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Abstract. Estimation of Direct Climate Forcing (DCF) due about the aerosol vertical distribution and the optical proper-
to aerosols in cloudy areas has historically been a diffi-ties of the coarse aerosol size mode. A sensitivity study was
cult task, mainly because of a lack of appropriate measurealso performed to place this study in the context of future sys-
ments. Recently, passive remote sensing instruments hawematic scanning polarimeter observations, which found that
been developed that have the potential to retrieve both clouthe aerosol complex refractive index can also be observed ac-
and aerosol properties using polarimetric, multiple view an-curately if the aerosol optical depth is larger than roughly 0.8
gle, and multi spectral observations, and therefore determinat a wavelength of (0.555 um).

DCF from aerosols above clouds. One such instrument is
the Research Scanning Polarimeter (RSP), an airborne pro-
totype of a sensor on the NASA Glory satellite, which un-
fortunately failed to reach orbit during its launch in March
of 2(.)11' In the spring of 2006, the RSP was deployed O rhe radiative effects of atmospheric aerosols (suspended par-
an aircraft based in Veracruz, Mexico, as part of the Megac-. . .
. e . ticles) are among the least certain components of global cli-
ity Initiative: Local and Global Research Observations (Ml- mate modelsIPCC, 2007. Even the most simple aerosol
LAGRO) field campaign. On 13 March, the RSP over flew ’

an aerosol layer lofted above a low altitude marine stratocu-radlatlve effect, Direct Climate Forcing (DCF), is difficult to

. . -~ model, mainly due to the heterogeneity of aerosol sources,
mulus cloud close to shore in the Gulf of Mexico. We in- ; . - . e
vestigate the feasibility of retrieving aerosol properties overeVOIUUOn’ sinks, a_nd ra_dlatwe properties, and the Q|ﬁ|cult|es
. of global observationMlishchenko et a).2009. DCF is de-
. Co ! . fined as the change in net irradiance at the top of the atmo-
cloud droplet size distribution using the angular location of here f h . d ab : f anth .
the cloud bow and other features in the polarized reflectance.” o o oM the scattering and absorption of anthropogenic
. . . aerosols, and it neglects more complicated impacts due to
The selected cloud was then used in a multiple scattering ra- ; . ;
e L ) aerosol induced changes in cloud properties or the atmo-
diative transfer model optimization to determine the aerosol

. . . . S spheric temperature vertical profile. Current modeling ca-
optical properties and fine tune the cloud size distribution. In"", .. :
. . . ability can be found in the results of the AeroCom model
this scene, we were able to retrieve aerosol optical depth, th

fine mode aerosol size distribution parameters and the clougg 'Lerzgoggzér::s ?gnezog]; +|(:)0(; 46?;18” zllaz:vr\llurlnz_ze)t i(ggr?g
droplet size distribution parameters to a degree of accuracy. 9 ' : '

required for climate modeling. This required assumptions

1 Introduction

vity analysis in this work found that DCF is strongly af-

fected by aerosol forcing efficiency (the radiative forcing of a
unit optical depth). Unfortunately, many factors that change
aerosol forcing efficiency, such as particle size, absorption,

Correspondence tdK. Knobelspiesse  and refractive index, are rarely observed to the level of accu-
BY (kirk.d.knobelspiesse@nasa.gov) racy required by climate modelM{shchenko et a).2007h).
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Furthermore, most aerosol remote sensing algorithms wittcoarse angular resolution, which means observations over a
passive instruments are successful only in cloudless condilarge area must be collected in order to observe the cloud
tions. Efforts to observe aerosols in the presence of cloud®ow (which is similar to a rainbow, but is due to scattering
are still in their infancy, and are often intertwined with from cloud, and not rain, droplets) with enough angular sam-
aerosol optical property assumptions. pling to accurately constrain cloud optical properties. Nev-
The object of this study is the retrieval of aerosol prop- ertheless, we believe this approach has potential for future
erties when they are suspended above liquid boundary layenstruments that have a higher angular resolution and more
clouds. Aerosols above clouds (henceforth abbreviated aavailable spectral bands than PARASOL.
AAC) are a potentially important component of positive  The Aerosol Polarimetery Sensor (APS) is a scanning po-
DCF, since absorbing AAC can significantly reduce a highlarimeter was to be an instrument on the NASA Glory satel-
underlying cloud albedo and therefore alter forcimtpy- lite (Mishchenko et a).20073. Unfortunately, Glory failed
wood et al, 1997). However, reliable estimates of the global to reach orbit during its launch in March of 2011. Despite
prevalence and anthropogenic component of this type othis setback, deployment of the APS airborne prototype, the
forcing are limited by a lack of appropriate observations, es-Research Scanning Polarimeter (RSP) continues, and so does
pecially since DCF is strongly dependent on aerosol opticathe analysis of the capabilities of this class of instrument.
properties. Furthermore, AAC can interfere with the ability Both instruments are is intended to retrieve aerosol and cloud
of passive instruments to accurately determine cloud opti-optical properties to a high degree of accuracy. They do so
cal propertiesCoddington et a).2010. Several approaches by gathering a large amount of information in each scene: so-
have been developed recently to observe AAC, but they ardar reflected linear polarization at about 250 viewing angles
limited in their ability to distinguish aerosol types becausein nine channels at visible and near infra-red wavelengths.
of the significant assumptions required by their retrieval al-Cloud and aerosol properties are retrieved by matching a
gorithms. Chand et al(2008 used the active observations doubling and adding radiative transfer modelafsen and
of the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Travis, 1974 to observations. The Research Scanning Po-
Observations (CALIPSO) instrument to determine AAC op- larimeter (RSP), was developed to test APS observational ca-
tical depth at two wavelengths. The ratio of the optical depthpabilities Cairns et al. 1997 Cairns 2003. APS and RSP
spectral pair suggests the aerosol particle size. This metholdave very similar characteristics, where the latter has fewer
is therefore somewhat limited in its ability to determine DCF view zenith angles (152) and slightly different center wave-
from AAC, although these type of data show promise inlengths for some bands. The RSP has flown on a variety of
their potential for combined retrievals with passive remoteaircraft in many field campaigns. Field campaign data have
sensing data. Another method uses passive spectrometer obeen used to validate the ability of RSP/APS type instru-
servations at ultra-violet wavelengths from instruments suchments to observe aerosols over the oc&zmvdhary et aJ.
as the Scanning Imaging Absorption Spectrometer for At-2001; Chowdhary et a).2002 Chowdhary et aJ.20053,
mospheric Chartography (SCIAMACHYPe Graaf et al.  aerosols over landHias et al, 2004 Waquet et a].20093,
(2007 fit simulations of biomass burning (smoke) AAC to cloud optical propertiesGhowdhary et aJ.2005h, surface
observations from the SCIAMACHY instrument to deter- reflectance propertie(obelspiesse et al2008 Litvinov
mine the aerosol total and absorbing optical thickness. An alet al, 2010, and of extremely optically thick plumes where
ternate technique, which we apply here, is to use multi-anglethe surface is obscurediobelspiesse et ak011).
multi-spectral, passive observations of polarized reflectance In the spring of 2006, the RSP participated in a large
to simultaneously determine cloud and AAC optical prop- field campaign called Megacity Initiative: Local and Global
erties. Waquet et al(20090) demonstrated this technique Research Observations (MILAGRO). The goal of MILA-
using data from the Moderate Resolution Imaging Spectro-GRO was to examine the behavior, transport, and evolu-
radiometer (MODIS) and the Polarization and Anisotropy tion of emissions from the Mexico City Metropolitan Area
of Reflectances for Atmospheric Sciences Coupled with Ob{MCMA). More than 450 scientists from 150 institutions
servations from a Lidar (PARASOL) instruments. Both in- participated, involving instrumentation onboard seven air-
struments were a part of the so called “A-train” polar orbit craft, multiple ground sites, and the coordinated use of at-
until recently (January 2010), when the PARASOL instru- mospheric models and orbital observatioMolina et al,
ment was moved to another orbit with the consumption of the2010. NASA's participation in MILAGRO was called the
fuel it needed to safely maintain its positiowaquet et al.  Intercontinental Chemical Transport Experiment-B (INTEX-
(20090 combined MODIS retrievals of cloud top height with B), for which the RSP was deployed on the Sky Research,
PARASOL polarized observations at a variety of scatteringinc., Jetstream-31 (J-31) aircraft. The J-31 was based in
angles to determine the aerosol optical thickness of biomasSeracruz, Mexico for three weeks in February and March,
burning AAC in the South Atlantic Ocean. This required as- and performed a total of thirteen successful research flights.
sumptions about the aerosol size and refractive index, sincén addition to the RSP, several other instruments were part
a single PARASOL band (at 0.865(pum)) and a single scat-of the J-31 payload. This included the Ames Airborne
tering model were used. PARASOL also has a somewhafracking Sunphotometer (AATS-14Rédemann et al2009
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Livingston et al, 2009, the Solar Spectral Flux Radiometer 555nm

