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Abstract.

Stratospheric aerosol particles under non-volcanic ¢mmdi are typically smaller than 0.1 pm.
Due to fundamental limitations of the scattering theoryhia Rayleigh limit, these tiny particles are
hard to measure by satellite instruments. As a consequemcent estimates of global aerosol prop-
erties retrieved from spectral aerosol extinction measerdgs tend to be strongly biased. Aerosol
surface area densities, for instance, are observed to he 48% smaller than those derived from
correlative in situ measurements (Deshler et al., 2003).aégurate knowledge of the global dis-
tribution of aerosol properties is, however, essentialdtids understand and quantify the role they
play in atmospheric chemistry, dynamics, radiation anuate.

To address this need a new retrieval algorithm was devejoggdh employs a nonlinear Optimal
Estimation (OE) method to iteratively solve for the monomalcgize distribution parameters which
are statistically most consistent with both the satehiteasured multi-wavelength aerosol extinction
data and a priori information. By thus combining spectrairetion measurements (at visible to
near infrared wavelengths) with prior knowledge of aergsoperties at background level, even the
smallest particles are taken into account which are prabtiinvisible to optical remote sensing
instruments.

The performance of the OE retrieval algorithm was assesasédoon synthetic spectral extinc-
tion data generated from both monomodal and small-moderdortbimodal sulphuric acid aerosol
size distributions. For monomodal background aerosolndve algorithm was shown to fairly ac-
curately retrieve the particle sizes and associated iatedrproperties (surface area and volume
densities), even in the presence of large extinction uaceyt The associated retrieved uncertain-
ties are a good estimate of the true errors. In the case ofddhimackground aerosol, where the
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retrieved (monomodal) size distributions naturally diffeom the correct bimodal values, the as-
sociated surface areal) and volume densitiesi{) are, nevertheless, fairly accurately retrieved,
except at values larger than 1.0fom=3 (4) and 0.05urficm—2 (V), where they tend to under-
estimate the true bimodal values. Due to the limited infdromacontent in the SAGE Il spectral
extinction measurements this kind of forward model erromecd be avoided here. Nevertheless, the
retrieved uncertainties are a good estimate of the truesimathe retrieved integrated properties,
except where the surface area density exceeds the 2dhm threshold.

When applied to near-global SAGE Il satellite extinctionasiered in 1999 the retrieved OE sur-
face area and volume densities are observed to be largeespectively, 20-50% and 10-40%
compared to those estimates obtained by the SAGE |l opesdtietrieval algorithm. An examina-
tion of the OE algorithm biases with in situ data indicated the new OE aerosol property estimates
tend to be more realistic than previous estimates obtaimed femotely sensed data through other
retrieval techniques.

Based on the results of this study we therefore suggestttbatdw Optimal Estimation retrieval
algorithm is able to contribute to an advancementin aemeselarch by considerably improving cur-
rent estimates of aerosol properties in the lower stratsptinder low aerosol loading conditions.

1 Introduction

Stratospheric aerosols are known to play an important rotheé climate system because they can
influence the global chemical and radiation balance in theoaphere in a number of ways (Mc-
Cormick et al., 1995; Solomon, 1999). In the aftermath ofidéavolcanic eruptions stratospheric
aerosols have a significant impact on the Earth’s radiatédarze for several years after the erup-
tion. The observation that stratospheric sulphuric acids® can exert a cooling effect on tropo-
spheric temperatures (e.g. Pueschel, 1996) has even ataduhe idea of deliberately introducing
aerosols to counteract climate warming caused by anthespo@missions of greenhouse gases.
This area of research, called geoengineering by sulphabsals, is receiving increasing attention
(e.g. Rasch et al., 2008a,b; Tilmes et al., 2008). Duringaraically quiescent periods, when strato-
spheric aerosol can be characterized as in a backgrouedustpéerturbed by volcanism, the direct
radiative impact of stratospheric aerosols tends to beratinall. However, these particles may also
play a role in the nucleation of near tropopause cirrus, bod indirectly affect radiation (Karcher
and Strom, 2003; Penner et al., 2009). Stratospheric lbaokd aerosols also play an important
role in the chemical balance of the stratosphere. At miitiuldés they affect the ozone balance in-
directly by interacting with both nitrous oxides (Fahey ket 8993) and chlorine reservoir species.
For instance, NQincreases under low aerosol loading conditions and indozese loss from the
nitrogen catalytic cycle (Crutzen, 1970). In the polartstsphere the small aerosol particles provide
condensation sites for polar stratospheric clouds whieh firovide the surfaces necessary to con-
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vert inactive to active chlorine leading to polar ozone IoBBese examples provide an insight into
the intricate interactions between stratospheric aesasd the climate system.

The impact of an aerosol on the different processes is detethby the chemical composition
and, more importantly, by the microphysical propertiestipke size distribution, surface area den-
sity, and the volume density. These properties are detexdrby the production mechanisms of the
particles, by the source of precursor gases and subseduemical reactions, by temperature and
the abundance of gas phase sulphuric acid, and by the grodtreanoval processes.

Much knowledge about these aspects was gained from in siasumements. The stratospheric
aerosol layer was first measured in the late 1950s usingdraborne impactors (Junge et al., 1961)
and is often called the Junge layer, although its existeraseswggested 50 years earlier from twilight
observations (Gruner and Kleinert, 1927). From a numberoofpdementary measurements the
knowledge was established that stratospheric aerosohipased primarily of sulphuric acid and
water during both volcanically active and quiescent pegi@alg. Junge et al., 1961; Rosen, 1971,
Hofmann and Rosen, 1961; Deshler et al., 1992; Sheridan 498i2; Grainger at al., 1993; Arnold
et al., 1998; Murphy et al., 1998). Under background coadgj these originate mainly from the
tropospheric source gases carbonyl sulphide (OCS), (ahdakphur bearing molecule), and $0
and from direct injections of sulphate particles (CrutZE$/6; Turco et al., 1980; Weisenstein and
Bekki , 2006). During strong volcanic eruptions, sulphudiiectly injected into the stratosphere
and then oxidized and transformed into sulphuric acid. ©Othi@or constituents of stratospheric
aerosol include upper tropospheric material such as ejteshmonia, organics, minerals and metals
(e.g. Talbot et al., 1998; Murphy et al., 1998), or meteoratenial (Murphy et al., 2007; Renard
et al., 2008), aircraft and rocket exaust (Kjellstrom et 5999; Danilin et al., 2001; Jackman et al.,
1996). A comprehensive review of the measurements, theriaapee, and the life cycle of local and
global stratospheric aerosol can be found in Deshler (2008)

Direct measurements of size resolved particle conceatraiin the lower stratosphere are pro-
vided by balloon-borne in situ measurements which aredidhitrimarily to Laramie/Wyoming/USA
(41° N) with sporadic measurements from Lauder/NZ%(&% and a few other locations (Hofmann
et al., 1975; Deshler et al., 2003). These measurementbavilsed (in this study) as prior knowl-
edge, with the help of which SAGE Il spectral extinction measnents will be evaluated to obtain
new estimates of aerosol properties under non-volcaniditions. The balloone-borne measure-
ments from Laramie (Deshler et al., 2003) along with grouaskal lidar measurements at two mid-
latitude sites (Osborn et al., 1995; Jager, 2005) and tomidal sites (Barnes and Hofmann, 1997,
Simonich and Clemesha, 1997) provide the longest stratsgpaerosol records available (Deshler
et al., 2006). They are particularly valuable, for instgrfoe having captured the complete cycle
of three major volcanic eruptions (Fuego, 19745 B4 El Chichbn, 1982, 17N; Pinatubo, 1991,
15° N) which have not been measured in as much detail or even attat satellite instruments.

Although ground-based or air-borne in situ measuremertgige detailed and valuable infor-
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mation about stratospheric aerosol properties, theitreamains local. To be able to quantify the
climatic impact of stratospheric aerosol on a global sahley have to be complemented by large-
scale measurements from space based platforms.

Long-term measurements of the global stratospheric aebosden using satellite instruments
began in the late 1970s with the Stratospheric Aerosol Measent (SAM) 1l (Pepin et al., 1977,
Poole and Pitts, 1994) and the Stratospheric Aerosol andE@psriment (SAGE) | (McCormick
et al., 1979). SAM Il was a one channel instrument which to@dasurements at high-latitude
regions (between 64 and 8R) for about 12 years between 1979 and 1991. SAGE | was a four
channel sun spectrometer taking measurements on a ndmat-gkdient (between 8N and 80 S)
between 1979 and 1981. Its successor, SAGE Il (McCormid&7),9vas upgraded to seven spectral
channels (four of which are suitable for aerosol measuréshend provides the longest continual
record of aerosol spectral measurements to date: it opkbateveen 1984 and 2005 for 21 years.

