IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 7, JULY 2002 1493

Multi-angle Imaging SpectroRadiometer (MISR)
On-Board Calibrator (OBC) In-Flight
Performance Studies
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Abstract—The Multi-angle Imaging SpectroRadiometer (b)

@ An Aa
(MISR) consists of nine cameras pointing from nadir to an % Ba
B
C

Da

extreme of 70.5 in the view angle. It is a pushbroom imager with

four spectral bands per camera. Instrument specifications call for a-Pl

"OR

each camera to be calibrated to an absolute uncertainty of 3% and D

£2
D

"/;\

to within 1% relative to the other cameras. To accomplish this, '@ i -PIN
the MISR instrument utilizes an on-board calibrator (OBC) to e BprPIy
provide updates to the instrument gain coefficients on a bimonthly \ Stowed OF D
basis (i.e., once every two months). Spectralon diffuse panels are = ~liffuse panel —BLFE_
used in the OBC to provide a uniform target for the nine MISR 6732 /" Deploved - Cf
cameras to view. The radiometric scale of the OBC is established ‘/ dnfuls),e ganel ﬁ PIN photodiodes
through the use of photodiodes. The stability of the MISR OBC HOE photodiod
system and its in-flight calibration are discussed in this paper. P HQE photodiodes
Index Terms—Calibration, photodiodes, radiometry. Fig. 1. Schematic of the MISR instrument showing the OBC. (a) South

panel deployed and the north panel in its stowed position (the spacecratft flight
direction is to the right with nadir being down). (b) Locations of the four HQE
I. INTRODUCTION photodiode packages, the five PIN photodiode packages, and the nine cameras

. . . on the MISR optical bench (the spacecraft flight direction is toward the top of
HE Multi-angle Imaging SpectroRadiometer (MISR}he page with nadir being into the page).

on-board calibrator (OBC), illustrated in Fig. 1, consists
of two Spectralon diffuse calibration panels, high quantum . . . . .
efficiency photodiodes (HQE), radiation-resistant photodiodg/ca' ar,1d Di/Da in order.of Incréasing view angle relatlve' to
(referred to as PIN which derives from the diode arc:hitectut?e eaf”‘ s surface. There is also a nadir camera (An) that views
of stackedp, intrinsic, andn doped layers), and a goniometer. oth diffuse panels. i ) _
The panels are deployed for calibration once every two monthsT "€ MISR OBC was designed to provide a flat-field cal-
over the poles to reflect diffuse sunlight into the fields of viedPration of the MISR instrument and to provide a means of
of the nine cameras that comprise the MISR instrument. TRE"forming that calibration over much of the dynamic range
calibration data collection is timed so that the cameras will s@&the instrument. The Spectralon diffuse panels were selected
a range of illumination, from sunrise (sunset at the South Pof€) their near-Lambertian and spectrally neutral reflectance
on the panel, to a view of the sun through a varying amoumop_ertles _to a_|d in the camera_—to-camera and band-to-band
of earth atmosphere including atmosphere-free space. fﬁ@uve calibrations of the MISR instrument. The HQE photo—.
photodiodes are used to measure the panel-reflected radiandi@sles were selected for use as detector standards to provide
allowing the cameras to be calibrated using data coveri@f absolute measure of the panel radiance. Due to concerns
the dynamic range of the sensors. The cameras’ response@4g/ the long-term stability of the NIR HQE photodiode, the
the varying levels of incident radiance are fitted to provid®°re rad|a_t|0n reS|stant_ PIN photod_|0de detector standards
pixel-by-pixel gain coefficients mapping camera digital numbé&¥€ré also incorporated into the design of the MISR OBC.
(DN) to observed radiance [1]. The fore—aft cameras are paire@® goniometer was included to monitor the panel reflectance
in a symmetrical arrangement and are set at fixed view angl@$, @ function of angle in the along-track direction.
Each set of off-nadir cameras, fore or aft, views a single diffuse BY monitoring the panels with the photodiode assemblies and

panel. The off-nadir cameras are referred to as Af/Aa, Bf/Bg]rough vicarious calibration using overflight campaign data,
the performance of the MISR OBC may be evaluated. Of im-

