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Abstract. The aim of this study is to theoretically investi- function and the contribution from multiple scattering; and
gate the sensitivity of the Multi-angle Imaging SpectroRa- (4) non-sphericity artifacts occur at those view-illumination
diometer (MISR) operational (version 22) Dark Water re- geometries where dust aerosols are indistinguishable from
trieval algorithm to aerosol non-sphericity over the global certain types of cirrus particles. Based on these results, we
oceans under actual observing conditions, accounting fosuggest that interested parties use caution with the version
current algorithm assumptions. Non-spherical (dust) aeroso22 MISR Dark Water aerosol non-sphericity product in situ-
models, which were introduced in version 16 of the MISR ations where cirrus may be present.

aerosol product, improved the quality and coverage of re-
trievals in dusty regions. Due to the sensitivity of the re-
trieval to the presence of non-spherical aerosols, the MISR

aerosol product has been successfully used to track the lol  Introduction

cation and evolution of mineral dust plumes from the Sa-

hara across the Atlantic, for example. However, the MISRDust outbreaks are a common feature of the world’s arid
global non-spherical aerosol optical depth (AOD) fraction and semiarid regions. North African and East Asian dust
product has been found to have several climatological arti-Storms have been documented for thousands of years, and
facts superimposed on valid detections of mineral dust, inthese records have climate significance because dust storm
cluding high non-spherical fraction in the Southern Oceanfrequency and severity affect soil moisture, air and surface
and seasonally variable bands of high non-sphericity. In thig€mperatures, rainfall, and downwind air quality; and, at
paper we introduce a formal approach to examine the abilthe same time, indicate past/current climate chargen (

ity of the operational MISR Dark Water algorithm to dis- €t al, 2001 Shao and Dong200§. There are many well-
tinguish among various spherical and non-spherical particle§locumented cases of dust from African sources being trans-
as a function of the variable MISR viewing geometry. We ported across the Atlantic, as well as dust from East Asian
demonstrate the following under the criteria currently imple- Sources in Mongolia and China being transported across the
mented: (1) Dark Water retrieval sensitivity to particle non- Pacific and even around the glotiggichi et al. 2009 Uno
sphericity decreases for AOD below about 0.1 primarily due€t al, 2009 Yu et al, 2012. During long-range transport,

to an unnecessarily large lower bound imposed on the undust particles can affect marine biochemistry by depositing
certainty in MISR observations at low light levels, and im- iron in the ocean Nlartin et al, 1991 Bopp et al, 2003
proves when this lower bound is removed; (2) Dark Water Mahowald et al.2009, play a role in neutralizing acid rain
retrievals are able to distinguish between the spherical andvang et al.2002), affect the life cycle of coral reefSginn
non-spherical particles currently used for all MISR viewing €t @l 2000, and influence sea surface temperatures that im-
geometries when the AOD exceeds 0.1; (3) the sensitivity offact hurricane formation and intensipynion and Velden

the MISR retrievals to aerosol non-sphericity varies in a com-2004. In order to advance the assessment of climate change

plex way that depends on the sampling of the scattering phaserojections due to dust effects and forcing, one of the fore-
most needs is to develop new techniques for interpreting and
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merging the diverse information from satellite remote sens-In particular, the section introduces tié tests for “good-
ing, in situ and ground-based measurements, and model siimmess of fit” and shows how these are used by the MISR V22
ulations Sokolik et al, 2001 Formenti et al.2011). Dark Water retrieval algorithm to determine the AOD and
The development of new satellite sensors with im- discriminate aerosol types. In Sect. 6, we investigate theoret-
proved observing capabilities for dust — notably the Multi- ical MISR sensitivities to differences between spherical and
angle Imaging SpectroRadiometer (MISRYafashnikova non-spherical aerosol models as functions of season and lati-
and Kahn 2008 Kahn et al, 2009, the Meteosat Second tude in terms of¢ 2 values (absolute, spectral, geometric, and
Generation (MSG) Spinning Enhanced Visible and InfraRedmaximum deviation) and their associated thresholds used
Imager (SEVIRI) Brindley and Ignatoy 2006 Brindley in V22 Dark Water retrievals. Specifically, we evaluate the
et al, 2012, the Ozone Monitoring Instrument (OMI), distinguishability of the MISR medium-mode dust aerosol
the Atmospheric Infrared Sounder (AIRS), the Cloud- model from spherical and non-spherical (e.g., cirrus) par-
Aerosol Lidar with Orthogonal Polarization (CALIOP) ticles, and discuss implications of the algorithm sensitivity
(DeSouza-Machado et aR010, the Infrared Atmospheric to the non-sphericity artifacts observed in the MISR global
Sounder Interferometer (IASIK(User et al.2012, and the  non-spherical AOD fraction climatology. Section 6 presents
POLarization and Directionality of the Earth’s Reflectancesconclusions, and discusses the range of applicability of the
(POLDER) Peyridieu et al.2013, as well as new satellite current, operational MISR non-sphericity product over the
data-processing algorithms including “Deep Blue™ for the global oceans.
Moderate Resolution Imaging Spectroradiometer (MODIS)
(Hsu et al, 2004 2006 and the Sea-viewing Wide Field-of-
view Sensor (SeaWiFSpayer et al.2012 — has radically 2 MISR non-spherical AOD fraction product
improved our ability to monitor and understand global dust
emission and transport processes. MISR (Diner et al, 1998 is one of five instruments
MISR'’s unique multiangular viewing geometry and imag- on NASAs sun-synchronous, polar-orbiting Terra satel-
ing capability yield several geophysical products that canlite, which crosses the Equator on its descending node at
aid in understanding dust impacts on the climate system10:30LT. Terra was launched in December 1999 and MISR
MISR aerosol products, including total column aerosol opti- has been acquiring data since late February 2000. The MISR
cal depth (AOD) over bright land surfacdgénk et al.2007, instrument consists of nine cameras with view angles of
Christopher et a)2008 2009 Koven and Fung2008 Kahn +70.5°, £60.0°, £45.6°, +26.1°, and @ (nadir), operating
et al, 20091, aerosol plume heights and associated windin four wavelengths centered at 446.4 nm (blue), 557.5nm
vectors Kahn et al, 20078, and aerosol microphysical prop- (green), 671.7nm (red), and 866.4nm (near infrared, or
erties such as particle size AOD fractions and non-sphericaNIR). The camera configuration allows for a location to be
AOD fraction (Kahn et al, 1997 1998 2001, Kalashnikova imaged by all cameras and all wavelengths within a span of
et al, 2005 Kalashnikova and Kahr2008, have been used seven minutes. The map-projected spatial resolution of the
to quantitatively constrain dust distributions and dynamics.red wavelength is 275 m in all nine cameras; the other wave-
The MISR AOD product, including retrieval performance in lengths are averaged to 1.1 km resolution in all the cameras
dusty regions, has been extensively validatstarfonchik  in the instrument’'s standard global observing mode except
et al, 2004 Kahn et al, 20053 2010. the nadir, which preserves the full 275 m resolution in all
The goal of this paper is to evaluate the sensitivity of four wavelengths. The swath common to all nine cameras is
the operational MISR version 22 (V22) Dark Water aerosol ~ 400 km wide, and global coverage is obtained every nine
retrieval algorithm to aerosol non-sphericity as a functiondays at the Equator and more frequently at higher latitudes
of viewing geometry. We present an assessment of th€Diner et al, 2002.
global sensitivities of multiangular observations to aerosol MISR operational (V22) Dark Water aerosol retrievals
non-sphericity under the measurement uncertainties assumee reported for regions consisting of £d6 1.1 km im-
based on the on-orbit performance of MISR multiangle in-age pixels, enclosing an area of 17.6kri7.6 km, or
tensity observations. Section 2 introduces the MISR instru-310 kn?. Total column AOD, and other information includ-
ment and the MISR non-spherical aerosol (dust) optical mod-ing aerosol,&ngstrbm exponent, size AOD fraction (smalll,
els, and describes the current, global, MISR non-sphericamedium, large), sphericity AOD fraction (spherical and non-
AOD fraction climatology. Section 3 discusses the MISR spherical), and single-scattering albedo (SSA), as well as
viewing geometry, MISR angular sampling over the ocean,additional parameters and diagnostics are contained in the
and the effects of sunglint on this sampling. Section 4 in-MISR Level 2 Aerosol (L2AS) product, which is archived
troduces spherical and non-spherical optical models that arat the NASA Langley Atmospheric Sciences Data Cen-
currently not included in the operational MISR look-up ta- ter (http://eosweb.larc.nasa.gov/PRODOCS/mistr/tabisr.
bles used in the Dark Water aerosol retrieval that could po-html). The V22 MISR aerosol retrieval algorithm uses a set
tentially be confused with the MISR dust models. Section 5of 74 prescribed aerosol mixtures, containing up to three
describes the overall MISR Dark Water retrieval approach.“pure particles” represented by log-normal size distributions
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Fig. 1. The scattering phase functions of MISR Particle 19 (medium dust) and MISR Particle 21 (coarse dust) at the four MISR wavelengths:
447 nm (blue), 558 nm (green), 672 nm (red), and 866 nm (NIR). Optical properties of these models are listedlin Table

