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Abstract. The limb-scatter satellite viewing geometry is and below the soot layer. Medium-sized scatterers produced
well suited to detecting low-concentration aerosols in thea multiple-scattering response that depended on their absorb-
upper troposphere due to its long observation path lengthing properties. Increased radiances were simulated as com-
(~200km), high vertical resolution~(1-2km) and good pared to air only at all short wavelengths (337, 377 and
geographic coverage. We use the fully three-dimensional ra452 nm) for sulfate aerosol particles (non-absorbing) while
diative transfer code SASKTRAN to simulate the sensitivity decreased radiances were simulated for smoke particles (ab-
of limb-scatter viewing Odin/OSIRIS satellite measurementssorbing) at 337 and 377 nm, where multiple scattering in-
to absorbing mineral dust and carbonaceous aerosols (smokelving the medium-sized carbonaceous particles amplified
and pure soot), as well as to non-absorbing sulfate aerosoltheir absorbing properties. At 452 nm, however, this effect
and ice in the upper troposphere. was attenuated and albedo-dependent.

At long wavelengths (813 nm) the addition of all aerosols At short wavelengths, the combined effect of single scat-
(except soot) to an air only atmosphere produced a raditering decreases and multiple scattering increases led to
ance increase as compared to air only, on account of the lowomplex total radiance signatures that generally could not
Rayleigh scattering in air only at 813 nm. The radiance re-unambiguously distinguish absorbing versus non-absorbing
duction due to soot aerosol was negligible@.1%) at all  aerosols. Smoke aerosols led to a total radiance decrease
heights (0—100 km). (as compared to air only) at all altitudes above the aerosol

At short wavelengths (337, 377, 452 nm), we found thatlayer (15-100 km). This unique signature was a result of the
the addition of any aerosol species to an air only atmo-aerosols’ strong absorbing properties, non-negligible scat-
sphere caused a decrease in single-scattered radiation dtering efficiency, and number concentrations high enough
to an extinction of Rayleigh scattering in the direction of to make multiple scattering effects due to the aerosol it-
OSIRIS. The reduction was clearly related to particle sizeself significant. Thus, in the limb-scatter viewing geometry
first, with absorption responsible for second-order effectsscene darkening above the aerosol layer is unambiguously
only. Multiple-scattered radiation could either increase or de-due to absorption whereas scene darkening within and be-
crease in the presence of an aerosol species, depending bdtw the aerosol layer can simply be the result of a reduction
on particle size and absorption. Large scatterers (ice, minerah single-scattered radiance. Our simulations show a greater
dust) all increased multiple-scattered radiation within, belowscene darkening for decreasing wavelengths, increasing sur-
and above the aerosol layer. Small, highly absorbing purdace albedo, decreasing solar zenith angle, and increasing
soot particles produced a negligible multiple-scattering re-particle number concentration, however, at 337 nm this ef-
sponse £ 0.1 %) at all heights, primarily confined to within fect did not exceed 0.5% of the total radiance due to air
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only, making the unique identification of medium-sized car- NO, and BrO (Haley et al., 2004; Degenstein et al., 2009;
bonaceous aerosols, i.e., smoke, difficult. Scene darkenin@ourassa et al., 2011; McLinden et al., 2010). Moreover,
(or brightening) varies linearly with particle number concen- Bourassa et al. (2007) present a retrieval of stratospheric
tration over three orders of magnitude. aerosol number concentration assuming a particle size distri-

A fortuitous, unexpected implication of our analysis is that bution. A retrieval of stratospheric aerosol size information
limb-scatter retrievals of aerosol extinction are not sensitiveby incorporating the 1.5 pm channel information is described
to external information about aerosol absorption. by Bourassa et al. (2008a).

Of the satellite-based measurements discussed above, little
attention has been devoted to the retrieval of aerosol extinc-
tion in the upper troposphere. None have reported attempts

1 Introduction to discriminate aerosol composition. We note that significant
work on aerosol typing, especially in the lower troposphere,

Atmospheric aerosol particles in the upper troposphere causkas been performed by the CALIPSO satellite team, which
a strong climate forcing via their direct and indirect radiative uses the depolarization and color ratio of a 532 and 1064 nm
effects. Considerable uncertainty in these radiative effectdaser together with season, altitude and signal threshold to
arises from the paucity of observations of chemical compo-infer aerosol type (Omar et al., 2009). In this study, we use
sition and spatial distribution of aerosols in the upper tro-the fully three-dimensional radiative transfer code SASK-
posphere/lower stratosphere (UTLS) region. At present, obTRAN (Bourassa et al., 2008b), to simulate the sensitivity
servations of upper tropospheric aerosol are sparse, comingf limb-scatter viewing Odin/OSIRIS measurements to up-
primarily from infrequent aircraft campaigns. Advances in per tropospheric absorbing and non-absorbing aerosols.
satellite remote sensing could yield global 3-D observations
of atmospheric aerosols in the UTLS.

The limb-scatter satellite viewing geometry is well suited 2 Methodology
to detecting low-concentration aerosols in the upper tropo-
sphere due to its long observation path lengtt?Q0km),  The radiative transfer calculations in our study are carried out
high vertical resolution £1-2km) and good geographic using SASKTRAN, which is a &+ code optimized to run
coverage. A possible complication in a retrieval of aerosolefficiently on a multi-threaded desktop and Linux platforms.
extinction in the UTLS is the need for a priori information on SASKTRAN evaluates the scalar equation of radiative trans-
aerosol single scattering albedo. Thus, it is important to charfer with multiple scattering while employing a fully three-
acterize the signal of absorbing aerosols (mineral dust andimensional, spherical shell model of the atmosphere. The
carbonaceous aerosols) in limb-scatter satellite observationstmospheric model within SASKTRAN incorporates scat-
and to compare it to the signal arising from non-absorbingtering by air molecules and aerosols with altitude-dependent
aerosols (sulfate and ice). Such an analysis also contributesross-sections and phase functions, which can be either cal-
to the goal of inferring aerosol composition from limb-scatter culated or specified directly. The aerosol scatterers can addi-
satellite observations. tionally be given absorbing properties via their index of re-

Past, present and upcoming measurements of UTLSraction. Temperature-dependent absorption can be specified
aerosols from satellite-based platforms in limb-viewing for an expandable list of gaseous species, e.gar NG.
mode are summarized in Table 1 and include both direct soScattering is traced exactly for first and second order scatter-
lar/stellar occultation and limb-scattered sunlight measureing events using the successive orders of scattering approach;
ments. Most retrievals have used occultation techniques withhigher-order scattering term contributions at a given point
sparse coverage and have focused on the lower stratospherdpng the OSIRIS line-of-sight are estimated by integrating
where aerosol composition is more homogeneous. Of instruthe previous order scattering source term at the local zenith.
ments capable of UV/Vis measurements in limb-scatteredReflection at the Earth’s surface is modeled as Lambertian.
viewing mode, only OSIRIS and OMPS are at present op-Details of the method and implementation are discussed by
erational, with OSIRIS providing the longest observational Bourassa et al. (2008b).
record since 2001. The suitability of SCIAMACHY limb- All simulations discussed below were performed at two
viewing measurements for deriving stratospheric aerosol exalbedos,a =[0, 1], four wavelengthsjp =[337, 377, 452,
tinction has recently been demonstrated (Taha et al., 2011813 nm], and two scan geometries. OSIRIS scan 34 196 006
Ernst et al., 2012). Finally, OSIRIS measurements of limb-corresponds to the lowest observation solar zenith angle for
scattered sunlight have been used to derive subvisual ci©OSIRIS (SZA= ~ 65°), a latitude of~ 70°, a longitude of
rus frequency of occurrence and cloud optical depth in the~ 17, and an observation solar azimuth angle (SAA) of
UTLS (Bourassa et al., 2005), volcanic stratospheric aerosot 70°. Scan 33 736 001 corresponds to a high SZ/8{°),
concentrations (Bourassa et al., 2010) and their climatic efa latitude of~ 35°, a longitude of~111°, and an SAA of
fects (Kravitz et al., 2010, 2011; Haywood et al., 2010), as~ 64°, which is very similar to that of the low-SZA scan. The
well as ozone and other trace gas vertical profiles such asolar scattering angle of the two scans is similar arg>,