(SSFR) Pilewskie et al.2003 Bergstrom et a).2010, the o.ooi—glﬁﬂg A E)%:r%éga\g%é?hws ‘ 3

Cloud Absorption Radiometer (CARGatebe et al.2010 £ Cloud B, Re=10.0, Ve-0.050

and a Position and Orientation System (POS) and various, °%'¢ ' E

meteorological sensors. ; 0025 3
Aerosols encountered during MILAGRO were a compli- % _01032 7

cated mix including urban/industrial particles from Mexico &

City (Doran et al. 2007 Lewandowski et a).201Q Marley 0045 3

etal, 2009 Paredes-Miranda et a009 Rogers et a.2009 0.05E E

and others referenced Molina et al.(2010), smoke from . 80 100 120 120 -

local agricultural fires, and even volcanic sulfat&@rutter Scattering Angle

et al, 2008 de Foy et al.2009. In the first two weeks of 865nm

March, 2006, transport from the MCMA was weak but gen- 0.00 ‘

erally to the east, allowing aerosols to mix and age before
they were transported over the Gulf of Mexico. On the morn-  -0.01
ing of March 13th, a layer of low altitude (probably marine
stratocumulus) clouds formed over the Gulf coast of Mex-
ico between the cities of Veracruz and Tamiahua (approxi- © -0-03
mately 96.78W and 20.28 N). The cloud slowly dissipated -0.04
throughout the day, but was overflown by the J-31 aircraft,
which later descended to the surface in a recently cloud free ‘ ‘ ‘
region. Observations by the SSFR and AATS-14 instruments 80 100 Scattering 1\2;109 o 140
on the J-31, along with aerosol transport model simulations,
suggest that_ a layer of mlxe_d aerosols were lofted abf_"_’e th%ig. 1. The sensitivity of multi-angle polarimetry to cloud and
cloud. This is therefore an ideal test scene for the ability 0f yero50| optical properties is demonstrated in this figure. Black lines
sensors such as RSP and APS to retrieve optical properties @fe (Rg) in the scattering plane for a simulated cloud (type A)
AAC. with an optical thickness of 20.0 and a vertically uniform droplet
In the next section of this papeR)( we describe our size distribution of £, =6.25um), ¢, = 0.75) from the ground to
methodology for the retrieval of AAC optical properties. 480m. The top panel is reflectance at 0.555pm, while the bot-
Next (Sect.3), we perform a short sensitivity study to help tom panel is reflectance at 0.865um. Blue lines are reflectance
us construct an appropriate optimization strategy for AAC from the cloud when the top has been raised by 500m. Green
scenes. We then examine the retrieval results, and compallgles are the reflectance of a cloud containing different droplet sizes,

them with observations from other instruments on that day((r“ =10pm), ¢ = 0.05)). Red and magenta lines indicate the re-
flectance of a cloud with aerosols above, the former for “Mexico

(Sect.4). We also Investl_gate the optlmlzgtlon SenSIt!Vlty _to City” type urban aerosols withr(0.555) = 0.2) and the latter for
forward model assumptions. We then discuss the Irnpl'(:"""A1‘rican Savann” biomass burning aerosols with an optical thick-

tions of our retrieval and sensitivity studies on the ability of egq of £€(0.555) = 0.4) fromDubovik et al.(2002. All scenes are
RSP and APS to resolve AAC optical properties in the con-simulated with a solar zenith angle @f € 45°) and a relative az-
text of climate model requirements (SeB}, followed by a  imuth angle of § = 45°).

brief conclusion.

-0.02

Q reflectance

-0.05

can be used to determine cloud top heights in the absence of
2 Method aerosols Goloub et al. 1994. When aerosols are present,
retrieval of their optical properties is helped by external in-
One benefit of multi-angle polarized measurements is thatormation about the cloud top height. Figurdlustrates the
the various atmospheric components in a scene modify difavailable information in a synthetic AAC scene. This is ex-
ferent angular portions of the observation. For our scenepressed by Rg), which is defined below in Eqlj. Note
where aerosols overlay a warm phase cloud, the cloud wahow the angular location of the cloud bow at high scattering
ter droplet size distribution determines the angular locationangles changes with cloud droplet size distribution. Cloud
of the cloud bow (which typically exists at scattering anglestop height has an impact at smaller scattering angles and the
somewhere around 14Pand the magnitude of secondary shorter wavelength, while AAC modify the magnitude of the
bows Breon and Golouh1998. Aerosol properties such as cloud bow peak and alter the polarized reflectance at scatter-
optical depth, size distribution, and refractive index dominateing angles less than (120for all wavelengths.
the signal at side scattering angles less thar? 1@&woloub
et al, 2000. Rayleigh scattering also contributes at these
angles, which means multi-angle polarization observations
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In this paper, we test the capability of RSP to retrieve refractive index (fr = %(m) + I(m))), and that we assume
AAC optical properties. To do this, we start by identify- the aerosols scatter like spheres. We express size distribution
ing the cloud and aerosol vertical distribution using obser-as an effective radiusy{), and variance(.), where the for-
vations from other instruments on the J-31 aircraft. Thesemer has units of microns and the latter is unitledarfsen
are used to determine layer heights in a plane parallel radiaand Travis 1974. Integrals of the size distribution are per-
tive transfer model, which we iteratively modify to match to formed within a 0 to 20 um range. The size distribution of
our observations using the Levenberg-Marquardt techniqueaerosols is typically bimodal, so we use the subscripls (
The aerosol and cloud optical properties that create the bestnd ¢) to refer to fine and coarse mode aerosols. The for-
match are the “retrieved” values. Initial optical properties mer is usually the product of a chemical reaction, such as
must be close to the retrieved solution and therefore selectedulfate photo-oxidation or the production of biomass burning
with care. We find cloud initial values by matching obser- aerosols, and the latter is due to physical processes such as
vations of the cloud bow angular location and width to sin- the creation of sea salt or dust aerosols. Cloud size parame-
gle scattering simulations (scattering phase functions comters are denoted with the subscript (cl). We use the lognor-
puted with Mie theory). Aerosol initial values were selected mal distribution for aerosols and the gamma distribution for
from the “Urban-industrial and mixed; Mexico City” class cloud droplets (equations 2.60 and 2.56l@nsen and Travis
described inDubovik et al.(2002. This climatology was (1974). The complex refractive indexu), is set indepen-
derived from a year of ground based measurements by thdently for each mode. In this work we assume the real part
Aerosol Robotic Network (AERONET). The aerosol optical of (m) is spectrally independent, while the imaginary com-
depth initial value comes from observations by the AATS-14 ponent of the fine mode is specified with two parameters (see
instrument during a spiral to the surface in a cloud free regionSect.2.4).
near our scene. Once the single scattering properties for an aerosol or

