200 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING. VOL. 27. NO. 2. MARCH 1989

MISR: A Multiangle Imaging SpectroRadiometer for
Geophysical and Climatological Research from Eos

DAVID J. DINER, CAROL J. BRUEGGE, JOHN V. MARTONCHIK, THOMAS P. ACKERMAN,
ROGER DAVIES, SIEGFRIED A. W. GERSTL, MEMBER, IEEE, HOWARD R. GORDON,
PIERS J. SELLERS, JERRY CLARK, JAMES A. DANIELS, ERIC D. DANIELSON,
VALERIE G. DUVAL, KENNETH P. KLAASEN, GERALD W. LILIENTHAL,

DAVID I. NAKAMOTO, ROBERT J. PAGANO, anp TERRENCE H. REILLY

Abstract—The scientific objectives, instrument concept, and data
plan for the Multiangle Imaging SpectroRadiometer (MISR), an ex-
periment proposed for the Eos Mission, are described. MISR is a
pushbroom imaging system designed to obtain continuous imagery of
the sunlit Earth at four different view angles (25.8°, 45.6°, 60.0°, and
72.5° relative to the vertical at the Earth’s surface), in both the for-
ward and aftward directions relative to nadir, using eight separate
cameras. This strategy permits acquisition of multiangle imagery with
uniform resolution (216 m for selected scenes; 1.73 km for global cov-
erage) at the different angles, without gaps in spatial coverage. Obser-
vations will be acquired in four spectral bands, centered at 440, 550,
670, and 860 nm. Data analysis algorithms will be applied to MISR
imagery to retrieve the optical, geometric, and radiative properties of
complex, three-dimensional scenes, such as aerosol-laden atmospheres
above a heterogeneously reflecting surface, nonstratified cloud sys-
tems, and vegetation canopies. The MISR investigation will address a
number of scientific questions concerning the climatic and ecological
consequences of many natural and anthropogenic processes, and will
furnish aerosol information necessary for atmospheric corrections of
surface images.

I. INTRODUCTION

MONG THE scientific issues to be addressed by the

Earth Observing System (Eos) are the effects of geo-
physical processes and human activities on the Earth’s
ecology and climate. Through alteration of surface albe-
dos, changes in surface and atmospheric chemistry, and
modification of atmospheric aerosol content and cloudi-
ness, such processes as desertification, deforestation, soil
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erosion, pollution, and volcanism can significantly, per-
haps adversely, impact the Earth’s energy budget and our
environment. A detailed understanding of the causes and
effects of regional and global change requires long-term
monitoring of the atmosphere-land-ocean system coupled
with development of realistic models. To carry out re-
search in these areas, we have proposed the Multiangle
Imaging SpectroRadiometer (MISR) as a nonfacility in-
strument investigation in response to the Eos Announce-
ment of Opportunity. MISR has been specifically de-
signed to acquire multispectral images of the angular
reflectance signatures of terrestrial scenes. By combining
ground processing software with a novel instrument de-
sign, MISR will obtain geometrically registered reflec-
tance images having identical resolution at several view
angles for the entire planet, without gaps in coverage. To
our knowledge, this methodical approach is not feasible
with any other instrument in the Eos mission configura-
tion.
Specific instrument parameters are as follows:

View angles at 25.8°,45.6°, 60.0°, 72.5°
Earth surface:
Spatial resolution: 216 m for selected scenes

(Local Mode)
1.73 km for global cover-
age (Global Mode)
440, 550, 670, 860 nm

20-60 nm

Spectral bands:

Spectral band-
widths:

Swath width: 210 km (443 km at equator
for selected cameras)

16 days

260 (Local Mode)

1880 (Global Mode)

Global repeat time:
Signal/noise ratio
(10 percent al-

bedo):
In-flight radiometric 3 percent using source- and
accuracy: detector-based calibra-
tion
Data rate: 222 kbps (Global Mode)
2 Mbps (Local Mode)
Power: 7TW
Mass: 75 kg.
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II. SCIENCE OBJECTIVES
A. Aerosols

Under normal background conditions, most of the at-
mospheric aerosol resides in the troposphere. Natural
sources (e.g., dust storms, biogenic emissions, forest and
grassland fires, and sea spray) account for about 90 per-
cent of this aerosol, with the rest resulting from anthro-
pogenic activity [1]. The opacity of the background tro-
pospheric aerosol is typically 0.1 at visible wavelengths
[2]. The amount of stratospheric aerosol is controlled by
the size and frequency volcanic eruptions. In quiescent
periods, the stratospheric opacity may be as low as a few
hundredths. However, after even moderate eruptions such
as that of El Chichon, opacities may reach a few tenths
on a global basis and substantially higher values region-
ally [3]. Typically timescales for volcanic aerosol clouds
are a few years.

