this tech-

nical memorandum. The SeaWiFS band-averaged spec-
tral radiances are independent of the spectral shape of the

source that the instrument measures; however, the band-

averaged center wavelengths associated with them do have

such a dependence. The current radiometric calibration

(Barnes et al. 1994b) does not use band-averaged measure-

ments. The adoption of band-averaged spectral racliances

awaits analysis of the radiometric recalibration of SeaWiFS

at the spacecraft manufacturer, which was done during the

first quarter of 1997. For measurements of on-Orbit band-

averaged spectral radiances, it is recommended that the

in-band results be used. A modification of the technique

of Barnes and Yeh (1996), for use with band-averaged mea-

surements, is presented. Since band-averaged center wave-

lengths are not part of the SeaWiFS level-lb processing,

the best estimates for these wavelengths are given here.
In addition, estimates are provided of the uncertainties in

the on-orbit band-averaged spectral radiances and center

wavelengths that derive from the lack of information on

the spectral shape of the Earth-exiting radiance.

6. SeaWiFS Revised Temperature Calibration

The radiometric calibration of SeaWiFS data includes

a correction for the temperature dependence of the individ-

ual detector sensitivities. The detector temperatures are
measured by temperature sensors mounted on the instru-

ment focal planes. Processing of the temperature sensor

output by an onboard instrument computer introduces a

nonlinear response into the temperature data. This chap-

ter describes the calibration of the temperature sensor out-

put and the computation of the temperature corrections for
the radiometric calibration of the instrument.
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Chapter 1

A Nominal Top-of-the-Atmosphere

Spectrum for SeaWiFS

ROBERT A. BARNES

General Sciences Corporation

Laurel, Maryland

WAYNE E. ESAIAS

Goddard Space Flight Center

Greenbelt, Maryland

ABSTRACT

This chapter presents a TOA radiance spectrum to be used in modeling studies of the interaction of the SeaWiFS

relative spectral responses with the radiance spectrum that they view. The TOA spectrum presented here was

developed from previous modeling work by H. Gordon at the University of Miami. It covers the full wavelength

range of the relative spectral responses for the SeaWiFS bands (380-1,150nm), and it can be modified using
LOWTR_,N absorption spectra for atmospheric water vapor and oxygen to account for the effects of these absorbers.

In addition, it includes the MODTRhN? spectrum for atmospheric oxygen A-band absorption, which occurs in the

band pass of SeaWiFS band 7 (765 nm). These spectra are available on the SeaWiFS Web site (Barnes 1997a).

1.1 INTRODUCTION

For filter radiometers with finite bandpasses, there is a

fundamental interaction between the spectral responses of

the instrument bands and the spectral shape of the radi-
ance spectrum that they measure. For instruments with

narrow bandpasses of 10 nm or less, such as the SeaWiFS

Transfer Radiometer (SXR), the effects of source spectral

shape are negligibly small. For SeaWiFS, which has band-

widths of 20 and 40 nm, different source spectral shapes

lead to different output from the instrument.

The effects of source spectral shape were studied in

Barnes et al. (1996), using normalized Planck function

(i.e., blackbody) curves to provide TOA radiance spectra.

These were combined with the published spectral response

curves for the SeaWiFS bands from Barnes (1994) to ex-

amine changes to the in-band and out-of-band responses

of the instrument, as well as to the total band responses.

For those studies, it was assumed that the TOA spectrum

for SeaWiFS measurements was best approximated by a

12,000K Planck function curve. In addition, the Planck

function curves in those studies did not include any accom-

modation for absorption features in the TOA spectrum.

Using models of atmospheric radiative transfer, it is

possible to provide more realistic TOA spectra. The model

results of H. Gordon from the University of Miami (Hooker

et al. 1992) are the basis for the refinement presented here.

They are used to create a baseline TOA spectrum, that is,
a TOA spectrum with no absorption features. This base

spectrum covers the wavelength range from 380-1,150 nm

at 1 nm intervals covering the range for the measured spec-

tral responses of the SeaWiFS bands. In addition, the

L0_rRAN tropical model has been adapted to provide spec-

tra for atmospheric water vapor and oxygen A-band ab-

sorption features over the wavelength range of the base
spectrum.

A high resolution (MODTRANT) oxygen A-band absorp-
tion spectrum has also been created to examine the effects

of oxygen absorption on the output of SeaWiFS band 7. A

more detailed spectrum is required, since oxygen absorp-

tion occurs at the peak of the spectral response for band

7 (as shown in the Prologue to Barnes et al. 1996). The

absorption spectrum presented here is provided at 0.1 nm

intervals. To use this spectrum, the base radiance profile

and the spectral response values for SeaWiFS band 7 have

been set to the same wavelength interval via interpolation.

1.2 BASELINE SPECTRUM

This nominal spectrum is based on the model results of

H. Gordon as given in Fig. 3 of Hooker et al. (1992). Those

results cover wavelengths from 400-890 nm for a nadir view

with a 60 ° solar zenith angle. The model includes absorp-

tion by oxygen, ozone, and water vapor, plus scattering by

3
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aerosols. It also includes extremely low and high oceanic

chlorophyll concentrations (0.01 and 10.0mgm -s, respec-

tively).

As shown in Fig. 3 of Hooker et al. (1992), oceanic chlo-

rophyll provides a small contribution to the TOA radiance.

This leads to requirements for a highly stable and sensi-

tive satellite instrument and for precise corrections for the

radiance generated by the atmosphere. For the nominal

TOA radiance spectrum developed here, the low and high

chlorophyll concentrations lead to TOA spectra that are

nearly identical for the entire range of oceanic chlorophyll

concentrations. As a result, the low chlorophyll model in

Hooker et al. (1992) is used here (Fig. 1).

Figure la shows the model radiance spectrum using
a linear ordinate. It has been normalized to a value of

9.1 mWcm -_ #m -1 sr -1 at 412 nm to assure approximate

agreement with the typical radiances in the SeaWiFS per-

formance specifications (Barnes et al. 1994a). The fea-

ture near 760 nm comes from oxygen A-band absorption in

the atmosphere, and the features near 720 nm and 820 nm

come from absorption by water vapor. Figure lb shows

the radiance spectrum using a logarithmic ordinate.
The ordinates for Figs. la and lb are given in terms

of spectral radiances (mW cm- 2# m- 1 st- 1). The spectral

radiances in this figure cover a portion of the total radiance
that exits the Earth at the TOA. Radiance is the integral

over wavelength of spectral radiance; radiance does not
include the unit, #m -1. The nominal radiance spectrum

presented here includes the portion of the Earth-exiting

radiance from 380-1,150 nm. This is the wavelength region

over which the spectral responses of the SeaWiFS bands
have been measured.

This region includes wavelengths beyond those for the

model results in Fig. 1 (400-890 nm). These model re-

sults cover the bandwidths (full-widths at half-maximum

[FWHM]) of the eight SeaWiFS bands. For SeaWiFS band

1, the bandwidth extends from 403-423 nm (Barnes et al.

1994a), and for SeaWiFS band 8, it extends from 846-

887 nm. For wavelengths outside of the range from 400-

890 nm there is only a small response from the SeaWiFS

bands, so the extensions to the original model that are

provided here have been made primarily for completeness.

The extensions were made based on the spectra of TOA
and sea level solar radiation found in Brasseur and Solomon

(1986). In these spectra, spectral radiance decreases rapid-

ly and linearly with decreasing wavelength from 400 nm

down to 380nm. For the nominal TOA spectrum pre-

sented here, the slope of this decrease is an extension of

the spectral radiance change from 400-405 nm in Fig. la.

This extrapolation is shown in Fig. 2a. It is not a straight

line in the figure, since the ordinate is logarithmic.

The extension from 890-1,150 nm was made using three

pieces that are exponential functions of wavelength

(Fig. 2a). Again, this extension follows the shape of the

spectra in Brasseur and Solomon (1986). This extension

contains none of the water vapor absorption features that
dominate the actual TOA spectrum in this spectral region.

Figure 2b shows the nominal TOA spectrum with the

water vapor and oxygen A-band absorption features in the
Gordon model removed. These features were replaced with

exponential splices, which were made with a knowledge of

the wavelengths at which the LONTRANmodel shows wa-
ter vapor and oxygen absorption to be zero (see below).

The TOA spectrum in Fig. 2b was developed to provide

an improvement to the Planck function approximations in

Barnes et al. (1996); it is the baseline for the nominal TOA

spectrum for SeaWiFS. In addition, the TOA spectrum in

Fig. 2b provides a backbone for studies of the effects of wa-

ter vapor and oxygen absorptions for different pathlengths
and for different water vapor column amounts.

1.3 LOWTRAN ABSORPTIONS

Figure 3a gives the transmission spectrum for water va-

por and oxygen for two vertical passes through the atmo-
sphere and a vertical water vapor column of 3.332 g cm -2

(or 1.12x 102s cm-2). In this figure, absorption by oxygen

causes the feature near 760 nm; absorption by water va-

por causes the others. The data come from the L0WTRAN

tropical model, as used by Gordon (1995); the data from
the L0WTRAN model are not given at I nm intervals, as are

the values in the baseline radiance spectrum. The intervals

between the LONTRAN data increase with increasing wave-

length from less than Inm in the near ultraviolet region
to more than I nm in the near infrared region. In order to

provide the same wavelength spacing as the baseline TOA

spectrum, the LONTRAN data were placed on 1 nm centers

by interpolation.

For a single vertical pass through the atmosphere, the

atmosphere is said to have an airmass of unity. For an
airmass of unity, there are 2.15x1025 molecules of air per

square centimeter of surface area between the Earth's sur-

face and the TOA (Chamberlain and Hunten 1987). The

actual number of molecules in the atmospheric column will

vary as a function of the surface pressure. Since oxygen is

well mixed throughout the overwhelming bulk of the at-
mosphere, its column amount is a direct function of the

airmass. However, since the water vapor content of the at-

mosphere varies with time and location, its column amount

must be specified independently.

Atmospheric absorption by water vapor and oxygen in
the LOWTI_N model is assumed to follow the Beer-Lambert

law, at least to a very good approximation,

I(A) = Io(A)e -a(A)bc, (1)

where A is the wavelength; I0(A) is the intensity of light
in the absence of absorption as a function of wavelength;

I(A) is the intensity of light with absorption as a function

of wavelength; a(A) is the absorption cross section as a

function of wavelength (cm2); b is the pathlength (cm);
and c is the concentration of the absorber (cm-3).

4
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Theabsorption cross section, a, can also be defined as

a mass scattering coefficient or a volume scattering coef-

ficient (Kidder and Vonder Haar 1995). The atmospheric

transmittance in Fig. 3a is defined as the ratio, I(A):I0(A),

which is dimensionless and is the form in which light inten-

sity will be used here. For this reason, light intensity has

been described in (1) without units. When the absorption
bands consist of fine rotational lines, the Beer-Lambert law

is not obeyed, that is, the absorption coefficient is not con-

stant at different pressures (Okabe 1978). For the nominal

TOA spectrum presented here, deviations from the Beer-
Lambert law are not a consideration.

In the laboratory, the term, b, is determined by the

length of the absorption cell. For atmospheric measure-
ments, it is the practice to combine the terms b and c to

create a column amount, #, which defines the amount of

the absorber along a given pathlength (Barnes et al. 1986).
Using the terms in (1), this column amount has units of

molecule per square centimeter. The exponent in (1) must
be kept dimensionless. This leads to an alternate form of
the Beer-Lambert law

=I0(A)e (2)

where the product of ,)(A) and # is dimensionless. For

oxygen A-band absorption, p can be defined in terms of

airmass (where 1 airmass equals 2.15x102Scm-2). Since
oxygen is well mixed in the atmosphere with a fractional

amount of 0.2095 (Chamberlain and Hunten 1987), the
column amount of oxygen in 1 airmass is 4.50x 1024 cm -2.

Thus, an a(A) of 1 per unit airmass in (2) corresponds to

an a(A) of 2.22x10-24cm2 in (1).

In Fig. 3a, the values of transmittance, I(A):I0(A), are
given for two vertical passes through the atmosphere, that

is, for an airmass of 2. Using these values, it is possible

to use (2) to calculate a(A) for oxygen (per unit airmass).

Oxygen absorption in Fig. 3a covers the wavelength range
from 758-770 nm.

For the other wavelengths, it is possible to use (2) to
calculate a(A) for water vapor, where 1 airmass of the

L0WTKAN tropical model contains 3.332gcm -2 (or 1.21x

1023 cm-2). This was done to create the absorption spec-
trum in Fig. 3b.

With the baseline radiance spectrum and the L0WTRAN

absorption profile compiled at 1 nm intervals from 380-

1,150nm, it is possible to produce a combined radiance-

absorption spectrum using point-by-point multiplication.

Such a combined profile is shown in Fig. 4a. It is a spec-

trum for an airmass of 3 with a vertical water vapor column

of 3.332 g cm -2 (or 3.332 g cm -2 per unit airmass). Figure

4b shows a comparison of the radiance spectrum in Fig. 4a

with the original model spectrum from Fig. lb. The com-

parison between the two spectra is reasonably close, with

the new spectrum showing small water vapor absorption
features that are not present in the original spectrum from

Hooker et al. (1992).

1.4 AIRMASS AND PATHLENGTH

If one neglects the curvature of the Earth, it is possible

to model a plane paral]el atmosphere in which non-vertical

pathlengths through the atmosphere can be linked to the

vertical pathlength (airmass = 1) using plane geometry. In

this model, the pathlength varies with the secant (1/cos)

of the angle from vertical. Such a formulation was used by

Ding and Gordon (1994) and by Gordon (1995).
For large angles from vertical, the airmass can be deter-

mined using the Chapman function (Chapman 1931 and

Swider and Gardner 1967), which accounts for the curva-

ture of the Earth. The Chapman function is applied to
atmospheric constituents that have concentrations which

decrease exponentially with altitude at a known rate. The

function is ideal for calculating the airmass of the atmo-

sphere and of well-mixed constituents, such as oxygen. In

other cases, it may be necessary to calculate alrmass using
a model in which the atmosphere is considered as a set of

spherical shells.

For SeaWiFS measurements, radiation passes through

the atmosphere twice. For incoming radiation, the path-

length is determined by the solar zenith angle. For outgo-

ing radiation, the pathlength is determined by the nadir
viewing angle of the instrument. With the sun at the

zenith and the instrument viewing at nadir, the airmass

for SeaWiFS measurements is 2. For a plane parallel atmo-

sphere with a solar zenith angle of 60 ° and a nadir viewing

angle of 60 °, the airmass is twice the secant of 60 °, that

is, an airmass of 4. These are the lower and upper limits
of the airmasses for SeaWiFS measurements.

The nominal TOA radiance spectrum presented here

can be modified for different airmasses; however, the spec-

trum itself is not dependent on the manner in which air-
mass is calculated.

1.5 OXYGEN ABSORPTION

Figure 5a gives a high resolution transmission spectrum

for oxygen for two vertical passes through the atmosphere.

The data come from the MODTRAN7 model and were pro-
vided by K. Thome of the University of Arizona. The

original MODYRAN7 values are given at l cm -i intervals,

and the values provided by Thome were interpolated to
•0.1 nm intervals using a 10 cm -i triangular slit function.

These MODTRAN7 results included attenuation from oxy-

gen and ozone absorption and from molecular scattering.
Molecular'scattering, which accounted for a transmission

reduction of about 3%, was removed from the spectrum.
For wavelengths outside the region of oxygen A-band ab-

sorption (from 758-772 nm), the transmission in Fig. 5a is
unity.

In addition, Fig. 5a shows the transmission spectrum
from the LDWTRAN model from 745-785 nm. This wave-

length region covers the bandwidth (FWHM) for SeaWiFS

band 7 (Barnes et al. 1994b). The L0WTKAN values in
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Fig.5acomedirectlyfromthemodelandhavenotbeen
interpolatedto 1nmintervals.Asshownin thisfigure,the
L01Crl_Ndatadonot fully reproducethefinestructurein
theMODTI_N7results.Thisfinestructureis importantin
theanalysisoftheeffectsofoxygenA-bandabsorptionon
theoutputofSeaWiFSband7,sincetheabsorptionoccurs
at thepeakofthespectralresponseof theband.

Figure5bshowstheoxygenA-bandabsorbancespec-
truminperunitsofairmass.Thesevalueswerecalculated
using(2),thetransmittancespectrumin Fig.5a,andan
airmass(#)of 2.

1.6 CONCLUDING REMARKS

In a series of modeling studies, Barnes et al. (1996) de-

veloped a set of TOA spectra using Planck function (black-
body) curves with temperatures from 2,000-38,000K.

These curves did not include a provision to examine the

effects of atmospheric absorption. Of these curves, the

12,000K Planck function was determined to best fit the

spectral shape of the typical radiances from the SeaWiFS

Performance Specifications (Barnes and Yeh 1996). As

such, the 12,000 K Planck function was considered to give

the best approximation to the TOA spectrum viewed by

SeaWiFS during ocean color measurements.

Here, the authors developed a nominal TOA spectrum
that is an incremental improvement to the Planck function

in Barnes and Yeh (1996). This nominal TOA spectrum

can also be modified to include atmospheric absorption fea-

tures. When combined with the relative spectral responses
of the SeaWiFS bands, the nominal TOA spectrum can be

used to calculate the integrated output from the bands.

When compared with the integrated output for bands and

the 12,000 K Planck function curve, it should be possible

to estimate the uncertainties in the band responses due to

differences in the spectral shape of the source that they
view.

11
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Chapter 2

SeaWiFS Measurements in Orbit:

Spectral Radiances at the Nominal Center Wavelengths

ROBERT A. BARNES

ROBERT E. EPLEE, JR.

EUENG-NAN YEH

General Sciences Corporation, Laurel, Ma_land

ABSTRACT

In November 1993, SeaWiFS was calibratedusing a technique inwhich the digitalcounts from the instrument

were paired with the spectralradiancesfrom a laboratoryintegratingsphere at the nominal centerwavelengths

forthe SeaWiFS bands. The conversionof thistype of laboratorycalibrationto orbit requiresthree factors

linkedto the spectralshape ofthe sourcethat SeaWiFS views.First,the totalband response to the laboratory

source must be converted to that forthe source viewed on orbit.In thiscase,the nominal TOA spectrum of

Barnes and Esaias (1997) is used. Second, the effects of water vapor and the oxygen A-band on the upwelling

atmospheric radiance must be removed; and third, the out-of-band response of the SeaWiFS bands to the

upwelling radiance must also be removed. These factors are presented in a tabular form as the basis for an

efficient correction algorithm for on-orbit measurements.

