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Abstract. The scattered sunlight measurements made byl Introduction
the Optical Spectrograph and InfraRed Imaging System
(OSIRIS) on the Odin spacecraft are used to retrieve verStratospheric aerosol has been measured from space for
tical profiles of stratospheric aerosol extinction at 750 nm.decades by solar occultation, and the long-standing heritage
The recently released OSIRIS Version 5 data product conand accuracy of these aerosol extinction measurements, in
tains the first publicly released stratospheric aerosol extincparticular from the Stratospheric Aerosol and Gas Experi-
tion retrievals, and these are now available for the entire Odirment (SAGE) series of instruments (SAGE, 1979 to 1981;
mission, which extends from the present day back to launchFSAGE 11, 1984 to 2005; SAGE IlI, 2002 to 2005), has pro-
in 2001. A proof-of-concept study for the retrieval of strato- vided an essential understanding of the stratospheric aerosol
spheric aerosol extinction from limb scatter measurementdayer, particularly the impact of volcanic eruptions. The oc-
was previously published and the Version 5 data product recultation technique is inherently stable through the built-in
trievals are based on this work, but incorporate several im-calibration measurement of the exo-atmospheric sun for each
portant improvements to the algorithm. One of the primaryprofile. It is also a direct measurement of the atmospheric
changes is the use of a new retrieval vector that greatly imoptical depth, which is relatively easy to convert to aerosol
proves the sensitivity to aerosol scattering by incorporating é€xtinction without requiring any assumptions regarding the
forward modeled calculation of the radiance from a Rayleigh@erosol composition or size.
atmosphere. Additional improvements include a coupled re- In the past decade, a number of satellite instruments ca-
trieval of the effective albedo, a new method for normaliza- pable of making spectral observations of limb scattered sun-
tion of the retrieval vector to improve signal-to-noise, and thelight have been in operation including the Optical Spectro-
use of an initial guess that is representative of very low back-graph and InfraRed Imaging System (OSIRIS), SAGE lII
ground aerosol loading conditions, which allows for maximal (Rault 2005 Rault and Loughman2007) and the SCan-
retrieval range. Furthermore, the Version 5 data set is comhing Imaging Absorption spectroMeter for Atmospheric Car-
pared to Stratospheric Aerosol and Gas Experiment (SAGEjograpHY (SCIAMACHY) Bovensmann et al1999 and
Il 755 nm extinction profiles during the almost four years of Global Ozone Monitoring by Occultation of Stars (GOMOS)
mission overlap from 2002 to late 2005. The vertical struc-(Bertaux et al.2010. Several studies have shown the ca-
ture in coincident profile measurements is well correlated andPability for the retrieval of vertical profiles of stratospheric
the statistics on a relatively large set of tight coincident mea-a€erosol parameters from measurements of the limb radiance
surements show agreement between the measurements frg#h Vvisible and near infrared wavelengtt8o(rassa et gl.
the two instruments to within approximately 10 % through- 2007 2008h Rault and Loughmar2007 Tukiainen et al.
out the 15 to 25 km altitude range, which covers the bulk 0f2008. The limb scatter measurement technique has a dis-
the stratospheric aerosol layer for the mid and high latitudetinct benefit over occultation in terms of sampling; vertical
cases studied here. profiles can be obtained repetitively for tangent points in the
sunlit hemisphere providing nearly global coverage within a
relatively short time period. However, the effect of strato-
spheric aerosol is a small component of the limb signal with
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a broad, smooth spectral signature making the retrieval o2 Retrieval algorithm
aerosol information difficult. In addition, the retrieval re- o _ _
quires a detailed forward model calculation with accurate ac2-1  Original retrieval algorithm

count of multiple scattering terms and assumptions regardingf o )
the microphysical and optical properties of the aerosol in or-IN the original work byBourassa et ak2007) the retrieval

der to characterize the scattering properties. vector for stratospheric aerosol was defined as,

