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Abstract—Examples of aerosol retrieval results, derived from geometry and aerosol amount in various lookup tables as part
the Multi-angle Imaging SpectroRadiometer (MISR) on the Earth  of the Simulated MISR Ancillary Radiative Transfer (SMART)
Observation Science (EOS) Terra platform, are shown and the dataset [2]. Mixtures of two or three aerosol types produce
performance of the retrieval algorithms are discussed, following . : . .
the first 18 months of operational data processing. A number of a_ wide va_nety_of_aer_osol models descrlbgd by bimodal or
algorithm modifications were implemented, based on an analysis trimodal size distributions [2], and these mixture models are
of aerosol retrieval results during this period, and these changes the ones used by the MISR aerosol retrieval algorithms. The
are described. Two cloud-screening algorithms, the angle-to-angle necessary radiative atmospheric parameters for these mixture

smoothness and angle-to-angle correlation tests, which were used 015 are created from the aerosol data during the actual
in the preprocessing phase of the analyses are also described. The

aerosol retrieval examples cover a wide variety of conditions, both ret.rleval process, using a modified linear mixing theory [3].
over land and water. Particular aerosol types include dust clouds, This strategy provides a large set of aerosol models for use

forest fire and volcanic plumes, and localized dense haze. Finally, in the retrieval analysis while keeping the SMART dataset at
some ideas are discussed for additional improvement of the MISR 4 manageable size.

aerosol data product, based on the experience gained in analyzing In this paper, we describe the current state of the MISR

multiangle data and the associated geophysical products. .
Heterogeneous Land and Dark Water aerosol retrieval algo-
rithms, emphasizing the rationale for several modifications
of the algorithms that have been made during the relatively
|. INTRODUCTION short period since MISR achieved operational status. Then,

HE Multi-angle Imaging SpectroRadiometer (MISR) orferosol retrieval results are shown over both land and ocean
Qr a variety of aerosol conditions, ranging from background

the Earth Observation Science (EOS) Terra platform has | d trated f to dust cloud i d
been operational since late February 2000. The instrumerftg 0S0'S and concentrated 1ogs 1o dust clouds, wiidiire, an
canic plumes. Finally, we discuss the need for and the

typical data collection mode is to observe the earth globall . o .
yp 9 y irection of future modifications to the MISR aerosol retrieval

nine different view zenith angles, ranging from°*7/drward to . . . )
70 aftward along the spacecraft track, in four spectral ban rocess, starting with the selection of the aerosol types in the
' rgiAART dataset and following through to the criteria which

Index Terms—Aerosol, algorithms, remote sensing.

Eé\ﬁeggﬁ ’ti?;]z(’)fa 2358;6_2?)f;da\;vghaascxgtshsxiziﬁ 2;0:5]; ks efine the basic operation of the algorithms. This need for

[1]. After these 36 channels of imaging data are radiometricaff)'9°'"9 change is a response to our ongoing assessment of the

calibrated, georectified, and averaged to a uniform resolution%(fa“ty of the MISR aerosol retrieval results and our increased

1.1 km, they then are analyzed to determine aerosol propertlrmsderstandlng and appreciation of the informational content

over both land and ocean at a resolution of 17.6kav.6 km. ° multiangle imagery.
All routine operational processing of MISR data and subsequent
product archiving is carried out at the NASA Langley Atmo- Il. ALGORITHM MODIFICATIONS

spheric Science Data Center (ASDC). A few important changes have been made to some of the

| Thehaerozol ret(;ievall tr)n?jthk;)do'\l/logies bbeni(ngI Uzed W(;th MISEherational aspects of the MISR aerosol retrieval algorithms,
ata have been described by Martonceikal. [2] and are which were originally described in [2]. First and foremost is

summarized Il_n F('jg‘ 1.(;mplemen§t|(|)(nvc\)/f tbOth the IaTd (tH_e Fu? deletion of the Dense Dark Vegetation (DDV) Algorithm
erogeneous Lan ) an ocean'( ark Water) aerosol re Ne¥d an operational aerosol retrieval algorithm at the Langley
algorithms require a predetermined set of aerosol models . !

) , T . ) . DC. Its purpose was to be another option, along side
their associated radiative atmospheric parameters, in partmtﬂgr Heteroaeneous Land Alaorithm outlined in Fia. 1. for
the atmospheric path radiance and, over water, the upwarg 9 9 g 5

. . erforming a retrieval over land when dense, dark vegetation
transmittance of surface-reflected radiance. These parameters

have been calculated for selected aerosol types with monomogdar present. As such, its applicability in any geographic area

particle size distributions and are stored as a function of anguYgﬁ_s limited n extent, unlike the Heterogeneous Land Algorithm
which requires only a reasonable amount of scene contrast

within the aerosol retrieval region. In fact, results from the
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Fig. 1. Schematics of MISR Heterogeneous Land aerosol retrieval algorithm (top) and Dark Water aerosol retrieval algorithm (bottom).

time. This original version, described in [2], used the averageere replaced with the camera-dependent radiah§Bs:., of
of the MISR radiances over the 1616 1.1-km pixels in the the pixel which is darkest in the nadir view camera, i.e.,
17.6 kmx 17.6 km region of interest to construct the® ele-

