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Abstract. The Optical Spectrograph and InfraRed Imaging
System (OSIRIS) onboard the Odin satellite has now taken
over a decade of limb scatter measurements that have been
used to retrieve the version 5 stratospheric aerosol extinc-
tion product. This product is retrieved using a representative
particle size distribution to calculate scattering cross sections
and scattering phase functions for the forward model calcu-
lations. In this work the information content of OSIRIS mea-
surements with respect to stratospheric aerosol is systemati-
cally examined for the purpose of retrieving particle size in-
formation along with the extinction coefficient. The benefit
of using measurements at different wavelengths and scatter-
ing angles in the retrieval is studied, and it is found that in-
corporation of the 1530 nm radiance measurement is key for
a robust retrieval of particle size information. It is also found
that using OSIRIS measurements at the different solar ge-
ometries available on the Odin orbit simultaneously provides
little additional benefit. Based on these results, an improved
aerosol retrieval algorithm is developed that couples the re-
trieval of aerosol extinction and mode radius of a log-normal
particle size distribution. Comparison of these results with
coincident measurements from SAGE III shows agreement
in retrieved extinction to within approximately 10 % over the
bulk of the aerosol layer, which is comparable to version
5. The retrieved particle size, when converted to Ångström
coefficient, shows good qualitative agreement with SAGE II
measurements made at somewhat shorter wavelengths.

1 Introduction

Stratospheric aerosols play an important role in Earth’s ra-
diative balance and have been studied using numerous in-
struments. The Stratospheric Aerosol and Gas Experiment
(SAGE) II, in particular, operated from 1984 to 2005, and has
provided an invaluable record of high-quality, stable, global,
long-term aerosol levels. This is in part due to the nature of
occultation measurements, which provide an inherent cali-
bration through measurement of the exo-atmospheric solar
spectrum as well as direct measurements of atmospheric op-
tical depth. After Rayleigh scattering and gaseous absorbers
are accounted for, aerosol extinction can be computed from
the residual signal. While these occultation measurements
provide distinct advantages in terms of measurement sim-
plicity, the technique also limits coverage, typically pro-
ducing two measurements per orbit. Measurements of limb-
scattered sunlight have also been used to retrieve strato-
spheric aerosol extinction profiles. This technique aims to
improve the global coverage while still providing relatively
good vertical resolution. Satellite limb scatter instruments in-
clude the Optical Spectrograph and InfraRed Imaging Sys-
tem (OSIRIS) (Llewellyn et al., 2004), SAGE III (Rault,
2005; Rault and Loughman, 2007), the SCanning Imag-
ing Absorption spectroMeter for Atmospheric CartograpHY
(SCIAMACHY) (Bovensmann et al., 1999) and the Ozone
Mapping and Profiler Suite (OMPS) (Rault and Loughman,
2013).

These limb scatter instruments measure vertical profiles of
integrated line of sight radiance, typically at a wide range of
wavelengths from the UV to the near infrared. As mentioned,
this allows for the opportunity to measure any sunlit portion
of the globe, greatly improving coverage. The cost of these
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measurements comes in the increased complexity. Light that
has been scattered multiple times must be accounted for, re-
quiring complex forward model calculations to perform re-
trievals. This is particularly difficult for aerosols due to the
signal dependence on microphysical properties in addition
to particle number density, and requires the assumption or
retrieval of aerosol size parameters in addition to extinction
coefficients.

This work focuses on measurements made by the OSIRIS
instrument, which was launched in February 2001 onboard
the Odin satellite and continues full operation to the time of
writing. Odin is in a polar, Sun-synchronous orbit at approx-
imately 600 km with an inclination of 98◦. OSIRIS views in
the orbital plane and this provides measurements from 82◦ S
to 82◦ N with equatorial crossings at 18:00 LT and 06:00 LT
for the north- and southbound crossings, respectively. Orbital
precession has caused the local time to increase by approxi-
mately 1 hour over the duration of the mission. As Odin or-
bits the satellite nods to scan the instrument line of sight ver-
tically at tangent heights from the upper troposphere to the
mesosphere.

The optical spectrograph measures wavelengths from 274
to 810 nm with 1 nm resolution along a single line of sight,
with a vertical sampling rate of 2 km and vertical resolution
of approximately 1 km. As Odin is scanned this provides ver-
tical information from approximately 7 to 65 km during nor-
mal aeronomy operations. The infrared imager is composed
of three vertical photodiode arrays, each with 128 pixels,
with filters on each channel of 1260, 1270 and 1530 nm. The
measurement technique of the infrared imager is fundamen-
tally different than that of the optical spectrograph; each pixel
measures a line of sight at a particular altitude, creating an
entire vertical profile spanning tangent heights over approx-
imately 100 km with each exposure. As the satellite nods,
the imaged altitude range is then shifted. Due to the altitude
range of the infrared imager, the majority of measurements
in a scan image the entirety of the stratosphere.

A stratospheric aerosol retrieval was developed for use
with the OSIRIS measurements byBourassa et al.(2007).
This algorithm uses a spectral ratio as the retrieval vector and
the SASKTRAN forward model for radiative transfer calcu-
lations (Bourassa et al., 2008b). Scattering cross sections and
phase functions used in the radiative transfer model are cal-
culated from an assumed representative particle size distri-
bution. The inversion is performed using the multiplicative
algebraic relaxation technique, which has also been imple-
mented in the successful retrieval of ozone (Degenstein et al.,
2009) and nitrogen dioxide (Bourassa et al., 2011) from the
OSIRIS measurements. Further improvements to the aerosol
algorithm, including a more sensitive aerosol measurement
vector and coupled albedo retrieval, were implemented in the
version 5 algorithm and are discussed in detail byBourassa
et al. (2012). Herein a brief overview of the version 5 algo-
rithm is given, and the systematic effects of the assumed par-
ticle size distribution are discussed. In Sect. 3, the sensitivity

and information content of OSIRIS measurements in rela-
tion to particle size is explored to provide a foundation for
an improved retrieval. Section 4 provides a development of
this improved retrieval, which couples the aerosol extinction
retrieval and retrieval of a particle size parameter. Here the
retrieval sensitivity and error are also examined. In Sect. 5
the improved algorithm is applied to the OSIRIS data for the
full mission time series and results are compared against ver-
sion 5 as well as SAGE II and III measurements. Finally,
conclusions are discussed in Sect. 6.