2.1 INTRODUCTION

The radiometric calibration of SeaWiFS in November

1993 was based on spectral radiances at eight wavelengths,

i.e.,the nominal center wavelengths for the SeaWiFS bands

(412, 443, 490, 510, 555, 670, 765, and 865nm). The

SIS in the laboratory was, itself, calibrated at these wave-

lengths. A calibration of this sort works well for radiomet-

ric instruments that measure at one (or several) individual
wavelengths. The SeaWiFS bands, however, have nominal

spectral bandwidths (FWHM response) of 20 and 40 nm.
For instruments with finite spectral bandwidths such as

these, this type of calibration creates a dependence of the

instrument's response on the spectral shape of the source
that is measured.

According to the manufacturer of SeaWiFS, the SIS

used in calibrating the instrument has the spectral shape

of a 2,850 K blackbody. The analysis behind this assump-

tion was not a required part of the laboratory calibration
data for SeaWiFS. For measurements of a similar SIS, how-

ever, the SeaWiFS output were equivalent to those for

a Planck function with the same temperature (Barnes et

al. 1996). For the current radiometric calibration of Sea-

WiFS (Barnes et al. 1994b), the manufacturer's calibration

source is assumed to have the spectral shape of a 2,850 K

blackbody.

The initial prelaunch calibration of SeaWiFS used the

relative spectral responses (RSRs) of the eight SeaWiFS

bands toconvertthe instrument'sresponsesfrom a 2,850K

blackbody spectralshape inthe laboratory,to an on-orbit

response for a 5,900K blackbody (Table 12 of Barnes et

al.1994b). This isthe spectralshape forthe solaroutput

and isthe spectralshape found in the SeaWiFS Perfor-

mance Specifications(Barnes et al.1994a). In a seriesof

modelling studies(Barnes et al.1995 and Barnes and Yeh

1996),itwas determined that a 12,000K Planck function

(blackbody) curve ismore representativeof the spectral

shape for the upwelling radiance from the ocean scenes

that willbe viewed by SeaWiFS. The factorsto convert

the output from the eightinstrument bands fora 2,850K

laboratorysource to those for a 12,000K on-orbitsource

are listedin Table 17 of Barnes and Yeh (1996). Neither

the 12,000K nor the 5,900K TOA spectraincludethe ab-

sorptionfeaturesfound inthe upwellingEarth radiance.

More recently,Barnes and Esaias (1997) developed a

TOA radiance spectrum based on the atmospheric radia-

tivetransfermodel resultsofH. Gordon at the University

of Miami (Hooker et al. 1992). The TOA spectrum in-

cludesa baselinecomponent, extending from 380-1,150 nm

in Inm increments,which has no absorptionfeatures.The

LONTRAN tropicalmodel was also adapted by Barnes and

Esaias (1997) to provide spectra for atmospheric water

vapor and oxygen A-band absorption features.In addi-

tion,a higher resolutionspectrum, based on MODTRANT,

was adapted to examine the effectsofoxygen A-band ab-

sorption on the output of SeaWiFS band 7. The TOA

12



R.A. Barnes, R.E. Eplee, Jr., E-n. Yeh, and W.E. Esaias

spectrum of Barnes and Esaias (1997) provides an incre-

mental improvement to the previous 5,900 K and 12,000 K
Planck function curves.

The application of the TOA spectra to the SeaWiFS

measurements is performed in two steps. First, the base-

line spectrum (without absorption features) is used to con-
vert the instrument's responses for the laboratory spec-

trum, to those for the on-orbit spectrum. This is a one-

step process that is part of the prelaunch radiometric cal-

ibration (Barnes et al. 1994b). Second, the effects of at-
mospheric absorption are calculated and corrections are

applied to the measurements. These corrections require

knowledge of both the column amount of the absorbing

gas and the pathlength of the solar flux through the atmo-

sphere, i.e., from the top of the atmosphere to the ground

and then back to the top of the atmosphere. The correction

for atmospheric absorption described below is designed for

application to each SeaWiFS band for each measured pixel.

As part of the algorithm to produce calibrated on-orbit

radiances from SeaWiFS, the out-of-band responses for

the eight bands are removed following the correction for

attenuating the upwelling Earth radiance by atmospheric

absorption. A description of the out-of-band correction

scheme is given in Barnes and Yeh (1996).

2.2 TOA BASELINE SPECTRUM

The spectral responses of the SeaWiFS bands (Barnes

1994) are tabulated as the system level response to a spec-
trally flat source having a radiance of l mWcm-2sr -1

#m-1. The responses are listed at 1 nm intervals from 380-

1,150nm, covering the wavelength region over which the

photodiodes in the instrument have a significant quantum

efficiency (Fig. 11 of Barnes et al. 1994b). The responses

are given in picoamperes of current from the photodiode

over each interval. When these currents are multiplied by
the radiance from the source at each wavelength and the

result is summed, the calculation gives the total current

from the photodiode for that source. This current is am-

plified and digitized by the instrument to give the output

for each band in digital numbers (or counts). The digital

numbers are proportional to the photodiode current.

The radiances in these comparisons were normalized to

the typical SeaWiFS radiance for each SeaWiFS band at

that band's nominal center wavelength (Table 1). They

provide a normalization point for changes in the photodi-
ode responses to different source spectral shapes. The cal-

culated responses to the laboratory source (2,850 K) and to

three approximations to the spectral shape of the upwelling

radiances from ocean scenes (5,900K, 12,000K, and the

nominal TOA spectrum) are listed in Table 2. The to-

tal band responses for the 2,850 K, 5,900 K, and 12,000K

sources were taken from Barnes and Yeh (1996). The ra-

tios in Table 2 give the fractional differences in the photo-

diode currents for the three source spectral shapes. These

fractional differences can be applied to the instrument's

calibration constants as part of the prelaunch radiometric

calibration equations (Barnes et al. 1994b).

Table 1. This table shows the nominal center wave-

lengths and typical (Ltypical) radiances in units of
mW cm -2 sr- 1#m- 1 for the SeaWiFS bands. These
values come from the performance specifications for
the instrument (see Barnes et al. 1994a).

Band Nominal Center Ltypical

Number Wavelength [nm]

1

2

3

4

5

6

7
8

412

443

490

510
555

670
765

865

9.10

8.41

6.56

5.64

4.57

2.46
1.61

1.09

A comparison of the photodiode responses to the
12,000K Planck function and nominal TOA spectrum is

given in Table 3. The table shows a comparison of the

total band (RT) and the in-band (RIB) responses. The
total band response covers the wavelength range from 380-

1,150nm. The in-band response covers the region over

which the response of the band is 1% or more of the max-
imum response of the band. The 1% response points are

also called the extended band edges. For the calculations

here, the extended band edges are the wavelengths for a

spectrally flat source in Table 13 of Barnes et al. (1994b).

For each SeaWiFS band, the in-band response is 93-
99% of the total band response; the remainder is out-of-

band. For bands 1, 2, 3, 4, and 7 in Table 3 (412, 443,

490, 510, and 765 nm nominal center wavelengths), the to-
tal band and in-band conversion ratios are the same at the

0.1% level. This indicates that the differences in the re-

sponses of these bands to the two source spectral shapes is
dominated by the in-band portion of the band response. A

plot of the radiance curves for the 12,000 K and the nom-

inal TOA spectra, normalized to the typical radiance for
SeaWiFS band 1, is shown in Fig. 6a. For band 1, the

differences between the spectra in the wavelength region
between 396-423nm (the in-band region) cause a much

greater change than the differences in the out-of-band re-
gion. This is due to the large out-of-band rejection for this

band (Fig. 28 of Barnes et al. 1994b).

For bands 5 and 6 in Table 3 (555 and 670 nm nominal

center wavelengths), the in-band ratios for the two sources
are much closer to unity than the total band ratios. This
indicates that more than half of the difference in the re-

sponses of these bands to the two spectra comes from the

out-of-band regions. For band 8, the out-of-band regions
contribute almost all of the difference in the correction ra-

tios for the two source spectral shapes.
The cause of this out-of-band difference in band 8 is

shown in Fig. 6b. In this figure, the two radiance spectral

13
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Table 2. Listed here are the total band (RT) responses for three on-orbit radiance spectra. These responses are
compared with the responses to a 2,850 K spectrum which represents that for the laboratory integrating sphere.
The 5,900 K spectrum was used in Barnes et al. (1994b). The 12,000 K spectrum was used in Barnes and Yeh
(1996). The nominal TOA spectrum was developed by Barnes (1997a). The ratios give the relative differences
between the band responses for the paired sources.

Band RT for 2,850K RT for 5,900K Ratio to RT for 12,000K Ratio to RT for Nominal Ratio to

Number Source [pA] Source [pA] 2,850K Source [pA] 2,850K TOA Spec. [pA] 2,850K

1
2

3

4

5

6

7

8

2274.304 2192.031 0.9638

3492.898 3434.870 0.9834
4315.636 4227.442 0.9796

4623.705 4612.427 0.9976

3900.117 3866.629 0.9914

2069.400 2092.267 1.0111

2874.331 2858.048 0.9943

2248.979 2275.286 1.0117

2166.343 0.9525

3419.122 0.9789
4203.933 0.9741

4621.536 0.9995

3886.181 0.9964

2111.836 1.0205

2860.844 0.9953

2325.586 1.0341

2136.222 0.9393

3452.778 0.9885

4276.129 0.9908

4540.688 0.9820

3904.549 1.0011

2125.703 1.0272

2863.650 0.9963

2348.277 1.0442

Table 3. Listed here are total band (RT) and in-band (RIB) responses for two on-orbit spectra. These spectra
are approximations of the actual radiance spectrum that SeaWiFS will view on orbit. The ratios show the

relative differences in the output for each source spectral shape. The ratios suggest an uncertainty in the
on-orbit out _ut of about 1% due to uncertainty in the spectral shape of ocean scenes.

Band RT for 12,000K RT for Nominal Ratio RIB for 12,000K RIB for Nominal Ratio

Number Source [pA] TOA Spec. [pA] Source [pA] TOA Spec. [pA]

1
2

3

4

5

6

7

8

2166.343 2136.222 0.9861

3419.122 3452.778 1.0098

4203.933 4276.129 1.0172

4621.536 4540.688 0.9825

3886.181 3904.549 1.0047

2111.836 2125.703 1.0066

2860.844 2863.650 1.0010

2325.586 2348.277 1.0098

2154.071 2125.825 0.9869

3401.671 3438.153 1.0107

4174.468 4250.652 1.0183

4591.212 4509.905 0.9823

3782.678 3788.240 1.0015

2081.381 2087.479 1.0029

2821.399 2820.899 0.9998

2190.074 2190.479 1.0002

Average 1.0022 Average 1.0003
Standard deviation 0.0113 Standard deviation 0.0109

curves are normalized to the typical radiance for SeaWiFS

band 8. The differences between these two spectra, com-

bined with the out-of-band response of band 8 at shorter

wavelengths (Fig. 31 of Barnes et al. 1994b) creates the

1% difference in the band's response to the 12,000K and

the nominal TOA spectrum.

For bands 5, 6, and 8, it is possible to apply the out-
of-band correction in a manner that minimizes the effect

in the conversion from the laboratory to the TOA source

spectral shape. For bands 1, 2, 3, 4, and 7, however, there

does not appear to be a means of bringing the conver-

sion ratios for the two source spectral shapes into better

agreement. It is estimated that, overall, the correction of

the SeaWiFS radiances from the 2,850 K laboratory source

spectral shape to the nominal TOA spectrum of Barnes

and Esaias (1997) will add an uncertainty of about 1%

to the on-orbit radiances measured by SeaWiFS band 2.
For bands 1, 3, and 4, the conversion adds an estimated

uncertainty of 1.5% to the on-orbit radiances. For bands

5, 6, 7, and 8, the estimated uncertainties (after the re-

moval of the out-of-band response) are about 0.3% or less.

Each of these uncertainties are less than the 5% maximum

absolute uncertainty requirement for radiance or the 2%

maximum relative (band-to-band) uncertainty for radiance

in the SeaWiFS performance specifications (Barnes et al.

1994a).

2.3 ABSORPTION FEATURES

These calculations use the data of Barnes (1997a). The
absorption values in this tabulation are given for an air-

mass of unity and a vertical water vapor column amount

of 3.332gcm -2. The tabulated data include oxygen A-

band absorption (for wavelengths from 758-775 nm) and

water vapor absorption (for all other wavelengths from

380-1,150nm). In the calculations presented here, oxygen

A-band and water vapor absorption are treated separately.

For the water vapor absorption calculations, the values in
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the oxygenA-bandabsorptionregion(from758-775nm)
aresetto zero. In the samemannerfor oxygenA-band
absorptioncalculations,the valuesfor wavelengthsfrom
380-757nm,and from 776-1,150 nm, are set to zero.

Figure 7a shows the TOA spectrum, including the at-

mospheric transmission feature for oxygen A-band absorp-

tion for an airmass of three. There are no absorption fea-

tures for water vapor. The baseline portion of the spec-

trum has been normalized at 412 nm to the typical radiance
for SeaWiFS band 1. Figure ?b shows a similar TOA spec-

trum, except that there is no oxygen absorption and there

is a water vapor vertical column amount of 3.332gcm -1

with an airmass of 3. This gives a slant path water vapor
amount of 9.996 g cm -2.

Table 4 shows the integrated photodiode currents for

SeaWiFS bands 1 and 2 for slant path water vapor amounts
ranging from zero to 19.992gcm -2. The increments of

water vapor amount in this table have been calculated for a

vertical column amount of 3.332 g cm -2 for airmasses from

zero to 6 in increments of 0.5 airmass. The table gives

the total band responses (RT), in-band responses (RIB),

and the ratios of the in-band responses to the total band

responses. In the same manner, Tables 5, 6, and 7 give the
photodiode currents for the other SeaWiFS bands.

Figure 8a shows the band 8 (865nm) total band re-

sponse (RT) from Table 7 normalized to unity at a slant

path water vapor column amount of zero. The figure shows
the relative decrease in the total current from the photodi-

ode as the slant path water vapor amount increases. From

these data it is possible to restore the instrument response

that has been attenuated by water vapor absorption. Of

the SeaWiFS bands, band 8 shows the greatest sensitiv-

ity to water vapor absorption. This includes a significant
sensitivity in the in-band (Rzs) portion of the band's re-

sponse. It is estimated that the uncertainty in the cor-

rection for water vapor absorption is around one-tenth of

the correction value. This estimate is, itself, based on an

estimate of the quality of the LONTRAN absorption data
and of the water vapor column amount obtained from the

ancillary SeaWiFS data. In addition, it is assumed that

the major portion of atmospheric water vapor lies in the

planetary boundary layer and in the lower part of the free

troposphere.

For water vapor in band 8, the decrease in band output

is about 2.1% for a column amount of 3.332gcm -2 and an

airmass of 3 (a slant path amount of 9.996gcm-2). This
is a mid-range water vapor amount for SeaWiFS ocean

measurements. For band 8, the uncertainty in the water

vapor correction is estimated at 0.3%. The uncertainty is
zero for the other bands.

Table 8 shows the integrated photodiode currents for

SeaWiFS bands 1-6 for oxygen A-band absorption at air

masses of zero and 6. Since oxygen is well mixed in the

atmosphere, it is possible to define the effects of absorption
in terms of the slant path length through the atmosphere

only, that is, in terms of airmass. For bands 1 and 2, there

is no effect from oxygen A-band absorption. For bands 3,

4, 5, and 6, there is also no effect at the level of one part
in 100,000.

For SeaWiFS band 7, oxygen A-band absorption ef-

fects the in-band response by 15% or more, depending on
the slant path through the atmosphere (Ding and Gordon

1995 and Fraser 1995). The LONTRAN absorption spectrum

used in this analysis does not reproduce the details of the

A-band absorption spectrum (Fig. 5a of Barnes and Esa-

ins 1997) which is a significant effect. Because the details

of the absorption spectrum are so important, the actual

analysis of band 7 is discussed in Barnes (1997b), the next

chapter of this technical memorandum. As such, the por-

tion of Table 9 dealing with band 7 is incomplete; the com-

pleted, detailed version of this table is given in Table 16 of

Barnes (1997b).

Figure 8b shows the band 8 total band response from

Table 9 normalized to unity at an airmass of zero. The

effect on the response of the band, all in the out-of-band

spectral region, is less than 0.2% at an airmass of 6. The

uncertainty in the oxygen absorption correction is zero, as
are the uncertainties for bands 1-6.

2.4 OUT-OF-BAND RESPONSE

The out-of-band correction for SeaWiFS is applied us-

ing the ratio of the in-band response to the total band

response (RIB/RT). This ratio is listed in Tables 4-9. For

SeaWiFS band 8 and for atmospheric water vapor absorp-

tion, the change in the ratio can be 0.5%; however, the

process that restores the effects of atmospheric absorption
eliminates most of this effect. In addition, the out-of-band

correction ratios for the nominal TOA spectrum (without

atmospheric absorption) are different from those for the

12,000 K Planck function given in Barnes and Yeh (1996).

Table 10 gives the out-of-band correction factors, kb,

from Barnes and Yeh (1996) and the corresponding val-

ues from Tables 4-7. Those corresponding values are the

ratios (with no atmospheric attenuation) in the tables. In
Barnes and Yeh (1996), there are two correction factors for

band 7---one with oxygen A-band absorption included in
the calculation and one without. The value from Barnes

and Yeh (1996) used here comes from band 7 without the

oxygen notch.

The correction factors from the nominal TOA spectrum

are an incremental improvement to the values from Barnes

and Yeh (1996). For bands 1-4 and band 7, the correction

factors in Table 10 are the final values. For bands 5, 6,
and 8 the factors are input data to the calculation scheme

of Barnes and Yeh (1996).

The correction factors in Table 10 are used as the basis

for the uncertainties in the out-of-band corrections using

the nominal TOA spectrum. For bands 1-4 and 7, the

corrections for the 12,000 K and nominal TOA spectra dis-

agree by about 0.1%. This is the estimated uncertainty in
the correction for these bands. For bands 5 and 6, the
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column amount of 9.996 g cm -2.

17



SeaWiFSCalibrationTopics,Part2

Table 4. These are the total band (RT) and in-band (RIB) responses for SeaWiFS bands 1 and 2 for
several slant path water vapor column amounts. The responses are the calculated currents from the
band's photodiode for each column amount.