The RSP observes the first three components of the Stokedoud droplet have been determined, multiple scattering is
polarization vector ), (Q) and U)), meaning it is sen- computed for the full atmosphere to create the polarized re-
sitive to both linearly polarized and total radianét¢afisen  flectance at the observation altitude. We use the Doubling
and Travis 1974. For remote sensing, it is often useful to and Adding techniqgueHansen and Travjsl974 De Haan
express the polarization components of the Stokes vector iet al, 1987, which assumes plane parallel layers of clouds
terms of reflectance. This takes the exo-atmospheric radiancand aerosols. The altitude of these layers are determined dur-

into account, and is calculated: ing the J-31 atmospheric profile as described in S24&.
and they are held constant in the optimization. The op-
Ry = FIZ(’EB tical depth, ¢), of each layer is also required. As noted
o above, initial aerosol optical depth values are derived from
Rg= F%;%S (1)  the AATS-14. Cloud optical depth is set arbitrarily large
U2 ((zc1(0.555 um) = 10.0)) to saturate the signal, since polarized
Ru = £ com; reflectance is only sensitive to the first few units of cloud op-

tical depth. Because of this, the surface is obscured and we
where ,) is the annual average exo-atmospheric irradianceassume its reflectance is negligible.
((W/m?)), (r,) is the solar distance in AU (thus compensat- A complete list of the model values is presented in Table
ing for solar distance deviation from average throughout thejtalicized parameters are allowed to vary during optimization
year), and{;) is the solar zenith angle. The RSP instrument and are thus retrieved, while other parameters are fixed and

has a high (0.2 %) absolute accuracy fBg() and Ry) rela-  considered part of the radiative transfer model.
tive to (Ry), as the same detectors are used to measure inten-

sity and linear polarization, and because calibration of their2.1 AAC scene
relative gain is performed with each scaRy() typically be-
comes very small whent) and ) are defined with respect On 13 March 2006, the J-31 aircraft, containing the RSP and
to the scattering plane (containing the solar illumination anda variety of other instruments, departed from the Veracruz
observation vectors), so we subsequently usg)(defined  airport. The airplane flew northwest along the Gulf of Mex-
in this plane as a proxy for total linear polarizatiom®R/) is ico coast and above a marine stratocumulus cloud. The cloud
only used to help correct for errors in aircraft geometry. was in the process of dissipating, and it had a larger geo-
Our radiative transfer model uses Mie theory to computegraphical extent earlier in the daBérgstrom et a).2010.
the polarized phase functions (single scattering) for vari-Following the cloud overflight, the J-31 descended to the sur-
ous types of aerosols or cloud droplets, and Rayleigh scatface in a recently cloud free region. Figu2ds a map of
tering for gases (for a historical review of Mie theory, see this scene, the descending spiral, and the surrounding area.
Mishchenko and Travjs2008. This means we require a We used observations that were made in that spiral profile
measure of cloud droplet size distribution, aerosol size distri4o constrain cloud and aerosol layer heights in our scene, on
bution (which is typically bimodal) and the complex aerosol the assumption that the atmospheric vertical profile had not
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Table 1. Retrieved aerosol parameters and the initial values used ifTable 2. Geometry and other parameters associated with our AAC
optimization. Parameters listed in italics are optimized during thescene, and the subsequent downward spiral. Aerosol optical depths
retrieval, while all others are kept constafitRefractive Index val-  are from the AATS instrument

ues have no spectral dependence in the initial values, although the
spectral dependence of the fine mode aerosol imaginary component Parameter Value
is allowed to vary as described in Sezi4.

AAC scene
Parameter Symbol  Initial value Starting Time 16:05UTC
5 J-31 altitude 5380m

Fine mode aerosols Latitude 20.18N
Optical depth, 0.555 um 74(0.555) 0.12 Longitude 96.68W
Real refractive indek Rm r) 1.47 Solar Zenith Angle .42L
Imag@nary ref. inQex,.O.SBSLﬁn S(my) 0.014 Relative Azimuth Angle 20
Imaginary refractive indexp™ S(my p) 0.007 Number of averaged scans 22
Imaginary refractive index,q S(mygg) 0.007
Effective radius, (um) Te,f 0.20 Downward Spiral
Effective variance Ve, f 0.20 Starting Time 1622 UTC
Coarse mode aerosols J-31 altitude 5360 to 51 m

. Latitude 21.08N
Optical depth, 0.555 pm 7.(0.555) 0.04 Longitude 96.95W
Real refractive index*( R(me) 1.47 Cloud top 4.80 m
Imaginary refractive index*) ke 0.014 Aerosol layer bottom 550m
Effect?ve rad_ius (um) Te.c 7.67 Aerosol layer top 750m
Effective variance Ve,c 0.49 (0.519 um) above 550m 0.165
Cloud droplets (r0.604 pm) above 550 m 0.130

- (r2.139 pm) above 550 m 0.040
Optical depth, 0.55 um 7¢1(0.555) 10.0
Effective radius (um) el 6.25
Effective variance vecl 0.075

canic origin fle Foy et al.2009 Grutter et al. 2008, and
organic carbon. Secondary organic carbon was more domi-
phant than primary organic carbon, and was the result of both

changed dramatically in the 125 km distance between the o ) ) - o
urban and (generally anthropogenic) biomass burning activi-

servation location and descending spiral. Figiiethe tem-

perature profile and vertical change in aerosol optical deptt!€S @oran etal.2007 Crounse et al2009 Yu et al, 2009
from this spiral. The temperature profile was used to deter./aredes-Miranda et 42009. The MCMA is in a high valley

mine the cloud top height (480 m) for our radiative transfer (2200 m above sea level), so it is feasible for anthropogenic
model, as shown in blue in Fig. Change in aerosol optical aerosols to be lofted above low level marine stratocumulus

depth (equivalent to the aerosol extinction coefficient), from ¢louds on the coast.

the AATS-14 instrument, was used to constrain the AAC  This leads us to believe that the AAC aerosols in our scene
height (550 m to 750 m), shown in grey. Tatfldists the  are probably anthropogenic and that the fine size mode is
geometry and other specifics associated with this scene an@® dominant contributor to scattering and absorption. To
the downward spiral. A full description of this and other J- further investigate the aerosol sources, we used the FLEX-
31 flights during MILAGRO can be found iMolina et al.  PART Lagrangian particle dispersion mod@tghl et al,

(2010. 2005 to determine the sensitivity of our scene to emission
in other regions. Figurd is the footprint emission sensi-
2.2 Aerosol sources tivity obtained from FLEXPART driven by European Cen-

tre for Medium Range Weather Forecasts (ECMWF) mete-
The AAC we encountered in our scene were a complicatedrological data. Values of high emission sensitivity can be
mixture with a variety of sources. Wind conditions on the found both over the MCMA and biomass burning areas in
13th of March were light and variable, preceded by south-the vicinity of Vleracruz. However, results are somewhat dif-
westerly winds associated with a trough over the westerrferent when the meteorology is driven by an alternate model,
portion of the USA. This portion of the MILAGRO field the Global Forecast System (GFS) from the National Center
campaign was characterized by low humidity and few cir- for Environmental Prediction (NCEP). FLEXPART driven
rus clouds, and there were probable interactions betweeby GFS shows an increased influence of Veracruz area smoke
MCMA emissions and biomass burning smokagt et al. at the expense of MCMA pollution. This disparity is prob-
2007. Aerosols from a variety of sources were found dur- ably due to the weak and variable winds at that time, and
ing MILAGRO, including sulfates of both industrial and vol- indicates that the aerosols have had the opportunity to mix,

www.atmos-chem-phys.net/11/6245/2011/ Atmos. Chem. Phys., 11, 62452011
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&I MODIS Terra image from 17:20 UTC \ Gulf of Mexico

S o 1a_Lobos MAX_MEX

AERONET sites R RSP scene
16:05 UTC; Altitude: 5380m

Relative Azimuth angle: 20°

" . ¢ Solar Zenith Angle: 44°
D d |
e L ETE 0 J-31 Aircraft flight track
9 (South to North)

W100.75°  W100.25; W99.75 TWYGRNEX o 196.25°

TOAMAX MEX.