For a volcanic aerosol laden stratosphere, current esisrataerosol surface area density re-
trieved from SAGE Il measurements are observed to agreenitblthose inferred from size distri-
butions fit to in situ measurements (Thomason et al., 19%9i7¢ohtrast, under background aerosol
conditions, the retrieved surface area estimates tend #@¥%esmaller than those derived from the
corresponding in situ data (Deshler et al., 2003; Reevel, &8). Discrepancies have also been
observed between SAGE Il estimates and in situ measuremmemisnber densities and median par-
ticle radii (Bingen et al., 2004a,b). These and other otzerms gathered in a recent assessment of
stratospheric aerosol properties lead to the conclusian‘#ignificant questions remain regarding
the ability to characterize stratospheric aerosol durimiganically quiescent periods, particularly in
the lower stratosphere” (Thomason and Peter, 2006). A gonodlledge of these aerosol properties
at the natural background level is, however, an importai@reace base on which trends can be
estimated and perturbations of the climate system can h#ifjad.

The difficulty associated with retrieving aerosol propestirom SAGE || measurements in the
volcanically unperturbed stratosphere has to do with thalsizes of background aerosol particles.
Median radii are typically between 0.01 and 0.2 um. One m@mhik that their contribution to the
measured optical extinction is often of the same order ofnitade as the experimental uncertainty.
To illustrate this, Table 1 presents the fractional contiins by all particles smaller than 0.1 pm
to the total SAGE Il spectral extinction, for three diffetesize distributions. They are observed
to be similar in magnitude to the listed experimental s@taincertainty levels. Table 2 lists the
associated fractional particle number, surface area aluthe These numbers demonstrate that for
two of the three example size distributions the great migjofiall particles are smaller than 0.1 um.
Moreover, volume density depends less on the small pastibkn surface area density.

In addition to the low sensitivity problem, particles tha¢ anuch smaller than the measurement
wavelength are hard or even impossible to discriminate imsraf fundamental limitations of the
scattering theory in the Rayleigh limit (Heintzenberg etE#81). The accurate determination of the
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particle size distribution parameters and associatedriated aerosol properties depends, however,
on all particles including the smallest. This means, thatieate aerosol property estimates can only
be obtained by combining the measurements with additiomad information about those particles
in the "blind spot” of the experiment.

In response to this need for improved estimates of aerosqepties under background condi-
tions, a new aerosol retrieval model was developed, that teeOptimal Estimation approach to
combine space based measurements of aerosol extinctibrpridtr knowledge about background
monomodal size distributions. This way, even the smallasdt gractically invisible particles are
considered in the retrieval process. Section 2 introdueesiathematical description of the aerosol
microphysical properties, the basic radiative transferagigns, the SAGE |l satellite experiment,
and the current SAGE Il retrieval method. In Section 3 the @ retrieval algorithm and the
Bayesian approach, which it is based upon, are describe&edtion 4 the new OE estimation
retrieval algorithm is assessed based on synthetic aee@tioktion data. The a priori data set is
described, the retrieved results are presented, and thevest as well as additional uncertainties are
assessed in a comprehensive error analysis. In Sectiongthalgorithm is applied to near-global
SAGE Il satellite measurements. The results are presentédiacussed in the light of current es-
timates of aerosol properties retrieved (from the sameanetitin data but) using different retrieval
approaches. Section 6 closes with a summary of the mairtsesud conclusions.

2 Aerosol properties and measurements

The size spectrum of stratospheric aerosol is generallfiracsus and may range from only a few
nanometres up to about 10 micrometres. The most widely ugedstribution model for strato-
spheric aerosols is the differential lognormal expressioren by

dN(r) N; 1 1 (Inr —InR;)?
= L B el el 2 1
dr Zz: VoS T P72 S? W

whereN; is the total number of particles per unit volume of &y,is the median particle radius, and
S; is the half width or standard deviation of mod€sS is the equivalent ofn o, which is sometimes
used in the literature). Monomodal distributions have amg mode, whereas multimodal particle
size distributions can be described by a superpositionwdraémodes.dN/dInr is the number
of particles per unit volume of air in a radius interval beéwe andr + dr. The total number of
particles can be calculated by summation over all partadéi and is usually given per cn

The non-volcanic stratospheric background aerosol isllysuall described by a monomodal size
distribution, although balloon borne in situ measuremenrticate that a second mode of larger but
less abundant particles can coexist (Deshler, 2008).
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From the particle size distribution the associated surémea density and volume density can be

derived
° N
A= / 4772 d d;r) dr = 47NR?-exp [25’2} (2)
0
4 ., dN 4 .
V= /0 5771“3 . dir) dr = §7TNR3 - exp [g 52] 3)

where A is usually given in prh per cnd andV in um? per cn?. The effective radius or area-
weighted mean radius is given by

5
Reff = 7 = R - exp [552] . (4)

The presence of atmospheric aerosols can be detected batseiraeffect on other processes in
the atmosphere, for instance on the propagation of sunlighe intensity,/, of electromagnetic
radiation transmitted through an inhomogeneous mediuilnssrved to decrease exponentially with
increasing distance, as described by the Beer-Lambert law:

I =1Iyexp [—ﬂe’“ . s], (5)

wherel, is the initial intensity, ang®** the volume extinction coefficient at a particular waveldéngt
The extinction properties of a medium depend on the effigi@rnth which light is removed from the
beam by absorption and scattering. The volume extinctiefficeent can be thought of as the cross-
sectional area per unit volume with which the ray interaltis.the sum of all particle cross-sections
multiplied by the extinction efficiencg)°x*

dN{(r)

o dr. (6)

ey [

The extinction coefficient is conventionally given imficm =3 or km~! and hereafter just called
“extinction”. The extinction efficiency)*** is a function of particle size, of the wavelength of the
incident light, and of the refractive index of the substan&e tiny sulphuric acid particles can be
assumed to be spherical (Torres et al., 1998) and homogsnmuextinction coefficient can be
calculated using Mie’s theory of light extinction (Mie, 180 The Mie scattering code used in this
study originates from the work of Grainger (1990) and candserdoaded from www.atm.ox.ac.uk/
code/mie.

The refractive index of sulphuric acid droplets at 1.06 umges between 1.394 and 1.444 for
ambient conditions typically found in the lower stratosghehat is temperatures between 195K
and 240K, water vapour pressureslof 10~* to 8 - 10~*hPa, and associated acidities between
35 and 85% by weighH,SO4 (Steele et al., 1999). The imaginary part of the refractivdeik
(describing the absorption) is very close to zero and hexiteation is equivalent to scattering.

In this study refractive indices were calculated using a ehdy Semmler et al. (2003) which
is based on laboratory measurements of the densities arattieé indices of binary or ternary
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H,S0O4, and/or(NH4)2SO,4 and water solutions. The model applies the Lorentz-Loretetion-
ship to determine the refractive index at a certain tempeedtom the refractive index at a reference
temperature. The aerosol acidity was determined with tlgedféemperature and pressure observa-
tions (from the National Meteorological Center, NMC) andefved humidity data (SAGE II) and
by linearly interpolating between tabulated values frome®& and Hamill (1981) with extensions
from Russell and Hamill (1984).

The SAGE Il instrument is a seven-channel sun photometemagasures changes in received
sunlight as the Sun rises or sets as seen from the spacemiait ¢ccultation). A typical SAGE Il
slant path length i200 km long for a 1-km thick shell at a tangent height of abdokm. The
optical data are recorded at a series of discrete altitudegént heights) so that vertical distributions
of ozone, nitrogen dioxide, water vapour concentratiorg aarosol extinction (per km) can be
determined. Each day, SAGE Il measures approximately 16ssuand 15 sunset events, equally
spaced in longitude along two latitude belts betw88hN and 80 S. Extremes of latitudes are
covered every 4 to 5 weeks. The four wavelengths used fosakretrieval are 1.02, 0.525, 0.452,
and 0.386 um. The inversion algorithm is described by Chu et al. (19899r a description of
the optical assembly and operation of the SAGE Il instruntieatinterested reader is referred to
McCormick (1987) and McMaster (1986). The SAGE Il aerosdiretion data used in this study
are a subset of the version 6.1 data made available to thécgybthe NASA Langley Research
Center (LaRC, Hampton, VA, USA).

The operational algorithm used by the NASA LaRC to retriewedrated aerosol properties from
SAGE Il aerosol extinction is based on the Principal Compbaaalysis (PCA) method described
by Thomason et al. (1997) and Steele et al. (1999). In the Bipkoach, the kernel function in
the aerosol extinction equation (Eq. 6) is expanded in terhasset of orthogonal basis functions.
Integral properties such as surface area density and vollemsity can then be evaluated from a
linear combination of the spectral extinction measuresmigfk;) multiplied by a factor which is
dependent on particle composition (through the aeroschetbe index), on the integration limits
employed in the calculation of the eigenvectors and eigergaof the covariance matrix, and on
the number of principal components retained. The propagati experimental error can be reduced
by narrowing the integration interval and by limiting thenmiber of principal components. This
introduces a systematic bias error (Steele et al., 1999).

