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Abstract—We explore a synergistic approach to use the com- [12]. The constant term is added to represent the isotropic scat-
plementary angular samplings from the Multi-angle Imaging tering. Validation with both field measurements and satellite
SpectroRadiometer (MISR) and Moderate Resolution Imaging qpservations has shown the capability of the RTLSR model

Spectroradiometer (MODIS) to improve MODIS surface bidi- - )
rectional reflectance distribution function (BRDF) and albedo to represent the shapes of naturally occurring BRDFs and its

retrieval. Preliminary case studies show that MODIS and MISR  accuracy of predicting the reflectances [13]-[15].

surface bidirectional reflectance factors (BRFs) are generally ~ One major concern in performing the BRDF inversion is the
comparable in the green, red, and near infrared. An information  sparse angular sampling available from an individual sensor
index is introduced to characterize the information content [16]. Remote sensing signals are usually correlated to some

of directional samplings, and it is found that MISR angular . .
observations can bring additional information to the MODIS degree [17], and therefore not only the number of directions but

retrieval, especially when the MISR observations are close to also the diversity of angular samples should be large enough
the principal plane. We use the BRDF parameters derived from to ensure an overdetermined inversion. The volumetric and
the MISR surface BRFs asa priori information and derive a  geometric kernels of the RTLSR model may not be completely
posterlor_lestlmates of surface BRDF _parameters with the MOD|S orthogonal under some Sampling conditions [18], which affects
observations. Results show that addl_ng MISR angular sampllngs the stability of BRDE retri | d it . ificati
can reduce the relative BRF prediction error by up to 10% in € stability o . re. neya and 1ts noise magr_ll 'Ca, lon
the red and green, compared to the retrievals from MODIS-only  [19], [20]. The analysis with field measurements of directional
observations which are close to the cross-principal plane. reflectances [13] has demonstrated that most empirical and
Index Terms—Albedo, Earth Observing System (EOS), Mod- semigmpirical BRDF'm(.)deIs can be inverted very well with
erate Resolution Imaging Spectroradiometer (MODIS), Multi- Sufficient and well-distributed measurements, but problems
angle Imaging SpectroRadiometer (MISR), remote sensing, Occur in situations of sparse sampling.
surface bidirectional reflectance. The acquisition of angular measurements from an indi-
vidual sensor is limited by its scanning configuration and the
platform’s orbital characteristics [21]. Moreover, cloud con-
tamination reduces the number of clear-sky observations and
T HE bidirectional reflectance distribution function (BRDF)yakes the angular distribution hard to predict. However, more
characterizes the anisotropy_of surfac_e reflectivity [1bomplete angular samplings can be obtained by combining
[2]. It has been used to normalize satellite measuremegis observations from various sensors with complementary
into a common sun—view geometry [3], to perform couplegampling characteristics. MODIS-Terra and MISR, both on
atmospheric correction [4], and to derive canopy Structugard the Earth Observing System (EOS) Terra platform, for
and other biogeophysical parameters [5]-{7]. The operationglample, complement each other in the azimuth dimension.
Moderate Resolution Imaging Spectroradiometer (MODI§)sing surface directional reflectances simulated by a canopy
BRDF/albedo retrieval algorithm [8], [9] uses a three-paramgagiative transfer model [10], Lucht and Lewis [22] found
eter semiempirical RossThick-LiSparse—Reciprocal (RTLS)at combining MODIS and MISR angular samplings can
BRDF model to capture the directionality of surface reflectancgquce the uncertainty and random noise amplification of
The RTLSR model consists of two kernel-driven terms andgrpF/albedo retrievals [18]. However, we must recognize that
constant term. The volumetric kernel represents the scatterig specific satellite spatial scale and noise must be accounted
properties of turbid medium [10], and the geometric-opticgh, when using actual remotely sensed data [13].
kernel captures the shadowing effect of sparse vegetation [11]1he high calibration quality and geolocation accuracy of
both MODIS and MISR instruments [23], [24] and the sim-

, _ _ _ , ilarity of their spectral bands in the visible and near infrared
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TABLE | and land cover types (Table IlI). These cases represent the
MODIS AND MISR SPECTRAL BAND SPECIFICATIONS provisional products from the reprocessing of MODIS data and
the beta products from the MISR team. The main vegetation
types are forests and crop/vegetation mixtures in the north-
eastern and central U.S. (h12v04 and h10v05). The dominant

MODIS MISR
Band Namne No. Interval (nm) No. Interval (nm)

Blue 3459-479 1 425-467 land cover types are desert and semidesert shrublands in the
Green 4 545-3565 2 543-572 Sahara region (h18v07) and savannas and shrubs in southern
Red I 620-670 3 661-683 Africa (h20v10). We reprojected the MISR level 2 BRFs and
NIR 2 841-876 4 847886

the angular parameters from the space oblique mercator to the
integerized sinusoidal grid. The nearest-neighbor technique was
o . . then used to resample them to 1-km resolution. By overlaying
BRDF/albedo pro_duct. The organl_za'uon of th|s'paper IS &3lor composite images of reprojected MISR reflectances on
follows. We prov'lde a brief descrlpnqn of the lns.trumentﬁqose of MODIS, we find the geometric registration difference
_and data in Sect_lon .”' The mathematlcal fqrmulaﬂon Of_ ﬂ\g generally within half a pixel. Fig. 1 shows an example tile
inverse problem is given in Section Ill. Section IV examinegs iha false color images of MODIS surface BRFs acquired on

the addm_onal information cont-en.t of MISR qbservanonsmay 26, 2001 and the reprojected MISR surface BRFs acquired
and Section V presents a preliminary comparison betweB{) its nadir camera on the same day;