The climatic impact of aerosols remains a matter of
some debate. Model simulations of the effects of global
acrosols typically predict surface temperature coolings on
the order of a few °C [4], [5]. For comparison, the ‘‘Lit-
tle Ice Age’’ of the 15th-19th centuries was characterized
by average temperatures in Western Europe roughly 1°C
cooler than present [6]. Observational evidence [7], [8]
suggests an increase in the tropospheric aerosol burden at
midlatitudes and in the Arctic, probably as the result of
anthropogenic activities. Because anthropogenic aerosols
usually contain carbonaceous material, they tend to have
lower values of single-scattering albedo, wg, than natural
aerosols. Waggoner et al. [9] report values of 0.54 <
wp < 0.61 for urban industrial regions, 0.73 < @y < 0.87
for urban residential regions, and 0.89 < wy < 1 for rural
areas. Along with the aerosol opacity, size distribution,
and surface albedo, w, determines the relative importance
of backscatter and absorption, with regionally variable
consequences for the surface radiation budget [10]. For
example, surface radiation measurements show that haze
aerosols over the Eastern U.S. cause an average 7-percent
reduction in insolation [11], while measurements of the
absorption of solar radiation by pollutant haze in the Arc-
tic atmosphere [12] show a clear increase in the amount
of solar energy deposition. Thus, at our present level of
understanding the global climatic significance of particu-
late pollution is indeterminate [13] and a systematic,
global monitoring program is needed. An increase in the
amount of anthropogenic aerosols also poses a direct threat
to the biologic and economic health of our environment.
Industrial pollution is not the only source of concern. For
example, slash-and-burn agriculture causes the loss of
nearly 2 X 10° km? of natural forest each year, increases
the CO, content of the atmosphere, and produces large-
scale hazes over areas of Brazil, Africa, and Asia [6].
Desertification of the Earth’s continents increases the
mean surface albedo and potentially furnishes a fresh
source of tropospheric aerosol. For example, windblown
dust from the African Sahara has been observed over the
Atlantic Ocean [14].
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MISR will provide globally distributed estimates of aer-
osol amounts and optical characteristics that are neces-
sary to investigate the effects of hazes, dust layers, and
particulate plumes on the solar radiation budget and to
monitor long-term trends in regional and global aerosol
loadings.

B. Atmospheric Corrections of Land Surface Imagery

It is well established that scattering and absorption by
aerosols are responsible for dramatic modifications of the
spectral content of remotely sensed images of the Earth’s
surface, leading to classification errors [15] and reduced
accuracy of image products such as vegetation maps [16].
Attenuation of the incident and reflected beams is offset
by diffuse radiation that has been 1) reflected by the atmo-
sphere without reaching the surface, 2) subjected to mul-
tiple reflections between the atmosphere and surface, and
3) scattered into the line-of-sight from neighboring ter-
rain. The latter phenomenon, known as the ‘‘adjacency
effect”” [17]-[19], is of particular concern for biological
productivity and water quality assessments of inland
aquatic resources. Because of their low reflectance, the
top-of-atmosphere (TOA) spectra of these targets are sus-
ceptible to contamination by radiation scattered from the
surrounding brighter terrain. The heterogeneity of the sur-
face reflectance and turbidity of inland waters preclude
the use of marine atmospheric correction algorithms [20].
Other techniques that have been proposed required some
a priori knowledge of the optical properties of the atmo-
sphere or surface, but do not address how this information
is to be acquired [14], [21]-[23]. Moreover, if the ground
is (incorrectly) assumed to be lambertian, absolute sur-
face reflectances derived from TOA radiances in certain
view directions will contain potentially significant errors,
even if the atmospheric state is known exactly [24].

Determination of aerosol scattering properties and
multiangle measurements of nonlambertian scene reflec-
tances with MISR will provide the information needed to
implement accurate atmospheric corrections over land
surface scenes.

C. Clouds

As a result of their large areal extent, high albedo, and
variability on many timescales, clouds play a major role
in governing the Earth’s energy balance. Current theories
and models of the response of the Earth’s climate system
to, for example, the increase in trace gases, are severely
limited by our present ignorance of the feedback pro-
cesses associated with changes in cloud amount and cloud
properties. In this respect, two issues are paramount. One
is the realistic modeling of cloud-radiation interaction
taking into account the variable structure of broken cloud
fields and processes that occur at the sub-grid scale level
of present general circulation models. The other is the
ability to invert satellite measured radiances to obtain
hemispherical fluxes with sufficient resolution to discrim-
inate between cloud-filled and cloud-free scenes.

Many theoretical studies have established that plane
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parallel representations of cloud fields introduce large er-
rors in the parameterization of radiation for climate models
{251, [26]. It is currently recognized that cloud modeling
must consider not only the effects of individual cloud
shape but interactions such as shadowing and multiple
scattering between clouds. Diffusion of radiation through
the cloud sides and side illumination causes the bidirec-
tional reflectance distribution functions (BRDF’s) of cu-
muliform cloud fields to differ markedly from those of
stratiform fields [27], [28]. Our ability, however, to view
the same region from different angles both to characterize
the scene type and to validate the theoretical model pre-
dictions has as yet been extremely limited.

MISR will constitute a major advance in our under-
standing of these problems by enabling direct validation
of theoretical BRDF models. Multiangle imaging of glob-
ally distributed cloudy regions at high resolution will al-
low accurate cloud scene classifications and enable the-
oretical models to be applied to regional albedo and cloud
property retrievals with far greater confidence than pre-
viously possible.

D. Terrestrial Ecosystems

About 30 percent of the Earth’s surface is covered by
land and much of this is vegetated. Thus, land surface
processes are important components of the terrestrial cli-
mate system [29]. Sato er al. [30] have shown how the
inclusion of a vegetation component in an atmospheric
general circulation model greatly improves the realism of
the calculated fluxes and the simulation of rainfall in the
continental interiors. Sellers er al. [31] discussed how
vegetation spectral, structural, and physiological proper-
ties in large part determine the fluxes of energy, mass,
and momentum between the land surface and the atmo-
sphere. Energy and mass transfer, in particular, are strong
functions of biophysical processes such as photosynthesis
and evapotranspiration. The maximum rate of CO, assim-
ilation during photosynthesis and control over the
throughput of transpired H,O are governed by the photo-
synthetic capacity and minimum canopy resistance, re-
spectively, which are strongly correlated with the canopy
spectral hemispherical albedo [32]-[34]. This albedo can-
not be estimated with an accuracy of better than about 45
percent from nadir spectral reflectance; even when phys-
ical models of the canopy are invoked the accuracy cannot
be improved to better than about 25 percent [34]. Mean-
ingful estimates will require the acquisition of multiangle
data.