Operationally, the PCA approach has been modified to movsttiface area density derivation
dependence toward the 525 and 1020 nm channels, which aezatiable than the short wavelength
channels (Thomason et al., 2008). In addition, the relatignfor surface area density (SAD) has
been simplified for implementation in the operational saftevusing an empirical fit based on the
525 to 1020 nm extinction ratia, and the absolute 1020-nm aerosol extinctibrgg (in units of
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km~1), that captures approximately 90% of the variance of thgioai:
1854.97 4+ 90.137 r 4 66,97 r2>

7
1. —0.1745r 4 0.00858 r2 Q)

Observations show that during low aerosol loading peribdsoperational SAGE Il retrieval algo-

SAD = k1020 (

rithm tends to underestimate surface area densities defiigen in situ data measured by optical
particle counters (e.g. Deshler et al., 2003; Thomason ater,F2006; Reeves et al., 2008). In a
recent sensitivity study Thomason and Peter (2006) fouatddtring background periods the sur-
face area density operational product has an uncertairday lefist a factor of 2. They ascribe this
uncertainty to the lack of sensitivity to particles with iiddss than 100 nm, the same conclusion
arrived at by Deshler et al. (2003).

3 Optimal Estimation retrieval algorithm

In atmospheric remote sensing, the common problem of imgeet set of measured radiances to
determine aspects of the atmospheric state (e.g. tempegatfile, trace gas mixing ratio profiles,
aerosol properties) is often ill-conditioned, meaning timunique solution exists. Thus additional
information of some type is usually required to constramttrieval to fall within physically rea-
sonable limits. The new aerosol retrieval algorithm présethere seeks the maximum a posteriori
(MAP) solution, which is a specific type of Optimal Estimati(OE) technique (Rodgers, 2000).
The general strategy of the OE approach is to seek the soluiich is most statistically consis-
tent with both the measured radiances (aerosol extincéind)the typical background aerosol size
distributions as represented by the a priori.

Because of the ill-posed problem of retrieving three vdeislfmonomodal size distribution pa-
rameters) from Equations (1) and (6), and because of expataherror, a point in state space
(particle size distribution) will map into a region of measment space (spectral aerosol extinction).
Conversely, a measurement could be the results of a mapmingdnywhere in a region of state
space, described by some probability density functiomerathan from a single point. The OE re-
trieval approach is based on Bayesian statistics, whichigeaa formalism (Bayes’ theorem) that
translates uncertainty in measurement space into unegriaistate space. Bayes’ Theorem relates
a set of measurementg, to the a priori knowledge about the required state, desdiity a vectot.

If the a priori, consisting of a mean state and covarianceiryatescribes the statistical behaviour
of the state vector, Bayes’ Theorem allows us to obtain thetguimr probability density function
(pdf) of a retrieved solution state by updating the prior pfifhe state with the conditional pdf of a

measurement:
Plaly) = i) Plule). where ®)

P(z|y) is the posterior conditional pdf af which describes the probability that the state lies in the
interval (x, x + dx) wheny has a given value; it is the MAP solution.
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P(x) is the prior pdf of the state expressing quantitatively our knowledgembefore a mea-
surement is taken.

P(y|x) is the conditional pdf of a measurementwhich describes the probability that the mea-
surement vector lies in the interva},(y + dy) given a certain state.

P(y) describes the knowledge about the measurement beforekeaa which is in practice only
a normalizing factor (Rodgers, 2000).

This means that all possible states that are consistenthgtimeasured information can be identi-
fied and characterized by probability density functiongé tollowing information is given: (a) any
prior information about the unknown state, (b) a measuré¢together with a description of its error
statistics, and (c) a forward model. The most likely valueeath solution pdf (one for each size
distribution parameter) is taken to be “the” Optimal Estiima solution and the width of each solu-
tion pdf is the associated (one-sigma) uncertainty. Thaéquaar advantage of this approach to the
aerosol retrieval problem is that by considering all pdssibonomodal lognormal size distribution
parameters and by weighting them according to their naprcddability of occurrence (in the form
of pdfs), the Bayesian solution includes also the smalledtedfectively invisible aerosol particles.
The size discrimination problem of small particles in the/Regh limit of scattering is alleviated by
prescribing a lognormal size distribution shape.

With the help of Bayes’ Theorem and the general expressiaefprobability function of a
vectory, the following expression for the general form of the Bagasolution can be derived (see
Rodgers, 2000):

—2In P(zly) = [y — F(x)]"S. 'y — F(x)] +

[z — ma]TSa_l[m — xq] + 0 (9)

where F'(x) is the forward model expressing spectral aerosol extindti terms of the size distri-
bution parameters. is the measurement error covariance mattix,andS, are the a priori mean
state and covariance matrix, ands a constant. In this form it can be seen that the MAP retfieva
solution combines to independent estimates of the samenggantity (i.e. the state vector deter-
mined solely from the measurement vecjoand a virtual measurement represented by the a priori
state vectore,) inversely weighted by their respective covariances. Hawgf the a priori pdf is
appropriate, the solutions will be biased only within exyental uncertainty (Rodgers, 2000). The
quadratic form inz implies that it must be possible to expréss’(x|y) as a function of a new state

& (retrieval solution) and an associated error covarighce

—2In P(x|y) = [® — &) TSz — &). (10)

An explicit expression forS can be derived when assuming that within a small particle
size range the forward model can be approximated by a lisedriorward model of the form
F(x) =V F(xzo)(x — xo)=yo +Ko (x — xo), Wherexo is an arbitrary linearisation point and



285 K is the Jacobian matrix of derivatives®ag. This approach is appropriate as the problem is no
more than moderately non-linear, meaning that the diffezdretween the forward model and a lin-
earised version of the forward model remains within the tsmfuerror covariance. Equating terms
that are quadratic i then leads to an expression for the inverse covariancexmatri

St'=KTS'K+8S;?t, (11)

290 whereK is the Jacobian or weighting function matrix containing plagtial derivative off’(x) with
respect to the state vector elements.
The expected MAP retrieval state is situated where the posiedf takes a maximum. This is
equivalent to finding the minimum on a multidimensional aad which is given by the right hand
side of Eq. (9). This leads to the following implicit expriessfor x

205 —KTS 'y — F]+ 87 & — xa) = 0, (12)

whereK is the Jacobian matrix of derivatives at the solution stéeplication of the Levenberg-
Marquardt root-finding method (Press et al., 1992) and drgpihe second derivative of the forward
model leads to the following iterative equation for the siolu state

@ipq =@+ (S;t+ KISTIK; +48;0) 7t
(KIS My — F(as)] — Sy ms — zal), (13)

a

wherey is chosen at each step to minimise the right hand side of Ean@such that the new value
of & remains within the linear range of the previous estimate.
In our aerosol retrieval model the measurement vegipgonsists of a set of four volume ex-
tinction coefficients, one for each of the four SAGE Il aetagmectral channels. The state vector
300 is athree element vector containing the natural logaritbhtlse three monomodal size distribution
parameterse =In[N, R, S]. This form is particularly suitable because in log-spagdta size dis-
tribution parameters are approximately normally distiglol) (b) the different orders of magnitude of
N (1-100 particles per ct), R (0.001-1.0 um) and (0.1-1 in log radius) are merged to a similar
scale, and (c) the solution space is positive definite andéneaturally constrained to physically
305 sensible solutions.
The forward modeF) (x) expresses the aerosol extinction at a particular wavéiexin terms
of the monomodal log-normal size distribution parameters

In 7y
N
Fy(x) = Z 7r? - Q% (r, A\, RI) - il—r(l?Aln r, (14)

Inr,
wherer is the particle radius at which the function is evaluatgdandr;, are finite integration limits
310 between which the integrand is non-negligilkteln r is the width of the particle size interval, and
RI is the aerosol refractive index at wavelength

10
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Each retrieval process is initialised with a first guess efdhrosol state. The first retrieval process
starts with the a priori mean state as first guess. As usualigexjuent measurements were taken
at adjacent heights, aerosol properties retrieved at héigihe used as a first guess state at height
k+ 1. In case a retrieval process does not converge, the adjasagurements are initialised with
the a priori mean state.

Whether or not a retrieval process has converged to suffipietision is decided based on the
size and rate of change of the retrieval cost (right hand aideg. 9), on the differences (between
two consecutive iterations) in the retrieved signal andhia tetrieved state vector elements, and
on the number of iterations performed. The computatiorfaiefcy and accuracy of the forward
model are optimized by adapting the number of grid pointeésimoothness of the integrand and by
individually estimating suitable integration limits foaeh measurement vector. As a result solutions
are found quickly and mostly obtained in less than five iteret.

4 Model validation
4.1 A priori data

In principle, the a priori represents the expected statisbiehaviour (both in terms of the mean state
and variability) of the state vector. Prior information abaerosol particle size distributions can be
gained from in situ balloon borne size resolved concemnatieasurements (Deshler et al., 2003).
The size distributions used in this study were measureddmtWay 1991 and October 1997 by the
University of Wyoming at Laramie (#IN, 105 W) at altitudes between 20 ai3d km. Although
the majority of measurements taken during this period mtgibimodal size distributions that were
at least partly influenced by the eruption of Mt. Pinatubm@u991, 15N), only monomodal back-
ground data were selected. These 264 monomodal aeroseldisidbutions have median particle
radii between 0.02 and 0.2 um and are clearly non-volcanikerGhe fact that comparable in situ
measurements at other latitudes are rather scarce toltategitamie record currently represents our
best knowledge of aerosol properties under backgrounditomst

Probability density functions (characterized by a meanawériance matrix) of number density,
median radius and distribution width were generated basethese measurements, which were
collected at different altitudes and times of the year amdtherefore representative of a range of
temperatures and acidities. It will be shown that goodee#liresults are achieved using the a priori
knowledge in this form. The limitations of this choice arsalissed in Section 4.3.