_ MISR/ MISR /:
ment scatter matrix' Ciy =Y [LMSR(i) — LYSE (9)]
.Y
J[IMISR(;y _ MISR (1 (9
Cij _ Z [L21£SR(L) _ <LMISR(,L~)>] [ .,y (1) darkest(])] )
Ty This modification was driven by the fact that the MISR radi-
CLARG) = (LMBR())] . (1) ances can be expressed as

L]\'T’TSR ) — L]\USR i) 4 ATY " . 3
Here LMISR js the MISR radiance at pixel location y within e (1) = Lhiaa™(0) En: a0 ®)

the regibn,(Ll\’HSR) is the average radiance of the 166 VISR ISR _ VISR
pixels within the region; andj are indices which designate avhere Ly;,. ™ is either (L ) when (1) is used OL g,y
particular MISR camera view, and the summation is over tigen (2) is usedy,, are the associated eigenvectors, afe”

256 pixels within the region. In (1) and subsequent expressiofE the expansion coefficients. The Heterogeneous Land Algo-
the explicit dependence on wavelength of radiance is not shofiifm uses the region-averaged MISR radiances,

for brevity. The subtraction process expressed in (1) removes ;, MISR,/ .\ _ 7 MISR . ;

completely any effect of the atmospheric path radiance (an (£ (D)) =Linas () + ;M"”"(L)

additive term in the expression describingi>"), assuming
that the atmosphere is laterally homogeneous within the region.
Then the eigenvectors and eigenvalues of matfiare used apr /- o

to express that component of the MISR radiances which is di- =Lrnoder() + Z Bu fa(t) )
rectly and diffusely transmitted from the surface. The retrieval "

algorithm has been modified by redefining the scatter matnixhere L** is the atmospheric path radiance abfflS%,
C, whereby the camera-dependent average radigficé8") is the surface-leaving radiance contribution ">, The

=L (@) + LIS () + 3 () £u(3)



1522 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 40, NO. 7, JULY 2002

region-averaged MISR radiances on the left side of the equat@rstandard MISR unit of area, defined as & 4 array of
is compared, via least squares, to the expression on the right siefgions (70.6 kmx 70.6 km), in which all aerosol and surface
which is composed of.)”, |, the atmospheric path radianceetrieval are performed before moving to the next domain. Under
for a particular aerosol model, and an eigenvector expansimany conditions aerosol characteristics will vary little between
with best fit coefficientsB,,. All aerosol models that produceadjacent domains, so this approximate (default) characterization
a quality of fit within a specified threshold are consideredf the atmosphere in a failed region will allow a reasonably
to be a successful retrieval. Note tha};!°?, ; is subsumed accurate surface properties retrieval to be performed. However,
into the expansion term, under the assumption that it cttre default fill procedure as currently implemented, allows the
be adequately represented by the eigenvectors. From lookpussibility of propagating a particular default optical depth into
at numerous examples of aerosol retrievals and comparimgions quite far from the domain where the default optical depth
results obtained using (1) with those using (2), it was cleariginated, a deficiency to be corrected in the next software
that selecting the dark pixel radiances as the bias radiances, upgrade. The status of the aerosol retrieval (successful, default,
(2), resulted in a greater quantity of successful retrievals. This no retrieval) for each region is archived in the MISR aerosol
is explained by the fact that, in general, fewer eigenvectors gm®duct.

needed in the expansion in (4) whéi!I>t = MR than  For more information on the MISR aerosol re-
when LMISR — (LMISR) “making the algorithm inherently trieval ~algorithms, documentation can be found at
more sensitive. Also, sincé&y{l°% . is smaller when it is http://eospso.gsfc.nasa.gov/atbd/misrtables.html.

associated with the darkest pixel rather than the average pixel,
the accuracy of its representation in the expansion in (4) is [ll. CLOUD SCREENING

less important. Before any aerosol retrievals are performed using MISR
Another modification applied to both the Heterogeneowdata, the imagery is first put through a cloud-screening process.
Land and the Dark Water Algorithm is a redefinition of thelhis process identifies all areas in a scene that are considered
various x? tests used to find the best fitting aerosol modelgot suitable for an aerosol/surface retrieval. Currently, two tests
The original x> expressions (absolute, spectral, geometrigre performed including a radiance angle-to-angle smoothness
and maximum deviation) for the Dark Water Algorithm [2]evaluation and animage angle-to-angle correlation. Eachis used
used variances, which were based on absolute radiomewith Level 1B2 MISR data, i.e., multiangle imagery that has
uncertainties of the MISR instrument. However, this wadeen radiometrically calibrated, coregistered, and geolocated
determined to be too restrictive, since the limited number & the terrain or ocean surface. As such, if there are any clouds
aerosol models used in the analyses did not have the neces8&f¢IMng within a scene, they will appear to be misregistered
flexibility to fit the measurements to that required accuracfecause of parallax. Since these two tests are designed to
The Heterogeneous Land Algorithm had a similar promeﬁi,etect any such. misregistrations, they provide some measure
with the variance in its 2 expression. Here, the variance was 8f cloud screening.
function of the sum of eigenvalues of those eigenvectors Whig\h

are ignored in the expansion of (4) [2]. This eigenvalue sum can

be considered a noise factor, but again its use as the varianc&his is atestto insu‘r‘e that ”]'e MISR measurements for each
proved to be too restrictive in the retrieval process. Thus, a ndwl KM subregion are “smooth” as a function of camera angle.