Slant Path Water

Vapor Column

[gcm
0.000

1.666

3.332

4.998

6.664

8.330

9.996

11.662

13.328

14.994
16.660

18.326

19.992

Band I (412nm)

RT RIB Ratio

[pA] [pA] (R_B/RT)

Band 2 (443nm)

RT R I B Ratio

[pA] [pA] (Rzs/RT)

3452.778 3438.153 0.99576

3452.777 3438.153 0.99576

3452.777 3438.153 0.99576

3452.777 3438.153 0.99576

3452.777 3438.153 0.99576

3452.777 3438.153 0.99576

3452.777 3438.153 0.99576

3452.776 3438.153 0.99576

3452.776 3438.153 0.99576

3452.776 3438.153 0.99576

3452.776 3438.153 0.99576

3452.776 3438.153 0.99577

3452.776 3438.153 0.99577

2136.222 2125.825 0.99513

2136.221 2125.825 0.99513

2136.221 2125.825 0.99513

2136.220 2125.825 0.99513

2136.220 2125.825 0.99513
2136.219 2125.825 0.99513

2136.219 2125.825 0.99513
2136.218 2125.825 0.99513

2136.218 2125.825 0.99514

2136.217 2125.825 0.99514

2136.217 2125.825 0.99514

2136.217 2125.825 0.99514

2136.216 2125.825 0.99514

Table 5. These are the total band (RT) and in-band (RIB) responses for SeaWiFS bands 3 and 4 for
several slant path water vapor column amounts. The responses are the calculated currents from the
band's photodiode for each column amount.

Slant Path Water

Vapor Column

[gcm
0.000

1.666

3.332

4.998

6.664

8.330

9.996

11.662

13.328
14.994

16.660

18.326

19.992

Band 3 (49Onto)

RT RIB Ratio

[pA] [pA] (RIB/RT)

Band 4 (510nm)

RT RIB Ratio

[PAl [pA] (RIs/RT)

4540.688 4509.905 0.99322

4540.666 4509.905 0.99323

4540.647 4509.905 0.99323

4540.629 4509.905 0.99323

4540.612 4509.905 0.99324

4540.596 4509.905 0.99324
4540.582 4509.905 0.99324

4540.567 4509.905 0.99325

4540.554 4509.905 0.99325

4540.540 4509.905 0.99325

4540.528 4509.905 0.99326

4540.515 4509.905 0.99326

4540.503 4509.905 0.99326

4276.129 4250.652 0.99404

4276.067 4250.652 0.99406

4276.008 4250.652 0.99407

4275.952 4250.652 0.99408

4275.897 4250.652 0.99410

4275.843 4250.652 0.99411

4275.791 4250.652 0.99412
4275.740 4250.652 0.99413

4275.690 4250.652 0.99414

4275.641 4250.652 0.99416

4275.592 4250.652 0.99417

4275.545 4250.652 0.99418

4275.498 4250.652 0.99419
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Table 6. These are the total band (RT) and in-band (RIB) responses for SeaWiFS bands 5 and 6 for
several slant path water vapor column amounts. The responses are the calculated currents from the
band's photodiode for each column amount.

Slant Path Water

Vapor Column

[gcm
0.000
1.666

3.332

4.998

6.664

8.330

9.996

11.662

13.328

14.994

16.660

18.326

19.992

Band 5 (555 nm)

RT RIB Ratio

[pA] [pA] (Rzs/RT)

Band 6 (67Onto)

RT RIB Ratio

[pA] [pA] (RIB/RT)

2125.703 2087.479 0.98202

2122.308 2084.286 0.98208

2118.949 2081.122 0.98215

2115.627 2077.989 0.98221

2112.341 2074.885 0.98227

2109.089 2071.810 0.98232

2105.869 2068.760 0.98238

2102.683 2065.739 0.98243

2099.529 2062.745 0.98248

2096.403 2059.776 0.98253

2093.309 2056.833 0.98258

2090.244 2053.915 0.98262

2087.207 2051.021 0.98266

3904.549 3788.240 0.97021

3903.711 3787.762 0.97030

3902.891 3787.287 0.97038

3902.087 3786.813 0.97046

3901.297 3786.342 0.97053

3900.519 3785.873 0.97061

3899.753 3785.406 0.97068

3898.998 3784.942 0.97075

3898.254 3784.479 0.97081

3897.519 3784.019 0.97088

3896.794 3783.560 0.97094

3896.078 3783.104 0.97100

3895.371 3782.650 0.97106

Table 7. These are the total band (RT) and in-band (RIB) responses for SeaWiFS bands 7 and 8 for
several slant path water vapor column amounts. The responses are the calculated currents from the
band's photodiode for each column amount.

Slant Path Water

Vapor Column

[gcm -2]

0.000

1.666
3.332

4.998

6.664

8.330

9.996

11.662

13.328

14.994
16.660

18.326

19.992

Band 7 (765 nm)

RT RIB RatiO

[pA] [pA] (RIB/RT)

Band 8 (865 rim)

RT RIB Ratio

[pA] [pA] (R_B/RT)

2348.227 2190.749 0.93280

2338.073 2182.628 0.93352
2328.319 2174.941 0.93413

2318.911 2167.408 0.93467

2309.807 2160.020 0.93515

2300.973 2152.769 0.93559

2292.382 2145.644 0.93599

2284.012 2138.641 0.93635

2275.843 2131.751 0.93669

2267.860 2124.968 0.93699

2260.050 2118.288 0.93727

2252.399 2111.704 0.93754

2244.897 2105.211 0.93778

2863.650 2820.899 0.98507

2857.073 2816.452 0.98578
2850.941 2812.080 0.98637

2845.161 2807.780 0.98686

2839.664 2803.551 0.98728

2834.402 2799.390 0.98765

2829.337 2795.296 0.98797

2824.444 2791.257 0.98825

2819.700 2787.299 0.98851

2815.089 2783.393 0.98874

2810.599 2779.549 0.98895

2806.218 2775.757 0.98915

2801.939 2772.024 0.98932
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Table 8. These are the totalband (RT) and in-band (RIB) responsesfor SeaWiFS bands 1-6 versus

slantpath oxygen column amounts. There isessentiallyno effecton these bands for airmasses of 6 or

more. The responsesare the calculatedcurrentsfrom the band's photodiode foreach column amount.

Slant RaSh Oxygen RT RIB Ratio RT RIB Ratio

Column [airmass] [PAl [PAl (RIB/Rr) [pA] [pAl (als/Rr)

0.0

6.0

0.0

6.0

0.0

6.0

Band 1 (412nm)

2136.222 2125.825 0.99513

2136.222 2125.825 0.99513

Band 3(490nm)
4276.129 4250.652 0.99404

4276.128 4250.652 0.99404

Band 5(555nm)
3904.549 3788.240 0.97021

3904.548 3788.240 0.97021

Band 2(443nrn)

3452.778 3438.153 0,99576

3452.778 3438.153 0.99576

Band 4(510nm)
4540.688 4509.905 0,99322

4540.687 4509.905 0.99322

Band 6(670nm)

2125.703 2087.479 0.98202

2125.693 2087.479 0.98202

Table 9. These are the total band (RT) and in-band (Rts) responses for SeaWiFS bands 7 and 8 for
several slant path oxygen column amounts. The responses are the calculated currents from the band's
photodiode for each column amount. The responses for band 7, however, require the use of data with
higher spectral resolution than those used here. Those responses, therefore, are shown in their entirety
in Table 16 of Barnes (1997b).

Slant Path

Oxygen Column

[airmass]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
4.0

4.5

5.0

5.5

6.0

Band 7 (765nm)

RT RIB Ratio

[pAl [pAl (Rls/RT)

2863.650 2820.899 0.98507

See Table 16 of Barnes (1997b)

for the responses of band 7

Band 8 (865 nm)

RT RIB Ratio

[pAl [pAl (R,s/RT)

2348.277 2190.479 0.93280

2347.448 2190.479 0.93313
2346.794 2190.479 0.93339

2346.243 2190.479 0.93361

2345.777 2190.479 0.93380

2345.381 2190.479 0.93395

2345.044 2190.479 0.93409

2344.756 2190.479 0.93420

2344.509 2190.479 0.93430

2344.296 2190.479 0.93439

2344.111 2190.479 0.93446
2343.950 2190.479 0.93452

2343.810 2190.479 0.93458
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Table 10.Thesearetheout-of-bandcorrectionfactorsforthe12,000K PlanckfunctionandthenominalTOA
spectrum.Thecorrectionfactor,kb, in Barnes and Yeh (1996) is the ratio R_B/RT. The correction factor, kb, ,
is a replacement value based on the nominal TOA spectrum.

Band Nominal Center k b for 12,000K k b, for Nominal

Number Wavelength [nm] Planck Function TOA Spectrum

412 0.9943 0.9951

443 0.9949 0.9958

490 0.9930 0.9940

510 0.9934 0.9932

555 0.9734 0.9702

670 0.9856 0.9820

765 0.9862 0.9851

865 0.9417 0.9328

differences are 0.33% and 0.37%. It is estimated that the

correction scheme of Barnes and Yeh (1996), using a set
of on-orbit measurements from three SeaWiFS bands, will

remove at least half of any residual difference, giving an
uncertainty of 0.3% in the final out-of-band correction fac-

tor for these bands. For band 8, the differences between

the two correction factors is 0.9%; however, the correction

factor in Table 10 is the starting point for an on-orbit cal-
culation that uses values from six SeaWiFS bands. It is

estimated that this computation will remove 75% or more

of the uncertainty in the initial value, giving a residual un-

certainty of 0.3% in the final out-of-band correction factor
for band 8.

Table 11. These are the out-of-band correction fac-

tors for a 2,850 K Planck function curve. This is the
correction factor for the measurements in the labo-

ratory. The correction factor is the ratio RIB/RT.

Band

Number

Nominal Center Correction for

Wavelength 2,850K

[nm] Planck Function

412 0.9963

443 0.9948

490 0.9850

510 0.9936

555 0.9685

670 0.9924

765 0.9816

865 0.9775

The out-of-band correction is, itself, a two step process.
The removal of the out-of-band response in the on-orbit

measurements must be accompanied by a similar removal
of the out-of-band response in the laboratory data. First,

this process transforms the conversion of the total band

response from the laboratory value to the value on orbit

Second, is the conversion of the in-band response from the

laboratory response to the response on orbit. For the labo-

ratory measurements, the source spectral shape is fixed, as
is the out-of-band factor for each SeaWiFS band. These

correction factors (for a 12,000K Planck function) were

calculated by Barnes and Yeh (1996); the correction fac-
tors are also listed in Table 10. The uncertainties in the

correction factors in Table 10 are estimated to be 0.1%

for all eight SeaWiFS bands. The laboratory correction

factors, i.e., those for a 2,850K blackbody, are listed in
Table 11.

2.5 CONCLUDING REMARKS

The conversion process described here for each Sea-

WiFS band is performed in three steps. First, the total

band response is converted from that for a 2,850 K Planck

function (the spectral shape of the Santa Barbara Remote

Sensing [SBRS] laboratory SIS) to that for the nominal

TOA spectrum. Second, the effects of atmospheric absorp-

tion by water vapor and oxygen are removed. Finally, the

out-of-band response is removed. For five of the SeaWiFS

bands, the out-of-band response is a constant fraction of

the total band response. For the other bands (bands 5,
6, and 8), the out-of-band response varies with the source

spectral shape on-orbit (Barnes and Yeh 1996).

Step one in the conversion process, however, assumes

the nominal TOA spectrum of Barnes and Esaias (1997).

The out-of-band response of these bands to the nominal

TOA spectrum is par,, of that conversion step. For bands

5, 6, and 8, that out-of-band value is the starting point for

a recalculated out-of-band response. For these bands, the
new out-of-band value should be used in a second iteration

to revise the correction factor in step one. The effect of this
iteration on the results from bands 5, 6, and 8 is assumed

to be on the order of 1% or less of the total band response.
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Chapter 3

The Effect of Atmospheric Absorption

on the Output of SeaWiFS Band 7

ROBERT A. BARNES

General Sciences Corporation

Laurel, Maryland

ABSTRACT

Oxygen A-band absorption in SeaWiFS band 7 (765 nm) has been investigated twice previously. Fraser (1995)

calculated the ozone equivalent bandwidth for two pathlengths through the atmosphere, and Ding and Gordon

(1995) provided an analysis in which ozone absorption was imbedded in their radiative transfer model. Here,
ozone absorption is presented using the relative spectral responses from Barnes (1994), the nominal TOA

spectrum from Barnes and Esaias (1997), and the ozone absorption spectrum from MODTRAN7. The study

presented here is compared with the previous studies. The MODTRAN7 spectrum has much higher wavelength
resolution than the LOWTRM_spectrum used by Barnes et al. (1997), and Table 16 in this paper completes Table 9

in Barnes et al. (1997). The uncertainty in the correction for oxygen absorption in SeaWiFS band 7 is estimated
to be 0.8%.

3.1 INTRODUCTION

SeaWiFS was designed with near-infrared bands at 765

and 865 nm. These bands will provide the basis for the at-

mospheric correction algorithm used in the procedure to

deduce water-leaving radiances from the SeaWiFS data

(Gordon and Wang 1994). The band edges for the two
bands, that is, the half-maximum response points, are lo-

cated at 744.7 and 785.0 nm for the nominal 765 nm band,
and at 845.7 and 887.0 nm for the nominal 865 nm band

(Barnes et al. 1994a). The bandwidths, or the wavelength

intervals between the half-maximum response points, for

these bands were specified to be 40 nm to allow measure-

ments from the instrument with sufficiently large signal-to-

noise ratios. In addition, the two bands have been placed

in spectral regions that are relatively free of atmospheric
water vapor absorption; however, the 765 nm band encom-

passes a region of atmospheric oxygen absorption, the oxy-

gen A-band, that extends from approximately 758-771 nm.

Atmospheric oxygen A-band absorption was a consider-

ation in the design of SeaWiFS. The original specification
for the 765 nm band included a notch in the spectral re-

sponse for the band. The design specification called for

a bimodal response from the interference filter, with near

zero transmission in the wavelength region for the oxy-

gen absorption. Studies by the instrument manufacturer

showed that such a feature would make the filter nearly
impossible to fabricate, because of the narrowness of the

notch and the sharp changes in transmission on either side.

In addition, any filter that could be made would have low
overall transmission, creating a major reduction in the op-

tical throughput for the band. The reduction in radiance

at the detectors for band 7 would have required a greatly
increased electronic gain for the band, reducing the band's

signal-to-noise ratio and compromising other design spec-

ifications. As a result, the SeaWiFS Project decided that
SeaWiFS band 7 would have a standard shaped spectral

response and that the effects of the oxygen A-band would

be included in the processing of the on-orbit data.

3.2 OZONE BANDWIDTH

Fraser (1995) used the concept of ozone equivalent
bandwidth to calculate the effects of oxygen A-band ab-

sorption on SeaWiFS band 7. In that analysis, the relative

spectral response for the band, R(A), normalized to unity,

is integrated to give the bandwidth

B = R(A)dA, (3)
1

where B is the bandwidth (in nanometers), A1 is 380 nm,

and A2 is 1,150nm. These integration limits encompass

the wavelength region over which the SeaWiFS photodi-
odes have a significant quantum efficiency. Using the rela-

tive spectral response values from Barnes (1994), the band-
width for SeaWiFS band 7 is 40.99nm. This bandwidth

corresponds to that for the total band response (RT), de-

scribed in Barnes et al. (1997), where changes to RT for
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Table 12. These are the bandwidths forthe SeaWiFS bands. The bandwidths are calculatedin three ways.

The firstisthe integralof the relativespectralresponse over the wavelength regionfor which the detectorhas

a significantquantum efficiency,that is,from 380-I,150nm. For this calculation,the RSR isnormalized to

unity at itsmaximum value.In the second method, the RSR isintegratedover itsin-band response regionwith

thisregion definedas that for a spectrallyflatsource in Table 13 of Barnes et al.(1994b). The third isthe
calculationofthe FWI-IM, alsotaken from Table 13 of Barnes et al.(1994b).

Band

Number

Nomina] Center Bandwidth Bandwidth Bandwidth

Wavelength f R(A)dA f R(A)dA FWHM

[nm] 380--1,150 [nm] In-Band [nm] [nm]

412 19.7 19.6 20.2

443 19.3 19.2 19.6
490 21.3 21.2 20.6

510 23.0 22.8 22.4
555 19.1 18.6 18.3

670 20.7 20.5 19.9

765 41.0 40.3 40.3

865 42.2 41.0 41.3

various amounts of atmospheric water vapor and oxygen
were calculated.

It is also possible to calculate the bandwidth for the in-
band response region. This is the wavelength range where

the relative spectral response is 1% or more of the max-

imum response. For SeaWiFS band 7 (and for a spec-

trally flat source) the in-band wavelength region lies be-
tween 728-815 nm. Using these values for integration lim-

its, the bandwidth calculated using (3) is 40.31 nm. The

bandwidth used in Fraser (1995) is 40.5 nm. To maintain

consistency with the analysis of Barnes et al. (1997), a
bandwidth of 40.99 nm is used here.

The bandwidths for the eight SeaWiFS bands are listed
in Table 12. The bandwidths in this table are calculated in

three ways. The first calculation is the solution to the inte-

gral in (3) with integration limits of 380 and 1,150 nm. The

second is the solution to (3) using the 1% response wave-

lengths (extended band edges) from Table 13 of Barnes
et al. (1994b) as the limits of integration. The extended

band edges in this calculation are those for a spectrally
flat source. The third is the calculation of the FWHM,

also given in Table 13 of Barnes et al. (1994b). The choice

of the most appropriate bandwidth depends on the need
of the user.

The ozone equivalent bandwidth is calculated from the

ozone absorption coefficient and the airmass

w = [1- (4)
1

where W is the ozone equivalent bandwidth (in nanome-

ters), a(A) is the ozone absorption coefficient per unit air-
mass at wavelength A, and/1 is the airmass. The lower and

upper limits for the integration are 758 and 771 nm, cover-

ing the wavelengths over which oxygen A-band absorption

occurs. The value, e -a(A)_, in the integrand is the frac-

tional transmittance through an atmosphere of airmass #

at wavelength A for an absorbance of a(A). The entire in-
tegrand, 1 - e -a(A)_', is the absorption at wavelength A.
When integrated, (4) gives the total oxygen A-band ab-

sorption for an airmass of #. Since the integrand in (4) is
dimensionless, the solved integral has units of nanometers,

and the solution is called the ozone equivalent bandwidth.
This analysis can be applied because all of the ozone ab-

sorption is in-band, that is, because B overlaps W.

Using (3) and (4), it is possible to define the frac-

tional absorption (W/B) and the fractional transmittance
(1 - B/W) for the band. Fractional transmittance is the

product used by Barnes et al. (1997) to correct for the
effects of atmospheric absorption on the SeaWiFS bands.

Figure 8 of Barnes et al. (1997) shows plots of fractional

transmittance for SeaWiFS band 8 for atmospheric water
vapor and atmospheric oxygen.

The techniques of Fraser (1995) and Barnes et al. (1997)

lead to nearly identical results; however, the technique of
Fraser (1995) has no provision for the spectral shape of

the source. In addition, the absorption spectrum used by
Fraser (1995) differs from the MODTRAN7 absorption spec-

trum used by Barnes and Esaias (1997) and tabulated in
Barnes (1997a).

