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Abstract. In this paper we present an approach to retrievevertical extension of several kilometers. This so-called Junge
stratospheric aerosol number densities in the altitude rangtayer consists of supercooled sulfuric acid droplets with dif-
10-40km from SCIAMACHY limb radiance measurements ferent weight percentages 0bHO, in the aerosol and with

in the spectral range of the, @\ absorption band, near varying size between 0.1 and 1 um in diameter.

760nm. Here, the characteristic light paths differ for the
measured light in the £A-band and in the spectral contin-
uum next to the absorption band. T.h's difference is gsed Ghe stratosphere, where it is photo-oxidized to sulfuric acid
distinguish thg effect of st.ratospherlc aerosol scattering andy tnann and Roseri983 Oberreck et a).1983 Deshler
ground reflection on the limb measurement. The capability

. . etal, 1992 1993. Hence, volcanic stratospheric aerosol in-
to d|sentangl_e both eﬁeCtS.'s llustrated for SCIAMACHY fluences directly the heat budget of the atmosphere by ab-
limb observations over the Libyan desert, where the measure-

ments are not affected by tropospheric clouds Comparisoriorbing’ scattering and emitting radiation depending on their
. ) tical properties nai et al, 1978 McCormick et al,
of the SCIAMACHY retrieval and the SAGE Il aerosol ex- pa properties Mlugnai 8 :

tincti duct bet 7s0uth d northern latitud 1995 Solomon 1999. Close to the tropopause the strato-
slﬂgvl\?sntﬁgocll:;r nee\g(??gr priglrj kr?(;\r:vleetrc]jg:%:‘ tﬁ;nmaelaﬁ seiz ezpheric aerosol may affect the formation of cirrus clouds and

. : o it can have an indirect effect on climate and atmospheric
of the stratospheric aerosol for the SCIAMACHY retrieval. P

photochemistry Karcher and Sim, 2003 Penner et al.
We found besF agreement betwegn SCIAMACHY and SA.GEZOOS). Non-volcanic sources of stratospheric aerosol include
Il aerosol extinction for the period 2003—2005 for a prior

) . ; the transport of OCS from the lower atmosphere to the strato-
choice of the mean aerosol size radius of 0.2 um. The over b P

all agreement between both data sets is in the r % sphere, where it is photochemically transformed into, SO

. . S (Crutzen 1976. At present, it is still an outstanding ques-
;%O:/rgfzg i?#are difference at 14-30 km with aminimum ofijo, \yhether human activities significantly affect the strato-
0 .

spheric aerosol abundandg¢gfmann et al.2009. Next to its
climate relevance, stratospheric aerosol interacts with nitrous
oxide and chlorine reservoir specigsrgtzen 1970 Fahey
1 Introduction et al, 1993 and even small enhancements of the background

) aerosol level are sufficient to repartition the ozone balance.
Fifty years agoJunge and Mansofi96]) reported balloon-  Tnys it is difficult to assess long-term ozone trends without

borne measurements of the abundance of stratospherigficient knowledge on stratospheric aerosol variability.
aerosol. Junge and Manson observed a general decrease of

the aerosol particle concentration with altitude, butjustabove S€veral spacecraft-based spectrometers have been

the tropopause a layer of larger particles was detected with funched to monitor stratospheric aerosol through solar
occultation, starting with the Stratospheric Aerosol Mea-

surement Il (SAM 1I), which was successfully launched

Correspondence tal. Landgraf in 1978 (McCormick et al, 1979. Shortly after, in 1979,
BY

(i-landgraf@sron.nl) the Stratospheric Aerosol and Gas Experiment | (SAGE

An important source of the stratospheric aerosol are vol-
canic eruptions, which can inject a large amount o 8@

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2360 B. Ovigneur et al.: Stratospheric aerosol

instrument line of si

point
atmosphere
surface

Fig. 1. Two relevant light paths for limb observations in the longwave visible and near infrared. The effect of multiple atmospheric scattering
is not presented.