2 Version 5 algorithm

The stratospheric aerosol extinction coefficient at 750 nm,
which is currently retrieved as part of the standard OSIRIS
data processing, uses an assumed unimodal log-normal par-
ticle size distribution of the form

dn(r)

dr
=

naer

r ln(σg)
√

2π
exp

(
−

(lnr − lnrg)
2

2ln(σg)2

)
. (1)

This provides a distribution with a single peak (or mode)
where the number of particles is normally distributed accord-
ing to the logarithm of particle radius. Aerosol concentration
is then fully described by three parameters: mode radius,rg;
mode width,σg; and the total number of particles,naer; for
each mode. For the version 5 algorithm, a unimodal distribu-
tion with a mode radius of 80 nm and mode width of 1.6 is
assumed, as these are typical of the background aerosol load-
ing conditions (Deshler et al., 2003). The scattering cross
sections and phase functions are then calculated using Mie
theory assuming an aerosol consisting of 25 % H2O and 75 %
H2SO4, and aerosol number density is retrieved using a sin-
gle measurement vector based on the ratio of spectral radi-
ances at two wavelengths

Ĩ (j ) =
I (j,750nm)

I (j,470nm)
, (2)

wherej denotes the tangent altitude index. This normaliza-
tion is used to reduce the effect of local density fluctuations
in the neutral background, which would otherwise be fitted
with the aerosol concentration, and to increase sensitivity to
the Mie scattering signal (Bourassa et al., 2007). To further
increase the sensitivity to aerosol, the measurement is nor-
malized by a modelled Rayleigh signal,ĨRay(j), yielding

yj = ln

(
Ĩ (j )

ĨRay(j)

)
. (3)

The Rayleigh signal is computed using SASKTRAN on
a scan-by-scan basis assuming an aerosol-free atmosphere.
Particularly at low altitudes, the bulk of the scattered signal
is due to Rayleigh scattering. Normalizing by the Rayleigh
signal (note that it is a subtraction in log space) largely re-
moves the Rayleigh contribution, creating a measurement
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vector much more linearly dependent on the aerosol load-
ing. Finally, the measurement vector is normalized by a set
of high-altitude measurements above the aerosol layer using
the geometric mean. This eliminates the need for an absolute
calibration and decreases the sensitivity to unknown surface
albedo and tropospheric clouds (von Savigny et al., 2003).
For a more detailed description of the aerosol measurement
vector, seeBourassa et al.(2012). This provides the final
aerosol measurement vector

yj = ln

(
Ĩ (j )

ĨRay(j)

)
−

1

N

m+N∑
j=m

ln

(
Ĩ (j )

ĨRay(j)

)
, (4)

whereN tangent altitudes betweenm andm + N have been
used for the normalization. Typically, normalization occurs
between 35 and 40 km in the tropics and closer to 30 km at
higher latitudes.

Using radiance measurements in the normalization range,
the 750 nm albedo is retrieved assuming a Lambertian sur-
face and by iteratively matching the measured and modelled
radiances. The retrieved atmospheric state,x̂, is then updated
using the multiplicative algebraic reconstruction

x̂
(n+1)
i = x̂

(n)
i

∑
j

yobs
j

ymod
j

Wij . (5)

Here,x̂ is simply the aerosol extinction profile, as that is
the only retrieved aerosol parameter. The weighting matrix,
W, provides the contribution of various lines of sight at tan-
gent altitudes,j , to the retrieved altitude,i, based on relative
path lengths of the line of sight through the spherical shells.
Further details on the MART method and the determination
of the weighting factors,Wij , are provided inBourassa et al.
(2007), Bourassa et al.(2012) andDegenstein et al.(2004,
2009). Although the albedo is retrieved prior to aerosol ex-
tinction, it is sensitive to the aerosol loading and is retrieved
again after the aerosol retrieval has converged. Aerosol is
then retrieved again with the updated albedo value.

The limitation of this approach is that the measurement
vector, y, is dependent upon the aerosol phase function,
which is dictated by the assumed particle size. Any bias in the
assumed phase function is translated to the retrieved extinc-
tion. The effect of this can be tested by comparing data taken
at similar locations and times, but with different viewing ge-
ometries. If the particle size, and thus the phase function, is
correct, then measurements will be independent of the solar
scattering angle and match to within atmospheric variability.
If, on the other hand, particle size has been incorrectly as-
sumed, this will be reflected in the phase function, and the
retrieval will compensate with differing amounts of aerosol
depending upon the solar scattering angle. It is possible to
test this dependence through the comparison of retrievals at
similar locations and times, but with different solar scatter-
ing angles. An example of two such measurements that oc-
cur for OSIRIS, one on the ascending track of the orbit and

Table 1. Particle size distributions at 22.5 km used to create Fig. 4

Fine Mode Representative
Bimodal

Fine Mode Course Mode

Number Density (cm−3) 4.0 3.0 3.2 0.012

Mode Radius (nm) 80 77 80 400

Mode Width 1.6 1.75 1.6 1.2

Descending Track Ascending Track

Fig. 1. OSIRIS often measures the same location twice over the course of 12 h due to orbit. Here an example

of an ascending track is shown in red and a descending track in blue. The crossing point is the matched pair

of scans, 11222020 and 11229004, where the same location was measured twice, approximately 12 h apart and

with different viewing geometries.

Gas Experiment (SAGE) II and III satellite experiments in 2002 and 2003, J. Geophys. Res., 110, D11202,640

doi=10.1029/2004JD005421, 2005.

20

Fig. 1. OSIRIS often measures the same location twice over the
course of 12 h due to orbit. Here an example of an ascending track
is shown in red and a descending track in blue. The crossing point
is the matched pair of scans, 11222020 and 11229004, where the
same location was measured twice, approximately 12 h apart and
with different viewing geometries.

a second on the descending track, is shown in Fig.1. The
crossing point of the two tracks occurs approximately 12 h
apart, with scattering angles that differ by up to 60◦ in the
tropics, depending upon the season. Provided diurnal varia-
tion of aerosol is minimal, this provides an excellent test of
the phase function.