The OSIRIS instrument, which is onboard the Swedish -,
satellite Odin, is designed to measure the vertical profile ofy, —In (M) (1)
atmospheric limb radiance spectra at wavelengths from the 1(j,21)

near ultra-violet to the near infra-red (274 nm to 810 nm). - ) )
The satellite was launched on 20 February 2001, into a sunWhere /(j, 1) represents the radiance at tangent altityde
synchronous polar orbit and continues full operation to the@nd wavelength., normalized by the radiance at the same
present date providing a valuable data record that now span¥avelength from a higher reference tangent altityde,
a decade of observation. For further details on OSIRIS and_ 1G,0)
Odin, sed_lewellyn et al.(2004, andMurtagh et al{2002), I1(j,2) = TG
respectively. Ir:
Vertical profile information is obtained by successive ver- As discussed ifBourassa et a(2007), this retrieval vector,
tical scans of the instrument’s line-of-sight, which has a field-where, > A1, is dependent in a positive sense on the Mie
of-view that is 1 km in the vertical and 40 km in the horizon- scattering contribution to the line of sight radiance in that as
tal the tangent point. The scanning speed combined with théhe Mie scattering contribution is increased, the retrieval vec-
exposure rate dictates the sampling resolution of the meator increases. This is due to the fact that the wavelength de-
surements, which is approximately 2 km vertically, with suc- pendence of the aerosol scattering is typically much weaker
cessive scans approximately every 5 degrees along the satdhan that of the Rayleigh background. For the OSIRIS mea-
lite track, which is about 550 km. The local time of the surements, we have chosen= 750 nm andvy =470 nm in
ascending node of the Odin orbit is 18:00 h. This config- order to maximize the spread between the wavelengths with-
uration provides measurements of the sunlit summer hemieut losing sensitivity to lower stratospheric tangent heights.
sphere, global measurements during equinox, and no coveifhis is also discussed in detail Bourassa et a{2007).
age of the mid to high latitude winter hemisphere. Northern The normalization tangent altitude was chosen, on a scan
high latitude measurements cease by mid-November wheby scan basis, as the highest tangent altitude above which
the line of sight is no longer illuminated. The 9Bclina- stray light becomes systematically larger than the measure-
tion of the orbit provides sampling of all latitudes up t&°82 ment noise. The stray light signal is easily identified as a
during normal aeronomy operations. systematic anomalous increase in signal at high tangent alti-
A stratospheric aerosol retrieval was developed for useude. For the OSIRIS measurements this is typically above
with the OSIRIS measurements Bourassa et al(2007). the majority of the stratospheric aerosol layer. In practice,
This algorithm used a spectral ratio as the retrieval vectorthe normalization tangent altitude is typically between 30
and the SASKTRAN forward model for radiative transfer and 35km. Figurd shows an example of the retrieval vec-
calculations Bourassa et gl20083. The inversion was per- tor calculated in this fashion in the left panel. This partic-
formed using the Multiplicative Algebraic Relaxation Tech- ular measurement was made by OSIRIS during April 2002
nique, which has now also been used successfully in the reat midlatitude and is typical of a measurement made during
trieval of ozone Pegenstein et gl2009 and nitrogen diox-  background stratospheric aerosol conditions. The normal-
ide (Bourassa et gl201]) from the OSIRIS measurements. ization tangent altitude for this scan is 35km, which is the
Herein we provide the details of several important improve-point where the retrieval vector goes to zero by definition. A
ments to this retrieval algorithm; these are used in the prolarge component of the characteristic shape of this retrieval
duction of the first OSIRIS stratospheric aerosol data product/ector is smooth and monotonically increasing with decreas-
for public release, Version 5. In Sect. 2 we present an alternaing tangent altitude due to the difference in optical depth of
tive retrieval vector that increases the sensitivity to aerosolthe Rayleigh atmosphere between the two wavelengths in the
resulting in faster convergence and a more sharply peakecetrieval vector. Deviations from this exponential-like char-
averaging kernel in the lower stratosphere. Additionally, weacteristic shape are due to aerosol. These deviations are typ-
discuss an improved technique for normalization of the re-ically positive, and are due to the relatively weaker wave-
trieval vector, a coupled retrieval of the retrieval, and the im-length dependence of the aerosol scattering cross section. For
portance of the initial estimate. In Sect. 3, the OSIRIS resultsexample, in this profile the peak of the Junge layer is evident
are compared with coincident and zonally average SAGE lllat 22 km tangent altitude along with a enhancement due to
measurements. In Sect. 4, the features of the OSIRIS Vereloud at 11 km tangent altitude.
sion 5 data set are highlighted and conclusions are provided By using Mie theory to calculate scattering phase func-
in Sect. 5. tions and the scattering cross section ratio for an assumed
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factor used to update the state parameter in Eq. (3), which is
term encompassed by the summation, is non-linear due to the
large contribution in the retrieval vector from the Rayleigh
background. That is, if the retrieval vector calculated by
the model is half of that of the observation, considerably
more than double the current value of aerosol extinction in
the forward model is required for convergence. In the fol-
lowing section we present an alternative retrieval vector that
increases the sensitivity to aerosol, resulting in faster con-
vergence and a more sharply peaked averaging kernel in the
lower stratosphere.
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10 : : : 10 : : : In addition to the retrieval vector as definedibgurassa et al.
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y (original) v (modified) (2007, the left panel of Figl also shows the same retrieval
vector calculated using forward model radiances obtained