variance criterion, applicable to both the Dark Water Algorithrl{ @ Particular pixel location in the imagery is contaminated by
and the Heterogeneous Land Algorithm, was selected Whiaquds, different camera views of that pixel will not see the same

Radiance Angle-to-Angle Smoothness Evaluation

makes use of only the MISR measurements. Simply stated ud element, most likely causing a nonsmooth appearance
' of the angular signature of the radiances associated with that

uncertaint aria for any of they? expressions nowis a . . : .
WV variance) y ex” exp ixel location. For each spectral band this test is performed

constant fraction of the particular measurement (e.g., radiances i .
) . L .. twice, once used with the forward plus nadir camera dataset
or ratios of radiances) being fitted. The constant fraction is

. : e ﬁve angles) and then with the aftward plus nadir camera
configurable parameter currently set at 0.05. This modificati . : .
to the algorithms has resulted in a substantial increase in dlaset (f|ve angles). Failure of the smoot.hness test fgr _enher
: ataset in any band causes that subregion to be eliminated
number of succgs;ful ret.rlevals both over .Iand qnd 0Ce3Mym the aerosol retrieval process.
compared to the initial retrieval success rate immediately after-l-he measurements of each of the two datasets are fitted to
launch. a polynomial with one less degree of freedom than the number
Finally, some effort was made to fill in regional “holes” wheref cameras. Thus, the full complement of five cameras (four aft-
the aerosol retrieval attempts were unsuccessful. This procedwed or four forward view plus nadir view) in a dataset would be
is especially important over land, since no subsequent surfditeed by a cubic polynomial. Over water, the use of less than five
retrieval can be performed in a region lacking an adequatemeras frequently occurs due to glitter, and if fewer than four
characterization of the overlying atmosphere. Therefore,cameras are used, this test is not performed. For each dataset the
simple scheme was implemented whereby the unsuccessiioothness test paramefér,,, .., is calculated as
region was assigned a default optical depth equal to the average
optical depth of all successful retrievals in a domain nearby
the domain containing the unsuccessful region. A domain is

7 / >0 2
1 Repuw ool
Xsmooth N, 2 ()

cam .4 T smooth
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Fig. 2. Dust storm over the Canary Islands on February 29, 2000. Swath segments (path 208, orbit 1065) shown (left to right) are: true-color T&@# nadir vi
TOA 70° aftward view, nadir camera retrieval applicability mask (see text for details), retrieved aerosol optical depth (558 nm), best fit aerosol model.

WherengSR are the MISR measurements at pixel locatign where the angle brackets indicate a spatial average, computed
y, LP°Y are the corresponding least squares polynomial fitsyer the 4x 4 array of pixels.

Tamoot: 1S the acceptable goodness of fit defined to be equalThen, the square of the normalized cross correlation is calcu-
t0 0.03L)"1°%, andN..., is the number of usable camera viewsated as

Failure of the smoothness test occurs whén_ ., is greater

than a specified limit. Nonperformance of the test, due to an Oh) = o (k)|o* (k)| ' (®)
insufficient number of cameras, results in an automatic passing afempazm(k)
of the test.

Note that the sign of the covariance between the two windows
B. Image Angle-to-Angle Correlation is preserved in (8). If there is a high correlation between the ra-

The angle-to-angle correlation test is designed to detect féignce distribution of camevaand the templaté, will take on
yalues close to 1. Anticorrelation results in negative values of

tures, which result in poor correlation of the radiance spati e ) ; )
distribution from one view angle to another, e.g., a cloud withifi- The criterion for accepting a camera in the aerosol retrievals
ethat the value of” must exceed a threshold vallGgy,,cst,.

a subregion. This test makes use of the MISR 275-m radiarit

data, routinely available in the red band for all camera view5Nis threshold value is currently set to 0.25 based on experi-

and producing a 4 4 array of radiances for each 1.1-km sub€Nce using in-flight data. If the test fails for any camera, the
region. A poor correlation results in that subregion being elingntire subregion is eliminated from the retrieval process. Note
inated from the aerosol retrieval process. that if the denominator of (8) is zero or close enough to zero to

The first step is to generate a camera-averaged “templaf@!'se @ computational problem (this can occur if the radiance

4 x 4 image from the 275 m red band data distributions are uniform), the correlation test is considered to

be passed for those affected cameras.

N

.