The ozone absorption data used in Fraser (1995) are
no longer available, but a plot of those data are shown in

Fig. ga, which is a copy of Fig. 9 in Fraser (1995). Figure 9a

gives the atmospheric absorption for an airmass of 2. Using

the units of (4), the ordinate of Fig. 9a has the units a(A) x
2.

Figure 9b is a transcription of Fig. 9a. The data from

Fig. 9a were taken manually at 0.2 nm intervals. Figures 9a
and 9b are presented with the same dimensions so that

the fidelity of the transcription can be evaluated by eye.

For use in the analysis below, the data points in Fig. 9b

were interpolated to give values at 0.1 nm intervals, and
the absorptions were divided by 2 to give absorbances for
an airmass of unity.
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This transcription created an absorbance data set that

can be compared directly with the MODTI_N7 data tabu-

lated in Barnes (1997a). A comparison of these absorbance

data is given in Fig. 10. For the MODTRhN7 data, there is

substantially more absorbance in the peak at 761 nm; how-

ever, there is more absorbance in the wing of the Fraser

spectrum from 763-770 nm.

The effect of the large absorbance centered at 761 nm

in MODTI_N7 occurs at airmasses up to about unity. At this

airmass, the transmittance at 761 nm is close to zero. For

increasing pathlengths through the atmosphere, the trans-

mittance at 761 nm changes little--it is just slightly closer

to zero. This effect is called self-absorption. For airmasses

greater than unity, the calculated transmission using the

MODTI_N7 absorbance spectrum is greater than the trans-

mission using the Fraser absorbance spectrum. This can

be seen in Fig. 11, which shows the transmittance, e -_(_)_,

for the two absorbance spectra at an airmass of 6. A large

airmass was chosen to give a better visual presentation of
this effect.

Table 13 lists the ozone equivalent bandwidths, frac-

tional absorptions, and fractional transmittances for Sea-

WiFS band 7 using the Fraser absorbance spectrum and

airmasses from 0-6 in 0.2 airmass increments. The typical

viewing geometries for SeaWiFS will have airmasses that

range from around 2 to around 5. The nonlinearity in the
calculated bandwidths and transmittances versus airmass

is due to self-absorption. Table 14 lists the same values

as Table 13, except that the MODTI_N7 oxygen absorption

spectrum is used.

The fractional transmittances, values of 1 -W/B, from

the MODTRhN7 and Fraser absorption data are shown in

Fig. 12a. The differences versus airmass of the Fraser-
based fractional transmittances from those of MODTI_N7

are shown in Fig. 12b. The data for Fig. 12 are listed in

Table 15. At an airmass of 2, the fractional transmittance

from the Fraser-based calculations is 0.003 (0.3%) less than
that for the MODTRhN7-based calculations. At an airmass of

3, the difference is 0.006 (0.6%). As discussed below, this

0.6% difference is a principal component in the estimated

uncertainty for the oxygen A-band correction for SeaWiFS
band 7.

The calculations in this section are given to show the
differences in transmittance that derive from the MODTIL_N7

and Fraser oxygen absorption spectra. The calculations

to produce results for SeaWiFS data reduction, that is,

to produce a replacement for the incomplete Table 9 of

Barnes et al. (1997), are presented in Sect. 3.3.

3.3 INTEGRATED RESPONSES

Barnes et al. (1997), calculated the SeaWiFS band re-

sponses using knowledge of the relative spectral response of

the bands plus the spectral shape of the radiance that Sea-

WiFS views. The spectral radiance and spectral response

at each wavelength are integrated to give

where R is the response of the band (in picoamperes),
L_(A) is the spectral radiance from the source at wave-

length A (in mWcm-2#m-lsr -1), and R(A) is the re-

spouse of the SeaWiFS band at wavelength ,_ (in picoam-

peres mW -1 cm2_m 1 srl). The lower and upper limits for
the integration are ,_, and A2, respectively. If the integra-

tion covers the range over which the band's detector has

a significant quantum efficiency (380-1,150 nm), then the

integration yields the total band response, RT. If the inte-

gration limits cover the range where the relative spectral

response is equal to or greater than 1% of the maximum

response, then the result is called the in-band response,
RIB.

In (5), the relative spectral response, R(A), has units of

picoamperes per unit spectral radiance. It is not normal-

ized to unity as in (3). The data for the RSRs used here

come from the file SPECTRA4 in Barnes (1997a). These data
are listed at 0.1 nm intervals from 720-820 nm. For the cal-

culations here, the lower and upper integration limits are

728.0 and 814.5 nm. These are the extended band edges (or

1% response points) for band 7 (see Table 13 of Barnes et

al. 1994b). The spectral radiances, Le(A), also come from
SPECTI_4, which gives the nominal Earth-exiting radiance

spectrum of Barnes and Esaias (1997); hence, the designa-

tion Le(A). The values of Le(A) have been normalized to

3.0 mW cm-2/zm-1 sr-1 at 765 nm to give conformity with

the calculations of Barnes et al. (1997).
The effects of oxygen A-band absorption are calculated

using the absorbance table in SPECTRA4 and the airmass.

The A-band absorbances in SPECTRA4, (_(A), are per unit
airmass. The absorbance is combined with the alrmass to

calculate the transmittance, e -a(_)_, and this term is com-

bined with the calculation in (5). In the actual calculation,

the integral is modified to a summation with an interval,

AA, of 0.1 nm.

A=814.5

R,s = __, L_(A)[e-'_()')"]R(A)AA, (6)
A=728.0

The components of (6) are shown in Fig. 13. Figure 13a

shows the oxygen A-band transmission spectrum using the
Fraser (1995) absorbance and an airmass of 2. Figure 13b

shows the nominal TOA spectrum, and Fig. 13c shows the

relative spectral response for SeaWiFS band 7.

The calculated values of RIB from (6) for airmasses
from zero to 6 are listed in Table 16. Since there is no

oxygen A-band absorption outside the 1% response points

for band 7, there is no effect on the out-of-band response;
thus, the difference between the in-band and total band re-

sponses must be a constant. That constant is given in Ta-

ble 9 of Barnes et al. (1997) as 2863.650 pA-2820.899 pA.
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Table 13. These are the ozone equivalent bandwidths using the absorbance spectrum of Fraser. The
ozone equivalent bandwidth, W, is calculated using (4). The fractional absorption is calculated using a
bandwidth, B, of 40.99nm. The fractional transmittance is calculated as the difference between unity
md the fractional absorption.

Airmass Ozone Equivalent F_actional F_actional

Bandwidth [nm] Absorption Transmittance

0.0 0.00000 0.00000 1.00000

0.2 0.45571 0.01112 0.98888

0.4 0.88402 0.02157 0.97843
0.6 1.28681 0.03139 0.96861

0.8 1.66581 0.04064 0.95936

1.0 2.02264 0.04934 0.95066

1.2 2.35877 0.05755 0.94245

1.4 2.67560 0.06527 0.93473

1.6 2.97442 0.07256 0.92744

1.8 3.25640 0.07944 0.92056

2.0 3.52267 0.08594 0.91406

2.2 3.77424 0.09208 0.90792

2.4 4.01209 0.09788 0.90212

2.6 4.23708 0.10337 0.89663

2.8 4.45006 0.10856 0.89144

3.0 4.65179 0.11349 0.88651

3.2 4.84298 0.11815 0.88185

3.4 5.02430 0.12257 0.87743

3.6 5.19636 0.12677 0.87323

3.8 5.35976 0.13076 0.86924
4.0 5.51501 0.13455 0.86545

4.2 5.66263 0.13815 0.86185

4.4 5.80308 0.14157 0.85843

4.6 5.93679 0.14484 0.85516

4.8 6.06417 0.14794 0.85206

5.0 6.18560 0.15091 0.84909

5.2 6.30144 0.15373 0.84627

5.4 6.41201 0.15643 0.84357
5.6 6.51762 0.15901 0.84099

5.8 6.61856 0.16147 0.83853
6.0 6.71510 0.16382 0.83618
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Table 14.ThesearetheozoneequivalentbandwidthsusingtheabsorbancespectrumfromMODTRANT.

The ozone equivalent bandwidth, W, is calculated using (4). The fractional absorption is calculated
using a bandwidth, B, of 40.99 nm. The fractional transmittance is calculated as the difference between

unity and the fractional absorption.

Airmass Ozone Eq u/va/ent t_actional _actional

Bandwidth [nm] Absorption _ansmittance

0.0 0.00000 0.00000 1.00000

0.2 0.47283 0.01154 0.98846

0.4 0.90812 0.02215 0.97785

0.6 1.30965 0.03195 0.96805

0.8 1.68077 0.04100 0.95900

1.0 2.02444 0.04939 0.95061

1.2 2.34330 0.05717 0.94283

1.4 2.63969 0.06440 0.93560
1.6 2.91571 0.07113 0.92887

1.8 3.17322 0.07741 0.92259

2.0 3.41387 0.08329 0.91671

2.2 3.63915 0.08878 0.91122

2.4 3.85040 0.09394 0.90606

2.6 4.04881 0.09878 0.90122

2.8 4.23545 0.10333 0.89667
3.0 4.41128 0.10762 0.89238

3.2 4.57718 0.11167 0.88833

3.4 4.73393 0.11549 0.88451

3.6 4.88224 0.11911 0.88089

3.8 5.02275 0.12254 0.87746
4.0 5.15605 0.12579 0.87421

4.2 5.28266 0.12888 0.87112

4.4 5.40306 0.13181 0.86819

4.6 5.51769 0.13461 0.86539
4.8 5.62695 0.13728 0.86272

5.0 5.73120 0.13982 0.86018

5.2 5.83078 0.14225 0.85775

5.4 5.92600 0.14457 0.85543

5.6 6.01714 0.14680 0.85320

5.8 6.10444 0.14893 0.85107

6.0 6.18816 0.15097 0.84903
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Table 15. This is a comparison of fractional transmittances using the absorbance spectra from MODTRAN7

and Fraser (1995). The MODTl_NT-based fractional transmittances come from Table 14. The Fraser-based
values come from Table 13. The difference at an airmass of 3 (0.587%) gives an estimate of a portion of
the uncertainty for the oxygen A-band correction.

Airmass 1 - W/ B 1 - W/ B Difference

(MOBTI_N) (Fraser)

0.0 1.00000 1.00000 0.00000

0.2 0.98846 0.98888 0.00042

0.4 0.97785 0.97843 0.00058

0.6 0.96805 0.96861 0.00056

0.8 0.95900 0.95936 0.00036

1.0 0.95061 0.95066 0.00005
1.2 0.94283 0.94245 -0.00038

1.4 0.93560 0.93473 -0.00087

1.6 0.92887 0.92744 -0.00143
1.8 0.92259 0.92056 -0.00203

2.0 0.91671 0.91406 -0.00265

2.2 0.91122 0.90792 -0.00330

2.4 0.90606 0.90212 -0.00394
2.6 0.90122 0.89663 -0.00459

2.8 0.89667 0.89144 -0.00523

3.0 0.89238 0.88651 -0.00587

3.2 0.88833 0.88185 -0.00648

3.4 0.88451 0.87743 -0.00708

3.6 0.88089 0.87323 -0.00766

3.8 0.87746 0.86924 -0.00822

4.0 0.87421 0.86545 -0.00876
4.2 0.87112 0.86185 -0.00927

4.4 0.86819 0.85843 -0.00976

4.6 0.86539 0.85516 -0.01023

4.8 0.86272 0.85206 -0.01066

5.0 0.86018 0.84909 -0.01109

5.2 0.85775 0.84627 -0.01148
5.4 0.85543 0.84357 -0.01186

5.6 0.85320 0.84099 -0.01221

5.8 0.85107 0.83853 -0.01254

6.0 0.84903 0.83618 -0.01285

31



SeaWiFSCalibrationTopics,Part2

10 /
0.9

0.8

_07

o
0.S

go5

_o4

00.3

0.2

harmoss = 2

0.1 (_ Fraser Oxygen Absorbance Spectrum

Wavelencilth (nm)

4.0

3.5

3.0

co 2.5

2.0

_i

1.0

0.5 b

Wavelength (nm)

24:

22:

20:

o

14.-

_o-
o

6"

2'

0

72O

.... i .... i ............ i .... i .... [ ............ i
730 740 750 760 770 780 790 800 810 820

Wavelength (nrn)
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Fraser (1995) absorbance and an airmass of 2. a) This is the atmospheric transmission spectrum for
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l_ble 16. These are total band (RT) and in-band (RIB) responses for SeaWiFS band 7 (765 nm) for
several slant path oxygen column amounts. The responses are the calculated currents from the band's

photodiodes for each column amount. The calculations are based on the MODTI_N7 absorption spectrum
tabulated in Barnes (1997a). This table completes Table 9 in Barnes et al. (1997).

Slant Path Oxygen RT RIB Ratio

Column [airmass] [pA] [pA] RIs/RT

0.0 2863.650 2820.899 0.98507

0.2 2832.359 2789.608 0.98491

0.4 2803.568 2760.817 0.98475

0.6 2777.025 2734.274 0.98461

0.8 2752.504 2709.753 0.98447

1.0 2729.810 2687.059 0.98434

1.2 2708.764 2666.013 0.98422

1.4 2689.212 2646.461 0.98410

1.6 2671.014 2628.263 0.98399

1.8 2654.045 2611.294 0.98389

2.0 2638.195 2595.444 0.98380
2.2 2623.365 2580.614 0.98370

2.4 2609.465 2566.714 0.98362

2.6 2596.417 2553.666 0.98353

2.8 2584.149 2541.398 0.98346

3.0 2572.597 2529.846 0.98338

3.2 2561.702 2518.951 0.98331

3.4 2551.413 2508.662 0.98324

3.6 2541.682 2498.931 0.98318

3.8 2532.468 2489.717 0.98312

4.0 2523.730 2480.979 0.98306

4.2 2515.434 2472.683 0.98300

4.4 2507.549 2464.798 0.98295

4.6 2500.044 2457.293 0.98290
4.8 2492.894 2450.143 0.98285

5.0 2486.074 2443.323 0.98280

5.2 2479.562 2436.811 0.98276

5.4 2473.338 2430.587 0.98272
5.6 2467.383 2424.632 0.98267

5.8 2461.681 2418.930 0.98263
6.0 2456.214 2413.463 0.98259
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Thisconstantisaddedto eachRIB value in Table 16 to

give the total band response, RT. From these data, the

ratio RzB/RT is calculated for each airmass.

Barnes et al. (1997) used LoFrlh_N absorption spectra

to calculate the effects of atmospheric water vapor and

oxygen on the on-orbit responses of the SeaWiFS bands.

Table 9 of Barnes et al. (1997) was left incomplete, since
LoFrItAN is inadequate to calculate the effect of oxygen A-

band absorption on SeaWiFS band 7. Table 16 completes

Table 9 in Barnes et al. (1997) and has been given the same
format.

It is possible to create a table similar to Table 16 based

on results calculated using the absorbances from Fraser

(1995) in place of those from MODTI_,NT. Table 17 shows
the Fraser-based results. Table 18 takes the total band

responses from Tables 16 and 17 and converts them into

fractional transmittances. They are the system responses

at airmass, _z, divided by the response at zero airmass.

These fractional transmittances are equivalent to the 1 -
W/B values in Table 15. In Table 15 for an airmass of 3,

the Fraser-based fractional transmittance is 0.0059 (0.6%)
lower than that for the MODTlq_NT-based calculation. In

Table 18 for an airmass of 3, the difference is 0.0053 (0.5%).
If SeaWiFS measurements are made at nominal airmasses

between 3 and 3.5, then the difference in the calculated

fractional transmittance using the Fraser and MODTRANI
absorption spectra is about 0.6%. As discussed below, this

0.6% difference, which derives from the differences in the

a(A) values of Fraser (1995) and MODTI_N7, is a principal
component in the estimated uncertainty for the oxygen A-
band correction for SeaWiFS band 7.

3.4 SURFACE PRESSURE

An airmass of unity assumes a surface pressure of

1013.25mb (760torr, or l atm). For SeaWiFS measure-

ments, the surface pressure of an ocean scene is provided by
ancillary measurements from other satellite instruments.

When the solar zenith angle and the viewing angle of the

instrument are included and a plane-parallel atmosphere
is assumed, the airmass can be calculated as

= - , (7)
# 1013.25 cos_@0) + cos(Ov)

where P, is the surface pressure (in millibars), 80 is the

solar zenith angle, and 8_ is the viewing angle of the in-
strument.

For large angles from vertical, the airmass can be de-

termined using the Chapman function (Chapman 1931 and
Swider and Gardner 1967), which accounts for the curva-

ture of the Earth. The Chapman function is applied to

atmosphere constituents that have concentrations which

decrease exponentially with altitude at a known rate. The
function is ideal for calculating the airmass of the atmo-

sphere and of well mixed constituents, such as oxygen, at

large angles from the vertical. A discussion of airmass cor-

rections for ocean color measurements is given in Ding and

Gordon (1994).

It is estimated that the ancillary pressure values are

accurate to about 10mb, which is 1% of standard pres-

sure (1013.25 mb). It is also assumed that the uncertainty
in surface pressure is not the same at all positions on
the Earth. For the waters of the North Atlantic and the

Mediterranean, for example, in situ surface pressure mea-

surements are common, allowing the correction of system-

atic errors in satellite-based pressure measurements. In

the Southern Ocean, on the other hand, such ground truth

measurements are much more sparse. The uncertainty es-

timate presented here, or its improved successors, must

be combined with the uncertainty in the ozone absorption

coefficient; however, the uncertainty in the absorption co-

efficient is expected to dominate the total uncertainty.

3.5 AIRMASS AND AEROSOLS

For SeaWiFS band 7, it is assumed that the ocean ab-

sorbs all photons that penetrate its surface; thus, all of the

radiance viewed by SeaWiFS for this band is generated by

the atmosphere. In the lower atmosphere, multiple scatter-

ing by air molecules increases the effective air mass slightly,

when compared with a purely geometric formulation. The

same is true for the presence of marine aerosols near the

surface of the ocean. On the other hand, the presence

of stratospheric aerosols or of high altitude cirrus clouds

will decrease the effective air mass. For large concentra-

tions of these high altitude aerosols, a correction to the

SeaWiFS atmospheric radiative transfer equations may be

necessary (Ding and Gordon 1995). For SeaWiFS measure-

ments without these upper tropospheric and stratospheric

aerosols, it is estimated that the geometric airmass calcu-

lation underestimates the actual pathlength through the

atmosphere by 0-1%. As shown below, this uncertainty is
also small compared to the uncertainty in the ozone ab-

sorption coefficient.