having a specific number-weighted median radius, width, andet al, 1996 assuming uniformly mixed oblate and prolate
fixed indices of refraction. Twenty-four of the aerosol mix- spheroids with aspect ratios ranging from 1.2 to 3, and the
tures in the V22 set include non-spherical (dust) componentsame refractive indices as the medium dust mode. The maxi-
(Martonchik et al. 2009 Kahn et al, 2010. Among these mum diameter used in the calculation of the scattering phase
dusty mixtures, 12 mixtures contain a medium-sized dustfunction for the medium dust mode was 2 pm, and for the
particle mixed with small and large, nhon-absorbing, spheri-coarse dust mode the maximum diameter was 8 um (i.e., both
cal particles; 8 mixtures contain bimodal dust distributions size distributions were truncated due to optical model limi-
(medium and coarse dust components) mixed with smalltations; se&alashnikova et a]2009. The MISR V22 Dark
non-absorbing, spherical particles; and 4 are solely dust, conWater aerosol retrieval relies primarily on observations from
taining only the 2 dust particles. The particle information the two longest MISR wavelengths (672 and 866 nm), where
is stored in a look-up table (LUT) known as the Simulated the water surface is darkartonchik et al. 2002. How-
MISR Ancillary Radiative Transfer (SMART) dataset. ever, when the AOD exceeds 0.5 the 588 nm (green) wave-
The two MISR dust particle models were developed length begins to be utilized, and then when the AOD ex-
based on morphological and mineralogical properties ofceeds 0.75, all four wavelengths are used in the Dark Water
natural dust collected in the atmosphere as described imerosol retrievaliner et al, 2005. The earlier V16 of the
Kalashnikova and Sokolik2004 and Kalashnikova et al. algorithm did not utilize the blue wavelength, so the accu-
(2005, and were implemented in MISR operational aerosolracy of the dust optical models at this wavelength was not
retrievals beginning with version 16 as MISR Particle 19 considered important. Therefore, spheroidal models with the
(medium dust) and MISR Particle 21 (coarse dust) (see, fosame size distributions described above, and a single fixed
example Kahn et al, 201Q Table 2). Optical properties for aspect ratio of 1.5, were used to model the optics of both
the two MISR dust models are summarized in Tahland  dust modes at 446 nm (blue) using the T-matrix technique.
the scattering phase functions for the two models at the fouFigurel clearly demonstrates the differences in the shape of
MISR wavelengths are shown in Fi§. The medium dust the scattering phase functions for both dust models for the
mode consists of weakly absorbing, grain-shaped particleMISR blue wavelength relative to the phase functions at the
(number-weighted median radius = 0.5 um, and the standartbnger wavelengths, which is due to the difference in the op-
deviation of the log-normal distribution is given by the nat- tical modeling technique.
ural logarithm ofo = 1.5). The optical properties for this Figure2 shows an example of the MISR Dark Water algo-
mode at three MISR wavelengths (green, red, and NIR) wereithm performance over a dusty region of the Atlantic Ocean
developed as described Balashnikova et al(2005. The before and after the new dust models were implemented. The
coarse dust mode (number-weighted median radius =1 unnset globe indicates the approximate location of the MISR
ando = 2.0), which at the time could not be modeled with observations. The true color browse image from the MISR
the discrete dipole approximation (DDA) technique due to Df (4+70.5°) camera is shown on the far left for context.
its size parameter limitatiorDfaine and Flataul994), was  The image was acquired on 6 February 2004 at 12:15UTC
instead modeled using the T-matrix technigishchenko  (MISR Orbit 22006, Path 210). The Cape Verde archipelago
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Table 1.Optical properties of MISR dust components.

Blue Green Red NIR Blue Green Red NIR
Size Shape nr mx108  n;x 108 njx10®  nj x 10° wQ wQ wQ wQ

Medium Grains 151 4.112 2.111 0.652 0.472 0.919 0.977 0.994 0.996
Coarse  Spheroids 1.51 4.112 2111 0.652 0.472 0.810 0.902 0.970 0.983

MISR orbit 22006, path 210, February 6, 2004

Version 12 Version 16

0.10 0.28 0.46 0.64 0.82 1.00 0.10 0.28 0.46 0.64 0.82 1.00

Fig. 2. Example MISR scene of dust over the Atlantic, Orbit 22006, Path 210, 6 February 2004, 12:15 UTC. Left: true color browse image
from the MISR Df (-70.5°) camera. Center: version 12 operational MISR AOD retrievals for this region before the incorporation of the
current non-spherical (dust) models. Right: version 16 operational MISR AOD retrievals after the inclusion of current dust models.

is located near the center of the image, and the brownish hazand location, dust in the Indian Ocean from the Arabian
over the entire scene indicates the presence of a significarReninsula driven by the monsoon circulation, and dust trans-
amount of atmospheric dust. The center panel of Fghows  port across the northern Pacific Ocean in the spring. Compar-
the green-wavelength AOD retrieved by the MISR V12 Dark isons of MISR global AOD with other satellite datasets over
Water algorithm, and the right-hand panel shows the AODwater are consistent and show good overall agreersémhé
retrieved by the V16 algorithm, which incorporates the dustet al, 2006 Kahn et al, 2009a Zhang and Reid201Q Shi
models described above. The blank portion in the upper parét al, 2017).
of the center panel corresponds to regions where the V12 al- Current MISR V22 Dark Water retrievals predominantly
gorithm was unable to find any aerosol model that adequatelgelect MISR Particle 19 (medium dust) as the best fitting
fits the MISR observations. This region is filled in the V16 (lowest residual) aerosol model in dusty regions. The in-
image because the new dust models provided adequate fitsitu observations obtained during the Saharan Mineral Dust
resulting in successful retrievals. Experiment part 1 (SAMUM-1)%chladits et a).2009 fur-
Globally, MISR AOD coverage improved significantly ther demonstrated the representativeness of the MISR dust
in V16 and later versions of the aerosol product, and theoptical models as compared to dust optical properties mea-
AOD retrievals have since been validated by extensive in-sured in the field (e.g., for Saharan dust). However, an un-
tercomparisons with ground-based AERONET sunphotomeexpected consequence of introducing the dust optical models
ter observation®{ahn et al, 20053 201Q Kalashnikova and into the MISR aerosol retrieval algorithm is that significant
Kahn 2008 and by field experiment closure studig&tin fractions of non-spherical particles appear around the globe
et al, 20091. Figure3 shows the monthly MISR global cli- in locations where mineral dust is not expected to be ob-
matology of mid-visible AOD retrieved over dark water from served. The overall distribution, characteristics, and behav-
V22 of the algorithm averaged over the 12 years of the mis-ior of the non-spherical AOD fraction (i.e., the retrieved non-
sion. The dominant features are aerosols transported frorspherical fraction weighted by the total AOD) are best seen
nearby source regions off the coast of Africa that are primar-on global monthly gridded aerosol property maps that re-
ily biomass burning or mineral dust depending on the seasoweal spatial and temporal patterns that are difficult to discern
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Fig. 3. Monthly climatology of MISR V22 green-wavelength AOD retrieved over dark water, averaged over 12 years: March 2000—
February 2012.

when viewing individual level 2 (swath) retrievals or sea- can be seen for the band in the Northern Hemisphere as well.
sonal maps. Figuré shows the MISR monthly climatology Note that these artifacts do not appear to affect the retrieval of
of non-spherical AOD fraction for AOD greater than 0.15, overall AOD shown in Fig3. It is also important to note that
corresponding to the minimum AOD threshold suggestedmaps of the non-spherical AOD (AORnon-spherical frac-

in previous sensitivity and validation studiei€ahn et al, tion) do not show these artifacts either as the non-spherical
2001, Kalashnikova and Kahn2006 Kahn et al, 2010, AOD tends to be dominated by locations with high AOD.

and averaged over 12 years of observations (March 2000— One hypothesis for the appearance of these bands is that
February 2012) gridded at%y resolution. These maps show they occur in regions with low AOD where the MISR Dark
large scale zonal bands of enhanced non-spherical AOD fracWater algorithm has reduced sensitivity to aerosol properties.
tion in both the Northern and Southern Hemispheres. SuperPrevious MISR studies@hn et al, 2001, Kalashnikova and
imposed on these bands are the expected dust transport réahn 200§ demonstrated that over dark water the MISR
gions dominated by equatorial Africa, the Middle East, andaerosol retrieval is sensitive to differences in the angular-
eastern Asia, with contributions from southern South Amer-spectral signals of medium-mode dust shapes when the mid-
ica, southern Africa, and Australia (see, for exampla- visible AOD is larger than about 0.15 for components con-
howald et al.2009 Fig. 1b). The Southern Hemisphere band tributing 15-20% or more to the total AOD. This hypoth-
of enhanced non-sphericity is more clearly defined and shiftesis is tested in Fig5, which shows MISR non-spherical
noticeably north and south over time, and similar behaviorAOD fraction for the month of October averaged over
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Fig. 4. Monthly climatology of MISR V22 non-spherical AOD fraction over dark water, averaged over 12 years: March 2000-February 2012.