Atmos. Meas. Tech., 6, 27612776 2013 www.atmos-meas-tech.net/6/2761/2013/



A. Wiacek et al.: Absorbing aerosol radiative effects in the limb-scatter viewing geometry 2763

Table 1. Satellite retrievals of aerosol extinction in the UTLS using the limb-viewing technique.

Instrument Geometry Coverage Channels Technique
HALOE Solar occultation 1991-2005 5 gas channels gas filter and broad-
(2.45-5.26 pm) also used for aerosols band radiometer
POAM Il Solar occultation 1998-2005 9 channels (353—-1060 nm) including 7 for gases and 6 photometer
for aerosols (with functional overlap)
SAM I Solar occultation 1978-1993 1 channel for aerosols at 1.0 pm (0.038 um bandwidth) photometer
SAGE | Solar occultation 1979-1982 4 channels (385-1000 nm) for aerosolszahtDy photometer
SAGE Il Solar occultation 1984-2005 7 channels (385-1020 nm) for aerospIsl@, H,O photometer
SAGE III* Solar occultation and 2001-2006 290-1030nm grating spectrometer
limb-scattered sunlight
OSIRIS Limb-scattered sunlight 2001—- 270-810nm grating spectrometer
SCIAMACHY  Limb-scattered sunlight 2002-2012 240-314nm, 309-405nm grating spectrometer

394-620 nm, 604-805 nm
785-1050 nm, 1000-1750 nm

GOMOS** Stellar occultation 2002-2012 248-371/387-693 nm grating spectrometer
750-776 nm
915-956 nm
ACE-FTS Solar occultation 2004— 750-4400th(mid-IR) FTIR spectrometer
OMPS Limb-scattered sunlight 2011- 290-1000 nm grating spectrometer

* Instruments for which particle size and/or number concentration retrievals have been attéiptstluments for which an extinction ratio has been shown to contain size
information.

allowing us to compare the effect of increasing observation0—100 km. Our simulations included the same set of tan-
SZA on sensitivity to UTLS aerosols. gent heights, regardless of which species were present in
We performed an analysis of single, multiple, and to- the model atmosphere.
tal limb-scattered radiance signatures arising from gradu-
ally adding components to the model atmosphere as fol2.1 Mineral dust aerosol properties
lows: (1) simulate air molecules alone (no absorbing gaseous o
species or scattering/absorbing aerosol species), (2) simulafdinéral dust aerosol was modeled as comprising log-
a given aerosol component alone, (3) simulate air molecule§ormally _dlstnbuted spherical partlcles with a re_ahstlc
together with the single aerosol component. The radiance§0de radiust 1 um) and mode width~ 1.6 um) following
are broken down into single scattering and multiple scat-1€gen (2003). The number concentration of 0.2&rm the
tering components, the latter obtained from taking the dif-2€rosol layer represents a 20-fold dust enhancement above
ference between a SASKTRAN calculation performed for the typical free-tropospheric background_ of_|ce-act|Vt_e nuclei
50 scattering orders and a single scattering calculation. wé@f ~0.01cnt? (DeMott et al., 2003). While ice nuclei con-
examine multiple-scattered radiation separately from singlec€ntrations between 1 and ZOt?nh_avg been measured in
scattered radiation to better understand the vertical distributh® boundary layer near dust emission sources (Ansmann
tion of the change in scattered signal at OSIRIS due to the®t @l 2008), such high concentrations are not realistic to
addition of an aerosol layer. Furthermore, this separation intd!S€ in simulations involving the UTLS region. As shown by
single- and multiple-scattered radiation gives us additionalViacek at al. (2010), most mineral dust will have undergone
insight into the relative role of absorption and scattering in cloud-processing and washout before reaching the upper tro-
the limb-viewing geometry. po'sphe.re, in addition to dilution caused by the expansion of
The single scattering and multiple scattering componentdising air parcels. _
both include aerosol absorption as specified via its com- [n order to separate the effects of absorption and scat-
plex refractive index. In all cases that an aerosol layer wad€ring, an absorbing (D1) and a non-absorbing (D2) dust
simulated, it was placed in a 5km layer between 10-15 kmwere_smulated se_pqrately. The de_ta|led scattering and_ ab-
in the atmosphere, at some number concentrajiorThe  SOrption characteristics are given in Table 3. The optical
aerosol layers were specified with a lognormal size distri-thickness of the S5km dust layer at an SZA-e65 (~2X
bution with the properties shown in Table 2. Air molecules, Path length) and at an SZA of 87° (~ 20X path length)

when simulated, occupied the entire model atmosphere fron¢Creésponds to the two scan geometries in our study, with
vertical optical thickness in the 5 km layer also shown. The
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Table 2. Physical (number concentratign lognormal mode radiug, lognormal mode widthg) and optical (complex index of refraction
nr, nj) properties of aerosol layers simulated either alone (between 10-15 km) or in conjunction with air molecules (between 0—100 km).

0 r,o r 4l

Aerosol [cnT3] [um] 337nm 377nm 452nm 813nm 337nm 377nm 452 nm 813nm
Absorbing dust (D1) 0.2 1.0,1.6 1.55 1.55 1.55 1.55 19382 1.380x1072 6.928x 1073 6.441x 104
Non-absorbing dust (D2) 0.2 1.0,1.6 1.55 1.55 1.55 1.55 0 0 0 0
Pure soot (PS) 20 0.0125,1.6 1.95 1.95 1.95 1.95 0.79 0.79 0.79 0.79
Smoke (SM) 20 0.075,1.6 151 1.51 1.51 153 0.1157 0.0890 XBI72 1.653x 1072
Sulfate aerosol (SO4) 30 0.08, 1.6 1.47 1.45 1.43 1.43 x10710  21x10°10 25%x 1079 8.8x 1078

Ice (ICE) 0.2 1.0,1.6 1.33 1.32 1.32 1.30 58079 2.7x 1079 1.7x107° 1.5x 1077

Table 3. Scattering, absorption and extinction cross-sectibgs§, ke, respectively) of absorbing dust (D1) and the scattering cross-section

of non-absorbing dust (D2) as a function of wavelendgth The single scatter albeda( unitless) of D1 is also shown. Note that the
scattering optical thickness of D2 is equivalent to the extinction optical thickness of D1. The scattering, absorption and extinction optical
thickness s, ta, te, respectively, unitless) is shown for a 5 km layer of D1, as described in Table 2, under three viewing conditions.

