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Abstract—Aerosols are believed to play a direct role in the most recent Inter-Governmental Panel on Climate Change
radiation budget of earth, but their net radiative effect is not (JPCC) report [4] provides a review of the tropospheric aerosol
well established, particularly on regional scales. Whether aerosols issue and concludes that direct aerosol forcing is on the

heat or cool a given location depends on their composition and . .
column amount and on the surface albedo, information that is order of 0.5 W/n, uncertain to a factor of two. The impacts

not routinely available, especially over land. Obtaining global Of changing particle properties on clouds (aerosol “indirect”
information on aerosol and surface radiative characteristics, over effects) are even less well understood.

both ocean and land, is a task of the Multi-angle Imaging  \We can identify at least three reasons for the uncertainty

SpectroRadiometer (MISR), an instrument to be launched in = ;

1998 on the Earth Observing System (EOS)-AM1 platform. Three |n' direct aerosol forcing. These are 1) the lack of a.glob.al
algorithms are described that will be implemented to retrieve Climatology of aerosol optical depth, 2) the uncertainty in
aerosol properties globally using MISR data. Because of the large aerosol composition and associated single scattering albedo,
volume of data to be processed on a daily basis, these algorithmsand 3) the paucity of knowledge of spatial and temporal
relydotn qukug tables Iof attmosphe(;icl ratldiativedpf“i?eterj_ 5;_”0' variability on the regional scale. Aerosol column amount
predetermined aerosol mixture models to expedite the radiative . ; ; :
transfer (RT) calculations. Over oceans, the “dark water” algo- (ie., optical dppth) is the fundamental pargmeter required to
rithm is used, taking full advantage of the nature of the MISR understand direct impacts on the solar radiation balance.
data. Over land, a choice of algorithms is made, depending on  Obviously, global climate studies require a global optical
the surface types within a scene—dark water bodies, heavily depth climatology, but such a database does not currently
vegetated areas, or high-contrast terrain. The retrieval algorithms  qyist. The most extensive climatology available today uses

are tested on simulated MISR data, computed using realistic solar reflectance measured by Advanced Verv High Reso-
aerosol and surface reflectance models. The results indicate that Yy y Hig

aerosol optical depth can be retrieved with an accuracy of 0.05 or lution Radiometer (AVHRR) and has provided coverage of
10%, whichever is greater, and some information can be obtained the world’s oceans equatorward of “7(atitude since 1987
about the aerosol chemical and physical properties. [5]. Although this climatology is very useful and offers some
Index Terms—Aerosals, algorithms, remote sensing. interesting insights into global aerosol processes, it has two
major deficiencies. The first is the lack of optical depth values
over land. Although oceans cover the bulk of the earth’s
surface, land areas are the source of the majority of particles
ONCERN about the impact of aerosols on global climatend essentially all anthropogenic production. In general, we
is creating a resurgence of research interest. This is fuekxbect to find the largest optical depth values over land
by a number of issues; most notable is the current effort &nd coastal ocean. The inability of the AVHRR algorithm to
define the extent and limits of the greenhouse problem. Margtrieve land optical depths leaves a critical component of the
recent papers have attempted to link increased anthropogesrisblem unaddressed. Second, the retrieval algorithm assumes
activity to increased aerosol production, resulting in decreasgdfixed size distribution and index of refraction, which in
insolation, thus, mitigating the anticipated rise in global suessence means a fixed phase function and single scattering
face air temperature caused by enhanced concentrationsalpedo. Since the reflected radiation depends on the phase
greenhouse gases (see [1]-[3]). However, these studiesfgioction and single scattering albedo as well as the optical
not provide a clear and concise solution to the problem. Tliepth, this produces an unresolvable ambiguity in the retrieval.
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45.6, and 26.1forward and aftward of nadir) and four spectral and near-infrared wavelengths and explicitly account for
bands (446, 558, 672, and 866 nm) [6]. Global coverage will  specular reflection and whitecaps. For DDV, we assume
be accomplished every nine days, characterized by a single an angular shape for the surface bidirectional reflectance
observation of a scene at the equator and increasing multiple factor (BRF) and leave the absolute reflectivity as a free
observations of a scene with increasing latitude. A given scene parameter, and for heterogeneous land, we do not make
will be imaged with all 36 combinations of view angle and any assumptions about the BRF, but represent it as a
wavelength nearly simultaneously (within a span of 7 min), sum of empirical orthogonal functions, derived from the
allowing us to assume that the atmospheric aerosols in the data themselves.
scene remain constant during the course of the measurementS) We expect to be able to distinguish air masses holding
The MISR aerosol retrieval algorithms are designed to exploit  different types of aerosols. The strength of the MISR
the instrument’s unique angular coverage to better characterize aerosol data is its information about the global, tem-
aerosol properties. The footprint size of the globally produced  porally varying context; our data are complementary to
MISR data is nominally 1.1 km (termed a subregion), but the  in situ measurements (e.g., particle concentration with
aerosol retrieval is actually performed over at6L6 array of altitude, size distribution, and chemical composition),
subregions, i.e., a 17.8 17.6-km area. This lower spatial res- and we plan to use them to determine the detailed aerosol
olution for aerosol retrievals allows for considerable flexibility properties within air masses wherever possible.
in the way the retrievals are performed, while still providing 6) Because our retrieval algorithms presently require an
useful information on local, regional, and synoptic scales. assumption of horizontal atmospheric homogeneity, no
aerosol retrievals will be performed over land when
the surface topography is complex. Additionally, we
filter out subregions that are cloud-contaminated or, over
The retrieval of aerosol properties by remote sensing is  water, contaminated by glint.
a notoriously underdetermined problem. The only demon-7) A number of configurable parameters in the algorithms
strated global-scale, satellite-based retrieval of aerosols derives will be adjusted after launch to improve the performance
aerosol optical depth from single-angle, monospectral data, of the algorithms with real MISR data.
using assumed values for all aerosol microphysical properties.
The MISR aerosol retrieval builds upon earlier work, making
use of the multiangle data to remove much of the ambiguitf. Aerosol Climatology Product

Our retrieval strategy is based on a few assumptions and othef order to constrain the MISR aerosol retrievals, it is ad-
considerations, as follows. vantageous to make reasonable use of what is known about the
1) We assume atmospheric aerosols are laterally homogges of aerosols that are found in the troposphere. In general,
neous within a 17.6<x 17.6-km region at the surface,tropospheric aerosols fall into a small number of compositional
growing to about 74x 17.6 km (the area containedcategories, which include sea spray, sulfate/nitrate, mineral
within the view of the two 70.5camera) at an altitude of dust, biomass burning particles, and urban soot. Typical values
10 km. With this assumption, a strength of the multiangt®r approximate size ranges and the proclivity of each particle
technique is that the different effective path lengthsype to adsorb water under increasing relative humidity (RH)
observed through the atmosphere, vary in a predictalzlee also available in the literature. Therefore, we completely
way. prescribe the physical and chemical (and, therefore, optical)
2) We perform our retrievals by comparing observed rgroperties of candidate aerosols. The one advantage of this
diances with model radiances calculated for a suite approach is that it makes use of what is already known
aerosol compositions and size distributions that coveabout aerosols to remove some of the ambiguity about aerosol
a range of expected natural conditions. This makes tpeoperties in the information content of the MISR measure-
retrieval computationally efficient and allows us to makeents. To this end, a review of published aerosol climatologies
use of climatological constraints on aerosol propertiegas performed (including [7]-[10] and many others). Aerosol
and determine whether the observations are consistettributes typical of natural conditions as described in these
with various climatological expectations. references (such as compositional and size classes) are adopted
3) We adopt they? statistical formalism to assess theén the MISR retrievals. However, other attributes, such as
magnitude of the residuals in the comparisons arakrosol column amount, aerosol type, and specific spatial
report all models that meet the acceptance criteria. Traad temporal distributions, are left to be determined by the
approach explicitly includes instrument measuremengtrievals.
uncertainty in the retrieval results. The aerosol information used by the MISR retrieval al-
4) The largest uncertainty in the retrieval algorithm is thgorithms is contained in the Aerosol Climatology Product
reflectance of the underlying surface. We have three digxCP) [11], which is composed of three parts: 1) an aerosol
tinct aerosol algorithms, selectively used with data takeyhysical and optical properties (APOP) file, 2) a tropospheric
over surfaces with progressively less-well-constraineakrosol mixture file, and 3) an aerosol climatology file. This
reflectance properties: dark water, dense dark vegetatibata set will reside at the NASA Langley Distributed Active
(DDV), and heterogeneous land. For dark water, warchive Center (DAAC), Langley, VA, where all the MISR
assume the water-leaving radiance is negligible at reldta processing is done, and will be available to users of

