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1,() lntrocludim

llnaginf, spcctrmdty data must Ix spccttally, radionictricdly and gcomctf ically cali-
tmtld in order to 1) dcIivc.physical pal am.tcrs from ]ncasurcci spcdt al radiancz, 2) COIII-

pam clata acquired from diffcdcnt 1egicms fiIiCl at diffcmif tittm, 3) cmIlpare and attalyzc
the. il~]af,inp,spcchomctt-y data wilh data acquilcd floln othcd calib~atccj scnsm, and 4)
c.ompam and allalyxe data with mulls fmxll CXMIIpH[CIIIIoclds. ‘lIIc cal it]]aticm of AVII<lS
data is tlm pIoccss by which laboJafory charactcxi?ratioJldala mc ap]dicd to law iJIstIultmt
data (digitixxi nuJnbcr vcvsus spcwttal cbammls) to pmducc qualllitativc spedra (]adialmc
VCMISwavclc.ng[li) fm cacb iltla~c.pixd in utlits of s]mctlal Idiancc. ‘J’lIc AV11<1S SCNSOI
ali(l calitMation proms arc dcscribcd by VNm(Vanr.d al., 1993) and tlIc,a~qdication of ttm
ca]ibl atiwl data to tlm raw dif,ital data is dr.scuibd by Glecn (Glccll d al., ]991 ). ‘1’hiscal-
ibration ]Mocc.ssis validated fo] il~-ftigllt ]m.lfollilance of the. sc))sol usillp, a JigOI-Cm
~,it)~l[)(l-tltltllcallq)ai~a (CiIccII ct al. 1996).

‘1’l~iswoJkslmp ])a]mJrcvic.ws the. labo Jato]ydial actcJi7atioll data set that is uscxl in tlm
AV1l{lS calibration ]Mmmss.‘l”IKlabm ato y lncasulc]lw.nts usc.d to acquilc. tlm caliblatiml
data am clividccl into tbnx clasm: 1) spectral calibrat ioJ], 2.) radicmmtric calibration, and
3) syatiaj calibmtion.

‘1’hccollcctiw of spcctt al c.alib]-atioJ~data for AVIRIS was fitst (icscribccl by Vam (Vane.d
al., 198”/) and tlleJ~upclatcd by C%ricn (Uwic.Jl c1 al,, 1990). ‘1’lIcs~mctlal calihat ion
JcquitcJmmt fm AVIRIS k 0.1 mn accuracy iJl cliartJd ccntcJ wavclcJ@ll and cl]annc] full
width at IIalf mtiximm (1~WlIN4)(CiIcX’Jl,1995a) base.ciOria sensitivity to tllc ubiquitous
nal”iw sdat an(i attnosp}mric absoq dions iJl [tK’.UJNVC]iin~ SpfXtd l“adianc.c.‘1’lIcJIK’.t]K)C1
is to nmsuIe tk IcspoJm. of each of ttlc 224 AVIRIS diallldS to JIaIImVballCIWkllh]i~}d
(-1 1111~1‘W]lM) as tllc li~’,ldis scannccl ia wavckmf,th across t}mslwctla] rcspmse. of tbe
cl]anncl, A ~])o]]c)ct~loJl~at(~rand collilnatm, as slmwn ill l~igmc 1a, are usccl to measure tbc
S]) CCtl’a] lC’31)011SC,. ];jp,ll[C. ] b S])(WS a (y])ka] CXalll~)k Of thC. ~;iNISSjall fllllCtk)Il fi[ to a

Chal]td S]MX41al Jqmnsc froJli W]lidl t]lc.CWJltC’.JWavckngltl and ];Wl]h4 C]]al~lidWidth
arc dcrivd, ‘1’hcwavclcngtb calibration of the lllolloc}ltolllato~-is tl-aced to IIICJ cut y va]m,
ncoII and kI-yplOn clllissioll lallips,
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FJGURE 1. a) Laboratory spcctrd calibration setup. b) l~pical spectral response function with
error bsn-s and best-fit Gaussian curve from which center wavelength, JWVI1M bandwidth, and
unccrlriintics are derived.

Thc spectral response data are collected for each of the 224 spectral channels as the n~ono-
chromator wavelength increments through the AVIRIS spectral range. The center wave-
length and PWJIM width for each channel are determined, with uncertainties, from a
Gaussian fit to the raw response curve for that channel. The center wavelength for each of
the 224 spectral channels’ fit is shownin Figure 2 (bold line), where discontinuity in the
line denotes the spectral overlap between the four AVIRIS spcctrometcrs, The associated
uncertainty in the determination of center wavelength is shown on the same plot by read-
ing the right axis.
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FJGUREz. I)erivcdccnt~rwavelengthsfor eachAVJRIS channel (bold line), read from Icfl axis,
and associated uncertainty in center wavelength knowledge (normal line), mad from right axis.