- . oo
Mexico City Mexic City

Veracruz MAX_MEX
a

Veracruz

MODIS fire locations [
(previous eight days)

Data SI0| . GERCO' ¢ .U‘“G()OS[C

Fig. 2. The spatial context of our AAC scene is presented in this figure. The blue circle indicates the location of RSP observations, above a
marine stratocumulus cloud on the Gulf of Mexico coast. A portion of the J-31 flight track is shown in yellow. The J-31 performed a spiral to
the surface about 125km northwest of the scene, and data collected during this descent provided information about cloud and aerosol vertica
distribution. Aerosol sources include urban/industrial emissions in the Mexico City Metropolitan Area (MCMA) basin, a high valley to the
west, and numerous (mostly agricultural) fires indicated by the red fire icons. Fire locations were identified by the MODIS active fire product
and represent fires within the previous eight days. The MODIS Terra instrument captured the underlying image about an hour and fifteen
minutes after our scene was observed.

accumulate, and age, with the exact distribution of contribut- At large scattering angles, wher® §) is dominated by
ing sources being somewhat more uncertain than for othethe cloud signal (see Fid), we can identify the cloud size

cases. distribution independently from cloud optical thickness or
o o _ S multiple scattering effects.R(p) is sensitive to cloud effec-
2.3 Determination of initial cloud size distribution tive radius at Scattering ang|es |arger than°13dd effective

. . . L ) variance at angles larger than 248/aquet et a].20098.
Prior to performing our retrieval, we made an initial estimate

) J VHL TS - Our initial estimate of cloud size distribution is determined
of the cloud size distribution using a Look Up Table (LUT) of

: ' A == by matching Rg) to a LUT of (Q(&, recl, ve.i)) for a vari-
cloud droplet single scattering properties. Goloub, in his pa-gty of size distributions. We used scattering angles between

per describing cloud property retrieval from the Polarization {35 50 162 (which was the largest scattering angle avail-

and Directionality of Earth Reflectances (POLDER) instru- pje in our scene). The LUT contained effective radii be-

ment Goloub et al, 2000, found that polarization of cloud  yyeen 5 and 20 um at 0.25 intervals, and effective variances

reflectances is less sensitive to multiple scattering than totahavveen 0.01 and 0.25. Aerosol and molecular effects above

reflectapce. As_ cloud optica_ll thicknes§ begomes greater thaghe cloud are expressed in a manner that does not change

2, (Rg) in the single scattering approximation becomes 40y with scattering angle (unlike the sharp cloud bow fea-
tures), so we used a Fourier domain high pass fitBamza-

mQ(s,er,de) (2 Ie; and Wooq,sl993 to remove this low frequency signql
prior to matching R ¢) to the LUT. To account for the possi-

where ¢,) is the solar zenith anglegy() is the view zenith  Dility that absorbing AAC dampen the cloud signal, we allow

angle and Q) is the Stokes vector component of the single POth (e.ci) and e.ci) to vary during optimization.

scattering phase functiorg)(is the scattering angle, defined

with respect to the incident illumination vector, and ,

ve cl) are the cloud effective radius and variance.

RQ(Qwev’é) =

Atmos. Chem. Phys., 11, 6246263 2011 www.atmos-chem-phys.net/11/6245/2011/
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Temperature (C Footprint emission sensitivity in the nested domain for 2006/03/13
20 21 2 23 %4 25 Lower release height: 500m; Upper release height: 750m
2000 ™% A~ SAaaxs RARRAAARY T Aaaaaany Meteorological data are from ECMWF
A —
. -
) . | o-& A L T
1500 1 J:\ e, k. '.' -‘_'ﬁi. ({
g e e T 1Y
E
()
© 1000 1
=]
<
500 .

C T T I [ [T T
0.000 0.001 0.002 0.005 0.010 0.020 0.039 0.078 0.156 0.313 0.625 1.250
ns/kg

Maximum value: 8.22 ns/kg

00l ool A o ollnnn o

-0.05 0.05 0.15 025 0.35
Aerosol Extinction at 519nm [1/km]

Fig. 4. Emission sensitivity footprint for the 500-750 m altitude
range at our AAC scene obtained from FLEXPART driven by me-
teorological data from ECMWF.

Fig. 3. The aerosol optical depth and temperature during the down-

ward spiral northwest of our scene are presented in this figure. Opti- We used the software developed Kmobelspiesse et al.
cal depth observations were made by the AATS-14 instrument, anthOl]) for this study with slight modifications. First, we

the derivative with respect to height (equivalent to the extinction . . L.
P ght (eq increased the numerical accuracy of the radiative transfer

coefficient) of observations at 0.519 pm is presented in black. Two del hil . I . his i
layers of aerosols are present. The lowest, between about 150 armq el. While computatlona y more expenS|.ve, this is re-
350 m, was most likely not observable in our scene. The upper |ayerqwred to properly simulate cloud droplets, which have much

between 550 and 750 m, was probably above the cloud and thereforgtronger forward scattering and produce more dramatic fea-
the same AAC that we observed in our scene. The atmospheric tenfures than aerosols (such as cloud bows). We also modified
perature profile is shown in green. At 48 m, there is a sharp chang¢he software so that the aerosol optical depth of a layer is
in the temperature profile. This probably marks the upper bound-a directly retrieved parameter. Previously, the total quantity
ary of the marine stratocumulus cloud that existed at this locationof aerosols in a layer was determined by the particle number
sevgr;_al hours before. Based on this information, we construct.ed OUgoncentration, and this was the parameter that was tuned dur-
radiative transfer model so that the cloud top is aF 480 m, with aning optimization. Validation, however, is usually performed
a_leroso_l layer above between 550 and 750 m. T_he initial aerosol Opby comparisons of optical depth, since this is a common
tical thickness value of the upper layer was estimated to be 0.16 af . .
0.555 pm from AATS-14 data. obs.ervatlo.n made by instruments such as sun photc_)meters.
While optical depth can of course be computed using the
number concentration (and aerosol extinction cross section,
2.4 Optimization which depends on size and refractive index), we switched
to directly optimizing this parameter so that error computa-
Aerosol and cloud optical properties are retrieved by com-tion is simpler. We also noticed that the optimization itself
paring a radiative transfer simulation of our scene to RSPappears to require fewer iterations and is better behaved, al-
observations, and tuning the model parameters until the beghough this observation is limited to this AAC scene.
match is found. We use the Levenberg-Marquardt optimiza- We also modified the software iKnobelspiesse et al.
tion technique as described Moré (1977 andMarkwardt (2011 to allow the imaginary component of the refractive
(2009, and implemented for the RSP Kmobelspiesse et al. index to have a spectral dependence. Rather than using the
(2011). This means the retrieved parameters are not reasingle value for each size mode, we now use a pair of param-
numbers but regions of state space that are associated wittiers, §(mp)) and @(my)):
the scene considering observational uncertainyaquet N N _10
et al. (20093 also used a similar approach with RSP data > " (}) =30m,) +30mg) (4 +0.445 ®)
for aerosol retrievals over land. where {) is the wavelength in microns. This spectral de-
pendence function is intended to allow for the increase in
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absorption at shorter wavelengths due to “brown carbon” . Imaginary refractive index spectral dependence
. - . .06 F T T ) T T T T
(BrC, absorbing organic carbon aerosols). This was observed g RSP fit results p:0.0000 q:0.0031 3
. . = Flowers et al. (2010) Low OC p:0.0068 q:0.0010 3
by the SSFR instrument on the same flight as our AAC scene o055 Flowers et al. (2010) Medium OC p:0.0111 g:0.0012 3
. . . . . x E Flowers et al. (2010) High OC p:0.0141 q:0.0029 1
(Bergstrom et a).2010, which is our primary motivation for & E E
. c g
this change. o 0045 E
The choice of this form of specular dependence is unfortu- § 003;

nately somewhat arbitrary, as direct observations of the imag-
inary refractive index of aerosols in their entirety are difficult |
and quite limited. Evidence of absorption in observations of

TPTTTT
’

0.02

maginary re

’

T T[T

the aerosol optical depth, on the other hand, are much more o.01 _"_‘_‘_‘_‘_'_'_'_'_'_-_-_-_-_z-_-_-_-_-_-_-_-_-_-_-_-_:;

common. The absorption optical depth,) which is the op- 000 ]

tical depth due to absorption (but not scattering) is generally o4 o o6 07 05 05 To

characterized with the equation Wavelength, microns

TaM) = Ta.o (1 f1g)™® (4) Fig. 5. Imaginary refractive index spectral dependence models from
¢ - s

Flowers et al.(2010 (red, green and blue) arf8un et al.(2007)
(magenta), compared to RSP retrieval results (black, see ect.
Diamonds represent the published models, while dashed lines are
the fit from equatior8 to that model.

where ¢,) is a reference wavelength ang, () is the ab-
sorption aerosol optical depth at that wavelength). i$ the
absorptiorAngstidm Exponent, which should be equal to 1.0
for very small particles with spectrally invariant refractive in-

dices {an de Hulst1981andBond 200]). LargerAngstdm as diamonds). Equatiorfwas fit to these models, and is
Exponent values have been founc_i In some blomas_s lj?Um'nﬁlotted as dashed lines in Fig). Our imaginary refractive in-
(smoke) aerosol plumes, such as gwis et al.(2008, indi-  dex parameterization is clearly capable of representing sev-
cating an increase in the imaginary refractive index (and thusera types of refractive index models, and is therefore suitable
absorption) at shorter wavelengths. Authors suchiaer  for use during optimization.

et al. (2006 andDinar et al.(2008 have found imaginary ~ Qur optimization methods provide the retrieval error for
refractive indices that increase with decreasing wavelengthhach model parameter (see S&t. Since it is not directly

for Humic-Like Substances (HULIS), which are likely com- parameterized, the uncertainty i) (nust be derived from
ponents of BrC, but direct observations of entire aerosol parthe uncertainties inY(m ,)) and @(m,)). Assuming that

ticles are limited. OthersGhen and Bond201Q Kirchstet-  correlation between{(m ,)) and ((m,)) is minimal, @)
ter et al, 2004 and references therein) have found increas-for those parameters

ing aerosol absorption coefficients with shorter wavelength.
While this is evidence of an increase in shortwave imaginarys? () = o, + o, (» +0.445 %, (5)
refractive index, the absorption coefficient is also dependent

on particle size and real refractive index.