Il. AEROSOL RETRIEVAL STRATEGY
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TABLE | TABLE 1l
PURE PARTICLE TYPES IN THE ACP TROPOSPHERICPARTICLE MIXTURES IN THE ACP
r . . Vary Minimum Maximum
Aerosol ! 2 e I o Vet n, i with | Shi Conditions C ents Lative elative
(um} | (um) | (um) (um) r (band) s hapc onditions omponents Lre -lJllVe LI‘L -lJlI\L
? at €
Sulfate/ 0.007 07 0.2 L.86 nfa 0.38 1.53 0.0 (adly Yes Spheres Clean maritime Sulfate mode 1 10% 80%
nitrate 1
(Accunt.) Sea salt accumulation 10% 80%
Sulfate/ 0.03 2.0 0.45 1.30 n/a 0.53 143 0.0 (ally No Spheres Sea salt coarse 0% 20%:
nitrate 2
{Accum.) Industrial maritime Sulfate modc | 10% 80%
Mineral 0.05 20 0.47 2.60 n/a 0.53 1.53 0.0085(1) No Prolate/ Sea salt accumulation 10% 80%
dust 0.0055(2y oblate T
(Accum.) 0.0045(3) spheroids Soot 0% 20%
) 0.0012(4) N . . Y
Mineral 0.5 15.0 1.80 2.60 4.26 Biomass burning maritime Sulfate mode | 10% T0%
dust
(Coarse) Sea salt accumulation 10% T0%
Sea sult 0.05 10 | 035 | 251 na 062 | 150 0.0 (all) Yes Spheres Biomass burning 20% 80%
(Accum.) N
Dusty maritime Sulfate mode 1 109 70%
Sca salt 1o 200 3.30 2.03 8.17
(Coarse)y Sea salt accumulation 10% T0%
Urban 0.001 05 | 0012 | 200 nfa | 0036 | 175 0.455(1) No Spheres Mineral dust accumulation 209% 60%
soot 0.440(2) - - e
0.435(3) Clean continental Sulfate mode 1 10% 90%
OA43004 Mineral dust accumulation 109 80%
Biomass 0.007 20 013 1.80 /. 0.31 143 0.0035 N Spheres
burning i (lly ¢ pheres Soot 0% 109%
Near- 05 | 500 | na | wa | 25 [1sso | 133 | 00@h | No | Spheres Industrial continental Sulfate mode 1 10% 90%
surface
foe . Mineral dust accurnulation 0% 70%:
Thin 100 | 5000 | wa | o | wa | 1063 | 131 | 00@h | No | Feacal Soot 20% 40%
cirrus Biomass burning continental Sulfate mode 1 10% 70%
Mineral dust accumulation 10% 70%
. . . Biomass burning 20% 80%
the MISR aerosol products who want additional information R -
. . . Dusty continental Sulfate mode 1 10% 80%
about MISR-retrieved aerosols. The APOP file contains the ) —
. . . .. . .o Mineral dust accumulation 10% 80%
microphysical and scattering characteristics of the individual, : —
Mineral dust coarse 0% 20%

single composition, single particle size distribution (so-called ol
“pure”) aerosol models upon which the retrievals are based.
The particle physical properties (size distribution, index of

range of single scattering albedos are represented, from unity

refraction, and tendency to adsorb water) are based URSSWn to 0.68 (558 nm) for the Industrial Continental mixture

current chmat_ology_ data. The effectwg opt|cal_ properties alfith maximum soot. Finally, the third file in the ACP provides
calculated using Mie theory for spherical particles and ellip- ; . . : .
. NN : . : aerosol climatology information (mixture type, optical depth
soid approximations/geometric optics for nonspherical cases . I~
) ! - t" 558 nm, and estimated likelihood of occurrence) on a
[12], [13], for a range of RH's. Size statistics are calculateq, i e longitude global grid and in monthly intervals
and optical properties are reported for all MISR bands. A li g g 9 y '

of the APOP pure particle types and some of their attributes is file is not used in the aerosol retrieval process, but

is given in Table | for RH 0%. Two types of suIfate/nitratem()\llq.es a po;t algorlthm _mechamsm for finding anomalous
conditions, which may indicate the discovery of unexpected

particles are_mcluded, type 1 is used for the troIOOSIOhtf'l[':lt:‘\(érosoltypes and distributions, or limitations of the algorithms.
and type 2 is used for the stratosphere. All aerosols arée
modeled using a log-normal particle size distribution, except . ] o
for near-surface fog, which follows a power law. Both types ¢- Simulated MISR Ancillary Radiative
distributions are characterized by a minimum and maximufiansfer (SMART) Data Set
radius »; and r, respectively. The log-normal distribution In addition to predetermined aerosol types, another major
is also parameterized by the characteristic raditisand feature of the aerosol retrieval strategy is the use of a lookup
characteristic widthr, whereas the power law distribution istable instead of real-time calculations to obtain most of the
parameterized by an exponent The effective radius.;; of radiative transfer (RT) parameters needed by the algorithms.
the distribution is an average over the distribution, weightaifhether retrieving aerosols over ocean or land, the fundamen-
by the geometrical cross-sectional area of the particles. tal process involves comparing measured top-of-atmosphere
During the retrieval process, mixtures of these pure particlEBOA) radiances to those derived from an atmosphere/surface
are generated to simulate the more complex aerosol coRIF model. To accommodate the timing requirements of ana-
positions encountered in the troposphere. Table Il shows tlgging the large amount of observational data obtained on a
initial suite of mixtures specified in the tropospheric aerosdhily basis and the required modeling of relatively complex RT
mixture file of the ACP. The relative abundances, expressprbcesses in the retrieval algorithms, many of the necessary RT
as percentages of the total aerosol extinction optical depfiarameters required by the algorithms have been precomputed,
are wavelength and RH dependent, due to the dependenckaded on the pure aerosol models contained in the ACP, and
extinction cross section on wavelength and RH. The entriesthre results stored in the Simulated MISR Ancillary Radiative
Table Il are for the MISR green band (558 nm) and 70% RH. Aransfer (SMART) data set [11]. The atmospheric structure of
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the RT model is defined by an aerosol layer, described by its SENSE DARK
base, top, and scale heights and optical depth, and a RayleighPARK WATER VEGETATION HETEROGENEQUS LAND
scattering layer, described by its scale height and optical depth. ] T
This allows considerable flexibility in modeling aerosols in the
stratosphere and over the ocean. The RT calculations include
a correction for Rayleigh polarization effects, two Rayleigh
scattering amounts (to account for surface pressure or elevatio
effects), and a fixed, standard atmosphere water vapor amou
that affects very slightly only the radiances in band 4 (effective
H->O optical depth~0.005). No ozone is included since the
MISR measurements are corrected for its effects prior to the | Minimi residuas V——— Y
use of the SMART data set. This data set contains aerosol- v
dependent, black surface atmospheric path radiances, diffuse( rerooimoiet ) | (oot )
tran_s_rnittances’ irradianC-eS, and bihemispherica_l albedos iln{JscsMISR(ﬂQ,SGG Uses MISR 446, 672 nm Uses all MISR bands. Does not require
addition to the TOA radiance components contributed Dy B nmbands. Requires | bands. Requires use of | surface bidirectional reflectance or
windspeed-dependent ocean surface. Using these parameteli i | ot seectmec mosel | hove pil o
the TOA radiances both over ocean and land, required by the rcfiscrance.
aerosol retrieval algorithms, are then computed for all aeros',:(l)l
mixture models in the ACP. 9
Here is a summary of the MISR aerosol retrieval strategy. ) ] o
From the data contained in the ACP and SMART data Se»[S'The aerosol retrieval process requires a determination of
TOA radiances for mixtures of pure aerosol types are corifle path radiancd.{" for aerosol mixtures defined in the
puted and compared with the MISR observations to determifif&P- In principle, the most exact way to do this is to
those models that provide good fits to the data. Both aerodgrform the appropnate_ RT calculations for the aerosol mixture
type and optical depth are retrieved in this process. Thrgd store the results in the SMART data set. However, to
retrieval algorithms are available. One is used over dark wafdfow more flexibility in our ability to define mixtures and
and two over land; only one is selected for a given regid? Minimize the required storage space for the SMART data
based on a hierarchical scheme that depends on the surfiftle W€ US€ an approximation that requires knowledge of only
type (dark water, DDV, or heterogeneous land). These thrk¥¢ Optical properties and the computed path radiances of
algorithms are schematically illustrated in Fig. 1. For a regioH!€ individual components making up the aerosol mixture.

defined as 17.6< 17.6 km in size, the algorithm determines NiS_approximation, described by Abdcet al. [15], is a

whether any of the 16 16 subregions can be classified as darfkodification of the standard linear mixing approach (see [14])
water. If there are any dark water subregions within the regigi}d Provides a much more accurate calculation/gf™
the “dark water” retrieval algorithm is used. If no dark watef@n standard linear mixing in situations where particles with
subregions are found, a search is made for subregions classifigstantially different absorption characteristics are present.
as DDV. If any are found, the “DDV” retrieval algorithm is Application of modified linear mixing to the path radlan<_:e
used. If no DDV subregions are found, the selection defaultshgS Peen tested for all combinations of aerosols contained
the “heterogeneous land” algorithm. Regardless of the retrieV|the ACP and provides sufficiently accurate results for all
path chosen, an aerosol column amount upper bound, basedffure cases in Table Il up to total aerosol optical depths of

the darkest radiance observed in the region, is also calculaf@gl€ast two. There is minimal computation g’ since all
necessary optical parameters are obtained from the ACP, while

the component path radiances are obtained from the SMART
. o data set, stored as functions ef, po, ¢ — ¢o, andry.

