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Abstract—Knowledge of the directional and hemispherical otranspiration rates. These, in turn, are strongly correlated
reflectance properties of natural surfaces, such as soils and with surface hemispherical reflectance (i.e., albedo) [2]-[4].
vegetation canopies, is essential for classification studies andTherefore accurate hemispherical reflectance estimates are
canopy model inversion. The Multi-angle Imaging SpectroRa- ' . . . . .
diometer (MISR), an instrument to be launched in 1998 onboard expected to be diagnostic of the_ Influerjce of b'ODhyS_'CaI
the EOS-AM1 p|atform' will make g|oba| observations of the Processes on Surface-atmosphere interactions. These estimates
earth’s surface at 1.1-km spatial resolution, with the objective of are also important, even over nonvegetated terrain, because
determining the atmospherically corrected reflectance properties modifications to the surface, through natural or human-induced
of most of the land surface and the tropical ocean. The algorithms causes, will potentially change the hemispherical reflectance

to retrieve surface directional reflectances, albedos, and selected d v i t th limat t It of
biophysical parameters using MISR data are described. Since and, consequently, impact the cimate system as a result o

part of the MISR data analyses includes an aerosol retrieval, it is Perturbing the lower boundary condition [5]-[7].

assumed that the optical properties of the atmosphere (i.e., aerosol  Angular signature information is also expected to be a
characteristics) have been determined well enough to accurately significant component of improved surface cover classifica-
model the radiative transfer process. The core surface retrieval tion and characterization [8]. The time-evolution of terrestrial

algorithms are tested on simulated MISR data, computed using ¢ is difficult t it t th f d satellit
realistic surface reflectance and aerosol models, and the sensitivity ecosystems Is diincult to monitor at the surface, and satellite

of the retrieved directional and hemispherical reflectances to Platforms provide a unique opportunity to carry out exten-
aerosol type and column amount is illustrated. Included is a sive surveys with comprehensive spatial coverage and high

summary list of the MISR surface products. time resolution. Detection of ecophysiological change on the
Index Terms—Algorithms, reflection, remote sensing, vegeta- Iand_surface, reSL_"ting from natural processes (Ca_HOPY_S_U.C'
tion. cession and species replacement) or anthropogenic activities

(e.g., deforestation, acid rain), necessitates accurate, repeatable
measurements of the surface that can be used for landscape
classification. Over oceans, monitoring of ocean color provides
BOUT 30% of the Earth’s surface is covered by land anghe means of monitoring marine biological productivity and
much of this is vegetated. Thus, land surface processgschanges with time.
are important components of the terrestrial climate systemin an effort to meet these observational needs, the Multi-
[1]. The bulk of the solar energy provided to the troposphegggle Imaging SpectroRadiometer (MISR), scheduled for
transits through to the lower boundary (oceans and confhunch in 1998 on the EOS-AM1 platform, is capable of
nents) first and is made available to the atmosphere througdhtinuously imaging the earth’s surface at nine fixed viewing
the fluxes of sensible and latent heat and thermal radiatigfhgles (70.5, 60.0, 45.6, and 26.forward and aftward of
Accurate descriptions of the interaction of surface vegetatig@dir and nadir) and four spectral bands (446, 558, 672, and
and atmospheric processes require quantitative informati@es nm) [9]. Thus, a given scene will be observed at these
on fluxes of energy (radiation) and mass (water vapor aRgwing angles and wavelengths within a span of only 7 min,
CQy), which are strong functions of photosynthetic and evape., near simultaneously, allowing the assumption that the
Manuscript received November 3, 1997; revised February 21, 1998. TIQILOUd'free atmosphere over the scene remains constant during
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I. INTRODUCTION

. SURFACE RETRIEVAL STRATEGY
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an area 17.6< 17.6 km in size, composed of 16 16 1.1-km The ocean surface retrieval process is performed only for
subregions, covering either land or ocean. However, an aeroga tropical ocean, which for our purpose is contained within
retrieval is not performed if the region exhibits too mucla 600-km wide band centered on the equator. Phytoplankton
cloudiness or if the surface terrain is too topographicallgigment concentration is estimated by using the retrieved
complex. Even if an aerosol retrieval was successful, somater-leaving radiances in the MISR blue (446 nm) and green
1.1-km subregions within the region may not be suitable for(&58 nm) bands as input to a modified Coastal Zone Color
surface retrieval, due to cloudiness, cloud shadows, sun glitBranner (CZCS) algorithm. However, these water-leaving ra-
(usually over water), or instrument-related reasons. diances are retrieved in two distinct ways. One is the conven-
The following sequence of land surface retrieval activity isonal approach, essentially employing the Moderate Resolu-
performed on all suitable subregions. First, the hemispherictibn Imaging Spectroradiometer (MODIS)/SeaWiFS algorithm
directional reflectance factor (HDRF) for all available camenfd 1], [12], which has its own collection of aerosol models, and
view angles and the bihemispherical reflectance (BHR) afee other is based on the MISR aerosol and HDRF retrieval
determined in the four MISR spectral bands. The HDRF atagorithms. Pigment concentrations are determined using both
surface location(z, i) is defined as the ratio of the view-sets of water-leaving radiances for later comparison studies.
angle-dependent surface-reflected radiance€zaty) to the
reflected radiance from an ideal (i.e., unit albedo) Lambertian
target for the same incident radiance field as thatzaty). lll. SURFACE RETRIEVAL PRELIMINARIES