I, McCormick et al, 1982 was launched as the first of a measures the solar radiation in nadir, limb and occultation
series of three missions dedicated to measure stratosphergeometry, where the light is attenuated along its path through
aerosols. SAGE | was operational for 34 months. In 1984the Earth atmosphere. The relatively high spectral resolu-
and 2001, the SAGE mission got continued with the launchtion (0.2nm to 0.5nm) between 240nm to 1700 nm, and
of SAGE Il (Mauldin et al, 1985 Bingen et al. 20043ab) in selected regions between 2000 nm and 2400 nm, makes
and of SAGE Il (Yue, 200Q Chu et al, 2002. After nearly it suited for the detection of stratospheric aerosols (see also
21yr, the SAGE Il instrument was powered off in 2005. The Taha et al.2011). In this paper we present a novel approach
Meteor-3M mission, along with the SAGE Il instrument, in order to retrieve stratospheric aerosol density profiles from
was terminated shortly after, in 2006. The Improved SCIAMACHY limb measurements in thes\-band. In this
Limb Atmospheric Spectrometer-Il (ILAS-11) onboard the spectral range the different atmospheric paths of the mea-
Advanced Earth Observing Satellite-ll (ADEOS-II) was sured light allows to disentangle the effect of aerosols and
successfully launched in 2002 which also observed the atmosurface reflection on the limb measurement. So, an effec-
sphere through solar occultation. However after 10 monthgive Lambertian surface albedo and a vertical distribution of
ADEOS-II lost its function, and only seven months of data aerosol density between 10 and 35 km can be retrieved simul-
were acquired by the measurements of vertical profiles oftaneously from SCIAMACHY limb radiance measurements.
aerosol extinction coefficientsSéitoh et al. 2006. Still This paper is structured as follows: Sect. 2 analyzes the ef-
functional is the Atmospheric Chemistry Experiment (ACE, fect of stratospheric aerosols on SCIAMACHY limb mea-
Bernath et al. 2005 which was launched 2003. Overall surements over the Libyan desert between 2003 and 2009.
this unique series of satellite missions provides a set ofSection 3 describes the retrieval approach and in Sect. 4 the
more than 40yr of solar occultation measurements ofretrieval results are discussed, including a comparison with
stratospheric aerosols. spatially co-located SAGE Il measurements. Finally, the

. i paper is summarized in Sect. 5.
Solar occultation measurements allow a straight forward

and robust retrieval of aerosol extinction profiles but with the

downside of spatially sparse measurements. Alternatively2 Effect of Aerosols on SCIAMACHY limb

one can observe stratospheric aerosol from space employing observations

limb viewing geometry, which generally provides a better ge-

ographic coverage. The OSIRIBdurassa et 812007 and To demonstrate the sensitivity of limb radiance measure-
SCIAMACHY (Bovensmann et al1999 spectrometers are ments in the visible and near infrared on aerosol properties,
both limb sounding spectrometers. They were launched inve consider SCIAMACHY limb measurements at 500 nm
2001 and 2002, respectively, and are both still fully opera-over the Libyan desert for the period 2004—2009. Accord-
tional. SCIAMACHY is a grating spectrometer, whose pri- ing to the International Satellite Cloud Climatology Project
mary mission objective is to perform global measurements(ISCCP) cloud informationRossow and Schiffed 999 this

of trace gases in the troposphere and in the stratosphere. fegion shows very low cloud coverage all the year round. So,
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Fig. 2. SCIAMACHY limb radiance measurements at 500 nm over the Libyan desert for tangent height of 25 km as a function of time (black
solid line). The Figure shows also three different model simulations using the solar and viewing geometry of the limb observations: for only
Rayleigh scattering and no surface reflection (red dashed line), for only Rayleigh scattering and a Lambertian surface albedo of 0.30 (green
dotted line), for Rayleigh and background aerosol scattering and a Lambertian surface albedo of 0.30 (blue solid line).

the measured light is mainly direct sunlight which is either measurement geometries. Here we employ the full spherical
scattered at the tangent point in the SCIAMACHY view- scalar radiative transfer model Wfalter et al.(2006, which

ing direction, or reflected at the Earth surface and subseincludes multiple scattering of light. For an aerosol free at-
quently scattered in the instrument’s line of sight (see Big. mosphere without surface reflection (red dashed line), the
Here the light can be scattered either by air molecules omeasurements are significantly underestimated by the sim-
stratospheric aerosols. At 500 nm atmospheric absorptiomlations. Also, the seasonal variation is too weak in the sim-
by ozone is weak and thus its effect on the measurementilation. Enhancing the surface albedo to 0.30 increases the
is small. The Libyan desert is located around 2®rth- modeled radiance level, but reduces the seasonal variability
ern latitudes and so, the solar zenith angle varies betwee(green dotted line). The upward radiance at surface level due
27 in summer and 70in winter at the time of the SCIA- to Lambertian reflection of the direct solar beam is propor-
MACHY observation. For the limb viewing geometry of tional to the fluxuoFoexp(—to) Whereug is the cosine of
SCIAMACHY this causes a variation of the scattering an- the local solar zenith angléy, is the extraterrestrial solar ir-
gle of singly scattered light at the tangent point betweéeh 55 radiance, andy is the optical thickness along the solar beam
in winter and 100 in summer. It means that in winter the from top of the model atmosphere to the surface. At 500 nm,
single scattering geometry is closer to the forward peak ofr, is very small and so the seasonal dependence of the up-
the scattering phase function than in summer. As a result thavelling intensity at the surface is governed phy. Thus,
SCIAMACHY limb radiance varies seasonally as depictedthe upwelling intensity is in antiphase with the single scat-
in Fig. 2 for a tangent height of 25km. To illustrate the tering contribution of the measurement, and so enlarging the
different effects of aerosol scattering, Rayleigh scattering,surface albedo reduces the seasonal variability of the mea-
and surface reflection on the measurement, the figure showsurement simulation. The blue solid line of FRyshows a
different limb radiance simulations for the corresponding model simulation where we have also added a stratospheric