portance in the calibration of MISR are changes in the panels,

. . . _ _changes in the diodes, and making use of the strengths of the
Manuscript received September 20, 2001; revised April 11, 2002. This work . librati h fligh librati fth h
was conducted at the Jet Propulsion Laboratory, California Institute of Tecyicarious call ration over the pretlight calibration of the pho-

nology, under contract with the National Aeronautics and Space Administratid@diodes to set the absolute radiometric scale of the OBC. This
jne authors are with the Jet ‘Propulsion Laboratory. CalforfiBaper addresses the OBC studies that have been performed. The

Institute of Technology, Pasadena, CA 91109 USA (e-mail: Na, . . . . . . . .

dine.L.Chrien@ijpl.nasa.gov). details of the vicarious calibration and its validation are covered
Publisher Item Identifier 10.1109/TGRS.2002.801156. in companion papers [1], [2].
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[I. DESCRIPTION OF THEON-BOARD CALIBRATOR panel normal which encompasses the incident solar angles onto
A. Photodiodes the panels during calibration sequences [7]. The source azimuth

. _in the laboratory setup was 0A test sample was used, as the
Both types of photodiode packages (PIN and HQE) consist@inels themselves were too large for the laboratory setup. This

three main sections: a hermetically sealed assembly containifgasured BRF database is used to correct for departure from
the photodiodes, an electronic assembly, and a precision bafflgnbertian behavior when camera calibration is done. The de-
assembly that defines the étenduk?) of the sensor [3]. The tector view angle, sun angle with respect to the panel normal,
OBC photodiodes use the same filter designs as the MISR i the difference between the sun and detector azimuth angles
strument; however, the filters come from different coating rungetween the 1504 elementst bands of an MISR camera and
and the out-of-band spectral responses differ due to the differipg OBC photodiodes are taken into account when accessing
systems configurations [4]. The four MISR spectral bands ajige BRF database and computing the camera radiance. Due to
termed, respectively, Bands 1-4 or blue, green, red, and neartis solar azimuth angles on the diffuse panels and the OBC ge-
frared (NIR) and are centered at 446, 558, 672, and 866 NM Wifhetry, the cameras and photodiodes view the forward scatter
equivalent bandwidths of 42, 29, 22, and 40 nm respectively (@jion of the BRF. The nadir viewing diodes actually view the
determined from a solar-weighted, in-band moments analygig,se panels at approximately67° from the panel normal,
[5]). while the D-photodiodes view the panels at an angle of about
1) PIN Photodiode PackagesA PIN photodiode package _g 5° from the panel normal as can be seen in Fig. 1(a). The
contains four diodes, each filtered to match one of the MIS&ar zenith angles on the diffuse panels during acquisition of
spectral bands. Within the hermetic package, the filter is locatggia used in calibration are typically in the range of #4555
directly over the diode with a small gap between the filter anfiroughout the course of the year, and for a given calibration ac-
the diode surface. The PIN photodlodes are radiation resistagtjisition, the solar zenith angle on the panel changes by about
There are five PIN photodiode packages on the MISR OB@ \yhile the solar azimuth angle on the panel changes by only

two of the PIN photodiodes are nadir-pointing; two point in thghout . The exact angles during a calibration sequence vary
MISR D-camera directions, one forward and one aft; and oneg the date of calibration.

mounted on the goniometer.

2) HQE Photodiode PackagesAn HQE photodiode
package contains within the hermetic package three photodi-
odes, arranged optically in series, in a light-trap configuratiofs: Photodiodes Measure Panel-Reflected Radiance
A single spectral filter is bonded to the window of the hermetic The OBC photodiodes are used to measure the panel-re-
package. Each HQE photodiode package is filtered to a singlgcted radiance seen by the MISR cameras during calibration.