4.2 Retrieval from synthetic extinction

To assess the performance of the new retrieval algorithrthstio extinction coefficients (at 0.385,
0.452, 0.525 and 1.020 um) were calculated for a 75% (by wjesgiphuric acid solution at 300 K
(refractive indices by Palmer and Williams, 1975) and basedhe monomodal a priori size dis-
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tributions described in Sect. 4.1. By adding two differeaise components, two test beds were
generated: (a) the Minimum Noise Scenario (minNS) is charsed by a 1% Gaussian distributed
random noise component added onto each of the four spegtiatton data; (b) the Maximum
Noise Scenario (maxNS) is characterised by [60, 45, 30, Z5§4ssian distributed random noise
on the respective spectral channels [0.385, 0.452, 0.5@201um. These noise levels describe the
range of typical SAGE Il extinction uncertainties, with timajority of all experimental uncertainties
lying between the two extremes.

As these test data cover the entire range of monomodal siebdtions as measured in situ
(41° N) at different altitudes and times of the year, the two testdcan be considered comprehensive
and suitable to test the performance of the OE retrievarilgo for monomodal background aerosol
particles. The a priori pdfs are perfect in the sense thatdescribe exactly the same ensemble of
size distributions that we expect to retrieve in the case péréectly successful retrieval model. A
bias due to the a priori and the ensemble of test aerosoldisizéution being identical is not given
because only one set of extinction measurements descbie@f the entire ensemble of a priori
distributions is analysed at a time.

The OE retrieval was applied to all test bed data. To disgandaus retrieval solutions an ad hoc
quality filter was developed based on several retrievalbatics. This filter achieves a good balance
between maximizing the correlation between the retrievetithe correct solutions and minimizing
data loss through rejection. In both noise scenarios ajpedrly 88% of all retrieved solutions
pass the screening.

Figure 1 presents all retrieved size distribution paramdtethe form of histograms. In can be
observed that all three variables are symmetrically digtdd about the a priori mean and in fact
with a frequency distribution very similar to the a prioritda@&nsemble (not shown). The same is
true for for the derived integrated properti¢sV, R.g¢ presented in Figure 2.

Figure 3 (minNS) and Figure 4 (maxNS) display the retrievexdsol properties versus the true
values. The associated linear correlation coefficientdistel in Table 3. Presented in this form it
becomes obvious that the retrieved and the true values direoselated and that the best agreement
between the true and the retrieved solutions is found inaseréirea density, volume density and
effective radius. This observation can be explained by &t thatA, V', and R.g are integrated
guantities, whereas number density, median radius antbdisbn width are functions in the integral
(Eq. 2 and Eqg. 3 withV(r) given by Eq. 1). Fluctuations and uncertainties on the sigtilbution
parameters are smoothed out during integration suchAhat, and R.¢ have a higher stability
thanN, R, and.S from which they were derived. Conversely, small fluctuatiamd uncertainties
of the extinction (Eq. 6), which is an integrated quantifyegise to a highly amplified fluctuation
of the functions in the integral, i.e. oN, R and.S. In addition, the integrated aerosol properties
are less sensitive to the small and hard to retrieve pastitian the size distribution parameters
which directly depend on all particles (Tab. 1 and Tab. 2)véttheless, the median radius (Fig. 3.b
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and Fig. 4.b) can be observed to be fairly accurately reddeat values greater than approximately
0.02um {og;,(—1.7)), even in the case of large extinction uncertainty. As mighexpected, less
experimental noise allows for more accurate retrievaltgmg which results in higher correlation
coefficients. Table 4 lists the ensemble mean errors ofaNaiiables in both noise scenarios. A
comparison with the initial uncertainties { = 93%, cr = 61% andos = 31% from the a priori
variances) shows that, as might be expected, the lattercleady reduced by updating the a priori
pdf with the measurements (using Bayes’ Theorem). Theeketd uncertainties are generally and
naturally larger in the case of large noise (Fig. 4) than andhse of little extinction error (Fig. 3).
The observation that the uncertaintyhhis highest confirms that number density is harder to retrieve
than the other five aerosol properties.

4.3 Error Analysis

The retrieved uncertainties result from the propagatiamnefsurement error and from the influence
of the a priori constraint (Eq. 11). In the case of synthe#itadhe retrieved errors can be directly
compared with the true error, i.e. the difference betweerrétrieved and the correct value. This
comparison indicates that the retrieved errors are gdpexrgood representation of the true errors
although slightly overestimating the true errors in the mmaxm noise scenario (Wurl, 2008).

In the case of measured data additional uncertainties ttabe tconsidered. There could be
contributions from forward model error and from forward rebdarameter errors, an a priori bias
due to a potentially inappropriate a priori constraint, anbias due to analysing bimodal aerosol
data with a monomodal retrieval model.

The forward model error is the difference between the exagsigs and the mathematical model.
There are basically three sources of uncertainty: (a) tenimfrom Mie theory, (b) deviations from
the lognormal particle size distribution model, and (c) ruical errors. Since the tiny sulphuric
acid and water droplets of background aerosols found ateestyres above the frost point (Rosen,
1971; Steele and Hamill, 1981) are expected to be sphernddtamogeneous, deviations from Mie
theory are assumed to be small. Numerical forward modet®msing from discretisation of the
model equations and from truncation of the integrationgrakare estimated to be smaller than
1% in aerosol extinction (Wurl, 2008). This is clearly sreallhan the 10-60% measurement noise
typically observed at 0.368 pum, but not necessarily ndgkgiompared to the 1-10% measurement
noise typically observed at 1.020 um. As size resolved aunagon measurements appear to be
well approximated by lognormal distributions (Deshler let2003), uncertainties arising from any
discrepancies to the true size distributions are expectdx tsmall compared to the experimental
uncertainty.

The forward model parameter error arises from uncertatigparameters that are not part of
the state vector but nevertheless influence the measuremanthis retrieval model these are the
atmospheric temperature and water vapour partial pressuighuric acid concentration and refrac-
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tive index. A common approach to estimate the forward modedmeter error is to use best-guess
values and a random deviation of the “true” atmosphere athisiiguess. When size distribution
parameters were retrieved from spectral extinction datalsited for a typical background aerosol
(N=4.7 cn3, R=0.04 um and = 0.48) at two reference states (220K / 70%; 200 K / 65%) and two
fluctuation scenarios{1 K / +£1%; +£5 K / £5%), the forward model error was found to be always
less than 3% iV, R, andS. This is generally over an order of magnitude smaller thandirieved
uncertainties (Table 4) which indicates that the forwardieiparameter error tends to be negligible
compared to the measurement uncertainties mapped intiiosodpace.

The purpose of the a priori pdf is to add to the informationtaored in the measurements by
describing the solution space as comprehensively as pessib

As the loading of aerosol varies with height and latitudehes ttopopause height changes, as
well as with time (e.g. with season of the year or with the phafsthe quasi-biannial oscillation,
Trepte and Hitchman (1992)) the ideal a priori informatioowd be a function of latitude, altitude,
and time. However, given the paucity of aerosol measuresnether than SAGE) it seems more
reasonable to use a broad a priori pdf that captures thetigariaith height and latitude. Firstly,
as the a priori becomes more specific (either spatially opteally), the a priori variances and
covariances would be expected to decrease. In the maximustarjpri technique, this will tend to
decrease the relative weight of the measured extinctiomeéraerosol retrieval and thereby increase
he relative weight of the a priori mean state. And secondly,experience of satellite retrievals
suggests that using spatially-varying a priori may prodgfmérious features in the retrieved fields
(Deeter et al., 2003). Neither of these effects is desirabfgesent, as they both would complicate
interpretation of the retrieval results.

The Wyoming in situ record (Sect. 4.1) comprises aerosolasored at different altitudes and
different times of the year. It is therefore representatifa range of different temperatures and
acidities. As these were, however, all measured at mitlstigs (42 N), they may not be entirely
representative of all aerosols that may occur at otheulig#. A comparison with a series of in situ
measurements taken at Lauder, New Zealand $3.991-2001) shows that these southern mid-
latitude aerosols are very similar to the Laramie®(M]. time series (Deshler et al., 2003). A bias
due to the a priori data being potentially unrepresentativ@me aerosols that may occur at other
latitudes can only be estimated when new measurements leesaitable in the future.

The results obtained with the height- and time-independentprehensive a priori (Sect. 4.1)
were shown to be fairly accurate even in the case of large unem®nt uncertainty (Sect. 4.2).