The TOA radiance.,“* at wavelength\ can generally be  The surface contributio,}"" to the TOA radiance in (1)
expressed as the sum of two parts can be written as

LE\WOA(_uv Mo, (/) - (/)07 7_)\) :Ll;\tnl(_uv Mo, (/) - (/)07 7_)\) Liu7f(—l,b, Ho, (/) — (/)07 7')\)
+ Lil“f(_uv Ho, (/) - (/)07 7_)\) 1 Lo sur
—exp(-n/i -3 [ R i 6= )
0 0

(1)
inc, ! / . l ’ ’
where L¢*™ is the radiance that has been scattered by the N o, ¢ = doi T dyi” ds

L
atmosphere to space without interacting with the surface (ie., 1 /1 /27T /1 /ng (—pts =", 6 — &5 )
the path radiance) andi’“’f is the additional radiance at mJo Jo Jo Jo AT ’ A

the top of the _atmosphere prodl_Jced _by the _interaction of -Ri“”f(—//’, Wy @ — VL | o, ¢ — Po; Tx)

the downward-directed atmospheric radiance with the surface. A b’ dyl A @)
The cosines of the view and solar angles are and j, poer H

respectively,¢ — ¢, is the view azimuth angle with respectwhere Ly is the incident radiance at the surface (including
to the solar position, and, is the total (Rayleight+ aerosol) the effect of all the multiple bounces of radiation between
extinction optical depth. the atmosphere and the surfac#), is the upward diffuse

Derive optical

Derive optical
depth constraints

depth constraints

SMART MISR Average
data data . =

Angular
shape

Derive optical
depth constraints

‘Angular shape
EOF's

Calculate
surface ficld

\

Minimize residuals

. 1. Summary of MISR aerosol retrieval technigues.

I1l. M ODELING OF TOA RADIANCE
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transmittance, and?;""/ is the surface BRF. The treatmenthat are used over land, it is assumed that the atmospheric
of this component varies among our three aerosol retrieyabperties, i.e., path radiances and transmittances, do not vary
techniques and, therefore, will be discussed on an individualer a region.
basis. The criterion used to find the best-fitting aerosol model is
minimization of they?,, test variable, calculated as a function
IV. AEROSOL RETRIEVAL OVER DARK WATER of aerosol column amount (described by the optical depth at

Because the reflectance of large water bodies (e.g., fR8 M, 7555)
ocean) is often uniform and deep water bodies have negligible [
water-leaving radiance at red and near-infrared wavelengths, ZZwAj : 2 ()
considerable progress has been made in development of ale (7558) = A g Yabs, A\
gorithms to retrieve aerosol properties over dark water. By “** o8 ZZW
assuming an aerosol model (i.e., specification of a particular N
mixture), it is possible using RT theory to derive a one-to-one (3)
relationship between observed radiance and aerosol columere the argument is shorthand for the camera geometry,
amount. Such modeling has been applied to the retrieval @f;, 110, ¢; — ¢o) Of the jth camera, LTS is the median
aerosol concentration from Landsat [16], [17] and NationMISR radiance,L1°# is the model TOA radiance for the
Oceanic and Atmospheric Administration (NOAA) AVHRRaerosol mixture, and,,,  is the absolute radiometric uncer-
[5], [18]-[21] single-view radiances. Multiangle radiancedainty in L{/5# [28]. The sum inj is over the nine MISR
which are governed strongly by the shape of the aeroswsimeras, and the sum kis over the two bands at 672 and
scattering phase function, provide additional information witB66 nm, the wavelengths at which the dark water surface is
which to refine the aerosol model used in the retrieval @ssumed to have negligible water-leaving radiance. For a valid

. . 2
LSRG — LXO4 s 7))

optical depth [22]. value of LY5E in the jth camera, the weight,; is equal
to the inverse of the cosine of the view angle of camgra
A. Surface Contribution to TOA Radiance providing a greater weighting of the more oblique cameras to

The ocean surface BRRiwf in (2) is computed using take advantage of the longer atmospheric slant path. When the

the Kirchhoff approach to modeling the radiance scatteré’?lue OfLQHS.R n the jth camera IS not Va.“'d (e.g., due to
from a randomly rough surface [23], [24]. The rough sun‘ac(éOud contamination or channel failure),; is set equal to
is modeled as an isotropic, Gaussian distribution of surfa
slopes with a dependence on surface windspegg;, based
on the empirical formula of Cox and Munk [25] and include

wave shadowing effects. Empirical estimation of whiteca . . :
reflectance [26], [27] is also included in the BRF model. On etermlned2 by fitting a parabolic curve through the smallest

R is determined, the surface contributidi*"’ for a computedy,, and its two neighboring values on thgs grid
E);)rticular atmospheric model can be directly computed from In[x7y,(1358)] = A+ Brsss + Criss. (4)

The surface contribution for an aerosol mixture is obtainéthe logarithm ofx?,, is used instead of?2,, to guarantee
using standard linear mixing. Standard linear mixing is adéat the minimum value,, ..., determined from the fitting
quate here becaudg""/ is dominated by the properties of theprocedure, is always positive. Then the optical depth at this
surface BRF. Like the atmospheric path radiance, the surfagéimum is given by
contributions for the individual components of the aerosol mix-

For each candidate model, we evalugfs, over a range

gf aerosol column amount and determine the minimufy.

; . . st fit : L :
nd its corresponding optical deptf{'/**. This minimum is

est fit -B
ture are obtained from the SMART data set, stored as functions Tgssff = 20 ()
of —p, po, ¢ — ¢o, Tx, @andwg,; [11]. For operational data )
processing at the DAAC, estimates of the surface windspeWiih an uncertainty
are obtained from the EOS Data Assimilation Office (DAO). 1
1n<1 + —)
B. Criteria for Aerosol Best Estimate Arbestiit — ?bs,mm ) (6)

For a specified surface windspeed and view/solar geometry
corresponding to a particular measurement, the TOA radianddss uncertainty is defined as the optical depth difference from
in the red (672 nm) and near infrared (866 nm) MISR:S;/* needed to increasg’,, i, by one.
bands are determined at each camera angle for each aeros@incex,, ..., has been found, its value establishes whether
mixture model to be tested. The retrieval is based ontlae candidate aerosol model provides a good fit to the mea-
comparison of the radiances for each model and aerosakements. A value of?,. .. < 1 indicates a good fit, but
column amount with the actual MISR observations by usirtg allow for unmodeled sources of uncertainty, we establish
several types of residuals as test variables. A single retrievakiﬁsymin < 2 as an acceptable fit. Since there are 18 measure-
performed over a 17.& 17.6-km region by using the medianments (nine angles and two spectral bands) for each ocean
values of the MISR radiances from all cloud-free subregiomstrieval, there is more than one piece of information we can

within the region. For this retrieval algorithm and the twaise in comparing the model with the observations. Thus, we
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define other test variables to help determine the goodnessx@ﬁec appear to be defined as standard, statistical, redyéed
fit of the particular aerosol model to the MISR data. Thesguantities, but in fact they do not usually possess the required
additional parameters are calculated for the aerosol optiediributes. For instance, we do not expect the measurements to
depth 7253/, One of these goodness-of-fit test variablefollow a Gaussian distribution about the corresponding model
Xaeom 1S @ comparison of the angular shape normalized t@lues with the indicated metric-specific variance, except for
a reference camera (nominally the nadir view camera), whitle special case when the aerosol model accurately represents
emphasizes camera-to-camera geometric differences the observed conditions. These metrics, however, do serve as
very sensitive indicators of measurement/model compatibility.
The radiometric performance of the instrument will dictate
TOAl . bestfit which aerosol models fit the data to within the instrumental
LSR5y L™ (J;T,\ ) uncertainties. Any model that meets the criteria described
LMISR(ref) — [T0A (Tef_Tbestfﬁ) above is deemed a valid fit. Of course, the best situation
A 1A is when only one of the many aerosol mixtures tested will
S5 — s when only. y aerosol mi
5 0z comaldsref) qualify as saUschtory. However, it is posgb[e for more'than
= . one model to satisfy the goodness-of-fit criteria. Resolution of
ZZ“’AJ such ambiguities, which is not part of the DAAC operational
A aerosol retrieval process, will require reference to additional
(7) information, such as the climatological likelihood parameters

The argumentef is shorthand for the reference camera georﬁ-ontamed in the ACP. It is also possible that no model will

etry (i so, ¢ do), ando is the uncertainty in qualify as fitting the observational data. This may be indicative
refs H0y Pref — 0/ geom, A

. : f a failure of the predetermined models to represent the
the measured camera-to-camera radiance ratio [28]. Another, . . L :
. ; 9 . ambient atmospheric state, or some limitation of the algorithm
goodness-of-fit test variablgs,.. is a comparison of the

. . or instrument performance. Experience with actual MISR data
spectral ratio relative to the red band . o
will be necessary to determine if any aerosol models need

2 best fit
Xgeorn (7558 )

2 ( ggstfit) improvements. In any event, information on the fits for all
spec 598 aerosol models tried in the retrieval will be logged as part
LYISE(j) LToA (j; nggtﬁt) ? of the MISR Aerosol Product. An Aerosol Retrieval Success

?\%53 J — — i Indicator is established for each region as a simple way of

L7377 () LER (5 76957 1) determining (e.g., for subsequent surface retrieval processing)

ij ) 2 /. if at least one good fitting model has been found. Assuming
j aspec(J) - . .