For small particles, the imaginary refractive index
is proportional to wavelength and absorption coefficient
((3(m (1)) ox ra)) (Sun et al. 2007, which we use to con-
nect our model for imaginary refractive index in equation

3 Simulated aerosol above cloud

To help us design an appropriate optimization strategy, we
first assessed the information content available in an AAC
scene. We did this by simulating a climatologically defined

3 to observations. The3(m,)) parameter indicates the | .  optical depth ded ab
uantity of spectrally independent absorption, whitéx,,)) aeroso ata variety of optical dept S suspended above a ma-
q ' 4 rine stratocumulus cloud. Other than optical depth, aerosol

expresses the quantity of spectrally dependent absorlotlo.no'_ptical properties were chosen to match the “Mexico City Ur-

A Iarge negative exponent has been sel_e cted S0 that VaNgsan/industrial” class described Bubovik et al.(2002 and
tions in (3(m,)) and (my)) have very different impacts, used as the initial value during optimization.

which allows their simultaneous retrieval during optimiza- For each simulation, we numerically estimated the Jaco-

tion, since they are more orthogonal in retrieval space. TheDian matrix, (), which expresses the sensitivity of the for-
exponent value of-{10) was chosen from the upper limit ward modell to ,change in each parameter

to the absorptiord ngstdm Exponent found by hen and
Bond (2010. Spectral dependence is also shifted so that 3F; (X)
(k(0.555) = I(m,) + I(m,)) and G(m(1))) converges to  Jij(¥)=———
(S(mp)) to as wavelength increases.

Figure5 presents the imaginary refractive index that was where the artial derivative of forward moddF)( for the sim-
retrieved in this work (in black, see Sed), along with the  ulated set of parameters)( is computed for each observa-
imaginary refractive index models representing other scenetion ((i)) and each parameterj{j. The partial derivative
from Flowers et al(2010 andSun et al.(2007) (presented  was estimated numerically by perturbing thé&] element of

(6)

3)6.,'
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(x) (which we denote asx()) and recalculating the forward Simulated retrieval errors are shown in F&. Aerosol
model, ). remote sensing accuracy requirements for climate models,
Fi(X)— F.(%) as assesseq tishchenko et al(2004)., are also presented.
_— 7 These requirements were not determined for AAC, but for re-
Xj—Xj trievals of aerosols over land (without the presence of clouds)
While the Jacobian is a useful metric to identify the rel- or clouds without aeros_ols above. We include t.hem in 6ig.
Eo compare the potential of AAC retrievals with the stan-

ative importance of different parameters in measuremen i . .
space, we are interested in parameter sensitivity. This is exdard retrievals by the APS instrument for which these ac-

. ; . . r r irements wer rmined. For the full angu-
pressed with the retrieval error covariance matrix. curacy eq.u e ? ts were dete ed . or the fu "?‘ gu
lar range simulation, these accuracy requirements are indeed

C,= (‘]TC;lj)_l (8) met for aerosol optical depth, fine mode aerosol size, and
cloud droplet size. Real refractive index and single scat-
This requires the measurement error covariance matriXtering albedo requirements are not met, a|though errors de-
(Cr), which is specific to the RSP and accounts for measurecrease and nearly approach the requirements as aerosol op-
ment uncertainty due to errors in calibration, and observationjcal depth increases. Errors for the simulation with fewer
geometry. Itis computed as in Eq. (3)Kfobelspiesse etal.  viewing angles are clearly higher. Aerosol optical depth ac-
(2011). The square root of the diagonal elements@f)are  curacy requirements are no longer met, and errors for fine
the standard deviations of the errors for each parameter ifhode effective variance are too high at very low optical
(x), provided thatCr) is accurate and the forward model is depths. Simulations also show sensitivity to cloud droplet
linear over the perturbation range used to numerically calcusjze and effective variance within accuracy requirements for
late J) (Hasekamp and Landgra#007). aerosol optical depths less than one. This is surprising
We simulated a scene very similar to the initial values we considering that this simulation did not use observations of
selected for optimization, with the exception of optical depth. the cloud bow, where cloud properties should be dominant.
Aerosol and cloud optical properties that were used for theThese results, however, do not indicate the degree of corre-
simulation are listed in Tablg, while the cloud and aerosol |ation between different parameters in the retrieval. For the
vertical distribution is described in TabZ Unlike our RSP simulation with a total optical depth of (0.555) = 0.12), the
scene, however, we selected a view zenith angle o@8d  cloud effective radius was strongly correlated with the fine
relative azimuth angle of (43. This geometry was chosento  mode optical depth and fine mode effective variance (see ap-
generalize the results for the APS, which will typically make pendixA). Cloud effective variance was strongly correlated
observations farther from the solar principal plane (wherewjith the optical depth of both fine and coarse aerosols. These
(¢ =0°)) than the RSP did in this scene. Observations in thestrong correlations do not exist for the equivalent retrieval
solar principal plane contain more information than those atthat used the full angular range of observations.
other relative azimuth angles because a larger range of scat- These simulations suggest several strategies for success-
tering angles are measured. For this reason, we would expeg§j| optimization. The most obvious is that optimizations
lower errors for the RSP viewing geometry, although errorsshould utilize observations both of the cloud bow and side
from brief simulations we performed at observational re'ativescattering ang|es_ Cloud size parameters should be retrieved
azimuth angles were nearly identical. during optimization, since their assessed errors are low and
We performed two different sets of simulations. The first those parameters are not significantly correlated with oth-
set simulated an optimization that USGdd) in seven RSP ers (with one exception, see Appendix. Furthermore, fine
bands (centered at 0.410, 0.470, 0.555, 0.670, 0.865, 1.59hd coarse mode aerosol optical depth and fine mode size
and 2.250 um) at half degree intervals in the view zenith anparameters can all be retrieved accurately. The real refrac-
gle range of £60°) from nadir. At this geometry, the scatter- tive index and absorption, however, are not retrieved accu-
ing angle range is from (8%to (150°) and includes both side  rately. Furthermore, those parameters have a high degree
scattering angles (where aerosol properties dominate the sigf correlation between themselves and with other parame-
nal) and the cloud bow (where cloud properties dominate theers (see Appendii). An ideal situation would be to have
signal). The second simulation also us&p{ at the wave-  an accurate external measure of the aerosol complex refrac-
lengths described above, but view angles restricted t0) (20 tive index that can be specified during optimization. Obvi-
to (60°) in the forward direction. The scattering angles that gusly, such measurements typically do not exist, so we are
correspond with this are between {3and (120), excluding  forced to consider retrieving some of the complex refractive
the cloud bow. This is similar to the scattering angle rangeindex parameters, even if their retrieval error is larger than
used to retrieve AAC properties Waquet et al(2009),  requirements for typical aerosol values. We are most inter-
who was limited in his ability to determine cloud proper- ested in AAC absorption, since absorption is an important
ties (due to the coarser angular resolution of POLDER) antfactor in the overall radiative forcing of AAC. The imagi-
performed an optimization using only observations wherenary component of refractive index, however, is highly cor-
aerosol properties dominate. related with the optical depth of coarse mode aerosols. For

Jij(x) ~
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Fig. 6. Simulated retrieval error for “Mexico City” type aerosols (d2ebovik et al, 2002 suspended above a marine stratocumulus cloud.