4.4 Bimodal aerosols

Another aspect that introduces uncertainty is whether #geaf a monomodal retrieval model is
appropriate given that size resolved particle concewnmatmeasured in the volcanically unperturbed
stratosphere are often better described by bimodal thandnomodal particle size distributions
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(Deshler et al., 2003). A comparison (not shown) betweenanmmual and bimodal data measured
in situ between 1997 and 2001 indicates that monomodalalerase very similar to those described
by the smaller mode of the bimodal distributions, with tygimedian radii between 0.01 and 0.2 pm.
The second mode tends to be small containing only very fetabger particles with median radii
between 0.2 and 0.8 um.

In order to assess the capability of the monomodal OE retri@odel to accurately determine
the properties of small-mode-dominant bimodal aerosglsthetic extinction data were generated
in the same way as for the two monomodal test beds (Sect.BuRpased on 244 bimodal back-
ground aerosol size distributions measured in situ neaN4ietween January 1997 and May 2002
at altitudes between 20 ar3d km (Deshler et al., 2003). A comparison between these spleotr
tinction data with those generated from monomodal backmgt@erosol (Sect. 4.2) shows that both
cover basically the same range and are therefore not dissimgble prior to the retrieval analysis.
This agrees with results by Steele and Turco (1997) who fdhatit is possible for bimodal size
distributions to account for extinctions generated frornoroodal distributions and vice versa. The
OE retrieval algorithm was then applied to the synthetiinexibn data to retrieve monomodal size
distribution parameters. About 91% of all data analyse® @2 of 244) passed the ad hoc quality
filter and are presented below. Figure 5 displays frequeistyiltlitions of the size distribution pa-
rameters retrieved in the presence of large extinction migiogy (maxNS). It can be observed that
the peak values of th&/, R and S retrieved from bimodal distributions are larger than theiarp
mean. Compared to the those values retrieved from monoraedasol data (Fig. 1), only a feiv
and R are smaller than the a priori mean. Nevertheless, all soigtare within the range described
by the a priori pdfs. Figure 6 shows that a similar shift tg&rvalues can be observed in the derived
integrated properties (compared with Fig. 2). A comparisith histograms of the correct aerosol
properties, separated into mode 1 and mode 2 (not presestays that the retrieved monomodal
R, A andV are very similar to the first mode of small-mode-dominantduia distributions. This
indicates that the minority of large particles play a minolerin determining median radius, sur-
face area and volume density, which can hence be expectezlueelb retrieved even assuming a
monomodal model.

Figure 7 shows a comparison between the retrieved (mondiniatizgrated aerosol properties
A, V, and R.g and the correct bimodal solutions. The retrieved surfaea densities (Fig. 7.a)
are observed to match the true (bimodal) solutions well gixaevalues greater than approximately
1.0unfem—3, where retrieved (monomodal) tend to underestimate the correct (bimodal) solu-
tions. This bias probably explains why the linear correlatioefficient, 0.87, is noticeably smaller
than 0.94 in the case of monomodal aerosol (Tab. 3). Thevenliand the correct bimodal volume
densities (Fig. 7.b) have a high linear correlation coedfiti0.96, which is only slightly (but signif-
icantly at p=0.0001%) smaller than that in the case of monomodal aer6s@8(Tab. 3). A slight
tendency to underestimate the true volume densities iswddat values larger than 0.05 pom—3
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(logq9(—1.3)). The comparatively low correlation coefficient observedii.«, 0.38 (Fig. 7.c), can
be explained by the effective radius (Eq. 4) being sensitverrors inA andV. The monomodal
retrieval model tends to overestimate the corregt. Nevertheless, the retrieved solutions generally
agree with the correct values within the retrieved unceties. The retrieved uncertaintiesshand

V are equally realistic (Wurl, 2008), except at surface amasilies exceeding the 1.0 fjom—3
threshold where the true error is underestimated.

Bauman et al. (2003a), who use a multi-wavelength look-bfetd UT) algorithm as a basis
for aerosol retrievals, have done a similar analysis toysthé effect of assuming a monomodal
size distribution, when the actual distribution is bimodBhey tested the bias with synthetic input
spectra (with no uncertainty from measurement error oricigamporal variability) and found that
the retrieved surface area and volume densities tend torestifeate the correct bimodal values,
whereas the retrieved effective radii are larger than threecbvalues in the case of small-mode-
dominant bimodal distributions. In principle, the OE résagree with the LUT findings. However,
a noticeable bias is only observed at surface area and valemsities greater than 1.0 fiom—3
and 0.05 uricm—3, respectively.

In summary, the above assessment of the retrieved and btadtlitional uncertainties has
shown: The retrieved errors are generally a realistic eg@nof the true errors, except at surface
area densities larger than 1.0fom~3 where the retrieved uncertainty estimates tend to underes-
timate the true errors. A bias due the mid-latitude a priatadoeing potentially unrepresentative
of typical aerosols at other latitudes can only be quantifiedn new in situ measurements become
available in the future.

5 Application to measured data
5.1 Retrieval from SAGE Il measurements

The new Optimal Estimation aerosol retrieval algorithm weesn applied to SAGE Il satellite mea-
surements recorded in December 1999. This data consisppodxmately 19 700 sets of spectral
aerosol extinction data measured betweehS@nd 40 N in the lower stratosphere at altitudes be-
tween 12 and 35km. As the year 1999 is part of the longest malally quiescent period in the
SAGE Il record which began around 1997 (Deshler et al., 2GB6)aerosols are assumed to consist
of tiny spherical sulphuric acid particles. Measured terapge, pressure and humidity data (as-
sociated with the extinction measurements) are used tola#dcthe aerosol acidity, which is then
used to determine the aerosol refractive index using a mmd8emmler et al. (2003). The a priori
data is used as described in Sect. 4.1. The OE retrievalitdgowas applied to all measurements
with experimental uncertainties smaller than 99%. Nedtie&rieval processes converged to a solu-
tion, and those results which passed the ad hoc qualitysicgeéapproximately 90%) are presented

below.
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Figure 8 presents the retrieved size distribution parammétehe form of histograms. It becomes
immediately apparent that the number densities, medidnanad distribution widths retrieved from
SAGE Il measurements of aerosol extinction are very simtdghose retrieved from synthetic ex-
tinction by bimodal background aerosol (Fig. 5). Both dats s1ave peak frequencies at similar
values larger than the a priori mean, and the great majofia}l vesults are observed to be within
one standard deviation of the a priori mean. The ensembl& matdeved linear size distribution
parameters and a priori ensemble means are listed in Table 5.

Figure 9 displays frequency distributions of the integiladerosol properties derived from the
retrieved size distribution parameters shown above (BigA&imilar resemblance (as observed in
N, R, andS) to those results retrieved from bimodal aerosol data cagdebected in surface area
density, volume density, and effective radius. The peakfeacies of the SAGE Il data are, however,
slightly larger than those observed in Figure 5. The ensemmglan retrieved and a priori values are
listed in Table 6. The similarity with those aerosol proftetrieved from synthetic extinction by
bimodal background aerosols (Sect. 4.3) suggests thaetbseas measured by SAGE 1l could have
been predominantly bimodal. This means that the retrieuether densities, distribution widths and
effective particle radii may be less accurate, and surfeegsagreater than 1.0 gem—3 and volume
densities greater than 0.05 pom—2 could be underestimated due to the monomodal forward model.

Figure 10 presents the retrieved uncertaintigs or andos. A comparison with the model
validation results (see Table 4) shows that, as might erdethhe OE uncertainties retrieved from
SAGE Il measurements are larger than those in the minimunse iscenario and smaller than those
achieved in the maximum noise scenario. The associatedtamts in the integrated properties,
oA, 0V, OReft, are presented in Figure 11. The ensemble mean uncersairfitédl retrieved aerosol
properties are listed in Table 5 and Table 6.

5.2 Discussion

In order to assess how the new Optimal Estimation algoritamadd to the current knowledge of
aerosol microphysical properties in the volcanically utyded lower stratosphere, the retrieved
results are compared to aerosol properties estimatedghrditferent retrieval techniques as well as
to correlative in situ data.

The NASA Langley Research Center retrieves surface aresitgeand effective radius from
SAGE Il aerosol extinction data using the Principal Comparealysis (PCA) technique (Sect. 2).
The associated volume densities can be derived using EgFiggre 12 shows the PCA solutions
versus the Optimal Estimation results, all retrieved fromsame SAGE Il extinction measurements.
The correlation coefficients, 0.94 i, 0.98 inV/, and 0.76 inR.«, indicate a good (and highly sig-
nificant) linear correlation between the two data sets, hewehere is a systematic bias. The great
majority of all OE surface areas and volumes are larger thaassociated PCA values, whereas OE
effective radii are smaller than the PCA solutions. Figudgfiesents the relative differences (in %)
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between the respective method results,
Ay = EPCA = T0B) 00 (15)
ZOE
565 The PCA surface area and volume densities are observed tmdles by respective 20 to 50%
and 10 to 40%, whereas the PCA effective radii tend to be 1@% karger than the respective OE
values.
Similar biases have previously been observed between P@iavad results and in situ data. In
particular, Steele et al. (1999) found that retrieved sigrfareas for background aerosol can be under-
570 estimated by up to 50% and volume densities by up to 30% thr&uigmcipal Component Analysis.
Deshler et al. (2003) observed that for background aera@salitions the SAGE Il estimates of sur-
face area density retrieved through Principal Componeiaysis are about 40% lower than those
calculated from correlative in situ measurements. Reevak €2008) come to similar conclusions
based on comparisons of SAGE Il estimates with near cointiidesitu aircraft measurements of
575 aerosol size distributions. This suggests that the new GiEha&tes tend to be more realistic and
hence improved compared to current estimates of aerospépies in the volcanically unperturbed
lower stratosphere.