LVISR(; )y — " Z Ly ati, gi k) (6)
call k=1

temp

IV. RETRIEVAL EXAMPLES

wherei, j are the indices of the # 4 array,k designates apar- MISR aerosol retrievals are routinely performed at the
ticular camera view, an&Ve.., is the total number of cameras|angley ASDC, encountering a wide variety of atmospheric
used. The correlation is then computed between thel4ub-  sjtuations. Here, a selected number of retrieval cases are
region image of each camera to the template image. For eagBsented (software version 2.1.3), illustrating some of these
camera, the variance and covariance are calculated as followgiried aerosol conditions and also introducing various elements
of the MISR aerosol standard product. These retrieval case ex-

2 MISR 2 MISR 2
Teorr(K) = <[ 275 ved (K)] > — (Lazsrea(k)) amples typically have an areal expanse covering the full width
o2 <[ LMISR]2> B < 7 MISR\? of the MISR swath (about 400 km east—west) and extending
temp temp temp north—south about 1400 km along the orbital path, a size large

o7 (k) = (LS LS (k)) — (LIS (LYSE (k) (7)  enough to display the atmospheric features of interest.

temp temp
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A. Dust Storm Over the Canary Islands KT _

[ RS - SR TRl P TH N
When MISR observed the Canary Islands on February 2z = Fir garticies
2000 (path 208, orbit 1065), a large dust cloud, sweeping ¢
the northwestern African coast, was engulfing the islands a
surrounding area. Fig. 2 shows true-color (red, green, blue be
composite) swath segments for the nadir viewing (far left) ar
70° aftward viewing (left) cameras, illustrating the consider
able increase in dust cloud brightness at large view angles
compared to nadir. This phenomenon is typically encountered
MISR imagery, a consequence of the larger aerosol path len
observed with increasing view angle.

3404 - Loprse =i 4T
—a—CISS birmodal msdel

~&— Sudala‘sea maH miskere |

06 4

NaardA agquivalent reflectance
8
=

The middle-swath segment shows the nadir camera retrie Dm_.;n B0 4 mn W e B W
applicability mask, designating which pixels are suitabl View Banlih sngle [deg)
for use in the retrieval process. Computed for each camera,
this mask Incorporates the failure reSUIt_S generated by tﬂ . 3. MISR band 4 equivalent reflectance versus camera view angle for
angle-to-angle smoothness test (orange pixels) and correlati@iycean location off the coast of southern Africa on August 27, 2000. Also
test (yellow pixels), along with the failure results from a g|ittephown are results from four aerosol models assuming a surface windspeed
fest (blue pixels) and a (0poGTAphIC COMPeXT/MisSINg dafr Tz e SCaterg ngles of e cbsenvaons rnge fom e
test (red pixels). Note that the individual islands, displayed
in red in the middle of the swath segment, are classified as
being topographica”y Comp|ex and are not used in an aero%@blem in this region, aIIOWing a successful aerosol retrieval
retrieval. Only the black pixels in the mask are deemed usabie be performed as indicated in the optical depth map.
Comparison of this mask with the corresponding imagery on Finally, the swath segment on the far right of the figure
the left indicates that the various screening tests employedigicates the type of aerosol which best fitted the MISR
the preprocessing step of the analysis, have done a reasonBit@surements. The 49 aerosol models used in the MISR
job in detecting the spatially variable condensate cloud regioPerational retrievals over ocean are grouped under three broad

while passing the more spatially uniform dust cloud region§ategories: clean, industrial, and dusty maritime. The 14 models
which are suitable for an aerosol retrieval. classified as clean maritime are mixtures composed of various

The next swath segment on the right side of Fig. 2 shofi 10 B JEE, B850 BAC 2 BPEC, ToIoy e oaree
the retrieved aerosol optical depth at 558 nm (MISR green P

band), with values ranging from 0.2 to 2.0. The noticeabeOde sea salt particles. The 12 industrial maritime models are

; > . : smflilar to the clean models but with black carbon replacing
square elements in the optical depth map are a manlfestatlorgh% coarse mode sea salt. The third group, dusty maritime, can
the 17.6 kmx 17.6 km resolution criterion, employed by th ’ group, Y ’

retrieval algorithm. Those areas colored black indicate that 6 split _mto tWQ subgroups of du;ty_ aerosol models. Th_e_ 18

: . . odels in the first subgroup are similar to the clean maritime
aerosol retrieval results are available, either because the multi= L , : . .

. S models but with high-altitude medium-size dust replacing the
camera retrieval applicability masks excluded them or because ) ) L

) I~ coarse sea salt. The five models in the remaining subgroup are

the retrieval was unsuccessful at finding an aerosol model th%tm osed onlv of dust particles. namelv low-altitude medium
satisfied they? criteria. Note that there are successful retrievaf P y P ! y

in areas of the swath segment where the mask indicates t%gq large dust particles and h|gh-alfutude medium-size qut
rticles. In the aerosol type map of Fig. 2, the three categories

clouds appear to be present. This is especially apparent on Rh& . i -
) pp P pecially app of aerosol models can be identified, but the dusty maritime
far right of the swath segment toward the middle, where a band :
. : ; models clearly dominate the scene. Over ocean, the MISR
of clouds crosses the image. Recalling that the mask is gener- . . . . .
. . . . Instrument is quite sensitive to nonspherical particles such
ated at 1.1-km resolution while the retrieval is performed on a

scale of 17.6 km, the Dark Water aerosol retrieval rcllgorithr"]ﬁS dust [4], so it is encouraging that, under obviously dusty