D1 D2 5km layer (vertical) 5km layer (SZA 65°) 5km layer (SZA=87°)
2 [nm] ks [cm?] ka [cm?] ke [cm?] ) ks [cm?] s Ta Te Ts Ta Te Ts Ta Te
337 6.46x10°8 4.37x108 1.08x107 0.60 1.08<10°7 0.0065 0.0044 0.0108 0.0153 0.0104 0.0256 0.1235 0.0836 0.2071
377 7.14x108 3.79x10°8 1.09x10°7 0.65 1.0910°7 0.0071 0.0038 0.0109 0.0169 0.0090 0.0258 0.1363 0.0724 0.2087
452 8.65x10°8 243x108 1.11x1077 078 1.11x10°7 0.0087 0.0024 0.0111 0.0205 0.0057 0.0262 0.1653 0.0464 0.2117
813 1.15x10°7 223x109 1.18x10°7 098 1.18<10°7 0.0115 0.0002 0.0118 0.0273 0.0005 0.0278 0.2205 0.0043 0.2248

real index of refraction of mineral dust was setito=1.55  The AERONET values were based on Level 2.0 dat#p(

at all wavelengths, which is in line with the work of Soko- //aeronet.gsfc.nasa.gofrom the station at llorin (8.3N,

lik and Toon (1999). The imaginary index of refraction of 4.3 E) during strong and non-dust-contaminated biomass
mineral dust is based on the field measurements of Mulleurning emissions on 8 January 2008. For our simulations at
et al. (2009) and includes a steep decrease in absorption t@&13 nm, we took the average of retrieved real and imaginary
wards visible and infrared wavelengths (Table 2). Our choiceindices at 675 nm and 870 nm reported for 8 January 2008,
of relatively absorbing and large mineral dust particles leadswhile at 452 nm we applied the 440 nm values available from
to lower single scatter albedo values than those reported ithis AERONET inversion. We increased the complex index
the literature for AERONET and other ground-based tech-of refraction in the near-UV based on its known spectral de-
niques (Miiller et al., 2012). These low single scatteringpendence (Kirchstetter et al., 2004) and used the 390 nm re-
albedos allow assessment of an upper limit of aerosol absults of Dinar et al. (2008, Table 4) in our 377 nm simula-
sorption. Finally, we carried out radiative transfer calcu- tions. Dinar et al. (2008) worked witlr 100 nm radius par-
lations with identically absorbing and similarly distributed ticles containing variable fractions of humic-like substances
mixtures of spheroid particles and found the effects of parti-(HULIS) internally mixed with ammonium sulfate (AS) and
cle non-sphericity to be small. black carbon (BC); we chose the complex index of refraction
corresponding to 70% HULIS, 28% AS and 2% BC. Fi-
nally, for our simulations at 337 nm we applied a 30 % spec-
tral increase to the 377 nm complex index of refraction, fol-

. . lowing the work of Jethva and Torres (2011).
Carbonaceous aerosol particle properties were modeled as el- . . .
The number concentrations used in our carbonaceous sim-

ther _hlghly absorbmg small particles (pure soof) or less ab_ulations were informed by ECHAM5-HAM model outputs
sorbing bigger particles (smoke). In the case of pure soot

an index of refraction of 1.95-0.7%vas used for all wave- presented by Zhang et al. (2010) for insoluble Aitken-sized

lengths, based on the work of Bond and Bergstrom (2006)P g:ili,lien?uﬁ;ﬂgrqsrggm)s, m;fzseozgcgézgg ?grdt?osttﬁ \:)Vaer_re—
This high absorption value represents a limiting case thaﬁCIe types, and sensitivity simulations with=0.2 cn3

is more relevant for primary emitted spheruIes/granuIesand =206 cnt3. The vertical optical thickneés of the
(r ~12.5 nm) unlikely to be found in the upper troposphere. carbgnaceous pa.rticles is shown in Table 4

For smoke £ ~ 75 nm), which is affected by aging and coat- '

ing processes in the atmosphere, we used a combination of

index of refraction values obtained from AERONET obser-

vations (Holben et al., 1998) and other sources (Table 2).

2.2 Carbonaceous aerosol properties

Atmos. Meas. Tech., 6, 27612776 2013 www.atmos-meas-tech.net/6/2761/2013/
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Table 4. Vertical extinction optical thickness in a 5km layer due to Table 5. Calculated size parameters £ 27r/A) as a function of

all simulated species, as described in Table 2. wavelength and particle size.
337nm  377nm  452nm  813nm Particle type Radius 337nm 813nm Scattering type
DlorD2 0.01084 0.01092 0.01108 0.01176 Air ~3A 0.006 0.002 Rayleigh
PS 0.00004 0.00004 0.00003 0.00001 Dust/Ice r~1lum 19 8 Mie _
SM 0.00764 0.00756 0.00729 0.00520 Pure soot r~125nm 0.2 0.1 weak Mie
S04 0.00974 0.00804 0.00572 0.00152 Smoke r~75nm 140 058 Mie
ICE 0.01090 0.01100 0.01120 0.01270 Sulfate aerosol r ~80nm 1.49 0.62 Mie
g ST SZA-G5 (5568 o) oq 3T 52885 (55468 =) The sulfate aerosol (75wt. % solution) index of refrac-
RS —a —an tion is that built into SASKTRAN and based on the work of
s | w0l | Palmer and Williams (1975) for wavelengths above 360 nm
——air+D2 ——air+ D2 and Torres et al. (1995) for wavelengths below 360 nm. The

index of refraction at the four wavelengths of our simulations
is listed in Table 2, while the vertical optical thickness of our
sulfate aerosols is shown in Table 4.
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2.4 Ice aerosol properties
10 In nadir-viewing active remote-sensing applications, it is not
always easy to distinguish dust and ice particles of a simi-
lar size because both particle types are depolarizing. While
this is also the case in the long-path limb-viewing geome-
015 try, we anticipated that the absorbing properties of mineral
dust may start to play a discernible role in its radiance sig-
Fig. 1. Simulated limb radiance [normalized to a solar input of 1] nature. To assess the effect of mineral dust absorption, we
versus height at 337 nm for a surface albedo of 0 (left panel) andnodeled (non-absorbing) ice particles of the same size and
1 (right panel). Color distinguishes combinations of air betweennumber concentration as mineral dust aerosol ji.e. 1 pm,
0-100km, an absorbing dust (D1) between 10-15km, and a nong. _ 1 g um, p = 0.2 ent3 in the 5km slab from 10-15km
absorbing dust (D2) also between 10-15km. Solid and dotted lines,it,de  The ice index of refraction used was that built into

without markers .|nd.|cate tgtal radiance vyhlle lines with C|rple and SASKTRAN, which is detailed in Table 2, while the verti-
square markers indicate single and multiple-scattered radiance, re-

spectively, including absorption for D1. SZA indicates solar zenith calbi)ptlcal thickness of these small ice particles is shown in
angle. SAA indicates solar azimuth angle. Table 4.