Therefore, since the radiance from a Lambertian surface isThe algorithms assume that scattering and absorption of sun-
proportional to the irradiance, the HDRF can be considered|ight within the atmosphere is adequately described by radia-
be the surface-leaving radiance, scaled by a known irradiangge transfer theory [13]. In general, attenuation of the incident
The BHR, an albedo, is defined as the ratio of the exitinghd reflected beams as a result of extinction (scattering and
surface flux (radiant exitance) to the incident surface fluxbsorption) along the ray path is somewhat offset by diffuse
(irradiance) and is proportional to the HDRF, integrated ovesdiation that has been 1) reflected by the atmosphere with-
the view angle hemisphere. It is important to note that thsit reaching the surface, 2) subjected to multiple reflections
HDRF and its BHR are obtained under the illuminatiobetween the atmosphere and surface, and 3) scattered into the
conditions of the ambient atmosphere (i.e., direct and diffufige-of-sight from neighboring areas. The top-of-atmosphere
sunlight) and are retrieved from the MISR observations wifTOA) radiance depends on both the optical characteristics of
a minimum number of assumptions. Since these parametgfs atmosphere and the reflectance properties (spatial, spectral,
are directly related to radiances and fluxes at the surface, thgyd angular) of the surface. The solution to the radiative
provide information to radiation balance studies of the atmogansfer equation is an integral expression that must be solved
phere/surface system. Using the HDRF as a starting poifdy the surface reflectance. At the bottom of the atmosphere,
the associated bidirectional reflectance factor (BRF) and th surface is illuminated by radiation that has been both
directional-hemispherical reflectance (DHR) are determinedirectly and diffusely transmitted through the atmosphere as
The BRF and the DHR are equivalent surface properties to thell as by backscattered light from the surface. The diffuse
HDRF and BHR, respectively, but are defined for unattenuateatliation field, called skylight, illuminates the surface from
direct sunlight illumination only (i.e., in the absence of aall angles in the downward hemisphere. In contrast, directly
atmosphere). It is straightforward to obtain the BRF from theansmitted sunlight is more or less unidirectional (except for
HDRF by removing the effects of the diffuse sunlight and thghe finite angular size of the sun, which can be ignored for
attenuated direct sunlight, but diffuse sunlight effects can peactical purposes).
removed only if a BRF model is assumed. As a consequenceAn implicit assumption of the surface retrieval algorithms
the BRF and DHR are somewhat more model dependent thanthat each of the 36 (9 view angles 4 spectral bands)
the HDRF and the BHR. By using a parameterized BRRKISR radiances is associated with the same ground footprint,
model, however, and determining the model parameters, therticularly with regard to size. At the highest resolution, the
possibility exists of extrapolating the retrieved BRF and DHigeometric cross-track footprint dimension of each camera is
to other view and sun angles not obtainable by MISR. virtually the same, about 275 m, as a consequence of the
From the spectral BHR and DHR, a photosyntheticallgarticular camera effective focal length. However, surface
active radiation (PAR)-integrated BHR and DHR are obtainegrojection effects increase the geometric along-track footprint
The PAR band covers the 400-700-nm wavelength range. Tdimension with increasing view angle. Thus, the along-track
PAR-integrated BHR and DHR are a measure of the amountin§tantaneous footprint size of the D (79.5cameras at
PAR absorbed by the surface (vegetative and nonvegetatittey highest resolution is three times that of the off-nadir
under ambient and direct illumination conditions, respectivelA (26.1°) cameras, 707 m versus 236 m, but the along-
The fractional amount of incident PAR absorbed by vegetatiorack sample spacing is still 275 m. When the high-resolution
canopies (FPAR) only (and not the understory or soil) and tsamples are averaged # 4 to create a subregion with
canopy leaf area index (LAI) are then estimated using tke cross-track dimension of 1.1 km, the surface projection
retrieved spectral surface products (BHR, DHR, BRF, HDRIEffect is substantially mitigated for the subregion along-track
as input to detailed radiative transfer models of various pladimension, due to the 275-m sample spacing. Thus, subregions
canopy biome types. The details of the LAI/FPAR algorithrfrom the D, C (60.0) and B (45.8) cameras are only 17,
can be found in [10]. 11, and 6% geometrically larger, respectively, than subregions
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from the A cameras. These variations in footprint size are ndere, 1+ and o are the cosines of the view and sun angles,
considered significant, and so the common subregions fratefined with respect to the normal to the surface ellipsoid
all nine cameras are treated in the retrieval process as havingt the local topographically defined surface orientation) and
identical ground footprints. ¢ — o is the view azimuthal angle, with respect to the sun
Because the surface topography is variable within the foqtesition, also in the ellipsoid reference system. The convention
prints of the MISR observations, the effects of terrain slopex and 4 is used for upwelling and downwelling radiation,
must be considered in the surface retrieval. The primary effecespectively. The properties of the atmosphere are assumed to
of a sloped or tilted terrain on the observed radiance inclube horizontally homogeneous within the volume defined by
the dependence of irradiance (both direct and diffuse), upwah® measurements. In (13" is the radiance scattered by
transmittance, and possibly surface BRF on the tilt anglbe atmosphere to space without interacting with the surface
(slope). Some of these effects have been studied insofar(ias., the path rad|anceLS“’f is the surface-leaving radiance,
how they impact the classification accuracy of forest canopi#y, .., is the upward dlffuse transmittance, ang is the
(e.g., [14] and [15]). A more general analysis was done lpptical depth of the atmosphere (Rayleighaerosols). In (2),
Woodham and Lee [16], who devised a six-parameter modef{" is the direct and diffuse downward radiance incident on
of surface reflectance to account for slope effects. Using thie surface an&) . , is the surface BRF. The BRFistimes
model, Gray [17] reported that the classification accuratie bidirectional reflectance distribution function (BRDF).
for a forested area increased from 51% [uncorrected Landsatn the general 3-D solution to the radiative transfer problem
Multi-Spectral Scanner (MSS) data] to 80% with correctiowith a horizontally uniform atmosphere over a spatially flat but
for the solar incidence angle providing the largest effeatontrasting surface, the transmittarite . , can be thought
If, however, the slope is kept under 20the atmospheric of as a point-spread function and the convolution operation
parameters associated with diffuse scattering seem to depéadcribes the blurring effect of the atmosphere on the surface
only slightly on the slope angle [15]. Therefore, surfaceeflectancelt, . , [19]. When the image spatial resolution
parameters will be retrieved only for subregions with slopés comparable to or greater than the atmospheric scattering
within the 2@ limit by using a topographic mask to filter outscale height (defined by the vertical distribution of the aerosols
more rugged terrain. In this case, the MISR surface retrievalsd/or Rayleigh scattering molecules), adjacency effects are
do not need to explicitly incorporate tilt or slope effectsmitigated and (1) reduces to the standard one-dimensional
Instead, in every 1.1-km land subregion where a retrievél-D) radiative transfer regime, whetg, . , is effectively
is performed, the surface-leaving radiance is considered aodelta function in the spatial coordinates. In this case, (1)
transition an imaginary horizontal surface (a surface paralgmplifies to
to the standard earth ellipsoid) and the MISR surface retrieval
results are referenced to this surface. Certain mountainous Lf,(ify(—u, 1o, ¢ — ¢o; )

regions obviously will be excluded from standard product = LS (—u, pio, ¢ — ¢o; ™)

generation activities, but it is expected that they will be —ra/p | peurf .

. . INT . +e L ) ) - y T

investigated on a specialized basis. o ok J( s Ho, ¢ = do; )
Although the adjacency effect is also mentioned in the above Tl —i & —
. . + )\( My — M, (/) (/) s 7_)\)

cited references, there are few operational methods to correct

for reflections from adjacent, spatially heterogeneous terrain, . Lilj;fy(_ 1 o, ¢ — do; ) dpd d. (3)

especially at off-nadir view angles (see [18]). For spacecraft
measurements, these adjacency effects can be described byGwer oceans, the 1-D radiative transfer description of the
convolution of the three-dimensional (3-D) upward transmitFOA radiance, described by (3), is appropriate, due mainly to
tance and the surface-leaving radiance. The radidf¢g,,, a lack of contrast on the ocean surface. Over land, however,
leaving the top of the atmosphere at wavelengthwhen there can be significant surface contrast and aerosol scale
viewing the surface at spatial coordinatesy, can be written heights are about 1-2 km, comparable to the surface spatial
as resolution, leading to adjacency effects. Nevertheless, by virtue
Lf,?fy(—u, Lo, & — do; TX) of the 1.1-km subregion size, we assume that (3) is ;uffigiently
accurate, such that surface retrievals are not significantly

= Latrn( sy Ho, d) (7)0; 7_)\) i i i i
compromised by not using (1). This assumption has been tested
e B L (— s po, & — o TA) using a 3-D radiative transfer algorithm [20], [21] on a scene
27 with a high-contrast boundary (a coastline) [22]. The results of
/ / Ix 2,y —p = ¢ T these tests indicate that at the spatial resolution corresponding

s to unaveraged MISR data (275 m) and especially at high

® Ly w{y(_“/’ po, ¢ = o3 ) dyi’ dp’ (1) spatial resolution (30 m or finer) obtained with sensors, such

with as the Landsat Thematic Mapper, SPOT, or ASTER, the use
of (3) can lead to retrieved surface reflectances with errors
o larger than those resulting from expected uncertainties in
_/ / R ay(—=pts 1, ¢ — &) the aerosol retrieval. At the 1.1-km subregion size, however,
the errors resulting from the use of 1-D radiative transfer