MODIS and MISR BRFs. A synergistic method is developed in
Section VI, which uses the BRDF parameters derived from the

MISR observations aa priori information. Discussions and
summary are given in Sections VII and VIII. MODIS derives surface BRDF/albedo through the inversion

of a semiempirical kernel-driven bidirectional reflectance dis-
tribution model [7], [8]. The RossThick-LiSparse—Reciprocal
model is a linear combination of two kernels which represent

MODIS-Terra is a cross-track imager with nearly dailyhe pasic turbid medium scatterirg,, and sparse vegetation
global coverage [25]. Multiple directional samplings are acCugatteringyeo

mulated during each 16-day period [7], [9]. MISR, however,
takes a novel approach of imaging the earth almost simultg-X; @', Q) = fiso(A) + frot(A)kvor(£2, 2)

neously in nine different view directions [26]. Its view angles +faeo(Nkgeo(2,2) (1)
range from 26.1 to 70.5 in both the forward and aftward

directions, as well as nadir looking. The global repeat cycihere 2 and @ denote the illuminating and viewing direc-
of MISR is nine days around the equator, and three or fotien; A is the wavelengthfis, vo1,¢eo are BRDF parameters; and
overpasses can be obtained in higher latitudes over a 16-#) @', Q) is the surface bidirectional reflectance. Detailed ex-
period. MISR’s view angles are arrayed along-track, and hergéssions of the above two kernels are listed in [7] and [12].
its observations are almost perpendicular to those of MODIS inThe inverse problem of the BRDF retrieval with the RTLSR
the azimuth dimension. Both instruments have similar spectfaPdel can be written as the following matrix form:

bands in the visible and near infrared, as shown in Table I. The Moo = Ko oaXau: + E @
differences of the band centers are less than 25 nm. Xl = Anx3adxl T Enxl

The main data used for our analysis are MODIS cloud-freghereM is the measurement vectorindifferent viewing and
surface bidirectional reflectances [4] and MISR level 2 BRRguminating geometry;K is the kernel matrix;X represents
[27]. Both are atmospherically corrected. The MODIS BRhe kernel coefficients to be derived; aAds the measurement
product uses the integerized sinusoidal grid (ISG) projectigise vector. With a general assumption of random noise with
and has a spatial resolution of 1 km [4], [28], whereas th&jual expectations of zero, the BRDF parameters can be solved

MISR BRF product uses the space oblique mercator (SOMjth an ordinary least square method [31] as
projection and has a spatial scale of 1.1 km. The MODIS

atmospheric-correction algorithm relies on the simulation of X3zx1 = (K’CEIKY1 K'Cg'M (3)

atmospheric effects by 6S radiative transfer code to obtai , . .

the surface directional reflectance from the top-of-atmosphé’y ere_K Is the _transpose of the kernel matrix a6t is Fhe

(TOA) reflectance. Both the adjacency effects of environme pvariance matn_x of measurement errors [8]. The covariance of

and the directional effects of surface reflectivity can be co Ne parameters Is

sidere_d [4], although at present these corref:tions have not yet Cx = (K’C;K)A ' (4)

been implemented [28]. In the MISR algorithm, the surface

hemispheric directional reflectance factor (HDRF) and tHa the ideal case of independent errors with equal variaméges

bihemispheric reflectance (BHR) are first retrieved from TOAhe solution can be simplified as

radiances, and then a parametric BRDF model [29] is used to o1y

derive surface bidirectional reflectances [27], [30]. Xax1 = (K'K) " K'M (®)
We extracted four ISG tiles of MQDIS data acquired from 4 its covariance matrix is

May to October 2001 and chose eight corresponding MISR

swath segments to represent different angular sampling patterns Cx = (K'K) 1o (6)

Ill. FORMULATION OF THE INVERSE PROBLEM

Il. INSTRUMENTS AND DATA
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TABLE I
STUDY AREAS REPRESENTED BYMODIS ISG TiLE NUMBER AND MISR PATH/ORBIT AS WELL AS ACQUISITION DATES

MODIS MISR
Lat./Lon. Dominant LC Tile No. Date Path/Orbit Date
40°-50°N Forests and Mosaic h12v04 07/28-08/12 P015/0008640 08/02
93°-65°W Mixed Forests 09/14-09/29 P017/0009310 09/17
30°-40°N Forests and Savannas h10v05 05/09-05/24 P024/0007461 05/13
104°-80°W  Cropland and Mosaics 09/30-10/15 P021/0009718 10/15
10°-20°N Semi-Desert h18v07 09/14-09/29 P188/0009277 (09/15
0°-10°E and Shrublands P192/0009452 09/27
10°-20°S Sa as h20v10 05/25-06/09 P172/0007645 05/26
22°-33°E P176/0007820 06/07
af WACHE Sur sce Meflecisnce B] WS P sk whirer S Falisnang as observed from MODIS and MISR are very similar in tile

h12v04, where both viewing azimuths are between the PP and
CPP (Fig. 3, left panel). The backward scattering is obviously
stronger than the forward scattering. In tile h20v10 (Fig. 3,
right panel), the surface reflectances observed from MISR show
larger angular variations than those from MODIS due to the fact
that MISR observations are closer to the PP in May/June. The
opposite case is observed in tile h18v07 in September (Fig. 3,
middle panel). The well-knowhot spotphenomenon is shown

in both the MISR PP case and MODIS PP case. Generally, the
MODIS sequentially accumulated observations and the MISR
simultaneously acquired multiangle observations capture the
Fig. 1. False color images of surface bidirectional reflectances acquired BQmaW directional characteristics of Yeg_etatlon _reﬂeCtance’
MODIS and MISR on May 26, 2001. (a) MODIS BRFs (ISG tile h20vi0)Such as the stronger backward scattering in all azimuth planes