The time-evolution of terrestrial ecosystems is difficult
to monitor at the surface and satellite platforms provide a
unique opportunity to carry out extensive surveys with
comprehensive spatial coverage and high time resolution.
The detection of ecophysiological change necessitates ac-
curate, repeatable measurements of the surface that can
be used for landscape classification. Such monitoring is
important if we are to 1) determine the level of direct an-
thropogenic impact on the land biota and 2) detect species
compositional *‘drift’’ in response to environmental per-

turbations, whether natural or anthropogenic in origin.
Although spectral data provide some information on the
physiological state of vegetation, inference of the struc-
tural properties of the three-dimensional vegetation stand
is also required, and it is almost impossible to determine
any knowledge of canopy architecture and states (e.g.,
biomass, leaf area index) from a single view angle [35],
[36].

MISR will provide estimates of radiative energy fluxes
over vegetated terrain with accuracies unattainable with
nadir-viewing sensors, thereby facilitating needed im-
provements in the boundary conditions of general circu-
lation and climate models. Since spectral information
alone is a poor discriminator of vegetation canopy archi-
tecture, MISR, in conjunction with high temporal reso-
lution observations from other sensors, will enable stud-
ies of the spatial distribution of vegetation community
composition and species and its time rate of change.

III. INVESTIGATION METHODOLOGY

A. Aerosol Retrievals over Land

The aerosol optical properties that must be retrieved for
climatology studies and atmospheric corrections are opac-
ity 7, single-scattering albedo w,, and a size distribution
metric, e.g., the exponent of a Junge (power law) distri-
bution, ». Diner and Martonchik [37] described how mul-
tiangle data from 2n instrument such as MISR could be
used to retrieve 7. Their method makes use of the Lam-
bert-Beer dependence of atmospheric transmittance with
opacity and view angle and the prediction of three-dimen-
sional radiative transfer (3DRT) theory that spatial vari-
ations in the TOA diffuse radiance are considerably
smoother than those in the direct field due to scattering-
induced blurring effects [17], [19]. This permits spatial
Fourier filtering of the diffuse radiance and using the re-
maining signal to retrieve 7. As an example of this con-
cept, a computer simulated MISR data set of eight im-
ages, one at each MISR view angle (25.8°, 45.6°, 60.0°,
and 72.5° at two azimuth angles) was generated for a sin-
gle wavelength (550 nm). The complex surface spatial
structure of natural terrain was obtained by using radi-
ometrically calibrated Landsat Thematic Mapper imagery
degraded to the MISR resolution (in this example, a 256
X 256 pixel image of the Pasadena, California area) to
which a first-order atmospheric correction was applied.
The resulting pixel values were then interpreted to be sur-
face hemispherical albedos to which normalized BRDF’s
from an empirical field data set [38], [39] were assigned.
In this manner a simulated, nonlambertian surface scene
containing several different BRDF’s was specified. The
atmosphere above the surface scene was modeled as hor-
izontally homogeneous with both molecular and aerosol
opacity. The molecular Rayleigh scattering component
had an opacity of 0.10 and a scale height of 8 km; the
aerosol component had an opacity of 0.21, a single-scat-
tering albedo of unity, a phase function asymmetry pa-
rameter of 0.51, and a scale height of 2 km. Of these
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parameters, the technique is sensitive only to the total
opacity. Fig. 1 is a histogram of the 256 opacities re-
trieved by Fourier transforming the eight images line-by-
line. The mean value determined from the retrieval algo-
rithm is the correct total opacity (0.31) and the spread in
the histogram is due primarily to the nonlambertian re-
flectance of the surface.

A promising technique for retrieving w, is described by
Fraser and Kaufman [40], who have studied the effects of
different aerosol properties on the ‘“critical reflectance’’
r. or value of surface reflectance at which the TOA radi-
ance is insensitive to changes in aerosol opacity. Since r,
is a function of w,, correlation of imagery obtained on
clear and hazy days yields a measurement of r, from which
@, can be calculated. Kaufman [41] pointed out that the
method is more sensitive when off-nadir imagery is ac-
quired, particularly for the lower single-scattering albe-
dos characteristic of urban areas. These studies also show
how collection of multiangle imagery on dates character-
ized by different opacities also provides sensitivity to the
aerosol size distribution exponent ». We are also investi-
gating additional methods for retrieving wy and », based
extensively on the multiangle and spectral character of the
anticipated MISR data.

The unique multiangle design of MISR will enable the
development and implementation of techniques to retrieve
aerosol properties for climate impact studies, environ-
mental monitoring, and atmospheric correction schemes
over land surfaces.

B. Aerosol Retrievals over Oceans

The algorithms developed for atmospheric corrections
of CZCS imagery provide the product of the aerosol scat-
tering phase function P(©), evaluated at the particular
scattering angle © appropriate to the viewing geometry,
and the opacity 7 [20]. Since P(O) depends only weakly
on wavelength N, the radiance backscattered out of the
ocean can be estimated with sufficient accuracy at A >
500 nm to determine the relative spectral variation of 7.
This, in turn, provides a good estimate of the gross fea-
tures of the aerosol size distribution [42], although a scat-
tering model (e.g., Mie theory) and an estimate of the
refractive index n of the aerosol are needed to calculate
the absolute values of P(©) and 7. For the simplest case,
the marine aerosols (generated by breaking waves) are
spherical droplets composed of liquid water (with some
dissolved salt) and the estimate of 7 is routine. However,
there is no mechanism to guarantee the validity of the as-
sumptions used to derive 7, since the aerosol may be con-
tinental-type with a large index (n = 1.55) or may con-
sist of irregularly shaped particles for which Mie theory
is inapplicable. ,

By measuring 7P(©) at several scattering angles and
wavelengths, MISR will furnish estimates of 7 over the
ocean with significantly more confidence. Comparison of
the phase function shape over a wide range of angles with
Mie theory predictions will provide a test of the realism
of the simple (spherical water droplet) model. The need
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Fig. 1. Histogram of the 256 opacity values retrieved from each line of a
simulated MISR image set. The correct value of opacity is 0.31.

for a slightly higher index to bring the model and obser-
vations into agreement would imply a greater concentra-
tion of dissolved salt [43]. However, if a high n is re-
quired, or if no ‘‘reasonable’’ index can be found, the
aerosol must differ significantly from water and probably
consists of nonspherical particles.