(see Fig. 1) will search for any available 1.1-km pixels whicﬁonditions' the dust-based models are the best fitting models.

pass the cloud-screening tests out of the 256 pixels contained

within the region of the retrieval. If only one good pixel isB. Aerosol Retrieval off the Coast of South Africa

present, it will be used in the retrieval process and the results

applied to the entire 17.6 kx17.6 km region. This criterion  The success of MISR aerosol retrievals over ocean has proven
of “just a single clear pixel between the clouds” seems not to be very sensitive to the selected aerosol models being em-
be unreasonable when using the Dark Water Algorithm, sinpyed. In particular, for MISR the particle shape and size dis-
there appears to be no effect from clouds in the resulting opti¢ebution are the most important aspects describing an aerosol
depth map. Likewise, the nadir camera retrieval applicabilitymodel; sensitivity to the refractive index is much lower [5].
mask shows significant glitter effects in the lower right sid€ig. 3 shows an example of MISR measurements at the nine
of the swath segment, making the nadir camera unusaldamera view angles in the near-infrared band (866 nm) for a
However, there are other MISR cameras where glitter is notbud-free location about 50 km off the southern coast of South



MARTONCHIK et al: REGIONAL AEROSOL RETRIEVAL RESULTS FROM MISR 1525

Fig. 4. Dust clouds over the Red Sea. Swath segments shown (left to right) March 25, 2001 (path 170, orbit 6742) are: true-color TOA nadir view, TOA 70
forward view, retrieved aerosol optical depth (558 nm), June 29, 2001 (path 170, orbit 8140) true-color TOA nadir view? TTo#vaed view, retrieved aerosol
optical depth (558 nm).

Africa on August 27, 2000 (path 172, orbit 3684). This partic- The last curve in the figure (labeled the GISS bimodal model)
ular case is interesting in that all 49 ocean aerosol models usedresents an aerosol model, recently derived from aircraft pho-
in the MISR operational retrieval process were unsuccessfultopolarimeter measurements off the coast of Monterey, CA [8].
fitting these data. This is not an isolated case, but is represémterestingly, this model best fits the MISR measurements for
tative of a fairly large number of situations encountered aroutigis southern Africa oceanic case study. It is composed of fine
the globe where MISR ocean aerosol retrievals failed to find(avater soluble) and coarse (sea salt) mode particles with ef-
successful model within the preestablished lookup dataset. fective radii of 0.1 and 1.:m, respectively, and with a mix-
Also shown in the figure are three examples (fine partture ratio such that the fine mode contributes about 60% of
cles, sulfate/sea salt mixture, coarse sea salt) of efforts totfie optical depth at 558 nm. None of the current MISR mar-
the measurements using different types of aerosol modétene aerosol models has a component composed of particles
characterized mainly by their particle size. The fine particles small as the fine mode of the GISS (Goddard Institute for
and coarse sea salt particles are described by monomodal $pgce Studies) model. Indeed, the smallest effective radius in
normal size distributions with similar widths but having vastiyhe SMART dataset is 0.2&m, a condition which is believed
different effective radii [6], 0.003:m for the fine particles to account for the inability to adequately fit the measurements
and 17;m for the coarse sea salt. The bimodal sulfate/sea salimany cases. However, it is by looking at failures in the ocean
mixture (one of the MISR clean maritime models) is composeadtrievals, such as illustrated in Fig. 3, that reveal deficiencies
of 80% sulfate/nitrate (0.2:m effective radius) and 20% seain the current algorithm and its associated aerosol dataset and
salt (1.20:m), as measured by optical depth at 558 nm, ammbint the way to improvements required to resolve them.
representing a medium particle size model between the fine
particle and coarse sea salt. All models required a small optical
depth €0.075 at 558 nm) for their best fit of the measurement? Dust Clouds Over the Red Sea
but each shows large deviations from the measurements at largeig. 4 shows swath segments of a portion of the Middle East
forward viewing angles (positive view zenith angle in Fig. 3)with Saudi Arabia at the top of the images, Sudan, Eritrea, and
Normalizing all results to the nadir view, there is a systematiethiopia toward the bottom, and the Red Sea cutting through
trend of the smallest particles to undershoot the measuremehtscenter. The first three swath segments on the left side of the
and the largest particles to overshoot them. Note that tfigure used measurements taken on March 25, 2001 (path 170,
measurements for the 4&nd 60 forward view cameras are orbit 6742), displaying the true-color nadir view,“7fbrward
contaminated by glint, while the most forward viewing camengew, and retrieved optical depth, respectively. The second set
at 70 is not. The data from these two glint-contaminated canof three swath segments on the right of the figure has identical
eras would not normally be used in the MISR retrieval, but it isharacteristics as the first, but used measurements taken on June
instructive to note that these measurements could be mode28g2001 (path 170, orbit 8140), three months later. Like the Ca-
using the Cox—Munk theory [7] with surface windspeed asrary Island scene, the 70iew images for both dates accentuate
parameter to be determined. the dust clouds over the water, as compared with their nadir view
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Fig. 5. Wildfires in Montana on August 14, 2000. Swath segments (path 40, orbit 3501) shown (left to right) are: true-color TOA nadir view,, TadAard
view, Langley ASDC-retrieved aerosol optical depth (558 nm), JPL-retrieved aerosol optical depth (558 nm).