(b) MISR nadir-view BRFs (path 172, orbit 7645) reprojected to ISG. and the hot spot effect in the principal plane.
IV. MODIS AND MISR SURFACE B. Addltl(_)nal Information Content of MISR Multiangle
Observations

DIRECTIONAL REFLECTANCES
The basic rationale for exploring synergistic retrievals is that
MISR multiangle observations can bring extra information and
Fig. 2 shows three typical angular sampling patterns ebnstraints to characterize the surface anisotropy and hence
MODIS and MISR under clear sky over the study areaslbedo. Theoretically, no additional information is added if
MODIS samplings cover a similar range of viewing zenith arpne data source can be used to perfectly predict the other or
gles, when accumulated over a 16-day period, as those obtaifiéfiere is no significant difference between surface albedos,
by MISR on a single day. The range of solar zenith angles varigs well as their quality assessments individually derived from
from 10 to 20. In the azimuth dimension, MODIS and MISRMODIS or MISR observations. Increasing the number and
samplings are perpendicular to each other. The observatigné diversity of angular samplings should bring additional
from both sensors are in between the principal plane (PP) drtbrmation, but extra noise from the measurements may also
the cross-principal plane (CPP) over the New England arpa introduced. These two factors affect the total information
in August 2001 (Fig. 2, left). MODIS angular samplings argain of introducing additional samplings, as shown by the
closer to the PP in the Sahelian region in late September 2Q@Variances of retrieved BRDF parameters in (6).
while those of MISR are closer to the CPP (Fig. 2, middle). The covariance matrix of BRDF parameters consists of two
MISR observations are closer to the PP over southern Afl’icat'é}'ms;(K’K)—l merely depends on angular sampling structure,
May and June 2001 (Fig. 2, right). Cloud obscuration is founghd o2 depends on the noise level in measurements. The less
to affect the number and the distribution of available MODIghe uncertainty, the larger the information. The inverse of the
observations, as well as the number of available MISR orbitsgovariance matrix can be taken as a simple measure of the joint

The anisotropy of land surface directional reflectance isiaformation gain of three BRDF parameters through inversion
result of the radiative interaction between photons and the KK

soil-vegetation system [10]. The soil-vegetation proportion, 0;1 =—. (7)
vegetation structure, and element optical properties are primary o

factors governing the angular distribution of the canopy-leavingnfortunately, the uncertainty of observations is currently un-
radiation. Three examples of surface BRFs are displayedknown. Assuming the BRDF model is correct, we here approxi-
Fig. 3. The angular signatures of surface directional reflectanceate the variance of the measurements by the mean square error

A. Angular Signatures
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Fig. 2. Angular samplings of MODIS and MISR observations for a pixel in New England in August (left panel, tile h12v04, path 015), a pixel in Sahel in
September (middle panel, tile h18v07, path 188), and a pixel in Botswana in May/June (right panel, tile h20v10, path 172). Radius of circles zepithsent

angle with 10 increment (zero zenith angle is in the center), and polar angle represents azimuth (zero azimuth, North, is on the top). Solid dot and open square:
MODIS and MISR viewing directions; open circle and solid square: sun locations of MODIS and MISR overpass.
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Fig. 3. Surface directional reflectances observed from MODIS (solid dot) and MISR (solid square, solid line) and the predicted surface reftedi@ites
angular geometries (open square, dashed line) using MODIS observations for three pixels shown in Fig. 2. The represented land cover typexf foeebtoadle
(left panel), sparse shrubs on bare soil (middle panel), and savannas (right panel).

(MSE) between the measurements and the predictions from thigerel” is the eigenvalue diagonal matrix, aédis the eigen-
inverted RTLSR model. In the above equatiéfi, X’ can be de- vectors of K’ K. According to the widely used Entropy concept
composed as in information theory [32], we define an information indéxas

K'K=GVG ®) I=InA; +1In ), +1n A3 — In(MSE) 9)
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TABLE Il ____NR Red
INFORMATION INDEX (MEAN AND STANDARD DEVIATION) FOR VARIOUS 10 1o
MODIS AND MISR SAMPLING SCHEMES AND NET INFORMATION 2 osl 2 osf
GAIN BY ADDING MISR OBSERVATIONS TO THOSE OFMODIS FOR ,ﬁ i
BRDF/ALBEDO RETRIEVALS E 0.6} E 0.6+
5 Py 3
a 04 5 04} e
Sampling I (NIR) I(Red) I(Green) I (Blue) 2 3 a "
g o02f g o2p A
h20v10, P172 (MISR PP, MODIS CPP) " 00 ’
MISR only 12.38(0.76) 14.00(0.76) 13.82(1.20) 13.32(1.20) 00 02 04 06 08 10 00 02 04 06 08 10
MISR Near-nadir BRF MISR Near-nadir BRF