A comparison of ascending and descending track measure-
ments using weekly averages is shown in Fig.2 for two lat-
itude bands: 20◦ N to 20◦ S is shown in the left column and
40◦ N to 60◦ N in the right. The ascending- and descending-
node scattering angles are shown in the top panels, and the
weekly aerosol extinction ratios at several altitude levels are
shown in the bottom panels for the respective orbital tracks.
After 2006, the local time of the ascending node increases
past that of local sunset due to orbital precession and the
tangent point is no longer sunlit in the tropics. A systematic
difference is apparent between the ascending and descend-
ing tracks in the tropics that correlates well with the differ-
ence in scattering angles, indicating that the phase function
and assumed particle size distribution are likely incorrect.
At mid-latitudes the comparisons are quite a bit better, with
much smaller differences between ascending and descending
nodes. Similarly, lower altitudes tend to fair better and the
reason for this is three-fold:

– The OSIRIS scattering angles have the largest separa-
tion in the tropics due to the Odin orbit.
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Fig. 2. Retrieved extinction on the ascending and descending measurement tracks. Panel (A) shows the weekly

averaged solar scattering angle of the ascending and descending track measurements from 20◦ N to 20◦ S. Panel

(E) shows the same results for 40◦ N to 60◦ N. Panels (B) through (D) show the retrieved extinction at various

altitudes for the two measurement tracks in the tropics. Panels (F) through (H) show the same results for the

mid latitudes at slightly lower altitudes.

21

Fig. 2. Retrieved extinction on the ascending and descending measurement tracks. Panel(A) shows the weekly averaged solar scattering
angle of the ascending and descending track measurements from 20◦ N to 20◦ S. Panel(E) shows the same results for 40◦ N to 60◦ N. Panels
(B) through(D) show the retrieved extinction at various altitudes for the two measurement tracks in the tropics. Panels(F) through(H) show
the same results for the mid-latitudes at slightly lower altitudes.

– Low stratospheric altitudes have higher contributions
of multiple scattering, helping to minimize the effects
of incorrect phase functions.

– Higher latitudes have particle sizes more similar to the
assumed particle size of 80 nm mode radius and 1.6
mode width as this distribution was based on the mid-
latitude measurements byDeshler et al.(2003).

Removal of this bias requires more accurate estimation of
the particle size parameters used in the SASKTRAN model,
and the following section discusses the information available
from OSIRIS to retrieve particle size directly.

3 OSIRIS information content

In version 5 the normalization of the 750 nm radiance by the
radiance at 470 nm was beneficial in minimizing the effect
of uncertainty in the local air density. However, the 470 nm
measurements are not completely insensitive to aerosol,

particularly smaller particles, and for the purposes of retriev-
ing particle size information, this spectral normalization cre-
ates a more non-linear solution space and increases the diffi-
culty of the retrieval. This effect can be seen in Fig.3, where
the aerosol measurement vector was modelled for a variety
of extinctions and particle sizes, both with and without the
470 nm normalization. As a function of extinction the mea-
surement vectors are well behaved, showing a roughly lin-
ear response. However, the normalized vector shows poor re-
sponse as a function of both mode radius and width, with
multiple solutions under certain conditions and little sensi-
tivity to small particles. In particular, the un-normalized mea-
surement vector is much more sensitive to smaller mode radii
than the normalized version. This will become important in
Sect. 4, where a retrieval algorithm is developed which re-
trieves mode radii. Therefore, in this work the 470 nm nor-
malization is removed from the aerosol measurement vector.

Atmos. Meas. Tech., 7, 507–522, 2014 www.atmos-meas-tech.net/7/507/2014/



L. A. Rieger et al.: OSIRIS particle size 511

2 4 6 8

0.5

1

A

Extinction (10−4 km−1)

y a
e
r
(k
)

0.2 0.4

0.2

0.3 B

Mode Radius (µm)

y a
e
r
(r

g
)

1.3 1.7 2.1

0.2

0.3
C

Mode Width

y a
e
r
(σ

g
)

Normalized Unnormalized
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Fig. 3.Response of the normalized (blue) and un-normalized (red) measurement vectors at 25 km to changes in aerosol parameters for a scan
with a solar zenith angle of 70◦and solar scattering angle of 90◦. (A) shows the measurement vectors as a function of extinction with a mode
radius of 80 nm and mode width of 1.6.(B) shows the response as a function of mode radius given a mode width of 1.6 and extinction of
1e-4 km−1. (C) shows the response as a function of mode width given a mode radius of 80 nm and extinction of 1e-4 km−1.

The single wavelength measurement vector is then

yj = ln

(
I (j,λ)

IRay(j,λ)

)
−

1

N

m+N∑
j=m

ln

(
I (j,λ)

IRay(j,λ)

)
. (6)

Note here that for a given wavelength this is similar to
Eq. (4), except thatĨ (j,λ) has been replaced with the un-
normalizedI (j,λ). We now explore the particle size infor-
mation contained in measurement vectors of this type for the
full set of wavelengths measured by OSIRIS.

To extract particle size information from the wavelength
dependence of OSIRIS measurement vectors, the wavelength
dependence of the measurement vector due to changing par-
ticle size must be considerably larger than the measurement
noise. This dependence is explored by simulating the aerosol
measurement vector for multiple wavelengths and particle
sizes using SASKTRAN. This was done by assuming three
different size distributions and extinctions which produce the
same 750 nm measurement vector; that is, three atmospheric
states which are essentially indistinguishable with a single
wavelength retrieval at 750 nm. The first is a bimodal distri-
bution meant to simulate volcanic conditions; the second is a
“fine-mode” distribution, used in the version 5 retrievals and
corresponding to a typical background state; and the third
is a single-mode “representative” distribution with the same
effective radius as the bimodal distribution. Particle size dis-
tribution parameters are give in Table 1. These are shown in
panel a of Fig.4. The resulting aerosol measurement vectors
were then modelled at a range of wavelengths for an OSIRIS
scan with a scattering angle of 60◦ and solar zenith angle of
79◦ and are shown in Fig. 14b. The change of the measure-
ment vector for the three cases then indicates the sensitivity
to particle size. Figure4 shows that the measurement vec-
tors above approximately 800 nm provide good sensitivity to
particle size, with differences of more than 30 % at 1500 nm
for the cases studied here. Panel c shows the relative differ-
ence between cases when compared to the bimodal state. The

relative error in the bimodal measurement vector due to a 1 %
error in radiance is shown as the shaded grey region; this is
typical of the error for 750 nm OSIRIS measurements.

A broader study of wavelength sensitivity was performed
for a number of geometries and particles size distributions
assuming a mode width of 1.6, with results shown in Fig.5.
Again, number densities were chosen such that measure-
ments at 750 nm would be the same. Six geometries at the
full range of OSIRIS solar scattering and zenith angles were
tested with mode radii ranging from 0.04 to 0.14 µm. In
forward-scattering conditions (SSA= 60◦) wavelengths be-
low 750 nm show some sensitivity to particle distributions
with small mode radii; however the difference is small com-
pared to the longer wavelengths, where substantial differ-
ences between particle sizes can be seen. This is similar
for the other geometries, where longer wavelengths show
much better sensitivity to particle size for all size distribu-
tions tested here.