12yr and subsetted by different ranges of minimum AOD:3 Enhanced bands of particle non-sphericity and MISR
AOD > 0.15, AOD> 0.30, AOD> 0.40, and AOD> 0.50. angular sampling over ocean

Notice that, although the coverage is reduced, the bands of

enhanced non-sphericity still appear regardless of the rangb'l this section we investigate whether the seasonally variable
of AODs used. The band of enhanced non-sphericity in thedands of enhanced non-sphericity apparent in Figre re-
Southern Ocean, for example, is evident in all four panels, inlated to the range of scattering angles observed by the MISR
dicating that reduced retrieval sensitivity at low AOD is not instrument. In particular, we investigate how the actual view-
the cause of the non-sphericity bands. ing geometry of the MISR cameras changes over the global

Other potential reasons for these non-sphericity bands@ceans and the effect this changing geometry has on the in-
which will be explored in greater detail below, are as fol- formation used by the operational V22 Dark Water aerosol
lows: (1) artifacts caused by a reduced range of scatteringietrieval algorithm. For this discussion, it is convenient to
angles observed by the MISR cameras in certain latitude§onsider the scattering angl®, because it is the variable
and seasons, (2) reduced sensitivity to the difference betweesed to represent scattering phase functions, such as those
spherical and non-spherical particles for certain MISR view-Shown in Fig.1. The scattering angle is related to the plane-
ing geometries, and (3) unscreened cirrus retrieved as norparallel viewing geometry of a satellite instrument through
spherical dust by the Dark Water algorithm due to the lack ofthe expression

cirrus models in the operational MISR SMART dataset.
COSO = —puju0 + vvoCOSAg), (1)
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Fig. 5. Climatology of MISR V22 non-spherical AOD fraction for the month of October over dark water for different AOD ranges:
(a) AOD > 0.15, (b) AOD > 0.3, (c) AOD > 0.4, (d) AOD > 0.5. This figure illustrates that the bands of enhanced non-sphericity are not
simply due to reduced algorithm sensitivity at low AOD.

whereu andv are the cosine and sine of the view zenith an-  As Fig. 6 demonstrates the range of scattering angl&3,
gle, respectivelyjo andvg are the cosine and sine of the so- = Omax— Omin, Seen by the full set of nine MISR cameras
lar zenith angle, respectively; andp is the relative azimuth  actually varies significantly with latitude, season, and across
angle, which is the difference between the view azimuth andhe MISR swath Kahn et al, 1997. The horizontal axis
solar azimuth angleP@vies 1980. on the figure corresponds to time, with MISR swaths over-
Prelaunch studies indicated that the sensitivity of MISR laid every 16 days, which is the repeat period of the Terra
Dark Water aerosol retrievals to particle properties would besatellite. The vertical axis depicts the variability with lati-
diminished at latitudes where the range of scattering anglesude, so the overall figure is similar to a classic H@ler
sampled by the nine MISR cameras did not adequately capdiagram Hovmoller, 1949. An important difference is that
ture the important features of the particle scattering phasé-ig.6 also captures the variability across th&00 km MISR
function Kahn et al, 1997, 1998 200J). Later sensitivity  swath, which would be lost if a longitudinal average had been
studies, focusing on the ability of the MISR Dark Water performed. Because the Terra satellite is sun-synchronous,
aerosol retrieval algorithm to distinguish spherical from non-the structure of an individual swath does not vary with longi-
spherical particles, however, only investigated algorithm per-tude. As the north—south position of the sun varies less than
formance for mid-latitude viewing geometries in an attempt4° over the 16-day time period represented by each individ-
to represent the average overall performance of a globalial swath in Fig.6, the swaths themselves effectively de-
aerosol retrievalalashnikova and Kahr2006 Pierce etal.  pict the average scattering angle range for each time period.
2010. Note that MISR aerosol retrievals are not performed when
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60°N over the global oceans, as shown in R&y.The temporal
evolution of the bands of enhanced particle non-sphericity

40°N is clearly evident in this figure, which can be compared di-
rectly with Fig. 6. This comparison shows that the bands

20°N move north and south over time in a manner similar to the

I | < patterns in the scattering angle range. Exceptions to this be-
| | havior are the enhanced non-spherical AOD fraction from 10
to 20 N from April through August that corresponds to the
transatlantic transport of Saharan dé&fman et al.2005
40°S Kalashnikova and Kahr2008. Another region of enhanced

Lh non-spherical AOD fraction, apparent between 35 arfd\b0
60°S from February to May, corresponds to the trans-Pacific trans-
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec port of Asian dustYu et al, 2012. This region is more diffi-

0 e 00° - 80° cult to make out because it overlaps with the temporally vary-
Scattering angle range ing band of enhanced particle non-sphericity in the Northern
Hemisphere.

Close examination of this figure and the previous two,
however, reveals that the location of the bands of enhanced
non-sphericity do not precisely correspond to the location of
the smallest number of valid MISR cameras or the smallest
sampling of the scattering angle range. In fact, enhanced non-
the cosine of the solar zenith angle is less than 0.20 (i.e.sphericity is apparent at latitudes where the sampling of the
when the solar zenith angle exceedsAB3), which accounts  scattering angle range largest and on the left-hand side
for the blank areas in the bottom center of the figure, as wellof the MISR swath where the number of valid cameras is
as in the upper left and upper right. As expected, the scattergreatest This indicates that the non-sphericity bands are not
ing angle rangeA®, sampled by all nine MISR cameras is a simple function of the reduction in the sampling of the scat-
greatest at high latitudes, reaching a maximum around,140 tering angle range, or a reduction in the number of available
and is smaller at low latitudes, with the smallest range neaccameras, as might be expected on theoretical grounds alone
the latitude of the subsolar point, where the scattering angl€Kahn et al, 1997, 1998 2001).
range can be as small as’4&ahn et al, 1997, 2001). In Fig. 9 we further investigate the possibility that the

Figure6 represents the situation when all nine MISR cam- bands of enhanced non-sphericity are due to a reduction of
eras are considered, which is the case for most aerosol rahe sensitivity of the MISR Dark Water aerosol retrieval al-
trievals performed over land. Over ocean, the situation isgorithm when the AOD is small. While Fig8 shows the
complicated by the effects of sunglint, which is the specularMISR non-spherical AOD fraction climatology for all AODs,
reflection of sunlight from the ocean surfactaviani et al. Fig. 9a shows the climatology only for AOB 0.15, and
2008. Cameras sampling angles within°46f the specular  Fig. 9b shows the climatology only for AOB 0.40. As the
direction are not used in MISR Dark Water retrievals to min- minimum AOD increases, the spatial extent and the abso-
imize the effects of sunglint@ahn et al, 20073. Figure7a lute magnitude of the non-spherical fraction both increase.
is similar to Fig.6, but excludes cameras potentially affected The speckled appearance of the AGMD.40 figure is due
by sunglint from the calculation of the scattering angle range to decreased sampling in this optical depth range over much
A®. Notice that at high latitudes the range of scattering an-of the global oceans away from significant aerosol sources.
gles changes from about 14 Fig. 6 to as small as 40in The regions of true dust transport across the Atlantic and
Fig. 7a. Figure7b indicates the maximum number of cameras Pacific, discussed above, also become more apparent be-
that are actually available to be used in the MISR Dark Wa-cause they are dominated by high aerosol loading and there-
ter aerosol retrieval, which can range from four to nine. Thefore high AOD. Taken together, Fig8.and 9 demonstrate
complex structure shown in the figure is caused by differentthat the enhanced non-sphericity artifacts in the MISR V22
cameras being excluded at different latitude ranges as theglobal ocean aerosol climatology are not simply related to
move into and out of the 40sunglint cone. If the number the range of scattering angles sampled by the MISR cameras
of valid cameras is less than four, no retrievals are attemptedr reduced algorithm sensitivity at low AOD. This suggests
over water. The maximum number of valid cameras typically that the apparent non-sphericity artifacts are due to the pres-
corresponds to the maximum scattering angle range, excepnce of aerosols with optical properties that the V22 Dark
near the subsolar point where the MISR cameras only sampl&ater algorithm cannot distinguish from the dust models
a relatively small portion of scattering angle space. in the existing MISR SMART at certain view-illumination

The approach used to generate Figgsnd7 can also be  geometries.
used to depict the non-spherical AOD fraction climatology

OO

ol
"

.|

Fig. 6. Scattering angle rang®fmax — ©min) sampled considering
all nine MISR cameras, displayed as a function of latitude and time
of year.
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(a) (b)

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

| - . 1
0° 45° 90° 135° 180° 4 56 7 8 9
Scattering angle range, glint Number of valid cameras

Fig. 7. (a) Scattering angle rang®max— ®min) €xcluding cameras within £0f the specular direction that could potentially be affected
by sunglint, presented in the same manner as6-ith) Maximum number of MISR cameras available for dark water retrievals accounting
for excluded cameras. The minimum number of cameras used in MISR Dark Water aerosol retrievals is four.

whether or not reduced sensitivity to the difference between

60°N | i 4T3
i ' i ! e spherical and non-spherical particles at certain viewing ge-
40°N & B 5 H— - ometries is the explanation for the seasonally varying non-
I | i }q | sphericity artifacts in Fig8. In other words, naturally oc-
20°N 1 | aa i e curring spherical aerosols missing from the MISR SMART
00 | ' ' 1 14N il could potentially be retrieved by the MISR V22 Dark Water
11 LEFPTT M E algorithm instead of non-spherical aerosols due to similar-
20° ya" NI '] ¥L : ities in their scattering phase functions. A second hypothe-
LT ; i e sis examined in this section is whether unscreened cirrus is
4005 L0 : 1 g ; ' 1] being retrieved as non-spherical dust due to the lack of any
i ‘ % i cirrus models in the SMART dataset.
=