_ (8) that at least one model meets the goodness-of-fit criteria,
ij two overall best estimates of aerosol column amount are

j also calculated, the mean and the median of the individual

. . . successful model amounts.
whereo,,.. is the uncertainty in the measured band—to—banéJ

radiance ratio [28].
The metrics given in (7) and (8) take advantage of the. Aerosol Retrieval Simulations

smaller instrument relative uncertainties as compared to thero test MISR's sensitivity to aerosol properties over dark
absolute uncertainty, thus, providin92 potentially greater Senwéter, we simulated MISR data, using aerosol models in which
t|V|ty._ _Slmulat|on_s haye shown tha,.,., tg_nds to be more column amount, particle size, and the real and imaginary index
sensiiive to pariicle size than io composition, whergg%},gc“ of refraction were varied over a wide range of values. We
tends to depend more on both particle size and compositiofagignated one set of MISR TOA radiances as the “measure-
Finally, we define a maximum deviation test variable ments,” with a fixed (i.e., known) set of aerosol properties,

2 ( bestfv‘,t) and tested whether it can be distinguished within instrument

Xmax dev \ 7558 uncertainty, from a series of comparison radiances from a wide
Moax [LQIISRU) — L[F04 (j; T)b\estfit):| 2 set of_ variqus aerosol_ models,_using the_fgsxﬁrte_st variables

_ . 9) described in the previous section. Here is a brief summary of

A g Ugbs,A(J) the results obtained so far for MISR observations at middle

to high latitudes.

to find the camera and band at which the observed radiance i4) For nonabsorbing particles, the aerosol optical depth
most different from the model radiance. This test variable is  can be retrieved over a calm ocean to 0.05 or 10%,

effective at picking out optical features, such as “rainbows.” whichever is larger, even if the particle properties are
Successful aerosol models are those for which all four  poorly known. As particle absorption increases, sensi-
MetriCSX2,ss Xocoms Xopeer ANAXZ 1 4e,, fall below threshold tivity to optical depth degrades and becomes dependent

values. These threshold values are nominally set to two for on particle size and optical depth. When the optical depth
all four, but they may be adjusted pending further theoretical is less than 0.5 or if the particle characteristic radius is
sensitivity studies and experience with actual MISR data. less than about 0.8m, MISR optical depth sensitivity is

It should be noted that the three metrigg,,, x>.,.., and better than 15% when the imaginary index of refraction
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is within the values expected for all common particlISR’s multiview-angle capability can provide enhancements
types except soot (see Table I). Based on climatology single-view-angle approaches to aerosol retrievals over
most ocean cases fall well within these favored limitsDDV.

2) According to the simulations, MISR should be able to
distinguish three to four groups of effective radius acros§ petection of DDV
the natural range (“small,” “medium,” and “large”).

Most of this sensitivity occurs for particles between 0.1 Before the "DDV" aerosol retrieval technique can be used,

and about 1um in characteristic radius. This coversSpeCiﬁC subregions must first be identified as DDV. This
the range of particle sizes where the scattering ph&ggntification can be accomplish_ed t_)y comparing a subregion’s
functions change from fairly isotropic behavior to Curvegomputed ground-level vegetation index to a threshold value.

with well-developed forward and backward scatteringhe standayd Normalized Difference Vegetation Index (NDVI)
peaks. The sensitivity to effective radius increases fGP" be defined for MISR spectral bands as
higher optical depth since there is more aerosol signal Lgs — Lara
in these cases and is greatest for less absorbing particles. NDVI = Lo+ Los (10)

3) MISR sensitivity to index of refraction increases 866 672

strongly with increasing optical depth. We can disyhere Ly is the near-infrared, surface-leaving radiance at
tinguish about two or three groups of real index 0gg6 nm andLg:- is the corresponding red radiance at 672 nm.
refraction values between 1.33 and 1.55, as long @$ general, the two wavelengths straddle the photosynthetic
the optical depth is 0.1 or larger and the particlegnsorption edge so théik:- is significantly smaller thadsgg
are not strongly absorbing (imaginary refractive indejor ppy. Therefore, if the two radiances are measured at
n; < 0.01). However, the data are insensitive t0 thgyround level, the NDVI is close to unity for DDV. Here,
real part of the index of refraction for dark particlehpy s defined such that any direct ground reflectance is
(imaginary index larger than about 0.01). Sensitivity t8ompletely obscured by the vegetation and the strong pho-
the imaginary part of the index of refraction followsyosynthetic absorption at the red wavelength guarantees a very
a similar pattern, though the simulations suggest thgy reflectance compared to the near infrared.
three_ to fou_r groups of values between 0.0 and 0.5 canif the radiance measuremenigs and Lg» are made
be distinguished. from a spacecraft instead of at ground level, the inevitable
4) Because MISR can sample the aerosol phase functigiospheric contamination of both radiances will modify the
between scattering angles of 60 and%,#8e instrument yaye of the NDVI when compared to the ground level value.
is expected to be very sensitive to particle shape. Fehe atmosphere-contaminated NDVI for a given DDV site is
common mineral dust type aerosols, we can distinguigfynerally smaller than the corresponding ground level NDVI,
spherical from nonspherical particles over a calm oce@fe mainly to the atmospheric path radiance contribution to the
with a range of sizes and column amounts expectgfeasured radiance at the red wavelength. In general, the NDVI
under natural conditions. will decrease as view zenith angle increases for DDV, due
More information about the sensitivity of MISR to aerosolo the increased atmospheric contribution. This characteristic
properties over the ocean can be found in [29] and [30]. forms the basis for a DDV detection algorithm, which can
be described as follows: when atmospherically contaminated
NDVI values are plotted as a function df;. and the curve is
extrapolated to the hypothetical viewing geometyy: = 0,
Techniques for retrieving aerosol column amount over lanHe extrapolated NDVI value is theoretically the same as the
from space are considerably less well developed than thes@rapolated value obtained in the absence of atmospheric
over dark water because of the higher brightness and hetegontamination [33]. This is due to the fact th&g*™ and T
geneity of the land surface. The simplest means of determinipgth tend to zero whe/;: tends to zero, resulting ih %4
the atmospheric contribution to the satellite signal is to malgféing equal toLf\'”"’f at 1/p = 0. The subregions that are
an assumption about the surface reflectivity or albedo. Lemassified as DDV are those for which the extrapolated NDVI

cations where the surface boundary condition is believed |§p>075 Examp|es of the use of this a|gorithm are shown in
be reasonably well understood are areas covered by DDV TAble III.

method based on imaging over DDV has been investigated
[31] and forms the basis of the Moderate Resolution Imagi
Spectroradiometer (MODIS) aerosol retrieval over land [32]. )
MISR adopted a modified form of this approach whereby The surface contribution to the TOA radiant§”” in the
the low reflectances of dense vegetation in the 446 afark water retrieval algorithm is easily determined using the

. e surf
672-nm bands are constrained by a surface model, similara@0sol components{”.” in the SMART data set. In the DDV
the method used for retrievals over dark water. For DDVetrieval algorithm, howeverLf\“”f is explicitly computed
however, only the angular reflectance shape of the surfdcem (2) in the blue (446 nm) and red (672 nm) MISR
model is specified and the absolute reflectances in the bhends by using a parameterized surface reflectance model and
and red bands are allowed to vary as free parameters (witaimospheric parameters in the SMART data set. Here, surface
certain limits). Therefore, as is the case for dark wateglevation effects can be accounted for by suitable adjustment of