Fig. 1. The stratospheric aerosol retrieval vector,The left panel ~ USiNg the SASKTRAN model. The SASKTRAN model is
showsy as calculated according the original algorithm for a typi- & Spherical geometry code that solves the radiative transfer
cal OSIRIS scan in red as well asfor a model calculation of an ~ €quation with multiple scattering using the successive or-
aerosol-free atmosphere in blue. The right panel shows the modiders of scattering technique. For details Beeirassa et al.
fied version ofy, before and after the normalization (with dashed (20083. This SASKTRAN calculation was performed us-
red and solid red lines according to Egs. (4) and (5) respectively). ing European Centre for Medium-Range Weather Forecasts
(ECMWEF) pressure and temperature profiles interpolated to
the OSIRIS scan location; the ozone and nitrogen dioxide

: : . rofiles were taken from OSIRIS retrievals of these parame-
ward model retrieval vector to the measurement by |terat|vely{)ers for this scan. The model calculation has no aerosol. i.e

updating the aerosol extinction. In all of the following work, it is the result for a molecular, or Rayleigh, atmosphere. As

the particle size distribution is assumed to be single mOdesuch, the characteristic shape of the retrieval vector follows

Iofgl-né)rﬁﬁl with a mode radt'“f of ﬁi‘i“m alnk()j akmode ;V'dth the smooth exponential-like profile discussed above and is
or 1.6.-These are representative of typical backgroun Con'cons,iderably lower in value than the retrieval vector due to

d|t!ons (Deshler et al. 2003. The solution IS then f°“'."d the lack of contribution from aerosol scattering.
using a Multiplicative Algebraic Reconstruction Technique A modified formulation of the retrieval vector is obtained

(MART), namely, by taking the difference between the logarithm of the spectral
1 y0obs ratio for the measurements and the same for the modelled
X :xl.(")z L_Wji |, (3)  Rayleigh atmosphere,
J J

. . : 1(j,22) IRay(j, 22)
where the iterative adjustment of the state parametgran ~ ¥j = In( T ) —In (—) : (4)
. .. . (J,A1) IRay(j, A1)
altitudei is found by scaling the value of the state parame-
ter from the previous iteration by a value that is based on thdn an optically thin atmosphere, this retrieval vector formu-
ratio of the measured, or observed, and modelled retrievalation is, to first order, a measure of the aerosol scattering
vectors. In this case, the state parameter is the aerosol esignal only, without a contribution from Rayleigh scattering.
tinction profile. Further detail on the MART method and the This is not strictly true due to the contribution from multi-
determination of the weighting facto#®;; are provided in  ple scattering; however, now the multiplicative update factor
Bourassa et a[2007), Degenstein et a[2004), Degenstein  for the retrieval iterations is much closer to a one-to-one re-
et al.(2009 andBourassa et a(2011). lationship with the aerosol content, i.e. now a modelled re-
Simulations performed by Bourassa et al. (2007) demondrieval vector that has half the value of the measurement at a
strated the feasibility of the technique; however, convergencaiven tangent altitude corresponds to a required increase in
is slow and the width of the averaging kernel increases bethe aerosol extinction by approximately a factor of two.
low 20 km resulting in a smoothing of vertical features. This The averaging kernel matrix corresponding to each of
can be understood to some degree by examining the sensihese two different retrieval vectors is shown in Fgj.
tivity of the retrieval vector. As shown in Eg. (3), if the These are calculated numerically by perturbation of a typi-
measured retrieval vector is greater than the modelled reeal aerosol extinction profile at each altitude and successive
sult, this is an indication that more aerosol is required inretrieval using simulated radiances for each state. The radi-
the modelled atmospheric state. However, the multiplicativeances are simulated with 1 km tangent altitude spacing and

particle size distribution, the retrieval algorithm fits the for-
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Original Retrieval Vector New Retrieval Vector Due to the logarithm, a simple normalization of the ra-