MODISonly  7.91(1.69) 8.94(2.11) 9.28(2.25) 9.50(2.39)
MODIS+MISR  11.79(1.13) 13.40(1.64) 13.41(1.57) 12.92(1.42) __ Green

Blue
0.8 T
Net Info. Gain ~ 3.88(1.50) 4.46(1.36) 4.14(1.55) 3.42(1.89)

0.6

05p

h12v04, PO15 (both between CPP and PP) 0.6F

MISR only 8.50(1.64) 10.73(1.64) 9.35(1.93) 7.63(2.06)
MODISonly  6.61(1.09) 9.17(231) 9.12(2.13) 9.08(2.41)
MODIS+MISR  8.56(2.07) 11.29(2.62) 10.53(1.89) 9.13(1.95)
NetInfo.Gain  1.95(2.32) 2.12(2.67) 1.40(2.45) 0.05(2.90)

04r b
04r 031 4

0.2F
0.2f

MODIS Near-nadir BRF
MODIS Near-nadir BRF

o1l 4

0.0 A 0.0 . . L . .
0.0 0.2 0.4 0.6 0.8 00 0t 02 03 04 05 06
MISR Near-nadir BRF MISR Near-nadir BRF

h18v07, P188 (MISR CPP, MODIS PP)
MISR only 6.62(1.02) 7.09(1.02) 6.44(1.19) 6.97(1.40)

MODISenly  891(0.98)  9.51(0.90) 10.22(0.93) 10.540.92) Fig. 4. Scatter plots of MODIS- versus MISR-observed near-nadir surface
MODIS+MISR  8.03(1.33)  9.34(0.94) 9.54(0.96) 8.94(0.80) reflectances over eight swath segments listed in Table Il in the near infrared,
Net Info.Gain  -0.88(1.55) -0.18(1.14) -0.68(1.13) -1.59(1.05) red, green, and blue. The solid line is 1:1 line. Note that no spectral adjustment
was performed for the intercomparison analysis.

where A, 3 are diagonal elements of the matrix. Based gpecira differences and could be combined directly for a syner-
on the information index/), the net information gaitine: Of  gistic retrieval. The actual surface BRF products, however, are
adding MISR observations to the retrieval with MODIS-0nljttected by both TOA inputs and prerequisite aerosol retrieval.
observations is defined as The significant difference between MODIS and MISR angular
Lo, = [MOPIS+MISR _ pMODIS (10) sampling geometries (Fig. 2) further makes the comparison
of surface bidirectional reflectances derived from these two
Itis the balance of the information gain from additional samplégstruments a challenge. To compare the off-nadir directional
and the information loss from extra noise. reflectances, a BRDF model must be inverted with the ob-
Paths 015, 188, and 172 represent the three typical sampliegvations from individual instruments, and then the derived
patterns, as shown in Fig. 2. We calculated the informatiggarameters can be used to predict reflectances at common
index of MISR-only observations, MODIS-only observationsjiew angles. This method potentially includes any uncertainty
and MODIS plus MISR observations, respectively, and thessues confronted by the BRDF model and its inversion, as
derive the net information gain for each pixel in these thregell as the reflectance prediction. It complicates our goal of
swath segments. Table Ill shows the mean values and standaw@stigating the compatibility of the actual MODIS and MISR
deviations of the information index when MODIS has morgRF products. However, we observe the possibility that the
than six angular samples. When MISR sampling is clossimilar angular samplings appear close to the nadir, where a
to the principal plane than that of MODIS (path 172), theirect comparison can be made.
combined sampling is shown to bring net information gain
to MODIS-only observations. The net information gain frond\. Surface BRFs

Mt:SR sa}mplinic] is increased ‘;Vher:‘ thednumdberhof MO,DfIS To ensure the similarity of sun—view geometry, we extracted
observations closer to CPP is further reduced. The net infQfs, 44 observations (both viewing zenith angles and the

mation gain is less significant when both MODIS and MISR.)54ive azimuth difference less thaf)&cquired on the same
observations are between PP and CPP (path 015). Gener from MODIS and MISR. The scatter plots of MODIS

adding MISR CPP sampling to MODIS PP observations (P8R yersus MISR BRFs at near-nadir show that almost all
188) does not result in a net information gain due to the smal Lels are located along a 1:1 line (Fig. 4). Two clusters are

|nfformat|on/rr110|se'\;lzg|glg the C,PP’ (Txcepthfor ahsmall r|1umb parent, since desert and semidesert have much higher visible
of cases when acquires less than three clear-§gfiq iances than vegetated land surface.

observations. Table lil also shows that the net information gainy,. e |ative difference is calculated [RIODIS _ pMISR)
also depends on the wavelength and that the information ga

NSk Fig. 5 indicates a nearly normal distribution of the rel-
is higher in the red and near infrared than in the green and bl - 19 > ndi y IStributi

five differences between the MODIS and MISR BRFs in the

near infrared, red, and green. The distribution is relatively flatter
in the blue. Table IV summarizes the mean values and standard
deviations for each swath segment. It shows that the mean rela-
Theoretically, MODIS and MISR should produce comtive difference depends more or less on the specific swath, espe-

parable surface BRF products after accounting for possitdilly for the blue band. In the near infrared, the mean relative

V. SYNERGISM BETWEEN MODIS AND MISR SURFACE
DIRECTIONAL REFLECTANCES
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40 R _'_N;R surface type, such as 0.906 for Lunar Lake desert scenes and
----- Red 1.054 for ocean scenes in the blue [24]. Validation of MISR

30+ - ‘glfee"- TOA radiance [24] over the calibration sites demonstrated that
— -~ blue

the MISR and MODIS TOA radiance products agree within an
uncertainty of 3% after a spectral adjustment, indicating a good
agreement between the calibrations of both instruments.