. . . . .
0.02 004 006 0.08 0.1 0.05 0.1
Normalized Radiance [1] Normalized Radiance [1]

2.5 Size parameters

2.3 Sulfate aerosol properties Table 5 shows calculated size parameters-@zr/1) cor-
responding to each aerosol type using the size distribution
Sulfate aerosol particles were modeled as log-normally dismode radius employed by the forward model calculations.
tributed ¢ =0.08 um =1.6 um) based on previous studies, For air, a particle size of 3A was used. Scattering was clas-
e.g., Bourassa et al. (2008a). More specifically we used a clisjfied into Rayleigh, Mie and Geometric regimes using the
matology of sulfate aerosol number concentrations compiledsize parameter value of 0.002 as the transition to Rayleigh

from OSIRIS retrievals between 28l and 53 N as well as  scattering, 0.2 as the transition to Mie Scattering and 2000 as
70 E to 120 W, i.e., Asia and PaCifiC, for May of a Single the transition to Geometric Scattering_

year (2008). In the absence of reliable OSIRIS sulfate aerosol

retrieval results below the 380K potential temperature sur-

face, the measurement-average sulfate aerosol profile was sgt Results and discussion

to 30 cn1 3 below~ 18 km, for all heights in the troposphere

as appropriate, i.e., 30 cm in the 10-15km aerosol layer Here we examine SASKTRAN radiative transfer calcula-
region and 0 cm? everywhere else. This number concentra- tions of the sensitivity of wavelength-dependent OSIRIS ob-
tion corresponds well to that presented by Zhang et al. (2010pervations to different aerosol types. First, the results for a
based on ECHAM5-HAM model outputs in the accumula- calculation with pure air are discussed. Figures 1 through
tion soluble mode at 200 hPa betweeri BOand 60 N. 4 show simulated limb radiance at a given wavelength as a

www.atmos-meas-tech.net/6/2761/2013/ Atmos. Meas. Tech., 6, 274146 2013
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377nm SZA-65 (SSA~68 a=0) 377nm SZA~65 (SSA~68 a=1) 813 nm SZA-65 (SSA-68 a=0) 813nm SZA-65 (SSA-68 a=1)

35

35

—air —air —air —air
—D1 —D1 X —D1 —D1
---D2 ---D2 ---D2 ---D2

30r air + D1 301 air + D1{{ 30/ air + D1 30 air + D1[|
—air + D2 —air+ D2 b —air+ D2 It —air + D2

Height [km]
Height [km]

H H H H H H H H 0 L i i L L i . i
0.02 0.04 0.06 0.08 0.1 0 0.05 0.1 0.15 0.01 0.02 0.03 0.04 0.05 0.02 0.04 0.06 0.08 0.1
Normalized Radiance [1] Normalized Radiance [1] Normalized Radiance [1] Normalized Radiance [1]

Fig. 2. As in Fig. 1 but at 377 nm. Fig. 4. Asin Fig. 1 but at 813 nm.

452 nm SZA~65 (SSA~68 a=0) 452 nm SZA~65 (SSA~68  a=1)

* ~—ar =t —ar higher up in the atmosphere. The radiance profile increases
o o from the top of the atmosphere until it reaches the “radi-
o e = il ance knee”, where the atmosphere becomes optically thick

and below which the radiance stops increasing. As the wave-
length increases, Rayleigh scattering by air molecules di-
minishes and the height of the radiance knee decreases from
~ 20km at 337 nm, througt 16 km at 377 nm ane- 11 km
at 452 nm to less than 5km at 813nm. The 10km SS radi-
ance at 813nm is three times lower than at 337 nm due to
decreased molecular scattering.

The multiple-scattered (MS) radiance of air only is smaller

251 251

N
=}
N
=}

Height [km]
Height [km]

=
=
o

| \
10 10[ ¢

5 i = than the single-scattered radiance over a dark surfaee (
0, left figure panels) and decreases further from shorter to
00z o0+ 006 008 01 0 005 01 015 longer wavelengths, as expected. Over a bright surfaee (
Normalized Radiance [1] Normalized Radiance [1] . . . .
1, right figure panels) the MS radiance is much enhanced
Fig. 3. As in Fig. 1 but at 452 nm. with respect to the SS radiance. At= 337, 377, 450 nm it

surpasses the SS radiance, buk at 813 nm it is approxi-
mately equal to it.
function of height, normalized to the input solar radiance at The total radiance due to air only is the sum of
that wavelength. The left panel of each figure shows simu-single-scattered and multiple-scattered radiance.
lated radiances for a surface albedo of 0 while the right panel
shows simulations for a surface albedo of 1. Solid lines de-3.2 Mineral dust
note the total simulated radiance obtained through a calcula-
tion with 50 scattering orders. Lines with circle markers de- Figures 1 through 4 also show the sensitivity of OSIRIS
note single-scattered radiances only while lines with squardo mineral dust aerosol. Dust is examined in detail because
markers denote multiple-scattered radiances (two to 50 scait is an important absorbing species and it is an efficient
tering orders). Single and multiple-scattered radiances adéce nucleus, thus mediating cloud formation and indirect
up to give total radiance. Line color indicates the species in-aerosol effects on climate (e.g., Wiacek et al., 2010). Red
cluded in the simulation, where blue refers to air only, simu-lines in the figures refer to absorbing dust only (D1), sim-

lated between 0—100 km. ulated as having a non-zero number density between 10—
15km. Orange lines refer to non-absorbing dust only (D2),
3.1 Pure air also simulated between 10-15km. Green refers to air plus

D1, while black lines refer to air plus D2. An important gen-
The single-scattered (SS) radiance of air only is identicaleral feature is that the total simulated radiance increases at
for a = 0 anda = 1 at all wavelengths and heights since the all heights as the dust layer is added to the air background.
surface albedo has no influence on single-scattered radiatiowhile the effect of absorption is pronounced in the absence
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of air (D1 vs. D2 curves) at short wavelengths (Figs. 1 to 3), 10000 ‘

this difference is much reduced when dust is placed within o
the Rayleigh-scattered radiance field due to air molecules oy —as2nm ||
(air+ D1 vs. air+ D2 curves). Our large absorbing dust does —813nm
not lead to a scene darkening (reduction in total radiance . approximate —Rayleigh

at short wavelengths, as might be expected from the nadir \ L SSAcscen |

viewing experience (e.g., Herman et al., 1997; Torres et al. _
1998) with this aerosol species concentrated in thick plumess  *° \
in the lower troposphere. The small effect of absorption is

consistent with Chylek et al. (2003) who demonstrate the 1 o -
small sensitivity of the scattering phase function to the com- i “Ngg‘l W || M9 ”/‘V\“O
plex refractive index at scattering anglesl2C°. At long o1 Sy il
wavelengths (Fig. 4), as dust absorption decreases consit S~
erably (Table 3) and the optical thickness of the Rayleigh

atmosphere is also reduced, the addition of either D1 or Dz ** 8 [Degrees]

produces a pronounced increase in simulated total radlanc'gig. 5. SASKTRAN-calculated Mie phase functions for absorbing

at the dust layer height (10-15km). Below, we examine thedust (D1) with a log-normal particle size distribution=£ 1.0 um,

details of radiative transfer for each dust type and for the sin-_ _ 1 ¢ um). The Solar Scattering Angle (SSA) of the two scans in