”jch(u po, @ — o; ) dp’ dep. (2) theory are similar in magnitude to errors incurred with the

surf

L3 (=h 110, @ — o3 7a)
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aerosol retrieval. Therefore, until we are confident that aerodd) .. , is defined as

retrieval errors can be minimized, we do not consider the

additional complexities of including 3-D radiative transfer L opam

theory to be warranted. A @,y (1o TA) = / / 3\7;,31(“/7 tto, ¢ — ¢o; T)
Finally, a principal assumption in the surface retrieval 0,70

process is that the state of the atmosphere is known well

enough that the various atmosphere-dependent functionsa. he incident fl iselv. th di f
e.g.,Tx and L§'™ in (3), can be determined. For MISR, this?hd 1S the incident flux (or, more precisely, the radiant flux

process involves an aerosol retrieval [23] that allowsadeterrﬂf?ns'ty) Z‘itc th? S“rf?‘ce- The total ra@ance incident on the
nation of the atmospheric optical depth (aerosoRayleigh) surfa_lceL/\’x’y in (5) includes the contribution from all of the
and its scattering properties (phase function and sin ultiple reflections between the atmosphere and surface and,
scattering albedo) in the four MISR spectral bands. Th erefore,Emty IS d_epend_ent on t_he_surface BRE“”y
information is then used as input to lookup tables of radiatiy Another basic radiometric quantity is the radiant exitance at
transfer parameters contained in the Simulated MISR Ancilla@e surfaceM, z, v, expressed as
Radiative Transfer (SMART) data set [24]. The use of 1 2w
(o3 Ta) = / / L
0 0

o dyd de (5)

surf

the SMART data set is an efficient alternative to real- Mx,z,y Ny (—Hs Ho, & — Po; TA)
time computations of parameters, such as atmospheric path pdpd ©6)
radiance, diffuse transmittance, and irradiance. This data set pap

is used in the aerosol retrieval process, and it provides thad is the exiting radiant flux density at the surface.
necessary atmospheric quantities in (3), needed by the surfacgow, whenr, . , in (4) is integrated over the hemisphere,

retrieval algorithms. the resultA}™ is the BHR for nonisotropic incident radi-
ation, i.e.,
1 1 27
IV. RETRIEVAL OF HDRF AND BHR AR (o3 Ta) = —/ / T, z,y (=1 110, @ — H0; TA)
.z, - .,
The retrieved HDRF is essentially a measure of surface- 'ugu d?/)

leaving radiance at the nine MISR view angles and four
spectral bands for the particular sun angle geometry of the = .
observations. Integration of the HDRF over the sky hemisphere Ex e, u(p0; )
results in the BHR or surface albedo for ambient sky illuminarhys, the BHR is the ratio of the radiant exitance to the
tion. These kinds of data currently are being obtained for vejiyadiance, i.e., the albedo.

localized areas as part of sporadically timed field experimentsThe surface-dependent iradiané, .. , is related to the
by using hand-held radiometers with footprint sizes of lessiack surface irradianc&) ; via the highly accurate approx-

than a meter (see [25]). In contrast, MISR will provide th@nmation (exact for a Lambertian reflecting surface)
HDRF and BHR systematically with a footprint size of 1.1 km

_ My ey (103 ™) @)

over most of the global land surface. The retrieval algorithm En, s, y(1o; 1) = }Ex,b(uo; 7)) 8)
described below simultaneously retrieves the spectral HDRF T 1—A%er (ros 7a) - sa(7a)
and BHR.

The description of the HDRF/BHR retrieval algorithm be\—NhereSA s the bottom-of-atmosphere (BOA) bihemispherical

gins with  mathematical definion of DRF for non- ¢ S0 JUS ST Lo B the
isotropic incident radiation the full descriptor of the HDRF. P

It can be written as atmosphere. Complmng (7) and (8), the expressmnélfpj;';y
can then be rewritten as

MA,m,y(NO% 7))

TNz, y\—H> HO, d) - ¢07 TA Ahern . _ .
y( ) (Noy T)\) E)\7b(uo; 7‘)\) —+ 3)\(7}\) . M)\7x7y(u0; 7-)\()9)

AT,y
B Lifbl;fy(—u, to, ¢ — ¢oi Tx) 4
o1t Qﬁme ) ) . ' dut d @ Also, using (5) and (8)rx,.,, can be rewritten as in (10),
;/0 /0 25 po, & = dos Ta )’ dyi! dep shown at the bottom of the page. Thus, wﬁé\ﬁ;fy is known,
T,y and Aﬁfeg’y can be computed from (6), (9), and (10).
and is equal to the ratio of the radiance reflected from tfighe other parameters in these equations, the black surface
surfaceLi’f';f, to the radiance reflected from an ideal LambeifradianceE ,, the BOA bihemispherical albedsg,, and the
tian target, each with the same beam geometry and illuminatthospheric optical depth,, depend only on atmospheric

under identical atmospheric conditions. The surface irradiangeperties and are determined in the aerosol retrieval process.

- Lf\u;fl (=4t pos @ — P03 Ta) - |1 — ARE™ (1gs 7a) - sa(Th)
Ty Y L, Y

Ex, v(05 )

7, y(— 1 po, ¢ — ¢o; TA) = (10)
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The integral equation (3) can be solved fﬂf“’f by

starting with an initial estimate and converging to the solution
is made by using

(3), but WIthLSWf in the diffuse transmittance term brought

surf(0)

via iteration. An initial estimateL," "

outside the mtegral Then, we can write

Lilf;f;())(_uv 1o, (/) - (/)07 7_)\)

L§H§I2( My, 1o, (/) - (/)0) - Ll)l\tm(—l% Ho, (/) - (/)07 7_)\)
e B ta (=5 TA)

(11)

where

tx(=p; TA) = /01 /027T Tr(—p

—ps = &5 Ta)dp’ di’

(12)
and L)' is identified with the TOA radiancé} . The
iteration algorithm forLS‘“f is also derived from (3)

Li\tb;fg(;n-i—l)(_uv 1o, d) - ¢0; 7')\)
= [L%Ef(—ﬂa o, d) - d)O)
—_ Ll)z\tm(_u’ Lo, ¢ — o T)\)] LT
1 27
- {/ / Da(=p, —p's ¢ = &5 )
0 0
Lsurf(n)(_ / (/)/ — do; A de’
A, @,y oy 1o, 05 T)\) 72 ¢
LT (13)
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where

surf(n)

Az, Yy (_I’L? I’LO? ¢ - ¢07 T)\)

= L3I (= s o3 ) + LT (= 1105 72)
- cos(¢ — ¢o) (15)
Ia(=p, —po, ¢ — ¢o; Ta)
=T, o{—p, —o; ™) + T, 1(—p, —po; ™)
~cos(¢ — ¢o). (16)