We examine here the overall comparability between MODIS
1 and MISR TOA nadir reflectances over our study areas.

Frequency (%)
[\
S

7Y
/’ i . For those pixels extracted for the near-nadir surface BRF
N . e comparison, we calculated MODIS and MISR TOA BRFs
80 -60 40 20 0 20 40 60 80 from a MODIS-aggregated 1-km TOA radiance product

Relative Difference (%) (MOD021KM) and a MISR L1B2 nadir-camera radiance
. o - groduct with 275-m resolution, respectively. The reflectance
Fig. 5. Distributions of relative differences between MISR and MODI le f d off ined in MODO21KM d
near-nadir surface reflectances in the near infrared (solid), red (dotted), gré&a e tactor "fm ofiset contained In - metadata are
(dashed), and blue (dashed-dotted) over study areas. directly applied to convert MODIS radiance to reflectance.
MISR TOA reflectance is calculated with

difference ranges from-1.5 to —7.1% among various swath TOA 1 L(X; 0, 0¢)md?
segments of the vegetated land areas (the first five swath seg- PN 0o) = Eo(A) x cos(f) (11)
ments in Table V), and its standard deviations are less than 7%

In the red, the relative difference is more variable. The MODlg%ereL()‘? ¢',60) is the TOA radianceq is the earth-sun dis-

reflectance is higher than that of MISR by 7% in the red ifgnce in astronomicallunits (AV) containeq i_n th? MISR geo-
tile h12v04, but lower than that of MISR by around 5% fOfnetnc product; andvy is the exoatmospheric irradiance which

other vegetated areas. The largest differences are found in 't grt]jglIn\?osli:g\}:setaﬂe:tstﬁeazglelzae%;ctjIgfn:ﬁénl\cjlgrli())ldsu;[jﬁ/]l.l SR
blue band, particularly where the MODIS BRFs are higher i .
desert/semidesert tile h18v07 but lower in other vegetated tilg%o. ':i;nli‘::csaririiggt?ﬁrt;r;a?égaggégE(E)s:(rafr?/zz islt:r?e 1t—vt\1/§rien-ls
The relative difference in t_he_ green is rgugh_ly between_ thoseslpruments with the mean relative differences mostly less than
the red and blue. The variation of relative differences is 98Nels, i the near infrared, red, and green. The difference of varia-

o . :
ally less than 10% in the near infrared and green and h'ghertfcr}n is also very small. Note that no spectral adjustment was at-
the red and blue.

Surface BRE broducts depend on atmospheric Correct.Otempted, and therefore our results here include all possible noise
u produ P pheri IOR¥m spectral differences, geometric coregistration, and spatial

Aerosol retrieval plays a critical role, since aerosol scatteri gregation. In the blue band, MODIS TOA BRFs are system-
rl\]/lallZRa large |:npac(§ on the 1\/7|sgblke and nleqr mf;e(t)red Slgn;fs?lcallylowerthan that of MISR by 7% in the desert and by 16%

: aerosol products at 17.6-km resolution [30] are used, \egetated land, which is possibly due to the different spec-
in the processing of its surface radiative properties. MODIp,| response functions of the two instruments

level 2 aerosol product at 10-km resolution, however, is NOt+paq residual of surface BRF differences frorﬁ TOA BRF dif-
directly used in the MODIS atmospheric correction scheme. garences mostlikely indicates the effect of different atmospheric
new version of the aerosol algorithm was developed specificallyrections on surface BRF differences. Table IV shows that
for the MODIS surface reflectance algorithm to extend thge aqditional systematic differences introduced by atmospheric
aerosol retrieval to brighter targets and obtain retrievals atgrection are generally less than 5% for the vegetated land, ex-
much higher spatial resolution (1 km) [28]. Unfortunately, thigept in the blue where the reflectance signal is very sensitive to

updated intermediate 1-km aerosol product is not currenfi¢rosol scattering. In the desert area, atmospheric correction has
output as a product and not available to us. Therefore,585rger effect.

guantified analysis of the contribution of aerosol retrieval and
atmospheric correction to surface BRF differences cannot @e Implication for Data Fusion

undertaken in this study. Ideally, observations from MODIS and MISR can be directly

combined together for BRDF and albedo retrievals, hereafter
referred as direct synergism, if there is no systematic bias be-
Surface BRFs are derived from the TOA reflectance througlyeen two datasets or if validated radiometric adjustment coef-
atmospheric correction. A comparison of the MODIS anfients are available. The analysis from the above case studies
MISR TOA near-nadir directional reflectance factor is essentighows that the MODIS surface near-nadir BRFs generally agree
for understanding the effect of instrument calibration, spectrgkll with those of MISR except in the blue, but atmospheric
specification, and georegistration on the surface BRF produaterrection may bring systematic differences, depending on the
Bruegge et al[24] found that the effect of MODIS and MISR aerosol retrievals. For a direct synergism with original or ad-
spectral response differences on TOA radiances was significanited MODIS and MISR BRFs, it is necessary to perform de-
in the blue. The TOA radiance scale factor—the ratio of theiled accuracy assessments and uncertainty analyses of both
integral of the TOA upwelling spectral radiance convoluteMODIS and MISR surface BRF products. Various efforts are
with MISR spectral response functions over that with MODI&nderway to analyze the TOA radiometric difference due to
spectral response functions—was also shown to depend M@®DIS and MISR spectral specifications [24] and to validate