3.6 DING AND GORDON (1995)

In a recent study of the effects of oxygen absorption

on SeaWiFS band 7, Ding and Gordon (1995) approached

this problem from a different point of view. In that study,

oxygen absorption was placed within their atmospheric ra-

diative transfer model, rather than treated individually.

Also, Ding and Gordon (1995) used a square wave shape

for the relative spectral response of band 7. In essence,

that relative spectral response was unity within the nom-

inal bandwidth (745-785 nm) and zero at all other wave-

lengths. In addition, the upwelling Earth radiance viewed

by SeaWiFS was assumed to be constant with wavelength.

In addition, Ding and Gordon (1995) used the Air Force

Geophysics Laboratory (AFGL) atmospheric absorption

line parameters (described in Rothman et al. 1983) as the
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Table 17. These are total band (RT) and in-band (RIB) responses for SeaWiFS band 7 (765nm) for
several slant path oxygen column amounts. The responses are the calculated currents from the band's

photodiodes for each column amount. The calculations are based on the absorption spectrum calculated
from Fraser (1995).

Slant Path Oxygen RT RiB Ratio

Column [airmass] [pAl [pA] RIB/RT

0.0 2863.650 2820.899 0.98507

0.2 2833.589 2790.838 0.98491

0.4 2805.343 2762.592 0.98476
0.6 2778.788 2736.037 0.98462

0.8 2753.809 2711.058 0.98448

1.0 2730.299 2687.548 0.98434

1.2 2708.159 2665.408 0.98421

1.4 2687.297 2644.546 0.98409

1.6 2667.627 2624.876 0.98397

1.8 2649.071 2606.320 0.98386

2.0 2631.555 2588.804 0.98375

2.2 2615.011 2572.260 0.98365

2.4 2599.375 2556.624 0.98355
2.6 2584.588 2541.837 0.98346

2.8 2570.596 2527.845 0.98337

3.0 2557.347 2514.596 0.98328

3.2 2544.794 2502.043 0.98320

3.4 2532.894 2490.143 0.98312

3.6 2521.604 2478.853 0.98305

3.8 2510.887 2468.136 0.98297

4.0 2500.708 2457.957 0.98290

4.2 2491.032 2448.281 0.98284

4.4 2481.830 2439.079 0.98277

4.6 2473.071 2430.320 0.98271
4.8 2464.731 2421.980 0.98265

5.0 2456.782 2414.031 0.98260

5.2 2449.203 2406.452 0.98254

5.4 2441.970 2399.219 0.98249

5.6 2435.064 2392.313 0.98244

5.8 2428.466 2385.715 0.98240
6.0 2422.157 2379.406 0.98235
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Table 18. Shown here are fractionaltransmittancescalculatedfrom the data inTable 16,based on the MODTRAN7

absorptionspectrum from Barnes (1997a),and inTable 17,based on the absorptionspectrum from Fraser(1995).
The fractionaltransmittances are given the symbols TM and TF forMODTRAN7 and Fraser,respectively.

A_rmass TM TF (TF - TM ) /TM

0.0 1.00000 1.00000 0.00000

0.2 0.98907 0.98950 0.00043

0.4 0.97902 0.97964 0.00063

0.6 0.96975 0.97037 0.00064

0.8 0.96119 0.96164 0.00047

1.0 0.95326 0.95343 0.00018

1.2 0.94591 0.94570 -0.00022
1.4 0.93909 0.93842 -0.00071

1.6 0.93273 0.93155 -0.00127

1.8 0.92680 0.92507 -0.00187

2.0 0.92127 0.91895 -0.00252

2.2 0.91609 0.91317 -0.00319

2.4 0.91124 0.90771 -0.00387

2.6 0.90668 0.90255 -0.00456
2.8 0.90240 0.89766 -0.00525

3.0 0.89836 0.89304 -0.00592
3.2 0.89456 0.88865 -0.00661

3.4 0.89097 0.88450 -0.00726

3.6 0.88757 0.88056 -0.00790

3.8 0.88435 0.87681 -0.00853

4.0 0.88130 0.87326 -0.00912

4.2 0.87840 0.86988 -0.00970

4.4 0.87565 0.86667 -0.01026
4.6 0.87303 0.86361 -0.01079

4.8 0.87053 0.86070 -0.01129

5.0 0.86815 0.85792 -0.01178

5.2 0.86587 0.85527 -0.01224

5.4 0.86370 0.85275 -0.01268

5.6 0.86162 0.85034 -0.01309

5.8 0.85963 0.84803 -0.01349
6.0 0.85772 0.84583 -0.01386

basis for their oxygen absorption spectrum. With assump-

tions that include Lorentz-broadening by collisions with

other atmospheric gas molecules (Mitchell and Zemansky

1961), the ozone absorption spectrum of Ding and Gor-

don (1995) is a set of over 200 individual absorption lines.

For Barnes and Esaias (1997), the high resolution oxy-

gen absorptionspectrum was derivedfrom MODTRAN7, after

smoothing by a 10cm -I triangularslitfunction.

The effectof thisdifferencein the form of the ozone

absorption spectrum is beyond the scope of this paper,

as isthe extractionofozone absorptionfrom the radiative

transfermodel ofDing and Gordon (1995).However, Ding

and Gordon (1995) described a decrease in upwelling ra-

diance,definedin terms ofreflectance,of about 7% at an

airmass of 2,and about 11% at an airmass of 5.

3.7 CONCLUDING REMARKS

A simplifiedinstrument-atmosphere system levelre-

sponse forSeaWiFS band 7 (765nm) iscalculatedin (6).

Itisa simplifiedversionofthe CZCS system calibrationin

Evans and Gordon (1994),particularlywith respectto the

atmospheric radiativetransfercalculations.The compo-

nents of (6)are shown in Fig. 13. The firstcomponent is

the spectralresponseofband 7 to a sourcewith a constant

spectral radiance of unity; the second is an absorption-free
TOA radiance; and the third is the transmission of oxy-

gen in the atmosphere. For the analysis of Fraser (1995),

the TOA radiance in Fig. 13b was considered to have a

constant value of unity. That analysis has been modified

here, and the components from that modified analysis (for

an airmass of 2) is also shown in Fig. 13. This modifica-
tion allows for an internally consistent comparison of the
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Table19. Thisisasummaryof the fractional transmittances from three sources: calculations using the oxygen
spectrum from MODTRAN7,TM; calculations using the oxygen spectrum from Fraser (1995), TF; and the fractional
transmittances from Ding and Gordon (1995), TDG.

Aizmass TM TF TDG (TF -- TM)/TM (TDG -- TM)/TM

2 0.92127 0.91895 0.93000 -0.0025 0.0095

3 0.89836 0.89304 - -0.0059 -

4 0.88130 0.87326 - -0.0091 -

5 0.86815 0.85792 0.89000 -0.0118 0.0252

Average - 0.0073 0.0173

Table 20. This is a summary of the effective ozone absorptions from three sources: calculations using the
oxygen spectrum from MODTRAN7, aM; calculations using the oxygen spectrum from Fraser (1995), aF; and the
fractional transmittances from Ding and Gordon (1995), aoa.

Airmass aM aF (_DG (_F -- OtM)/(_M (¢_DG -- (_M)/OtM

2 0.04100 0.04226 0.03629 0.0307 -0.1150

3 0.03573 0.03771 - 0.0555 -

4 0.03159 0.03388 - 0.0725 -

5 0.02828 0.03065 0.02331 0.0838 -0.1758

Average 0.0606 -0.1454

MODTRAN7 and Fraser results.

For Ding and Gordon (1995), the TOA radiance in

Fig. 13b was also considered to have a constant value of

unity, and the relative spectral response in Fig. 13a was

replaced with a square wave function with a value of unity

for wavelengths from 745-785 nm and a value of zero at all

other wavelengths. In addition, Ding and Gordon (1995)

used a high resolution oxygen absorption spectrum, con-

sisting of a series of rotational lines and imbedded oxygen

absorption in their radiative transfer model. Consequently,

a comparison of the results from MODTRAN7and from Ding

and Gordon (1995) is difficult to make.

A comparison of the system level transmittances from

the three analyses is presented in Table 19. The system

leveltransmittancesforMODTRAN7 (TM) are the totalband

responses from Table 16 divided by the response at zero

airmass. For the absorption spectrum of Fraser (1995),

the system leveltransmittances (T_.)are calculatedsimi-

larlyusing the data in Table 17. The average difference

between the MODTRAN7 and Fraser transmittancesfor the

fourairmassesinTable 19 is0.0073,with the Frasertrans-

mittanceslower ateach airmass. For the MODTRAN7 and the

Ding and Gordon (1995) results,the average differenceis

0.0173,with the MODTRAN7 transmittanceslower at both

airmasses.

A comparison of the effectiveabsorption coefficients

from the three analyses ispresented in Table 20, where

the effectiveabsorption coefficient(usingthe example of

the MODTRAN7 calculation)isobtained from Beer'sLaw as

- In(TM)
- (8)

#

where aM is the effective ozone absorption coefficient per
unit airmass. This is a system level coefficient over the

response of the band and should not be confused with the

absorbance for an individual wavelength, a(A). Because of

self absorption, aM is not a linear function of #. The aver-

age difference between the MODTRAN7 and Fraser effective

absorption coefficients is 0.0606. This is about 8.3 times

greater than the average difference in system level trans-

mittances in Table 19. In other words, on the average, a

1% change in transmittance is caused by an 8.3% difference
in the effective absorption coefficient.

For the HOD'I'P_N7 and Ding and Gordon (1995)results,

the averagedifferenceinthe effectiveozone absorption co-

efficientsis0.1454. This differenceisapproximately the

same asthe 15% estimateofthe accuracy ofthe recentad-

ditionsto the AFGL compilation (Rothman et al. 1983)

upon which the absorption spectrum of Ding and Gor-

don isbased. However, the accuracy uncertainty in the

linestrengthsin Rothman et al.(1983) does not explain

the change in the transmittance differencewith airmass

in Table 19. This dependency may liein the added self-

absorptionresultingfrom the linestructureinthe oxygen

absorptionspectrum of Ding and Gordon (1995). It may

also derivefrom other aspects of theirradiativetransfer

model. At present,the differencesbetween the resultsfrom

Sect.3.3,based on the MODTRAN7 spectrum smoothed with

a 10cm -1 triangularslitfunctionand the resultsof Ding

and Gordon (1995),remain unresolved.

Ifnecessary,thereisa means ofadjustingthe MODTRAN7

transmittancesto those of Ding and Gordon (1995). The

differencesbetween the two transmittances is 0.0095 at

an airmass of 2, and 0.0252 at an airmass of 5. Because

both data setsmust agree at an airmass of zero,a linear
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correction factor with a slope of 0.0050 per airmass can
force an agreement between the two data sets. Such a

correction is not suggested here; however, the correction

might be addressed by an expert panel on atmospheric

radiative transfer within the SeaWiFS Project.

A simple uncertainty estimate for TM can be derived

using the difference in the average values for aM and aF

in Table 20 (6.06%), plus the uncertainties in the airmass.

This gives the total uncertainty for an airmass of approx-

imately 3.5. As discussed above, there is a 1% estimated

uncertainty in # from the surface pressure and a 1% es-

timated uncertainty in # from aerosol scattering. The
root square sum (RSS) sum of these three uncertainties is

6.22%. When the factor of 8.3 between the transmittance

and effective ozone absorption coefficient is applied, the

uncertainty in TM becomes 0.75%, rounded up to 0.8%. It

is assumed here that the uncertainty in TM will remain un-

changed if the correction to the values of Ding and Gordon

(1995) are applied.
As shown in (6), the response of band 7 also contains

the term, _] Le(A)R(X)AA, which has no dependence on

airmass. The uncertainty in this term is directly related to

the uncertainty in the laboratory calibration of the instru-

ment. From the SeaWiFS specifications, this uncertainty
is given as 5% in absolute terms and as 2% in relative

(band-to-band) terms.
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Chapter 4

The 1993 SeaWiFS Calibration Using

Band-Averaged Spectral Radiances

ROBERT A. BARNES

ROBERT E. EPLEE, JR.

General Sciences Corporation, Laurel, Maryland

ABSTRACT

The radiometric calibration of SeaWiFS in November 1993 used a calibration technique that paired the digital

counts from the instrument bands, with the spectral radiances from the laboratory SIS at the nominal center

wavelengths for those bands. Using the spectral shape of the output of the laboratory radiance source, as
provided by the manufacturer, it is possible to provide a radiometric calibration of SeaWiFS in terms of band-

averaged spectral radiances. That calibration is presented here. It is given for three wavelength ranges, 380-
940nm, 380-1,150nm, and for the in-band response ranges for the SeaWiFS bands.

4.1 INTRODUCTION

The data for the 1993 calibration of SeaWiFS at SBRS

were provided by the instrument's manufacturer in terms

of the digital counts from the instrument bands versus the

spectral radiances at the nominal center wavelengths for
the bands. Those data can be found in Table 8 of Barnes

et al. (1994b). A series of instrument modelling studies

(Barnes and Yeh 1996 and Barnes et al. 1997) examined
the effects of this calibration method. When an instrument

with finite bandwidths, such as SeaWiFS, is calibrated at

one fixed wavelength, the relationship between the instru-

ment output and the spectral radiance at that wavelength
changes with the spectral shape of the source that is mea-
sured. This effect has been included in the current Sea-

WiFS radiometric calibration (Barnes et al. 1994b), where

the laboratory calibration, for a source with the spectral

shape of a 2,850 K blackbody, was transferred into an on-

orbit calibration, for a source with the spectral shape of a
5,900 K blackbody, by revising the calibration coefficients.

There is an alternate calibration method, in which the

band-averaged (or band-weighted) spectral radiance is cal-

culated. This requires knowledge of the radiance from the

laboratory source over the wavelength region at which the

instrument responds. For SeaWiFS, the spectral responses

of the bands were measured from 380-1,150nm (Barnes

1994 and Barnes et al. 1994b). The band-averaged (or

band-weighted) spectral radiance is calculated using

LB(AB) f_' Ls(A)R(A)dA= , (9)

and

As = _'_J_AL_(A)R(A)dA, (10)

f;_' L,(A)R(A)dA

where LB(AB) is the band-averaged spectral radiance for

the band at wavelength, AB; A1 and A2 are the lower and

upper integration wavelengths (380nm and 1,150nm for

SeaWiFS); Ls(A) is the spectral radiance from the source

at wavelength A; and R(A) is the response of the band at
wavelength A.

In (9), the spectral response of the band, R(A), is the

weighting function. For SeaWiFS, R(A) is given as the

current of the band's photodiode (in picoamperes) at each
nanometer from 380-1,150. This current is amplified and

quantized to give a digital output. It is possible to nor-
malize this spectral response to an integral value of unity,

where unity represents the entire output from the photodi-

ode. This normalization shows the link between the spec-
tral response and the digital output from the band. The

integral of the relative spectral response is transformed to
the total number of digital counts from the band; however,

R(A) appears in both the numerator and denominator of

(9), so any normalizing constant for R(A) falls out of the
calculation.

The band-averaged spectral radiance and the band-

averaged center wavelength are tied together. Once cal-
ibrated using the laboratory source, the output from each

band will give the band-averaged spectral radiance for any

other source spectral shape. However, the band-averaged
center wavelength (that is, the wavelength associated with

the band-averaged spectral radiance) will vary with source
spectral shape.
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4.2 SPHERE SPECTRAL SHAPE

The laboratory calibration data from SBRS were listed

in Table 8 of Barnes et al. (1994b). They are being reprint-

ed for completeness in this chapter as Table 21. In addi-

tion, the output from the SBRS SIS for six lamp configu-

rations were provided by the manufacturer in an appendix

to the SeaWiFS Calibrationand Data Package (SCADP

which isan internalSBRS report).

The spectralradiancesfrom the sphere,givenat 20 nm

intervalsfrom 380-940nm, are listedin Table 22. The

SBRS SIS usesthreetypes oflamps: 5W, 45 W, and 200 W.

The lamp configurationsin Table 22 give the number of

each type of lamp illuminated. For the 0-7-10 configu-

ration,zero 5W, seven 45 W, and ten 200 W lamps are

illuminated. For the 0-1-0 configuration,only one 45W

lamp isilluminated. None of the lamp configurationsof

Table 22 use 5 W lamps. Although not explained in the

SCADP, the spectralradiancesinTable 21 can be derived

from the spectralradiancesin Table 22 via linearinterpo-

lation.

The data inTable 22 have neitherthe wavelength reso-

lutionnor the wavelength range ofthe relativespectralre-

sponse measurements forthe SeaWiFS bands,which cover

wavelengths from 380-1,150 nm inI nm increments.There

are severalmethods forestimatingthe sphere radiancesat

wavelengths between those inTable 22. In additionto the

linearinterpolationperformed by the manufacturer, itis

possibleto use a fittingroutinethat createsa Planck-like

(orblackbody-like)curve using

L(A) = (a0 + aiA)e(b_/_)
As , (11)

where the coefficientsa0, al, and bl are determined from

a leastsquares fitof the data pointsin Table 22. Such a

fittingroutineisused to interpolatebetween the calibra-

tionwavelengths ofstandard lamps, such asthose available

from the National Instituteof Standards and Technology

(NIST). The resultsofsuch a curve fitareshown inFig.14.

The figureshows measurements ofthe output ofa standard

lamp taken by the SXR during the Fifth SeaWiFS Inter-

calibrationRound-Robin Experiment (SIRREX-5). The

fittedcurve in Fig. 14, given at Inm intervalsfrom 380-

1,150nm, variessmoothly with wavelength and shows no

structure;structureisnot possiblewith only three fitted

coefficients(a0,al, and 51).

The data from the SBRS sphere in Table 22, on the

other hand, do show a structure in the spectralshape

curves.The structureshows a nearlyidenticalpattern for

allof the lamp settingsinthe table.The output from the

0-7-10 lamp settingisshown in Fig. 15 as a typicalex-

ample. A fittedcurve, using (11),cannot reproduce the

structurein thisshape.

As part of the analysis for this paper, there was an

attempt to use the spectral shape of the radiance from

the GSFC sphere (Barnes et al.1996) as a basis for in-

terpolatingbetween the measurement wavelengths in the

characterizationof the SBRS sphere. Both spheres have

output with similarshapes, and using the shape of the

GSFC sphere would add a curvature to the interpolated

resultsfor the SBRS sphere. These interpolations,how-

ever,formed loops between the measured points (similar

to the shape of telephone linesbetween telephone pole).

This effectwas particularlytrue inthe portionofthe SBRS

sphere output near 420 nm. The cause ofthiseffectcan be

seen inFig. 16a.