V. AEROSOL RETRIEVAL OVER DDV

. Surface Contribution to TOA Reflectance
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TABLE Il To make the calculations in (2) efficient, the surface BRF
Surrace TyPe NDVI and the upward and downward diffuse transmittance are ex-
wdic | ewap | ourp | ewp | ewp. PANMed as a cosine Fourier series qin—_ ¢o. It then is _
Case | Surface Type NDVI NDVI NDVI NDVI NDVI assumed that only the first two terms in these expansions
no atmo. noatmo. | 1, =010 [ =025 | 1,, =050 . . . .
— _ = contribute significantly to the angular structure of the diffusely
1 Soil 0.088 0.089 0.122 0.133 0.128 . .. . . . oy
- pe—— e YETSE Ry i i transmitted radiation fields incident on the surface and exiting
Z rasslan NRE L1 . 154 L 100 . .
— | : at the TOA. The full functional form of the BRF, however, is
3 S\cp]7cF;lz|>s 0.153 0.105 ,,,,0'136 0.163 0.189 df d tl t tt d | ht Th th d . d t
4 Hard Wheat 0179 0.067 0.099 0133 0172 used for directly transmitted fight. Thus, the radiance inciden
5 Irrigated Wheat 0.784 0.796 0.771 0.793 0.801 at the Surface can be apprOXImated by
7: Hardwood forest 0.867 0:(;3i 0.936 0.970 0.970 Lz)\nc(l,b, 1o, d) _ (7)07 7—)\)
Pine Forest 0.782 0.862 0.864 0.893 0.872 ~ 77.,\/#“)
8 Lawn Grass 0.763 0.777 0.750 0.772 775 - EO’ A€ - ’ 6([,L - NO) ’ 6(¢ - d)o)
9 Corn 0.520 0.439 0.464 0.508 0.539 + EO,A : [TA,O(L% Ho; TA)
10 Soybeans 0.896 0.946 0.949 0.981 VI.()(F +T)\ l(u 1403 7—)\) COS(d) _ d)o)]
N ? b
11 Orchard Grass 0.555 0511 0.534 0.576 0.589

o, A0 - SA(TA) E$ (1o; 7a) + ES (1o; )
T 1—7’07)\C)é~8)\(7')\)
. B - P ,,,f
the Rayleigh optical depth. This method for computiif™’  \yhere § is the Dirac delta functionEo » is the TOA solar

is quite general and not restricteq to a particular surface _moq?rladianceTA o andT, ; are the first two Fourier coefficients
The model we used to describe the DDV surface bldll’eeT the downward diffuse transmittan@,, s is the bottom-

+ (15)

tional reflectance is that of Rahma al. [34] of-atmosphere (BOA) bihemispherical albedo, ani given
SUr b
R)\ f(—l% Ho, d) - d)O) y 1 1
. 1-— 92 / / sur f ! ! I
=7 k=1, a=4 R -, dp’ dp. 16
7o, Alpor(p + o)) T 0% — 20 cos QP2 A (=, ' pdp dp (16)
. {1 + M} (11) Here,R5""7 is the first Fourier coefficient aR=*"/, with the
1+G first two coefficients defined as
here(} is the scattering angle, defined b fsur L
wheres? ing angle, defined by B sy =g [ B = e @)
0
cos Q@ = —ppo + (1= p*) (1 = )"/ cos(¢p — ¢0) (12)  ang
27
and the geometric facta® is given by R (—p, p) = l/ Rl (i, ¢ — )
T Jo
oo {( 1 ) N < 1 1) ~cos(¢ — ¢) dgp'. (18)
W 3 Equivalent expressions define the two coefficients of the

downward transmittanc&. Finally, E{" and E{/7 are the

/
<i2 — 1) <i2 — 1) cos(¢p — o) . (13) direct and diffuse irradiances, respectively, at the BOA for a
H Ho black surface, with

+2

The adjustable parameters in (11) atex, k, g, andro, . E$" (uo; 72) = Eo, apoe” ™/ 1o
The last factor on the right-hand side of (11) is included diff I_
to model the “hot spot” for vegetation canopies, ie., the £ (#0; 7x) 227TE0,A/0 T'x,0(pt, po; TA)pdpr. (19)

brightness increase that occurs near scattering angles 8f 180 he f he right-hand-side of h
(backscatter). The parametes »,. in this factor is set to a The first term on the right-hand-side of (15) represents the

fixed value of 0.015, which is typical for DDV. The variabledli'éct radiance; the second term represents approximately the
k and g are also prespecified and assumed to be wavelengfﬁuse downyvellmg radiance in the absence of any surface

independent, whereas_, is permitted to vary within narrow eflectance (!.e., a black surface); and.the last term repre-
limits for both the blue and red MISR bands. Based on fitEnts approximately the downwelling radiance due to multiple

of (11) to measured [35]-[39] and synthetic [40], [41] DD\;e_erctions b_etween the a_tmosphere an_d the surface. Using
reflectance factor data sets [42], recommended valudsdad US €xpression and (14) in (2) and noting that the upward

g are 0.5 and-0.2, respectively, with an associated variancg'ﬁuse transmittancel’, is related to the downward diffuse

for each of about 0.02. Thus, it is convenient to rewrite (11) d&nsmittance via reciprocity, i.e.,
; . T (— . — e — T / o 20
R;\ua f(_ﬂ, 110, ¢— ¢0) _ TO,)\RSUTJC(_N’ Lo, ¢_ ¢0) (14) 14 )\( M, [22 d) ¢7 T)\) H )\(uv M, d) d) 3 T)\) ( )

) the surface contribution to the TOA radiance can be written as
whereR*""f represents a prescribed, wavelength-independent, surf
normalized BRF that defines the angular properties of the L3 (=hs 1o, ¢ = o3 ™)
surface reflectance. =10, \L3" (=11, o, & — dos ) (21)
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where
Lil“f(_u7 Ho, (/) - (/)07 7_)\)

dir .
_ M C—‘D\/HRSUTJC(_/% Ho, d) - d)O)
Qo
Lo, A

4 =2 1o C_TA/H
: [fA,O( 1 po; ™A) + fa,1(—

-cos(¢ — ¢o)]

4 Foa Eo A 1o o=/ 1o
T

—Ho; TA)

“[ax, 0(=p; pro; 72) + g, 1(=p, —p0; TA)
-cos(¢ — ¢o)]
E
4 =22 ko
'[hA,o( 1, —po; Ta) + Fa, 1(—p, —f0; TA)
cos(¢p — ¢o)]
ro.a - sa(ma) B (po; 7a) + BT (o; 7a)
1—7’07)\C)é~8)\(7')\) ™
e A=) + an o )] (22)
and
f)\,O(_ —Ho; T)\)
1
o / R (< pYTs o —po, —ils o) did - (23)
0
f)\ 1 —Ho; T)\)
- / R (= p)T 1 (—puos —ps ) i (24)
g, o( NOyT)\)
1
= 27f/ Tx,o(—p, —t's TR (—ppo, p') dp! (25)
0
ax, 1(=1, —po; Tx)
1
- / T a(=ps 13 TR (—po, W)yl (26)
0

b, o(—p —po; )
1
=27r/ T, o(—p, =15 T2) fa, o=, —po; T2) dp’ (27)
0
1
=7r/ T 1(—p, —p's )1 (=1, —pos T2) di’ - (28)
0
aA,o(—N; T)\)

1
it 27(/ T)\,O(_I’La
0

and

=’y A=) di (29)

1
A(=p) =2 / Ry (=, 1 )i dp (30)
0

Combining (21) and (22), we note that all terms describing
are linear inro, , except for the last one. Linearity, ,.
however is desirable to make the retrievals computationally
efficient. Fortunately, since the product@f , ands is small

for DDV, the last term in (22) can be reasonably approximated

LS'LL’I’

by specifying a fixed value fory » equal to 0.015.
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The functionsa 4, R3*™/, R:*"/, and those expressed
by (23)-(29) are computed as needed during the retrieval
process. However, the two functiods, ¢ and 7y ; used in
these expressions are precomputed and stored in the SMART
data set for each pure aerosol type, evaluated on a standard
grid of aerosol optical depths and on a standard Radau
quadrature point grid for andy’, which greatly simplifies the
mathematical integration operation in these equaticﬁjgff
ands,, parameters also needed by the algorithm, are evaluated
on the same optical depth and quadrature point grids and
included in the SMART data set.

Like the aerosol retrieval over the ocean, standard linear
mixing is used to compute the surface contribution to the TOA
radiance. The contributions for the individual components of
the aerosol mixture are computed using (22).

C. Criteria for Aerosol Best Estimate

Similar criteria as for the “dark water” retrieval case are
used here. Median radiances are determined using all DDV
subregions within the region, and these radiances are then
compared to the selected model aerosol mixture/surface TOA
radiances. However, there are several notable differences, as
follows.

1) Sum over wavelength includes only the blue (446 nm)
and red (672 nm) MISR bands at which DDV has the
lowest reflectance.

2) Aerosol column amount and the BRF parameteys,
in the blue and red bands are varied to minimize the
x2,. parameter. The otheg® metrics are then calculated
for these optimal values of optical depth and surface
reflectances.

3) 02451 Tcom @ndoZ, . are modified to include uncer-
tainty in the assumed shape of the surface BRF.

4) x% ... testis not used.

5) FOrx2,., Xocom» andx?,... the threshold value for an
acceptable fit is taken to be three.

The latter four differences reflect the greater uncertainty in
specification of the surface boundary condition relative to the
dark water retrieval case.