To directly compare correlative OE, the PCA and the in sitpt{€l Particle Counter, OPC)
surface area densities, the SAGE Il and the in situ data s&ts searched for correlative measure-
580 ments. In 1999, the University of Wyoming (4, 105> W) performed in situ measurements on six
dates: March 22, April 20, June 23, July 21, September 16Dateémber 10. As, however, only two
SAGE Il measurement events coincide with these dates aatidocthe time constraint was slightly
relaxed to allow for measurements recorded within a few déybe Laramie balloon flights. The
four SAGE Il measurement events identified this way diffenirthe two correlative in situ mea-
585 surement by up to 6 days; t latitudinal and 5 in longitudinal direction. Bearing in mind that the
observed differences will result from a combination of elifinces in the measurement characteris-
tics (different measurement techniques, recording tinoestion) as well as systematic differences
between the OE and PCA retrieval results, the PCA and OEevalriesults are now compared to
the correlative in situ data in the form of vertical profil@he relative difference between any two
590 values at a particular altitude is given in % of the in situneal

Z; — x5,0pC)

Ay = . 100, (16)
Z; 0PC

and the profile mean difference is the arithmetic mean of iffiér@nces (absolute numbers) in
the profile. Figure 14 shows a comparison between vertia#llps of surface area density as re-
trieved from SAGE Il using the PCA approach versus the catikad in situ surface area densities
595 of monomodal background aerosol. In June (Fig. 14.a andlBig), distinct deviations can be ob-
served below 19 km, where the in situ surface area densiti@svialues of 1.9 pfem—3. At these
lower altitudes, the PCA retrieval solutions are 30 to 70%lten than the in situ values (Fig. 14.b
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and Fig. 14.d). A comparison with the associated in situ remgensities and median radii (not
shown) helps to understand the observed differences: ttielpaadii decrease from 0.06 um at
19 km to about 0.02 um at 13 km; simultaneously the numberityansreases strongly from about

10 to over 100 particles per émat 13km (near the tropopause), which explains the obsened i
crease inA toward lower altitudes. In December (Fig. 14.e and Fig. l4lge PCA surface area

densities are observed to be almost consistently smallabbyt 30 to 40% compared to the in situ
values (Fig. 14.f and Fig. 14.h).

Figure 15 displays the same comparison for the OE retri@allts. As the OE surface area
densities are generally higher than the PCA values showvealize difference to the a priori values
below 19 km (Fig. 15.a and Fig. 15.c) has decreased. In Fig.th& two profiles even agree within
the OE uncertainties. Between 20 and 23 km thg: are observed to be larger than the in situ
values. In December (Fig. 15.e and Fig. 15.9), the OE sudee® densities are observed to widely
agree with the in situ values within the respective unceties.

Cross-comparisons between the different retrieval metiesdlts shows that the OE profiles
(Fig. 15) and the PCA profiles (Fig. 14) of surface area dessiire similar in their vertical struc-
ture, although the PCA surface area densities are genaralijler than the OE values. The OE
and PCA results are observed to converge near 24 km, whepattiele sizes are largest (0.08 um).
Above as well as below the monomodal aerosols observedinesit to decrease in size. Overall,
the profile comparisons suggest that the Optimal Estimatinface area densities tend to match the
in situ values better than the Principal Component Analgsistions.

Bingen et al. (20044a,b) retrieved particle number densitymedian particle size from SAGE Il
aerosol extinction measured between 1984 and 2000 usinguéarized inversion retrieval tech-
nique. Compared to the OE results the particle radii retxdelby Bingen et al. (2004a) are about
three times as large. For instance, at an altitude of 17.5tkmicxlatitude (40 to 7ON/S) in 1999,
the retrieved radii range between 0.25 and 0.33um (NH) of @il 0.37 um (SH), whereas the
OE results are on the order of 0.08 um. Simultaneously, tinebeu densities retrieved by Bingen
et al. (2004b), which they found to be low compared to coientdn situ Optical Particle Counter
measurements (Bingen et al., 2004b), are smaller than theudtber densities. Bingen et al. as-
cribe their low number densities and overestimated partides to the inability of SAGE Il optical
measurements to discriminate very thin particles in thel€gly limit of scattering. This suggests
that the larger OE number densities and smaller OE mediairtead to be more realistic than those
presented by Bingen et al. (2004b).

Error estimates associated with the retrieved solutioasdegally a good representation of the
difference between the retrieved and the correct solutidobieving realistic uncertainty estimates,
however, is in practice often difficult, because not all b&asan be reliably estimated under certain
circumstances. Consequently, some error estimates peelsarthe literature may represent partial
uncertainties only and can therefore not give conclusivéemce of the accuracy of the achieved
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results. Nonetheless, uncertainty estimates do give apation of the quality of the retrieved
results provided that the scope of their application (atluded aspects and expected additional
uncertainties) is taken into account.

Table 7 provides a list of uncertainty estimates associai#itl aerosol properties all retrieved
under non-volcanic conditions but using different retaletechniques. The “+” indicates that a
given value is an estimate of partial errors only and thataked error is expected to be higher due
to other disregarded uncertainty components. Generalogn be observed that in surface area,
volume density and effective radius the OE retrieved uagast estimates are of a similar size to
those values reported in the literature. For the numberdigteibution parameters there are less
values to compare and larger differences between the datds@umber density, the uncertainties
reported by Bingen et al. (2004b) are larger than the OE estimates, whereas those estimated
by Wang et al. (1989) are considerably smaller. The 11% tedday Wang et al. (1989), however,
account only for particles greater than 0.15 um althouglytbat majority of the retrieved OE sizes
are smaller than that (Fig. 8). Similarly, uncertaintiesriadian particle radius estimated by Wang
et al. (1989) are smaller than those reported by Bingen €@04b) and smaller than those achieved
through Optimal Estimation, but their error estimates gpplly to radii between 0.1 and 0.7 um.
However, although particles smaller than 0.1 um may cauibttle to the total aerosol extinction,
their contribution is important to get accurate estimafab®retrieved aerosol properties (Sect. 1).

The uncertainties in surface area density, volume deresity,effective radius reported by Bau-
man et al. (2003a) describe the retrieval uncertainties aficorrection for a bias error due to the
assumption of a monomodal size distribution. These valoeasad take into account contributions
resulting from the propagation of measurement uncertaivttich will have to be added on top.

In contrast, the uncertainties retrieved through Optinglriation (assessed in Sect. 4.3) were
found to be a good description of the true errors (a) in alieeed size distribution parameters
and integrated properties, where the true aerosols are mufe, and (b) at least for all integrated
aerosol properties (except whetds greater than 1.0 pfam—2) in the case of bimodal background
aerosols. The only uncertainty aspect which cannot be astiinat present is a potential bias due
to the Wyoming in situ data being potentially unrepresaveaif some aerosols that may occur at
other latitudes.

Figure 16 illustrates the locations of SAGE Il measuremaeshis in four different seasons in
1999. Figure 17 presents the resulting number of measuiteroeunted into 10latitude by 1 km
altitude grid box boxes. Due to the SAGE Il measuring geoyndire great majority of all data
measured in December were recorded at northern mid-lastuthmely near 40N. This means that
the a priori data used in this study would be appropriatesst ior the majority of all data presented
here. In contrast, most of the September measurements a@yeded at higher latitudes, namely
near 60 N and S. If the retrieved aerosol properties in Septembee witinctly different from
the December data, this could be an indication that the medserosols were not appropriately
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represented by the mid-latitude a priori size distribusiom Figure 18 (September data), no great
discrepancies to the results retrieved in December (FigaB) however, be observed. This means
that the applicability of the current mid-latitude a priéot aerosols measured at other latitudes in
the SAGE record cannot be disproved until new in situ measents become available.

6 Summary and conclusions

We have introduced a new Optimal Estimation algorithm whgthieves monomodal number size
distribution parameters and associated uncertainties fpectral aerosol extinction measured at
visible to near infrared wavelengths under non-volcanitditions. The particular challenge of this
ill-posed aerosol retrieval problem arises from the lowsgiarity of the available aerosol extinction
measurements to particles smaller than 0.1 um combinedatdifficulty of discriminating parti-
cle sizes in the Rayleigh limit of Mie scattering. The Optifaatimation algorithm approaches this
problem with the help of Bayes’ Theorem, which translatesettainty in measurement space into
uncertainty in state space and identifies the monomodabsrébution parameters which are sta-
tistically most consistent with both the satellite-measumulti-wavelength aerosol extinction data
and the a priori information. By thus considering all pdetisizes and by weighting them accord-
ing to their natural probability of occurrence, even the Beshand practically invisible particles
are considered in the solution process. The size discrilnmaroblem at the small particle end is
alleviated by prescribing an analytical lognormal sizdrdiation shape.