www.atmos-meas-tech.net/4/2359/2011/ Atmos. Meas. Tech., 4, 23%9-2011



2362 B. Ovigneur et al.: Stratospheric aerosol

40 ] expect that adjusting both the surface albedo and the aerosol
i 1 profile in the lower stratosphere may lead to an improved fit
35[0 7 to the data.
i 1 Also for the summer month, an albedo of 0.30 enhances
— 30r . the simulated limb radiance signal by nearly the same frac-
g i 1 tion at all altitudes. However, the aerosol effect is much
N 29[ ] smaller and causes only a significant change in the limb radi-
i 1 ance between 20 and 35 km, which hints at a reduced aerosol
20 ] sensitivity of SCIAMACHY limb measurements for high so-
i 1 lar elevation during summer months.
15F .

Figures?2 and4 indicate that a proper description of SCIA-
MACHY limb radiance measurements requires knowledge
of both the surface albedo and stratospheric aerosol abun-
dances for each individual sequence of limb measurements.
Normalizing the limb radiances with respect to a higher tan-
gent height removes a significant part of the albedo sensitiv-
ity of the measurement, but retains the sensitivity to strato-
spheric aerosols. This approach is chosen e.Jaa et al.
(2011 to retrieve stratospheric aerosol abundances. This pa-
per presents a different approach, where both surface albedo
and stratospheric aerosol density profiles are retrieved si-
multaneously from SCIAMACHY limb measurements at the

Fig.IB.ZISBofiIeTc: aerosol particl:lehdensittz adtop:ed ft:dnqughmtanf h spectral range of the £A-band, near 760 nm. In this man-
etal.(2009. The upper panel shows the stratospheric part of the .. - oo 11y accounts for the sensitivity of the limb radi-

rofile and lower panel the tropospheric part. The profile refers to a . .
Eackground load F()Jf stratosphgric F;eroso? P ance measurements with respect to both surface reflection

and stratospheric aerosol scattering.
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background aerosol to the model atmosphere. Here, th@ Retrieval approach
aerosol optical properties are adopted frooughman et al.

(2004 and the corresponding stratospheric aerosol density-q e simultaneous retrieval of stratospheric aerosol pro-
profile is shown in Fig3. Due to the strong forward peak of fieg and surface albedo, we make use of the fact that the
the aerosol scattering phase function, stratospheric aerosolfeagyred light mainly follows two characteristic light paths
gnhance_ the seasongl varlatlon of.the S|mu_lat|on by increassq indicated in FigL. Along the singly scattered light path
ing the single scattering signal during the winter months.  yhe amount of measured light is governed by extinction and
To compare SCIAMACHY measurements and simulationsthe scattering probability at the instrument line of sight. In-
at different tangent heights, we consider the mean Decemcreasing stratospheric aerosol at the tangent point increases
ber and June radiances for the period 2004-2009. Figure the amount of light traveling from the tangent point to the
shows the difference between the measurement and differerfatellite. When integrating the scattering source along a
model simulations as a function of height. Ignoring surface|ight path an enhanced aerosol abundance can also cause
reflection and scattering by stratospheric aerosol results in agn attenuation of the signal because of scattering into di-
underestimation of the measurements by the simulations.  rections other than the direction of integration. The second
During the winter month the effect is largest around 20—path includes the reflection of light at the Earth surface and
25 km, which hints at the presence of stratospheric aerosolghus increasing surface reflection has the same effect on the
Surface reflection with an Lambertian albedo of 0.30 en-limb radiance as increasing the amount of aerosol at the tan-
hances the simulation by about the same fraction at all algent point. For weak atmospheric absorption the relative ef-
titudes. This can be explained by the fact that at 500 nmfect of surface reflection is very similar at different tangent
atmospheric absorption and scattering are weak and so, theeights (as discussed in the previous section). To retrieve
relative contribution of light that is reflected at the surface both a stratospheric aerosol profile and surface properties
is only governed by the scattering properties at the satelfrom limb radiance measurements, one may neglect the ef-
lite line of sight. The extinction of light between the sur- fect of stratospheric aerosol on limb radiance measurements
face and the scattering point on the line of sight is of little at higher tangent point. Subsequently, these measurements
relevance. When we introduce a stratospheric backgroundan be used to retrieve surface albedo. The drawback of
aerosol in the simulation, we also see an increase of the rathis approach is twofold: due to the decrease of the mea-
diances, which is largest around 20-25 km. Due to that, wesurement signal at higher tangent height the relative effect of
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Fig. 4. Differences between monthly mean SCIAMACHY radiances and model simulations (measurement — simulation) as a function of
tangent height for December (left panel) and June (right panel) for the period 2004—2009. The model configurations are the sant as in Fig.