Figure 16a shows the spectralradiancesfrom the SBRS

sphere (with a 0-7-10lamp configuration)at wavelengths

from 380-440 nm. The curve isan exponential fitusing

the spectralradiances at 380, 400, and 440nm. Using

the shape of this exponential fitto interpolatebetween

wavelengths createsthe looping effect.Figure 16b shows

a splinefitinterpolationbetween the four radiances.This

type of fittingwas used inthisanalysisto interpolatebe-

tween the measurement wavelengths in the characteriza-

tionofthe SBRS sphere.

The choiceof an appropriateinterpolationscheme for

the sphere output willbe an important factorin the re-

calibrationof SeaWiFS that followsthe integrationand

thermal vacuum testingof the instrument and spacecraft

by the spacecraftmanufacturer. This recalibrationwilluse

the SXR as the spectralradiancestandard and the GSFC

SIS as the radiance source (Barnes et al.1996). The qual-

ityofthe interpolationscheme isan important component

of the uncertaintyestimate for the absoluteand the rela-

tive(band-to-band) calibrationof SeaWiFS. No such un-

certaintyanalysisismade here forthe SBRS sphere,and

a simple splineinterpolationisused. (A splinefitfreezes

the noisein the measurements into the resultalong with

any wavelength structure.)

The SBRS sphere was characterizedat wavelengths

from 380-940 nm, and the relativespectralresponsesofthe

SeaWiFS bands extend from 380-1,150nm. In thisanaly-

sis,the shape of the GSFC sphere was used to extend the

radiance curve for the SBRS sphere from 940-1,150nm.

The output from the GSFC sphere was normalized to the

measured spectralradiance at 940 nm. For the eightSea-

WiFS bands,the radiancein the 940-1,150nm wavelength

range causesa negligiblechange inthe band-averaged spec-

tralradiancesand the band-averaged centerwavelengths.

The radiancespectrum for the SBRS sphere with a lamp

configurationof 0-7-10 isshown in Fig. 17. The curve

shown in the figuregives the spectral radiances at Inm

intervalsfrom 380-I,150nm.

4.3 BAND-AVERAGED RESULTS

As shown in Table 21, each SeaWiFS band has three

high sensitivitychannels and one low sensitivitychannel.

For bands 1-5, the same spectral radiance (that is,the
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Table 21. These are the input values and calculated sensitivities for the eight SeaWiFS bands from
Table 8 of Barnes et al. (1994b). The spectral radiances for each band are the values at that band's
nominal center wavelength. The spectral radiances, the measurement counts, and the offset counts come
from the laboratory data. The sensitivities are calculated from the spectral radiances and the net counts.
The values are given for Science Gain 1, the standard gain for SeaWiFS ocean color measurements. The

spectral radiances are given as mWcm -2 sr -1 #m -1. The sensitivities are units of spectral radiance per
count.

Band Channel Spectral Measurement Offset Net Sensitivity

Number Radiance [counts] [counts] [counts]

1 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

1 9.122 883 18 865 0.010546

2 9.122 887 21 866 0.010533

3 9.122 878 16 862 0.010582

4 9.122 153 18 135 0.067570

1 7.216 127 21 106 0.068075

2 7.216 899 22 877 0.008228

3 7.216 905 21 884 0.008163

4 7.216 903 19 884 0.008163

1 5.970 856 21 835 0.007150

2 5.970 855 20 835 0.007150

3 5.970 856 19 837 0.007133

4 5.970 111 21 90 0.066333

1 4.692 98 26 72 0.065167

2 4.692 840 22 818 0.005736

3 4.692 837 22 815 0.005757

4 4.692 828 17 811 0.005785

1 1.682 540 21 519 0.003241

2 1.682 538 17 521 0.003228

3 1.682 544 33 511 0.003292

4 8.058 168 21 147 0.054816

1 9.885 253 23 230 0.042978
2 2.057 915 20 895 0.002298

3 2.057 913 21 892 0.002306

4 2.057 922 27 895 0.002298

1 1.063 671 20 651 0.001633

2 1.063 670 24 646 0.001646
3 1.063 671 18 653 0.001628

4 10.283 320 20 300 0.034277
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Table 22. These are the measured spectralradiances(inmWcm -2 sr-I _m -I) from the SBRS sphere

forsixlamp configurations.These measurements were made justpriorto the November 1993 radiometric
calibrationof SeaWiFS. For the 0-7-10configuration,zero 5W, seven 45W, and ten 200 W lamps are

illuminated.For the 0-1-0configuration,only one 45W lamp isilluminated.None oftheseconfigurations

ise5 W lamps.

Wavelength Lamp Settings

[nm] 0-7-10 0.0.7 0-5-2 0-9-0 0-5-0 0-1-0

380

4O0

420

440

460
480

5OO

520

540

560

580

6OO

620

640

66O

680

7OO
720

740

760

780

8OO

820

840

860

880

900

920

940

4.660 2.844

7.109 4.303

10.670 6.499

14.390 8.736

18.720 11.310

23.770 14.370

28.950 17.480

34.740 20.980

40.280 24.520

46.170 28.110

52.330 31.760

58.360 35.410

63.710 38.660

66.910 41.840

1.275 0.869 0.479 0.105

1.950 1.331 0.735 0.159

2.924 1.996 1.107 0.238

3.945 2.696 1.491 0.320

5.115 3.497 1.935 0.413
6.503 4.443 2.461 0.524

7.929 5.423 3.003 0.637

9.508 6.516 3.611 0.765

11,130 7.621 4.223 0.893

12.740 8.735 4.848 1.023

14.410 9.887 5.480 1.155

16.070 11.030 6.129 1.290

17.540 12.060 6,703 1.405

19.010 I3.085 7.267 1.52I

20.440 14.060 7.806 1.632

21.720 14.940 8.309 1.732

23.020 15.850 8.810 1.837

23.980 16.565 9.194 1.916

24,980 17.215 9.573 1.995

25.640 17.670 9.826 2.045

26.240 18.090 10.060 2.091
26.690 18.350 10.220 2.121

26.650 18.340 10.210 2.115

26.710 18.405 10.230 2.123

26.820 18.455 10.270 2.126

26.980 18.570 10.320 2.141

27.100 18.667 10.390 2.148

27,010 18.635 10.340 2.143

26.550 18.305 10.180 2.105

74.060 44.940

78.700 47.720

83.390 50.590

87.250 52.770

90.680 54.860

93.110 56.300
95.330 57.600

96,760 58.460

96.740 58.410

96.950 58.520

97.150 58.650

97.830 59.010

98.250 59.250

97.920 59.050

96,260 58.050
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Fig. 14. These are the results of measurements of the radiance from a standard lamp using the SXR.
The fitted results use three statistically derived coefficients. The resulting curve varies smoothly with
wavelength and shows no structure.
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Fig. 16. These are the SBRS sphere spectral radiances. The measured values are for the 0-7-10 lamp

configuration, a) These are the sphere spectral radiances with an exponential fit of the 380, 400, and
440 nm data points. Such a curve fit cannot adequately incorporate the 420 nm data point, b) These

are the sphere spectral radiances with a spline fit. The curvature of the interpolation between the 380

and 400 nm data points is similar to that in part a).
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Fig. 17. These are the SBRS sphere spectralradiances.The measured values are forthe 0-7-10 lamp

configuration. The curve from 380-940nm isa splinefitto the measured values. The curve from

940-1,150 nm uses the spectralshape ofthe GSFC sphere,normalized to the measured value at 940 nm.

Table 23. These are the band-averaged spectralradiances and center wavelengths from the 1993

calibrationof SeaWiFS. The resultsare calculatedover two wavelength ranges,380-940 nm and 380-
1,150nm.

Band

Number

Sphere

SettinK

0-7-i0

0-7-0

0-5-2

0-9-0

0-5-0

0-5-0

0-5-0

0-5-0

0-1-0

0-i-0

0-1-0

Band-Averaged Measurements

Spectral Center
Radiance 1 Wavelength 1

9.5607 415.46

9.2350 444.71

7,3232 492.60

5,9640 510.71

4,7048 557.66

8.0039 668,66
9.8834 766,55

10.2369 864,15

1,6711 668.65

2,0561 766.53

2.1217 864.13

Spectral Center

Radiance 2 Wavelength 2

9.5610 415.48

9,2351 444,72

7.3275 493.00

5,9665 510.99

4.7073 558.17
8.0044 668.79

9.8837 767.47

10.2345 864.97

1,6712 668.77

2,0562 767,45

2.1212 864.95

i) A1 ----380nm and A2 ----940nm

2) A1 = 380nm and A2 ----1,150nm
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Table 24. These are the band-averaged spectral radiances and center wavelengths from the 1993
calibration of SeaWiFS. The results are calculated over the in-band response ranges for each band.

Band

Number

1

2

3

4

5

6

7

8

6

7

8

Sphere

Setting

0-7-10

0-7-0

0-5-2

0-9-0

0-5-0

0-5-0

0-5-0
0-5-0

0-1-0

0-I-0

0-I-0

[nm] [nm]
395 433

424 464

471 511

489 530

537 577

647 692

728 814

827 908

647 692

728 814

827 908

Band-Averaged Band-Averaged

Spectral Radiance Center Wavelength[nm]

9.4978 414.49

9.2334 444.58

7.2892 491.57

5.9667 510.53

4.6885 555.18

8.0207 668.69

9.8873 765.70

10.2874 866.29

1.6746 668.68

2.0570 765.69

2.1319 866.29

same lamp configuration in the SIS) is used in the lab-

oratory calibration for both the high and low sensitivity
channels. For bands 6-8, the spectral radiances used for

the high and low sensitivity channels are different. This
leads to a total of 11 combinations of lamp configurations

and SeaWiFS bands (Table 23).
Table 23 shows the band-averaged spectral radiance

and the band-averaged center wavelength for each com-

bination. The results have been calculated using (9) and

(10). They have also been calculated for two wavelength

ranges, 380-940 nm and 380-1,150 nm. The differences be-
tween the calculations using these two limits of integra-

tion are small, particularly for the band-averaged spectral

radiances. For calculations of the band-averaged center

wavelengths using the 380-1,150 nm integration limits, the

center wavelengths occur at wavelengths that are longer
than those for calculations using the 380-1,150nm inte-

gration limits. These differences in the center wavelengths

range from near zero to about 1 nm.

It is also possible to integrate (9) and (10) over the in-

band response range of the SeaWiFS bands. The results

of these calculations are given in Table 24. The lower and

upper integration wavelengths in Table 24 come from Ta-

ble 13 of Barnes et al. (1994b). They are the lower and

upper extended band edges (lower and upper 1% response

points) for a spectrally flat source. The band-averaged

spectral radiances in Table 24 agree with the correspond-

ing values in Table 23 to 0.5% or better, and the band-

averaged center wavelengths agree to 2 nm or better.
The results from Table 23, integrated over the wave-

length range from 380-1,150nm, have been chosen as the

band-averaged spectral radiances for the November 1993
calibration of SeaWiFS at SBRS. The results, integrated

from 380-940 nm, are essentially the same, and the integra-

tion from 380-1,150nm gives the band-averaged spectral

radiances over the entire wavelength ranges of the Sea-

WiFS relative spectral responses. The sensitivities of the
32 SeaWiFS channels using band-averaged spectral radi-
ances are listed in Table 25. These values can be substi-

tuted for those in Table 21 to provide a prelaunch radio-
metric calibration for SeaWiFS in terms of band-averaged

spectral radiances.

4.4 CONCLUDING REMARKS

It is anticipated that the band-averaged spectral radi-
ances in Table 25 will never be used in the calibration of

SeaWiFS. After more than three years, the November 1993
calibration of the instrument is outdated. A second radio-

metric calibration of the instrument was performed in the

first quarter of 1997 after thermal vacuum testing of the

instrument and spacecraft system. The results presented
here will be used to check for changes in the radiometric

sensitivity between the two calibrations.
The relationship between band-averaged spectral ra-

diances and the counts from the SeaWiFS bands in Ta-

ble 25 can be applied to measurements of the TOA spec-

tral shapes that SeaWiFS will view on orbit. No cor-
rections to the relationships in Table 25 for source spec-

tral shape are required; however, the band-averaged cen-

ter wavelengths associated with these spectral radiances do

depend on the on-orbit source spectral shapes. For Sea-

WiFS band 8 (865 nm), which has a significant out-of-band
response at wavelengths shorter than 820 nm, the on-orbit

band-averaged center wavelength can be as short as 850 nm

(Barnes 1997c). With the out-of-band response removed,

the band-averaged center wavelength for band 8 on orbit
has an estimated uncertainty of 0.9 nm.

The modelling studies in Barnes et al. (1996) and in
this technical memorandum have been made in an effort to
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"I_ble 25. These are the results of the 1993 SeaWiFS calibration using band- averaged spectral radiances. This

table duplicates Table 23, except that band-averaged spectral radiances are used. The band-averaged spectral
radiances are given as mWcm-2sr -1 #m -1. The sensitivities are given as units of band-averaged spectral
radiance per count.

Band Channel Band-Weighted Measurement Offset Net Sensitivity

Number Spectral Radiance [counts] [counts] [counts]
1

6

2

3

4

1

2

3

4

1

2

3

4

1

2

3
4

1

2

3

4

9.561 175 21 154 0.062084

9.561 871 23 848 0.011275

9.561 859 18 841 0.011369

9.561 871 21 850 0.011248

9.235 883 18 865 0.010676

9.235 887 21 866 0.010664

9.235 878 16 862 0.010713

9.235 153 18 135 0.068407

7.328 127 21 106 0.069132

7.328 899 22 877 0.008356

7.328 905 21 884 0.008290

7.328 903 19 884 0.008290

5.966 856 21 835 0.007145

5.966 855 20 835 0.007145

5.966 856 19 837 0.007128
5.966 111 21 90 0.066289

4.707 98 26 72 0.065375

4.707 840 22 818 0.005754

4.707 837 22 815 0.005775

4.707 828 17 811 0.005804

1.671 540 21 519 0.003220

1.671 538 17 521 0.003207

1.671 544 33 511 0.003270

8.004 168 21 147 0.054449

9.884 253 23 230 0.042974

2.056 915 20 895 0.002297

2.056 913 21 892 0.002305

2.056 922 27 895 0.002297

1.058 671 20 651 0.001626

1.058 670 24 646 0.001638
1.058 671 18 653 0.001621

10.234 320 20 300 0.034113

understand the relationships between the on-orbit source

spectral shapes, the SeaWiFS measured spectral radiances,
and the center wavelengths for these measurements. An

understanding of these relationships is particularly impor-

tant for SeaWiFS band 8 (865nm), which has a large out-
of-band response from 380-820 nm and which is the cor-

nerstone for the SeaWiFS atmospheric correction (Gordon
and Wang 1994).
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Chapter 5

SeaWiFS Measurements in Orbit:

Band-Averaged Spectral Radiances

ROBERT A, BARNES

General Sciences Corporation, Laurel, Maryland

ABSTRACT

This paper presents the culmination of the source spectra shape studies in Barnes et al. (1996) and in this

technical memorandum. The SeaWiFS band-averaged spectral radiances are independent of the spectral shape
of the source that the instrument measures; however, the band-averaged center wavelengths associated with

them do have such a dependence. The current radiometric calibration (Barnes et al. 1994b) does not use band-

averaged measurements. The adoption of band-averaged spectral radiances awaits analysis of the radiometric
recalibration of SeaWiFS at the spacecraft manufacturer, which was done during the first quarter of 1997.

For measurements of on-orbit band-averaged spectral radiances, it is recommended that the in-band results be

used. A modification of the technique of Barnes and Yeh (1996), for use with band-averaged measurements, is

presented. Since band-averaged center wavelengths are not part of the SeaWiFS level-lb processing, the best

estimates for these wavelengths are given here. In addition, estimates are provided of the uncertainties in the

on-orbit band-averaged spectral radiances and center wavelengths that derive from the lack of information on

the spectral shape of the Earth-exiting radiance.

5.1 INTRODUCTION

The band-averaged spectral radiance and center wave-

length for SeaWiFS measurements of the Earth-exiting ra-
diance are defined as

LB(,kB) = f_ L,(,k)R(,k)d,k, (12)

R¢,k)d,k

and

,kB = j_ _ ,kL,(,k)R(,k)d,k, (13)

f;_: L.(,k)R(,k)d,k

where LB(,kB) is the band-averaged spectral radiance for

the band at wavelength, .ks; A1 and ,k2 are the lower and

upper integration wavelengths (380nm and 1,150nm for

SeaWiFS); Le(A) is the spectral radiance from the source

at wavelength ,k; and R(,k) is the response of the band at

wavelength ,k.

In (12), the integral in the numerator is the total band
response. In Barnes et al. (1997), the total band response

was calculated as the total current from the photodiode (in

picoamperes). With electronic amplification and digitiza-
tion within the instrument, this current is converted into

digital counts. There is no spectral dependence in this am-

plification, and it can be treated as a constant multiplier

in the term R(,k). Since R(A) is found in the numerators
and denominators for (12) and (13), the amplification and

digitization constant falls out of both equations.

In (12), the relative spectral response in the denomi-
nator has been calculated for each SeaWiFS band as the

response to a source with a constant spectral radiance of
1 mWcm -2 sr -1 _m -1 (Barnes et al. 1994b). For solutions

to (12), the denominator is a constant for each SeaWiFS

band. As a result, the sensitivity studies of total band re-

sponse (RT) in Barnes et al. (1997) can be directly applied
to the band-averaged spectral responses, as calculated us-

ing (12). This applies both to the effects of source spectral

shape and atmospheric absorption.
For the sensitivity studies in Barnes et al. (1997), the

wavelengths for the SeaWiFS bands were the nominal cen-

ter wavelengths as given in the performance specification
for the instrument (Barnes et al. 1994a). In the current cal-

ibration of SeaWiFS (November 1993) the digital counts
from each band are linked to the spectral radiance at the

nominal center wavelength for that band. In this type

of calibration, the relationship of counts to spectral radi-

ance also includes a dependence on the spectral shape of

the radiance source (Barnes et al. 1994b and Barnes et al.

1996a).
For calculations of the band-averaged spectral response

using (12), the numerator of the equation gives the total
band output. Since the integral in the numerator of (12)
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Table 26. Shown here are the band-averaged spectral radiances and center wavelengths for a 12,000 K Planck
function and the nominal TOA spectrum from Barnes and Esaias (1997). The band averages are calculated
over wavelengths from 380-1,150nm. The spectral radiances are given in terms of mWcm-2/_m -1 sr-1; the
wavelengths are given in nanometers. The table also includes the nominal center wavelengths and nominal
spectral radiances at those wavelengths from the SeaWiFS Performance Specifications (Barnes et al. 1994a).