After experience has been gained working with MISR
data, the phase function ‘‘signatures’’ of various aerosol
types, €.g., continental, urban, African dust, etc., will be
determined by examining imagery known to contain such
species. Coupling these observations with simultaneous
surface measurements of 7 will yield P(©O). Once the
phase function ‘‘signature’’ is determined, analysis of
aerosols over the ocean will include many of the known
aerosol types and remove the restriction to solely marine
aerosols. When this is accomplished, global mapping of
7 for the oceans can be made on a near-daily basis by
using the narrow-swath MISR to “‘calibrate’’ the aerosol
model used for the retrieval of 7 over the wide swath ob-
served by the Moderate Resolution Imaging Spectrometer
(MODIS). This synergism between MISR and MODIS is
at the heart of the Eos concept.

MISR data will provide a means of validating satellite
determinations of marine aerosol opacities and will en-
able development of techniques for retrieving continental
aerosol opacities over oceans.

C. Atmospheric Correction Scheme for Land Surface
Scenes

The goal of any atmospheric correction scheme is the
retrieval of surface reflectance from TOA radiances. For
land scenes, this is in general not possible without invok-
ing auxiliary information, namely, the optical properties
(7, wy, and ») of the intervening aerosols. In addition, an
inversion algorithm to process the imagery must be de-
veloped. At the high spatial resolution of an instrument
such as the High Resolution Imaging Spectrometer
(HIRIS), adjacency effects as well as the more commonly
encountered diffuse radiance effects must be taken into
consideration, particularly for water quality and biologi-
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cal productivity studies in which the targets are of low
intrinsic reflectance. As an example of these effects, we
modeled the TOA radiance over a 2-km wide clear lake
surrounded by brighter surface vegetation. Figs. 2 and 3
show the optical properties of the water, vegetation, and
atmospheric scatterers assumed in the model. Using 3DRT
theory [44], [45] we calculated the TOA spectrum of the
water (see Fig. 4). This spectrum shows a steep rise in
reflectance toward the blue and an apparent but erroneous
vegetation content due to the adjacency effect. We con-
clude that atmospheric corrections of images acquired at
high spatial resolution will require an inversion algorithm
that incorporates 3DRT theory. Thus, this theory will be
an integral component of aerosol and surface property re-
trieval schemes developed for MISR. Accurate retrievals
will also depend on angular reflectance measurements of
the scene in order to characterize the departure of the sur-
face from lambertian behavior. Once the atmospheric op-
tical properties are known, either an iteration-relaxation
scheme or a direct inversion scheme can be used to obtain
the parameters in the scene BRDF [46]. Both the relaxa-
tion and inversion methods make use of Fourier process-
ing to simplify the convolution operations intrinsic to the
3DRT theory. Hemispherical albedo can then be calcu-
lated by numerical or analytical integration of the surface
BRDF.

The MISR investigation will provide information nec-
essary to implement atmospheric corrections of high-res-
olution sensor data in three regards: by developing meth-
ods to retrieve aerosol optical properties at the time the
images are collected, by obtaining direct observations
needed to model the angular reflectance signature of the
surface, and by developing algorithms based on 3DRT
theory.

D. Cloud Property Parameterizations

Reflected solar fluxes cannot be directly measured on a
regional scale from satellite altitudes. Fluxes measured by
wide-angle sensors correspond to areas > 10° km? in ex-
tent, within which the scene type is assuredly inhomoge-
neous. To investigate the role of clouds on climate, rela-
tively homogeneous local scenes must be observed, ne-
cessitating narrow field-of-view (FOV) sensors such as
MISR. Radiances from the same scene, measured more
or less coincidentally at several different angles, can be
directly integrated to yield the flux. To our knowledge,
MISR will be unique in satisfying this requirement from
space. However, earlier satellites pioneered the begin-
nings of this technique [47], [48]. In practice, numerical
integration of MISR multiangle reflectances to obtain
cloud hemispherical albedo will benefit from theoretical
3DRT models to predict the reflectance at angles not ob-
served by the sensor. Current versions of such models [27]
indicate that differences between the reflection functions
of different cloud scenes are greatest in the nadir and at
the limb, and are minimum for a view angle of ~60°.
Fig. 5, from Davies [27], illustrates this dependence for
a variety of model clouds. The curves were calculated
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using a Monte Carlo radiative transfer algorithm and dem-
onstrate the importance of obtaining measurements at an-
gles both greater than and smaller than the critical 60°
view angle in order to test the model predictions. Fur-
thermore, methods of cloud classification (e.g., as strati-
form, cumuliform, water, ice, etc.), based on spatial co-
herency between adjacent pixels [49] or parameterization
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as mixtures of planar and spherical lambert reflectors [27],
can also be tested, or new schemes developed.

As shown in theoretical simulations by Ridgway and
Davies [50], the geometrical influence of clouds on broad-
band reflected solar radiation is greatest for visible radia-
tion, consistent with the spectral capabilities of MISR.
This fact is due to the strong weighting of spectral cloud
reflectivity to regions of minimal absorption by water (lig-
uid or vapor). Since the absolute contribution of the rest
of the solar spectrum to the broad-band reflected flux is
far less dependent on geometrical variations in the cloud
field, this contribution can be determined from the single-
angle views of instruments with broad spectral coverage,
such as HIRIS and MODIS. These instruments can thus
be used synergistically with MISR to yield broad-band
cloud albedos. For cloud systems of large areal extent,
the relation between spectral and broad-band albedo can
also be tested using data from MISR, MODIS, and the
Eos Earth Radiation Budget Instrument (ERBI).