gle and multiple-scattered radiance components separately.q r study is also shown. At SSA 68° the 813 nm phase function
The SS radiance of dust only (both D1 and D2) is iden-for non-absorbing dust (D2, not shown) is close to that of D1 and
tical fora =0 anda =1 at all wavelengths and heights, as does not vary appreciably towards 337 nm. Rayleigh side-scattering
expected. The 10 km SS radiance of non-absorbing dust (D2ffom O, and N, molecules is greater for the full range of OSIRIS
increases marginally from 337 nm towards 813 nm. This isobservation scattering angles 60° < SSA <~ 12(°).
likely due to the small increase in scattering efficiency as
wavelength approaches particle size, despite smearing by
poly-disperse size-distribution effects. Side-scattering, at apOSIRIS line of sight, i.e., an increase in side-scattering to-
proximately 90 to the direction of propagation, also in- wards OSIRIS is more than smeared out under multiple scat-
creases slightly with wavelength in this observation geom-tering conditions. Overall, dust absorption decreases the 10-
etry. In the limb-viewing geometry where the sun is never km MS radiance by 69 %(= 0) and 52 % = 1) at 337 nm
viewed directly, OSIRIS makes observations of solar radi-(D1 with respect to D2) while the effects are again small at
ance scattered by the atmosphere betweéf® and~ 120°. 813 nm, as expected.
In the case of absorbing dust (D1), the 10 km SS radiance in- Lines with circles indicate the SS radiance of air plus dust
creases more substantially from 337 nm towards 813 nm, ul{air4+ D1) and air plus non-absorbing dust (&D2). As
timately reaching a slightly lower value as the non-absorbingwith all other SS simulations, the SS radiances are identi-
dust. This is expected based on the decreasing dust absorpal fora =0 anda =1 at all wavelengths. The combina-
tion towards 813nm and a corresponding increase (78 %]Jion of SS radiance of air only and dust only doest add
in scattering efficiency (Table 3). Figure 5 shows the phaseup to give the simulated SS radiance of-aidust. On the
functions for absorbing dust (D1). Side-scattering increasegontrary, the simulated SS radiance of the-aidust com-
even more with wavelength as absorption decreases from 33@ination isreducedbetween 10-15km bjoth dust types
to 813 nm. Overall, dust absorption decreases the 10 km S&t 337, 377 and 452 nm (but not at 813 nm, as discussed be-
radiance by 73% at 337 nm (D1 with respect to D2) while low). The biggest reduction with respect to the SS radiance of
the effects are small at 813 nm, as expected. air only occurs at 452 nm, most likely because the dust layer
Figures 1 to 4 also show the MS radiance of dust only(spanning 10-15km) is almost entirely above the Rayleigh
(both D1 and D2), which has similar characteristics to theradiance knee found at 11 km. The smallest reduction is
case of air only. The MS radiance of dust is smaller thanfound at 337 nm, most likely because the dust layer is found
the SS radiance over a dark surfage=(0; left figure pan-  well below the knee~ 20 km). An intermediate reduction
els) and greatly enhanced with respect to the SS radianceccurs at 377 nm, when the knee is~al6 km. Moreover,
at all wavelengths over a bright surface=£ 1; right fig- an increasing reduction with respect to air only for increas-
ure panels). Regardless of albedo, as wavelength increasé@sgy wavelengths ioppositeto the decreasing dust absorp-
from 337 to 813 nm, the 10km MS radiance of absorbingtion trend with wavelength, and cannot be explained by ab-
dust (D1) increases slightly while the 10 km MS radiance sorption at all in the case of non-absorbing dust (D2), which
of non-absorbing dust (D2) decreases slightly until the twoexhibits the same general behavior in this respect as absorb-
are nearly equal at 813 nm. The increase for D1 is due to ang dust (D1). Indeed, setting dust absorption to zero only
reduction in absorption while the small decrease for D2 isslightly offsets the SS radiance reduction, which is related
likely due to a net extinction of scattered radiatmurt of the primarily to where the dust layer is in relation to the knee of
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o, f52m SZA-65 (S5A-105 &0) 4o, B137M SZASS (S5A-105” a-0) ers are above the radiaqce knge. In the left panel (452 nm),
S-Sl S Snde the single-scattered radiance is reduced below the aerosol
— Total \ — Total layers, slightly more so for ice than for dust, despite the
30 o Background | fact that ice is practically non-absorbing at this wavelength
ggg;joggf,‘fgey while dust is still strongly absorbing. This is consistent with
25 25 so,) 1 the reduction being caused by a directional decrease in scat-
L‘irm” :’C”:‘ tered radiation and that the ice particles’ phase function is

slightly lessside-scattering than that of dust at 452 nm (not
shown). The effect of dust absorption is only apparent as
a reduction in the multiply-scattered signal below 15km.
In terms of the total radiance at 452 nm, we see that both
dust and ice cause an enhancemeithin the aerosol layer
height, whereadelowthe layer height only dust causes an
] appreciable reduction in total radiance (ice causes a small to-
00 mazedredance 07 malzed Reckonee 1] tal radiance reduction between 9-13 km). Without a careful
consideration of single and multiple scattering, it might be
Fig. 6. The effect of a 1 km layer of dust (red) or ice (black) at 14— tempting to attribute this total radiance reduction to a more
15km, superimposed on a background atmosphere (blue). Roundimple absorption effect instead of a directional decrease in
markers indicate single scattering, square markers indicate multiplecattered radiation.
scattering, and thick lines indicate total scattering. In the right figure panel (813 nm) the single-scattered radi-
ance is slightly increased above the Rayleigh background by
dust while ice particles still have a decreasing effect. Below
pure Rayleigh-scattered radiance. At 10 km, absorption rethe 1km aerosol layer, the single-scattered Rayleigh back-
duces the SS radiance of air plus dust as compared to air pluground is significantly reduced by ice and also to a lesser
non-absorbing dust by 0.4 % at 337 nm, 1.2 % at 377 nm, anextent by dust. Given that ice absorption is still negligible
2.5% at 452 nm, even though absorption is greater at 337 nmat 813 nm compared to dust absorption, the reduction in the
than at 452 nm, decreasing smoothly between the two wavesingle-scattered Rayleigh background caused by ice is once
lengths. The absorbing characteristics of the particle typeagain due to its directional scattering properties. Indeed, at
are entirely secondary. The reduction, when non-negligible 813 nm, ice is even less side-scattering than dust as compared
is due to the more forward-scattering (less OSIRIS-directedo at 452 nm (not shown). The effect of dust absorption at
side-scattering) characteristics of dust particles as compare813 nm is not strong enough to reduce the multiply-scattered
to air molecules. Scattering phase function is important forradiance below that of ice at any height in the atmosphere,
the single scattering scenario. as was the case with a reduction below 15km at 452 nm.
At 813 nm, however, the SS radiance of the #irdust ~ Again, careful consideration of single and multiple scatter-
combination isincreasedaround 10-15km byboth dust  ing, as well as relative absorption and phase function effects,
types, appearing more like a linear combination of air only are needed to explain the total radiance signature due to a
plus dust only. At 10 km, absorption also reduces the SS ramixture of air and dust or air and ice.
diance of air plus dust as compared to air plus non-absorbing Returning to the simulations in Figs. 1 through 4, some
dust by 1.7 %, however, the combined effects of absorptiongeneral statements can be made regarding the SS radiance of
and scattering result in an increase. While dusdlé® less  the combination of air and dust (or ice). First, a dust layer
side-scattering than air at 813 nm (Fig. 5), the simulationswell below the radiance knee has negligible effects on the
show (Fig. 4) an increasing SS radiance because the relativBS Rayleigh radiance field. Second, a dust layer around the
contribution of the Rayleigh-scattered radiance field at the al-height of the radiance knee shields the SS Rayleigh radiance
titude of the dust layer is much smaller (1: 1) than at the shorffield at and below the dust layer. Third, a dust layer well
wavelengths (about 3: 1), i.e., at 813 nm either dust type conabove the radiance knee compares with or dominates the SS
tributes as much as air molecules in the dust layer height irRayleigh radiance field. The extent to which the SS Rayleigh
terms of the single-scattered radiance component. radiance shielding effect competes with the increased direct
Here we examine the different characteristics of dust andi.e., single-) scattering effect is the extent to which com-
ice, before studying ice more closely in the context of otherbining the molecular atmosphere with dust particles is non-
aerosols. Figure 6 shows a separate set of simulations dinear, i.e., non-additive. This interpretation only becomes
452 and 813 nm for a thin (1km) and denge=(2 cn3) clear when the effect of dust absorption is explicitly disen-
dust layer situated between 14-15 km and superimposed ontangled in the simulations presented in Figs. 1 through 4.
background atmosphere containing aig, 8O, and sulfate  Moreover, Fig. 6 shows that the effect is very similar for
aerosols. The figure also includes simulations for an identi-ice, even though there is a significant difference between dust
cally setup ice layer. At both wavelengths these aerosol lay-
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Fig. 7. Simulations of radiance due to air plus a given aerosol species divided by radiance due to air only at 337 nm. Species details are in
Table 2. The left column shows single-scattered radiance, the middle column shows multiple-scattered radiance, and the right column shows
total scattered radiance, as viewed by OSIRIS for SZB85° and for SAA~ 70°. The top row shows simulations for an albedo of 0 while