The new OE retrieval algorithm was tested on synthetic madahand small-mode-dominant
bimodal aerosol size distributions and then applied to gelaet of spectral SAGE Il aerosol ex-
tinction data recorded in 1999. The results were comparedhter estimates of aerosol properties
retrieved from remotely sensed data (using differenteedliapproaches) and also to correlative in
situ measurements. We found:

— Aerosol properties retrieved from synthetic extinctiotedare generally well correlated with
the true solutions, even in the presence of large extinatimrertainty. The best agreement
between the true and the retrieved solutions is found innitegrated properties, namely in
surface area density, volume density and effective radius.

— In the case of bimodal aerosols, the retrieved monomodahpeters can be expected to nat-
urally deviate from the correct bimodal values. Nevertbgl¢he integrated aerosol properties
can be accurately retrieved except at surface area dengitiater than 1.0 fom—3 and at
volume densities greater than 0.05jom—3, where they tend to underestimate the correct
bimodal values.

— The comprehensive (as opposed to height- or time-resotvpdpri probability density func-
tions were found to be appropriate for retrieving aerosopprties from synthetic measure-
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ments, even in the case of large extinction uncertainty atttd case of small-mode-dominant
bimodal aerosols (with the exceptions named above). A hiaga the Wyoming data being
potentially unrepresentative of aerosols at other la¢istuchnnot be detected in the retrieved
results. At present, the mid-latitude in situ measurempraside the best prior estimate we
have, and the retrieval results seem to confirm the validith@ir use.

The retrieved uncertainty estimates are of the order of G8%udmber concentration, 33% for
median radius, 14% for the lognormal distribution width,9%23or surface area density,
12% for volume density, and 13% for effective radius. Coregdp retrieval errors reported
by other researchers the OE uncertainties are smaller (fober density, median radius and
distribution width) or of the same order of magnitude (forfaoe area density, volume den-
sity, and effective radius). While some of the uncertairdtireates provided by other re-
searchers represent partial errors only, the uncertairgieieved through Optimal Estimation
were found to be a good description of the true errors: (a)line&rieved size distribution
parameters and integrated properties, where the trueadea® monomodal, and (b) at least
for all integrated aerosol properties (except wherie greater than 1.0 pfam—3) in the case
of bimodal background aerosols. Additional error contiidms from typical forward model
errors and from forward model parameter errors tend to bd sorapared to the experimental
uncertainty. The only uncertainty aspect which cannot tienased at present (due to a lack
of in situ aerosol measurements at other latitudes) is achiago the Wyoming in situ data
being potentially unrepresentative of some aerosols tlagtaocur at other latitudes.

A comparison of the OE retrieval results with integratedbael properties retrieved from the
same SAGE Il data set but using the Principal Component Ama(i?CA) approach indicates
that the OE surface areas tend to be larger by 20 to 50%, theoes tend to be larger by
10 to 40%, and the OE effective radii tend to be 10 to 40% smtikn the respective PCA
values. As PCA surface area densities (retrieved from theeSBAGE Il measurements) are
known to underestimate correlative in situ data by about 4D%&shler et al., 2003; Reeves
et al., 2008) and that the PCA volume densities tend to be parbestimated 30% (Steele
etal., 1999), these observations suggest that the new @Etalg provides improved aerosol
property estimates.

The OE number densities are larger and the median radii aakesrthan the number densities
and median radii retrieved by Bingen et al. (2004a) from SAGExtinction data using a

regularized inversion technique. As the latter were ol to underestimate correlative in
situ data of N and to overestimate correlative in situ values/d{Bingen et al., 2004a), the
OE results can be considered the more realistic estimates.

— A comparison between vertical profiles of the OE and the PGfasa area densities (retrieved

from the same SAGE Il measurements) with correlative inddia indicates that the Optimal
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Estimation estimates of tend to match the in situ values better than the Principal @orant
Analysis solutions of the operational SAGE Il retrieval@ighm.

All these findings lead us to conclude that the new Optimahtzdton algorithm is able to sig-

745 nificantly improve current estimates of aerosol micropbgsproperties retrieved from SAGE I

750

755

satellite measurements in the volcanically unperturbegtstratosphere.

A SAGE Il climatology of monomodal aerosol properties geed by Steven Marsh using
the new OE aerosol retrieval algorithm can be downloadeah fnttp://www.atm.ox.ac.uk/project/
PARTS/.

In the future, the algorithm can be adapted to other solanltatoon instruments, like for instance
SAGE lll. As SAGE lll has three additional aerosol channaks &lgorithm could be expanded to
retrieve aerosol properties from bimodal particle sizérihigtions, and consequently from volcani-
cally enhanced aerosols.
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Tables

Table 1. Fractional contributions (in %) (to the total SAGE Il spattextinction at\ =[0.386, 0.452, 0.525,
1.020] um) of particles smaller than 0.1 um in the case ofthemalized V = 0) example background size
distributions (a) R = 0.008 um, .S = 0.90; (b) R = 0.067 um, .S = 0.45; (c) R = 0.180 um, S = 0.25) and

how they compare to typical SAGE Il experimental uncertasz (3, ).

R, S AB(0.386) AB(0.452) AB(0.525) AB(1.020)
0.008, 0.90 19 15 12 4
0.067, 0.45 15 13 11 6
0.180, 0.25 0.0 0.0 0.0 0.0
o(8) 10-60 5-35 3-25 1-10

Table 2. Fractional particle number, surface area density, andweldensity (in %) of particles smaller than

0.1um in the case of three normalized (= 0) example background size distributiof@ R = 0.008 um,
45, and(c) R = 0.180 um, S = 0.25.

S = 0.90; (b) R = 0.067 pm, S = 0.

R, S AN AA AV

0.008,0.90 99.7 83.3 525
0.067,0.45 81.7 50.2 329
0.180,0.25 08 0.2 01

Table 3. Model validation: Correlation coefficientsg, describing the linear correlation between all accepted

(“good”) and the associated correct aerosol propertiegeriihe large number of measurement280) these

correlation coefficients are all significantiak 0.05% (Taylor, 1939, Table C).

Retrieved vs True cc (minNS) cc (maxNS)
In N 0.56 0.52
InR 0.86 0.80
InS 0.85 0.70
In A 0.98 0.94
InV 1.00 0.98
In Resr 0.93 0.90
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Table 4. Ensemble mean retrieved uncertainties (in %) in numberigemnsedian radius, distribution width,
surface area density, volume density, and effective refdiusoth the minimum noise scenario (minNS) and the

maximum noise scenario (maxNS).

Ens. Mean (%) minNS maxNS

ON,OR,O0S 62,24,14 75,37,26
OA, OV, OReff 22,11,11 45,34,15

Table 5. Ensemble mean retrieved size distribution parameters SiA@ata, December 1999) with associated
uncertainties (in %). Number density is given in cipmedian radius in um, and lognormal distribution (half)

width in log of pum.

SAGE Il, Dec 1999

N,R, S
Ensemble Mean : 9.0, 0.069, 0.57
A priori: 4.7,0.046, 0.48

ON,OR, 0s (%)
Ensemble Mean : 69, 33, 14
A priori: 93,61, 31

Table 6. Ensemble mean retrieved surface area density, volumetdeasd effective radius (SAGE Il data,
December 1999) with associated uncertainties (in %). Serfmea density is given in fiem~2, volume

density in pmicm =3, and effective radius in pm.

SAGE IlI, Dec 1999

A1 V, Ref‘f
Ensemble Mean : 1.00, 0.05, 0.16
A priori: 0.20, 0.005, 0.075

04, 0v, ORest (%0)
Ensemble Mean : 23,12,13
A priori: 146, 179, 40
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Table 7. Overview of uncertainties (in %) on aerosol propertieseetd under similar conditions (background
aerosol, SAGE data) but using different retrieval techef@urhe “+” indicates that the value is an estimate of
partial errors only and that the total error is expected tdilgber due to other disregarded uncertainty com-
ponents. The uncertainties i as reported by Steele et al. (1999) and Steele and Turco Y 1f#@7nstance,
account for propagated random errors only. The total emoesexpected to be higher by about 50% due to
disregarded systematic (method bias) errors and coritiisifrom particles smaller thainl um. The meth-
ods and the conditions under which these uncertainties agrieved are described in: (1) Wurl (2008), (2)
Steele et al. (1999), (3) Thomason and Poole (1993), (4)eséeel Turco (1997), (5) Anderson et al. (2000),
(6) Bingen et al. (2004b), (7) Wang et al. (1989), and (8) Banret al. (2003a). The acronyms stand for
Principal Component Analysis (PCA), Constrained Lineaetsion (CLI), Randomized Minimization Search
Technique (RMST), Regularized Inversion Method (RIM), Nieear Iterative Method (NIM), and Look-Up-
Table approach (LUT).