counterparts. An exception appears to be the greater brightnesarly shows a distinctly brighter area there than theviéw
of the water at the far right of the swath segment of the Marclune image, indicating a pronounced dust cloud. This is a good
nadir image, but this effect is due mainly to glint, whereas tlexample of how extreme off-nadir imagery can intensify atmo-
70° image is essentially glint-free. In general, the June imagsgheric features, which are not obvious in a standard nadir view
look hazier than the March ones, both over land and water,and the ability of the Heterogeneous Land Algorithm to detect
most areas, and the optical depth maps for both dates bearand analyze them.
this observation.

Thg best fiFting aerosol models for both dates are the du%y Wildfires in Montana
maritime variety over the water and dusty continental over
land. The MISR dusty continental aerosol group is composedThere were numerous incidents of wildfires in the western
mainly of mixtures of sulfate/nitrate particles, and mediunpart of the United States during the summer of 2000. On Au-
and coarse-size dust, but only a single dust model from tlgast 14, 2000 (path 40, orbit 3501) MISR observed a number of
group (75% sulfate/nitrate and 25% medium-size dust Iwildfire smoke plumes inthe Salmon River area of Idaho and ex-
optical depth at 558 nm) was available when these particutending across the Bitterroot Mountain range into southwestern
retrievals were performed. Additional available MISR aerosdllontana. True-color swath segments for this region in the nadir
models over land included the clean continental and industraid 70 forward views are shown in Fig. 5. The light color areas
continental groups, both composed of sulfate/nitrate particlage plains and valleys with minimal green vegetation whereas
mixed with varying amounts of black carbon. However, it wathe darker areas are more vegetated mountainous terrain (not
the singular dust model that was predominately selected as bluen scar areas, which are on a much smaller scale in these im-
best fit in the retrieval process. ages). As expected, the smoke plumes from the various fires are

It is interesting to note that the optical depth continuity ismuch more obvious in the 7G/iew image. Also displayed are
very good going from land, across the water, and back over latweb versions of the retrieved aerosol optical depth. The one on
again, even though two quite different retrieval algorithms arible left shows results from the Heterogeneous Land Algorithm
two distinct groups of aerosol models were used, dependingwhich is scheduled to run at the Langley ASDC through the end
the type of underlying surface. Another interesting feature td 2001. A few smoke plume optical depths are apparent but
note is the isolated region of large optical depth in the uppsruch of the mountainous terrain was designated as being too to-
far right of the March optical depth map. Although a compapographically complex or having too little contrast to attempt a
ison of the nadir images for the March and June dates indicatefrieval, and these regions (including regions with unsuccessful
little or no difference at this location, the 7Qiew March image retrievals) are displayed as black in the map.
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Fig. 6. Haze in central California on January 3, 2001. Swath segments (path 42, orbit 5569) shown (left to right) are: true-color fo@ard view, TOA
nadir view, TOA 70 aftward view, retrieved aerosol optical depth (558 nm).

The optical depth map on the right in Fig. 5 shows resul® 2001 (path 42, orbit 5569). The three swath segments on
from a modified version of the algorithm (run at the MISRhe left side of Fig. 6 are true-color images for views at 70
Science Computing Facility at the Jet Propulsion Laboratorfgrward, nadir, and 70aftward, illustrating the large extent of
whereby threshold conditions, as to when a retrieval is dhe hazy area and the spatial contrast differences between the
tempted over complex topographic terrain or terrain with littlthree images. In the nadir view, only an optically thick central
contrast, have been eased. A considerable increase in covetaggue of fog is visible (probably the notorious “Tule” fog
of retrieved optical depth was achieved, showing additionabmmon to this area), whereas the® ihages, especially the
smoke plume optical depths as well as optical depths for tf@ward view, show haze filling the whole valley. The retrieved
surrounding terrain, and with no obvious detrimental effectaerosol optical depth map on the right in Fig. 6 covers a large
It can now be seen that moderate aerosol amounts (displayegion of the ocean, south of the Santa Barbara—Los Angeles
as green) are mainly at the lower elevations, i.e., the Snat@astline, extending northwards into central Nevada. There
River valley at the bottom of the map and the Great Plaiis a high degree of uniformity of a relatively small aerosol
area in the upper half, whereas the blue areas, indicatiogtical depth over the ocean, across the coastline, and into the
less aerosol amount, are concentrated mainly at much highentinental interior. The Los Angeles basin at the far right on
elevations in more mountainous terrain. The adjustment thfe coast shows little sign of aerosol buildup at this particular
configurable parameters in the retrieval algorithms to increasme of day (late morning). Within the San Joaquin Valley the
their success rates is an ongoing task, which can only be ddasbidity was found to be considerably greater than that of
through considerable scrutiny and analysis of the operatioitlaé surrounding terrain. The retrieved optical depths, however,
processing product results. were obtained without consideration of a fog model, which has
much larger particles than the sulfate/nitrate models actually
used. Thus it is expected that the retrieved optical depths in the