‘ ‘ ‘ ‘ diances is equivalent to a systematic offset of the retrieval
vector, i.e. the logarithm of a ratio can be written as the dif-
ference of the logarithm of each term. This offset is con-
stant with tangent altitude and results in a value of identically
In(1) =0 at the normalization tangent altitude. Following
this logic, a normalized retrieval vector is written as,

I(j,A 1 j, A
y,-=|n( (J. 2))—In< Ray(]. 2))—8, 5)
1(j,21) Iray(Jj, A1)
where the offset ternd, is the value ofy; at the normaliza-
tion tangent altitude,

azln(l(jr»)\Z))_|n<IRay(jra)¥2)). ©)
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Resolution [km] Resolution [km] This is an equivalent expression of the normalization of the

retrieval vector shown in Egs. (1) and (2). We now take this
Fig. 2. The averaging kernel in black and resolution in terms of one step further and use several measurements in the calcu-
Full Width Half Maximum (FWHM) in blue for a simulated aerosol lation of§ in order to improve the signal-to-noise,
retrieval using lines-of-sight spaced 1 km in tangent altitude. The

left panel shows the result when using the retrieval vector defined 1 mEN I1(j, Ao Iray(j, A2)
in Eq. (1). The right panel shows the improvement when using thed = N Z ( (I(]")L )> - (%)) )
retrieval vector defined in Eq. (5). j=m (/A1) Ray(/,41)

Thusé is the average value of Eq. (4) taken over the range

the resolution is calculated as the full-width half-maximum Of N lines-of-sight beginning with tangent altitude= .

of each curve. The peaks of the averaging kernel that correln this case, the average value of the retrieval vector given
spond to the modified retrieval vector, which is shown in thein EQ. (5) over this same range is zero. The retrieval vector

right panel, are close to unity down to 10 km and the reso-Calculated using this method is shown in the right panel of

lution is essentially equal to the line-of-sight sampling at all Fig. 1 where the two lines-of-sight between 34 and 38 km are

altitudes. This is a significant improvement over the previousused to compute the offset. The curves shown correspond to
method, which is shown in the left panel, where the resolu-calculations performed using Egs. (4) and (5).

tion is degraded below 20 km and above 32 km altitude. The Version 5 retrieval algorithm determines the range
over which to determine the offses, based on the mea-
2.3 Retrieval vector normalization surements on a scan by scan basis. The minimum value of