Source/Method  on OR os oA ov OReff
(1)/0E 60-75 3040 10-20 20-30 5-20 10-15
(2)/PCA (15-20)+

(3)/PCA 30 12-25

(4)/CLI 25+ 15+ 15+
(5)/RMST 8-50 5-25 6-36
(6)/RIM 50-200 35-50 100-250

(7)/NIM <11  5-28

(8)/LUT 20+ 21+ 18+
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Figure Captions

Fig. 1. Histograms of number densifg), median radiugb), distribution width(c) as retrieved from synthetic
aerosol extinction in the maximum noise scenario. Thees@rlines indicate the a priori mean state (solid), and

the a priori mean plus or minus one standard deviation (dash-

Fig. 2. Histograms of surface area dendi&), volume densityb), and effective radiugc) as derived from the

retrieved distribution parameters shown in Fig. 1. Theigakine indicates the a priori mean state.

Fig. 3. Minimum Noise Scenario: True versus retrieved valuegdparticle number densityv, (b) median
radius R, (c) distribution widthS, and(d) associated surface area density(e) volume densityl”, and (f)
effective radiusRk.s, with their respective uncertainties. All values are giiretog;o. The broken line marks

where the retrieved and true values are identical.

Fig. 4. As Fig. 3 but for the Maximum Noise Scenario.

Fig. 5. Histograms of 223 retrieved number densit@gs median radi{b) and distribution widtt{c) as retrieved
from synthetic aerosol extinction caused by backgroundbahaerosols and large noise (maxNS). The vertical
lines indicate the a priori mean state (solid), and the aripm@an state plus or minus one standard deviation
(dash-dot).

Fig. 6. As Fig. 5 but for the resulting integrated aerosol propsrtseirface area densig), volume densityb)
and effective radiugc). The vertical line indicates the a priori mean state (solid)

Fig. 7. Integrated monomodal aerosol properties as retrieved fiamdal background aerosol in comparison
with the correct bimodal surface area densifias volume densityb) and effective radiugc). The linear
correlation coefficients are 0.87 i#, 0.96 inV and 0.38 inR.s (significant atp > 0.05% , Taylor (1939,
Table C).

Fig. 8. Histograms of number densifg), median radiugb), distribution width(c) as retrieved from SAGE I
measurements of aerosol extinction in December 1999. Titiealdines indicate the a priori mean state (solid),

and the a priori mean state plus or minus one standard davi@tash-dot).

Fig. 9. Histograms of surface area dens{g), volume densityb), effective radiugc) as derived from the

retrieved size distribution parameters shown in Fig. 8. ¥dréical lines indicate the a priori mean.
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Fig. 10. SAGE IlI, 12/1999: Histograms of the retrieved uncertagii@ %) in number densityv, median
particle radiusR, and distribution widths.

Fig. 11. SAGE IlI, 12/1999: Histograms of the uncertainties (in %)oassted with surface area dens(ty),

volume densityb), and effective radiugc).

Fig. 12. SAGE Il measurements (December 1999): Principal Compofgatysis (PCA) retrieval results of

surface area density in [fram=3

, effective radiusR.q in um (courtesy of NASA LaRC) and the associated
volume density in prhcm=2, compared to the Optimal Estimation retrieval results. @agonal line marks

x =y where both results would be identical.

Fig. 13. Difference (in %) between the retrieved Optimal Estimatarface area densitied}, volume densities
(V), and effective radii Res) and the Principal Component Analysis (PCA) results: (PGBYOE. Frames

(a—c) Difference as a function ofl, V', R.s. Framedqd—f): Cumulative histograms of the differences.

Fig. 14. Vertical profiles of surface area density. Frarte(c)/(e)(g): Surface areas as retrieved (from SAGE
data) by the NASA LaRC using the PCA approach (diamonds withr ars, measured on 22 June (a), 23 June
(c), 14 December (e) and 16 December 1999 (g)) and correlatigitu (OPC) measurements (without error
bars, measured on 23 June and 10 December 1999); the vedgtzd line marks the a priori mean, and the
short horizontal dotted line marks the tropopause level Q\Ndlata) at the time of the SAGE |l measurements.
Frames(b)/(d)/(f)/(h): Associated relative differences. The long vertical linegrk the zero (solid) and the
profile mean difference (dotted). The a priori uncertairfty@ (Deshler et al., 2003) is marked by the dash-
dotted line.

Fig. 15. As Fig. 14 but for surface area density as derived from thieeketd Optimal Estimation size distribution

parameters.

Fig. 16. Locations of SAGE Il measurement events in March, June,esgpr, and December 1999. The
square marks the approximate location of Laramie/Wyomdrdg {, 105° W)

Fig. 17. Number of measurements per°’llatitude and 1 km altitude grid box. Each grid box is représeioy
a spot. Contours are marked for 10, 50, 100, 200, and 300 £ount

Fig. 18. Histograms of number densifg), median radiugb), distribution width(c) as retrieved from SAGE I
measurements of aerosol extinction in September 1999. @heal lines indicate the a priori mean state
(solid), and the a priori mean state plus or minus one stamdkriation (dash-dot).
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Fig. 1. Histograms of number densifg), median radiugb), distribution width(c) as retrieved from synthetic
aerosol extinction in the maximum noise scenario. Thees@rlines indicate the a priori mean state (solid), and

the a priori mean plus or minus one standard deviation (dash-
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Fig. 2. Histograms of surface area dend(#), volume densityb), and effective radiuéc) as derived from the
retrieved distribution parameters shown in Fig. 1. Theiwattine indicates the a priori mean state.
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Fig. 3. Minimum Noise Scenario: True versus retrieved valuegdparticle number density, (b) median
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where the retrieved and true values are identical.
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Fig. 4. As Fig. 3 but for the Maximum Noise Scenario.
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Fig. 5. Histograms of 223 retrieved number densi{i@s median radi{b) and distribution widtHc) as retrieved
from synthetic aerosol extinction caused by backgroundbmhaerosols and large noise (maxNS). The vertical
lines indicate the a priori mean state (solid), and the aripme@an state plus or minus one standard deviation

(dash-dot).
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Fig. 6. As Fig. 5 but for the resulting integrated aerosol propsrtieirface area densig), volume densityb)

and effective radiugc). The vertical line indicates the a priori mean state (solid)
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Fig. 7. Integrated monomodal aerosol properties as retrieved fiamdal background aerosol in comparison
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correlation coefficients are 0.87 i, 0.96 inV and 0.38 inR.g (significant atp > 0.05% , Taylor (1939,
Table C).
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Fig. 8. Histograms of number densifg), median radiugb), distribution width(c) as retrieved from SAGE I
measurements of aerosol extinction in December 1999. Titiealdines indicate the a priori mean state (solid),

and the a priori mean state plus or minus one standard davi@tash-dot).
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Fig. 9. Histograms of surface area dens{g), volume densityb), effective radiugc) as derived from the

retrieved size distribution parameters shown in Fig. 8. ¥dréical lines indicate the a priori mean.
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Fig. 10. SAGE II, 12/1999: Histograms of the retrieved uncertagiii %) in number densityV, median
particle radiusRk, and distribution widths.
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Fig. 11. SAGE IlI, 12/1999: Histograms of the uncertainties (in %)oassted with surface area densig),
volume densityb), and effective radiugc).
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Fig. 12. SAGE Il measurements (December 1999): Principal CompofAratysis (PCA) retrieval results of
surface area density in [fram~3, effective radiusR.g in pm (courtesy of NASA LaRC) and the associated
volume density in prhecm=2, compared to the Optimal Estimation retrieval results. @itagonal line marks

x =y where both results would be identical.
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Fig. 13. Difference (in %) between the retrieved Optimal Estimatarface area densitied}, volume densities
(V), and effective radii Res) and the Principal Component Analysis (PCA) results: (PGBYOE. Frames

(a—c) Difference as a function ofl, V', R.s. Frameqd—f): Cumulative histograms of the differences.
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Fig. 14. Vertical profiles of surface area density. Frant@#(c)/(ey(g): Surface areas as retrieved (from SAGE
data) by the NASA LaRC using the PCA approach (diamonds withr ars, measured on 22 June (a), 23 June
(c), 14 December (e) and 16 December 1999 (g)) and correlatigitu (OPC) measurements (without error
bars, measured on 23 June and 10 December 1999); the velestad line marks the a priori mean, and the
short horizontal dotted line marks the tropopause level Q\Ndlata) at the time of the SAGE |l measurements.
Frames(b)/(d)/(f)/(h): Associated relative differences. The long vertical linegrk the zero (solid) and the
profile mean difference (dotted). The a priori uncertairfty@ (Deshler et al., 2003) is marked by the dash-

dotted line.
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Fig. 15. As Fig. 14 but for surface area density as derived from thieeketd Optimal Estimation size distribution

parameters.
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Fig. 16. Locations of SAGE Il measurement events in March, June,edptr, and December 1999. The
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Fig. 17. Number of measurements per°’llatitude and 1 km altitude grid box. Each grid box is représery
a spot. Contours are marked for 10, 50, 100, 200, and 300 sount
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Fig. 18. Histograms of number densitg), median radiugb), distribution width(c) as retrieved from SAGE I
measurements of aerosol extinction in September 1999. €heal lines indicate the a priori mean state
(solid), and the a priori mean state plus or minus one stamdkriation (dash-dot).
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