the bottom row shows simulations for an albedo of 1.

and ice particles’ absorbing properties. Overall, the absorpiigible effect (< 1%) on the single-scattered radiances. The

tion effects of dust are small in this viewing geometry. multiple-scattered and thus also the total scattered radiances
Finally, we analyze the MS radiance of air plus dust are increased within and above the non-spherical dust parti-

(air+ D1) and air plus non-absorbing dust (@iD2). Ex- cles layers, leading to similar but stronger scene brightening

cept at the longest wavelength (Fig. 4), the mixture behave®ffects.

more closely to pure air than to either of the pure dust cases.

Moreover, like in the case of MS radiance in pure air, the MS3-3  Other aerosols: carbonaceous, sulfate and small ice

radiance of the air-dust mixtures is lower than SS radiance particles

over a dark surface and it is higher than SS radiance over a

bright surface. Unlike the spatially confined effect of air-dust TO understand the effect of aerosols in the limb-scatter view-

mixtures on SS radiance (15km and below), the effect oniNd geometry more fully, we performed simulations with two

MS radiance extends throughout the atmosphere (0100 km}ypes of absorbing carbonaceous particles and non-absorbing

The effect of dust absorption, i.e., the difference between airsulfate aerosol particles for the same simulation conditions

plus dust and air plus non-absorbing dust curves is Sm‘,jln:)f.observation geomfetry anc_i layer thickness as in the case of
at the shorter wavelengths and nearly negligible at 813nrn,mmeral dust. Small ice particles were also simulated (same

where dust absorption is also much decreased. Most impor§i_ze’ number cpncentration gnd vertical layer plac_ement_as
tantly, whether or not the dust is absorbing, the MS radiancé_“'neral dust), since dust and ice are often hard to distinguish
of the air plus dust mixture is always higher than the MS ra-!" fémote-sensing measurements (e.g., Omar, 2009).

diance of air only, with the air plus non-absorbing dust mix- _ " 19uré 7 shows simulations of radiance due to air plus a

ture yielding the highest MS radiance, as expected. It is thid!ven aerosol species, divided by rqd|ance due to air only
increased MS radiance that is responsible for an increased tc?—f[ 337 nm. Th_e left column shows smgl_e-scattered (SS) ra-
tal (MS+ SS) radiance at all heights (discussed above), anaﬂapce; the middle _column shows multiple-scattered (MS)_

an overall brighter scene, regardless of dust absorbing prog2diance, and the right column shows total scattered radi-

erties. We note that these conclusions and the general appeat]ce: as viewed by OSIRIS for the observation geometry of

ance of Figs. 1 through 4 are not influenced by particle non->ZA ~65° and SAA~ 70°. The top row shows simulations

sphericity. This occurs because non-spherical and spheric4P! 0 albedo of 0 while the bottom row shows simulations

scattering phase functions are similar (within 8-17 % in ourfor an albedo Of_l' Fi_gures_8, 9 and 10 are arranged in the
case) at solar scattering angle®0°, which leads to a neg- same way, showing simulations for 377, 452 and 813 nm, re-
spectively. At all wavelengths, the single-scattered radiance
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Fig. 8. Asin Fig. 7 but at 377 nm.

(left column) is unaffected by surface albedo (top vs. bot-dust results in the smallest reduction of the single-scattered
tom row), as expected and as discussed previously for minfadiance among the three large aerosol types. At 377 and
eral dust. At short wavelengths, all aerosol species included52 nm, as the radiance knee shifts below the aerosol layer,
in our simulations, regardless of absorption, act to reducehe effect of the aerosols remains qualitatively similar, but
the amount of single-scattered radiation reaching OSIRISbecomes larger. By 452 nm, the effect of the aerosol layer
as compared to the situation of having purely Rayleigh-becomes more coincident with its vertical extent (10—15 km).
scattering air only. This is consistent with our previous dis- As the absorption of D1 decreases towards 452 nm, ice over-
cussion of mineral dust single scattering. Moreover, the mostakes D1 as the aerosol particle resulting in the greatest re-
absorbing aerosol species (pure soot) has the least effeciuction in single-scattered radiance as compared to pure air.
on the single-scattered radiance field of pure air (the pureBy 813 nm, as the single-scattered radiance of pure air de-
soot radiance ratio is nearly coincident with 1 at all heightscreases significantly, all the aerosol particles except pure soot
in the left column of Figs. 7 through 10), on account of lead to anincreasein the single-scattered radiance observed
its smallest size and least scattering efficiency. Pure soothy OSIRIS within the aerosol layer, which is consistent with
smoke and sulfate aerosols are simulated at similar and resur previous discussion of single-scattering of mineral dust.
alistic number concentrations of 20, 20 and 30 énrespec- The middle columns of Figs. 7 through 10 show the sim-
tively. Their sizes, however, range from a mode radius ofulated ratio of the MS radiance due to an aerosol layer plus
12.5nm for pure soot, through 75nm for smoke, to 80 nmair to the MS radiance due to air only. The results for an
for sulfate aerosol. Clearly size, phase function and num-albedo of O (top row) are qualitatively similar to those for an
ber concentration determine the dominant single-scatteringlbedo of 1 (bottom row) at all wavelengths except that over
radiance reduction effects, not particle absorption, with thea dark surface the radiance ratios are higher. This occurs be-
largest reduction in single-scattered radiance among theseause in the absence of strong Rayleigh multiple scattering
three aerosol types in fact resulting from the least absorbever a dark surface, the multiple scattering due to the aerosol
ing sulfate aerosol particles (likely on account of their high- component represents a higher proportion of the total MS
est number concentration, as compared to the relatively moreadiance; the effect also becomes more pronounced towards
absorbing but fewer smoke particles of a very similar size).longer wavelengths, as Rayleigh scattering weakens.
Among the three large aerosol types (D1, D2 and ICE), The addition of large and efficiently scattering particles
which are simulated at exactly the same size and numbe(D1, D2, ICE) causes an unambiguous MS signal increase
concentration, the largest reduction in single-scattered radiwithin and below the aerosol layer, but also above it, too
ance is due to absorbing dust, however, the effect of negli{middle columns). The total (net) radiance signal detected by
gibly absorbing ice particles is similar, showing the impor- OSIRIS for these large particles (right columns) is enhanced
tance of phase function in single-scattering. Non-absorbing
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Fig. 9. As in Fig. 7 but at 452 nm.

with respect to air only (radiance ratiol) at all heights, radiance ratio to values 1 in MS signal), but no longer at
despite the reductions in single-scattered signals. an albedo of 0.