B. Top-of-Atmosphere BRFs
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TABLE IV
RELATIVE DIFFERENCES(MEAN AND STANDARD DEVIATION) BETWEENMODIS AND MISR SURFACE (AND TOA) NEAR-NADIR BRFS IN PERCENTAGE NOTE
THAT NO SPECTRALADJUSTMENT WAS PERFORMED NO TOA COMPARISONWAS MADE OVER P176AND P192 DUE TO DATA LIMITATIONS

Surface Nadir BRFs TOA Nadir BRFs
Path NIR Red Green Blue NIR Red Green Blue

P015 -0.2(8.9) 6.6(17.0) 1.6(9.6) -14.0(21.2) -52(4.0) -0.1(6.8) -3.9(3.0) -17.1(1.6)
P017 -7.1(6.2) 9.6(14.7) -5.1(6.0) -27.7(10.1) -3.4(5.7) 2.6(7.7) -3.8(29) -17.6(1.9)
P021 -5.3(6.0) -3.7(12.8) -8.0(7.8) -26.4(104) -4.6(48) -1.8(7.0) -2.9(4.2) -169(124)
P172 -8.0(7.0) -5.5(11.5) -9.8(7.4) -20.9(16.7) -5.8(3.9) -3.5(64) -6.2(3.1) -16.3(2.1)
P176 -4.7(6.1) -6.8(10.3) -11.2(8.5) -20.8(15.1)

P188 -10.2(5.7) -18.0(5.6) -13.3(5.4) 15.7(12.1) -6.0(3.3) -9.3(4.8) -4.8(3.5) -6.9(2.7)
P192 -7.1(5.1) -11.1(5.0) -4.2(6.1) 20.1(15.0)

1

MODIS and MISR surface BRFs and characterize their accB- Sensitivity Analysis

racy [28], [34]. Further study of direct synergism can be under- The question arises as how to select an appropriate weight
taken after these evaluation and validation effortsarecompletgd.Comeptu{my it depends on the information content in

In Section VI, we explore aa priori synergistic approach to he MISR sampling and the noise level in the MISR surface
combine the observations from the two instruments in aerxibEQF product relative to those of the MODIS product. We

way. Glyen ihe Iarge_ d|ﬁerenc_es exh|b_|ted In t_he blue, the S¥fifst examine howa priori synergistic retrieval performs with
ergism in the blue will not be included in Section V. values ofy. Using the data from our case studies, we derived
corresponding albedos and predicted surface reflectances by
V1. A PRIORI SYNERGISM changing the relative weight, according to (13). We took the
A. Using A Priori Knowledge retrieval from a direct synergism with the MODIS and MISR

One major concern in combining multisource data is the pogRFs adjusted by the nadir BRF as a reference. Note that for

sibility of introducing more noise than new information. As on&'€ Sensitivity analysis here we emphasize the trend of retrieval

of the major land products of MODIS, consistency is a criticgmors Withfy_ instead of the abgolute values of actual errors. The
issue when attempting to add information from MISR observiglative retrieval errors in white sl_<y albedo angl surface BRFs
tions to improve MODIS BRDF/albedo retrievals. Our objecdndeér MODIS and MISR sun-view geometries are plotted
tive is to incorporate the directional information of MISR BRF&g2inst the value of in Fig. 6 (solid line) for the pixel shown
and at the same time to minimize the effect of any possible S)yg_the right paqel of Fig. 3. To investigate the effect of vana_ble
tematic discrepancy in magnitude due to spectral specificatiddODIS sampling, we also subsetted the MODIS observations
geometric coregistration, and atmospheric correction. to represent th_e cases that MODIS samplings cover backward
The anisotropic shape information is contained in the BRO®Y (dotted line), backward plus one near-nadir forward
parameters. The unique property of the simultaneous muItiangﬂ@Shed line), and backward plus one far-off-nadir forward
observations of MISR guarantees that we either get a sufficidgsh dot line) scattering.
number of looks covering both forward and backward directions The relative retrieval errors of BRFs decrease rapidly as the
under clear sky or obtain nothing at all due to clouds. TherefoMseight of thea priori information increases, especially in the
when MISR observations are available and MODIS sampling¢gses where the MODIS samples are mainly distributed in the
poor, we can use the BRDF parameters derived from the origil@ckward direction. This indicates that the injectioragdriori
MISR observations aspriori knowledge and couple these withknowledge can improve the retrieval accuracy even with a small
the available MODIS observations during a 16-day period weight. The retrieval errors of both albedo and BRFs for var-
get a posteriori estimates of the BRDF parameters. The co#us MODIS sampling schemes become stable with an increase

function is written as of the weight and converge when the weight is around 5.0. For
) comparison, Fig. 6 also plots the results from the direct syn-
Cost(X) = (KX — M) (KX — M) ergism with the original MISR observations and four types of

+9(X — Xpriori) (X — Xpriori)  (12)  MODIS samplings as symbols over the= 0 line. Clearly, the

) o . direct synergism results in much larger relative errors of albedo
where Xyior; is the a priori parameter vector derived from qtrievals thara priori synergism.