A localized area of haze, situated within the San Joaqu¥alley may be somewhat biased on the low side. The optical
Valley of central California, was detected by MISR on Januadepths obtained for the tongue of fog are unreliable, since

E. Haze in Central California
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Fig. 7. Mount Etna eruption on July 22, 2001. Swath segments (path 187, orbit 8476) shown (left to right) are: true-colot T&dA&afd view, mean-retrieved
aerosol optical depth (558 nm), best-fit-retrieved aerosol optical depth (558 nm), cloud/plume heights (km).

the multiangle images indicate that it is optically thick to @anodels. This relaxing of standards is no substitute for having
degree that no surface contrast can be discerned (a conditietter aerosol models, but it does illustrate the fact that even
needed by the Heterogeneous Land Algorithm). nonoptimum models can provide optical depth determinations
A noticeable lack of retrieval success is apparent in a larffgat are within an acceptable range of uncertainty [5], as evi-
area of the ocean (black regions in map), even though the muitenced by a comparison of the two maps.
angle images on the left display no evidence of cloud contamina-Optical depth retrievals along the plume length are compro-
tion. This kind of occurrence, where all 49 ocean aerosol modefssed somewhat by the fact that the Dark Water Algorithm
have failed under clear sky conditions, has been observedsgarches for and uses only the minimum radiance pixels
a number of occasions in various parts of the world’s oceangithin the 16 pixel x 16 pixel aerosol retrieval region (see
As explained in Section III-B, this failure is believed to be diSection 1V-A). Thus, a region with a plume partially filling it
rectly attributable to an inadequate choice of aerosol modeltll tend to produce an optical depth for the least contaminated
with small effective radii, coupled with the high sensitivity ofpixel, which will not be representative of the plume itself. In
the MISR instrument over ocean to particle size. A similar sizddct, if the visibly discernible plume width is less than the
region of no retrievals is also apparent on land over the Sied#nension of the region (17.6 km), the retrieval process can
Nevada mountain range. Here, however, retrievals were not @iiss the core of the plume entirely. For the Mount Etna plume
tempted for the most part, due to the complex nature of the t@i-Fig. 7, this has likely led to an underestimate of its optical

rain. depth, the exception being that part far away from the volcano
] which is wide enough to accommodate up to three retrieval
F. Mount Etna Eruption regions.

On July 22, 2001 (path 187, orbit 8476) MISR observed a The map on the far right in Fig. 7 shows the heights of the
large volcanic plume emanating from Mount Etna in Sicily. Aterrain, clouds and plume, derived from the MISR stereo image
can be seen in the 7Gorward view true-color image on the processing [9]. It shows the plume near the volcanic vent to be
left in Fig. 7, the plume is well over 300 km long, extendingit an altitude of about 5000 m above sea level, decreasing some-
beyond the eastern edge of the swath segment. Two mapsvbft with distance from the vent, and with clouds in the scene
retrieved optical depth are displayed in the central part of theing considerably lower. These high altitudes indicate that this
figure. The one on the left shows the averaged results using opByrticular eruption was quite powerful. Plume/cloud height in-
successful retrievals, i.e., those which satisfied the varjgus formation is routinely provided as part of the MISR standard
tests used to find the best fitting aerosol models, and the apr@ducts, generated and archived at the Langley ASDC.
on the right showing the results for the best fitting model only,
whether or not it passed thé tests. This second version of the
map essentially permits complete coverage of optical depth in
a swath segment (except for detected clouds and unusable tefFhe examples described in Section IV indicate that a signifi-
rain), but with reduced accuracy. Thus, for instance, all the ugant degree of success has been achieved in using MISR data
successful retrievals (colored black) in the large patch of clefar retrieve aerosol properties. Much of this success is due to
sky ocean in the upper right of the right-side map have betatt that data from all nine view angles are routinely used, al-
filled with the optical depths of the best fitting, but test-failediowing observations of air masses up to three times that of nadir.