MS signals from the smallest and least efficiently scat- The total (net) radiance signal for sulfate aerosol particles
tering pure soot carbonaceous particles are the smallegtight column insets) exhibits an increase above air only lev-
(< 0.1%), always attenuated with respect to air only (radi- els at the top of the sulfate aerosol layer and a decrease be-
ance ratio< 1), most noticeable at or below the soot layer low air only levels within and below the sulfate aerosol layer.
and almost negligible above it (middle column insets). As The total (net) radiance signal for smoke particles is similar
such, the net radiance signals are correspondingly small anoh shape and magnitude to that of sulfate aerosol at 452 nm
negative at all wavelengths (right column insets). (right column insets), where the particles’ absorption effects

Medium-sized absorbing particles (smoke) and medium-are least amplified due to a weaker multiple scattering ef-
sized non-absorbing particles (sulfate aerosol) producdect. At the shortest wavelength (337 nm, right column in-
medium-sized effects on MS signals at short wavelengthsets), the total radiance ratio of medium-sized carbonaceous
(middle column insets), with one key difference between particles is always attenuated (radiance rati@) with re-
the two species. Whereas scattering sulfate aerosol particlespect to air only levels since the particles’ absorption effects
cause an increase in MS signal within, below and — to a muchare now more amplified due to a stronger multiple-scattering
lesser extent — above the aerosol layer, scattering and absorbffect. There is more attenuation within an below the smoke
ing smoke particles can do both. For example, at 452 nm theyayer than within. It is clear that the multiple-scattering ef-
cause an increase in MS signal within the layer that is in partfects within the air layer itself do not amplify aerosol ab-
offset by a decrease at all heights due to absorption effectsorption because if that were the case then the pure soot parti-
(Fig. 9,a = 1). The particles’ absorption effectbovethe cles would produce strong absorption signals. Finally, at long
aerosol layer (up to the top of the atmosphere) are greatestavelengths (813 nm) both medium-sized aerosol particles
at the shortest wavelength (337 nm) and for the greatest susmoke and sulfate aerosol) produce very similar MS signals
face albedod = 1), when multiple scattering effects involv- due to their similar scattering effects. The MS and total (net)
ing the medium-sized carbonaceous particles are the greatesadiance ratios are 1 at all heights for both species.

However, the particles’ absorption effeetithin and below In summary, th@resencef absorbing medium-sized par-

the aerosol layer are actually greatest at 377 nm, where alticles (e.g., smoke) can in theory be discerned at the shortest

sorption is still high, but the radiance knee{7.5km) isnot  wavelengths using the fact that they create a small %)

far above the top of the aerosol layer (15km). At a longerattenuation in signal with respect to air only (radiance ratio

wavelength (452 nm) the absorption effects above and belowk 1) in the entire atmosphewsdbovethe aerosol layer, orig-

the layer are visible at an albedo of 1 (as a decrease in thmating from the MS radiance component. No other aerosol
type in our study has this signal. However, attenuated total
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Fig. 10.As in Fig. 7 but at 813 nm. D2 obscures D1 almost completely due to low D1 absorption at 813 nm.

radiance signalat and belowa layer of absorbing medium- index of refraction, particle size and surface brightness deter-
sized particles are due to the combination of a reduction inmine thesignof the particle’s effect at 35 km, number con-
SS radiances through scattering effects and a reduction in M8entration is only a scaling factor, even upote 200 cnt 3.
radiances through absorption effects. The already small MS A scene darkening at 35 km of up to—4.54 % (337 nm)
radiance reduction can vanish completely or even turn to aand —0.38 % (813 nm) results for smoke particles over a
small radiancéncreaseif the complex index of refraction at  bright surface and under extremely high particle nhumber
near-UV wavelengths is reduced (calculations for this typeconcentrations =200 cn13). Otherwise, for more realis-

of aerosol are shown in the discussion version of this paper)tic number concentrations of the same particle type, e.g.,
Moreover, an attenuation in total radiance can result from theo = 20 cn13, we get roughly 18 smaller scene darkening

presence of sulfate aerosol. of only —0.49 % (337 nm) and-0.04% (813 nm). This is
comparable to the OSIRIS measurement precision, which is

strongly absorbing pure soot particles produce a negligible

Overall, the addition of a moderately absorbing scatterer, i.e. S°€N€ darkenin?l ofless th?rﬁ).og % (337 nm) ane-0.04 % I
dust, results in increased radiances at all heights due to in(813 nm) over all ranges of number concentrations and albe-

creased multiple scattering effects, even at the shortest wavél0S used in the simulations.

lengths, where dust absorption is high. This is why even at We also calculated the_limi}ing C_afe Of_ a scene da_rken-
35km the scene appears brighter with dust in it than with-"9 @t~ 35 km for hypothetical “hybrid” particles with a size

out. In this section, we examine the effect of medium-sizedcom:’Sponding to smoke and an absorption corresponding to

smoke aerosols and small-sized pure soot aerosols on tot&H"€ SOOt. Flc(Jr the highes(tj number concentra;tion, this lead to
OSIRIS radiances for various combinations of carbonaceoug Scene darkening 64.5% @ = 0) and—-8.2% @ = 1) at

particle size, absorption, number concentration and surfacgs’ M- At 813nm, there was a scemeghteningof 1.2%
albedo. Table 6 shows the percent difference-86km al-  OVer a dark surface:(= 0) and a scene darkening 6f7.7 %

titude between a simulation including only air and air plus over a bright surfaces(= 1). At a number of concentration

carbonaceous aerosols in a 5km layer extending from 10 t§f # =20 cnm?, the scene darkening was reduced-@.5 %
15km. Negative values mean that the introduction of purel@ = 0) and—0.9% @ =1) at 337nm. At 813nm, the ef-
soot hasreducedthe radiance at-35km altitude with re-  €Ct Was a brightening of 0.1%: & 0) and a darkening of
spect to the case of air only. The scene darkening effect ig 0-9% @=1).

more pronounced for an albedo of 1. The percent increase or

decrease in radiance as compared to pure air conditions is lin-

ear with particle number concentration. That is, once a given
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Fig. 11.A comparison of single-scattered, multiple-scattered and total scattered radiance at 337 nm for absorbing dust (D1), pure soot (PS)
and smoke (SM) at solar zenith angles of §thick solid lines) and 87 (thinmer dashed lines). PS for low SZA is also distinguished with
circle markers and completely obscures PS for high SZA.

3.5 Effect of SZA on mineral dust and smoke however, this can be achieved with a lower complex index

of refraction for the smoke particles, as scattering and ab-

sorption are in a delicate balance in this size and absorption

regime. The TS radiance reduction at all heights above the

report the effect of increasing the SZA 087 on simula- ~ STOke layer was-0.08 % (Fig. 11). The results at 377 and

tions of mineral dust (D1) and smoke. 452 nm were gualitatively similar to those at 337 nm, with
the radiance knee now found-atl7.5 km and~ 12.5 km.