Lf\“;ff/") ande\“lfi"l) are described by (17) and (18), shown
at the bottom of the page, whepe and¢, are the forward and
aftward view azimuth angles of each symmetrically viewing
camera pair. ThusLi“éf i,") and Lil“lf i,") can be calculated
for the five unique MISR view zenlth angles (70.5, 60.0,
45.6, 26.1, and®). To perform the integrations in (14), these
quantities are then interpolated to the Radau quadrature points,
at which 7 o and 7, ; are evaluated. These transmittance
coefficients are another product of the aerosol retrieval process,
and precomputed values are contained in the SMART data set.
At every iteration step, the BHRhem(") is evaluated using
(9) with M} ., from (6), rewntten as

1
M. (05 72) = 2m / L3000 (1 uos )y (19)

0
The iteration process is terminated when the condition

hem(n)
| Az, Yy

Ahern(n— 1)

(u()? 7_)\) TN,y (I’L07 7_)\)|

Ahern(n)

A, x,y

<e (20)

(103 72)

Note that (13) implies thak}"s/ is directly determined only is satisfied. The configurable parameteis set to 0.01.

at the nine sun-view angles of the MISR observations, butThe procedure described by (14) is very fast and very
evaluation of the last term requires thaf""/ be known stable, usually requiring three iterations or less to achieve
over a complete hemisphere. However, we can obtain a gagshvergence. Once the iteration is finished, (10) is used to
approximation of this integral if botfr’, and LS“”C;") are evaluate the HDRFy .

described by a two-term cosine series in azimuth angle. Then,

(13) can be rewritten as

surf(n+1
)\“/‘:J;( )(_N7N07¢_¢0;TA)

[Lﬁia{csf( Hy Ko, d) - d)O) - Ll;\tnl(_uv Ho, d) - (7)0; T)\)]
1

R VI, P en/u/ Ty o(—
0

LY (i pos 7)) ! — 7 cos(¢ — o)

—'5 )

V. RETRIEVAL OF BRF AND DHR

The algorithm for retrieving the HDRF and BHR from
MISR TOA radiances is virtually independent of any particular
kind of surface BRF model and is highly accurate when correct
atmospheric information is used. Going a step further, it is
then possible to retrieve the BRF and DHR from the HDRF
by using a parameterized BRF model. The BRF is actually a
limiting form of the HDRF, defined for the special condition

1 L .
o/ T e — i ~OL T (e du’ of no atmosphere. The same limiting form also applies to the
¢ /0 xa H T L,y (1 03 Ta) relationship between the BHR and the DHR. This implies that
(14) there is no diffuse radiation incident on the surface and only
wr 1
L) . _
A, O,m,y( Hy o3 TA) [COS(¢f — ¢0) — COS(¢a — ¢0)]
: [Litbgfcén)(—uv 1o, Pa — P03 TA) cos(ds — o) — Li?;fcé")(—u, to, Py — do; TA) cos(pa — ¢0)}
17)
e n) . _ ) .
surf(n A,z ( H, o, (/)f (/)07 7_)\) A, T, ( sy Ho, d)a ¢07 7_)\)
LY (=, pos i) = =22 L (18)
Abeuh TP cos(¢ — ¢o) — cos(¢g — o)
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the direct radiance from the sun. It is the removal of the effecpproximates the diffuse downwelling radiance in the absence
of the diffuse radiance from the HDRF that requires the use of any surface reflectance (i.e., a black surface), and the last
a BRF model in the BRF/DHR algorithm and ultimately maketerm approximates the downwelling radiance due to multiple
the retrieved BRF and DHR somewhat model dependent. Tiedlections between the atmosphere and the surface.
BRF/DHR algorithm also determines the BRF surface model There is a reciprocity relationship between the upward and
parameters, which allows the model to predict the surfadewnward diffuse transmittances (see [13]), namely
angular reflectance properties fully and, thus, to extend the / /. R e
angular range of the BRF and DHR to also include all solaf” TN =i d)_d)" ™) = HEENGE s ¢ = ). (28)
and view angle geometries not covered by the observatiofgibstituting (22) forL3'; , in (21) and using (16) and (23)
With further research, it may also be possible to obtain a,. (—p, 110, ¢ — do; ™)
correlation between the model parameters and surface physical”*** * "%’ ’
) . Eo, A

parameters (e.g., LAl and leaf orientation parameters) and = NO—’.
surface classification types. Bz (103 72)
' A number of BRF ;urface models hgve been proposed {G_TA/MORA7x7y(—u, 110s & — o)
in the literature, ranging from those with only two-three
parameters (see [27]) to those with ten and more parameters L
(see [28] and [29]). Devising new and better BRF surface + 27?/ R0, 2, y(— s 1Y o(—pr0, =5 72) dpt/
models is an ongoing effort by many researchers, and there 0 1
is no consensus at the present time as to an optimum BRF  + 7 cos(¢ — %)/ Bt o y(—p i)
model for use with multiangle data. Different researchers may 0
want to use different models, depending on the focus of
their investigations. If simple models, containing two or three
parameters, are used in the inversion process, the retrieved 1
HDRF at the nine MISR angles, associated with individual — * 5A(7) '2/ R 0,2, y(—p, p/ )1 dp (24)
orbital swaths, will usually be a sufficient data set upon which 7o _ .
to perform BRF retrievals. However, if the more complicateWhereRA:’”:y w!thm th? mt_egrals/ has also been expanded in
BRF surface models are used, containing more than th2dWO-term cosine series i — ¢
parameters, the collection of MISR HDRF'’s, associated with Ry o y(—p, /s p— @)
overlapping swaths from multiple orbits and multiple days,
will be required. For the MISR at-launch standard product, ,
we have opted for the former strategy and are using a three- ~cos(p — ). (25)
parameter, semiempirical, BRF model. After some rearranging, (24) can be used in an iterative

The retrieval algorithm starts with the relationship betweestheme to determin&, .. ,. We have
the HDRFry ., and the BRRR), .. ,, as in (21), shown at the (n+1)
bottom of the page, where (2), (4), and (5) were used. Here, N,y (" Hoy ¢ = o)

T 1 (—io0s — 1 ™) du’} AL (s 1)

=R 0,2, y(—tts 1f') + By 1,0,y (=1, 1)

A2,y and A’f;"y have been retrieved previously and the _ Ex o, (105 ) o (— b — do; )
irradiancek . ,, is computed using (8). The incident radiance fioEqg ae=m /i MY > Ho, 03 TA
L&’j;’y at the surface is approximated by the form 90 1 - /
inc o e/ o / R)\, O,rnodel(_/“L? N)
)/\,/a‘r;,y(uv Ho, d) - (7)0; T)\) , , - COS(¢ _ ¢0)
= E()’)\G_TA/MO . (5(/1 — /Jo) . (5((7) — (f)o) + E07)\ : T/\,O(—Nm —H T)\) dp’ — PR
T olps pr03 7)) + Ta1(pt, io; 72) cos(d — do Lo
[Ahen(l ) ( ) ( )] : Rgx,)l,rnodel(_u’ NI)T)\y 1(‘#0, —li/% T)\) dli/
Nr i ™) ) e (22) )
7r A, ulHO3 T B ARt (05 T2 - $A(TA) - Ex 2,y (1105 TA)