Band Nominal Meas_ements Total-Band Band-A veraged Me_urements

Number Spectral 1 Center 1 Spectral 2 Center 2 Spectral 3 Center 3

Radiance Wavelength Radiance Wavelength Radiance Wavelength

9.100 412.00

8.410 443.00

6.560 490.00

5.640 510.00

4.570 555.00

2.460 670.00

1.610 765.00

1.090 865.00

9.020 413,55

8.374 443.68

6.516 491.04

5.647 509.55

4.580 553.64

2.491 666.62

1.605 764.64

1.120 852.87

8.894 413.55

8.456 444.10

6.628 490.78
5.548 509.20

4.602 552.97

2.508 665.86

1.607 764.40

1,131 849.87

I)From PerformemceSpecifications.

2) For 12,000K Planckfunction.

3) FornominalTOA spectrum.

covers the entire wavelength range over which the photo-

diodes in SeaWiFS have a significant quantum efficiency,
the band-averaged spectral radiance for each band is al-

ways the total response from that band. There is no de-

pendence on source spectral shape in the band-averaged
spectral radiance. There is, however, a source spectral

shape dependence in the band-averaged center wavelength,
as calculated using (13).

For the in-band responses of the SeaWiFS bands, the
band-averaged center wavelengths have been calculated for

several source spectral shapes by Barns et al. (1996b). The

in-band response covers the wavelength region over which
the response of the band is 1% or more of the maximum

response of the band. The 1% response points are also
called the extended band edges. For these calculations,

the wavelengths for the extended band edges are those for

a spectrally flat source in Table 13 of Barnes et al. (1994b).
For the in-band responses of the SeaWiFS bands, the ef-

fects of source spectral shape on the band-averaged center

wavelength is very small (Barnes 1996b).
For bands with significant out-of-band responses, such

as SeaWiFS band 8 (865 nm nominal center wavelength),
source spectral shape can have a significant effect on the

calculated band-averaged center wavelength for the total
band response. This effect must be understood if SeaWiFS

on-orbit measurements are to be interpreted in terms of
band-averaged spectral radiances.

5.2 TOA SPECTRA

The TOA spectra in this study are a subset of the spec-
tra used in Barnes et al. (1997). The spectra used here
include a 12,000 K Planck function and the nominal TOA

spectrum from Barnes and Esalas (1997) as baseline spec-

tra. In addition, the nominal TOA spectrum has been

modified to include the effects of atmospheric water va-

por for slant path column amounts of 6.664, 13.328, and

19.992g cm -_ (seeBarnes and Esaias 1997).

Oxygen A-band absorptionisnot included inthisstudy.

For allSeaWiFS bands, except band 7,the effectsof oxy-

gen absorptionare very small (0.2% or less).For band 7,

the effectsofA-band absorptionmust be removed to make

the band usable,sincethe absorption occurs in the heart

of the in-band response. Thus, forthisstudy,the oxygen

notch in band 7 isassumed to be removed (Barnes 1997b).

5.3 BAND-AVERAGED RESPONSES

The results presented here have been divided into the

total band and in-band spectral responses.

5.3.1 Total Band Responses

Table 26 gives the band-averaged spectral radiances

and centerwavelengths fortwo sourcespectralshapes that

approximate the ones SeaWiFS willmeasure asitobserves

ocean scenes.These are the spectralshapes fora 12,000K

Planck function and the nominal TOA spectrum from

Barnes and Esaias (1997). Neither spectrum shows the

effectsof atmospheric absorption.For each band, the two

spectra are normalized at the nominal spectralradiance

and center wavelength from the SeaWiFS Performance

Specifications(Barnes et al. 1994a). The normalization

valuesare alsoshown in Table 26. The effectsofthisnor-

malizationon the sourcespectralshapes forSeaWiFS band

1 (412nm) and band 8 (865nm) are shown in Fig. 6 of

Barnes et al.(1997).This normalization processdoes not

effectthe comparison resultspresented below. Finally,the

lowerand upper integrationlimitsforthe calculations--At
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and )_2 in (12) and (13)--are 380 and 1,150 nm respectively.
These are the wavelength limits for the measured relative

spectral responses of the SeaWiFS bands.
For band-averaged spectral radiances, no corrections

for the spectral shape of the TOA source are required.

The band-averaged spectral radiances are directly linked
with the counts from the bands on orbit. However, there

is a dependence in the band-averaged center wavelengths

on the spectral shape of the source that the instrument
measures. These center wavelengths are not part of any
data reduction scheme for SeaWiFS measurements on or-

bit. These wavelengths can be estimated using model TOA

radiance curves, such as the ones used here, or they can
be estimated using actual TOA spectra that are measured
on orbit.

For five of the SeaWiFS bands (bands 1, 2, 3, 4, and 7),
there is little difference in the band-averaged center wave-

lengths calculated from the 12,000K and nominal TOA

spectra. For these five bands, Table 26 shows the maxi-
mum change in wavelengths to be about 0.4 nm. For Sea-

WiFS bands 5 and 6, the agreement between the band-

averaged center wavelengths for the two source spectral

shapes is not as good.
For band 8, the band-averaged center wavelengths for

the two source spectral shapes disagree by 3 nm--and the

wavelengths differ by up to 15 nm from the nominal center
wavelength in the performance specifications. This results

directly from the blue leak (the out-of-band response at

wavelengths shorter than 825 nm) in the relative spectral
response for band 8, as shown in Barnes et al. (1994b),
combined with a TOA radiance spectrum (Barnes and Esa-

ias 1997) that has an order of magnitude more radiance
near 400 nm than near 865 nm, as shown in Fig. 1 of Barnes

et al. (1997).
Table 27 shows the changes in band-averaged spectral

radiance and center wavelength that come from different

slant path water vapor amounts in the atmosphere. For all

eight bands, atmospheric water vapor has little effect on
the center wavelength. For bands 1-7, there is very little

effect on the band-averaged spectral radiance. For band 8,
there is about a 5% decrease in the band-averaged spectral

radiance as the water vapor amount increases from zero

to 20gcm -2. This relative change duplicates the change

calculated in Barnes et al. (1997). This should be the case

since Barnes et al. (1997) use the numerator of (12) and
the same water vapor spectra to calculate these changes;

this agreement is shown in Fig. 18. For this figure, the

total band response values for band 8 in Table 7 of Barnes

et al. (1997) were normalized to unity at zero water vapor
amount. In the same manner, the values from Table 27

were normalized at zero water vapor slant path amount.

The relative changes in the two data sets agree exactly.

5.3.2 In-Band Responses

The calculation of the results in Table 28 duplicates the

manner of that for Table 26, except that the band-averaged

spectral radiances and center wavelengths have been cal-
culated over the in-band wavelengths for each band. The

lower and upper integration limits for the calculations--

)h and A2 in (12) and (13)--are also given in Table 28.

They are the lower and upper extended band edges for a
spectraUy fiat source. Of interest in Table 28 is the agree-
ment of the band-averaged center wavelengths for bands

5, 6, and 8. For band 8, the center wavelengths for the

two source spectral shapes are essentially the same, and

both agree with the nominal center wavelength (865 nm)
to within 0.5 nm.

The results in Table 29 duplicate those in Table 27, ex-

cept that the band-averaged spectral radiances and center

wavelengths have been calculated over the in-band wave-

lengths for each band. And, as the relative change in the

total band response for band 8 in Table 27 agrees with
that in Table 7 of Barnes et al. (1997), so does the rela-

tive change in in-band response in Table 29 agree with the

in-band responses in Table 7 of Barnes et al. (1997).

In more general terms, the changes in band output

with water vapor and oxygen slant path column amount

in Barnes et al. (1997) and those presented here, when ex-
pressed in relative terms, are the same changes that occur

in the band-averaged spectral radiances. The corrections
for atmospheric absorption in Barnes et al. (1997) can be

applied directly to the band-averaged spectral radiances
on orbit.

5.4 OUT-OF-BAND RESPONSE

For the SeaWiFS bands, there is little change in the in-

band band-averaged center wavelength with source spec-

tral shape (Table 28). The center wavelengths in this
table, duplicate those in Table 26 of Barnes (1996b) to

within 0.1 nm. That table in Barnes (1996b) gives the in-

band band-averaged center wavelengths for Planck func-
tion curves with three different temperatures: 10,000K,

12,000K, and 14,000 K.

This agreement, however, depends on the ability to
remove the out-of-band response accurately. The out-of-

band responses for SeaWiFS bands 1, 2, 3, 4, and 7 have

very little dependence on the spectral shape of the TOA
radiance that the instrument will view. The out-of-band

correction factors in Table 10 of Barnes et al. (1997) for

bands 1, 2, 3, 4, and 7 agree to within 0.1% for the 12,000 K
Planck function and the nominal TOA spectrum. This is

the estimated uncertainty in the out-of-band correction for
these bands.

It is assumed that a 0.1% uncertainty in the out-of-

band correction for SeaWiFS bands 1, 2, 3, 4, and 7 will

have a negligible effect on the band-averaged center wave-
lengths for these bands. As a result, the estimate of the

uncertainty in the center wavelength for these bands comes
from the differences in the paired center wavelengths in Ta-
ble 28. That difference is about 0.3 nm. This difference de-

rives from differences in the structure of the TOA radiance

over the in-band wavelength ranges for these bands.
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Table27. Shown here are the band-averaged spectral radiances and center wavelengths versus slant path
water vapor amount. The baseline spectrum (with no water vapor) is the nominal TOA spectrum from
Barnes and Esaias (1997). The band averages are calculated over wavelengths from 380-1,150 nm. The
spectral radiances are given in terms of mW cm -2 #m- 1 sr- 1. The wavelengths are given in nanometers.
The water vapor slant path amounts (WVSPA) are a subset of those in Barnes et al. (1997).

Band

Number

1

2

3

4

5

6

7

8

Total-Band Band-Averaged Measurements

Spectral I Center 1 Spectral 2 Center 2 Spectral 3 Center 3 Spectral 4 Center 4

Radiance Wavelength Radiance Wavelength Radiance Wavelength Radiance Wavelength

8.894 413.55

8.456 444.10

6.628 490.78
5.548 509.20

4.602 552.97

2.508 665.86

1.607 764.40

1.131 849.87

8.894 413.55

8.456 444.10

6.627 490.77

5.548 509.20

4.598 552.91

2.492 665.86

1.593 764.11

1.113 849.78

8.894

8.456
6.627

5.548

4.595

2.477

1.582

1.091

513.55 8.894

444.10 8.456

490.77 6.627

509.19 5.548

552.86 4.591

665.86 2.462

763.98 1.572

849.74 1.082

413.55

444.10
490.77

509.19

552.82

665.87

763.91

849.73

1) WVSPA = 0.000 g cm -2.

2) V¢VSPA = 6.664 g cm -2.

3) WVSPA = 13.328gcm -2.

4) WVSPA = 19.992gcm -2.

I .00

0.99

N

E
0.98

E

*5

o 0.97

oo

0.96

0.95

Curve = results from Barnes et al. (1997)
Symbols = these results

o .... .... .... .... h.... lb.... 1'2.... ,'4.... 1'6.... 1'8.... 2'0
Slant Path Oxygen Column Amount (g cm-2)

Fig. 18. The effects of water vapor absorption on the total band outPut of SeaWiFS band 8 are shown
here. The output of the band has been normalized to unity at a water vapor slant path amount of zero.

The curve shows the effect as presented in Table 7 of Barnes et al. (1997). The symbols show the effect

for the band-averaged spectral radiances from Table 27. The two calculation schemes give identical
results.
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Table 28, Shownhereare the in-band band-averaged spectral radiances and center wavelengths for a

12,000 K Planck function and the nominal TOA spectrum from Barnes and Esaias (1997). The spectral
radiances are given in terms of mW cm -2 #m- 1sr- 1. The wavelengths are given in nanometers. The
table also includes the wavelength limits for the in-band responses.

Band

Number

Lower Upper

Integration Integration

Wavelengths Wavelengths

395 433

424 464
471 511

489 530

537 577

647 692

728 814

827 908

In-Band Band-Averaged Measurements

Spectral 1 Center 1

Radiance Wavelength

Spectral 2 Center 2

Radiance Wavelength

8.910 413.39

8.462 444.12

6.646 490.62

5.544 509.40

4.581 554.57
2.486 668.26

1.610 764.61

1.087 865.49

9.030 413.39

8.372 443.74
6.527 490.85

5.643 509.75

4.575 554.70

2.479 668.31

1.610 764.63

1.086 865.48

1) For 12,000 K Planck function.
2) For nominal TOA spectrum.

Table 29. Shown here are the in-band band-averaged spectral radiances and center wavelengths ver-
sus slant path water vapor amount. The baseline spectrum (with no water vapor) is the nominal TOA

spectrum from Barnes and Esaias (1997). The band averages for each band are calculated over the wave-
lengths in Table 28. The spectral radiances are given in terms of mW cm -2 #m -1 sr -1 . The wavelengths

are given in nanometers.

Band

Number

1

2

3
4

5

6

7

8

1)

2)

3)
4)

Spectral 1 Center 1

Radiance Wavelength

8.910 413.39

8.462 444.12
6.646 490.62

5.544 509.40

4.581 554.57

2.486 668.26

1.610 764.61

1.087 865.49

In-Band Band-Averaged Measurements

Spectral 2 Center 2 Spectral s Center s

Radiance Wavelength Radiance Wavelength

WVSPA = 0.000 gcm -2.

WVSPA = 6.664 g cm -2.
WVSPA = 13.328 gcm -2.

WVSPA = 19.992 gcm -2.

8.910 413.39

8.462 444.12

6.646 490.62

5.544 509.40

4.579 554.57
2.471 668.29

1.600 764.61

1.071 865.51

Spectral 4 Center 4

Radiance Wavelength

8.910 413.39

8.462 444.12
6.646 490.62

5.544 509.40

4.577 554.56

2.457 668.32

1.591 764.62

1.057 865.54

8.910 413.39

8.462 444.12

6.646 490.62

5.544 509.40
4.575 554.55

2.443 668.35

1.582 764.62

1.044 865.59
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Table 30. These are the integrated relative spectral responses (f R(A)dA) for the SeaWiFS bands. These
values are the denominators for (12) and (13). For each band, the wavelengths As and Ab mark the limits of
the in-band response, and for each band, the wavelengths 380 and 1150 nm mark the limits of the total band
response. The integrated responses are given in picoamperes and the wavelengths are given in nanometers. For
each band, kc is the ratio of the in-band response to the total band response.

Band Number Integrated Response 1 Aa Ab Integrated Response 2 Ratio (kc)

160.3505 395 433 159.3574 0.9938

259.1614 424 464 258.1423 0.9961
403.0866 471 511 399.5793 0.9913

508.3871 489 530 505.3296 0.9940

500.9510 537 577 488.2154 0.9746

496.5061 647 692 491.8024 0.9905

956.5129 728 814 940.6170 0.9834

1062.1624 827 908 1031.8517 0.9715

1) _I = 380 and A2 = 1,150

2) A1 : Aa andA2 = Ab

The out-of-band correction for bands 1, 2, 3, 4, and 7
are based strictly on models of the TOA spectra that Sea-

WiFS will view. For bands 5, 6, and 8, Barnes and Yeh

(1996) developed a technique for calculating the out-of-

band response that uses the measured spectral radiances
from several SeaWiFS bands. For SeaWiFS, this is the

closest approximation to the actual TOA spectra on orbit,

closer than any single model. For bands 5, 6, and 8, the

uncertainty in the removal of the out-of-band response has

been estimated at 0.3% (Barnes et al. 1997). The transfer
of this uncertainty to that for the band-averaged center

wavelengths for these bands is a matter of judgement. It

is assumed that the 3 nm uncertainty in the center wave-
length for band 8 will be decreased by about a factor of 4,

using the out-of-band removal technique of Barnes and Yeh

(1996). This would give an estimated uncertainty of 0.8 nm

for the center wavelength for band 8. This estimate can

also be applied to the band-averaged center wavelengths
for bands 5 and 6.

The out-of-band correction of Barnes and Yeh (1996),
however, cannot be directly applied to band-averaged spec-
tral radiances and center wavelengths. That correction in-

volves only the numerators of (12) and (13). The change
in the limits of integration in these equations from 380-

1,150nm to the in-band response wavelengths for these

bands also changes the value of the normalizing factor in
the denominators of these equations.

Table 30 gives the integrated relative spectral responses
for the SeaWiFS bands. The RSRs have been calculated
as the response of the band to a source with a constant

spectral radiance of 1 mWcm -2 #m -1 sr -1 over the wave-

length range from 380-1,150 nm (Barnes et al. 1994b). The

response at each 1 nm interval is given as picoamperes of

current from the photodiode. The response is integrated
over the wavelength range for the total band response, 380-

1,150 nm, and over the range for the in-band response. The
wavelength limits for the in-band integration are also listed

in the table. Table 30 also gives the correction factor, kc,
which is the ratio of the integrated in-band response to the

integrated total band response.

The application of the out-of-band response requires a

modification of the equations in Barnes and Yeh (1996).
For SeaWiFS band 1 (412 nm) as an example, the out-of-

band correction for the band-averaged spectral radiance
has the form

LIB(AIB) = kb' (412)LB(AB)
kc(412) ' (14)

where LIB(AlS) is the in-band averaged spectral radiance

with its associated center wavelength, k b, (412) is the cor-

rection factor from Table 10 of Barnes et al. (1997), L B (As)
is the total band-averaged spectral radiance with its associ-

ated center wavelength, and kc(412) is the correction factor
from Table 30.

LB(AB), the input to this correction scheme, has been

represented mathematically in (12). For SeaWiFS band 1
(412 nm), k b, (412) acts as a correction to the numerator of

(12), and kc(412) acts as a correction to the denominator.

The values of kb,(412 ) and kc(412) have been calculated
using the band 1 (412nm) RSR and the nominal TOA

spectrum from Barnes and Esaias (1997), which is assumed
to be the best model of the actual TOA radiance.

For SeaWiFS bands 5, 6, and 8, the values of k b, are
intended as initial values for the corrections in Sect. 2.5.3

and 2.5.4 of Barnes and Yeh (1996). The corrections in
those sections are based on SeaWiFS measurements on or-

bit, rather than a TOA radiance model. The values of kc
come from the laboratory measurements of the RSRs of the

SeaWiFS bands and are unrelated to the source spectral
shape.

It is possible to perform a consistency check of the out-

of-band removal scheme using the total band and in-band

spectral radiances in Tables 26 and 28, plus the values of
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Table 31. Listed here are the SeaWiFS in-band band-averaged center wavelengths on orbit. It is a general

procedure to refer to each band by its nominal center wavelength. The band-averaged center wavelengths come
from Table 28. The laboratory uncertainty comes from an estimate of the spectral shape uncertainty (Sect. 4).