As the optical spectrograph only measures out to 800 nm,
inclusion of the infrared imager is highly beneficial when
attempting particle size retrievals. The imager channels at
1260 and 1270 nm were designed to measure excited-state
oxygen emission, and this emission renders these channels
unusable for aerosol retrieval; however, the 1530 nm chan-
nel, which was designed to measure an excited OH emission
that is extremely weak during daytime, can be used for the
aerosol retrieval. A proof-of-concept particle size retrieval
using a combination of OSIRIS spectral measurements and
a simple two-step retrieval is presented inBourassa et al.
(2008a). A different algorithm which assumes a constant size
profile is presented byRault and Loughman(2013) for use
with the OMPS data. Here we explore the full potential of
the particle size information in the OSIRIS measurements
and compare these new results with the SAGE II and III mea-
surements.
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Fig. 4. Modelled sensitivity of the aerosol measurement vectors from scan 6432001 as a function of wavelength for three particle size
distributions at 22.5 km.(A) shows the size distributions at 22.5 km, with parameters listed in Table 1.(B) shows the measurement vectors
as a function of wavelength for the three distributions.(C) shows the relative difference between the measurement vectors compared to the
bimodal state. The shaded area shows error in the bimodal measurement vector due to 1 % error in the measured radiance.

Table 1.Particle size distributions at 22.5 km used to create Fig.4.

Fine Mode Representative
Bimodal

Fine Mode Course Mode

Number Density (cm−3) 4.0 3.0 3.2 0.012
Mode Radius (nm) 80 77 80 400
Mode Width 1.6 1.75 1.6 1.2

Figure 2 shows that particle size information is also ap-
parent when comparing measurements at different scattering
angles. However, the spectral and geometric pieces of infor-
mation are not independent, and the ability to derive multi-
ple pieces of information depends on both the sensitivity of
the measurement vectors to particles of different sizes and
the instrument noise. The sensitivity to particles of a spe-
cific size can be estimated by simulating measurements for
a range of monodisperse droplets sizes. This is computed in
SASKTRAN by assuming an aerosol profile and keeping the
aerosol volume constant at each altitude as particle size is
changed. At each particle size the measurement vectors are
modelled to determine their sensitivity. Note that when in-
cluded in a size distribution, the response will be slightly dif-
ferent due to multiple-scattering effects between aerosol par-
ticles; particles of different sizes will change the diffuse ra-
diance slightly, altering the sensitivity to particles of a given
size. However this effect is typically small for background
aerosol loading at these wavelengths, where Rayleigh and
ground scatter dominate the distribution of radiation in the
diffuse field. The kernel will also depend slightly on the pro-
file chosen; however due to the nature of limb measurements
the bulk of the signal comes only from the tangent point
shell. For reference, a simple single-scatter approximation
can also be analysed. Ignoring both multiple scatter and at-
tenuation along the line of sight, the signal due to aerosol
is proportional to the extinction,kaer, and the aerosol phase
function,p(2k,λk, r) at the tangent point. The kernel,K, at

wavelengthk, is then

Kk(r) =
3

4πr3
σaer(λk, r)p(2k,λk, r)1s, (7)

whereσaer is the aerosol scattering cross section and1s is the
path length through the tangent point shell. The derivation
of this kernel is shown in Appendix A. Both the single- and
multiple-scatter kernels were computed for a matched pair of
scans with solar zenith angles of 89◦ and 83◦ and solar scat-
tering angles of 60◦ (forward scattering) and 118◦ (backscat-
tering). Kernels for these geometries at 750 and 1530 nm are
shown in Fig.6. Although the multiple-scatter kernels tend
to be smoothed compared to the single scatter, agreement
between them is still quite good, indicating that the single-
scatter component dominates the sensitivity of the measure-
ment to particle size at these geometries. Agreement also
shows that the precise profile chosen for the multiple-scatter
analysis is not overly important for this sensitivity study.

As expected, the shorter wavelengths show increased sen-
sitivity to smaller particles; however the scattering angle
plays an important role as well, tending to shift the peak sen-
sitivity to larger particles as scattering angle is decreased. Al-
though not identical this gives the 750 nm backscatter mea-
surement similar sensitivity to the 1530 nm forward-scatter
measurement. This suggests that while particle size informa-
tion is present in the scattering angle dependence of the mea-
surements, it may largely overlap with the information con-
tained in the wavelength dependence of the measurements.
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Fig. 5. Modelled sensitivity of the aerosol measurement vectors for
a variety of geometries, and particle size distributions as a function
of wavelength. The solar scattering angle (SSA) and solar zenith
angle (SZA) of the simulated measurements are shown in the corner
of each panel. The particle size distributions were assumed to be
unimodal log-normal, with a mode width of 1.6 and mode radius
given in the legend.

To test the degree of unique information contained in the four
measurements, the analysis described byTwomey(1977) can
be employed. This technique was also used byThomason
and Poole(1992) andThomason et al.(1997) in determin-
ing particle size properties from the SAGE II data. Although
limb scatter measurements are fundamentally different than
occultation, the similarity of the single- and multiple-scatter
kernels in Fig.6 show that the sensitivity can be well un-
derstood by examining single-scatter kernels. In fact, we can
do better than this by using the multiple-scatter kernels, al-
though these still neglect aerosol-to-aerosol scattering effects
as mentioned above.

The covariance of the kernels is a measure of their or-
thogonality, and if any eigenvalues of the covariance matrix
are zero, then the measurement is repetitive. Eigenvalues are
then a measure of the new information contained in the each
measurement. For the multiple-scatter kernels in Fig.6 the
eigenvalues are

1.000, 0.0807, 0.0425, 0.0144. (8)

While all measurements contain some new information,
the addition of a second geometry is of decreasing benefit,
with the majority of the information contained in the first
two measurements. This also shows that while inversions are
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Fig. 6.Simulated measurement vector kernels for a matched pair of
scans at 22.5 km for a range of mono-disperse particles with radius
r. The wavelength,λ, and solar scattering angle,2, of each mea-
surement vector is given in the top left of the panels. Solid lines are
the kernels calculated using the multiple-scattering SASKTRAN
forward model, while the dashed curves show the kernels calculated
from Eq. (7). Area has been normalized to one for all kernels.

sensitive to the choice of particle size, even the the second
measurement contains only a small amount of additional in-
formation at these wavelengths, highlighting the need for ac-
curate models and instruments with good signal-to-noise ra-
tios. A more detailed application of this technique is avail-
able in Rieger(2013, Chap. 4.1); however the conclusions
are the same. Even under ideal conditions, the incorpora-
tion of a second measurement at a different scattering adds
only a small amount of additional information, while sub-
stantially reducing sampling and limiting geographic cover-
age. For these reasons the retrieval implemented below uses
two wavelengths at a single geometry to retrieve one piece of
particle size information.