60°S gm - rfi ~ R Figure 10 shows the latitudinal and seasonal distribution
Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec of the MISR minimum and maximum scattering angbeyin
mzﬁ 0!3 | o os 0!6 J— gnd_@max, over the global oceans accountiﬂg for th_e elim-
ination of particular cameras due to potential sunglint con-
tamination, as described above. Comparison of Figwith
Fig. 8. Climatology of MISR non-spherical AOD fraction over Fig. 7a shows that the range of scattering anghe®, alone
ocean for all AODs averaged over 12 years (March 2000-does not provide a complete picture of how the phase func-
February 2012) presented in the same manner a$Fig. tion is sampled. For example, the range of scattering angles
sampled in the viewing geometry of Asian dust transport, in-
. . dicated by the black box in Fid.0, is similar to the range of
4 Additional aerosol optical models scattering angles sampled in the viewing geometry of Saha-
{an dust transport, indicated by the yellow box. However, the
angles sampled in the Asian dust transport region are from
about 130 to about 165while the angles sampled in the Sa-

Nonspherical AOD Fraction

In order to better understand the role of aerosol models no
included in the operational MISR SMART, we begin by ex-

amining how the MISR cameras sample the scattering phasﬁaran dust transport region are only from 110 to abouf 135

function of dlfferent partlcle_s. A significant strengtr_\ of the The effect this has on particle discrimination is illustrated in
MISR observing approach is that each camera typically ob-

: . 4 reater detail in Figsl1and12.
serves a different scattering angle, and thus a different par? In Fig. 11, Particle 19 (medium dust) was selected as the

of the p_hase functioniner et ".’II' 2003. If the camera 98- reference model from the existing MISR SMART. This is
ometry is such that the scattering angles sampled are primar.

) . . . due to the fact that, globally, Particle 19 is selected as the
ily backscattering® > 90°), the ability of the retrieval algo- ) .
rithm to distinguish different particles is likely to be different non-spherical aerosol component by the V22 Dark Water

. . o retrieval far more often than Particle 21 (coarse dust). The
than if the scattering angles lie in the more forward scatter- oal is 1o test whether a spherical particle can be found that
ing (® < 90°) direction. One hypothesis we wish to test is 9 P P
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AOD>0.15 AOD>0.4
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Fig. 9. Same as FigB but for different ranges of AOD@a) AOD > 0.15 andb) AOD > 0.4.
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O Viewing geometry of Asian dust transport O Viewing geometry of the Northern hemisphere band
Viewing geometry of Saharan dust transport O  Viewing geometry of the Southern hemisphere band

Fig. 10. (a)Minimum scattering angledmin) used in the MISR Dark Water retrieval algorithm excluding cameras witHirofithe specular
direction that could potentially be affected by sunglint, presented in the same manner@gBjidaximum scattering anglé(max) used
in the MISR Dark Water aerosol retrieval algorithm. Colored boxes indicate latitudes and times for viewing geometries of interest.

has a phase function similar enough to the phase functiofnumber-weighted median radius of 0.5 = 1.5, maxi-

of the reference dust model so as to be indistinguishablenum diameter 2 um). Because these earlier studies showed
given the scattering angles actually observed by the MISRhat the phase function of a size-equivalent spherical par-
cameras, particularly for the geometries in the bands of enticle has a dramatically different shape in the backscatter-
hanced particle non-sphericity. In this case, we are exploring direction @ > 130°), a second spherical particle was se-
ing the hypothesis that the “true” aerosols are spherical, butected to better match the Particle 19 scattering phase func-
are missing from the MISR SMART and the dust model tion in the backscattering direction with similar behavior in
is the closest analogue. Similar to what was done in previthe MISR red and NIR wavelengths. We call this particle a
ous studiesKahn et al, 1997 Kalashnikova et al.2005 “backscatter-equivalent sphere.” The backscatter-equivalent
Kalashnikova and Kahr2006, one of the two spherical par- sphere has a number-weighted median radius of 0.205um
ticles selected for comparison was a size-equivalent spherand o = 2.71. Note that the backscatter-equivalent sphere
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Fig. 11. Scattering phase functions for the MISR red wavelength for MISR Particle 19 (medium dust) compared with two additional spher-
ical particles, a size-equivalent sphere and a backscattering-equivalent sphere. Different panels correspond to different viewing geometries
indicated by the boxes in Fig.0. () Saharan dust transpo(h) Asian dust transpor{c) Southern Hemisphere enhanced non-sphericity

band, andd) Northern Hemisphere enhanced non-sphericity band. Vertical lines indicate scattering angles observed by different MISR cam-
eras with forward-looking cameras shown in red, aftward-looking cameras shown in blue, and the nadir camera shown in green. Thin lines
indicate cameras with glitter angles within°46f the specular direction not used in the the MISR Dark Water retrieval.

has a much smaller number-weighted median radius than the Besides spherical particles, other non-spherical particles
size-equivalent sphere. not contained in the existing MISR SMART could potentially
Figurellplots the phase functions for these three particlesbe confused with the non-spherical dust models by the MISR
for the MISR red wavelength for the four different viewing Dark Water retrieval algorithm. In this case, the hypothesis is
geometries indicated by the boxes in Fid. Vertical lines  that the “true” aerosols are non-spherical, but not dust, yet
in each of the panels indicate the scattering angles observettie MISR dust model again serves as the closest analogue.
by the MISR cameras, and also indicate which cameras aréikely candidates are cirrus particles, which were examined
excluded due to potential sunglint contamination. Consistenin a sensitivity study byierce et al(2010, who found that
with the results reported iKalashnikova and Kah(2006 — under various conditions, cirrus particles could not necessar-
who performed sensitivity studies for a single, mid-latitude ily be distinguished from the MISR non-spherical dust mod-
viewing geometry — the different panels in Fidl. show that  els. The cirrus models used in that study were developed
the MISR cameras typically sample scattering angles greatelbbased on the work oBaum et al.(20053ab), and text files
than 130, where the phase functions for Particle 19 andcontaining the phase functions were obtained friottp://
the size-equivalent sphere are significantly different. This, inwww.ssec.wisc.edubaum/Cirrus/MISRModels.html The
turn, implies that it is unlikely that the size-equivalent spheremodels consist of different ice crystal habits that depend on
will be confused with the non-spherical dust particle in the the size range used in the integration over the size distribu-
MISR Dark Water retrieval. The exception is the viewing ge- tion and include droxtals, 3-D bullet rosettes, solid columns,
ometry for Saharan dust transport shown in Hitp, where  plates, hollow columns, and aggregates. Followiigrce
the cameras that sample the largest scattering angles are estal.(2010, three different cirrus models were selected, cor-
cluded due to potential sunglint contamination. By construc-responding to three different effective diametdpg) 10, 40,
tion, the phase function of the backscatter-equivalent sphereand 100 pm.
however, looks very similar to the phase function of Parti- Figurel2plots the phase functions for the two MISR non-
cle 19in all four different viewing geometries, and itis highly spherical dust models and the three cirrus models. The cirrus
unlikely that this represents a frequently occurring naturalmodels are distinguished by halo peaks in the phase func-
particle. tion at scattering angles of 22 and°46cattering angles too
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Fig. 12.Same as Figl1 but comparing MISR Particle 19 and Particle 21 (coarse dust) with three cirrus parfigles10 um,De = 40 um,
and De = 100 pm.

forward to be observed by any MISR camera. Unlike the casés Operational MISR Dark Water algorithm particle
for the spherical particles, the complicated structure of the selection

cirrus scattering phase functions compared with the phase

functions of the dust models, combined with the MISR sam-

pIing in the different geometries, makes it difficult to im? is to assemble a set of aerosol models considered to be
med|ate_ly tell from these_plots alone whether or nqt the C'r_'representative of the aerosol types likely to be found over
rus particles are distinguishable from the dust particles. It is

! . . the globe into a LUT, which is the SMART. The algorithm
clear, for instance, that the phase functions for the cirrus par-

ticles with Do = 40 um and 100 um overlap the phase func- determines which models and corresponding AODs satisfy

. : . " a particular set of four “goodness-of-fityf) criteria by
tion for MISR Part|c_le 19 at a number of d_lfferent scattering . mparing the MISR observations with the results of pre-
angles, some of which happen to be precisely those samplegp

in the enhanced non-sphericity bands in both the Northerrgalcmated’ multiple-scattering, radiative transfer simulations
- . tored in the SMART Martonchik et al. 1998 Kahn et al,
and Southern Hemisphere, as shown in ERy: and12d. ! \ : . 8

Th its of thi i how that. while it i likel 200% Diner et al, 2002 Martonchik et al. 2002 2009.
€ results ot this section show that, while 1L 1S UNIKEY 5 qageriped previously, each aerosol model (“particle”) in
that a size-equivalent spherical particle is being retrieve

as a non-spherical dust particle, it is still possible that the he MISR SMART is defined by a number-weighted, log-