At the shortest wavelength (337 nm) and over a dark sur- X
face @ =0), a higher SZA decreased absolute levels of At the shortest wavelength (337 nm) and over a bright sur-

single-scattered (SS), multiple-scattered (MS), and total scafiaCe @ = 1), the results for an air plus dust mixture were sim-

tered (TS) radiances observed by OSIRIS for air plus dust!lar to results over a dark surface. This is likely because the
especially below the knee at20 km. However, dust absorp- effect of the surface (and its albedo) is low due to the atmo-
tion was not amplified appreciably by the longer path |engthsphere’s_h|gh optical thickness. For the air plus smoke mix-
(as compared to dust scattering) and dust still caused an ifur® at high SZA the tendency of absorption effects to dom-

creased MS and TS radiance as compared to that of air alon&)ate over scattering effects was simi]ar to that over a dark
as in the case of low SZA. The relative radiance levels ofSUrface, and a small TS radianluction(< 0.15 %) was

the air plus dust mixture to that of an air only atmosphereStill Present at all heights above the smoke layer (Fig. 11).
were in fact higher at the higher SZA for TS radiance below 1Ne results at 377 and 452 nm were again similar to those at

15 km. This occurred because the addition of dust increasegf‘g7 nm.
the net scattered signal levels detected by OSIRIS (Fig. 11), At the longest wavelength (813 nm) and over a dark sur-
For the air plus smoke mixture at 337 nm and over a darklace @ = 0) the atmosphere is still optically thin at the high

surface ¢ = 0) a higher SZA also decreased absolute levelsSZA: With a knee somewnhere below 5km. For the air plus

of SS. MS. and TS radiances. As in the case of dust. smokdust mixture, the relative amount of SS radiance (relative
absorption was not amplified appreciably by the longer path© &ir only) was very similar at low and high SZA; the rel-

length (as compared to smoke scattering) and the addition oftiveé amount of MS radiance (again, relative to air only)
smoke still caused just a slighecreasdn TS radiance as ~ Was higher at high SZA, with the net result that the relative

compared to that of air alone, similar to the case of low SzA2mount of TS radiance (again, relative to air only) was only
at all heights in the atmosphere. The highly-scattering highSigntly higher at high SZA because MS radiance is not very

SZA conditions were not quite sufficient to increase the scatSignificant at 813nm. In the case of the air plus smoke mix-

tering effects to dominate over increased absorption effectst,

The limb-viewing radiance simulations described up to this
point were performed at an SZA 6f65°. In this section, we

ure, the relative amount of SS radiance was slightly higher
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Table 6. Percent difference (at 35km altitude) between simulations including only air vs. air plus carbonaceous aerosols in a 5km layer
extending from 10-15 km. Pure soot and smoke particles are described in Table 2, while hybrid particles have the absorption of pure soot
and the size of smoke, representing a limiting case of the effect of carbonaceous aerosols in limb-scatter observations.

a=0 a=1
Pure soot Smoke Hybrid Pure Soot Smoke Hybrid
p [cm—3] 337nm 813nm 337nm 813nm 337nm  813nm 337nm 813nm 337nm 813nm 337nm 813nm
0.2 —0.0001 0.0000 —0.0028 0.0012 —0.0054 0.0014 —0.0001 -0.0001 —0.0049 —0.0004 —0.0096 —0.0087
20 —0.0050 —0.0003 —0.2746  0.1160 —0.5291 0.1366 —0.0089 —0.0035 —0.4895 —0.0402 —0.9430 -0.8604
200 —0.0500 -0.0027 —2.4633 1.1466 —4.4902  1.1967 —0.0884 —0.0350 —4.5417 —0.3778 —8.1904 —7.7199

at high SZA, the relative amount of MS radiance was very crease in single-scattered (SS) radiance at and below the dust
similar at high SZA, and the relative amount of TS radiancelayer and an increase in multiple-scattered (MS) radiance at
was slightly higher at high SZA. At the longest wavelength all heights. However, the decrease in SS radiance is primarily
(813 nm) and over a bright surface £ 1) the results for air  due to particle size affecting the direction of scattering, and
and dust as well as air and smoke mixtures at low and higmot due to dust absorption effects, which we find to be small
SZA were very similar to those over a dark surfage=(0). in the limb-scatter viewing geometry.

In summary, for a wide range of aerosol models and view- Some general statements can be made regarding the SS ra-
ing geometries, limb-scatter retrievals are not sensitive tadiance of the combination of air and dust (or ice). First, a dust
aerosol absorption. layer well below the radiance knee has negligible effects on

the SS Rayleigh radiance field. Second, a dust layer around

the height of the radiance knee shields the SS Rayleigh ra-
4 Summary and outlook diance field at and below the dust layer, causing a reduction.

Third, a dust layer well above the radiance knee compares
The limb-scatter satellite viewing geometry is well suited with or dominates the SS Rayleigh radiance field. The ex-
to detecting low-concentration aerosols in the upper tropo+ent to which the SS Rayleigh radiance shielding effect com-
sphere due to its long observation path lengt?00km),  petes with the increased single scattering effect is the extent
high vertical resolution +1-2km) and good geographic g which combining the molecular atmosphere with dust par-
coverage. We have evaluated the signature of aerosols ificles is nonlinear, i.e., non-additive. This interpretation only
limb-scatter satellite observations at ultraviolet, visible andpecomes clear when the effect of dust absorption is explicitly
near infrared wavelengths. We used the SASKTRAN 3-D ra-gjsentangled. We achieved this by comparing simulations of
diative transfer code to simulate OSIRIS satellite ObserVa'absorbing and non-absorbing dust particles, as well as dust
tions, paying particular attention to the effects of absorptiongng ice particles of the same size. The single-scattering ef-
of solar radiation by mineral dust and carbonaceous aerosolsect is very similar for ice, even though there is a significant
We also investigated the signature of ice particles of the sam@ifference between dust and ice particles’ absorbing proper-

size and number concentration as our mineral dust aerosolgies. This is because the size of the two particles is identical
as well as the signature of sulfate aerosols. The simulate¢h our simulations.

aerosols were placed between 10-15km in the atmosphere oyr simulations generalize over all particle types as fol-
while air molecules, when simulated, occupied the entirejgys. At long wavelengths (813nm) the addition of all
model atmosphere from 0-100 km. The absorbing aerosolgergsols (except pure soot) to an air only atmosphere pro-
were simulated at enhanced but realistic number concentraqyced a radiance increase as compared to air only, on account
tions. The simulations were performed at two albedas[0,  of the low Rayleigh scattering in air only at 813 nm. The ra-
1], four wavelengthsi =[337, 377, 452, 813nm], and two  gjance reduction due to soot aerosol was negligible.({ %)
scan geometries, corresponding to a solar zenith angle ot g)| heights (0—100 km).
65° and 87. We examined single, multiple, and total limb- At short wavelengths (337, 377, 452 nm), we found that
scattered radiance signatures individually. Multiple scatterthe addition of any aerosol species to an air only atmosphere
ing was calculated as the difference of a simulation with 50caysed a decrease in single-scattered radiation in the direc-
scattering orders and a single-scattering simulation. tion of OSIRIS. The reduction was clearly related to particle
Our simulations show that absorbing dust does not lead ta;jze first, with absorption responsible for second-order ef-
a scene darkening (reduction in total radiance) at short wavefects only. Also at short wavelengths, multiple-scattered ra-
lengths, as might be expected from the nadir-viewing expe-jation could either increase or decrease in the presence of
rience (e.g., Herman et al., 1997; Torres et al., 1998) withan aerosol species, depending both on particle size and ab-

total radiance at short wavelengths is the net result of a de-
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