4 Coupled extinction and particle size retrieval

To utilize the two pieces of information we maintain the as-
sumption of a unimodal log-normal distribution with a mode
width of 1.6 and attempt to retrieve mode radius and extinc-
tion using measurement vectors at 750 and 1530 nm as de-
fined in Eq. (6). The model is initialized with the version 5
results to provide a rough estimate of extinction before mode
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radius is altered. This helps to avoid falling into an unrealis-
tic local minimum of very few, very large particles and helps
speed up convergence time. At each iteration, the mode ra-
dius and extinction are updated at each tangent altitude using
the Levenberg–Marquardt algorithm (Marquardt, 1963),(
JT
j Jj + γ diag(JT

j Jj )
)
δj = JT

j

(
ymod

j − yobs
j

)
, (9)

whereJj is the Jacobian at altitudej ,

Jj =

 ∂yj (750nm)

∂rg

∂yj (750nm)

∂naer
∂yj (1.53µm)

∂rg

∂yj (1.53µm)

∂naer

 . (10)

The atmospheric state is then updated using

x̂
(n+1)
j = x̂

(n)
j + δj , (11)

wherex̂ includes both aerosol extinction and mode radii. The
damping factor,γ , is initialized to 0.02 for the first iteration.
If the mean square residual is improved after an iteration,γ

is left unchanged; if the residual grows, thenγ is increased
by a factor of 10 and the iteration is retried. To improve
computation time the Jacobians are computed only approxi-
mately. These are calculated by perturbing the entire vertical
profile, calculating the new measurement vectors, and com-
paring the changes at each altitude. However, due to altitude
coupling, part of the change at a given altitude will be due
to the change in the profile above and below, typically caus-
ing a slight overestimation of the Jacobian. This increases the
required number of iterations but greatly reduces the number
of forward model calculations and improves the overall speed
significantly. A profile is said to converge if the mean square
residual is less than 4×10−4. This criterion was chosen as it
is close to the measurement vector noise and typically results
in convergence by about 10 iterations. Iterations are stopped
if the mean square residual falls below 1e-4 or more than 12
iterations have been performed.

4.1 Retrieval simulations

To test the proposed algorithm, several hundred retrievals
were simulated at different OSIRIS geometries. To include
the effects of incorrect particle size assumptions, a true state
was chosen that was largely bimodal with a fine mode with
a mode radius of 90 nm and mode width of 1.75. The sec-
ond, coarse mode of particles was given a mode radius of
400 nm and mode width of 1.2. The peak 750 nm aerosol ex-
tinction was set to be 7×10−4 km−1, with approximately half
of this coming from the coarse mode. As altitude increases,
this fraction decreases. The retrieved aerosol was assumed to
have a single mode of particles with a mode width of 1.6.
The a priori state was assumed to have a mode radius of
80 nm and very small extinction – the same a priori used in
the version 5 algorithm. Simulated retrievals were performed
for 765 OSIRIS measurements with a variety of scattering
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Fig. 7. Error in the retrieved parameters under a variety of simu-
lated measurement conditions when the true atmospheric state is
bimodal. Error using the coupled extinction and mode radius re-
trieval are shown in black, with dashed lines showing the standard
deviation.

and zenith angles. Because the retrieved mode radius will be
sensitive to assumed mode width, the mode radius is con-
verted to the Ångström coefficient,α, which is an empirical
relationship between the aerosol cross section at two wave-
lengths (Ångström, 1964),

σaer(λ1)

σaer(λ0)
=

(
λ1

λ0

)−α

. (12)

This helps to reduce the dependence on the assumed mode
width. The mean error and standard deviation of the retrieved
extinction and Ångström coefficient are shown in Fig.7. Er-
ror in the retrieved extinction was typically 5–10 %, with an
error in the Ångström coefficient of 10–15 %. This shows that
even under largely bimodal conditions the coupled retrieval
of extinction and mode radius produce robust results with
little bias and only a slight dependence on measurement ge-
ometry. Comparatively, performing the same simulated cases
using the version 5 algorithm produces errors of 30 % in ex-
tinction. Although this analysis includes only error due to
microphysical assumptions, the error due to other factors can
be estimated from the error analysis developed byRodgers
(2000, Chap. 3), which is broken into forward model error,
measurement error and smoothing error. These are discussed
in detail in the following sections and the error is simulated
for a typical scan.

4.2 Measurement error

The measurement error can be broken into two components,
a random error:δyR, due to the measurement noise that is
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uncorrelated between altitudes, and a systematic error,δySk
,

due to the high-altitude normalization that is entirely corre-
lated between altitudes. The random error in the measure-
ment vectoryk at altitudej can be determined from error in
the spectral radiance measurement as

δyRkj
=

δIj (λk)

Ij (λk)
. (13)

Since the high-altitude normalization results in a shift of
the measurement vector based on the spectral radiance mea-
surements at high altitudes, the systematic error is the same
for all altitudes and given by

δySk
=

1

N

√√√√m+N∑
j=m

δI2
j (λk)

I2
j (λk)

. (14)

Following the error analysis byBarlow (1989) the ran-
dom and systematic errors are independent, and thus the total
variance of a measurement vector at altitudej is simply the
quadrature sum of both errors

δy2
kj = δy2

Rkj
+ δy2

Sk
. (15)

The covariance of the errors can be found similarly; how-
ever the random errors will cancel, leaving only the squared
systematic terms. The error covariance matrix,Sε , for wave-
lengthk is then

Sεk
=

δy2
Rk1

+ δy2
Sk

· · · δy2
Sk

...
. . .

...