) . . normal distribution that defines the particle size, a particle
backscatter-equivalent sphere and/or cirrus particles are po-

tentiall fused with th isting MISR herical d tshape, a spectral complex index of refraction, and a verti-
entially contused wi € existing ! non-spherncalaust .| gistribution in the atmosphere. Up to three aerosol parti-
models by the V22 Dark Water retrieval algorithm, resulting

in the unexoected enhanced bands of particle non-spheri itcles can comprise an aerosol “mixture,” with the fractional
€ uneéxpected enhanced bands of particie non-spheric }Sptical depths of the mixture components prespecified. In
seen in Fig8. However, examination of the phase functions

| is insufficient t letel thi " Athis section, we introduce thg? tests for goodness of fit
aione 1S Insutlicient o completely answer this quUestion. A o,y show how these are used by the MISR V22 Dark Wa-
more complete analysis that treats the details of how th

. . MGer retrieval algorithm to determine the AOD and discrimi-
r'\giqsuﬁ‘)r(;{jzir? dairg i\r/]\:?ézru::eetg?:?Lzlgggiigczgwa"y works is nate aerosol types. Additionalldiscussior) of the operational
' : MISR Dark Water aerosol retrieval algorithm can be found
in Martonchik et al(1998, Martonchik et al.(2002), Diner
et al.(2005, andKahn et al.(20073, but note that some de-
tails in these references are for earlier implementations of the
algorithm, and are therefore out of date. This section contains

The basic approach of the V22 MISR Dark Water retrieval
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a description of the important aspects of the current operaretrieval Martonchik et al. 1998. In Eq. (2) the weights
tional V22 algorithm. for these wavelengths are always set to 1. The green wave-
length is introduced when the AOD exceeds 0.5, and the
5.1 MISR V22 Dark Water algorithm distinguishability  weight, w», increases linearly up to an AOD of 1.00 when
criteria w2 = 1. The blue wavelength is similarly introduced when

. the AOD exceeds 0.75, with full weighiy; = 1, when the
The MISR instrument measures top-of-atmosphere (TOA)AOD = 1.50. In the V22 algorithm, if the minimum§ de-
radiances,/, with units of Wnm2srtpum-1. These radi- bs

. o , termined through a parabolic fitting procedulaftonchik
ances are normalized by dividing by the extraterrestrial so- g 1998, is less than 2, the model is considered “pass-
lar irradiance for each wavelengthp, and multiplying by ; ’ i

. . i ing” at this stage in the process and the model and associated

7 to yield TOA equivalent reflectances,= 7 1/ Fy, which AOD are retained for further analysis.
effectively compare the observed radiances to the radiance A detailed discussion of the characteristics ofxljgsmet—
of an ideal Lambertian reflector illuminated at normal inci- ric and the dependence on the choice of the threshold can be
dence. Note that equivalent reflectances are related to bidifound inKahn et al(2003). However, it is worth noting here
rectional reflectance factors, BRFs, through the relgtien the relationship betweejo;b and the “standard score” or *
1o x BRF, wherep is the cosine of the solar zenith angle score” described iKaIashniSkova et al2011). Thez score is
(Kahn et al, 20073. . . simply the absolute value of the difference between a single

The V22 Dark Water retrieval algorithm compares the o5 rement and a model calculation, which is then divided

TOA equivalent reflectances observed by MISR from all ,, the assumed noise in the measurement represented as a
valid cameras and wavelengths to a set of precalculateqtandard deviation. In other words

equivalent reflectances for each aerosol model contained in

the current MISR SMART. The construction of the MISR _ _ |omISR — Pmodel
SMART is described inMartonchik et al.(1998. Full = o) '
multiple-scattering radiative transfer calculations are per-
formed based on the scalar matrix operator mett@ahit

®)

Comparison of Egs2) and @) shows that the term in braces

; o ) . in Eq. () is simply the square of the score summed over
and Hunt 1968. Rayleigh scattering, including a correction angles. The score has a simple statistical interpretation as

for polarization, is included, and aerosols are described by 3he di
) e difference between a sam , and the mean of a
base, top, scale height, and AOD. Ozone and out-of-band cor, Plodel

rections are done as a preprocessing fonchik et al population,pmisr, in units of the standard deviation of the
Sitég " opulation,o (Kalashnikova et a).2011). If the errors are
1998 Kahn et al, 20073. bop o al.201])

, . ... normally distributed, when =1 the probability is 31.7 %
Tzhe AOD for eac_h aerosol model is found by MINIMIZING 4t the sample does not belong to the parent population. If
a x© goodness-of-fit parameter (e.§evington and Robin-

. . . X z = 2, the probability that the observation is consistent with
son 2003. The particular metric used at this stage in the

) 5 : the model is only 4.6 %. This statistically derived conclusion
process is known ag;, ;. because it depends on the absolute

5 _ depends in a fundamental way on the value of the denomina-
reflectancei{ahn et al, 1997 200)). x3,; which dependson 4 i Eq. @), which should represent the expected noise in

the model AODy, is determined from the equation the observations based on an analysis of instrument perfor-
4 9 ' - mance. This choice will be discussed further in the following
Z: w; - { 2 w;i-v(, j)- [pM|sa(l;/§b;(Zr;c;de|(t,./)] } section. _ _
2 1= j=1 2 The MISR V22 Dark Water retrieval algorithm employs
Xabs(T) - ’ ( )

4 9 _ three additional 2 metrics that are designed to take greater

Elwl‘ Ele (. ) advantage of MISR’s unique observational approach to im-
prove aerosol particle discriminatiorKghn et al, 1997

where pvisr represents the equivalent reflectance at wave-Martonchik et al. 1998 Kahn et al, 2001).

length/ and camerg from the darkest 1.1 km subregion in ~ The firstx2 metric is designed to emphasize spectral dif-

the 17.6 kmx 17.6 km region used for the retrievadmogdel ferences between two aerosol models. In the MISR V22 Dark

are the TOA equivalent reflectances for the candidate aerosalater retrieval algorithm this metric is defined as

model, andrzpsaccounts for the absolute radiometric uncer- . -

tainty assumed for the MISR instrument. Valid observations i . i v (. Red - [ st — someusD |

for a particular wavelength and camera are given a weight o S| S ped!> )

v(i, j) = 1. The weighting parameters;;, which could in XspedT) =

principle vary by camera, are presently given a value of 1 for

all cameras. The information is also weighted by wavelength,

wy. For AODs less than 0.5, only the red and NIR wave- where the summation is over the nine MISR cametass

lengths, where the water surface is assumed to have negligset to unity for all cameras, and (/, Red has a value of 1

ble water-leaving radiance, are used in the V22 Dark Wateiif both the red wavelength and the comparison wavelength

. (4)

4 9
Z wy - Z vj(l,REO)

1=11#3  j=1
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have valid data for thgt camera. The uncertainty, which is a 5 B [omisr(, /) — pmodelis /)12
function of the cameraj, is expressed as XimaxdedT) = Max T 9)
i Uabs(l’])
ospedl, j) = 0.05- ’OML(’J),. (5) To be considered valid, a candidate aerosol cannot have a
P (J)
PMISR RedJ value of x2_, 4o, greater than 5 in the MISR V22 Dark Wa-

In the MISR V22 Dark Water aerosol retrieval algorithm, ter aerosol retrieval algorithm. The large magnitude of this
stpec compares the spectral behavior of the observations athreshold limits the sensitivity of this particular metric.
the red wavelength to the observations at the other wave- Those models and associated AODs, determined through
lengths, taking advantage of the relatively better wavelengththe calculation Ofngg that meet all four of the threshold
to-wavelength calibration of the MISR instrument comparedcriteria are considered “passing” aerosol mixtures. The av-
to the absolute calibratiorMartonchik et al. 1998 Kahn erage of the AODs of these passing mixtures is reported
et al, 200)). If the value ofxszpecis greater than 3, the model as theRegBestEstimateSpectralOptDefittd in the MISR
is no longer considered to be an acceptable match to th&22 aerosol product. The model with the lowest value of
MISR observations, regardless of the value(égg eachy? metric, determined through a weighting procedure,
The next x? metric is intended to take advantage of and its associated AOD are reported asRiegl owestResid-
MISR’s multiangle observation strategy, and emphasizes anMixture andRegLowestResidSpectralOptDeptspectively
gular differences in the way different aerosol models scatte{Martonchik et al. 1998 Martonchik et al. 2002 Diner
light (Kahn et al, 1997 Martonchik et al. 1998 Kahn etal, et al, 2005 Kahn et al, 20073.
200)). In the MISR V22 Dark Water aerosol retrieval this

. . 5.2 Effect of the radiometric “floor” on calculation of
metric is defined as X2
. .. iy . LemisrY Pmodel’>
R P Teontl.)
: (6)

) = In the definition ofx2 . given in Eq. @), a term,oaps ap-
Xgeor(T) =

pears that expresses the uncertainty in the absolute radiance
measurements made by the instrument. The absolute calibra-
_ _ ) tion of MISR, both pre- and postlaunch, has been evaluated
wherew; is set to unity for all wavelengthg; w; is setto . o number of publicationsBfuegge et a).1998ab; Kahn

unity for all cameras;; andv has a weight of 1 if the com- et al, 2005h Bruegge et a).2007 Lyapustin et al. 2007
bination of wavelength and camera is simultaneously Va"d'LaIIart et al, 2008. These studies generally conclude that