MISR will obtain measurements over a range of view
angles necessary to obtain accurate estimates of cloud
hemispherical albedo and test theoretical predictions of
the angular variation of cloud reflectance. Methods of
classifying and parameterizing cloud-filled scenes, in-
cluding spatial coherency techniques and decomposition
into contributions from lambert planes and spheres, will
be explored.

E. Ecosystem Studies

Using simple models of canopy radiative transfer and
leaf biophysics, several investigators [32]-[34], [51]
showed that the upwelling irradiances observed above
vegetated sites could yield relatively accurate information
about rates of evapotranspiration, photosynthesis, respi-
ration, and radiation absorption. Current climatological
and biogeophysical research is focused on rate rather than
state variables for the land surface, primarily because the
atmospheric component of biogeophysical models is in-
fluenced by the fluxes of energy and mass across the land-
atmosphere interface. Kimes et al. [34] showed that un-
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Fig. 6. Histogram of percent difference between nadir reflectance and
hemispherical albedo, calculated using a field data set acquired by Kimes
and coworkers [38], [39].

certainties in estimates of photosynthesis, transpiration,
and absorbed radiation rates are comparable to errors in
the estimation of the spectral hemispherical albedo of
vegetated surfaces. To assess MISR’s ability to furnish
accurate estimates of this quantity, we obtained a field
data set acquired by Kimes and coworkers [38], [39] on
38 different surface covers, including soils, crops, and
forests. Directional reflectance measurements were ob-
tained at six view angles and five azimuths and integrated
to yield hemispherical albedo as described in Kimes and
Sellers [35]. Fig. 6 is a histogram of the percent differ-
ence between nadir reflectance and hemispherical albedo;
clearly, nadir reflectance is a poor estimator of albedo due
to the nonlambertian character of most natural scenes.
After interpolating the directional reflectance data to the
MISR angles and fitting with spherical harmonics, the azi-
muthally independent component was integrated to cal-
culate hemispherical albedo. This model-independent
method yields a substantial improvement in accuracy over
the nadir data, as shown in Fig. 7. Results for azimuthal
directions parallel, perpendicular, or halfway between the
principal scattering plane are summarized in this single
histogram. Thus, acquisition of even a few multiangle
views results in an impressive ability to estimate the
hemispherical albedo of real surfaces. Concurrent use of
canopy models should increase the accuracy even further.

Although an integrated quantity such as hemispherical
albedo provides much more accurate information about
biophysical rates than about vegetation states (e.g., green
leaf area index, leaf angle distribution function, etc.),
several investigators [52]-[54] have argued on the basis
of field measurements and three-dimensional vegetation
canopy models that the directional reflectance distribution
is diagnostic of such canopy structure variables. Gerstl
and Simmer [36] have suggested that certain diagnostic
features of canopy BRDF’s are invariant to atmospheric
effects, and thus can be used to infer canopy state. It is
clear that existing single-view-angle optical systems can
only provide a limited accuracy in the calculation of can-
opy geometric attributes. MISR will fill this void by pro-
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Fig. 7. Histogram of percent difference between hemispherical albedo es-
timated from data at the MISR view angles and the true values, calcu-
lated using the same data set as in Fig. 6.

3

viding a global data set on the angular reflectance
natures’’ of various classes of surface cover.

MISR observations will provide the ability to obtain ac-
curate estimates of the hemispherical albedo of vegetated
surfaces, which in turn will yield meaningful estimates of
important biophysical rates. MISR directional reflectance
images will enable the application of landscape classifi-
cation and structural parameter retrieval techniques to a
wide range of biomes.

‘sig-

IV. MEASUREMENT STRATEGY AND INSTRUMENT
DESCRIPTION

A. Angular Coverage

A diagram of the MISR instrument is shown in Fig. 8.
It consists of eight separate pushbroom cameras that pro-
vide images at four different elevation look angles both
forward and aftward of nadir in the direction of spacecraft
travel. The fore and aft views furnish data at two azimuth
angles relative to the solar illumination direction. In order
to obtain view angles, 6, relative to the local normal at
the Earth’s surface of 25.8°, 45.6°, 60.0°, and 72.5°,
the corresponding camera look angles from the Eos alti-
tude of 824 km are 22.7°, 39.3°, 50.1°, and 57.6°. The
cameras aimed at these angles are denoted by (4), (B),
(C), and (D), respectively. Each of the cameras uses the
same focal plane and camera body design coupled to one
of four different types of telescope assembly. The cosines
of the selected angles are 0.9, 0.7, 0.5, and 0.3; there-
fore, the angular coverage provides for uniform sampling
in p = cos 6, an important parameter in radiation transfer
studies. This strategy satisfies several objectives: 1) slant
path observations through cloudless atmospheres are ac-
quired out to airmass > 3, 2) cloud BRDF measurements
at angles above and below the theoretical crossover point
at § = 60° are obtained, and 3) BRDF coverage of land,
cloud, and water scenes necessary for structural modeling
and for hemispherical albedo estimation is obtained.

B. Spatial Coverage and Resolution

Table I gives the first order properties of the MISR
cameras (effective focal length, FOV, and clear aperture)
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Fig. 8. Diagram of the MISR instrument conceptual design.