δy2
Sk

· · · δy2
Rkj

+ δy2
Sk

 . (16)

From here, the gain matrices,G =
δx̂
δy

, are computed nu-
merically by perturbing the measurement vector at a partic-
ular altitude and simulating a retrieval. The error in the re-
trieved quantities is then given by the diagonal of

S= GSεGT . (17)

Measurement errors for the optical spectrograph and in-
frared imager are quite different due to the measurement
techniques. As the optical spectrograph is scanned vertically,
the exposure time can be increased, resulting in approxi-
mately the same number of photons being counted with each
exposure; this results in noise that increases only slightly
with altitude, ranging from approximately 0.5–1 % of the to-
tal signal. The IR channels image the entire vertical profile
simultaneously, resulting in considerable noise at higher alti-
tudes, typically of the order of 10 %. Fortunately, the imager
takes multiple profiles for each optical spectrograph scan, of-
ten 30 or more, which can be collapsed into an average pro-
file to reduce the noise. Despite this averaging, error in the
infrared channel still exceeds that of the optical spectrograph.
This produces a measurement vector error of approximately
5 % in infrared and 1 % at 750 nm. In the retrieved Ångström
coefficient and extinction this translates to an error of approx-
imately 10 % near the peak of the aerosol layer.
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Fig. 8. Averaging kernels for the simulated extinction and mode
radius retrievals using lines of sight spaced at 1 km intervals. Left
panel shows the extinction averaging kernels, with the mode radius
averaging kernels shown on the right. The black line shows the ver-
tical resolution calculated from the full width at half maximum of
the kernels.

4.3 Smoothing error

The averaging kernel matrices for the extinction and mode
radius quantities are shown in Fig.8. These are calculated nu-
merically by perturbation of a typical aerosol extinction and
mode radius profile at each altitude and successive retrieval
using simulated radiances for each state. The averaging ker-
nel is then defined as the change in retrieved statex̂ given a
change in the true statex:

A =
δx̂

δx
. (18)

The smoothing error is then given by

ε = (A − I)(x − xa). (19)

For this calculation the a priori extinction is assumed to be
zero, as it is initialized at a very small value for the version 5
retrieval, typically a factor of 100 below the retrieved results.
The a priori mode radius is 80 nm at all altitudes.

The averaging kernel for extinction is very nearly unity
for 10 km and above, with very little smoothing of the pro-
file, as was seen in the version 5 algorithm. The resulting
smoothing error in extinction is typically less than 5 % for
most altitudes, although this increases to more than 10 % be-
low 10 km. Changes in mode radius are not captured as ac-
curately at altitudes below 15 km, with approximately half
of the change being added to the perturbed altitude. Despite
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Fig. 9. Total relative error in the retrieved quantities due to albedo,
smoothing and measurement error contributions for a simulated
measurement with a solar scattering angle of 61◦ and a solar zenith
angle of 89◦. The aerosol profile used in the simulation was typical
of background conditions with a mode radius of 80 nm and a mode
width of 1.6. Relative extinction error is shown in the left panel,
with the relative mode radius error shown on the right.

the larger off-diagonal elements in the mode radius averag-
ing kernel, error for typical cases are limited to less than 10 %
due to more accurate a priori estimates. Note that the magni-
tude of this error will also depend on geometry and various
atmospheric parameters and that this is meant as a represen-
tative example case.

4.4 Albedo error

One of the largest uncertainties results from the unknown
albedo at 1530 nm. Although the albedo is retrieved at
750 nm, the same cannot currently be done at 1530 nm due
to a lack of an absolute calibration in the infrared channels.
The immediate solution is to assume the 1530 nm albedo is
equal to that at 750 nm. Because the error due to albedo may
be large, it is best to estimate the error through a simulated
retrieval. To test a scenario with a large albedo contribu-
tion, a scan with a scattering angle of 118◦ and zenith angle
of 72◦ was simulated with an assumed 1530 nm albedo of
0.5. For this simulation both the true and assumed 750 nm
albedo was set to 0.5. OSIRIS measurements were then
simulated when the true albedo was 0 and 1. This pro-
duced an error of approximately 15 % in the retrieved ex-
tinction and 30 % in the retrieved mode radius, which trans-
lates to an error of 10–20 % in the Ångström coefficient de-
pending on particle size. Although OSIRIS geometries exist
with smaller zenith angles and larger upwelling contributions
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Fig. 10.Error in the retrieved extinction and mode radius parame-
ters due to measurement noise as a function of extinction and tan-
gent altitude. This was calculated by retrieving the error of a typical
forward-scatter geometry with varying amounts of aerosol loading.

these geometries have a scattering angle near 90◦ increasing
the single-scatter contribution as well. Therefore, the pre-
cise worst case will depend on many factors; however the
geometry chosen here both minimizes the direct aerosol sig-
nal and provides substantial albedo contribution, providing
a difficult, if not worst-case, scenario. Typical albedo errors
are therefore expected to be less than the case studied here,
particularly for forward-scattering geometries as can be seen
in Fig. 9.

4.5 Total error

A scan with a forward-scattering geometry was simulated as-
suming a typical background aerosol loading, and the relative
errors due to measurement, smoothing and 1530 nm albedo
are shown in Fig.9. At altitudes above 30 km and below
15 km, error begins to dominate the signal, with virtually
all of the error due to measurement noise. In the bulk of the
aerosol layer this error reduces to approximately 10–15 % for
both retrieved quantities. The error budget is primarily due
to the 1530 nm measurements, which are approximately 5–
10 times noisier than the 750 nm measurements. The relative
and absolute errors due to measurement noise are dependent
upon the aerosol concentration due to the decreasing sen-
sitivity of the measurements with increasing optical depth.
This effect can be seen in Fig.3a, where the measurement
vector becomes flatter as extinction is increased. The reason
for this is that to first order, the increase in aerosol signal
scales linearly with increased aerosol, while the attenuation
scales exponentially. To test this dependence the aerosol pro-
file was scaled by factors of 0.02 to 3 of the typical value
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Fig. 11.Same as Fig.2 except using version 6 data.

and the error retrieved for each case. Results are shown in
Fig. 10 for several tangent altitudes. The absolute error in
extinction decreases approximately linearly with decreased
aerosol loading, with a noise floor of approximately 4×10−6

at 30 km increasing to 4× 10−5 at 10 km. However, the rela-
tive error increases as aerosol loading decreases, as a smaller
fraction of the total signal is due to aerosol scattering. Error
in retrieved mode radius is relatively constant, ranging from
0.01 µm at 30 km to 0.04 µm at 10 km, provided the extinc-
tion is greater than approximately 4× 10−5 km−1. Although
this study was chosen as a typical case, several physical and
measurement factors affect the retrieval error including solar
scattering angle, solar zenith angle, tangent altitude and par-
ticle size as well as the aerosol vertical profile. As such this
study is meant to give an estimate of the error involved, but
is not comprehensive. Determination of error for additional
measurements requires the application of this error analysis
on a case-by-case basis.