The equivalent refl('act'ances are normalized Fo the mean V,aluﬁwe absolute calibration uncertainty for any camera is around
over all cameras within each wavelength using the foII0W|ng3%7 with the camera-to-camera agreement being substan-

4 9
Swr- X wj-vd, )]
1

=3 j=

expression: tially better, about 1%. Adopting a conservative estimate
9 of 5% for the calibration uncertainty, the value f@fys in
lej -v(, j) - pmisr(, j) Eq. () used by the V22 Dark Water algorithm is determined
pmisr(l, allcam) = “——— . (7)  from the equation
wj -v(l, j) oabdl, j) = 0.05-max[ pmisr(/, j),0.04] . (10)
j=1

The leading term on the right-hand side of E40)(repre-

A similar expression is used to determingoger The uncer-  gsents the assumed 5% radiometric calibration uncertainty.

tainty in Eq. €) is given by the relation The term in brackets indicates that the procedure is to take
€, j) the maximum of either the MISR-observed TOA equivalent
I =005, _PwisR(j 8 , = .
ogeonl, j) = 0.05- ven(l. allcam (8) reflectance or 0.04, which acts as an absolute minimum (i.e.,
pmisr(l, allcam) . A
a radiometric “floor”).
Xgeom S Very sensitive to particle shape, as noted<ahn This floor was included in the algorithm under the conser-

et al. (1997 based on initial sensitivity studies of MISR’s  vative assumption that measurement or environmental noise
ability to distinguish spherical and non-spherical aerosols,could limit the minimum value of,,s However, experience
and, like x3,e, this metric leverages better relative camera-shows the noise levels in the MISR data to be very low.
to-camera calibration compared to the absolute calibrationThe presence of the floor is also problematic on theoretical
of the instrument. In the MISR V22 Dark Water aerosol grounds. For example, when the aerosol optical depth of the
retrieval algorithm, a value ofgeom greater than 3 indi-  atmosphere is small, radiative transfer can be performed as-
cates that the model is not an acceptable fit to the MISRsuming single scattering dominates. The standard equation

observations. for single scattering in a one-dimensional, plane-parallel at-
The final x2 metric is the maximum deviation parameter. mosphere can be written as

Xmaxdlev W:::Ch is S|mply.thte;]max||ml|mt1. value attained for any I - . {1 exp[ (1 . 1 )] } a
wavelength or camera in the calculationyc ¢ = - | —+— ,
g s mofo  4(u+ o) Ho o
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Fig. 13. ngs calculated for MISR red and NIR wavelengths only, comparing MISR Particle 19 and the size-equivalent spherical particle,
presented as a function of latitude and time in the same manner & Fige plots take into account the changing viewing geometry, using

the single-scattering approximation for AOD =0.05 assuming a black surface, including the effect of cameras excluded due to potential
sunglint contamination. In the MISR V22 Dark Water retrieval algoritbtjbsvalues less than 2 mean that the particles are indistinguishable
from one another. Larger valuespgbsindicate greater distinguishabilitfa) Calculation ofxgbsas done in the V22 Dark Water algorithm.

(b) Calculation of 2, cexcluding the radiometric floor.

where/ is the radianceyg is the cosine of the solar zenith floor is likely to play a substantial, but not necessarily bene-
angle, Fyp is the extraterrestrial solar irradianceyp is the  ficial, role in the sensitivity of the MISR V22 Dark Water re-
single-scattering albedg, is the cosine of the camera view- trieval, particularly for low AOD, when the single-scattering
ing zenith angleP(©®) is the phase function that depends on approximation is most applicable.

the scattering angl®, andr is the total column AODI(iou, The consequences of the presence of the radiometric floor
2002. The left-hand side of Eq1Q) is simply the BRF at on the calculation ob(gbs and the sensitivity of the MISR

the TOA. The utility of the single-scattering approximation Dark Water retrieval are explored further in Fity3. The
is that it can be used to analytically calculate TOA equiv- two panels compare the calculation x)ibs with and with-
alent reflectances for each MISR camera given the viewingout including the radiometric floor in determiningps As

geometry, AOD, and the phase function of a particle. was done in Fig6, each individual strip represents the full
Solving this equation for the AOD leads to the following cross-swath MISR viewing geometry. This geometry was
expression: used, along with the single-scattering approximation, to cal-
culate TOA equivalent reflectances for the MISR red and
In [1— %] NIR wavelengths for all valid MISR cameras for two differ-
T=- T 1 (12) ent particles, assuming an AOD of 0.05 and a black surface.
(ﬁ + E) The particles used for the results shown here are MISR Par-

ticle 19 (medium dust) and the size-equivalent sphere. Val-
ues for)(azbS were determined using Eg2)(for each loca-
&bn assuming the “true” atmosphere contained only Parti-
cle 19. Small values Of(azbs (shown in purple and blue col-
oo P (O) (13) ors) imply that the particles are indistinguishable from one
A1 + 1o) P another based on this metric alone. Recall that the thresh-
) ) ) old adopted in the MISR V22 Dark Water algorithm for an
which provides an upper bound to the TOA equivalent re-5cceptable match i83,< 2. Green and red colors indicate
flectance, assuming the validity of the single-scattering apyreater distinguishability.
proximation. Taking the red wavelength phase function for  figyre 13a uses the single-scattering approximation but
MISR Particle 19 (medium dust) as an example, this relationcacylatesy 2 . including the radiometric floor in the same
shows that for a nadir-viewing cameya £ 1), themaximum  \yay as it is done in the V22 Dark Water retrieval algo-
value the TOA equivalent reflectance can reach for any solagjinm. Surprisingly, given Figl1 and the associated dis-
zenith angle is less than 0.03, whictsmeallerthan the value  ¢ssjon, this figure implies there is a significant portion
of 0.04 appearing in Eq1(Q). This means that the radiometric

For this expression to be mathematically valid, the term in
square brackets on the right-hand side must be greater th
zero. This, in turn, leads to the relation
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of the MISR seasonally variable viewing geometry within MISR cameras for different geometries. This analysis alone
which Particle 19 cannot be distinguished from the size-was insufficient to answer the question of whether or not
equivalent sphere. According to E4JJj, the TOA equivalent  aerosol particles missing from the current MISR SMART
reflectances depend directly on the particle phase functiomataset are the reason for the non-spherical artifacts observed
under the assumption of single scattering. Therefore, it is cuin the global MISR V22 non-spherical AOD fraction clima-
rious that the large differences between the non-spherical antblogy. In this section we consider the performance of the
spherical phase functions shown in Fid. do not translate  Dark Water retrieval algorithm as it is implemented opera-
directly into sensitivity in terms Of(azbs Figurel13b reveals tionally, the influence of the changing MISR viewing geom-
that the radiometric floor is the reason for this lack of sen-etry over the orbit and throughout the year, and the impact
sitivity. Once the radiometric floor has been eliminated from of excluding different cameras due to potential contamina-
the determination ob,ps the non-spherical dust and size- tion by sunglint. This discussion extends the work of Kahn
equivalent sphere are seen to haoégs significantly larger et al. (1997), Kalashnikova et al. (2005), Kalashnikova and
than 5 for most MISR viewing geometries. The exception is Kahn (2006), and Pierce et al. (2010), which were primarily
a small region near the subsolar point Wherexﬁgvalues sensitivity studies carried out over a limited but representa-
are as small as 3, which is consistent with the discussion retive range of conditions.
lated to Fig.11.
A number of previous publicationKéhn et al, 1998 6.1 Single-scattering approximation and;(afbS

2001, 2005a 2010 Kalashnikova and Kahn2006§ have
noted decreased sensitivity to particle microphysics (i.e.In this section we utilize the single-scattering approxima-
particle shape and size) for MISR aerosol retrievals whertion as a method for analyzing the behavior of jtfg, met-
the AOD is less than about 0.15 or 0.2. The argument isfic when comparing different particles. Although the single-
made that this reduced sensitivity is expected due to “arscattering approximation is not strictly correct, it is useful
overall lack of information about particle properties when because it is a procedure for analytically calculating TOA
the atmosphere contains few aerosol&alashnikova and equivalent reflectances for a plane-parallel atmosphere with-
Kahn 2006 or “owing to increased relative contributions out resorting to a full multiple-scattering radiative transfer
from surface reflectance uncertainties, unmasked cloud, etccode. This provides a quick way of determining which par-
(Kahn et al, 2010. While these assertions may be correct ticles are likely to be distinguishable from one another and
in certain circumstances, Fig3 suggests another possibil- which are likely to be indistinguishable given the actual
ity. Careful examination of the observed MISR TOA equiv- MISR viewing geometry. The effect of including full mul-
alent reflectances for a number of situations when the scentiple scattering, as is done in the MISR V22 Dark Water
is very dark and cloud-free reveals the radiometric noise toaerosol retrieval, will be discussed in the next section.
be extremely small, even whemisr < 0.04. What Fig.13a Throughout the remaining discussions, we retain the ra-
shows then is that the radiometric floor artificially reduces diometric floor in calculations ofaps SO as to evaluate the
the sensitivity Ofngs by enforcing a value fobaps that is  sensitivity of ngsas it is implemented operationally in ver-
larger than necessary. This is confirmed in Bigp, in which ~ sion 22. Figuresl4 and 15 show calculations oﬁébs pre-
sensitivity to particle shape is recovered for nearly everysented in the same manner as FI@, using the single-
available MISR viewing geometry. Therefore, the argumentscattering approximation but comparing MISR Particle 19
can be made that when the total AOD is low, and the atmo-against the spherical and non-spherical models whose phase
sphere is closest to single scattering, the MISR Dark Wateifunctions are shown in Figé¢land12. In all cases, an AOD
retrieval should have thgreatestsensitivity to differences of 0.05 and a black surface are assumed for the particles.
in the scattering phase functions — differences that are reEach panel in these figures can be compared with &tg.
duced when significant multiple scattering occurs. This sug-determine whether or not indistinguishability in terms of the
gests that the MISR V22 Dark Water aerosol retrieval algo-)(afbs metric between a particle not in the MISR SMART and
rithm does not presently take full advantage of the sensitivityMISR Particle 19 (medium dust) could help explain the ob-
of the MISR instrument for retrieving particle microphysics served bands of enhanced particle non-sphericity. Recall that
for small AOD. Further work is required, however, to fully purple and blue colors correspond to locations vxifgsval—
demonstrate this capability for operational aerosol retrievalsues low enough to be considered acceptable matches by the