E, —7a/ o
where § is the Dirac delta function andz, » is the TOA HoE0, A¢

o : e T 1
solar _|rrad|ance. The downwgrd d|ﬁgse_transmlttaﬁé>e is .9 / R(A%’ I W pdpd (26)
described by a two-term cosine seriesdin- ¢g, where the 0
coefficients T, o and T 1 are defined as in (16) for the, e R and R are replaced byvi™
upward diffuse transmittance. The first term on the right-hand- = " %0 # ALy T P VRS0, moder
side of (22) describes the direct radiance, the second te A 1,moder» TESPECtively, which are produced from a

1 2w
/ R w,y(=pis 1t ¢ = @)L (1 o, & — ¢o; 7o)/ dpt/ dgp!
0 0

Ex «,y(1o; ™)

2,z y(— 1 Po, ¢ — Po; TA) = (21)
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parameterized BRF model. This step is necessary becaws$ere the summation is over the cameras used and
Ry 0,2,y and Ry 1 » , in the integrals of (24) are dependent
ony/, the direction of incidence of the radiance at the surface, In R(A’fznodel(—ui, po, ¢i — ¢o)
and this dependence is displayed in the MISR data only n n
for the single direction, the cosine of the sun angle of =l 7( A+ (5 = 1) - fpigio s+ o)
the observations. The parameterized BRF mdﬂ&ﬂmodel is + b&") () +In A (— i, o, di — do). (34)
specified by fitting it toR(") sy &t the MISR view angles
and determining the best fit parameters. Once the parame{dig model is given explicit dependence on the iteration count
are determined, this procedure then allowg‘o g and through the s(ggoerscnph) because the paramete(;s) are updated
R to be computed from the expressjiojns every timeR) is iterated. Aside from thén 2y term in

A, 1, model (34), we note thallnRA modet 1S linear in the three model
parameterdnrg x, kx, and bx. The lnh&") term is easily
handled by simply using the value of, » from the previous

1 27 N - -
- _/ Rg\, )rnodel(_uv W, p—¢)dy  (27) 'teration
0

Rg\%, rnodel(_l“b7 /“L/)

27
Rg\")l rnodel(_ua lil) COS(d) - d)O) h(n)(—u 1o (f) — ¢0) =1+ _ 7(()?;1) (35)
1 2 (n) A ’ ’ 1+ G(_Nv o, ¢ - (/)0)
= ;/ R)\, rnodel(_l“b7 I“L/7 d) - (/)/)
0

where Y is set equal to zero. Once the parameters are
~cos(¢ — po) dp'. (28) 0 e P _
found, R} .4 @Nd R\ .4, CaN be computed using

The BRF model used is that of Rahmairal.[30], modified (27) and (28).
to allow a nearly linearizable least-squares fitting analysis. ThisAs a good initial estimate to start the iteration, we set the

modified model is described by BRF equal to the HDRF, i.e.,
Box,moder(=pts pio, ¢ = (/)OZ ) RE\?).r,y(—Nv po, $—0) = 7x,z,y(— 11, o, P—do; Tx). (36)
=70,a [po(p + 1)l - exp[ba - p(2)] - . .
(=, pto, ¢ — o) (29) The iteration process expressed by (26) is then cycled until

convergence is achieved. Convergence is measured by the

with three free parameters », kx, andby. The functionk, metric D, defined as
is a factor to account for the hot spot

1 (n+1)
1—7ro, D= —'{Z[R,\ (= 1is 1o, i — o
ha(=1ts oy ¢ — o) = 1+ : 30 AL (o 7 [ Th ey
A(=11, po, ¢ — ¢o) e —— (30) (Ho; T2) |45
9y 1/2
with n
- R&,l,y(—ui, 1o, ¢i — o)
1—p?  1—pd 1 — p?
G —H, Ho, d) - d) = + + 2
(s o ) ;2 1 . (37)
1/2
V91— pd 31 where the summation is over the cameras used. When
R reos(@—go)| - BN pp,. ... a threshold value, the iteration process is

terminated. Like the HDRF/BHR iteration process, this process
The functionp in (29) is assumed to depend only on thés also very stable and efficient in achieving convergence.
scattering angle?, the angle between the directions of the Finally, the DHR A‘j”r ., Is determined by directly inte-
incident and reflected radiances and is defined to be grating the BRF from the final |terat|0tR( )  over the

hemisphere, assuming the azimuth angle model of (25)

p() =
cos Q = —pupro + (1 — p*)? - (1 = 4ig)"/* - cos(¢p — o). - 1t
(32) A‘){f;,y(uo) = _/ / R)\,l‘,y(_ﬂv Ho, (/) - (/)O)Ndu d(/)
T™Jo Jo
1
The fitting of R moder tO R&"ly is accomplished by first :2/ R(A{\g’m,y(—u, o) f4 dje. (38)
0

taking the logarithm of each function, differencing them, and

then computing the sum of the squares of the residuals _ Ny )
SinceR) ; , is determined only at the MISR camera angles,

S = Z [ln R&"l y — iy o, Pi — do) R(ANO) » y €an be expressed as in (39), shown at the bottom of
the next page, wherg; and ¢, are the forward and aftward
view azimuth angles for each symmetrically viewing camera

2
—1In Rg\rj)model(_ui’ Ho, ¢7 - ¢0):| (33) pair'
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VI. PAR-INTEGRATED BHR AND DHR VII. SURFACE RADIATION PARAMETERS

For radiation balance and climate studies, the shortwaveThe spectral HDRF and BHR and the spectral BRF and
(the effective wavelength range of the solar spectrum) BHRIBHR, retrieved by means of the algorithms described in
needed, split into the PAR regime (400-700 nm) and the ndBections IV and V, are archived as part of the MISR standard
PAR regime 700 nm). Since MISR has only four narrowsurface product. Additional parameters, not explicitly archived,
bands in the shortwave region of the spectrum, additiorfalit which can be easily calculated from the standard aerosol
information concerning the spectral shape of the surface BHRRd surface parameters, include the following:
is needed to transform the four MISR spectral BHR's to a 1) surface spectral irradiandgy, ..., (incident radiant flux
full shortwave BHR. This type of information can be obtained density or f|ux) for the ambient atmosphere' given by
from other Earth Observing System (EOS) instruments, e.g., (8), and for no atmosphere, given by (44);

MODIS, and we leave the algorithm to retrieve it to the 2) surface spectral radiant exitant#, .. , (exiting radiant
postlaunch era. However, since three of the four MISR bands  flux density or flux) for the ambient atmosphere, given
are in the PAR spectral region, we include a PAR-integrated  py (43), and for no atmosphere, given by (45);

BHR and DHR as part of our at-launch surface product. They3) surface-leaving spectral radiantg"’’, for the ambient

are a measure of the amount of incident PAR absorbed by  atmosphere

the complete canopy-soil system and can be compared to

FPAR, another MISR surface product parameter [10]. Unlike L3 ,;,J( 1 1o, ¢ — o3 )

the surface products described so far, which are calculated for 1

a subregion size of 1.1 km, these PAR-integrated albedos are ~ " e,y (=1 1oy @ = doi A B 2,y (105 Tx) (46)
calculated for the 17.6-km region.