The criterion used to determine the best fitting aerosol model

is the minimization ofy?, , in (3), whereL1“ is now given
by
LYY —p, 1o, ¢ — o5 72)
= L™ (—p, po, ¢ — do; ™)

+ 70,3 L3 (=11, 110, ¢ — o3 7).
The parameter, , is adjusted in this definition of?, ., such

that x2,, is minimized for each point on thess grid. This is
done by a least squares procedure, whereby

(31)

wy - [T G) = 18 (s m)I LY G )
zj: abs,)\(J)
0,A = 2
|:LSLL1f(17 7_)\):|
Z Jabs,A(j)

J

(32)
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with the requirement that,  falls within specified limits, expected from the MISR instrument [28], characterized by the
namely,0 < 7o » < 0.03. If 7o, », as determined from (32), parameterss2,,, o2, ando?2, .. In Table lIl, the surface
is less than zero, it is replaced by zero, and if it is greatgmpes are listed along with 1) their NDVI in the nadir view,
than 0.03, it is replaced by 0.03. In calculating,, andrg », 2) the extrapolated NDVI for the case where the atmosphere
o2,. is modified to include the uncertainty i3/, due to is absent, and 3) the extrapolated NDVI for the three aerosol
the uncertainties in the surface model parametemnd g. column amounts. The chosen sun angle i$. 4¥ote that for
Assuming no correlation between the measurement and motfielse cases that are classified as DDV (cases 5-8, and 10, for
uncertainties, the modified?,  can be approximated by which the extrapolated NDVF 0.75), the extrapolated NDVI
) . ) . - - s ourf ) (no atmosphere) is generally larger than the nadir view NDVI
Tabs, A1) = 050s, A7) + [2:(5) + g (DIro, ALY (G5 T)I°  (no atmosphere), due to a consistently decreasing NDVI with
(33) increasing view angle. For the DDV cases, the extrapolated
NDVI (variable aerosol optical depth) is also quite consistent
where with the extrapolated NDVI (no atmosphere), illustrating the
2N 2 g2 o use of the extrapolated NDVI as an accurate indicator of
ak(J) = ot - I o (11 + o)) y DDV targets when aerosol is present. The median value of
) < 29 3lg — cos Q] ) . (34) theidentified DDV target radiances for each camera view and
1-g* 1+g*—2gcos for the 446 and 672-nm MISR bands was used as the input to

The functionsg? andq§ were derived for the surface model 01‘t he aerosol retrieval algorithm.

L 5 : . . In the aerosol retrieval sensitivity study, the candidate
(11); o5 ando? are the variances associated with the values for . 0 .
g 5 aerosols included the correct RH 70% sulfate/nitrate model
k andg, respectively. Note that:, in (32) now also depends

abs g’eﬁ = 0.21 pm), this sulfate/nitrate model at 90% RH

2_ 2
99 =9

on rg via (33). This dependence, however, was ignored in the

o . . - . = (rers = 0.32 pm), and a selection of six other aerosol possi-
der|vfe1t_|on of (32) since it has minimal impact on the derive ilities taken from the APOP file. These additional models
bestfitting values of, 5. Therefore, a set value of 0.015 for

1 0, 1 - — =
ro_» is used in the expression foe,.. included RH 0% sulfate/nitrate 2rd;y = 0.53 pm), RH

2 . d - 70 and 90% Sea Salt (accumulation mode;; = 0.70
Oncey;,, is determined as a function of;s, the minimum d el 0 | de-
lue ofy?. and its corresponding optical deptﬁ'“f“ and and 1.30u:m, respectively), RH_7OA: _Sea Salt (coarse mode;

va Xabs best fit o8 rers = 10.23 pm), and absorbing Mineral Dust (small and

uncertainty A5 are then found by using the paraboliGarge particlesr. ;; = 0.53 and 4.26um, respectively). These
curve fitting procedure described previously. This aerosplqiqate models represent aerosol types with particle sizes
optical dept2h, along with the valuesaf y associated with the , gingle scattering albedos different from the correct model
MINIMUM Xay,,, are then2 used with (31) to compute the othel “herefore, will test the sensitivity of the algorithm to
WO MEtrCSx g oy ANAXGpc- AN @€rosol model is determinedynoqe aerosol properties. The retrieval results are shown in
to be a good fit to the data when all three metrics have Valu?ébles IV—VI for the solar zenith angles of 25, 45, and 65
=3. respectively. Those retrieved optical depths with an uncertainty
) ) ) of zero in the tables are cases in which the minimypy,
D. Aerosol Retrieval Simulations occurred at a limiting value of the aerosol optical depth,
To test how well the algorithm is expected to perform, &e., either no aerosol or its maximum amount. This maximum
sensitivity study was done using simulated MISR data setsount requires a zero surface reflectance to satisfy the
in which the atmospheric aerosol varied with both columebservations; any more would demand a negative surface
amount and type. The DDV detection scheme, describedrigflectance in a least one of the multiangle, multispectral
Section V-A, was also used as part of the retrieval simulationbservations since the aerosols are brighter than the surface
The aerosol type used to simulate the MISR measuremeimtsall cases. From the criteria that,,, xZ.,,.. andx?,..
was a sulfate/nitrate composition at RH 70% with an effectivaust each be<3 as an acceptable fit to the observations,
radiusr.s; of 0.21 um, similar to the sulfate/nitratel modelthe first point to note is that good retrievals are obtained
in the APOP file of the ACP (see Table I) but with smallefor all aerosol column amounts and solar zenith angles when
particles. Three aerosol column amounts were considerdfie correct candidate model (RH 70% sulfate/nitrate) is used.
characterized by optical depths of 0.1, 0.25, and 0.5 at 558 n&econd, these tables clearly show that sensitivity to the aerosol
Simulated data were produced for three solar zenith anglesdel type increases with increasing column amount and
25, 45, and 6% with the azimuth angles of the MISRincreasing solar zenith angle. For example, in Table IV (the
views set at values that are typical for those zenith angleslar zenith angle ig, = 25°), for an optical depth of
Eleven different surface types were used with direction@ll, five of the eight candidate models have acceptable fits,
reflectance properties based on field measurements [36]-[3@hereas only two models fit well for the optical depths
The multiple scattering calculations were performed using(a25 and 0.50. These results also show that the incorrect but
matrix operator technique [43], where Rayleigh scattering wasaccessful candidate models produce optical depths that can be
included, along with the aerosol scattering and the bidirectiormlbstantially different than the correct one. Wligrincreases
reflectance of the various surface types, and all orders tof45> (Table V), only two of the candidate models (the correct
surface-atmosphere reflections were taken into account. Thedel and its 90% RH counterpart) produce acceptable fits
simulated MISR radiances also include the noise propertifes optical depths 0.1 and 0.25 and only the correct aerosol
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TABLE IV
DDV AEROSOL RETRIEVAL RESULTS
Sulfate Sulfate Sulfate2 S'c‘a‘Sall Sca Sal; Sca S:‘\il Mineral Dust | Mineral Dust
B, = 25° RIL 70% RH 90% RH 0% (accum) (accum (coarse) neral Dus! ineral Dus
RH 70% RH 90% RH 70% tLr=053 Forr= 4.26
Tegp =021 | Top=032 1 7oy =053 0090 | r =130 | rl=1023 “ff “f
’ e =" o= - o =10
Festil
T 10407 19+.09 16+.14 12+.13 A5+.28 23407 A5+.09 25+.25
Sulfate 2
RIL70% X 0.4 0.4 07 07 1.0 07 0.4 0.9
2
g 2
=010 Yevom 04 04 18 38 19 9.5 02 08
2
X, 08 0.6 1.1 21 20 2.1 08 28
spec
et 25+.07 A3+ .08 33412 23411 32411 35+.00 32413 00£ .00
Sulfate 2
RH 70% Xabs 03 0.2 12 14 20 15 09 76
2 ;
o025 Lecom 03 0.5 40 10 4.4 17 0.5 34
o 0.7 0.4 2.1 7.7 55 53 14 57
spec
LPestfit 48 108 77411 68 + .06 404 .00 70+ .00 50400 86 L.03 00400
Sulfate 2
R 70% Xabs 02 0.3 22 11 10 24 4.6 67
2
- 050 Tecom 02 0.7 79 18 9.6 29 1.6 52
2
X 0.7 08 49 6.8 82 13 148 43
spec
TABLE V
DDV AEROSOL RETRIEVAL RESULTS
Sulfate Sulfute Sulfate2 F;aE::; (g:“:“:]l; (gtiu?dcl; Mineral Dust | Mincral Dust
By =45° R % 0% < <! cC coars s
v - HZ%/'Z] rRH ?(())7;2 rRI{OU/"ﬂ RH 70% RH 90% RH 70% =053 | 1 p=426
eff = eff 7 off T ;= = =
A it eff Pop=070 | rp=130 | r,p=1023
(ST 101 .04 16£.07 15407 07 18+ .08 20+.00 17+ .08 37+.20
Sulfate 2
RH 70% Kios 04 05 0.9 1.2 13 1.0 0.7 23
2
P Kgeom 1.8 2.0 42 59 67 18 24 76
. 0.9 10 18 45 40 44 4.6 12
spec
Penifit 25+.05 36+.08 33407 27+ .05 42+.07 25+ .00 36 £.07 00400
Sulfate 2
RIT70% Koy 03 0.5 20 27 32 10 23 36
2 )
o025 Levom 10 16 82 16 13 21 6.3 59
2
Liper 08 1.6 2 144 7 i4 320 5.1
spec
e 49 .07 T1E.07 70 £.00 40£.00 60£.00 A0 £.00 80100 00100
Sulfate 2
R 7T0% Xiabs 0.2 0.6 93 46 56 120 2 254
2
2 2
=050 Xevom 1.4 i 22 25 24 287 36 102
“ 13 29 348 130 105 10 46 8.4
spet

model is acceptable for optical depth 0.50. Also note that tibechniques, and it uses all four MISR spectral bands in the
retrieved optical depths for the two successful models agraealysis.
more closely than for these same two models whgis 25°.