MISR spectral band. Two different detector designs were usgle radiance measured by a photodiode package in units of
in the construction of the HQE photodiode packages: o§g¢ m=2 st ym~1 is given by

design favoring the NIR in responsivity and the other favoring
the shorter wavelengths. The latter design, used for the blue, [5td,0BC _ 1.2395 [W pm Amp™*] -4 - E5%

I1l. USE oF THEON-BOARD CALIBRATOR

green, and red HQE photodiode packages, was shown to be (AQR) - k ’
as radiation resistant as the PIN photodiodes during proton 1.2 um
radiation damage testing [3]. All of the HQE photodiode §R=/ Eo ARAAOA 1)
packages are nadir pointing. 0.2 pm
) where
B. Goniometer i photodiode current (Amperes);

The goniometer is a mechanized device that characterizesAQ)  étendue for the OBC photodiodm? sr);
the diffuse panel radiance as a function of angle. It does sog;*! standardized response weighted exoatmospheric
in a plane that lies parallel to the spacecratft flight direction. A solar irradiance at 1 astronomical unit (AU) [5]
PIN photodiode package mounted to the goniometer arm swings (Wm~2 pm™1);
through460° to allow panel characterization appropriate to the photodiode calibration factor;
along-track camera angles. (Note that & v&w angle at the R, the spectral response function of the photodiode;
spacecraft results in a 70.¥iew angle at the earth’s surface, Eo » spectral exoatmospheric solar irradiance function
the difference being due to earth curvature.) (Wm~2 pm~1);

i —2
C. Diffuse Panels R solar-weighted detector respor(3& m = pun).
The diffuse panels are referred to as “north” and “southB. Camera Radiance is Computed Using BRF Database
whic_:h indicates at which_pole the panel is deployed. The MISRthe  radiance for a given detector element,
nadir and aft cameras view the north panel at the North Polgsa (6;, i: 67, ¢7) is computed as
while the MISR nadir and forward cameras view the south panel o
at the South Pole. The panels are made of Spectralon, a mate]LJiggdjoBC JOBC LOBC BRF (6;, ¢;; 62, ¢F)
chosen for its high, near-Lambertian reflectance [6]. (971,¢,¢,9,, P ) "BRF (65, di; HOBC, HOBC)
The bidirectional reflectance factor (BRF) of a test sample of (2)
the panel material was characterized in laboratory experimefifsand ¢ are the reflected zenith and azimuth angles, respec-
at source illumination angles of 4045°, 50°, and 55 to the tively, as viewed by a given detector element
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C. Camera Gain Coefficients are Derived NIR) as well as unexpected variance in the radiance from band
The analysis of the OBC data begins with the assumption tfigfPand (Fig. 2). The early data using the preflight calibrations
the instrument response can be modeled as show a range in the HQE radiances of 15% from band to band.
The spread in the OBC preflight radiance leads us to suspect er-
DN — DNy = Go + Gy L#4OBC 4 (3, [ 514.0BC° 3) rorsin the_ preflight diode characterization. It is believed that in-
accuracy in the procedure to correct for the out-of-band spectral
where response of the photodiodes is responsible for the discrepancies.
[5LOBC  radiance for a detector element As expec;tgd, th_e N!R HQE photod!od_e is exhibiting a decline
(Wm=2 sr=! pum); in resppnswlty with t!me due to raQ|at|on damage. The other
DN camera output digital number: photodlodgs are relatively stable, with the exceptlo_n of th_e green
DN, DN offset, unique for each line of data; bands. Thl_s was an unexpected occurrence and is attributed to
Go, Gy, Gy gain coefficients which provide the ra(,jiometricthe green filters themselves; however, as will be discussed later,
O ML 2 calibration of a specific pixel all diodes are calibrated to the blue HQE prior to the camera
The gain coefficients are computed for ee'lch ofthe 1504 ami%%libration, S0 this d(.agradation. i§ mitigatgd. The MISR cameras
pixel elements per line array and for each of the nine came 0 show adecl!ne n res_,ponsmty W!th t|me'. n F.'g' 3, thg r'at|o
and four spectral bands through linear regression using (3). .[%emeasure_d rad|anc_e using the prefllg_ht calibration co_efflments
photodiodes in conjunction with the BRF of the diffuse pane 0 the predicted radiance for the nadir (An) camera is shown.