the vector calculated according to Eq. (4) is first determined
The motivation for the upper tangent altitude normalizationand all values within a contiguous range that fall within a
of limb scattered radiances is typically twofold: it decreasesthreshold of the minimum value are used in the average.
the sensitivity of the retrieval vector to the effective albedo, The threshold is determined using a signal to noise criteria
and it removes the requirement for an absolute calibration obased on the measurements, such that any signal greater than
the measurements. The modelled and measured states cHre expected instrument noise level is considered either stray
then be compared directly in the inversion. However, the sig-light or aerosol scattering and not used in the averaging. In
nal to noise ratio is falling at high tangent altitude and the practice, the range of tangent altitudes used to determine the
standard normalization technique, which uses a single measffset is typically between 35 and 40 km in the tropics. At
surement from this range, is susceptible to noise. It is admid to high latitude, the normalization range usually extends
vantageous to consider, then, using multiple measurementewer to approximately 27—30 km and can include measure-
from a range of high altitudes for the normalization, and yetments up to 40km. The lower level of the offset range is
because the radiance is falling off exponentially with tan- higher in the tropics because the aerosol load of the tropi-
gent altitude, simply averaging several radiances does notal stratosphere typically extends to around 35 km. Thus the
give equal weight to each measurement. Instead we use sevange of tangent altitudes that can be used to determine the
eral points of the retrieval vector itself to calculate an offset, offset at mid and high latitude is larger due to the fact that
which then functions in the same way as the normalizationthe instrumental stray light, which is the limiting factor for
but allows for the incorporation of multiple measurements inthe upper level of the range, generally does not become sig-
an unbiased way. nificant until approximately 40 km.
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2.4 Coupled albedo retrieval and Loughman(2007), has been to use an a priori aerosol
profile that represents the best knowledge of the true state
The albedo of the surface is one of the most important for-and from that determine the retrieval range on the constraint
ward model parameters in terms of uncertainty in the re-of positive Jacobian values. This would be particularly prob-
trieved aerosol extinctionBpurassa et gl.2007. In the lematic for the case of high volcanic aerosol load and the
original algorithm, the effective Lambertian surface albedoincreased extinction would severely limit the lower altitude
is first retrieved at 750 nm by matching the measured andimit of a limb scatter retrieval. In principle, one could de-
modelled radiance, in an absolute sense, for the line-of-sightelop a wavelength dependent table that relates aerosol load
nearest to 40 km tangent altitude. This point was chosen foto the lower altitude of the retrieval.
essentially the same reasons as the normalization point for For the OSIRIS measurements, we have found that a ro-
the retrieval vector: it is above the majority of the signal bust strategy is to use extremely low values for the initial
from the aerosol layer and below the altitude where strayguess aerosol extinction profile. In this case, for the first it-
light becomes significant. Through a forward model study, eration, the Jacobian is positive for all lines-of-sight down
Bourassa et a[2007) determined that the uncertainty in the to the tropopause such that all stratospheric lines-of-sight are
aerosol retrieval due to albedo is then limited to approxi-included in the retrieval range. After each iteration, the Jaco-
mately 10 % for OSIRIS measurements. However, we havebian can be calculated and the retrieval range for the next iter-
discovered an important coupling between the stratospheriation determined from the positivity constraint. This ensures
aerosol load and the albedo retrieved using the 40 km radithat the extinction profile is retrieved down to the lowest pos-
ance. Even though the albedo retrieval is performed at tansible altitude. In practice, recalculation of the Jacobian on
gent altitudes above the stratospheric aerosol layer, it is sereach iteration is not strictly necessary and for the Version 5
sitive to the aerosol load. This can be explained through theetrievals, we have used an extinction threshold that approx-
strong forward scattering characteristic of the aerosol thaimately represents the negative condition. The Jacobian is
will tend to amplify the upwelling signal at oblique angles calculated after the final iteration in order to report the fi-
to the line-of-sight that are near the forward direction. Thusnal retrieval range. With the new formulation of the retrieval
we have found that it is important to first retrieve the albedovector detailed above, the inversion converges in only a few
using an initial guess for the aerosol extinction profile, theniterations, even with a very low value for the initial guess
retrieve the aerosol extinction profile, and then successivelyprofile, which is a significant improvement over the original
re-retrieve the albedo and the aerosol profile. The second realgorithm that required typically more that 20 iterations.
trieval of the albedo can differ from the first estimate by up to
approximately 20 % and this will typically reflect a change of
approximately 10 % in the retrieved aerosol extinction pro-3 SAGE IlI/OSIRIS intercomparison
file. Two iterations of this process are often sufficient, and
the change in the albedo upon a third retrieval is typically The validation of stratospheric aerosol measurements is dif-

less than 1 %. ficult due to the large number of variables involved and the
inherent differences in remote sensing techniques (see for ex-
2.5 The initial estimate ample Thomason et al.201Q Vanhellemont et al.2010).