TABLE 1
FiRsT-ORDER PROPERTIES OF MISR CAMERAS

Camera Effective focal length (mm) Field-of-view Clear aperture (mm)
A 63.2 27.4° 8.5
B 783 22.3° 10.5
C 100.0 17.5° 13.4
D 135.2 13.0° 18.3

and Fig. 9 shows the optical layouts. The cameras are
designed independently to image a 443-km ground swath
onto a 2048 element detector array. In each camera a 216-
m ground pixel element maps to a 15-um detector pixel
element. Therefore, the FOV’s and effective focal lengths
vary with view angle while the f~numbers are held con-
stant (at f/8) to preserve the etendue (area-solid angle
product) between cameras. The optical layouts are scaled
versions of the Double Gauss design with each camera
optimized to achieve essentially diffraction limited per-
formance. Color correction is accomplished by using
FK54, a low index, ultra-low dispersion crystal, in the
anastigmatic doublets.

It takes about 9 min of flight time for MISR to observe
any given region at all eight view angles. The allocation
of a separate camera to each view direction results in con-
tinuous multiangle imagery; consequently, MISR will ob-
tain such imagery of the entire daylit Earth within the 16-
day orbit repeat time of Eos. Including the +10 km un-
certainty in Eos ground track repeatability and potential
camera alignment errors, this requires a swath width of
about 210 km. However, due to Earth rotation, a point
viewed by the most forward-looking camera will have ro-
tated eastward before being viewed by the lower-angle
and aftward-looking cameras. The amount of eastward ro-
tation is a function of latitude and is greatest at the equa-
tor. This is dealt with by acquiring imagery with a total
swath width of 443 km. Making use of timing information
to establish the spacecraft latitude, the appropriate 210-
km subswaths are extracted from the data record by on-
board editing under control of the instrument’s micropro-
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Fig. 9. Conceptual optical designs of the MISR cameras. (4), (B), (C),
and (D) denote the cameras corresponding to view angles of 25.8°, 45.6°,
60.0°, and 72.5°, respectively.

cessor. This editing will be inhibited at selected times,
e.g., during instrument calibrations.

C. Data Modes and Rates

For convenience, the global data set is divided into
““frames,’’ or sets of 32 images (eight view directions X
four spectral bands). A frame measures 334 km along-
track, thereby placing 60 frames between the orbit poles.
MISR will observe in two resolution modes, defined by
whether on-board pixel averaging is enabled. Global
Mode data are generated by averaging data from eight ad-
jacent pixels and eight successive lines, yielding images
with a crosstrack pixel footprint and spacing of 1.73 km.
This is the nominal imaging mode of MISR. To accom-
plish more detailed investigations, selected frames will be
imaged with 216-m pixel spacing and crosstrack resolu-
tion (Local Mode) by inhibiting the on-board averaging
for each of the eight cameras and placing a single camera
at a time in that mode according to a predefined time se-
quence. A standard network of Local Mode scenes will
be established, including sites for aerosol climatology
studies, major cloud climatic regimes, major biomes, sites
for field calibration and validation exercises, and sites se-
lected for collaborative experiments with other Eos inves-
tigations. The MISR optical design enables matching of
crosstrack footprint dimensions at all angles in both res-
olution modes. Depending on view angle, the downtrack
footprint dimensions vary from 240-720 m (in Local
Mode) and 1.92-5.76 km (in Global Mode) as a result of
foreshortening; however, the line repeat time (33 ms) is
the same for all cameras, resulting in identical sample
spacings in both the crosstrack and downtrack directions
(216 m in Local Mode and 1.73 km in Global Mode, as-
suming a spacecraft ground track velocity of 6.59 km/s).
This sampling strategy enhances the scientific value of the
data and permits correction for the variable downtrack
resolution in the ground image processing software. In-
strument data rates are 222 kbps in Global Mode and 2
Mbps in Local Mode. Occasionally, these rates will in-
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crease when swath editing is inhibited. The quantity of
data anticipated per orbit is ~ 10° bits. The total data vol-
ume corresponds to an orbital average data rate of 164
kbps.

D. Spectral Coverage and Resolution

MISR imagery will be acquired in four spectral bands:
440, 550, 670, and 860 nm. The bandwidths (35, 20, 25,
and 60 nm, respectively) are sufficiently narrow that spec-
tral variations in aerosol optical properties over the band
interval do not bias determinations of the band-averaged
values and significant contamination by water vapor ab-
sorption is avoided. The bands in the red and near-in-
frared provide vegetated surface identification owing to
their positioning on either side of the ‘‘red edge’” marking
the transition between chlorophyll absorption and cellu-
lose reflectance. These two bands are also useful for ma-
rine aerosol studies since water is nearly black at these
wavelengths. The band at 550 nm is near the peak of the
solar spectrum. Finally, for determination of aerosol size
distribution, the channel at 440 nm provides nearly a two-
fold change in particle size-to-wavelength ratio relative to
the channel at 860 nm.

The basic detector envisioned for the MISR cameras
(Fig. 10) is a frame transfer charge coupled device (CCD)
consisting of an image register containing four parallel
sensor lines, a five-line storage register, and an output
register [55]. The fifth line is used to obtain a transfer
smear and dark current correction signal. This signal is
transmitted along with the active data and used in the
ground data processing. This detector was developed by
RCA for the NASA Multispectral Linear Array (MLA)
Program. The device has high quantum efficiency (rang-
ing between 88 and 35 percent over the MISR spectral
range). Each camera head will contain two CCD chips
mosaicked into a 4 X 2048 active pixel array. Color fil-
ters are laminated to the CCD structure so that each of the
four rows of pixels is filtered to one of the MISR wave-
lengths. This arrangement results in a small downtrack
separation between the pushbroom images at the four
wavelengths so that any point on the ground is imaged in
succession in each of the spectral bands as the spacecraft
moves down track. Spectral registration is handled after-
the-fact in the ground data processing. The pixels are con-
tiguous in the horizontal (2048 element) direction and the
full well of each pixel is 10° electrons. Quantization noise
at the 12-bit encoding is ~ 71 electrons rms. The detec-
tors have a read noise floor of ~ 65 electrons rms and an
average dark current of 825 electrons per integration.