5 Results

5.1 Retrieval consistency

The error in the retrieved extinction due to particle size in
the version 5 retrievals was evident in internal comparisons
between the orbital ascending and descending track measure-
ments, as shown in Sect. 2. This analysis was repeated with
results from the coupled particle size retrieval algorithm,
shown in Fig.11. While the scattering angle dependence is
clear in the version 5 data, with substantial separation of the
ascending and descending track measurements – particularly
in the tropics – this is no longer the case with the coupled
retrieval, denoted version 6, with both measurements now
retrieving essentially the same aerosol extinction. Although
much of the systematic bias has been removed from this data
set, each individual measurement now appears noisier. This
is due to the inclusion of the 1530 nm measurements, which
are considerably noisier than those from the optical spec-
trograph. Furthermore, the infrared imager saturates when
looking at clouds or thick aerosol layers, particularly in the
UT–LS region, due to the increased Rayleigh signal. When
this occurs the aerosol retrieval is not attempted below the
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Fig. 11. Same as figure 2 except using version 6 data.
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Fig. 12. Location of the SAGE III/OSIRIS coincident measurements as a function of time and latitude.
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Fig. 12. Location of the SAGE III/OSIRIS coincident measure-
ments as a function of time and latitude.

saturation altitude, but will bias version 6 measurements to
times of lower aerosol loading, particularly at lower altitudes
during volcanic eruptions.

5.2 SAGE III recomparison

During its operation from 2001 until 2005, SAGE III mea-
sured aerosol extinction profiles at nine wavelengths, ranging
from 385 nm to 1.54 µm. SAGE III was launched on the Me-
teor 3M platform into a polar orbit, performing occultations
in the mid- to polar latitudes. With an accuracy and precision
of the order of 10 %, and a channel at 755 nm, SAGE III pro-
vides an excellent data set for comparison (Thomason et al.,
2010). Bourassa et al.(2012) compared the version 5.07 al-
gorithm with coincident SAGE III measurements using a co-
incident criterion of±6 h,±1◦ latitude and±2.5◦ longitude.
Due to the SAGE III orbit, coincident profiles occur at well-
defined latitudes over the course of a year, as can be seen in
Fig. 12.

The average percentage difference between the SAGE III
and version 5 OSIRIS measurements separated by year are
shown as the solid red lines in Fig.13; the dashed red lines
show one standard deviation. In general, the agreement is
quite good, with an average difference typically less than
10 %. However, nearly all altitudes in 2005 show a positive
bias of up to 20 % with an increased standard deviation. This
is likely explained by an inaccurate particle size assumption
during the increased aerosol loading caused by the 2004 Mt
Manam eruption (Tupper et al., 2007; Vernier et al., 2011).

This comparison was repeated using the same coincident
criteria for the version 6 retrievals with results shown in black
in Fig. 13. Generally, agreement with the SAGE III measure-
ments is comparable between versions, with typical accuracy
of 10–15 %. The standard deviation is also similar at approx-
imately 20 % at 15 km, increasing to 50 % by 30 km. Agree-
ment is better in 2005, after the Mt Manam eruption; however
version 6 also tends to underestimate extinction from 23 to
30 km. This is particularly evident in 2003. Although these
results are promising, the measurements are at mid-to-high
latitudes during periods of minimal volcanic influence and so
are not expected to be significantly different from the version
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Fig. 13.Comparison of coincident SAGE III 755 nm aerosol extinc-
tion and OSIRIS 750 nm aerosol extinction. Each panel shows 1 yr
of coincident comparisons, with the number of coincident profiles
indicated in the respective panel. Mean percentage differences are
shown as solid lines with standard deviation shown as dashed. Ver-
sion 5 retrievals are shown in red, with version 6 shown in black.

5 results. This is evident in Fig.2, where mid-latitude mea-
surements show much smaller biases between measurement
geometries. This shows that despite the noisier IR channel,
version 6 still performs as well as version 5, even at mid-to-
high latitudes with minimal volcanic influence.

5.3 SAGE II comparison

SAGE II (Russell and McCormick, 1989) was launched in
1985, and continued operating until mid-2005, providing ap-
proximately 3 yr of overlap with the OSIRIS mission. SAGE
II produced high-quality measurements for the duration of
its lifetime with the 525 and 1020 nm channels, agreeing well
with SAGE III for the majority of the aerosol layer (Damadeo
et al., 2013). This overlap period also contains good tropi-
cal coverage with two volanic periods caused by the erup-
tions of Mts Ruang (Ru) and Reventador (Ra) in late 2002,
and Mt Manam (Ma) in early 2005, providing a good test of
the OSIRIS particle size retrieval. Figure14 shows the re-
trieved Ångström coefficients in 45-day averages from the
SAGE II V7.00A and OSIRIS version 6 data in the trop-
ics for 2002 through 2005. Note that the colour scales are
different for the two instruments. In general both show an
Ångström coefficient increasing with altitude. Note also the
increase in the Ångström coefficients in both data sets after
the Ruang/Reventador and Manam eruptions, suggesting an
increase in the number of small particles.
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Fig. 14. Comparison of the OSIRIS and SAGE II Ångström co-
efficients. Top panel shows the SAGE II Ångström coefficient for
20◦ N to 20◦ S in 45-day averages, calculated from the 525 and
1020 nm channels. The bottom panel shows the OSIRIS Ångström
coefficient for 20◦ N to 20◦ S in 45-day averages, using the coupled
retrieval. Tropopause is denoted by the black line.

Figure15shows a cross section of retrieved Ångström co-
efficients as a function of time and latitude at 22.5 km. In the
tropics, increases in the Ångström coefficient 2–3 months af-
ter the eruptions of Mts Ruang and Ravenetador in 2002 and
Mt Manam in 2005 are visible. Although little, if any, sea-
sonal variation is present in the tropics, a strong seasonal cy-
cle is present in the mid-to-high latitudes with the summer
months generally exhibiting the smallest particle sizes.

Although large-scale features agree qualitatively, OSIRIS
retrieves a systematically higher Ångström coefficient, par-
ticularly at lower altitudes and higher latitudes. Some of
this discrepancy is due to the differences in wavelength be-
tween the two satellites. The longer OSIRIS wavelengths be-
come optically thick at lower altitudes than the shorter wave-
lengths, increasing sensitivity in the upper troposphere and
lower stratosphere. Also, although extinction is an approx-
imately linear function of wavelength (in log space) this is
not strictly true and causes a dependency of the Ångström
coefficient on the wavelengths chosen. This can be seen in
Fig. 16, where the SAGE II and OSIRIS Ångström coeffi-
cients are modelled for a variety of particle sizes. The SAGE
II wavelengths show consistently smaller Ångström coeffi-
cients by 0.5 to 0.75 when compared to OSIRIS wavelengths.
Although the precise difference will depend on the true mode
width, making exact determination difficult, this shows that
much of the difference is likely due to the wavelength differ-
ence of the instruments.
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Fig. 15. Comparison of the OSIRIS and SAGE II Ångström co-
efficients. Top panel shows the SAGE II Ångström coefficient at
22.5 km in 45-day averages, calculated from the 525 and 1020 nm
channels. The bottom panel shows the OSIRIS Ångström coeffi-
cient also at 22.5 km in 45-day averages, using the coupled retrieval.
Tropopause is denoted by the black line.