The best-fit Gaussian FWHM bandwidth for each of the 224 spectral channels is shown in
Figure 3 (bold line). The associated uncertainty in the determination of FWHM bandwidth
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is shown on the same plot by reading the right axis. A majority of the channels meet the
calibration uncertainty goal of less than 0.1 nm in absolute knowledge of center wave-
length and FWHM channel width.
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FIGIJRE 3. Derived FWHM bandwidth for each AVIRIS channel (bold line), read from left axis,
and associated bandwidth uncertainty (normal line), read from right axis.

The in-flight calibration of the spectral response has been validated using a least-squares
curve fit to atmospheric features over carefully characterized field targets such as Lunar
Lake, Nevada, and Rogers Dry Lake, California (Green, 1995b; Green et al., 1993). The
AVIRIS onboard calibration system can also be used to monitor minute changes in the
spectral response by computing the transmittance of the spcctrall y feature-full filters and
observing shifts with respect to filter data acquired at the time of the laboratory calibration
(Chrien et al., 1995).

3.0 Radiometric Calibration

The absolute radiometric calibration of the AVIRIS sensor is determined by measuring the
radiometric response of the sensor to a standard of known spectral radiance, The standard
is constructed from an irradiance standard lamp and a reflectance standard panel as shown
in Figure 4. The standards are purchased with calibrations traceable to the National Insti-
tute of Standards and Technology (NIST). The spectral radiance of the standard, L(k), is
computed using EQ 1:

(EQ1)

where E(h) is the lamp irradiance at a distance of 50 cm from a panel and R(k) is the 13idi-
rectional reflectance factor (BRF) as measured in the 0°, 45° configuration. The spectral
radiance of the standard is shown in Figure 5 along with the associated percent uncertainty
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as computed using the error propagation in Equation 1.The AVIRIS sensor views the stan-
dard directly, The AVIRIS response is computed as the mean of 1000 digital number (dn)
samples per spectral channel. The standard deviation of the 1000 samples divided by the
mean is the percent uncertainty in the response. The mean and percent uncertainty in the
response are shown in Figure 6.
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FIGURE 4. Viewing geometry for NIST-traceable radiance standard,
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FIGURE S. NIST traceable radiance standard target radiance (bold line), read from left axis, and
percent radiometric uncertainty (normal line), read from right axis.
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FIGURE 6. AVIRIS digital number (dn) response to NIST-traceable radiance standard (bold line),
mad from left axis, and percent uncertainty of response due to measurement noise (normal line),
read from right axis.

Radiometric calibration coefficients are computed by dividing the standard radiance by the
sensor dn response. The results are shown in Figure 7 along with the root-sum-square
(RSS) uncert~nty of standard radiance and sensor response,
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FIGURE 7. Radiometric calibration coefficients derived by dividing the NIST-traceable standard
radiance by the AVIRIS radiometric response to the same standard (bold line), read from left axis,
and root sum square (RSS) pement uncertainty (normal line), read from right axis.
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The RSS uncertainty is dominated by the radiance standard uncertainty, except at wave-
lengths below 430 nm where the sensor response uncertainty becomes significant, These
radiometric gain coefficients are applied to inflight image data to produce calibrated image
radiance. An additional onboard calibrator correction factor maybe applied to compensate
for minor drifts in spectrometer response (Green, 1993).

The radiometric gain coefficients are validated in-flight using a series of calibration exper-
iments scheduled for the start, middle, and end of the flight season (Green et al., 1996;
Green et al., 1993). The field experiment predicts the upwelling radiance at the AVIRIS
sensor via an independent calibration path that relies on measurements of playa reflec-
tance, atmospheric optical depth, and the MODTRAN3 radiative transfer code (Anderson
et al,, 1995), Figure 8 shows the percent difference (dotted line) between the inflight cali-
bration experiment predicted radiance and the AVIRIS measured, laboratory calibrated
radiance. The percent uncertainty of the measurement (bold line) derived as the RSS of
calibration uncertainty (normal line) and the inverse of the signal-to-noise ratio of the
playa target spectra are shown for comparison. This indicates that the radiometric calibra-
tion uncertainty is approximately the right magnitude. The actual difference from the pre-
diction is influenced by factors including errors in the MODTRAN3 line list and
algorithm, errors in the AVIRIS spectral calibration, and instabilities in the field spectrom-
eter used in the playa reflectance measurements. The point to note is that in spite of the
many unknowns in the comparison, the level of agreement is better than the error analysis
derived uncertainty in many parts of the spectrum. This suggests that the NIST calibration
uncertainty may be overstated, especially in the 2100 to 2450 nm spectral region.
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FIGURE 8. Measurement uncertainty (bold line), read from left axis, derived as the RSS of
calibration uncertainty (normal line), read from right axis, and the percent variation in the
measured spectrum due to instrument noise, atmospheric, and playa variability compared to the
percentage difference between the laboratory calibrated spectra and the MODTRAN3 constrained
independent prediction of radiance.
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4.0 Spatial Calibration

The spatial calibration of AVIRIS describes the spatial sampling and geometric response
function (GRF) of the sensor (Chrien and Green, 1993). Response data are collected while
translating an illuminated narrow slit across the instantaneous field-of-view (IFOV) of a
group of adjacent spatial samples. The slit consists of a 100pm wide gap etched in a met-
alized coating on a glass slide and is illuminated by a lamp through a ground-glass dif-
fuser. The entire slit-illuminator assembly is mounted on a computer-controlled translation
stage such that the translation is perpendicular to the slit and located in the focal plane of
the collimator. The setup, shown in Figure 9a, is aligned with and centered on the AVIRIS
entrance aperture. The slit translation rate is measured using a microscope, dial gauges,
and a stopwatch and converted to an angular rate using the focal length of the collimator.
Figure 9b shows a typical GRF with a FWHM of 1.12 mrad and a sampling interval of
0,85 mrad.