E. Radiometric Performance

We anticipated that many observed scenes will be quite
dark (e.g., aerosols over water) and others will contain
high reflectance contrasts (e.g., clouds over ocean, inland
lakes surrounded by bright terrain). It is therefore imper-
ative that the instrument provide high sensitivity for a wide
range of scene reflectance (0.1 to 100 percent) without
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Fig. 10. Layout of the CCD planned for the MISR cameras (adapted from
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TABLE II
PREDICTED SiGNAL-TO-NoISE RaTIOS (SNR)

Equivalent reflectance Average SNR (Local Mode) Average SNR (Global Mode

1.0 867
0.1 260
0.01 58
0.001 7

6850
1880
320
34

changes in gain. Using the MISR system parameters given
above, the predicted instrument radiometric performance
is given in Table II. Filter passbands were adjusted to
give nearly wavelength invariant radiometric perfor-
mance. The system performance is shown as a function
of equivalent lambertian scene reflectance for both the
Local and Global modes of operation. Global Mode pix-
els are 8 X 8 averages of Local Mode pixels; however,
since the effect of pixel averaging on digitization noise is
a function of other noise sources, Global Mode perfor-
mance does not fully realize the potential eight-fold in-
crease over Local Mode performance. Nevertheless, ex-
cellent performance is obtained over the range of MISR
operation.

F. Calibration

The calibration requirements dictated by the MISR sci-
ence objectives are deemed to be 3 percent absolute ra-
diometric calibration, 0.5 percent relative within band ra-
diometric calibration, 1 percent relative calibration
between cameras and spectral bands, and +5 nm spectral
uncertainty. The absolute radiometry requirement is dri-
ven by the needs of the cloud and surface climatology
communities, while the relative camera-to-camera and
band-to-band radiometric precision requirements are dri-
ven by the desire to minimize instrumental errors in the
determination of atmospheric opacity and the angular re-

flectance ‘‘signatures’’ of surfaces, clouds, and aerosol
phase functions. To meet these goals, both source-based
and detector-based preflight and inflight calibration tech-
niques will be used. For example, the interior face of the
instrument cover is bead-blasted aluminum prepared for
use as a calibration surface. Such panels have been used
on the Voyager spacecraft. The MISR panel is moved
back and forth by a drive mechanism, first allowing cali-
bration of the forward-viewing bank of cameras (over the
North pole), then reoriented by 90° for calibration of the
aftward-viewing cameras (over the South pole). For Earth
viewing, the panel is moved out of the camera FOV’s and
stowed in a protected location. The diffuse calibration tar-
get and selected uniform targets on the Earth’s surface
will be monitored by 13 seif-calibrating photodiode de-
vices, or Quantum Efficient Detectors (QED’s), such as
the United Detector Technology QED-200. One QED will
be boresighted with each camera, and five will be mounted
on top of the instrument to obtain a nadir view of the tar-
get as shown in Fig. 8. Four of the five nadir viewing
QED-200’s will be color filtered with the same band-
passes as the CCD arrays. All of the remaining QED’s
will be operated in a broad-band mode. Each QED-200
consists of three silicon inversion-layer photodiodes ar-
ranged so that light reflected from one diode is absorbed
by another diode. The output of each diode is summed in
parallel resulting in an absolute accuracy of 0.1 percent.
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Prior to flight, tests will be performed in order to mea-
sure the radiometric, spectral, spatial response, polariza-
tion, and noise characteristics of the instrument. In addi-
tion, any angular, spectral, and spatial nonuniformities of
the panel will be measured and radiance values obtained
using the nine broad-band QED’s will be intercompared
to verify precision. A comparison with source-based in-
tegrating sphere output values will be made to verify ab-
solute calibration. For inflight operations, the incorpora-
tion of the diffuse calibration plate and QED detectors will
enable the following redundant calibration modes:

1) The radiance incident at the entrance pupil of each
of the eight cameras is predicted during panel de-
ployment using published solar irradiance data,
computed illumination geometries, and preflight
measured panel BRDF properties.

2) The QED detectors are used to directly measure so-
lar reflected radiance from the diffuse panel. Deg-
radations in panel reflectance are thus accounted
for, assuming stable detector performance.

3) Radiances are computed for an overpass using field
determined reflectances and measured atmospheric
characteristics along with a radiative transfer code
to predict radiances for a typical Local Mode scene.
This calibration is independent of the diffuse panel
and QED detector components, and should verify
their performance.

4) Field data are used to compute broad-band and
within-band radiances for validation of QED per-
formance.

G. Validation

Field tests will be conducted to verify performance of
the in-orbit calibration system and validate retrieved sur-
face and atmospheric parameters. When possible, tests
will be done in conjunction with other instrument calibra-
tion exercises. Measurements will include narrow-band
solar photometry to characterize aerosol, ozone, and mo-
lecular scattering during the time of the overflight, and
surface BRDF characterization. The radiometer used to
characterize the surface will be equipped with MISR fil-
ters and will reference output counts to a Halon calibra-
tion panel.

Validation of MISR calibration and data analysis algo-
rithms to retrieve aerosol opacities and size distributions
as well as cloud and surface BRDF’s and albedos includes
activities that can be done routinely at Science Team
members’ home institutions. For example, monitoring of
aerosol optical properties can be done at JPL using exist-
ing radiometers and vertical profiles can be determined
with ground-based lidar. Ground-based radiometric stud-
ies of clouds will be performed at McGill University. A
monitoring station containing cloud doppler radar, sur-
face radiometers, microwave profiler, radiosonde re-
ceiver, acoustic sounders, wind profilers, ceilometer, and
sun-tracking photometer is currently being established at
Pennsylvania State University. Relationships between an-
gular signatures and surface structural properties and clas-
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sifications will also be investigated in the laboratory by
experimenting with artificial surfaces having predeter-
mined and well-known BRDF characteristics. A structure
to simulate vegetated canopies is currently being devel-
oped at Los Alamos National Laboratory.