Finally, in Table VI @y = 65°), only the correct aerosol type A. Surface Contribution to TOA Reflectance

is a successful model for all three optical depths. For the retrieval of aerosol over heterogeneous land [47],

we use the surface contributiofi.}""/), averaged over the

individual subregions of a 17.6-km region. This average can
Since DDV is found only over a portion of the landbe expressed as

surface, other methods are required to extend the aerosol N

retrieval spatial coverage. Separability of the surface- Ieavuigswf( 1, 1o, ¢ — ¢0)> _ Z A3 fo a(= s f10, p—dbo)

and atmosphere-leaving signals over terrain with heterog

neous surface reflectance is the objective of several methods (35)

developed by the MISR team [44]-[47]. The “heterogeneoughere f,, » are EOF’s, derived from the individual subregion

land” algorithm differs from the “dark water” and “DDV” radiances. These EOF’s are the eigenvectors of a scatter matrix

algorithms in that it does not rely on the presence of @, with elements

particular, well described surface type, but instead uses the wise, MISR

presence of spatial contrasts within the 17.6-km retrieval Cxij = Z [LA zy ( <L ()>]

region to (_jenve an em.plrlcal orthogonal functlon. (EQF) MISR,. MISR, .

representation of the region-averaged surface contribution to ) [L)\,ac,y 1) = <L)\ (J)>]7

the TOA radiances. This is the most general of the three 4, j=1,, Neam (36)

VI. AEROSOLRETRIEVAL OVER HETEROGENEOUSLAND
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TABLE VI
DDV AEROSOL RETRIEVAL RESULTS
Sulfate Sulfate Sulfate2 f\c_“‘s“'; ?Cf‘vsz‘l; ff“, S:‘“; Mineral Dust | Mineral Bust
0, = 65° RH 70% R 90% RH 0% accum accum coarse mnera; us| incraj us|
0= oo | e e | 0.53 RH 70% RH 90% RH 70% Fur=053 | Fop=426
off 77 eff 7 eff = = = P
Fop =070 | ryp=130 | 1 =1023
T A0 £.04 14+ .04 15+ .00 10£.04 15£.05 15 £.00 14 +.03 31410
Sulfate 2
RH 70% Kabs 04 07 20 24 17 24 16 5.8
2
010 Ygcom 20 6.8 20 10 70 6.6 1 32
2
Xspee 0.9 33 12 49 76 il 60 546
et 25+.04 304 .04 30+ .00 20+ .00 30+.00 15E.00 35100 00 +.00
Sulfate 2
RH 70% Kiabs 03 11 51 H 78 23 73 47
2
2025 Xgeon 18 6.4 2 93 45 87 52 73
2
Kspee 0.8 2 537 42 101 12 121 58
et 48106 60 +.00 50+.00 30+.00 40+.00 30100 69+ .04 00+ .00
Sulfate 2
R 70% Kabs 0.1 3.2 20 48, 49 72 43 149
2
- 050 Lecom 12 10 51 206 101 19 203 110
2
Kspec 0.6 304 2012 35 2 2 647 76

where thex, y summation is over all the cloud-free subregionapplying the orthonormality condition of the eigenvectors to
within the region,(L}/15%) is the average MISR radiancethe bracketed expression in (37), i.e.,
of the region for a camera with an angular view designated
by ¢ or j, and Ne,y, is the number of camera views used. 4 | — LMISR(j) _ patm(;. . ;

4 cam . . n, A — 1) L (17 7_)\) fn, )\(1) (38)
Since the atmospheric path radiadcg™ is assumed constant Z [< A > A ]
over the region, it can be seen from (1) that the process of

subtracting(L%{SR) from the individual subregi’opf radiances  The contribution of an individual eigenvector in describing
LISH results inC being a function only ofL.3*”, which  the angular shape ofL5*"/) is determined by the relative
generally varies with locatiom, y. size of its eigenvalue. The eigenvectors are ordered such that

There areV, free parametersl,, » in (35) that are adjusted the corresponding eigenvalues , decrease monotonically,
during the process of comparing measurements to mogel, ¢; y > e 5 > --- > en... . Therefore, only those

cam s

radiances. Since the eigenvectors form a complete basis veefgenvectors with eigenvalues greater than or equal to a certain
set, the number of eigenvectorg, used in the summation size are used in the summation in (35). The maximum number

must be less than the total number of eigenvectors (i.e., numbeisable eigenvectord,,,.,. is determined by the condition
of cameras use®V.q,).

J

CNyo, A S 2ew

Y max; cam

A <en, A (39)

max —1;

B. Criteria for Aerosol Best Estimate

The criterion used to determine the best fitting aerosol modehere2cy,.,. x is twice the smallest eigenvalue and approx-
is the minimization of the test variabjg,, defined as in (37), imates the noise threshold of the image. Eigenvalues smaller
shown at the bottom of the page, where the summation is o¥@an this threshold have eigenvectors that contribute essentially
the nine MISR view angles and four wavelengttig‘™ is noise to the angular variability of the region. GivAR,.x, the
the path radiance of the model aerosol mixture, afd,,, , variances?.. ... , associated with the unused eigenvalues is
is the estimated variance of th&, term summation. The given by
weightvy = 1 if a valid values of( L}!1R) exists, otherwise

vy = 0. For eachrs;s on the optical depth grid, the expansion ) 1 Neom
coefficients4,, » are varied to minimize the summation factor Tremain, A — N4Nb : Z Cn, A (40)
in a least-squares sense. Their values are easily obtained by CHmTITEY p=Npax+1

2

N
(LATSR(G)Y — LE™ (G5 7a) = Y Anx+ fu, ()
n=1

' F ctero A7)
A g hetero, A
XN (Ts58) = 2 (37)

D o)
X g
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TABLE VII
SUBIMAGE EIGENVALUES

where N,,,;, is the number of subregions used to generate the
eigenvectors. Therefore;; ...,  in (37) can be written as

1 2 3 4 5 6 7 8 9

O—IQLetero,)\(j) :azenlain,)\
<L§4[SR(7‘6]0)> _ Lg’\tnl(TGf; 7-)\)
(LYISR(ref)) = Lgm (refs i)

5.84E-1 | 1.56E-1 | 5.25E-2 | 3.93E-4 | 1.23E-4 | 8.53E-5 | 8.22E-5 [ 6.98E-5 | 6.40E-5

MISR multiangle imagery. Two limiting cases relating pixel
(41) brightness (i.e., albedo) to BRF type were considered. One
. ) o _ case (random) had randomly assigned BRF types (from the list
Since(L}"'*®)—L§*™ continuously decreases with increasingf 11 types in Table Il) to the pixels in the scene. The other

model aerosol optical depth, the associated variazrﬁggm’ A

also is correspondingly reduced, referenced to the case of

aerosol (i.e, only Rayleigh scattering, = Tf“

particular reference cameraf normally nadir.

case (correlated) assigned a particular BRF type to a pixel, de-
g¥hding on the pixel brightness. It is expected that a real scene

Y) and to @ \ould exhibit albedo-BRF characteristics that fall somewhere

between these limiting cases. Each simulated MISR image was

For each of the candidate aerosol modelgais computed 256 » 256 pixels in size, which was subsequently subdivided

for each value ofV used in (37), starting withv = 1 (use

into 16 x 16 subimages, each 16 16 pixels in size. Each

of the first eigenvector only) and incrementing the numbgf these 256 multiangle subimages was then analyzed using
of eigenvectors in each wavelength band simultaneously {4 “heterogeneous land” retrieval algorithm. For the random
unity, but not letting the number in any given wavelengtQyrface property case, an aerosol optical depth of 0.5 and a sun
band exceedVi..x. The minimumy3, for each value ofN'  gngle of 48, the set of eigenvalues for a typical subimage are
X%, min @nd the associated parameters 555 and A7y, 55, listed in Table VII. The criterion for selecting the number of
expressed by (5) and (6), respectively, are then found usiggenvectors to be used in the analysis of a given subimage
the parabolic curve fitting procedure. is described by (39). For the eigenvalues in Table VII, the

For the aerosol model being evaluated, the reported bestifaximum number of selected eigenvectors is five, and for the
ting optical depth is computed from a weighted average of @lther associated 255 subimages, the maximum number ranged
Nmax optical depthsry, 555 from three to six.