measurement biases like spatial straylight increases. Moreaerosol is located below 30 km, and so the retrieval captures
over, limb measurements at high tangent heights are affectethe most relevant height range. Also, Fiillustrates that

by stratospheric aerosols because of the extinction of light byabove 44 km the @A-band is observed as emission lines in
the spectrum. The source of this emission is dayglow which

aerosol scattering along the second light path in EigDe-

pending mainly on solar geometry the aerosol optical depthtypically originates from direct photodissociation, photoex-
along this light path can be significant and so a seasonal biasitation, and excitation by fast electrons, or ion recombina-
tion (Buchholtz et al. 1986 Slanger and Copelan@003.
Alternatively, we propose to use limb measurements atBecause atmospheric emission is not taken into account by
our forward model we consider only limb measurements be-
spectral continuum. Assuming a constant surface albeddow 40 km tangent height for the retrieval. The retrieval er-
over wavelength, one is able to disentangle the measurememntr which is caused by neglecting atmospheric emission is
information on albedo and on aerosol concentration due teestimated in Sect.

can be introduced.

different absorption depths of the;@-band including the

the different penetration depth of light. For the retrieval the
forward modelF in

y=F(x,b)+e

1)

has to be inverted, wheneis the measurement vector, and

its components. The forward model parameter vebtoon-

In the spectral range of theoQ\-band multiple scattered

light can contribute up to 20 % to the total limb radiance. To
simulate the limb radiances at the three wavelengths with the
SCIAMACHY spectral resolution of 0.5 nm, limb radiances
have to be calculated with a line-by-line spherical radiative
is the state vector, which has the parameters to be retrieved agansfer model on a spectral sampling of at least 0.01 nm.
Overall, this makes the forward model simulations computa-
tains other model parameters, which have to be chosen a priionally demanding. To simplify matters we calculate in each
ori, ande, combines measurement and forward model errorsiteration of the retrieval the single scattering contribution on-
For this study, we use SCIAMACHY level 1b version 7 data. line, whereas the multiple scattering contribution is approx-
The measurement vector is defined by a limb scan with tanimated by a look-up table as a function of solar geometry,
gent heights between 9.5 and 40 km and at three wavelengthgiewing geometry, and surface albedo. The look-up table is
756, 761, and 772 nm. The shortest and longest wavelengtprecalculated for the background aerosol scenario inJig.
belong to the spectral continuum, whereas the center wavethe overall error of the radiance simulation is estimated to

length is subject to strong oxygen absorption at the lowerbe <1 % for present-day stratospheric aerosol loading.
and middle stratosphere. The height range of the retrieval
is determined by two aspects. First, most of stratospheric
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Fig. 5. SCIAMACHY limb radiance measurements in the &-band normalized to the radiance at 758 nm for different tangent heights. The
vertical lines indicate the wavelengths used in the retrieval.

The state vectox of the retrieval consists of the Lam- with § =y — F(xo,b) + Kssgto and the measurement covari-
bertian surface albedo and the aerosol density profile, gridance matrixS,. Here, the forward model Jacobian is approx-
ded on 3.3 km thick layers between 10 and 40 km. Here, themated by its single scattering contributiBRscandx, is the
layer thickness is chosen such that each aerosol element gblution of the previous iteration step. The solution of the
the state vector can be assigned one-to-one to a limb meanversion problemZ) can be expressed by
surement. Above 40km, we assume an exponential aeroso| -
height distribution with a relative decrease éxpAz) with Xisq=GY @)
c=6-10°m1. Az represents the altitude difference with \yith the gain matrixG = KTS‘TlKK Tgyll The statistical er-
respect to 40km altitude. The model parameter veetIN-  or on the solutior®|sq due to the measurement noise, i.e. the

tains the description of the aerosol micro-physical proper-retrieval noise is described by the covariance matrix
ties. For this study, we assume that the stratospheric aerosol

consists of spherical droplets of 25 % sulfuric acid and 75 %S, = GS,G” . (4)

water. The aerosol size is described by a mono-modal Iog—C  the iteration is tested b inavih
normal distribution function with a variance of 0.25 um and olnvergence of the iteration ;S eds € Iytpon:cparlngxt ©
with an effective radius of 0.10, 0.15, 0.20, and 0.35um for ValU€s between measurement and simulation for two consec-

utive iteration steps — 1 andn. For a maximum number of

different retrieval scenarios. Using Mie theory, the extinc- ="~ X . .
nine iteration steps convergence is achieved when

tion coefficient, the scattering coefficient, and the scatter-
ing phase function are calculated .for a refractive index of|XnZ_XnZ_1| <0.1x2. (5)

r =(1.427,0.000) at 756 nm (’Almeida et al, 1991). Sur- _ _ _

face pressure and temperature profiles are taken from th@therwise data are rejected. A more stringent convergence
three-hourly forecast of the European Centre for Medium-criterion did not improve the quality of the retrieved aerosol
Range Weather Forecasts (ECMWF) model, and have beeprofiles.

interpolated to the SCIAMACHY overpass time and foot

print (cf. http://www.knmi.nl/samenw/tos)i/ The absorp-

. . 4 Results

tion cross sections of molecular oxygen are adopted from the
Hitran 2008 data bas®6thman et a).2009.