. . L e other MISR cameras give similar results. The green bands
are used to determine the spectral radiance incident on ea I :
of the cameras do not exhibit any more degradation than the
camera detector element.

other bands. The camera response across all bands has changed
by about 7% from the time the MISR cover opened in February
2000 to May 2000, with the most rapid change occurring in the

A. Photodiode Packages first couple months. The cameras all share a common design,

As a validation of the radiance measured by the OBC, V\?éld it is thought that the change in response is due to a reduc-

can also predict the radiance reflected into an OBC detector (té?—n in throughput caused by contamination and the radiation

ther a photodiode package or camera detector element) in uﬁﬁ%'l:%ntrgetﬁteosr;r%r:g'm the OBC preflight radiance, it was de-

f Wm=2 syt ~Lth h knowled f th I -
° moosr e rougn Knowledge of the solar Spec. ed to use a single photodiode package as the standard to

tral irradiance, the sun angle on the panel, the panel reflectan%g, !
and the mean earth—sun distance; however, this method dft %Ch the others would then be calibrated. The blue HQE was

elected for this purpose, due to its stability and its close agree-
nt with the predicted radiance. To calibrate the photodiodes,
assume the panel reflectance is the same for all four MISR

IV. IN-FLIGHT PERFORMANCE OF THEOBC

not account for the possibility of extraneous illumination ofi
the panel. Two potential sources of extraneous illumination t

h i ifi 1) that the MISR radi I
ave been identified are 1) that the MISR radiator plates m nds in order to tie all spectral bands of the other photodiodes

inadvertently be in the fields-of-vi f th Is when th
INAdvertently be In Me Neds-oLvIsw o Te panels when ﬁhe single spectral band of the blue HQE. Also, as the photo-

panels are deployed and 2) earthshine [8]. Despite the poten&ﬁa ; . . .
for underrepresenting the panel radiance, the prediction allo gdes see different physical locations on the diffuse panels, the

for stability studies, by taking into account differences in thganel reflectance needs to be spatially uniform. Preflight testing

incident irradiance due to changes in sun angle and sun—e%Nl?lR f[est plefgs arld ;)th?r ﬁpectralton”samp:esl hag s.h%\:vn
distance with time. The equation for predicted panel radiance’i retiectance ot spectralon o be spectrally heutral and highly

simply repeatable [7], [9]. If the two aforementioned conditions hold,
then the ratio of one diode current to another should equal the
waonc  cos(6;) - BRF (6;, ¢i; 69BC, ¢OBC) . Ed ratio of the étendue-response produdf$k, since the radiance

predicted = R (4) observed by a photodiode is proportional to its current
where ,[;2 B Lthd,OBC B letd,OBC
6;, ¢; incident zenith and azimuth angles, respectively, (AQR), - k2 E(Sfél E(Sfil
with respect to the panel normal; _ i1 N i _ (AQR), ko 5)
69BC,  reflected zenith and azimuth angles, respectively, as TAQR), ki (AQR), Ky
$OBC  viewed by a given photodiode; i (AQR)
. .- . diode,band HQE,blue
BRFEF  preflight measured bidirectional reflectance func- Ediode,band = ; A,
tion database for the panel; HQE, blue diode,band
R geocentric distance between the sun and earth in - kHQF, blne (6)
AU. s _ D-diode band (AQR) i band
Upon examination of the first in-flight OBC data acquired, Prdiodeband iiﬁiiﬁﬁ (AQR) b _giode band
a comparison of the measured diode radiance to the predicted + Ergoni band. @)