H. Spacecraft Accommodation Requirements

With the exception of the detectors, which operate at
27°C, the MISR instrument operates at 20°C. The ther-
mal design concept utilizes passive thermal control, with
a radiator having a surface area of 0.8 m? located on the
bottom of the instrument. The input power required to
operate MISR is estimated to be 77 W. The driver motor
of the cover/calibration panel requires an additional 18
W; however, it is used infrequently. The total instrument
mass is estimated to be 75 kg. Instrument dimensions are
shown in Fig. 8.

V. DatA ProbDUCTS
A. Data Processing

Processing of MISR data will occur at a Central Data
Handling Facility (CDHF) established by the Eos Project.
Software development for bulk data processing at the
CDHF will be conducted at the Image Processing Labo-
ratory (IPL) at JPL. In addition, a MISR Data Quality and
Performance Analysis Laboratory (DQPAL) will be es-
tablished as a subsystem of IPL, for the purposes of ana-
lyzing the data quality, processing characteristics, and the
long-term performance of the instrument. A MISR Sci-
ence Data Analysis Facility (SDAF) will be established
and used to develop and validate data analysis algorithms
to be used for producing high-level standard data products
and to perform nonstandard special-purpose science anal-
ysis of the MISR data. The SDAF concept is envisioned
to be a mini-supercomputer networked with image display
workstations.

B. Data Product Level Definitions and Processing Steps

Definition of the MISR data product levels follows, to
the extent possible, the general Eos scheme from Level 0
to 4, although there are several significant differences.
Level O consists of raw data and associated ancillary data
are combined into a single, basic data product. At Level
1A, the data are reformatted and annotated with ancillary
data that will be used in later processing steps. Calibra-
tion data are used to radiometrically calibrate the input
data. Additionally, the data are geographically referenced
using the ephemeris file that is converted to geographic
coordinates linked to a pixel coordinate system. At Level
I1B1, the data are geometrically rectified to remove the
systematic image distortions that are due to lens distor-
tions and Earth curvature. At Level 1B2, the data from
the four spectral bands are geometrically registered using
cross-correlation. Geometrically registered multiangle
imagery of the eight MISR cameras comprises Level 1B3
data. A digital terrain model of the Earth will be used to
correct for angle-dependent spatial shifts resulting in par-
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allax over scenes with significant topographic relief. At
Level 2, data acquired in one 16-day cycle are reprojected
to a global map projection. Level 3 data consist of geo-
metrically registered Local Mode land data acquired on
subsequent orbital paths of the same area on the Earth.
Level 4 products will result from application of model-
dependent processing to MISR data.

C. Data Products

Archived products from the MISR experiment fall into
several general categories. Category I consists of the an-
notated and reformatted data records processed through
Level 1A. No irreversible processing will have been per-
formed on these data. Category II products are TOA ra-
diance images. The processing levels required to generate
Category II products are 1B3, for registered multispec-
tral, multiangle images; and Level 3 for temporally reg-
istered Local Mode land surface images. Data products
will consist of scenes in four spectral bands and eight
viewing geometries (i.e., 32 images), with an associated
parameter file describing viewing conditions such as time
of observation, image geography, and Sun geometry. Cat-
egory III products are geophysical variables that can be
derived on a pixel-by-pixel basis from the radiances within
that pixel alone, more or less independently of neighbor-
ing pixel radiances or auxiliary information. Products
falling into this category are processed through Level 2
and include planetary albedo maps in each of the four
MISR spectral bands. Category IV products require pro-
cessing through Level 4 and require contextual processing
of the MISR data in which pixel-to-pixel variations must
be analyzed in order to derive the final product. Proce-
dures involving Fourier processing, such as aerosol re-
trievals and atmospheric corrections, fall into this cate-
gory. Category IV products include global aerosol opacity
and size distribution maps and giobal land surface cli-
matology maps, such as maps of surface albedoy. The
latter will require atmospheric corrections in their deri-
vation. Category V, or specialized products, are those
products that are not amenable to bulk data processing
operations. Currently envisioned specialized products for
the MISR experiment include a library of angular signa-
ture maps for various scene classes, such as vegetated
landscapes and cloud systems. The total archived data
volume from MISR is estimated to be 4 GByte /day. Op-
tical disk storage will be needed to handle this volume of
information.

VI. CONCLUSIONS

Theoretical simulations, ground-based measurements,
and remotely sensed observations of aerosol-laden atmo-
spheres, cloud fields, and vegetated landscapes demon-
strate the necessity of multiangle data for climatological
and biogeophysical studies. Multiangle imaging with
MISR from Eos will enable thorough investigations of:

1) Climatic and environmental impacts of natural and
anthropogenic aerosols

2) Climatic effects of heterogeneities in cloud fields
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3) Land surface phenomena requiring accurate atmo-
spheric corrections

4) Interactions between vegetation and atmospheric/
climatological processes

5) Ecological changes resulting from natural and an-
thropogenic activities.

MISR will complement several Eos facility instrument
investigations. The multiangle data can be combined with
the high spatial and spectral resolution of HIRIS to enable
detailed cloud studies as well as accurate atmospheric cor-
rections needed for certain surface science disciplines;
with the synoptic coverage of MODIS to extend the MISR
capabilities to near-daily temporal resolution; and with the
bolometric, coarsely sampled data from ERBI to obtain
high-resolution broad-band planetary albedo images of the
Earth. Because of these synergisms, we have proposed
MISR for the Eos-1 platform.
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