The aerosols, which were placed in a uniform layer between 550 and 750 m above sea level, were simulated at a variety of optical depths.
The x-axis of each plot is the fine mode aerosol optical depth at 0.555 um. Coarse mode optical depth was maintained at 20 % of the fine
mode value for each simulation. The marine stratocumulus cloud had an effective radiug ef 6.25um) and effective variance of

(ve,c1 =0.075), an optical depth of 10, and was uniformly distributed (with respect to pressure) from the ground to 480 m. Solid lines are
the simulated errors for an observation including all view zenith angles withit) (@@adir, which is similar to our scene and includes the

cloud bow (and corresponds to a scattering angle range 6j (85150°)). Dashed lines are the simulated errors for an optimization that

only uses observations at angles betweefiYafd (60) in the forward direction, which excludes the cloud bow and is similar to the method

of Waquet et al(2009h, who had greater uncertainty when determining cloud parameters. These angles correspond to a scattering angle
range of (88) to (120°). Dotted lines are the accuracy thresholds describddishchenko et al(2004) required to improve aerosol climate

models. It is important to note that these values are intended for retrievals of aerosols in the absence of clouds or clouds in the absence o
aerosols - not AAC. Also, the threshold for effective radius (top right) is (0.1 um), greater than all the simulated errors in that plot. The single
scattering albedo (bottom, center) accuracy threshold is 0.03, less than all simulated error values.

our optimization, we decided to fix the real refractive index the imaginary component of fine mode refractive index, fine
at the climatological value for Mexico City aerosols as con- mode effective radius and variance, and cloud droplet effec-
tained inDubovik et al.(2002, while allowing both parame-  tive radius and variance.

ters describing the imaginary refractive index (see Szd}.

to vary. Since the latter are correlated with coarse mode

optical depth, we fixed that parameter to the optical depti* Results

observed by the AATS sun photometer at long wavelengths .

(where the coarse mode should contribute the most to overaﬁ'1 Cloud properties

extinction). Free parameters in our retrieval are therefore th

aerosol fine mode optical depth, both parameters describi As described in SecP.3 initial values for cloud droplet size

"Uere determined by matching a look up table of cloud droplet
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Cloud fit to observation AAC optimization results
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Scattering Angle

Fig. 7. RSP observations (solid lines) were matched to a look up e gpiimized radiative transfer model appears to match
table of cloud optical properties (dashed lines) to determine ini-p st at forward scattering angles, where aerosol properties
tial cloud droplet size properties for the optimization. The cloud . g ’ .

dominate. This is somewhat understandable in that the mea-

that matched best had droplets with an effective radiusof) & din th . .
6.25um) and effective variance afd¢ = 0.075). Low frequency surement error (as expressed in the error covariance matrix,

differences (bias) between cloud and R$R] are due to the ef-  (C7)) is smallest for these viewing angles. Measurement
fects of aerosols and Rayleigh scattering on the observation. error is largest for cloud bow view zenith angles (between
(—20°) and (0)) because of uncertainties in aircraft geom-

etry that have the largest impact on features that change
single scattering properties to observations. Because RSRapidly with angle. Perhaps as a result, model results are
observations also contain the effects of Rayleigh scatteringvorst here, and underestimate the polarization in the cloud
and aerosols above the cloud, the cloud parameters detebow in all channels. However, we also found that few com-
mined with this method were allowed to vary in the next binations of aerosol or cloud parameters could create such
step, optimization. Here, aerosol and Rayleigh scattering efstrong polarization in the cloud bow, indicating that our
fects were minimized by removing the low angular frequency cloud model may be too simplistic. Regardless, aerosol and
trend before comparing the observation to the look up tablecloud parameter values have errors that are similar to those
The best match was found for a cloud whose droplets havef the simulation in Sect3 for comparable optical depths.
an effective radius ofr§ ¢ = 6.25 pm) and effective variance Aerosol optical depth and size parameters have low errors
of (ve,ct =0.075). Fig.7 shows this match (before low fre- that meet the accuracy requirementsMishchenko et al.
guency trends are removed) for three wavelengths. Whilg2004. There are no accuracy requirements for the aerosol
there are significant offsets between the RSP observation anighaginary refractive index, but the related single scattering
cloud model, the angular location of the cloud bow in the dataalbedo has an uncertainty so large as to render that parame-

are well represented with the model. ter nearly useless. This is not much of a surprise, however,
_ . since the predicted error in single scattering albedo in the
4.2 Aerosol and cloud simultaneous retrieval sensitivity test is comparable. The sensitivity test also shows

Lo . that this error will decrease with increasing aerosol optical
Optlr.m_z.anon was perfqrmed using the d.ata, methOdOIOQVthickness, so that optical thicknesses abav@.655) = 0.8)
and initial values described aboye to retrieve seven aerosql e single scattering albedo errors nearly within accuracy
and cloud parameters. Eleven iterations of the Levenbergze jirements. The global radiative impact of these errors will
Marquardt method were required to converge to a solutiony, o retore depend on the AAC optical thickness distribution.

Fig. 8 shows the radiative transfer model match to the ob- h , . h hat thi
servations, while tabl8 is the aerosol and cloud parameters The retrieved AAC properties show a somewhat thin

that were retrieved from the model. Comparisons between(abOUt half the climatological median optical thickness) layer

these results and observations made by other instruments af 26rosols that have a fine mode effective radius very simi-
- ar to the climatology oDubovi . . This is rea-
presented in Figo. lar to the climatology oDubovik et al.(2002. Th rea

sonable, however, because the observed altitudes represent
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Spectral Aerosol Optical Thickness

Table 3. Retrieved aerosol and cloud parametefs. These pa-
rameters are derived from other parameters, not directly retrieved. | RSP
Errors in bold are larger than accuracy guidelines fddishchenko < | AATS
et al.(2004 (note that guidelines were not provided in this publica- & H g
tion for imaginary refractive index, and were not intended for AAC %
retrievals). 2
o 0.1 r -
] [ 1
Symbol Unit Retrieval Error  Simulation Error 3 L { 1
7/(0.555 n/a 0.104  0.016 0.009 2 - 1 .
7(0.555)* n/a 0.144  0.016 0.009 L §
S(my,p) nfa  0.000  0.062 0.064 ‘
S(mpq) n/a 0.003  0.036 0.015 1
%(mf)(0.532)* n/a 0.004 0.077 0.063 Wavelength (microns)
Fe.f um  0.143  0.007 0.029 ) )
Ve, na  0.057  0.036 0.106 o Spectral Single Scafttermg Albedo
re.cl pm 6.82 0.187 0.061 Pr 1
Ve,cl na  0.028  0.009 0.012 o I 1
@ (0.532* n/a 0.868  0.450 0.306 § 0_9; H % H 7
< F E
g r .
only a portion of the atmospheric column and do not in- £ 08- E
clude, for example, boundary layer aerosols. The width of & F E
the fine mode size distribution is quite small, which may be 3 -, E
explained by the hypothesis Bergstrom et al(2010 that & ERSP 1
these aerosols have been cloud processed (although it should 06 F SSFR E

be noted that aerosol size distribution was not directly ob-
served in that paper). The cloud droplet effective radius is
close to, but slightly smaller than, the climatology for ma-
rine clouds inMiles et al.(2000. Compared to the initial  Fig 9. The topmost panel in this figure is the spectral dependence of
values, the cloud effective radius increased slightly, while theretrieved total aerosol optical thickness (black line) and the AATS
effective variance decreased. This is somewhat understanbservation (green line) at an altitude of 480 m during the down-
able in light of the method used to determine the cloud initial ward spiral indicated in Fig2. The bottom panel is the spectral
size parameters. Aerosols and Rayleigh scattering above @pendence of the total single scattering albedo. The black line is
cloud would generally be expected to attenuate the stron%“e RSP ret_rieved singlc_e scattering albgdo, whe_re the large error
polarized signal emanating from the cloud bow. This would Pars are omitted for clarity (they would fill the entire range of val-

act to decrease the polarization strength of the cloud bow/es in the plot). Red indicates SSFR observations as described in

and dampen the secondary oscillations associated with nari%ergstrom etal2019.

row size distributions. Once incorporated into a full multiple
scattering radiative transfer model, the effects of droplet size
on the observations are more accurately calculated, provid-
ing a better estimate of the droplet size distribution. .

g P Observations of the aerosol plume were also made by other

One mterestlng result from this optimization is that It con- instruments on the nJ-31 aircraft. The Ames Aerosol Track-
verged to a solution where th&@n 1,)) parameter is dom-

. . - ing Sunphotometer (AATS) made observations of the spec-
inant, while @(my ,)) became nearly zero. Initial values . ) .