diode radiance was made. It was determined that the preflight

characterizations of the photodiode radiometric responses wer@he calibration factorscyiode ana for the nadir pointing
flawed. A difference in radiance between the HQE and PIN phdiodes are computed using the blue HQE diode as the standard
todiodes of approximately 10% was noted (almost 20% in tl§g). The D-diodes are calibrated to the blue HQE diode using
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Fig. 2. Ratio of measured to predicted radiance for the OBC photodiodes, nadir packages (HQE, PIN-1, and PIN-2), D-forward package (PIN-Xad®aft pac
(PIN-4), and goniometer photodiode package (PIN-G) for all bands and both north (solid) and south (dotted) diffuse panels using the preflight&@iBascal
over time. The figure illustrates the stability of the blue HQE and diffuse panel reflectance, as well as the discrepancies in the preflighizatiansobéthe
photodiodes.
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Fig. 3. Ratio of measured to predicted radiance for the A-nadir camera for all bands and both north (solid) and south (dotted) diffuse panelsefigig the p
camera calibration coefficients over time. The figure illustrates the bias between north (solid) and south (dotted) panels and the tailingleffra@ition in
camera responsivity with time.
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the goniometer as a transfer standard. The goniometer cali- Col—North

bration factors are computed using the blue HQE diode as the [xe191
standard by finding the average current when the goniometer Blue Green

002575 003717  A04653 [05351 X06296 %07169]

position is nadir pointing. The D-diode bands are then cali- 2 igé T E igé PP
brated to the goniometer diode bands using the average curren § ossjgg-emt 5 cosjpra- o :
when the goniometer is pointing in the D-diode direction (7). & 852 & 837 j
The calibration factors are computed using the average currents %0 poresight angie deg %0 pormight angie dog |
during the time the goniometer is running. The goniometer is Red NIR

run for a short portion of the calibration sequence when the 3 133 a4 518 o
illumination on the panel is atmosphere-free. It is not possible gg;gg#,_....--r" & g:gg%:sﬂi,..-i"'

to use the goniometer to measure the incoming radiance with § $3 § 094

angle during the sunrise/sunset portion of the calibration ~60 -40  -20 0 ~60 -40  -20 0
) . . . boresight angle, deg boresight angle, deg

sequence, as the light levels are changing too rapidly. The fixed
diodes are required for calibration of the cameras using d#ig 4. North panel relative reflectance with angle, normalized to value at nadir
acquired over the dynamic range of each camera. as measured by the goniometer compared to the BRF database. A departure of

: . : . 4% across the MISR aft camera angles is seen. Data from six OBC experiments
. The absolute radiometric scale used for MISR Ca“prath vering 12 months shows the reflectance is different from the database but
is set, based on the value chosen for the blue HQE calibratigyle.

factor kaqE be. This value was set to 0.91, based upon the

June 2000 Lunar Lake vicarious calibration experiment[1]. The Cal-South

vicarious calibration experiment indicates that the predicted [7sisiz coz585 co3727 aosess Dos352 Xo6287 *o7171]
radiance from the panel given in (4) is too low. The diode Blue Green
preflight calibrations are suspect, due to the resultant range of 5 1-92f7 . T ETY R Gl @
radiances. The most likely explanation is a secondary source 2 098 .i 8 098 1
of illumination onto the panels, such as from reflections off ~ § gss § o8

the MISR radiator plates or from surrounding structures on 0 20 40 60 0 20 40 60
the spacecraft or perhaps earthshine [8]. boresight angle, deg
All'the OBC photodiodes, except the D-aft PIN, are calibrated
while viewing the south panel. The D-aft PIN photodiode only
views the north panel, so itis calibrated through a transfer from
the goniometer PIN photodiode that is calibrated while viewing 5 s e o9z 5 T e
the south panel. The south panel was chosen for calibration boresight angle, deg boresight angle, deg
because it more closely resembles the BRF database.

NIR

1.02
1.00

0.98
0.96

0.94
0.92

1.02
1.00
0.98
0.96
0.94

goni/lab brf
goni/lab brf

Fig. 5. South panel relative reflectance with angle, normalized to value at
iff | nadir as measured by the goniometer compared to the BRF database. Data
B. Diffuse Panels from six OBC experiments covering 12 months shows the stability of the panel