Band

Number

Nominal Band-Averaged UncertaintyFkom Uncertainty_om RSS

Center Center Laboratory On-Orbit Source Wavelength

Wavelength Wavelength Calibration Spectral Shape Uncertainty

[nm] [nm] [nm] [nm] [nm]

412 413.4 0.5 0.3 0.6

443 444.1 0.5 0.3 0.6

490 490.6 0.5 0.3 0.6

510 509.4 0.5 0.3 0.6

555 554.6 0.5 0.8 0.9

670 668.3 0.5 0.8 0.9

765 764.6 0.5 0.3 0.6

865 865.5 0.5 0.8 0.9

Table 32. Listed here are the uncertainties in the SeaWiFS in-band band-averaged spectral radiances from

TOA spectral factors. The uncertainties include only those in the corrections to remove atmospheric absorbers
and out-of-band response. This does not include uncertainties from the laboratory calibration of the instrument,
which may be as high as 5% (absolute) and 2% (band-to-band), nor does it include any uncertainties in the
transfer of the laboratory calibration to orbit.

Band Water Vapor Oxygen A-Band Out-of-Band RSS Spectral Radiance

Number Correction [%] Correction [%] Correction [%] Uncertainty [%]

0.0 0.0 0.1 0.1

0.0 0.0 0.1 0.1

0.0 0.0 0.1 0.1

0.0 0.0 0.1 0.1
0.0 0.0 0.3 0.3

0.0 0.0 0.3 0.3

0.0 0.8 0.1 0.8

0.3 0.0 0.3 0.4

kb,(412 ) in Table 10 of Barnes et al. (1997) and the values
of k¢ from Table 30. The following calculation is made for

band 1 (412nm) in units of mWcm-_#m-lsr -1. It is a

solution to (14).

L_s(413.4) = 0.9951(8.894)
0.9938 (15)

= 8.906.

This calculated spectral radiance is about 0.05% lower

than the value of 8.910 mWcm -2 #m -1 sr -1 in Table 28.

For the eight SeaWiFS bands, the calculated spectral radi-

ances average 0.03% lower than the corresponding values
in Table 28. In all cases, the agreement is better than
o.1%.

5.5 CONCLUDING REMARKS

Based on the analysis presented here, it is recommended

that band-averaged spectral radiances be used in the anal-

ysis of on-orbit measurements by SeaWiFS. It is also rec-
ommended that the measured spectral radiances from orbit

be corrected for absorption by water vapor and oxygen in

the atmosphere and for out-of-band response. In partic-
ular, the out-of-band correction can decrease the uncer-

tainty in the center wavelength for band 8 (865 nm) from

about 3 nm (for the total band response) to about 0.8 nm

(for the in-band response).
The on-orbit in-band band-averaged center wavelengths

and their uncertainties are listed in Table 31. These in-

clude the uncertainties derived from the source spectral

shape on orbit, as well as estimates in the uncertainty of
the wavelength characterization of the bands in the labo-

ratory. The estimate of the laboratory uncertainty comes

from a superficial review of the wavelength characteriza-
tion of the monochromatic light source at SBRS, which was

characterized using mercury emission lines. It is important
to note that SeaWiFS does not include a mechanism to de-

termine shifts in the center wavelengths of the bands since

their characterization by SBRS in 1993. The characteri-

zation of wavelength shifts, if that is possible at all, must
come from the analysis of flight measurements from the
instrument.
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ListedinTable32aretheuncertaintiesin theon-orbit Table32donotincludetheuncertaintiesintheradiometric
in-bandband-averagedspectralradiancesfromSeaWiFScalibrationof the instrument.Theseuncertaintiesmay
dueto TOAspectralfactors;theseuncertaintiesaresmall, beashighas5%in theabsolutecalibrationof thebands
Forband7 (765nm),the uncertaintydueto oxygenA- andashighas2%in theband-to-bandcalibrationof the
bandabsorptionis moresubstantial,derivingfromthe instrument.Finally,theuncertaintiesin Table32donot
10-15%attenuationof the upweUingradiancein the in- includetheuncertaintyin thetransferof the laboratory
bandportionof theband'sresponse.Theuncertaintiesin calibrationof theinstrumentto orbit.
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Chapter 6

The SeaWiFS Temperature Calibration

ROBERT E. EPLEE, JR.

ROBERT A. BARNES

General Science8 Corporation, Laurel, Maryland

ABSTRACT

The radiometriccalibrationof SeaWiFS data includesa correctionfor the temperature dependence of the in-

dividualdetector sensitivities.The detectortemperatures are measured by temperature sensorsmounted on

the instrument focalplanes.Processingof the temperature sensoroutput by an onboard instrument computer

introducesa nonlinear response into the temperature data. This chapter describesthe calibrationofthe tem-

perature sensoroutput and the computation of the temperature correctionsfor the radiometriccalibrationof

the instrument.

6.1 INTRODUCTION

The radiometriccalibrationequation forSeaWiFS data

includes a correctionfor the temperature dependence of

the sensitivityofthe individualdetectors.This multiplica-

rivecorrectionto the calibrationhas the form (Barnes et

al.1994b):

F(T) = 1.0 + Ka(T - Trd), (16)

where K3 is the temperature dependency coefficient for
the detector, T is the detector temperature, and Trd is the

reference temperature for the detector (Table 33).

Table 33. These temperature parameters are
detector-specific. The data are from the SeaWiFS
Calibration and Acceptance Data Package.

Band K3 T_d

Number [(°C)-l] [°C]

1

2

3

4

5

6

7

8

0.000901 20.0

0.000585 20.0

0.000420 20.0

0.000390 20.0

0.000391 20.0

0.000151 20.0

0.000106 20.0

0.000078 20.0

The detector temperatures are measured by tempera-

ture sensors mounted on the instrument focal planes. Since

two detectors are located on each focal plane, the detector

temperatures for bands 1 and 2 are the same, as are those
for bands 3 and 4, 5 and 6, and 7 and 8. The SeaWiFS tem-

perature calibration entails deriving the focal plane tern-

peraturesfrom the temperature sensorsand computing the

temperature correctionsfor the radiometriccalibrationof
the data.

6.2 TEMPERATURES

A SeaWiFS focalplanetemperature sensoriscomposed

of a precisionnegativetemperature coefficientthermistor,

in parallelwith a load resistor,which isdriven by a cur-

rentsourcediode and bufferedby a noninvertingunity-gain

operationalamplifier.The output ofthe sensoristhe volt-

age acrossthe thermistor-resistorpair and has a range of

0.0-5.1V. The SeaWiFS InterfaceUnit (SIU),an onboard

instrument computer, uses an analog-to-digitalconverter

(ADC) to change the analog temperature sensorvoltages

into8-bitdigitaltelemetrydata.

The sensorcalibrationdata provided by SBRS, the in-

strument builder,inthe SeaWiFS Calibrationand Accep-

tance Data Package (an SBRS internaldocument) shows

thatthereshould be a linearrelationshipbetween the focal

plane temperatures and the temperature sensor voltages

output from the SIU. The temperature sensor voltage is

definedby:

VT = KsCT + Ks, (17)

where K_ is the ADC conversion factor for temperature

sensors, Ke is the ADC offset for the temperature sensors
(Table 34), and CT is the 8-bit temperature sensor voltage
in counts.

VT runs from 0.0-5.1 V as CT runs from 0-255 counts.

An approximate relationship between the temperature sen-
sor voltages and the corresponding focal plane tempera-

tures, in degrees Celsius, is given by:

Tc = (5.0 - Yr)_. (18)
o.u
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Table 34. These temperature parameters are focal-plane specific. The data are from the SeaWiFS
Calibration and Acceptance Data Pacl_ge.

Focal Plane K5 [V/count] Ke [V] K_ [reAl RL [kn]

1/2 0.020 0.0 0.493 16.2

3/4 0.020 0.0 0.492 16.2

5/6 0.020 0.0 0.491 16.2

7/8 0.020 0.0 0.486 16.2

6_

]
-2

-4

8

5th Order Polynomial Fit

i i i l i i i I i i i I i i

6 4 2

Reported Focal Plane Temperature (oC)

i

0

Fig, 19, Actual focal plane temperatures measured by OSC during the SIU calibration are plotted as

a function of reported temperatures. A 5th order polynomial has been fit to the temperatures to reduce
the noise in the data.
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Table 35. These data provide the SIU temperature calibration. The reported and actual temperature

data were provided by J. McCarthy of OSC.

cr [counts]
224

225

226

227

228

229

230

231

232

233

234
235

236

237

238

239

240

241

242

243

244

245

246

247

Reported Temp. [°C] Actual Temp. [°C] Fitted Temp. [°C]

6.933 6.933 6.923

6.667 6.667 6.667

6.400 6.400 6.407

6.133 6.133 6.143

5.867 5.867 5.875
5.600 5.600 5.605

5.333 5.333 5.333

5.067 5.067 5.060

4.800 4.800 4.788

4.533 4.533 4.516

4.267 4.267 4.244

4.000 4.000 3.969

3.733 3.733 3.689

3.467 3.350 3.396

3.200 2.900 3.083

2.933 2.700 2.740

2.667 2.400 2.352

2.400 2.000 1.903

2.133 1.450 1.373
1.867 0.800 0.737

1.600 -0.100 -0.033
1.333 -1.050 -0.971

1.067 -2.150 -2.114

0.800 -3.450 -3.506

10

0

_ -20

"i

-3¢

I I I I

. ° ! . _ , i , i i i I i i I

6 4 2 0

Reported Focal Plane Temperature (°C)

o

-2

Fig. 20. The 5th order polynomial was used to extrapolate the focal plane temperatures over the full

range of temperature sensor voltages (224-255 counts). The data points indicated by (+) are where the

reported and actual temperatures are in agreement. The data points indicated by (_) are the polynomial
fit to the calibration data. The data points indicated by (*) are the extrapolated temperatures.
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Fig. 21. Focal plane temperatures are plotted as a function of temperature sensor voltage. The data

given by the solid line are the linear temperature sensor input to the SIU. The data given by the dotted
line are the nonlinear response of the SIU at low temperatures.
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2 3 4 5
Temperature Sensor Voltage (V)

Fig. 22. Focal plane temperatures are plotted as a function of temperature sensor voltage. The data

given by the solid line are the approximate temperatures, To. The data given by the dotted line are the
actual temperatures computed from (22).

59



SesWiFS CalibrationTopics,Part 2
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1.01C
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_ 1.000
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Temperature Sensor Voltage (V)
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Fig. 23. The temperature corrections for all 8 bands are plotted over the full range of temperature

sensor voltages. On this scale, the corrections for bands 3, 4, and 5 and for bands 6, 7, and 8 overlap.

Note that VT = 3.5V at Trd = 20.0°C, where the corrections are unity.

1.010

1.005

_ 1.000

_ 0.995

0.990
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Temperature Sensor Voltage (V)

6

Fig. 24. Temperature correctionsfor bands 3-8 axe plottedover the fullrange oftemperature sensor

voltages.Note that VT = 3.5V at Trd --20.0°C,where the correctionsaxe unity.
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0.990

0.985

0.980

0.975

0.970

0.965

I I I

+ Linear Corrections

Fitted Corrections .
• Extrapolated Corrections _,

\
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Temperature Sensor Voltage (V)

i

Fig. 25. Band 1 temperature corrections for fitted and extrapolated data are plotted over the range of the fitted and

extrapolated SIU data. The data points indicated by (+) are where the reported and actual focal plane temperature

are in agreement. The data points indicated by (_) are where the polynomial was fit to the calibration data. The data

points indicated by (o) are where the polynomial was extrapolated to the full range of temperature sensor voltages.

6.3 NONLINEARITIES

There is a clamping circuit in the SIU that prevents
saturation of the ADC. This circuit introduces a nonlin-

ear response into the temperature sensors at temperatures
below approximately 7°C. OSC calibrated the nonlinear

response of the SIU by applying known voltages (corre-

sponding to specific focal plane temperatures) to the in-
put of the SIU while heating the SIU to these simulated

temperatures. The calibration data are shown in Table 35

and are plotted in Fig. 19. The digital voltage output of
the SIU was converted to the reported temperatures using

(17) and (18) and was compared to the actual measured

temperature of the SIU. The calibration was performed for

24 temperatures over a range of 7°C to -4°C (CT over a
range of 224-247). The measured temperatures started to

diverge from the reported temperatures below 3.7°C (when

CT > 236).

6.4 REVISED TEMPERATURES

The SeaWiFS Project's Calibration and Validation
Team used the SIU calibration data in Table 35 to gen-

erate an array of actual focal plane temperatures for the

temperature sensor voltages output by the SIU. A 5th-

order polynomial was fit to the measured temperatures in

order to reduce the noise in the data (Fig. 19). An order
of 5 was necessary to minimize the deviations of the fit-

ted temperatures from the reported temperatures over the
range of 7°C to 3.7°C, where the reported temperatures

agreed with the measured temperatures. The polynomial

was used to extrapolate the temperature response of the

SIU out to CT = 255 (Fig. 20). An array of focal plane

temperatures, Tc, was generated based on (18), where the

extant temperatures were replaced by the fitted or extrap-

olated temperatures from the calibration for temperatures

below 3.7°C (for CT over the range 237-255). Then, (17)

was used to generate a set of corresponding temperature

sensor voltages (Fig. 21).

6.5 TEMPERATURE CORRECTION

Using the algorithm specified in Barnes et al. (1994b),

a new lookup table of temperature corrections was gener-
ated for the SeaWiFS sensor calibration model, based on

the values of To and VT, which incorporate the nonlinear

response of the SIU. There is an entry in the lookup table

for all eight detectors over the full range of CT (0-255).

The temperatures of the focal planes are computed

from the temperature sensors as follows. The current from

the current source diode, in milliamperes, is:

ICS = K7 - 0.0013(To- Trd), (19)

where K_ is the current from the diode at Trof (Table 34).

The effective resistance of the thermistor-resistor pair,

in kfl, is:
Yr

= (20)

61



SeaWiFS Calibration Topics, Part 2

The actual resistance of the thermistor, in kfl, is:

_Th--
RLRE

RL- RE'
(21)

where RL is the load resistance (Table 34).

The focal plane temperature, in degrees Celsius, is:

5398.94

T = -341.0 + 1n(254898.0 RTh)" (22)

The temperature correction term is computed from (16).

The resulting lookup table of temperature correction terms

was incorporated into the SeaWiFS calibration table. Fig-

ure 22 shows plots of To and T as functions of VT computed

during this process. Figures 23 and 24 show the tempera-

ture corrections computed for all eight bands over the full

range of Cr. Note that VT = 3.5 V at Trd = 20.0°C. Fig-
ure 25 shows the temperature corrections for band 1 (the

band with the largest temperature dependence) over the

range of the fitted and extrapolated data from the SIU

calibration. OSC reports that the coldest the focal planes

should get before the focal plane heaters turn on is -8°C.

This temperature is encompassed within the first three ex-

trapolated data points plotted in Fig. 25. The correction
for band 1 at the third extrapolated data point (-9.691°C)

is 0.980309; in this extreme case, the temperature correc-
tion to the radiometric calibration is only 2%.
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ADC

AFGL

FWHM

GSFC

NASA

NIST

OSC

RSR

RSS

SBRS

SCADP

SeaWiFS

SIRREX-5

SIS

SIU

SXR

TOA

a(A)

ao

al

b

bl

B

F(T)

ICS

_o(A)

kb

k b, (412)

kc(412)

Ka
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GLOSSARY

Analog-to-Digital Converter

Air Force Geophysics Laboratory

Full-Width at Half-Maximum

Goddard Space Flight Center

National Aeronautics and Space Administration

National Institute of Standards and Technology

Orbital Sciences Corporation

Relative Spectral Response

Root Square Sum

(Hughes) Santa Barbara Research Sensing

SeaWiFS Calibration and Data Package (SBRS in-

ternal report)

Sea-viewing Wide Field-of-View Sensor

Fifth SeaWiFS Intercalibration Round-Robin Ex-

periment

Spherical Integrating Source
SeaWiFS Interface Unit

SeaWiFS Transfer Radiometer

Top-of-the-Atmosphere

SYMBOLS

The absorption crosssection as a function of wave-

length.

Fitted coefficient.

Fitted coefficient.

The pathlength in centimeters.

Fitted coefficient.

Bandwidth (in nanometers).

The concentration of the absorber in per cubic cen-
timeters.

Temperature sensor voltage in counts.

The fractional transmittance through an atmosphere

of airmass/z at wavelength A for an absorbance of

(2(A).

Temperature correction to the radiometric calibra-
tion.

I(A) The intensity of light with absorption as a function

of wavelength.

Current source diode current.

The intensity of light in the absence of absorption

as a function of wavelength.

Out-of-band correction factor.

Correction factor (from Table 10 of Barnes et al.

1997).

Correction factor (from Table 30).

Temperature dependency coefficient for the detec-
tors.

Ks ADC conversion factor for the temperature sensors.

K6 ADC offset for the temperature sensors.

K7 Current source diode current at Trd.

LB(AB)

L¢

L_(A)

LIB(AIB)

Ltypical

Po

R

R(A)
RIB

RL

RTh

RT

T

Tc

TDa

TM

Tref

Vr

W

W/B

(2

(2(A)

Band-averaged spectral radiance with its associated

center wavelength.
Spectral radiance from the source.

Spectral radiance from the source at a given wave-
length.

In-band averaged spectral radiance with its associ-

ated center wavelength.

L, Sphere spectral radiance integrated over the Sea-

WiFS spectral response.

L_(A) Spectral radiance from the source at a given wave-
length.

Typical radiances from the SeaWiFS specifications.

Surface pressure (in millibars).

Spectral response.

Spectral response of the band at a given wavelength.
In-band response.
Load resistance.

Actual thermistor resistance.

Total band response.

Detector temperature.

Focal plane temperature.

Fractional transmittances from Ding and Gordon
(1995),

TF The system level transmittances from the absorp-

tion spectrum of Fraser (1995).
System level transmittances for _0DTRhN7.

Detector reference temperature.

Temperature sensor voltage.

Ozone equivalent bandwidth (in nanometers).
Fractional absorption.

Absorption coefficient in per units of airmass.

The ozone absorption coefficient per unit airmass at

a given wavelength.

(2oa Effective ozone absorptions from calculations us-

ing fractional transmittances from Ding and Gordon

(1995).

(2F Effective ozone absorptions from calculations using

the oxygen spectrum from Fraser (1995).

(2M Effective ozone absorption from calculations using
the oxygen spectrum from MODTI_NT.

A Wavelength.

AB Band-weighted center wavelength.

Ae_ Effective center wavelength, that is, the wavelength
where L°(A) equals LB(AB).

Am Wavelength for maximum radiance.

A1 Lower limits of integration.

A2 Upper limits of integration.

The airmass.

a Rayleigh scattering cross section per molecule.

0v Viewing angle of the instrument.

00 Solar zenith angle.
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