V. DISCUSSION
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Even when scattered clouds are present in the images, the exthe concept of how aerosol models are formulated can also
treme-off-nadir cameras (6@&nd 70 view angles) can usually be modified to accommodate a wider variety of aerosol condi-
see a sufficient fraction of clear surface within those 17.6-ktions. Currently, a dataset of predetermined mixing ratios are
regions, which are clear in the nadir camera. used to construct the two- or three-component aerosol models
An important element in quantitatively gauging that successed in the retrievals [2], [12]. For the Dark Water Algorithm,
is through a rigorous validation effort, by which an independehbwever, these mixing ratios could be determined as part of the
characterization of the atmosphere is achieved, principathata/model fitting process using a least squares analysis. For the
through intensive field campaigns which can provide imext processing upgrade, aerosol model modifications will be
formation in situ on aerosol properties, and ground-basdinited to the addition of the new models in the SMART dataset,
measurements made simultaneously with the space-basdule retaining the current concept of predetermined mixing
observations. In fact, such measurements are routinely madtos. These new models will certainly provide better fits to
by a large number of sunphotometers strategically placed abthé observations, allowing more information to be gleaned from
the globe, and the bulk of which are associated with AERONBWIISR data over ocean than is currently obtainable. If, after a pe-
[10], a network of automated CIMEL radiometers coordinatetbd of analyzing the ensuing results, it is determined that some
by the NASA Goddard Space Flight Center. During the SAadditional modeling finesse is justified, then the least squares
FARI 2000 dry-season field campaign in southern Africa, determination of the mixing ratios will be included as part of
large number of AERONET sunphotometers were in operatitime retrieval algorithm.
in the region, allowing a comparison of their derived aerosol Some effort has also been made to improve the reliability of
optical depths with those retrieved using MISR [11]. Thithe Heterogeneous Land Algorithm. Modifications already im-
particular study showed very good agreement between the tplemented were described in Section Il. Ideas for further im-
sets of results, even though all the retrieval locations wepeovement center on providing constraints to the retrievals by
situated on land. This initial validation effort has been vergmploying the concept that the angular signature of the direc-
encouraging, but it is only the start of a larger, ongoing effortional reflectance of at least some surface types is spectrally
designed to utilize the results from all AERONET sites arouridvariant in certain wavelength regions. This is an idea devel-
the globe. oped in various forms by Flowerdew and Haigh [13], Veefkind
None of the examples of retrieved optical depth describedét al. [14], and Northet al. [15] and used in their analyses of
this paper, however, had any available ground-based aerosoldata from the Along Track Scanning Radiometer 2 (ATSR-2),
formation with which to make a comparison. Instead, they weeetwo-view angle instrument. The Heterogeneous Land Algo-
chosen to elucidate the ability of the current operational retrievithm in its current version assumes no relationships of any kind
process to handle a variety of aerosol phenomena. As such, ttegonnect information in different spectral bands. If, however,
represent a part of a larger, ongoing qualitative study of tliee idea of spectral invariance (or some other type of reliable
MISR aerosol product, which is also an important aspect of thelationship) for surface directional reflectances can be vali-
overall validation effort, supplementing the quantitative groundiated, then that constraint would certainly be implemented. A
truth comparisons. The aerosol products in these examples haaently initiated comparison study of retrieved surface spec-
a maturity level, which is classified as “beta,” implying thatral directional reflectances, particularly for those places where
the associated retrieval algorithms still need to undergo extehe atmospheric properties are independently determined from
sive testing and evaluation. As some of these examples cleagtpund-based measurements, will determine exactly what, if
demonstrate, modifications to the retrieval algorithms need any, surface reflectance properties can be exploited by MISR
be implemented to improve both the quality and quantity of tHer improved aerosol retrievals. If such improvements can be
aerosol products. achieved, then it is expected that aerosol retrievals at consider-
One of the more obvious conclusions, resulting from an oably higher spatial resolution than 17.6 km will be feasible.
going assessment of the MISR aerosol product, is the need foA major factor governing the success of aerosol retrievals is
better aerosol models, particularly when performing retrievalse issue of cloud screening. The only detection means currently
over water. The model improvements can be accomplished iged in operational processing is the implementation of the
having available a wider range of particle sizes and mixture rangle-to-angle smoothness and correlation algorithms described
tios. The size distributions of tropospheric sulfate/nitrate aerosoiSection l1l. A study of the examples of aerosol retrievals shown
particles in the SMART dataset to date have effective radii of the Figs. 2—7 shows that these algorithms together do a very
0.21, 0.27, 0.32, and 0.64m, a range too restrictive for manygood job of cloud detection, but careful scrutiny shows that they
situations encountered in nature. The absence of any size di® not fully able to screen out all cloud activity. On the other
tributions with effective radii significantly smaller than QuZn  hand, we do not want to classify volcanic and wildfire plumes
was a critical factor in the failures of the retrieval process oves clouds. Therefore, an additional approach is currently being
ocean, which were noted in some of the examples describedlaveloped, whereby the smoothness and correlation algorithms
the previous section. Sea salt particles in the SMART datasate to be supplemented by the Stereoscopically Derived Cloud
however, were able to provide the needed size distributions witask (SDCM) [9] and the Radiometric Camera-by-Camera
effective radii which are larger than 0:6n. The next genera- Cloud Mask (RCCM)[16]. The SDCM categorizes cloud activity
tion of the SMART dataset will be restructured to include addbased on height discrimination whereas the RCCM does so
tional size distributions of these smaller aerosol particles, dowy using radiance thresholds. Agreement by the two masks
to 0.03:m in effective radius, without significantly increasingthat a particular pixel at a particular camera view is cloud
the size of the dataset. contaminated, classifies that pixel as being Optically Thick
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Atmosphere (OTA). Many OTA pixels will be comprised of ACKNOWLEDGMENT

cloud, but others will include thick plumes over land or ocean.
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