The Assessment of Stratospheric Aerosol Properties docu-
The aerosol Jacobian, or so-called weighting functions, arenent (SPARC, 2006) discusses the difficulty in converting li-
positive for limb scattering at mid-visible and near infrared dar backscatter and optical particle counter measurements to
wavelengths throughout most stratospheric lines-of-sightreliable extinction values, particularly during the historically
That is, an increase in aerosol extinction, which translatedow levels of stratospheric aerosol loading which have been
into more scattering along the line of sight, results in antypical of the past decade. Althougthomason et al2010
increase in the retrieval vector. However, at a certain tanstate that there is no standard measurement with which to
gent altitude, typically for lines of sight in the upper tropo- compare, the SAGE series of occultation measurements have
sphere or lower stratosphere, the Jacobian becomes negatibeen extensively evaluated and compared with other space
such that an increase in aerosol extinction results in a debased instruments and have been found to have relatively
crease in the retrieval vector. In this case, the effect of ex-high precision and accuracy. These likely represent the best
tinction is greater than the effect of increased aerosol scatpossible measurement with which to compare the OSIRIS
tering along the line of sight. The point where the Jacobianresults. We have chosen the SAGE IIl mission in particular
becomes negative is related to the total optical depth and ass it has essentially four years of overlap with the OSIRIS
such, it increases in tangent altitude as the aerosol opticahission and an aerosol extinction coefficient data product at
depth increases. This characteristic is problematic for thes55 nm, which is a very close match to the OSIRIS retrieval
inversion algorithm due to the positivity constraint and the at 750 nm. For the Northern Hemisphere the overlap period
retrieval cannot take place below this point. The approachbegins with the start of the SAGE Ill measurements in Febru-
taken by Bourassa et al. (2007), and by others sudhtaardt ary 2002 and ends in 2005 when OSIRIS loses coverage of
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high latitudes in the Northern Hemisphere; the SAGE Il 35 . . . . . . . .

ieqj i i i SAGE Il OSIRIS SAGE Il OSIRIS
mission termma_ted in March 2006, JL_Jst as QSIRIS was _be— ot 206 Lat 503 e Lot 384
ginning to regain coverage of the high latitudes. Version Lon: ~147.4Lon: ~145.9 Lon: -120.5 Lon: ~120.6|
4 of the SAGE Il data products have been publicly avail- At=03h - At=0.3h At=0.7h At=07h

able since 2008. The Version 4 evaluation study performed
by Thomason et al(2010 finds the 755 nm aerosol extinc-
tion data product to be a “solid channel” with accuracies and
precisions on the order of 10 % throughout the lower strato-
sphere. We have compared SAGE Ill 755nm and OSIRIS
750 nm aerosol extinction coefficient retrievals directly with- 15
out any attempt to compensate for the difference in wave-
length. For stratospheric aerosol particle sizes, the angstrom
coefficient generally ranges between 0 and 2, such that in the ¥

N
o

Altitude (km)

N
o

. . . SAGE Il OSIRIS
worst case the systematic difference in wavelength would af- 755 Lat 758 SACE SR
fect the comparison by less than 2 %. 30 Lon: =287 Lon: =30.9 Lon: -42.3  Lon: ~41.0)