’ o tral aerosol optical depth in a cloud free region about 125km
for both these parameters were an equal splitafn;)) northwest of our scene. Aerosol absorption was also ob-
from the Dubovik et al. (2002 Mexico City climatology. y P

Errors for both ((m ;. ,)) and (3(m ;.,)) are large, but this served in this area by the Solar Spectral Flux Radiometer

indicates a likely spectral dependence in the imaginary re-(SSFR) Pilewskie et al.2003 Schmidt et al. 2010, and

fractive index. This was also found byergstrom et al. published inBergstrom et al(201 (see Fig.2). As de-

(2010 in a nearby scene. We also tested optimizations tha?cr'bed n Se.cQ.Z, atmospheric transport was weak prior tq
our observation, so we assume the aerosols at this location

had spectrally flat initial conditiong%(m ¢, ,) = 0.014) and are similar to those in our AAC scene.

(3(m q) =0.0)), but they converged to what we found here, The aerosol optical thickness we retrieved agrees very well
only with many more Levenberg-Marquardt iterations.
y y g d with AATS observations from an altitude of 480 m (which
was the cloud top height in our AAC scene). To some ex-
tent, this is by design, since the longest wavelength AATS

1
Wavelength (microns)

.3 Comparison with other observations
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optical thickness values were used to constrain the AACometry of the scene. While presumably this will not be an
coarse mode aerosol optical thickness during optimizationissue for orbital instruments, the aircraft carrying the RSP
Even so, at wavelengths less than (0.8 um), the majority ofs subject to rapid attitude changes, so the measurement ge-
total aerosol optical thickness is determined by the fine modepmetry does have uncertainty. Finally, we also test the as-
and AATS measurements at these wavelengths agree wedumptions we make about the aerosol optical properties we
within retrieval uncertainties. were not able to retrieve, such as the fine mode real refractive
The single scattering albedo that we retrieved has a veryndex and the coarse mode size and refractive index.
large uncertainty. However, comparisons with SSFR ob- Aerosol and cloud layer tops were perturbed by the ver-
servations show some degree of similarity, at least for thetical resolution of the CALIPSO lidan¥inker et al, 2006
shorter wavelengths of the spectrum. It is encouraging thaandWinker et al, 2003. CALIPSO is in the “A-Train” or-
agreement is better at these wavelengths since this is whetgt, which was also the destination of the APS instrument.
the fine aerosol mode dominates extinction, and the imagOperational retrievals of AAC from instruments similar to
inary refractive index of the fine mode was allowed to vary APS would likely use the cloud top height and aerosol ver-
during optimization. Differences are greatest for the (0.7 umtical distribution from CALIPSO. Therefore, we used 30 m
to (1.1 um) wavelength range. The coarse aerosol mode corperturbations, which are equivalent to the vertical resolu-
tributes more to the total extinction at these wavelengthstion of CALIPSO for the lower troposphere. It is clear that
but the imaginary refractive index for the coarse mode wag(€e) for most retrieved parameters is not strongly affected by
held fixed during optimization. This may indicate that the this level of uncertainty in the vertical distribution, although
coarse mode imaginary refractive index was not properly se€loud layer top is more important than the aerosol vertical
lected. Given the overall imaginary refractive index uncer- distribution. The imaginary refractive index for the fine mode

tainty, however, no firm conclusions can be made. does have a somewhat large degree of error. However, this er-
_ ror is much smaller than the retrieval error itself, which was
4.4 Model uncertainty about twenty times larger than the imaginary refractive index

L L o parameter value, and other model uncertainties have a much
Forward model suitability is a major issue for optimizations stronger effect on this parameter.
such as this. Because of the finite information content avail- Proper knowledge of aircraft attitude is essential for accu-
able in our observations, we were required to make severglyig Rgp retrieval. Aircraft attitude was provided by an Ap-
assumptions about the nature of our scene. Many of these a8lanix POS-AV, which combines Global Positioning System
sumptions were based on external observations (such as the nnology with an inertial monitoring unit to determine po-
aerosol vertical distribution from AATS) or climatologies of i velocity, pitch, roll and heading. There are of course
aerosol properties (such as the coarse mode aerosol opticglirations to the accuracy of such observations, and differ-
properties fromDubovik et al, 2009. While it is difficult ences between the orientation of the POS-AV and the RSP
to quantitatively assess these assumptions without further inl’nstrument To account for these errors, we modify our in-
formation, we can determine if the uncertainty in the datag,mation about aircraft geometry using various features in

that went into making them has an impact on the retrievedy,o ghserved data. For exampl&y() should be minimal

parameter values. To do so, we start by modifying one ofyhen defined with respect to the scattering plane for single

the assumpnon_s in the for_vvard model by its uncerta_mty, andscattering, so slight modifications to the aircraft pitch and
recomputing with the retrieved parameters. The dlfferenceyaw are made until this is the case. To understand the ef-

between this (which we will denote”(x))) and the forward  goot of geometric error, we perturbed the aircraft pitch and

model results is the model error in measurement space. W?aw angles by (09. This choice was based on the sensi-
can then use the Jacobian to project the er@) {(ito state vy of our geometry correction techniques, but is proba-

space. bly an overestimate. The official POS-AV pitch accuracy is
e=JIT)"LIFx) — F(X)] 9) (0.03), while yaw accuracy is (02) (roll uncertainty is r_10t
accounted for in this work). Tabk shows that uncertainty
Table 4 contains values ofd] as a percentage of the re- in aircraft yaw angle is not particularly important (although
trieved parameter value for various model assumptions. (I(mp)) uncertainty is large, as it is for many other model
Model uncertainties come from a variety of sources. Oneassumptions). Pitch angle uncertainty, however, has a signif-
class of model assumptions have to do with the physical deicant impact on the ability to retrieve the fine mode aerosol
scription of the aerosol and cloud scene as plane parallel layeffective variance, cloud droplet effective variance, and es-
ers in a radiative transfer model. In this paper we test thepecially the cloud droplet effective radius. In fact, error in
validity of the vertical layering heights. Validity of the plane the cloud droplet effective radius is larger than the retrieved
parallel model approach requires a comparison with a threerror for that parameter. Accurate retrievals of cloud droplet
dimensional radiative transfer model, which is beyond theradius thus require accurate monitoring of instrument pitch
scope of the current work and will be a topic of future re- angles.
search. Another class of assumptions has to do with the ge-
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Table 4. This table contains the parameter sensitivity to changes in the forward radiative transfer model. This sensitivity is expressed as
a percentage of the retrieved parameter value XHQ). All of the parameter errors from model uncertainties are within the accuracy
requirements oMishchenko et al(2004), and with one exception (the pitch angle uncertainty impact on the cloud effective radius, noted in
bold), they are all less than the individual retrieval uncertainties.

77(0.559 S(mg) Ye,f Ve, f recl Vel

Aerosol layer top raised 30 m 0.1% 45% 0.1% 09% 0.0% 0.0%
Cloud layer top raised 30 m 0.8% 205% 04% 42% 00% 0.1%
Yaw angle changed by (®b 0.6% 1535% 0.3% 37% 08% 14%
Pitch angle changed by (0p 1.0% 4515% 16% 154% 3.9% 6.0%

R(m y) increased by 0.02 6.9% 578% 26% 121% 0.0% 0.2%
7.(0.555) increased by 0.02 4.0% 1481.6% 08% 16.3% 0.0% 3.3%
NR(m.) increased by 0.02 0.1% 126% 0.0% 00% 00% 1.1%
k¢ increased by 0.006 0.9% 9.1% 0.0% 16% 01% 1.7%
re,c increased by 0.802 0.3% 332% 0.0% 1.1% 0.0% 0.6%
ve.c increased by 0.093 0.2% 443% 0.0% 1.0% 01% 0.6%