The results of the retrievals are shown in Tables VIII-X
for solar zenith angles of 25, 45, and°65espectively. The
results of the random BRF-albedo selection case were very

.
Nmax

TN, 558

X%, mi
bestfit _ N=1 2N, min

(42)

558 T Nuax 1 similar to the correlated case, and so only the correlated case
Z 5 is shown here. Also, since 256 subimages were separately
N=1 XN, min analyzed within the image with the algorithm, the retrieved

optical depthsr®estf* and the best fit parameterg ...,

listed in the tables represent averages of these subimages.
Applying the criterion thaty?.,.,., be less than or equal to
three as an acceptable fit to the observations, the results are
similar to those for the DDV algorithm, indicating equivalent
sensitivities to both the aerosol column amount and type.

where the weights are the inverses of i
uncertainty associated witt<5"/"*

min- The formal
is then expressed as

Nmax A
TN, 558

2
N=1 XN, min

A best fit __ 43 .. . . .
T8 T T 1 (43) In addition to these retrieval results using simulated data, we
Z 5 have also applied this algorithm to multiangle data taken with
A=y XN, min the airborne Advanced Solid-State Array Spectroradiometer

(ASAS) over Bowman Lake, Glacier National Park, WY.
Both, aerosol optical depths and surface reflectances were
successfully retrieved [47].

Finally, the effectivex?,, ., associated with><3'/*" is defined
as the weighted average of all of tb(é\,’

min’

bestfit) __ Nma.x
7558 T Nuax ’
1

Ketero( (44)

VILI.
The three aerosol retrieval algorithms described in this paper
. will be available at the time of launch to begin the arduous
V\ée consider successful aerosol models to be those for whtg k of processing the MISR data taken over the globe on
Xhetero S 3- a routine basis. These algorithms have some attributes in
common and others that are unique to the particular type
of observed surface conditions. For observations taken over
A sensitivity study, similar to that for the “DDV"” algorithm, the ocean or dark water, the “dark water” retrieval algorithm
was performed for the same atmospheric conditions, surfdseused and is considered to be the most accurate of the
BRF types, and sun geometries. However, a scene of theee algorithms. Here the surface condition is assumed to
Wind River Basin, WY, from Landsat imagery was used tbe completely known, i.e., there are no free parameters, and
pattern the surface pixel albedo variability in the simulatettherefore should contribute minimal uncertainty to the aerosol

D IscussiON AND CONCLUDING REMARKS

2
N=1 XN, min

C. Aerosol Retrieval Simulations and Results
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TABLE VIl
EOF AerosoL RETRIEVAL RESULTS
Sulfate Sulfate Sulfate2 (Sﬁ f‘:; ?]‘L‘::]l; r“:]::]; Mincral Dust | Mineral ust
e — 25‘) RH 7(){7 RH 90% % ace coarse meral us! meral us|
0 oo '21 - 3 3)/'32 - RH}’U/' 53 RH 70% RH 90% RH 70% o =053 | r =426
ey =0 oy =9 ey =0 - = ~10.2° :
Za I Fop=070 | rap=130 | r p=1023
. hes,
Sulfate e 10%.04 46105 08 +.05 05+ .05 0+.04 0405 16106 24+ .09
RH 70%
5
Kietero 10408 1L1+07 18 +14 43126 17409 11+39 10409 20413
T=0.10
Sulfate et 2514.05 38+.06 22%.05 124 .04 28 1.06 09+ .05 40%.06 36£.10
RH 70%
2
Xnetero 11408 15409 50 +19 14+6 39420 48117 24410 70438
=025
Sulfate et 51£.05 73106 54+.05 25407 T0%.14 211.06 T3+.02 60E.11
R 70%
2
Xnerero 13+0.9 50123 17+7 48+19 1847 196 + 65 12+5 64 28
=050
TABLE IX
EOF AerosoL RETRIEVAL RESULTS
Sulfate Sulfate Sulfate2 Sea Salt Sea Salt Sca Salt ) .
8, RIL 70% RH 90% RH 0% (accumy) (accum) (coarse) Mineral Dust | Mineral Dust
ot o Coma | i RH 70% RH 90% RH 70% o =053 | £ =426
eff f ff To=070 Fop=130 | 1y =1023
Sulfate resifit 1404 14%.05 121,05 06406 15+.04 04+ .05 14+ .04 304.09
RI{ 70%
X/Z,m,-, 14+1.2 12409 26413 39+20 37+19 103+ 45 21410 39114
1=0.10 ¢
Sulfate et 26%.03 331.04 30+.06 16+ .07 39+.09 06+ .04 374 .07 Bl
RII 709
2
Xnetero 10409 21410 8932 20412 17+8 155+ 66 87436 19+8
=025
Suifate et 51+.04 64+ .04 65113 A0+ 08 87+ .16 A5 +.06 76+ .15 9319
R 70%
2
Yietero 16+ 1.2 245 68 425 140+ 67 49421 633 £188 67429 3221113
=050
TABLE X
EOF AerosoL RETRIEVAL RESULTS
Sulfate Sulfate Sulfate2 Sca Salu Sea Salt Sca Sal .
B0 = 65° REL 70% RH 90% RH 0% (accum) (accum) (coarse) Mineral Dust | Mincrat Dust
0= e oot | rocom | rocoss RH 70% RH 90% RH 70% T =053 | 7 =426
eff eff eff Fogp =070 | r =130 | r,r=1023
Sulfate et 10£.06 J0+.07 09+.06 08+.06 NEX 06+ .06 10+.05 21408
RH 70%
2
Xherero 241413 53417 2349 25+12 B+12 114+39 19+9 20411
T=0.10 rererd
Sulfate Pesifi 25+.05 244 .06 23+ .08 21+.07 28+.06 15+.05 27+.07 39+ .11
RI1 70%
szw'n 13410 1747 92 +43 55426 4619 440 +165 57127 52421
=025
Sulfate et S1+.04 47+ .05 43404 42108 54106 281 09 54107 115414
R 70%
2
Xnetero 19¢1.1 125+ 53 275493 189+ 86 114451 620+ 278 750 +251 779 +180
=050

retrieval results. This algorithm will undoubtedly be the mogier spectral band in its description of the surface condition, the
used in a global sense, but the least used when over lamtlectivity parameter_x. Therefore, when compared to the

since dark lakes on the order of 5 km or more in size (d@ark water” algorithm, it should not be quite as sensitive to

prerequisite for using the algorithm) are not common. In thee atmospheric condition. Finally, the “heterogeneous land”
absence of land-based dark water bodies, the “DDV” retrievalgorithm is used when the other two algorithms have been
algorithm will be used when DDV is identified and is probablgxcluded, and of the three algorithms, its overall accuracy is
the next most accurate algorithm. There is one free paramete least well characterized at present. The surface condition



1226 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 36, NO. 4, JULY 1998

for this algorithm is described by an EOF series with abouf2] J. T. Kiehl and B. P. Briegleb, “The relative role of sulfate aerosols and

four or five terms. Since the number of free parameters
per spectral band equals the number of terms used, thi§ v 0. Andrea, “Climate effects of changing atmospheric aerosol lev-
algorithm has considerable flexibility in describing the surface
contribution to the TOA radiance, and in principle, it has less
sensitivity than the other two algorithms to the atmospherig
path radiance. It has the benefit, however, of using an angular
description of the surface, which is derived directly from the
multiangular data, whereas the other two algorithms rely on the
accuracy of the predetermined angular characteristics of theh]

surface models. This is probably the reason the “heterogeneous

land” algorithm compared so well to the “DDV” algorithm in

the aerosol retrieval tests. Whichever of the three algorithm is
used, we want to achieve an aerosol optical depth accuracy i

40.05 for optical depths<0.5 and+10% for optical depths

greater than 0.5 and gain some insight into the chemical and

physical properties of the aerosol. The preliminary retriev

results presented here indicate that this goal can be attaine
Before MISR is launched, additional testing of these al-
gorithms will be possible using multiangle data taken with(®
AiIrMISR, an airborne MISR simulator that nominally flies at
an altitude of about 20 km, resulting in coregistered image®!

that cover about 9-km cross track 11-km downtrack. We

anticipate at least three flights before launch, covering a
variety of terrain types. A considerable amount of effort will10]
then be spent investigating the accuracy of these algorithrﬁ
immediately after MISR data become available. Our results
will be compared directly with those from other EOS instru-

ments, e.g., MODIS, other satellite instruments, and to t

aerosol climatologies. Selected areas over the globe will be
identified, in which all three algorithms can be used, thus,
allowing a detailed intercomparison of retrieval results. Oths{;h]
sites have extensive aerosol monitoring equipment, e.g., [48],
which allows a comparison of their retrieval results with those
from a simultaneous MISR overpass. There will also be g{y
ongoing series of MISR-specific validation campaigns around

the southern California area using AirMISR and large, b

. . . 5
less frequent, EOS validation campaigns at selected sites in&l
involving various EOS instrument groups. All of these oppor-

tunities will be used to test and improve the MISR retrievi

algorithms, eventually resulting in global, monthly maps o

aerosol distribution along with daily regional coverage.

For further information about the MISR aerosol retrieval
algorithms, refer to the MISR Algorithm Theoretical Basigig)

documents, which can be found at the EOS Project Science _
19] C. S.Long and L. L. Stowe, “Using the NOAA/AVHRR to study strato-

Office website located dtttp://eospso.gsfc.nasa.gov
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