With the defined state vectar and the model parameter
vectorb, Eqg. (1) is inverted by combining a GauR-Newton To get a first indication on the performance of the proposed
iteration with a linear least squares minimization for eachalgorithm, we consider the retrieval of stratospheric aerosols
iteration step, over the Libyan desert. In Sect. 2, we mentioned the ad-
vantage of these measurements, i.e. the absence of tropo-
1 spheric clouds, which eases the analysis of the retrieved
. L e1/2 _ ; .
Xisq= rrlmllsy {y — Ksser )l ) data. Figures shows the retrieved aerosol density at around

Retrieval over Libya
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Fig. 6. Stratospheric aerosol density retrieval over the Libyan desert. Dots indicate individual measurements while the solid line represents
a one month running mean. (First panel) Aerosol density at 25 km retrieved from SCIAMACHY limb radiance measurements in the O
A-band. (Second panel) Lambertian surface albedo retrieved at 500 nm. (Third panel) Black sky albedo as a function of time due to its
underlying dependence on solar zenith angle as propos@&iliegleb et al.(1986 (red dots) andVang et al.(2005 (blue dots). (Fourth

panel) SCIAMACHY limb radiance measurements at 500 nm at the tangent height closest to 25 km (blue) and forward simulations (red) using
the retrieved aerosol profile and the fitted Lambertian surface albedo at 500 nm. (Fifth panel) Relative differences between measurements
and simulations.
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25km height, assuming a size of 0.35 um effective radiusthe center of the Chappuis ozone band are used to retrieve
The mean aerosol density is about 0.3 particlestwhich ozone in the lower stratosphere (see gan Savigny et al.
is a typical stratospheric background concentration at thi2003 the improved forward simulations may be beneficial
altitude (e.g.Bingen et al. 2004h. Since the launch of for these retrievals.
SCIAMACHY, there has been no major volcanic eruption The second panel of Fig shows the retrieved albedo
with significant stratospheric sulfur injection in the tropical at 500 nm with a clear seasonal dependence. During sum-
and subtropical region and so, the mean retrieved values raner albedo values around 0.2 are retrieved, whereas during
flects the present stratospheric abundance. The time serigbe winter season the retrieved albedo exceeds 0.6. The re-
shows a spread of the data around its monthly running valudrieved albedo is an effective parameter, accounting also for
~0.1 particles cm3. This is significantly above the retrieval light scattering in the troposphere, which is not properly de-
noise levek 0.01 particles cm3 at 25 km for a typical scat-  scribed in the retrieval. Nevertheless, the seasonal depen-
tering angle between 40and 80 for this geolocation (see dence can be attributed to bidirectional reflection at desert
the discussion of Figll later in the paper). For the time surfaces. The third panel of the figure shows a black sky
series in Fig.6 the provided SCIAMACHY tangent height albedo estimate of a desert surface as suggestedang
varies only by+100m. This means that the depicted time et al.(2005 andBriegleb et al(1986. The black sky albedo
series shows measurements at slightly different altitudes ant defined as the albedo in the absence of a diffuse down-
assuming the gradient in the aerosol density profile of Fig. ward irradiance at the surface and is a function of solar zenith
the corresponding fluctuation in the aerosol density is belowangle. Both parametrizations show the same seasonal depen-
0.015c¢nT3. In addition, the limb altitude pointing error of dence but with a smaller amplitude compared to the retrieved
SCIAMACHY of a few hundred meterss¢n Savigny eta). SCIAMACHY albedo. It is important to note that a di-
2005 is not sufficient to explain the spread of the aerosolrect comparison between the black sky albedo and the effec-
density as shown in the figure. Thus we can rule out vari-tive SCIAMACHY albedo is not valid. The SCIAMACHY
ations and errors of the tangent height to explain this fea-albedo describes effectively the surface reflection into the
ture. To our knowledge stratospheric aerosol at this altitudeupward directed solid angle which influences the limb ra-
does not vary on these short time scales and so, we have iances and which is difficult to estimate. In contrast, the
attribute this variation mainly to the effect of measurementblack sky albedo accounts for reflection in the entire upward
biases and forward model errors on the retrieval. hemisphere. Nevertheless both albedos result from the same
To assess the spectral consistency of the retrieved aerosahderlying bidirectional surface reflection, which is the ori-
properties, we look into the simulations of SCIAMACHY gin of the observed seasonal albedo dependence in the figure.
limb radiance measurements at 500 nm in the visible part of Next, we estimate the effect of atmospheric emission at