The relative panel reflectance with angle can be measur&ffctance and generally good agreement with the BRF database.
using the goniometer. The goniometer data show the angular
reflectance to be stable over time; however, when the angutampletely characterize the panel BRF. Fortunately, the BRF
reflectance data are compared to the measured BRF databat&pectralon as viewed in the cross-track dimension of the
as in Figs. 4 and 5, a discrepancy between the north and soMilsR cameras is slowly varying. The error in computed
panels is found. The BRF of the south panel matches the BREgliance introduced by the departure of the actual BRF from
database fairly well with at most a 1.5% difference with angline BRF database can be reduced by using the radiance from
in the red and NIR bands. The BRF of the north panel depatte D-angle PIN photodiode to calibrate the off-nadir cameras
from the BRF database by about 4% in all four spectral banded the radiance from the nadir-pointirg; PIN photodiode
across the range of MISR camera boresight angles. This diffey-calibrate the nadir camera. The BRF database is still used to
ence in the panel BRF is also seen in Fig. 3, in that the rattompute the radiance for a given detector element; however,
of measured to expected radiance for each diode differs for the BRF correction is smaller. Also, the BRF changes less at
north and south panels. Due to the stability of the relative partbe D-angle with changing sun angle. The bias between the
reflectance with angle over time, it is most likely that the arferward and aft cameras caused by the fact that the forward
gular reflectance of the north panel never matched that of tb@meras are calibrated with the south panel and the aft cameras
test piece from which the laboratory-measured BRF database calibrated with the north panel are further reduced by
was derived. The flight panels were not measured directly, aschling the BRF from the BRF database when the north panel
the test piece was made from the same material lot as the flightleployed. Scaling factors were computed at each of the five
panels; however, the panels were fabricated individually in théitl SR camera boresight angles for the north panel such that the
respective trays. It is supposed that some variation in manufgoniometer-to-lab BRF ratio equaled that of the corresponding
turing is responsible. The key factor in the calibration of MISRatio from the blue band of the south panel. They are 0.928,
is that the diffuse panels are stable. 0.930, 0.935, 0.948, and 0.973 for the Da, Ca, Ba, Aa, and

The goniometer only provides measurements along oAe cameras, respectively. A single scaling factor based on
dimension of the diffuse panels and so cannot be usedhoresight angle is applied to the cross-track BRF derived
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TABLE |
MISR OBC ERROR SOURCES

The goniometer has proven instrumental in determining the
major contributor to a fore/aft camera bias and also in allowing
the transfer calibration from the nadir, blue HQE diode to the
D-diodes. The ability to use the D-diodes in calibrating the off-

Radiometric uncertainty, %

Parameter Abs. Cam. Band Pixel

zg I:dt:?;]:;QE cansor ; nadir cameras will help to minimize camera-to-camera relative
Blue HQE temporal stability 1 calibration errors, as the panel BRF changes less with sun angle
Blue HQE to operational 05 05 05 at the D-angle and since smaller relative BRF corrections are
photodiodes required between the D-diodes and the off-nadir cameras.
Camera to photodiode 11 The MISR on-board calibrator is a crucial part of the overall

view angle BRF ratio
Diffuse panel spatial uniformity 0.5 0.5 0.5 0.5
Diffuse panel spectral uniformity 1
Diode Signal-to-Noise Ratio 0.1 01 01 0.1
Point Spread Function effects 0.1 0.1 0.1 0.1
Root-Sum-Square 39 12 12 05

calibration of the MISR instrument, particularly for the relative
calibrations. The absolute calibration scale depends primarily
on the vicarious calibration. It is possible that further refine-
ments in the calibration procedures and scene-dependent cor-
rections, which would apply to the vicarious calibration but not
to the OBC data, will allow further reductions in the calibration
from the BRF database. The BRF correction relative to thuncertainties [1].

photodiode being used for calibration is of primary interest.

These ratios are 1.0, 1.002, 1.008, 1.022, and 1.0 for the Da, ACKNOWLEDGMENT

Ca, Ba, Aa, and An cameras using the D-aft PIN photodiode to1ha authors would
calibrate the off-nadir aft cameras and thg PIN photodiode
to calibrate the An camera. This method appears to reduce
bias between the aft and forward camera calibration [1].

like to thank the numerous people
involved in the design, fabrication, characterization, and
ration of the MISR instrument and its data systems.
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