The PAR-integrated BHRI™, can be written as where (4) and (5) were used and for no atmosphere

700 Lilf;fy(—l% Ho, (/) - (/)07 7_)\)
(Mx(pr0; 72)) dA 1
A Tnpos ) = A%%o (40) = el o $ = dojuoBion (47)
AOO (Ex(po; 72)) dA where (2) and (22) were used.
where VIIl. SURFACE CHARACTERIZATION PARAMETERS
1 . .
(Mx(pro; 72)) :N . My 2,y (103 TA) (42) The surface products discussed so far are very basic

x,y and are retrieved using straightforward techniques, rooted
ZE ) (42) in well developed 1-D radiative transfer theory of the
wa A u(0 T atmosphere/surface boundary problem. The advanced MISR
Y surface products, which include a biome-based surface
with the summation taken over thé,,, subregions within the description or classification, LAI, and FPAR, require a
17.6-km region. The surface irradianés, , , is calculated more sophisticated approach to their retrieval. The algorithm
from (8) and the radiant exitanck, . , is calculated from used to determine these three products uses as input the
(7), written as retrieved spectral BHR and BRF/DHR products, described
hem in Sections IV and V. Fundamental to the operation of the
My, 5 (1o; T2) = AXT5y (103 72) - B,y (105 72)- - (43) algorithm is the use of precomputed radiation parameters,

An identical calculation is done to obtain the PAR-integrateffllich are derived from 3-D modeling of complex vegetation

(Ex(p0; T2)) =

DHR A% . but with panopies and their underlying surface (seg [31]) and _stqred
in a lookup table labeled the Canopy Architecture Radiative

Ey » y(po) = poFo A (44) Transfer (CART) file [26]. These precomputed parameters

My o y(110) = A(;\“ac 4 (10) - 10 Eo_ A (45) allow a fast and accurate computation of BHR and BRF/DHR

values at the top of the canopy for a wide variety of canopy/soil
The spectral integration in (40) and its counterpart4¢f, , is models, in which biome type, LAI, and soil reflectance can
then carried out using a piecewise, linear curve to approximatary.
the spectrum between the three MISR wavelengths contained’he algorithm provides a comparison of the retrieved and
within the integral. This enables the integrals to be replacatbdeled reflectances and reflectance factors, using a two-
by weighted sums of the spectral parameters, with the weigstep procedure. First, the retrieved BHR and DHR in the
being preestablished. Details of this procedure can be fouiodir MISR spectral bands are compared to the correspond-
in [26]. ing modeled values, which are a function of biome type,

R&?},y(—ﬂv fto, Pa — Po) cos(dy — do) — &Aﬁ o (=1 B0, @5 — do) cos(¢da — ¢o)

cos(¢; — ¢o) — cos(¢q — ¢o)

Rgx]?r()),x,y(_ua NO) = (39)
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LAI, and sail reflectance. Only for those models that pass
this comparison test is a second comparison test performed

TABLE |

SURFACE MODELS

between the retrieved spectral BRF values and the modeleq o Surface Type BRF (672 nm)
values. The canopy/soil models that pass this second test

are considered to be successful representations of the actual Soil 0.186
canopy/soil condition. A weighted average LAl and its spread 2 Grassland 0318
are calculated for each biome type of the successful models. Steppe Grass 0211
The biome type with the minimum spread in LAl is then used ord Wheat 0228
to calculate FPAR. The algorithm considers six distinct biome_ i
types for the models—grasses and cereal crops, semiarid® Irrigated Wheat 0.063
shrublands, broadleaf crops, savanna, broadleaf forest, ands Hardwood Forest 0.035
needle leaf forest. Two additional and nonvegetative surface 5 Pine Forest 0.038
classifications include the categories water and barren. Land Lawrn Gross 0.058
subregions are classified as barren when the NDVI is less

than a threshold value and, consequently, LAl and FPAR are 0 Com 0-082
both set to zero. Additional information and details about this 10 Soybean 0.034
algorithm can be found in [10] and [26]. 11 Orchard Grass 0.077

By introducing more realism into the modeling of the
canopy architecture and subsequent radiative transfer process,
this algorithm represents a significant advancement in tbe21;m and with a phase function described by an asymmetry
effort to retrieve canopy biophysical parameters. One currgsdrameter of 0.68 and a single-scattering albedo of 1.0 at a
method to determine FPAR, for example, is based onwavelength of 672 nm. The aerosol was distributed in the
biome-dependent, simple linear relationship between FPAfmosphere with a particle density scale height of 2 km.
and the vegetation index [32], [33], which ignores much of the number of aerosol turbidity conditions were investigated,
variation in canopy architecture and soil reflectance inherentrianging from a light aerosol load (optical depth of 0.1 at
real canopies. We view the physically based MISR LAI/FPAB72 nm) to a relatively heavy load (optical depth of 0.4).
algorithm as a first step toward future algorithms that wiffhe simulated data were calculated for three solar zenith
be designed to retrieve a larger list of canopy biophysicahgles ¢, = 25, 45, and65°) and three MISR azimuth angle
products. differences ¢ = 30, 60, and 90°), as measured from the

principal plane. The radiative transfer calculations were done
using a multiple scattering, matrix-operator technique [37],
IX. SURFACE RETRIEVAL SIMULATIONS which included all of the interactions between the surface and

The accuracy of the HDRF/BHR and BRF/DHR retrievaihe atmosphere.
algorithms was studied by applying them to simulated MISR Three different scenarios were studied to test the sensitivity
radiance data. These radiances were computed using a nafthe HDRF retrieval to atmospheric conditions. The first
ber of different, directionally reflecting, surface types, ovewas the use of the correct aerosol type and column amount in
lain by an atmosphere containing aerosols. The bidirectioribe retrieval process to gauge how well the algorithm works
reflectance factors describing the model surface reflectivnder optimum conditions. Next, the correct aerosol type was
properties were derived from measurements of 11 distingsed, but the column amount was decreased a bit from the
types of natural surfaces in the two AVHRR wavelengttiue value. Finally, the correct aerosol column amount was
bands 1 (0.58-0.6%Zm) and 2 (0.73-1.1:m) [34]-[36]. used, but the aerosol type was modified by increasing the RH
These measurements are especially useful in modeling wéi®m 70 to 99%, thus increasing the particle effective radius
because of the fairly complete angular coverage in both tife 0.64 um. To gauge the performance of the HDRF/BHR
view and sun directions. It should be noted that the reporteetrieval algorithm, we define a metrig, . ,, the average
measurements are actually HDRF’s, i.e., no correction wi®RF deviation, as
made for atmospheric effects, but in our study, we treated t Z Ir b — bo; )
measurements as BRF’s when modeling the TOA radlanceé\’“”’y Ay (Has o, §i = doi T
This approximation is not significant since we are primarily
interested in the variety of angular shapes and reflectance
values that the measurements offer. We also assumed that the
AVHRR bands 1 and 2 were equivalent to the MISR red arwherer, , , and r{ e, are the retrieved and true HDRF,
near-infrared bands at 672 and 866 nm, respectively, for eaelspectlvely, and the summation is over the nine MISR cam-
of the derived BRF models. The 11 surface types are listedéra angles. Fig. 1 shows the HDRF retrieval results of the
Table | along with their BHR at 672 nm. 11 surface cases at 672 nm fég = 45° and all threeA¢,