the solar spectrum. From these measurements, we determirf®1 nm on the aerosol retrieval. For this purpose we compare
a Lambertian surface albedo using a least squares inversiothe measurements shown in Figwith measurement simu-
In this manner, we account for the spectral variability of sur-lations using the SCIAMACHY viewing and solar geome-
face reflection between the visible and the spectral range ofry. For the simulation the aerosol density profile of F3g.
the @ A-band. Moreover, for the radiance simulation the is utilized and an effective surface albedo is retrieved from
aerosol properties were used, which were retrieved beforethe limb observations at 756 and 772 nm. Subsequently, this
hand from SCIAMACHY Q A-band measurements. Fig- albedo is used to simulate measurements at the center of the
ure 6 shows SCIAMACHY measurements and correspond-O, A-band at 761 nm. The difference between measurement
ing radiances simulation at 500 nm. At this wavelength andand simulation at 70 km is employed as a conservative esti-
for small scattering angles the limb radiance has significanmate of the atmospheric emission because at this altitude the
sensitivity to stratospheric aerosol. In addition, the measureeffect of aerosols on the measurement can be neglected. Us-
ment is only little affected by ozone absorption at the Chap-ing the volume emission rate of thes@ band for a typical
puis absorption band ranging from 440 nm to 1180 nm. Sodayglow situation (adapted from Fig. 5 Blichholtz et al.
uncertainties in the stratospheric ozone profile are of minorl986 we extrapolated the emission signal from 70 km to the
relevance in this context. The lowest two panels of Big. altitude range from 0—40 km used by the retrieval. The emis-
indicate a small underestimation of the measurement by thaion signal is shown in Fig. with a clear maximum at 45 km
simulation of about 5 %5 %). This is slightly larger than  due to the production of %) by ozone photodissociation
the spectral residuals of the aerosol fit in the ®band  followed by a quenching of @D). The remaining emis-
(about 3% in the continuum). One possible explanation ission below 30 km corresponds to @) production by res-
the prior choice of aerosol micro-physical properties for theonance scattering in the,OA band. Here we intrinsically
measurement simulations which is not fully suited to de-assume that the emission signal is determined predominantly
scribe the correct wavelength dependence. Nevertheless, teom atmospheric emission close to the tangent height and
retrieved vertical aerosol distribution improves significantly so atmospheric emission at higher altitudes along the instru-
the SCIAMACHY limb measurement simulations in the vis- ment line-of-sight is ignored. This approach may result in an
ible. Keeping in mind that limb radiance measurements atunderestimation at lower tangent height, and so the derived
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Fig. 7. (left panel) Relative contribution of the emission sigiighsto a SCIAMACHY limb radiance measurements for a representative
retrieval over the Libyan Desert. The emission signal is estimated as described id. $eght panel) Effect on the aerosol retrieval when
atmospheric emission is neglected in the retrieval. Hﬂgnis the retrieved aerosol density when emission is added to the measurement
simulations and/aeris the retrieved aerosol density when emission is ignored.

emission signal should only be considered as a rough estiproduct depends on the a prior choice of the aerosol size pa-
mate. Finally, we compare a typical retrieval from SCIA- rameter. Thus we convert both, the SAGE Il and the SCIA-
MACHY measurements when the emission signal is added ttMACHY aerosol profiles to extinction profiles at a certain
the forwards simulation of a corresponding retrieval with the wavelength using the corresponding micro-physical aerosol
retrieval performance when the emission signal is omitted properties of the retrieval. Furthermore we consider only
The right panel of Fig7 depicts the effect on the retrieved SAGE and SCIAMACHY aerosol profiles, which are spa-
aerosol profile which is<5 % for altitudes below 30 km. tially co-located within+=300 km along flight direction and
These first results for SCIAMACHY measurements over £115km across flight direction, and with a measurement
the Libyan desert provide confidence in the overall retrievaltime difference of less than 12h. FiguBeshows one spe-
approach. To get a more quantitative estimate of the retrievatific SAGE |l and SCIAMACHY aerosol extinction profile at
accuracy, a comparison of our retrieval with independent525 nm over central China. Both profiles show a maximum
spatially and temporally co-located measurements of stratoaerosol extinction of 310-*km~! between 15 and 18 km.

spheric aerosol is needed. Below 12 km the SCIAMACHY extinction is much larger
_ . than the corresponding SAGE extinction. At these altitudes,
Comparison with SAGE I contamination of the line of sight by thin cirrus clouds may