MISR observations, angis the weight with whicta priori in- In an attempt to investigate the effect of any possible sys-
formatlpn_ is incorporated [17], [19]. The f!rsf[ termis the_co_st Afmatic differences between the MODIS and MISR BREson
data misfit and the second term the deviation fromagumiori oy synergism, we intentionally changed the magnitude of the
guess. In this way, the retrieval is a balance of the data fittijgisr BRFs in our case study while keeping the reference un-
anda priori information. The solution is given by [19] changed, and we found that the sensitivity to the weight stays
X = (K'K 4+ 7)Y (E'M +vX prions) (13) the same. When MISR BRFs are increased by 10% as a severe
test (see Fig. 7), the relative error of BRF prediction increases
whereU is a 3-by-3 unit matrix. from 9 to 13% in the red and from 6 to 9% in the near infrared.
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20
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3

larger the information content of MISR observations relative to
those of MODIS, the larger the weightof a priori knowledge
from MISR should be taken in a synergistic retrieval. Here, we
take the ratio of the information index for MISR observations
over that for MODIS observations as an approximation for the
weight ofa priori knowledge. In path 172, the mean value of
the information ratio is 1.65, 1.68, and 1.60, respectively, for
e R 5.2 PR —— the near infrared, red, and green. N_ote tha_t the_se valu_e_s are in

Weight of a priori Knowledge Weight of a priori Knowledge the range ofy values where retrieval is relatively insensitive to

~ compared to the most sensitive region whes less than 1.0.

G e Carapancs s e gt eesisogtop T To examine how this method performs, we use the
grl]?DF parameters degriveF::i from MISR observations?:lose to the princ%al pIalPéARABOLA BRF measurements of old jack pine over boreal
MODIS samplings used for the priori synergism scheme are: all (solid line), forests [35] as an example, due to the current lack of analyzed

backward (dotted line), backward plus one near-nadir forward (dashed Iine),?und_based validation information associated with MODIS

20+

Relative Errors of WSA Retrieval (%)
Abs. Rel. Errors of BRF Prediction (%)
&

o e T MoK oysonesant 10 MISR observations. We extracted measuremens with the
plotted with plus, open triangle, open circle, and open diamond for the abcd@gular sampling patterns similar to those of the MODIS CPP
MODIS samplings, respectively. and MISR PP case. The white sky albedo from the retrieval with
all observations is 0.0328 in the red. The retrieval with the PP
measurements alone is 0.0358, and the retrieval with the CPP
measurements alone is 0.0177. When using BRDF parameters
from the PP measurements agriori, the information ratio
is 1.81, and the white sky albedo retrieved throwgpriori
synergism is 0.0333, which is very close to the true value.
The improvement is less obvious in the near infrared where
only slight improvement is found. When we add a bias of 10%
—— — to the PP measurements, the white sky albedo feopriori

-2 0 2 4 6 8 0 2 4 6 8 . . . .

Weight of a prioti Knowledge Weight of a priori Knowledge synergism is only increased to 0.0337. However, the white sky

albedo from a direct synergism is rapidly increased to 0.0362.
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Fig. 7. Same as Fig. 6, but the MISR BRFs used to deriveath@iori
knowledge are intentionally increased by 10%. D. Results From A Priori Synergism Applied to MODIS and

MISR Case Studies
The relative errors of white sky albedo are very stable. Com-

pared taa priori synergism, the direct synergistic method, howB
ever, is more sensitive to the magnitude shifagdriori obser-

Using the BRDF parameters derived from the original MISR
RFs asa priori, we injected the MODIS observations and

. . ) ) btained new BRDF parameters. As an example, Fig. 8 presents
vations and has much lower retrieval accuracies, especially RE predicted BRFs at MODIS and MISR sun—view geometries

white s_ky al_bedo retrieval (_F|g. 7).Th|s implies th_at'eh_prlorl througha priori synergistic retrieval for the pixel shown in
synergism Is a b?“e_r choice than direct synergism in the CqRE right panel of Fig. 3. It is clear that the derived BRDF
when a systen_]anc bias petween MODIS and MISR BRFs M3¥%n capture the shape of angular reflectances of both MODIS
be present or is uncertam. .. and MISR, and the magnitude is between the MODIS- and
When MISR observations are close to th? C,ross'p”nc'%IISR-observed reflectances. Generally, the predicted BRFs at
plane and those of MODIS are close to the principal plane (th&, \isr angular geometries are lower than the MISR BRFs,
pixel shown in the middie panel of Fig. 3), the relative retrievalj the predicted BRFs at MODIS geometries are very similar
errors of albedo and BRFs from priori synergism reach the , the MODIS BRFs. It should also be noted that the near-nadir
minimum when the weight is between 0.1 and 0.3 and thegfiectances are better preserved than the off-nadir reflectances.
increase with the weight. This low value of relative weight o the May-June case in tile h20v10, the MISR observa-
is probably due to the reduced information contained in th@yns are closer to the principal plane and were shown to bring
CPP observations. Moreover, the retrieval in this case is m@jignificant net information gain (Section V). We did three sets
dependent on the sampling geometry of MODIS. In particulasf inversions with the MISR-only observations, MODIS-only
relative retrieval errors are smaller if the MODIS PP samplingshservations, and treepriori retrieval. The correlation between
include both the forward and backward directions and are legg MISR-observed BRFs and those predicted through inver-
sensitive to the weight a priori knowledge. sion of MODIS observations for each pixel was chosen as a
) o measure of the similarity between the observed and predicted
C. Weight of A Priori Knowledge BRDF shapes, since it is not affected by any systematic magni-
The information index as shown in Section IV captures thede differences between two products. On the average, the cor-
information content from a particular sampling through inverelation coefficient between the observed and predicted MISR
sion. We rely on the net information galf.; as a criterion as surface BRFs increases from 0.89 to 0.97 in the near infrared,
to whether to include MISR observations or not. When thef®65 to 0.94 in the red, 0.47 to 0.89 in the green, when uging
is net information gain, adding MISR observations brings mogiori synergism, compared to using the MODIS-only observa-
information than noise to MODIS BRDF/albedo retrievals. Thions for retrieval. For surface BRFs at the MODIS sampling ge-
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Fig. 8. Surface directional reflectances at MODIS (open circle) and MISR (open square, dashed line) sampling geometries deaipeid frsgmergism with