At=17h At=1.7h | At=0.8h At=0.8h

3.1 Coincidence statistics »
The coincidence criteria that we have chosen are quite tight;
the reference tangent points of the OSIRIS and SAGE Il
measurements are withh6 h, £1° latitude, andt2.5° lon-
gitude. These are considerably tighter than those typically 5
used for occultation comparisons; for examfleomason
etal.(2010 andRandall et al(2001) use a criteria of-1 day,
+24° longitude, and+5% of the potential vorticity (PV) o 1 2 3 4 550 1 2 3 4 5
range of the measurements spanning the Northern Hemi- 750 nm Extinction (km™'x 10 750 nm Extinction (km ™"k 10™*
sphere. The 5% PV criteria is approximately equivalent to
+2° latitude; however it is used as it is often a better indica- Fig. 3. Four coincident SAGE 11l and OSIRIS aerosol extinction
tion of the dynamical characteristics of the sampled volume coefficient measurements. SAGE Il measurements at 755nm are
This is particularly true for measurements near the polar vorshown in red and OSIRIS measurements at 750 nm are shown in
tex edge in the winter. Because of the relatively large num-blue. The latitude, longitude of each measurement and the time dif-
ber of OSIRIS measurements at high latitude we have simplyference between each coincident SAGE Il and OSIRIS measure-
chosen a tight latitude criteria ef1° to define a coincident ~ment are given in each corresponding plot.
measurement, and because OSIRIS is not able to make mea-
surements during winter when the PV criteria would be most
important we believe that this criteria is sufficient. Over the  Statistical results for the comparison of all of the SAGE
course of the entire overlap period this provides 479 coinci-lll and OSIRIS coincidences are shown in Figand Fig.5.
dent measurements of the aerosol extinction profile. Nonén Fig. 4, the coincidences are separated by year and the per-
of the measurements that are included within this criteria arecent difference in extinction coefficient at each altitude re-
rejected in the following analysis. ported for the OSIRIS retrieval is calculated according to the
Figure3 shows a sample of four of these coincident mea-OSIRIS measurement minus the SAGE Il measurement ex-
surements. These are a representative sample and the leyalessed as a percentage of the average of the two measure-
of agreement shown in these four profiles is typical. Inments. For all years, the general agreement is quite good
many cases the aerosol extinction coefficient profile is quitewith the average of the percent difference essentially less
variable and shows multiple layers and small scale structurghan 10 % from 15 to 25 km with little to no consistent alti-
throughout the altitude range covering the bulk of the layer.tude trend from year to year. In 2005 there is a small positive
The layered structure is detected by both instruments, even ibias of around 10 % that is basically constant with altitude
multi-layer situations like that shown in the upper right panel. up to 25 km altitude. Above 25 km, the differences increase
The OSIRIS extinction profiles are retrieved on a 1 km grid; somewhat, in part due to the very small values of absolute
however, as mentioned previously the vertical resolution isextinction at these altitudes. The standard deviation of the
approximately 2 km due, which is lower than the 0.5 km res-percent differences is also shown in Higthese are approx-
olution of the SAGE IIl measurements. This is evident in imately 30 % throughout the bulk of the layer and show the
Fig. 3 where some of the finer structure that appears in theusual increase toward higher altitude where the aerosol ex-
SAGE Ill measurement is not captured in the OSIRIS re-tinction coefficient levels are falling and measurement error
trieval. is increasing. This level of agreement is very similar to that

20

Altitude (km)
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Fig. 4. The mean (solid) and standard deviation (dashed) of the pergig_ 5. comparison of, for OSIRIS and SAGE il aerosol extinction
cent difference of all OSIRIS and SAGE Ill coincidences over the ¢oefficient at four altitude levels: 16.5km (blue), 19.5 km (purple),
four years of mission overlap, 2002-2005. Top left panel shows they 5 km (maroon) and 25.5km (red). Each panel represent one of
results for 117 coincident measurements in 2002; top right panejne four years of overlapping measurements: 2002 in top left, 2003
shows the results for 134 coincident measurements in 2003; boty, top right, 2004 in bottom left and 2005 in bottom right. The mean

tom left panel shows the results for 137 coincident measurementgnq standard deviation given in the plots are calculated based on the
in 2004; and, bottom right panel shows the results for 91 coincident 4t given in Eq. (8).

measurements in 2005.

extinction coefficient is on average 20 % larger than that from

found by Thomason et al. (2010) in the comparison of SAGEthe SAGE IIl measurements.

Il and Polar Ozone and Aerosol Measurements (POAM) li
observations. For details on POAM Il s&andall et al.
(2001).

Complementary results from the comparison are presente@s a further indication of the level of agreement between
in Fig. 5 and show a similar picture. Here the coinci- OSIRIS and SAGE IIl we have compared the zonal average
dent SAGE Il measurements are plotted as function of thetime series. Figuré shows the daily average 755 nm extinc-
OSIRIS measurement at four altitude levels throughout thetion ratio profile measured by SAGE Il throughout 2002—
lower stratosphere. These are again separated by year and theos in the Northern Hemisphere. The extinction ratio is
mean and standard deviation statistics reported on each pangle ratio of the aerosol extinction coefficient to the molecular
are calculated following Thomason et al. (2010) according toextinction at the same wavelength, i.e. the product of the air
the ratio, density and the Rayleigh cross section. The SAGE Il mea-

surements are at essentially the same latitude over the course
(8)  ofaday sowe have determined the daily average OSIRIS ex-