The atmospheric model used for the simulated MISR rasing the correct aerosol type (sulfate/nitrate at RH 70%)
diance calculations contains both Rayleigh and aerosol scatid column amount (optical depth of 0.4). It is apparent
tering. The selected aerosol was a sulfate/nitrate type fadm this figure that the retrieval accuracy is approximately
70% relative humidity (RH) with an effective particle radius oproportional to the reflectance level of the surface. This is

— 8 (= 1y pro, i — do; TA)| (48)
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Fig. 1. Accuracy of HDRF's retrieved from simulated MISR data for 11 surface cases and three viewing geometries (azimuth angle from the principal
plane isA¢ = 30, 60, and 90°, all at solar zenith angl#dy = 45°). The correct aerosol properties were used in the retrieval process (type is
sulfate/nitrate at RH 70% with an optical depth of 0.4).
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Fig. 2. Accuracy of BHR's retrieved from simulated MISR data for 11 surface cases and three viewing geometries (azimuth angle from the principal
plane isA¢ = 30, 60, and 90°, all at solar zenith angl#y = 45°). The correct aerosol properties were used in the retrieval process (type is
sulfate/nitrate at RH 70% with an optical depth of 0.4).

clearly demonstrated by the relatively large average deviationsFig. 2. Here, the metric used to describe the BHR retrieval
of the first four cases compared to the others and the simicuracy is the BHR errof), . ,, defined as

pattern exhibited by the BHR listed in Table I. Also apparent

is the fact that the retrieval accuracy does not depend stronglyE ()
on A¢, the azimuth angle difference between the plane of % ¥‘'*
the measurements and the principal plane, although there

is a tendency toward less accurate retrievals wheh is  whereA}” andA’;f;'j'iy"”ﬁ are the retrieved and true values,
near 90°. In general, the average deviation is about 2% oéspectively. Comparison of Figs. 1 and 2 shows that the BHR
the BHR value, indicating the high intrinsic accuracy of therror is typically somewhat larger than the average HDRF
HDRF/BHR retrieval algorithm under optimum conditionsdeviation, indicative of the fact that the BHR integration over
Similar results were found for the retrievals at the other twihe upward-directed hemisphere includes large amounts of
solar zenith angleg, = 25° and 65°. The BHR retrieval solid angle where no measurements are obtained. However,
results corresponding to the HDRF results of Fig. 1 are showhre overall uncertainty in the retrieved BHR is generally less

em hem, true
= A;\, x,y(uo; T)\) - A)\,a;,g; (u07 T)\) (49)
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Fig. 3. Correct and retrieved soil (case 1) reflectance factors versus MIER. 5. Correct and retrieved pine forest (case 7) reflectance factors versus
view zenith angle. The solar zenith angléis= 45°, and the azimuth angle MISR view zenith angle. The solar zenith angléés= 45°, and the azimuth

from the principal plane is\¢ = 30°. The correct aerosol properties wereangle from the principal plane i&¢ = 30°. The correct aerosol properties
used in the retrieval process (type is sulfate/nitrate at RH 70% with an optieggre used in the retrieval process (type is sulfate/nitrate at RH 70% with an
depth of 0.4). optical depth of 0.4).
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Fig. 4. Same as Fig. 3, except the solar zenith anghy is- 65°. Fig. 6. Same as Fig. 5, except the solar zenith angh is- 65°.

than 5% for all of the solar and viewing geometries considered error or uncertainty is inevitable when an aerosol retrieval
in this study. is performed using the MISR data [23]. For optical depths less
Figs. 3 and 4 show the HDRF and BRF retrieval at 672 nthan 0.5, the expected optical depth uncertainty will be about
as a function of the MISR camera view zenith angles for suB-05, with a possibility for misidentification of aerosol type. To
face case 1 (soil), an aerosol optical depth of @4, = 30°, determine the impact of these types of errors on the accuracy
and solar zenith angle®, = 45 and 65°, respectively. The of the surface retrievals, the properties of the aerosol model
HDRF and BRF retrieval for surface case 7 (pine forest) undesed in the retrievals were allowed to deviate from those of the
the same atmospheric and sun-view conditions are showncmrrect model. First, we modified the aerosol column amount,
Figs. 5 and 6. The difference between the HDRF and BRISing an optical depth of 0.35 instead of the correct value
generally increases with increasing optical depth; Figs. 366 0.4 in the surface retrieval algorithm. The HDRF retrieval
show that this difference also increases with increasing sotasults, shown in Fig. 7, and the BHR results, shown in Fig. 8,
zenith angle. The BRF retrieval is noticeably less accurdigr 6, = 45° should be compared to those in Figs. 1 and 2. We
than the HDRF retrieval, but nevertheless, produces a vemgte that the average HDRF deviation in Fig. 7 is about 0.01
acceptable result. for each surface case. This is approximately 2.5 times larger
All results presented up to now were obtained using thban the average deviations in Fig. 1 for the first four cases
correct aerosol type and amount. However, a certain amoamtd approximately ten times larger for the remaining cases,
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Fig. 7. Accuracy of HDRF's retrieved from simulated MISR data for 11 surface cases and three viewing geometries (azimuth angle from the principal
plane isA¢ = 30, 60, and 90°, all at solar zenith angl®, = 45°). The correct aerosol type (sulfate/nitrate at RH 70%) and an incorrect optical
depth of 0.35 were used in the retrieval process.
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Fig. 8. Accuracy of BHR's retrieved from simulated MISR data for 11 surface cases and three viewing geometries (azimuth angle from the principal
plane isA¢ = 30, 60, and 90°, all at solar zenith angl®#, = 45°). The correct aerosol type (sulfate/nitrate at RH 70%) and an incorrect optical
depth of 0.35 were used in the retrieval process.

which have a much smaller BHR. Also, the BHR errors ithe limiting factor in determining the degree of uncertainty in
Fig. 8 are now positively biased by more than 0.01, comparetany of the surface products.
to those in Fig. 2, a result of using too small an optical depth. The results presented in Figs. 1-10 are for an aerosol
Another example of the consequences of using an inaccurateount described by an optical depth of 0.4 at 672 nm.
aerosol model is the case in which the correct optical defd®etrievals on simulated data with smaller optical depths
is used, but with a modified aerosol type (sulfate/nitrate ahow correspondingly smaller errors. However, the projected
RH 99% instead of 70%). The results of the HDRF an@.05 uncertainty in optical depth for MISR aerosol retrievals,
BHR retrieval for this case are displayed in Figs. 9 and 18yen when the optical depth is small, will produce biases
respectively. Again, the results are biased by amounts that arethe HDRF and BHR retrievals that are comparable to
much larger than the inherent accuracy of the HDRF/BHfRose observed in Figs. 7 and 8. Expressions for the formal
retrieval process, as illustrated in Figs. 1 and 2. Clearly, uncertainties of the retrieved HDRF and BHR, which include
is the accuracy of the aerosol retrieval process that will bee effects of uncertainties in the aerosol properties, can be
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Fig. 9. Accuracy of HDRF's retrieved from simulated MISR data for 11 surface cases and three viewing geometries (azimuth angle from the principal
plane isA¢ = 30, 60, and 90°, all at solar zenith angl#y, = 45°). An incorrect aerosol type (sulfate/nitrate at RH 99%) and the correct optical
depth of 0.4 were used in the retrieval process.
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Fig. 10. Accuracy of BHR's retrieved from simulated MISR data for 11 surface cases and three viewing geometries (azimuth angle from the principal
plane isA¢ = 30, 60, and 90°, all at solar zenith angld, = 45°). An incorrect aerosol type (sulfate/nitrate at RH 99%) and an incorrect optical
depth of 0.4 were used in the retrieval process.