MISR V22 Dark Water retrieval algorithm. Figufela and

¢ show bands with poor distinguishability, but these occur
6 Sensitivity of operational MISR Dark Water around the subsolar geometry and are not consistent with

algorithm to aerosol particle shape the non-spherical bands in Fig. The backscatter-equivalent

sphere, on the other hand, has very low values(igg for
Section 4 discussed MISR sensitivity to different particles nearly every viewing geometry, and therefore remains a po-
based simply on an examination of their scattering phaseential candidate for causing the observed bands of enhanced
functions and the specific scattering angles observed by thaon-sphericity. In other words, if a naturally occurring,
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Fig. 14. Xazbs calculated for MISR red and NIR wavelengths only, as in E®.comparing MISR Particle 19 and the three other particles
using the single-scattering approximati¢a) Size-equivalent sphere (identical to Figa), (b) backscatter-equivalent sphere, d0dMISR
Particle 21.

spherical aerosol similar to the backscatter-equivalent sphersphere, if present in the atmosphere, could be retrieved as
happened to be present over the ocean, it is possible thaton-spherical aerosols at low optical depths — but this oc-
the MISR V22 Dark Water algorithm would retrieve a non- curs everywhere, not only in specific bands. We have further
spherical aerosol (Particle 19) at these locations instead. Thisarrowed the candidate models down to a backscattering-
is because the non-spherical particle is the only one in theequivalent sphere and a cirrus model with an effective diam-
existing MISR SMART that provides an adequate fit to the eter around 100 um. In the next section we investigate these
observations. two models further using full multiple-scattering radiative
Figure 15 shows that in the case of the cirrus models, transfer calculations as is done by the MISR V22 Dark Water
the particles with 10 and 40 um effective diameters are lessetrieval algorithm.
distinguishable from Particle 19 around the subsolar point,
which is not where the bands of enhanced non-sphericity ap6.2  Full multiple-scattering radiative transfer and
pear in Fig.8. However, the 100 um effective diameter par- additional x2 metrics
ticle shows the opposite behavior, with greater distinguisha-
blllty from Particle 19 around the subsolar pOint, but TEdUCEdTO more Comp|ete|y evaluate the potentia| of Spherica|
distinguishability at higher latitudes in precisely those loca- and non-spherical aerosols missing from the current MISR
tions where the bands of enhanced non-sphericity appear igMART to explain the presence of temporally varying bands
Fig. 8. This suggests that larger cirrus particles may provideof enhanced particle non-sphericity observed in the MISR
another explanation for the appearance of the bands of eny22 aerosol climatology over the global oceans, we perform
hanced non-sphericity, while the smaller cirrus particles arefy|| multiple-scattering calculations for atmospheres contain-
less likely to be candidates. ing MISR Particle 19 (medium dust), backscatter-equivalent
Based on this anaIySiS, we have found that it is pOSSibl%pherical particleS, and cirrus particles Wma =100 pm.
that aerosol Optical models miSSing from the current MISR Because genera‘[ion ofa Comp|ete|y new SMART is a com-
SMART are the underlying cause for the bands of enhanceghlex and computationally involved task, previous sensitiv-
non-sphericity appearing in seasonal plots of MISR V22ity studies for non-spherical particles suchkadashnikova
non-spherical AOD fraction. The analysis also shows thatand Kahn(2006§ and Pierce et al(2010 have employed
missing aerosol models, such as the backscatter-equivaleffie MISR Research Aerosol Retrieval approach described in
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(a) Xabs Cirrus 10um — Particle19
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Fig. 15.Same as Figl4 but comparing MISR Particle 19 with three cirrus particlgg:De = 10 um,(b) De = 40 um, andc) De = 100 pm.

Kahn et al.(2001, 20073. The Research Aerosol Retrieval depth approximationRussell et al.1993 used in the gen-
also uses the scalar matrix operator method, but performs aeration of the MISR SMART. The Rayleigh optical depths
extensive series of calculations for a wide variety of aerosolfor the two longest MISR wavelengths are 0.04299 (red) and
particles and mixtures for a single viewing geometry of in- 0.01536 (NIR).
terest. Here we introduce a third approach that allows for us MISR Particle 19 (medium dust) was used as the reference
to explore the complete, seasonally varying MISR observa-atmosphere and was uniformly mixed with the Rayleigh at-
tional geometry without the computational cost of generatingmosphere at altitudes between 3 and 6 km. The backscatter-
an entirely new SMART dataset. equivalent spherical particle was uniformly mixed from O to
For our radiative transfer calculations, we use a vector2 km, and the 100 um effective diameter cirrus particle was
(polarized) radiative transfer code based on the successivemiformly mixed from 10 to 11 km. As noted above, the ex-
order-of-scatter (SOS) method developed for the coupledsting MISR SMART includes a polarization correction for
atmosphere—ocean systeh@i et al, 2009 2010. The Rayleigh scattering using vector calculations from the code
SOS code provides more flexibility than the existing MISR developed byevans and Stephelti$991). To mimic this be-
SMART generation code and can be scripted to calculatéhavior, the SOS code was run in vector mode, but the el-
results for multiple viewing geometries. The goal of this ements of the scattering phase matrix other than the phase
exercise is to test the role of aerosol models not includedunction itself, P11, were set to zero for the aerosol parti-
in the existing MISR SMART on the appearance of the cles, while the full scattering phase matrix was retained for
bands of enhanced particle non-sphericity, rather than fullythe Rayleigh scattering portion of the atmosphere. This ap-
evaluate how such models would perform once included inproach was also necessary because the additional elements
the operational MISR Dark Water aerosol retrieval. There-of the full scattering phase matrix are not available for MISR
fore, calculations were performed for atmospheres containParticle 19, for which the phase function alone was originally
ing only Rayleigh scattering and a single aerosol particlecalculated Kalashnikova et al2005.
model mixed uniformly within a single layer over a black sur-  In the case of full multiple scattering, the AODs of the
face. Rayleigh calculations were done for a molecular scatdifferent atmospheres become important, as demonstrated in
tering atmosphere based on the approacBaafhaine et al.  Fig. 16. The left-hand panel shows the calculatiorxégsfor
(1999, which differs somewhat from the Rayleigh optical an atmosphere containing the backscatter-equivalent sphere
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(a) AOD=0.10 (dust) vs. AOD=0.10 (sphere) (b) AOD=0.10 (dust) vs. AOD=0.20 (sphere)

60°N s Th et ‘
40°N
20°N
0°
20°S
4008
60°S b !II\AH

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

B e BT SOS results
1 2 3 4 5

Aaps Particle 19 — Backscatter-equivalent sphere

Fig. 16. ngs calculated for MISR red and NIR wavelengths only for a Rayleigh-scattering atmosphere containing only MISR Particle 19
over a black surface and a Rayleigh-scattering atmosphere containing only the backscatter-equivalent spherical particlel3sbiat Fig.
considering full multiple scattering based on SOS radiative transfer calculaf@mOD = 0.1 for both aerosol modelé)) AOD =0.1 for

Particle 19, and AOD =0.2 for the backscatter-equivalent sphere.