) _ ) _ ~cause the large difference between the two profiles, which
SAGE I provides aerosol density and radius profiles which goeg not necessarily indicate an error in one of the retrievals.
are retrieved from solar occultation at several wavelengthsapove the stratospheric maximum the SAGE profile decays
For our;tudy, we employ version 6.2 of the SAGE Qata.prod—more rapidly and for this case no stratospheric aerosol are
uct, which are provided by the NASA atmospheric sciencereported above 25km. The SCIAMACHY profile decreases

data center (c.fhtp://eosweb.larc.nasa.gov To compare |egs rapidly towards higher altitudes and non-zero values are
SAGE Il data with the SCIAMACHY aerosol particle den- ¢ ,nd up to 30 km.

sity profiles, it is important to realize that the SCIAMACHY
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Fig. 8. Spatially and temporally co-located SAGE Il and SCIAMACHY aerosol extinction profile at 525 nm above China, 3 January 2003.
The SAGE Il extinction profile are calculated from SAGE Il aerosol density and radius profiles. The SCIAMACHY extinction profile is
determined in the same way.

For a more extended comparison, we consider about 200@ffect on the retrieval than for larger scattering angle. The re-
co-locations between SAGE Il and SCIAMACHY measure- duced aerosol sensitivity of the measurement for large scat-
ments for the period January 2003 to June 2005, betweetering angles is also the reason for the little number of suc-
75° southern and northern latitude. Figleshows a scat- cessful SCIAMACHY retrievals at the Southern Hemisphere,
tering diagram of co-located SAGE Il and SCIAMACHY respectively at larger scattering angles. Fig@asd10also
aerosol extinction coefficients in a 3 km thick layer centeredpresent SCIAMACHY retrieval results for smaller aerosol
at 25km. For comparison the SAGE profiles are interpo-particles with a mean radius of 0.15 um. Here, the correlation
lated linearly to the SCIAMACHY retrieval heights. For between SCIAMACHY and SAGE Il is clearly improved
a mean radiug = 0.35 um, the SCIAMACHY aerosol ex- with a slope of the linear data regressiomo& 1.1 but with
tinctions exceed significantly the corresponding SAGE val-a small effect on the spread with, = 1.3-10"°km~1. For
ues. This is illustrated by a linear regression through thethe smaller aerosols much more retrievals converge for mea-
data points where the fitted line is constrained to go throughsurements over the Southern Hemisphere and the relative dif-
the origin. Forr = 0.35um, we obtain a slope af = 0.6 ference between both data sets depends less on scattering an-
which deviates significantly from the ideal 1-to-1 line. The gle or latitude, respectively. This indicates a better choice of
spread of the data set can be characterized by the mean difhe prior aerosol size and a clear improvement with respect
ferences,, = 1.5-10~° km~1 between the data points and the to the previous retrieval.
linear regression. To assess the data spread in Fi§, we investigate the

Figure 10 illustrates the difference between SAGE and _retrleval noise for a set of simulated measurements cover-

SCIAMACHY aerosol extinctions as a function of the scat- 9 th_e scattering an_gles of FigO. T_he measurement noise

. ) . is estimated by an instrument noise model. For this pur-
tering angle and latitude of the SCIAMACHY observation. ; . : .
Because of the sun-synchronized orbit of ENVISAT, scat- pose we consider limb radiancé, 4) as a function of tan-

tering angle and latitude are correlated. The figure iIIustratesgent height: and wavelengtf. in the G, A-band. The cor-

that differences between SAGE and SCIAMACHY retrievals respondlng photo&gnaﬂph(k), I.e. the number of counted
: : electrons, is given by

are smallest at northern mid-latitudes or for smaller scatter-

ing angle. Eor these cases, the aerosol sensitivity of the Me&; | (2, ) = cpnl (z,1) (6)

surements is largest and hence forward model errors, e.g. due

to a wrong prior estimate of the aerosol size, have a smallewith a calibration constantph. The instrument noise model
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Fig. 9. Scatter diagram of co-located SAGE Il and SCIAMACHY aerosol extinction coefficient at 25 km. The black squares indicate
SCIAMACHY retrieval with a mean radius= 0.15 um, the green diamonds shows retrieval with0.35 pum.
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Fig. 10. Relative difference between SAGE and SCIAMACHY aerosol extinction coefficiant{SAGE-SCIAMACHY)/SAGE, at 25 km
as a function of scattering angk The black squares indicate SCIAMACHY retrievals with a mean raghig®.15 um, the green diamonds
shows retrievals witlt = 0.35 um.
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Fig. 11. Retrieval noise as function of scattering anglat four different heights 18, 21, 25 and 31 km. The retrieval noise is estimated for
simulated measurements using the SCIAMACHY noise model inBqThe measurements are simulated for a low surface albedo of 5 %.