tinction ratio profile for all OSIRIS measurements withih 5
wherek is the aerosol extinction coefficient. This is done in of latitude of the SAGE Ill measurement. This is also shown
order to include all points in the profile within the same sta- in Fig. 6. The average OSIRIS profile is usually composed of
tistical set without biasing the result toward the larger valuesbetween 16 and 32 profiles depending on whether or not the
of extinction typically found at lower altitude. Again, this tangent point is illuminated on both the ascending and de-
correlation analysis shows excellent agreement between thgcending tracks of the Odin orbit. For both instruments, the
two instruments; for years 2002, 2003 and 2004, the meamaily profile is only shown when both instruments are able
value shows agreement to less than 10%. The positive biak make a measurement. The latitude of the SAGE IIl mea-
in 2005 is again evident, where the mean valueisfapprox-  surement and the solar zenith angle of the OSIRIS retrievals
imately 1.2, which means that the OSIRIS retrieved aerosols also provided for reference.

3.2 Zonal average time series

e kosiris(A)
ksacem ()
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Fig. 7. The daily zonal average OSIRIS aerosol extinction ratio for

E\I/?s ;;‘f:\rgrr::ee Saegrlgzoﬁf;;?nf& ilzr;l:ooi)lﬁi ;Sn: ZZﬁleJ;i;?I:\;_the SAGE Il time period for the following latitude bands shown
P y from top to bottom: 55-65N, 15-25 N, 15-25 S, and 55-65S.

erage. Data is only shown when both instruments are making meap
surements; periods when sunlit measurements are not possible for eriods when sunlit measurements are not possible due to solar
Jenith angle greater than 9@r when OSIRIS was turned off for

OSIRIS due to solar zenith angle greater thah @when OSIRIS enaineering tests are indicated in white.
was turned off for engineering tests are indicated in white. OSIRIS 9 9
profiles include all measurements withitt° of the SAGE Il av-

erage daily latitude. From top to bottom, the plots show the latitude,

and solar zenith angle of the measurements, the SAGE Ill zonal av- worthy. The assumptions of a typical background (non-
erage, the OSIRIS zonal average and the absolute relative dlfferenc\émcan'c) aerosol particle size distribution may also explain
between the two zonal average measurements. the bias in the OSIRIS results in 2005 after the eruption of
Mt. Manam. The SAGE IIl mission occurred when aerosol
levels were at historically low levels with relatively little vol-
canic perturbation over the four years. This, and the fact that
no measurements were made at tropical latitudes makes this
study incomplete in terms of a full validation of the OSIRIS
aerosol retrievals; however, it does show that for the condi-

tions that we were able to study, the OSIRIS results are of sci-

The time series measured by the two instruments are ex-
tremely similar; the Junge layer is clearly visible in each year
with the peak between approximately 18 and 21km. The
systematic rising and falling essentially driven by the shift-

ing latitude of the measurement toward lower latitudes in the entific applicability with an accuracy of about 10 %, which is

summer. In both cases the aerosol levels are notably hlg on the same order as the occultation measurements over the
through 2005, likely associated with transport of the aerosol

enhancement from the tropical eruption of Mt. Manarh%4 same time period.

145 E) in January 2005\ernier et al, 2011 Vanhellemont

et al, 2010. The bottom panel of the figure shows the ab- 4 The OSIRIS Version 5 aerosol extinction data set

solute value of the percent difference between the daily av-

erage profile of extinction ratio. Again, the result is simi- One of the biggest strengths of the OSIRIS aerosol extinction
lar with percent differences of less than approximately 10 %coefficient data product is the relatively good global cover-
throughout the bulk of the stratospheric layer and with largerage obtained with the limb scatter technique. To demonstrate
differences above and below. The large values of extinctiorthis and further show some features of the data set, we have
ratio that occur at low altitude, particularly in the summer asincluded in Fig.7 plots of the daily zonal average extinc-
the measurements progress toward lower latitude, are assodion ratio in four latitude bands throughout the same 2002—
ated with aerosol and cloud near and below the tropopause2005 time period shown in Figs. These latitude bands,
Although both instruments measure much larger values afrom the top panel to the bottom panel, are 55H8515-
these low altitudes, the microphysical assumptions about th@5° N, 15-28 S, and 55-65S. The highly variable nature
aerosol composition required for the OSIRIS retrievals breakof the stratospheric layer, with time and latitude, is clear.
down and it is not expected that the OSIRIS results are trustOverall, the tropical layer is consistently extended to higher
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