Sensor Foreoptics

Slit + “m

Illuminator rt t fv

Stage

Jacking Screws
* w

W
I

Translation

1

Collimator

30 0
(a)

t’
2(0,85 mrad)

‘1
I 1.12 mrad I

‘(n-’)l=-’ls(n+’)
l,313[6(n).s(n-1)]

(b)

FIGURE 9. (a) Setup for measuring spatial response and sampling, (b) geometric response
functions for three adjacent channels.

Data analysis is straightforward. Each along-track line of the response data observes the
illuminated slit with a slight shift in angle. The GRF is interpreted as the normalized signal
response versus along-track line for a given sample, Lines are calibrated to units of angle
equal to slit scan rate [0.4 mrad/s] times AVIRIS scan period [1/12 s]. This moves the slit 1
sample to the right in about 25 along-track scan lines. As the image of the slit moves out of
one sample it translates into the adjacent sample. Figure 10 shows the response of sample
270 and sample 271 (2 out of the 614 cross-track samples in the AVIRIS data), This data
harrbeen smoothed with a boxcar average to remove line-to-line scan jitter noise related to
the GRF measurement technique. The slight asymmetry in the GRF is the result of a detec-
tor lag anomaly present in the 1995 and 1996 AVIRIS data. The lag affects both the width
and the bore sight of the GRF and appears to be a function of channel brightness and
change in channel brightness,
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The scan jitter does not affect the shape of the GRF on any line but it does add a random
element to line-to-line pointing variation. The smoothed response is shown in Figure 11
along with the raw (unsoothed) data. A simulated normally distributed line-to-line scan
jitter with a standard deviation of 0.07 milliradian closely matches the observed data.

The cross-track field of view of the AVIRIS sensor is determined by the 614 cross-track
samples and the 0.85 milliradian sampling and is 30 degrees in extent, Table 1 summarizes
the spatial calibration measurements made on 26 April 1996 just prior to the 1995 flight
season.
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FIGURE 10. Dynamic (scanner-on) cross-track normalized response: Sampling interval is
0.85*FWHM, Asymmetry is the result of residual detector lag present in 1995 AVIRIS data.
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TABLE 1. Spatial calibration analysis results from 950426 data set+Variation in IFOV and channel
alignment between spectrometers is due to a residual detector lag present in the 1995 AVIRIS data.

Spectrometer A B c D

Dynamic cross-track lFOV 1.12 mrad 1.22 mrad 1.16mrad 1.25 mrad

Line-to-line RMS jitter 0.07 mrad 0.07 mrad 0.07 mrad 0.07 mrad

Cross-track sampling interval 0.85 mrad 0.85 mrad 0,85 mrad 0.85 mrad

Relative channel alignment to A . 0.11 mrad 0.09 mrad 0.18 mrad

Static along-track IFOV 1.0 mrad 1,0 mrad 1,0 mrad 1.0 mrad

Static cross-track lFOV 1,0 mrad 1,0 mrad 1.0 mrad 1.0 mrad

5.0 Conclusions

The AVIRIS sensor appears to be meeting the spectral calibration goals of absolute center
wavelength knowledge (O.1 nm) and FWHM bandwidth knowledge (O.1 nm) across the
spectrum. This accuracy holds in-flight as independently validated using solar and atmo-
spheric absorption features, The onboard calibrator spectral filter data (contained in the
pre-cal and post-cal files included with every distributed science data set) maybe used to
sense wavelength calibration changes (due to inadvertent mechanical shock and residual
spectrometer instability) with a 0.1 nm sensitivity.

The laboratory determined radiometric calibration coefficients have been shown to be
valid under actual flight conditions when corrected using the signal from the onboard cali-
brator. An independently determined radiance based upon the MODTRAN3 code and in
situ measurements agrees with the laboratory calibrated AVIRIS data to better than the cal-
ibration uncertainty. These results may indicate that NIST overestimates the radiometric
uncertainty of irradiance standard lamps. Laboratory calibrated AVIRIS data appear to be
limited by atmospheric correction errors rather than instrumental signal-to-noise ratio,
instrument response instability, or laboratory calibration inaccuracies.

Techniques for measuring the AVIRIS spatial characteristics are presented along with a set
of results from a recent spatial calibration, A detector lag anomaly present in the 1995 and
1996 data has an impact on both the GRF width and inter-channel bore sight.
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