As shown in Sect3, the information available in RSP ob- 5 Discussion
servations is not great enough to retrieve all optical proper-
ties for both aerosol modes. We therefore were required tdrhis research is a test of the capability of scanning polarime-
assume some of these properties based on prior informationers to retrieve the optical properties of aerosols lofted above
In this case, we used the fine mode real refractive index, andlouds (AAC). The test was performed with observations
the coarse mode refractive index and size distribution fromfrom the airborne Research Scanning Polarimeter (RSP).
the Mexico City climatology oDubovik et al.(2002. We The primary strategy for retrieving aerosol and cloud optical
used the climatological uncertainty for each assumed paramproperties from RSP and APS is to match a multiple scat-
eter to test our retrieval sensitivity. As we can see in Ta-tering radiative transfer model to observations by iteratively
ble 4, uncertainty in the assumed fine mode real refractivemodifying model parameters until a match is found. The
index value has a significant impact on the ability to retrieve | evenberg-Marquardt method is used to perform this opti-
fine mode optical depth, and a more moderate impact on finenization. The software and tools that we used were devel-
mode size distribution. Considering the impact on aerosoloped inKnobelspiesse et a{2011), which couples a pub-
optical thickness, the retrieval success for that parameter (selcly available Levenberg-Marquardt software with a Dou-
Fig. 9) indicates that the assumed real refractive index valuenling and Adding type radiative transfer model.
was also valid. Coarse mode optical thickness was deter- an AAC scene observed by the RSP during the Megacity
mined by longest wavelength observations by the AATS sunpjtiative: Local and Global Research Observations (MILA-
photometer. The assumption is that coarse mode aerosoIgRo) field campaign was the primary source of data for this
because of their size, have very little optical thickness specyork. A mixture of urban industrial and agricultural biomass
tral variation. Fine mode aerosols, on the other hand, haV‘burning aerosols from central Mexico were lofted above a
a very pronounced spectral dependence, and a nearly neglinarine stratocumulus cloud close to shore over the western
gible optical thickness at long wavelengths. Optical depthportion of the Gulf of Mexico. Several other instruments, in-
observations at long wavelengths can therefore be assumqquding the Ames Airborne Tracking Sunphotometer (AATS-
to represent the coarse mode only, and that value should bgs) and the Solar Spectral Flux Radiometer (SSFR) were on-
constant for all wavelengths. Itis difficult to assess the unceryoard this aircraft, and collected data that were used to either
tainty associated with this assumption, but we select a Va'“%uide the AAC optimization or validate the results.
0f0.02, whichis larger than the AATS uncertainty alone. Re- - rpiq rasearch had three main sections. First, we simulated
gardless, coarse mode aerosol uncertainty has a substant Ie RSP/APS retrieval error for an AAC scene with climato-
effect on fine mode optical depth and effective variance, am@gically defined aerosol propertiedbovik et al, 2002 at
a large effect on the fine mode imaginary refractive index. Ity variety of optical depths. We found that the aerosol op-
appears that the selection of the coarse mode optical depth {g.o| genth, fine mode aerosol size distribution, and cloud
important, so this must be done with care (or this parametey 1ot size distribution can all be retrieved for an AAC
must be retrieved rather than assumed). Uncertainty in asgcong 1o the accuracy requirements for climate modeling in
sumptions about the other coarse mode aerosol optical Profyish chenko et al2004. Aerosol refractive index simulated
erties (complex refractive index and particle size distribution) o .. -< are much higher. The error in the real component of
have a minimal effect on retrieved parameter values, and Cag,q yefractive index decreases with increasing aerosol optical
therefore be confidently assumed from climatologies. depth, and approach accuracy requirements as optical depth
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Table 5. Correlation matrix for a simulated AAC scene with(0.555) =0.1) and an optimization utilizing angles within {p0f nadir.
Elements with absolute values greater than 0.5, indicating strong correlation, are in bold.

77(0.555  NGmy) S0myp) Simpg) Te,f Vet T(0.555) recl  vecl

7£(0.555 1.00
9N(m ¢) -0.36  1.00

S(my. p) 026 044 1.00

S(mpq) ~042 027 055 1.00

Fe.f4 049 -096 035 -030  1.00

Ve, ~0.10 064 0.00 0.32 —0.68  1.00

7:(0.555) ~0.40 -0.45  —0.53 030 033 -0.38 1.00

rel 002  0.08 007 -0.01 -0.01 -0.01 -0.00 1.00

ve.cl ~0.17 -0.05  -0.68 030 003 024 001 009 1.00

Table 6. Correlation matrix for a simulated AAC scene withy(0.555 = 0.1) and an optimization utilizing angles (20and (60) forward
of nadir. Elements with absolute values greater than 0.5, indicating strong correlation, are in bold.

17(0.555  MNmyr) Smygp) Simyg) Te,f Ve, 7c(0.559 Tecl Vecl

7£(0.555 1.00
9R(m ) 044  1.00

J(my ) 063 018 1.00

J(m fg) —0.41 -024  —0.73 1.00

Fe.f 010 -0.82 0.06 012  1.00

Ve, f 038 074 -031 016 —051  1.00

7.(0.555 ~0.90 -064 061 040 015 -0.42 1.00

recl ~0.70 028  -0.11 006 -0.12 —0.55 049  1.00
vecl 071  0.25 024 -010 019 039 -062 -045 1.00

at (0.555 um) exceeds 0.8. Aerosol single scattering albeddetermines aerosol absorption) is extremely large. While this
error (and the imaginary part of the refractive index from was predicted with the scene simulations for aerosols with a
which it based) also decrease with increasing optical depthhin optical depth, it limits any conclusions that can be drawn
to values approaching accuracy requirements. Simulationfrom these results. Nonetheless, optical depth and single
also show that it is preferable to retrieve aerosol propertiescattering albedo results compare favorably with measure-
and cloud droplet size distributions simultaneously using allments by other instruments. Finally, we assessed the impor-
available angle observations, rather than to separate the twiance of uncertainty in various model components. We found
and retrieve cloud droplet properties from observations of thehat the aerosol and cloud layer height resolution as provided
cloud bow and aerosol optical properties from observationdy the CALIPSO instrument will be sufficient for AAC re-

at side scattering angles. We then performed an optimizationrievals by scanning polarimeters in orbit. Accurate measure-
for an example AAC scene. This optimization successfullyments of aircraft geometry, especially pitch, are important
converged to a solution, where a thin layer of aerosols overfor retrievals with airborne instruments such as the RSP data.
lay a marine stratocumulus cloud made up of relatively smallFinally, while the coarse mode optical depth has a strong ef-
sized droplets. Errors for this optical depth were quite sim-fect on retrieval uncertainty, assumptions about other coarse
ilar to the predictions using simulated data. The retrievedmode aerosol optical properties only have a small effect on
aerosols appear similar to the climatology for Mexico City the fine mode properties that are being retrieved.

aerosols inDubovik et al.(2002, although with a narrow  Thjs work suggests that scanning polarimeters are capable
size distribution range possibly associated with particle hu-of retrieving the total aerosol optical depth, fine mode size
midification or cloud processing. We found evidence of an gisripution, and cloud droplet size distribution for aerosols
increase in absorption for the shortest wavelengths, which isyfied above clouds. This is true provided that the scene
alikely due to Brown Carbon aerosols and was also observed,, pe simulated as plane layers within the observed pixel,
by Bergstrom et al(2010 for the same aerosols. However, gng that the layer heights can be supplied by external ob-
the imaginary refractive index retrieval uncertainty (which garyations (such as the CALIPSO lidar). Fine mode aerosol
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refractive index retrievals have a high error that decreaseg&\ppendix A

with increasing AAC optical depth. These errors approach

modeling requirements as optical depths approach and exCorrelation in simulations

ceed about 0.8 at a wavelength of (0.555 pum). Most AAC op-

tical depths will probably not be that large. For lower optical The analysis in Sec8 describes the parameter sensitivity of
depths, we may need to fix refractive index values using a clithe retrieval, but does not express the correlations between
matology or external measurements, or use an optimizatiohe parameters. The off diagonal elements®f)((equation
method such as Philips Tikhonov regularizatibtagekamp ~ 8) can be used for this purpose if they are normalized by the
2010. The retrieved optical depth will be sensitive to the parameter error to create the correlation matrix
accuracy of that assumption. Considering this dependency, Crij

an alternate approach might be to fix the optical depth (sinceij = ————

observations of optical depth are much more common than VCriiiv/Cx.jj

those of refractive index), and allow refractive index param- Taples 5 and 6 are the correlation matrices for the
eters to vary. We did not attempt this technique in this work, (z£(0.555 = 0.1) simulations in SecB.

but it may be a worthwhile approach in the future, if the RSP~
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