combines the shot noise contributiQ)ﬁST)r1 and the instru- of the measurements. For scattering angles 150¢° the
ment noiseNinst. The latter combines error sources, like de- aerosol sensitivity of the measurements increases because of
tector read-out noise and digitization noise, which do not de-the backward scattering peak of the aerosol scattering phase
pend on the signal strength. Thus, we obtain the signal tdunction. Overall, at 18, 21 and 25km the retrieval noise
noise ratio of the measurement by stays below 0.075, 0.035 and 0.025c¢hwhich correspond

to retrieval retrieval errors below 4, 3.5 and 6 %. At 31 km al-

SNR(z,A) = cphl(z,2) . 7) titude the retrieval noise does not exceed 0.07¢or 25 %.
/cphl(z,k) +Niﬁst So, the data spread in Figj0, especially at small scattering
angle, cannot be caused by the SCIAMACHY retrieval noise.
Both, the calibration constangy and the instrument noig In contrast, the SAGE Il data uncertainty for the considered

are determined from the measurement noise of a representaata set at 25 km altitude is in the order of 20 %, which, at
tive SCIAMACHY limb scan over the Libyan Desert. The least partly, explains the scattering of data in Hi@.
error model is tested for the set of SCIAMACHY measure-
ments which are used in Fig0 covering the range of scat- To illustrate the overall retrieval performance, FitR
tering angles 30—160 Here,the measurement error could be shows the sloper and the deviatior$,, as a function of
described with an accuracy &f15 % of the absolute mea- height for different aerosol effective radii 8= 0.10, 0.15,
surement error at tangent height80 km. 0.25, and 0.35um. The figure indicates thatifer 0.20 pm

For the retrieval noise estimate in Filjl, measurements the best correlation can be achieved. For this radius and
are simulated for a low surface albedo of 5% and for theabove 14 km altitude, a small height dependencenois
aerosol profile in Fig3. Due to the low albedo the noise present, which may indicate a small increase of the aerosol
estimate can be considered as an upper threshold. The ré&eight at lower altitude. The effect of aerosol size on the de-
trieval noise is shown for four different heights 18, 21, 25 viation §,, is less pronounced. Faér=0.20um,s,, varies
and 31km. It increases with increasing scattering anglefrom 25 % of the mean SAGE extinction t015% at 22 km.
6 with a maximum at9 = 15C¢°. The increase in the re- For7 =0.10 and 0.35um, the deviation is somewhat larger.
trieval noise is due to a decrease in the aerosol sensitivityAt lower altitudes< 14 km, the deviatios,, increases, which

Atmos. Meas. Tech., 4, 2359373 2011 www.atmos-meas-tech.net/4/2359/2011/
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Fig. 12. (Upper left panel) Slope of a linear regression for a scattering diagram as i@ &sga function of height. (Upper right panel)
Mean deviation from the linear regressiy as a function of altitude, relative to the mean SAGE extinction proffigxt. (Lower left panel)
Root mean square difference between SCIAMACHY and SAGE relatie,o (Lower right panel) Mean SAGE extinction profiiaxt.

may be caused by the presences of cirrus clouds. Overall the Conclusions
agreement between the SAGE Il data product and the pre-

sented retrievals is in the order of 30—-50 % root mean squargn this study, we have presented an approach to retrieve
difference relative to the mean SAGE profile, with a min- stratospheric aerosol density profiles from SCIAMACHY
imum of 30% around 22km. The comparison of various |imp radiance measurements in the spectral range of the O
stratospheric aerosol products from different instruments bya absorption band around 760nm. The different paths of
Thomason and PetgR006 indicates differences between the measured light at the spectral continuum with very lit-
20-60% and so the differences between SAGE and SClAﬂe atmospheric absorption and at the center of thea®
MACHY aerosol extinction of this study are in agreement sorption band with strong atmospheric absorption allows to
with these findings. disentangle the effect of surface reflection and aerosol scat-
Overall, bearing in mind that the investigated data set de+ering on the measurement. Using an iterative least squares
scribes the current stratospheric background aerosol with lowninimization, aerosol density profiles are retrieved in the
particle densities, the achieved agreement between the SAGEe|ght range 10-40 km. Retrieval simulations for measure-
II'and SCIAMACHY aerosol retrieval not only underlines ments over the Libyan desert with very little cloud contami-
the suitability of the retrieval concept, but also shows a satisnation showed the capability to determine surface reflection
fying quality of the SCIAMACHY retrieval product. properties and aerosol density profiles. To verify the retrieval
quality, about 2000 SCIAMACHY aerosol density profiles
were compared with SAGE Il aerosol extinction retrievals for
the period 2003-2005. For this purpose the SCIAMACHY

www.atmos-meas-tech.net/4/2359/2011/ Atmos. Meas. Tech., 4, 23%9-2011
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