the original MODIS and MISR surface reflectances for the pixel shown in the right panel of Fig. 3. The MODIS BRFs (solid circle) and MISR BRFs (selid squa
solid line) are also plotted for comparison. The relative weight used fwiori knowledge is 1.7, calculated as the ratio of MISR information index over MODIS
information index.

TABLE V pared to 21.5% with the inversion from MODIS-only CPP ob-

MEAN RELATIVE PREDICTION ERRORS(PERCENT) IN THE NEAR INFRARED, i i imi i _ _
RED, AND GREEN FORRETRIEVALS WITH MODIS OBSERVATIONS ALONE, servations, but is similar to that of using MISR Only BRFs ac

MISR OBSERVATIONS ALONE, AND A PRIORI SYNERGISM OVER ISG TILE quired close to the PP. Tleepriori SynergiStiC retrieval predicts
H20v10 (PaTH 172AND 176). IGBP LAND COVER TYPES 2. EVERGREEN MODIS BRFs with the mean relative error of 10.6% and MISR

BROADLEAF FOREST, 8. WOODY SAVANNAS; 9. SAVANNAS; 10. BRFs with 18.7%. However, the mean relative error is as high
GRASSLANDS 12. QROPLANDS as 21.7% for the prediction of the MODIS BRFs with the MISR
PP observations alone and 35.4% for the prediction of the MISR
BRFs with the MODIS CPP observations alone, respectively.
Similar results are found for the green band. The prediction of
MODIS BRFs witha priori synergism has lower errors than the

Predict MISR MODIS MODIS+MISR
using
LC MODIS a priori  MISR g priori MISR MODIS a priori

Near Infrared Band prediction of MISR BRFs, indicating that the magnitude of the

2 136 96 121 45 80 80 69 MODIS surface BRFs is better preserved. This is a great benefit
8 138 102 131 43 86 79 10 for the consistency of MODIS products. Table V also demon-
9 155 122 166 49 100 95 83 strates that the accuracy improvement is more significant for
10 156 130 183 58 106 104 93 savannas, grasslands, and croplands than for broadleaf forests
2 153 119 171 57 101 102 87 and woody savannas. The improvement in the near infrared is
All 14.9 11.2 8.3 5.1 9.4 9.2 7.9 not so Significant_

Red Band The above analysis indicates that the total inversion error is
5 244 169 202 61 128 135 111 basically determined by the overall information content and
Iy 284 169 194 73 131 159 117 noise level in the individual or combined observations. The
9 389 194 231 117 151 237 152 retrievals with data from individual instruments tend to mini-
10 308 151 208 136 129 217 144 mize the error of the BRF prediction over their own sampling
12 328 167 225 138 143 227 153 schemes, but the prediction error at the angular geometries of
All 354 187 217 106 141 215 143 the other instrument is higher. On the contrary, the synergistic

Green Band retrieval takes into account the angular signatures of both

observations, and the BRDF is hence better constrained.

2 206 141 183 58 117 115 97

8 228 147 201 70 135 129 105

9 389 194 231 11.7 151 237 15.2 VII. DISCUSSION

10 287 159 248 140 152 205 14.9

12 276 161 254 134 161 198 147 The inverted BRDF model from a finite set of observations
Al 277 161 223 102 144 174 129 provides a practical and efficient way to characterize the

anisotropy of surface reflectivity. An issue confronting the
accuracy and hence the application of the BRDF inversion is
ometries, the correlation coefficient between observations ath@ sparse or not well-distributed directional sampling avail-
the prediction in this case only decreases slightly by 0.1 in théle from an individual satellite [13]. MODIS BRDF/albedo
red and green. Overall, this indicates thgtriori synergism can retrieval uses thésequential” multiangle concept to obtain
improve the representation of the surface BRDF shape in codirectional information from space, while the MISR instrument
parison with the inversion from the MODIS CPP observatiorand its land products use thsimultaneous” observation
alone. concept [36]. In the growing and senescent seasons, the

For various land cover types, the relative prediction errossirface radiative property changes, which may cause a higher
through different retrievals are summarized in Table V for thaoise in the sequential observations than in the simultaneous
red, green, and near infrared for the May—June case. In the adbervations. The choice of time period is a trade-off between
band, the error of predicting all combined MODIS and MISRhe stability of surface reflectivity and the ability to obtain
observations is reduced to 14.3% watlpriori synergism, com- sufficient angular samples due to cloud cover.
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During a 16-day period, the number and distribution of
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