(a) AOD=0.10 (dust) vs. AOD=0.10 (cirrus)
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Fig. 17.Same as Figl6, but comparing an atmosphere with MISR Particle 19 with an atmosphere containing the cirrus mode with
100 pm.(a) AOD =0.1 for both aerosol modely) AOD =0.1 for Particle 19, and AOD =0.21 for the cirrus model.

compared with a reference atmosphere containing MISR Parbe an adequate match to the atmosphere containing the
ticle 19, both with AOD =0.1. In this case, the atmospheresbackscatter-equivalent sphere. Based on this analysis, it is
are distinguishable for every MISR viewing geometry, in unlikely that some spherical aerosol particles present in na-
contrast to Figl4b. By varying the AOD of the test atmo- ture, but not included in the MISR aerosol LUT, are being fit
sphere containing the backscatter-equivalent sphere in increy the non-spherical particles in the LUT, thus producing the
ments of 0.01, the atmosphere that showed the smallest vabands of enhanced non-sphericity.

ues ofxgbs was found, which is shown in Fid.eb. In this This leaves the large cirrus model, which is compared with
case, where the AOD of the backscatter-equivalent spheréhe atmosphere containing MISR Particle 19 in Rig. For

is 0.2, bands of reduced sensitivity appear near the latitudethe case when the AODs of the two atmospheres are identi-
where the bands of enhanced non-sphericity appear ir8Fig. cal, shown in Figl7a, bands of reducexgbsappear, but with
Notice that in this case, however, the minimum value of values greater than 2. On the other hand, Eifp. shows the
ngs is greater than 2, indicating that the MISR V22 Dark result for the case when the cirrus AOD is 0.21, compared
Water retrieval algorithm would not consider Particle 19 to with the reference AOD of 0.1 for the non-spherical dust
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(a) XSpecAOD O 10(dust) vs. AOD= 021 (cirrus) (b) Xgeom AOD=0.10 (dust) vs. AOD=0.21 (cirrus)
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Fig. 18. Same as Figl7b but for three additionak 2 metrics used by the MISR V22 Dark Water aerosol retrieval algorittahxszpeo
(b) ngeom and(c) Xr%axdev These metrics emphasize different aspects of the MISR observing strategy, and different thresholds are employed
for these metrics compared jébs The V22 thresholds are 3, 3, and 5, for “spec”, “geom”, and “maxdev”, respectively.

model. Now bands of extremely Iowabs are apparent, and to differentiate between the cirrus and dust aerosol models.
the location of two of these bands is consistent with the bands(geom shown in Fig.18b, is sensitive enough to differences
of temporally varying enhanced non-sphericity in the North- between MISR Particle 19 (medium dust) and the 100 um ef-
ern and Southern Hemispheres in RBgA third band is also  fective diameter cirrus to distinguish between them for nearly
present around the subsolar geometry. In this case, the imall geometries, with the exception of the subsolar geometry.
plication is naturally occurring cirrus could be matched with While this figure shows that the specific cirrus model used
the non-spherical dust model that is included in the existingin the comparison is distinguishable from the non-spherical
MISR SMART dataset, producing bands of non-sphericity dust model, this does not mean another cirrus model, or some
that are not due to the presence of atmospheric dust. combination of cirrus and spherical aerosol, would not yield
As described previously, the MISR V22 Dark Water re- TOA equivalent reflectances that would prodtx&om val-
trieval algorithm employs three additionyaf metrics thatare  ues less than 3 when compared with MISR Particle 19. In
designed to provide additional particle discriminatig@kn fact, it is unlikely that naturally occurring cirrus will be iden-
et al, 1997 Martonchik et al. 1998 Kahn et al, 2001). We tical to the 100 um cirrus model used here. Investigation of
briefly examine the performance of these metrics comparthese details will be the subject of future worjg%axdev
ing the cirrus atmosphere with an AOD of 0.21 with the ref- shown in Fig.18c, is the maximum deviation parameter. In
erence atmosphere containing Particle 19 with an AOD ofthe figure, bands of reduced sensitivity Bq%axdevappear in
0.10. The results of the determination of thggametrics are  the latitude ranges of the enhanced non-spherical bands in
shownin Fig18. Xspeo which is designed to emphasize spec- Fig. 8, as well as near the subsolar geometry, consistent with
tral differences between the two aerosol models, is shown imeduced sensitivity at these latitudes.
Fig. 18a. In this case, the spectral differences between MISR Taken together, the results in Fi$i8 indicate that un-
Particle 19 (medium dust) and the cirrus model are small forscreened cirrus with scattering properties similar to the cir-
the red and NIR wavelengths used in the MISR V22 Darkrus model developed bBaum et al.(2005ab), with effec-
Water aerosol retrieval when the total AOD is less than 0.5,tive diameters on the order of 100 um, serves as a viable ex-
so spectral differences do not provide any additional abilityplanation for the appearance of bands of enhanced particle
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non-sphericity in the MISR V22 aerosol climatology. It is profiles from ground stations as well as the CALIPSO satel-
unlikely that any spherical aerosol model missing from thelite instrument.
MISR SMART could be the underlying cause of these bands One approach that shows promise for allowing for users to
because a model designed specifically to mimic the behaviodeal with potential cirrus contamination effects in the current
of MISR Particle 19 (medium mode dust) in the backscat-MISR V22 Dark Water aerosol productis to considerxﬁgs
ter direction does not even pass tjaﬁ)s criteria when full  metric, which is reported as tiRegLowestResidChidigld.
multiple-scattering calculations are performed. This is the value oﬁ(gbsfor the aerosol mixture that has the
best overall agreement with the MISR observations based on
a weighting of all foury? parameters. Smaller values of
7 Conclusions indicate better agreement with the observations. We have
found that constraininngsto values less than 0.2, for total
In this study, we examined the sensitivity of the operational AOD greater than 0.4, has the effect of nearly eliminating the
MISR V22 Dark Water aerosol retrieval algorithm over the presence of the artifacts appearing in the MISR global non-
global ocean accounting for changing viewing geometry withspherical AOD fraction climatology, which is consistent with
latitude and season, as well as the effects of screening spéhe explanation that the artifacts are caused by dust models
cific cameras due to possible contamination from sunglint.in the MISR SMART providing marginally acceptable fits
We described the non-spherical dust aerosol models thab naturally occurring cirrus particles. A side effect of this
were introduced into the MISR SMART beginning with V16. approach, however, is a reduction on the overall global cov-
The introduction of these models improved the overall per-erage of the MISR retrievals. Even so, this reduction in cov-
formance of the MISR aerosol retrieval in dusty regions in erage may be acceptable to users who are interested in the
terms of both accuracy and coverage. However, artifacts aphighest quality MISR retrievals of aerosol non-sphericity.
peared in the global non-spherical AOD fraction climatol-  In spite of the presence of these seasonally varying bands
ogy as temporally varying bands of enhanced particle non-of enhanced non-spherical AOD fraction and the appearance
sphericity in locations where dust aerosols are unlikely to beof large non-spherical AOD fraction in the Southern Ocean,
found. It was demonstrated that these bands did not only ocall of which are likely to be due to the presence of unscreened
cur in low-AOD situations, and a formal analysis approachcirrus or other naturally occurring non-spherical aerosols, the
was described that allowed for investigation of these banddISR non-spherical AOD fraction climatology shows good
in terms of the temporally changing angular sampling of theperformance in regions of well-known dust transport. This
MISR instrument over water, including the effects of exclud- is especially true over the Atlantic, where MISR aerosol re-
ing cameras making observations withirf 40 the specular  trievals have been successfully used to study dust transported
direction, which could possibly be affected by sunglint. Ex- in the Saharan Air LayerK@alashnikova and Kahr2008.
amination of the particle phase functions showed that aerosdh addition, the MISR aerosol retrievals show sensitivity to
models not currently included in the MISR SMART could be dust being transported across the Pacific, but analysis of this
the cause of the bands of enhanced non-sphericity due to thedtust is complicated by the presence of weather systems that
similarity to the non-spherical dust models. entrain the dust as it is transported, and the particular lati-
Going through single scattering and full multiple- tudes and times when this dust transport is most significant
scattering calculations accounting for the actual MISR view-are also situations when the MISR Dark Water aerosol re-
ing geometry from the Terra satellite platform, and introduc- trieval algorithm has reduced ability to distinguish dust from
ing the x 2 “goodness-of-fit” metrics used in the MISR V22 cirrus. However, we have demonstrated that MISR observa-
Dark Water aerosol retrieval algorithm, most of these can-tions are exceedingly sensitive to aerosol non-sphericity, and
didate models were systematically eliminated. However, un-t is unlikely that this sensitivity has yet been fully exploited
screened cirrus with an effective diameter around 100 pm rein the MISR operational Dark Water aerosol retrievals. Mak-
mained a viable candidate for causing artifacts in the MISRing users aware of some of the strengths and limitations of
non-spherical AOD climatology. This conclusion is consis- the MISR aerosol products will allow for them to find new
tent with the results dPierce et al(2010, who demonstrated ways to exploit these products for their own needs.
that thin cirrus could be retrieved as an aerosol component by
the MISR Dark Water retrieval algorithm. More detailed in-
vestigation of cirrus models and the effects of including suchAcknowledgementsThis work was carried out at the Jet Propul-
models in the operational MISR Dark Water aerosol retrievals"o”t L"’t‘bc’_;‘;‘ti’rzy’ NC?hforrl: '”St't‘:_te of dTSCh”O'OA%y' _u_mt:iert_ a
. . : s contract wi e National AeronhautiCs an pace ministration.
S:gzrgr;] \\;\g!tti); attr:ae viﬁg{ﬁgtr o;‘ rfuntgtret r:,\éo;krlo Apgggﬂ?:ﬁ'swsarfhe MISR data were obtained from the NASA Langley Research
. . . Center Atmospheric Science Data Center.
ticles can be detected in the regions where the MISR V22
Dark Water algorithm retrieves non-spherical dust by exam-gjted by: D. Tare
ining the MODIS 1.38 um channel, which is sensitive to the
presence of high-altitude cloudS#o et al.2002, and lidar
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