found in [26]. These uncertainty estimates will be archived asession based on the assumption of a Lambertian surface.
part of the MISR standard data products. This expression, however, is only approximate and describes
just the initial estimate o’rLf\“;f , in the iteration procedure
used by the MISR multiangle HDRF/BHR retrieval algorithm.
X. Discussion This algorithm and the BRF/DHR algorithm are designed to
The retrieval techniques described in Sections IV, V, armtcommodate MISR data without a full complement of nine
VIII form the core of the MISR surface product algorithmsview angles, due to possible cloud contamination or instrument
They take full advantage of the multiangle nature of thgroblems in one or more cameras. Quality assessment parame-
MISR data sets, allowing a more accurate determination of ttexs, which include information on the number of camera views
surface directional reflectance properties than can be obtainsed in the retrieval process, are archived to help assess the
with conventional single-view instruments. For example, #ccuracy of the surface products.
the surface-leaving radiance}"”’ is to be retrieved from  Once the spectral HDRF and BHR are retrieved for a land
single-view data, it would be’ éomputed using (11), an esubregion, they are then used as inputs to additional algorithms
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SUMMARY OF MISR SURFACE PrODUCTS

Horizontal
Product name sampling Comments
(Coverage)
Hemispherical- Directional Reflectance 1.1 km (Land) » Surface radiance ratioed to that from idcal

Factor (HDRF)

lambertian reflector at surface
eAmbient sky conditions, i.c.,
direcet plus diffuse illumination
* 9 viewing angles, 4 spectral bands

BihemisphericalReflectance (BHR)

1.1 km spectral,
17.6 km PAR
(Land)

* Radiant exitance ratioced to irradiance
at surface (i.e. albedo)

e Ambient sky conditions, i.e.,
dircct plus diffuse illumination

® 4 spectral bands and PAR intcgrated

Bidircctional Reflectance Factor (BRF)

1.1 km (Land)

® Surface radiance ratioed to that from idcal
lambertian reflector at surface

e Direct illumination only (no atmosphere)

* 9 viewing angles, 4 spectral bands

BRF Model Parameters

1.1 km (Land

e Model parameters from a fit to the surface
BRF

Dircctional-Hemispherical
Reflectance (DHR)

1.1 km spectral,
17.6 km PAR
(Land)

e Radiant exitance ratioed to irradiance
at surface (albedo)

e Direct illumination only

® 4 spectral bands and PAR-intcgrated

Surface classification

1.1 km (Land)

o Sclected from six major biome types plus
two non-vegetated types
¢ Determined using physically-based algorithm

NDVI

1.1 ki (Land)

* Computed from retricved spectral DHR

Leaf area index (ILAD)

1.1 km (Land)

e Determined using physically-based algorithm

Fractional Absorbed Photosynthetically
Active Radiation (FPAR)

17.6 km (Land)

e Dctermined using physically-based algorithm

Water-leaving radiances

1.1 km (Tropical
Ocean)

» Most glitter-free B-camera viewing
angle, blue and green spectral bands, low
latitudes, using HDRF and conventional
algorithms

Phytoplankton
Pigment Concentration

1.1 km (Tropical
Occan)

¢ Calculated from water-leaving radiances

L?j;{y(_uv fo, ¢ — do; TA)
= LY (—ps pro, ¢ — do; TA)

litter
+ L (=1 o, ¢ — do; 7r)

whereL“””” is the water-leaving radiance, which is that pal
of the radlance incident on the surface that penetrates the expression equal to the sum bi”" and L, °’
surface, scatters within the water proper, and then exits tAihough Ly“'/ is retrieved for all nine MISR view angles,

and the FPAR.

to retrieve the BRF and DHR, the PAR-integrated BHR antbmponent of the TOA radiance due I@””“
DHR, and the surface classification, the LAI,
When the surface retrieval is done for ocean samples, however,
only the spectral HDRF is determined. For oceans, the surface-
leaving radiance can be expressed as

TOA, glitter .
L)\7x7y91 67(_I’La 1o, d)_ ¢07 T)\)

=e /. Lihgtctey’( 1 Ho, ¢ — o3 Tx)

+ /01 /OQWTA(—N? i, b= ¢ )

LE™r (=i oy ¢ — do; ) dpd !
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(51)

is also determined, based on precomputed values contained in
(50) the SMART data set. Therefore, the iteration procedure of the
HDRF algorithm, expressed by (14), becomes an algorithm

for retrieving Ly!*" instead ofL'*'”"’f by setting L™ in
TOA, glitter

surface, andLQ””?’ is the radiance reflected directly fromonly the most glitter-free of the two radiances at 45z@énith
the surface (Fresnel scattering) [38] and a contribution dueasgle will be archived. Also, these radiances will be retrieved
whitecaps [39]. When the aerosol retrieval is performed, tigaly for the two spectral bands at 446 and 558 ',
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for the other two spectral bands are assumed to be zero.
These two single-view radiances are then used to determine tr%(]e
phytoplankton pigment concentration, based on an algorith
developed for the CZCS [40]. There are alternative, mor]
conventional, ways of determinin@;\“}“;fg, based on single-
view satellite data. In particular, this product is currently beings;
produced from SeaWiFS data using an algorithm [12] that is a
prototype for the one under development for MODIS [11], ang
instrument on the same platform as MISR. A modified version
of this algorithm will be used with MISR data, in addition to
the HDRF algorithm, so that the two sets of results can b&
compared. 8]
Validation of the MISR surface products will rely on several
sources of data, including radiometrically calibrated aircrafty
observations, together with field observations of downwelling
diffuse sky spectral radiance and irradiance, the direct solar
spectral irradiance, and surface spectral HDRF. Details on
planned field campaigns, experimental methodologies, and]
instrument calibration and data reduction procedures are doc-
umented in [41] and [42]. As the surface retrieval simulations
have demonstrated, the accuracy of the MISR surface products
(and the surface products from other spacecraft instruments)
depends heavily on how well the aerosol properties are known.
This requirement on accuracy also applies to the surfape]
radiation parameters, described in Section VII, which can be
derived from the MISR products. Thus, the validation plap s
is structured around the requirement of obtaining measuf@4]
ment sets from which aerosol and surface properties can be
determined together. [15]

X|. CONCLUDING REMARKS [16]

By monitoring the global environment via multiangle, spec-
tral imagery, MISR will make unique contributions to eartqm
system science research. It will produce a number of surface
data products (see Table II) on a daily basis that will be iIs
interest to people in research disciplines covering broad area
of land, ocean, and atmospheric science. Using atmospheric
information archived during the aerosol retrieval procesE-Y]
surface radiometric quantities, e.g., the spectral radiances and
radiant flux densities, can also be determined from theges]
surface products. We anticipate other progressions to new and
more advanced products through ingestion of non-MISR datg;
and the development of improved algorithms.

For further information about the MISR surface retrieval
algorithms, refer to the MISR Algorithm Theoretical Basigp2)
documents, which can be found at the EOS Project Science
Office website located dtttp://eospso.gsfc.nasa.gov 23]
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