The other major sources of error in the Ångström coef-
ficient are the assumed mode width and assumed albedo at
1530 nm. In Sect. 4.1 incorrect microphysical assumptions
typically yielded errors of 10 % in the Ångström coefficient.
The error due to incorrect albedo will tend to cause larger
errors at higher latitudes, as these measurements have larger
upwelling contributions due to lower solar zenith angles from
the orbital geometry. This is also likely the cause of the ap-
parent 6-month cycle in the tropics above 25 km, visible in
Fig. 15, as the solar zenith angle varies biannually at this lat-
itude range. Higher latitudes have a solar zenith angle that
varies seasonally, and this may be responsible for the sea-
sonal cycle, which appears stronger in the OSIRIS data than
the SAGE II data set. However, from Sect. 4 the Ångström
coefficient error is expected to be less than 20 % under typi-
cal conditions.

6 Conclusions

Through incorporation of the 1530 nm infrared imager mea-
surement, OSIRIS measurements can be used to retrieve one
piece of particle size information. Although incorporation
of multiple viewing geometries does add information, for
OSIRIS geometries this information is minimal and comes
with significant drawbacks in coverage. Using measurements
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Fig. 16. Comparison of the OSIRIS and SAGE II Ångström coef-
ficients as a function of mode radius for a log-normal distribution
with a mode width of 1.6.

at 750 and 1530 nm, a retrieval algorithm was developed that
couples the retrieval of extinction with the mode radius pa-
rameter of the log-normal distribution. This reduces the de-
pendence of the retrieved extinction on the assumed aerosol
microphysics. Comparison of retrieved extinctions on the as-
cending and descending orbital tracks show greatly reduced
dependence on viewing geometry. Unfortunately, retrievals
are now noisier due to the inclusion of the infrared imager
measurement and have a tendency to saturate at low altitudes
and high aerosol loadings such as in the centre of volcanic
plumes. Comparisons with SAGE II show that the retrieved
Ångström coefficient is physically realistic in the tropics dur-
ing both volcanic and non-volcanic periods for the bulk of the
stratospheric layer, although the results shows some bias due
to the particle size assumptions of a log-normal distribution
with a fixed mode width as well as the inability to measure
the albedo at 1530 nm. A re-comparison with the SAGE III
measurements shows that for mid- to polar latitudes the ex-
tinction measurements are in good agreement, particularly
during 2005 after the Mt Manam eruption.

Appendix A

Aerosol kernel derivation

The derivation of the limb scatter aerosol kernel is easiest
to understand by starting from a single-scatter approxima-
tion. The single-scatter radiance due to aerosol measured by
a limb instrument located ats1 along the line of sights, be-
ginning ats0 and in the direction̂�, is given by

I (s1, �̂) =

s1∫
s0

F0(�̂)e−τ(sun,s)e−τ(s,s1)kscatp(s,2)ds, (A1)

where kscat is the total scattering extinction,p(s,2) the
phase function andF0 the solar irradiance. For single scatter
the aerosol signal can be separated, and the radiance written

as sum of the aerosol,Iaer, and Rayleigh,IRay, contributions:

I (s1, �̂) = Iaer(s1, �̂) + IRay(s1, �̂). (A2)

The measurement vector from Eq.6 is then

yaer(s1, �̂) = ln

(
Iaer+ IRay

IRay

)
, (A3)

since the high-altitude normalization goes to zero for a mod-
elled measurement. Provided the aerosol signal is small com-
pared to the Rayleigh contribution the aerosol measurement
vector is

yaer(s1, �̂) = ln

(
Iaer

IRay
+ 1

)

≈
1

IRay

s1∫
s0

e−τ(sun,s)e−τ(s,s1)naerσaerpaer(s,2)ds, (A4)

where F0 is removed by the high-altitude normalization.
Here, the cross section,σaer, and the phase function are the
integrated quantities over the range of particle sizes such as

paer(2) =
1

naer

∞∫
0

paer(2,r)
dn(r)

dr
dr, (A5)

where dn/dr is the particle size distribution. If attenuation
of the incoming solar beam and the along the line of sight is
negligible, then the aerosol measurement vector simplifies to

yaer(s1, �̂) ≈
1

IRay

s1∫
s0

naer(s)σaer(s)paer(s,2)ds. (A6)

Provided the majority of the signal comes from the tangent
point shell, this can be further simplified to

yaer(s1, �̂) ≈
1

IRay
naerσaerpaer(2)1s, (A7)

where1s is the path length through the tangent shell. Equiv-
alently,

yaer(s1, �̂) ≈
1s

IRay

∞∫
0

dn(r)

dr
σaer(r)paer(2,r)dr. (A8)

The sensitivity,Kn, of the measurement to a single particle
of radiusr is then

Kn(r) = σaer(r)paer(2,r)1s, (A9)

the sensitivity to a constant volume is

K(r) =
3

4πr3
σaer(r)paer(2,r)1s, (A10)
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and the measurement can then be written

yaer(s1, �̂) ≈
1

IRay

∞∫
0

K(r)
dV

dr
dr. (A11)

Although several approximations were required to obtain
this result, a much better estimate ofK can be obtained nu-
merically. Rather than assumingK(r) relies solely on the
cross section and phase function of aerosols at a particular
point, as in Eq. (A7), we can assume it includes all aspects
of limb measurements, including attenuation and integration
along the rays, upwelling albedo contributions and multiple
scatter from aerosols and the Rayleigh background. While
this precludes analytic calculation ofK(r), the measurement
vector,yaer, can be modelled in SASKTRAN using a mono-
disperse aerosol and Eq. (A11) inverted to yieldK(r). While
this provides a much better estimate of the kernel, it is not
without limitations. The vertical profile of aerosol will affect
the kernel due to altitude coupling from multiple scattering as
well as integration along the path, and interactions between
aerosols of different sizes will not be accounted for. Despite
this, the agreement between the very simple single-scatter
kernels and the multiple-scatter kernels show that the sensi-
tivity is well described by even the simple model, providing
a better understanding of the limb scatter measurements.
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