Retrieval analysis of aerosol-size
distribution with simulated extinction
measurements at SAGE Ill wavelengths
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The retrieval of aerosol-size distribution from simulated aerosol-extinction-coefficient measurements of
the new satellite instrument, the Stratospheric Aerosol and Gas Experiment (SAGE) I11, is investigated.
A detailed discussion on the aerosol-size-distribution information content of the SAGE III aerosol-
extinction-coefficient measurement is provided. Results of the investigation indicate that unimodal as

well as bimodal log-normal size distributions can be inferred.

In addition, it is shown that a

shape-constraint-free size distribution can be derived from SAGE III aerosol measurements by use of
the randomized minimization search technique and the optimal estimation theory.
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1. Introduction

Understanding the importance of the effect of aero-
sols on the Earth’s atmosphere has become a major
focus of research in recent years. Aerosols can
interact directly with solar and terrestrial radiation
by absorption and scattering, or indirectly through
cloud radiative properties. Thus aerosols modify
the radiation budget of the atmosphere—Earth sys-
tem and affect the climate.! Stratospheric aerosols
also have a profound effect on ozone concentration
through their interaction with solar radiation and
involvement in heterogeneous chemistry, particu-
larly following major volcanic eruptions and during
winter in the Antarctic region.>* A description of
the aerosols requires information on their size distri-
bution, composition (refractive index), and shape.
The objective of this study is to investigate the
retrieval of the size distribution from aerosol-
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extinction-coefficient measurements of the Strato-
spheric Aerosol and Gas Experiment (SAGE) I11.
Since 1978 the National Aeronautics and Space
Administration (NASA) has launched three satellite
sensors to measure the global distribution of strato-
spheric as well as tropospheric aerosols by the use of
the solar occultation technique. They are the Strato-
spheric Aerosol Measurement (SAM) II, SAGE I, and
SAGE II. SAM Il is a single-channel satellite instru-
ment that measured the aerosol-extinction profile at
the 1-um wavelength aboard the Nimbus-7 satellite.
It provided measurements from October 1978 to
January 1994 in the polar regions. The SAGE 1
instrument is a four-channel device aboard the Appli-
cations Explorer Mission II satellite. It measured
the concentrations of O3 and NO, and aerosol extinc-
tion at 0.45 and 1.0 pm between approximately 80 °S
and 80 °N from February 1979 to November 1982.
The SAGE II instrument is an advanced version of
SAGE 1. It is equipped with seven channels for
measuring the concentrations of O3, NO,, and H,O
and aerosol extinction at 0.385-, 0.453-, 0.525-, and
1.02-um wavelengths (Table 1), also between 80 °S
and 80 °N. The SAGE II instrument, which is
aboard the Earth Radiation Budget Satellite, has
provided measurements since October 1984 and
remains operational today. It should be mentioned
that by use of the solar occultation technique, the
above three satellite sensors provide intensity self-
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Table 1. SAGE Il and SAGE IlI

Sensor Wavelength (um) Species
SAGE II 0.385 Aerosol
0.448 NO,
0.453 Aerosol
0.525 Aerosol
0.600 O3
0.940 H,0
1.02 Aerosol
SAGE III 0.290 O3
0.385 Aerosol
0.448 NO,
0.453 Aerosol
0.525 Aerosol
0.600 O3
0.660 NO3
0.760 Oy, Aerosol
0.940 H50, Aerosol
1.02 Aerosol
1.55 Aerosol

calibrated measurements that are important for
long-term-change determination.

The SAGE III, the latest of the occultational
remote sensors,” is proposed for the early Earth
Observing System platforms. Its 11 channels cover
a wavelength range from 0.28 to 1.550 pm, wider
than all its predecessors (Table 1). Most signifi-
cantly, it uses the latest technique of the charge
coupled device (CCD) linear array of detectors in the
wavelength range between 0.280 and 1.03 ym. By
use of the CCD linear-array technique, measure-
ments of multiple absorption features of particular
gaseous species, such as O3, NO,, H,O, NO;, and
OCl0O, and the multiple-wavelength broadband ex-
tinction by aerosols can be achieved, thus greatly
increasing the accuracy of the retrieval processes.
Most important, because it is able to measure absorp-
tion features of a particular gaseous species, this
new instrument is capable of calibrating its measure-
ments in both wavelength and intensity, enhancing
long-term-trend observations. Because the instru-
ment is designed for measuring the absorption of the
0,—A band near 0.760 pum, the molecular density and
the temperature profile can be determined from
SAGE III observations, making the retrieval pro-
cesses self-sufficient. In addition the instrument is
designed to provide measurements in both the solar
and the lunar occultation modes, considerably in-
creasing the spatial resolution and allowing for the
measurement of nighttime chemical species such as
NOs; and OCI10.

2. SAGE Il Aerosol-Extinction Measurements

Multiwavelength aerosol-extinction-coefficient mea-
surements contain information on aerosol-size distri-
bution.%” Following the Mie theory, the particulate-
extinction coefficient (€) at a given wavelength can be
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expressed as

(ot X
€= Qeﬂr dr r, ()

where r is the particle radius, @, is the Mie extinc-
tion efficiency factor, and dn/dr is the differential
particle-size distribution. By defining a kernel func-
tion

B 3
Ke = 4r Qm

we have

= dvd 2
= | w7 dn 2

where dv/dr (= 4/3wr3dn/dr) is the differential par-
ticle-volume-size distribution. Thus the particu-
late extinction is a convolution of two functions:
the kernel function k., and the particle-volume-size
distribution. The kernel function provides a mea-
sure of the relative contribution of particles of differ-
ent volume sizes to the measured or the calculated
extinction. Hence it reflects the sensitivity of e to
particles of various sizes. The kernel functions at
the seven wavelengths of the SAGE III aerosol
measurements, normalized to their corresponding
peaks, are presented in Fig. 1. In the analysis of
the kernel function, we have used the refractive
indices suitable for stratospheric aerosols at the
SAGE III wavelengths (Table 2). As pointed out by
King,® the refractive-index sensitivity of the re-
trieval based on spectral-attenuation measurements
is quite weak, affecting the inverted size distribution
slightly by shifting its magnitude and radii while
maintaining its overall shape.

If a value of 0.5 of the normalized kernel function
is used as a measure of the richness of the particle-
size information content, the results in Fig. 1 indi-
cate that most of the information is contained in the
radius range from approximately 0.1 to 1.5 pm.
Therefore, by incorporation of a channel at 1.55 pm,
the set of the SAGE III aerosol-extinction measure-
ments extends the information content from the
1.0-pm particle radius of the SAGE II instrument” to
approximately 1.5 pm. Note that the distribution
of the peak of the normalized kernel functions shows
a particle-radius range between approximately 0.2
and 1.0 pm. Thus this radius range constitutes the
primary resolvable particle-size distribution in the
multiwavelength aerosol-extinction measurement
made by the SAGE III instrument. As is shown in
Section 3, the SAGE III spectral-extinction measure-
ments allow for derivation of the aerosol-size distri-
bution in a variety of conditions, including the
background stratosphere and volcanic situations such
as those after the April 1982 El Chichén and June
1991 Pinatubo eruptions. The corresponding infor-
mation in the case of SAGE II is in the radius range
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Fig. 1. Normalized kernel function at SAGE III wavelengths.

from approximately 0.2 to 0.8 ym.” Also, with the
aerosol-extinction measurements at the 0.760-pm
and 0.940-pm wavelengths, located in the spectral
gap between 0.525 and 1.02 ym of the SAGE II
observations, the SAGE III measurements would
provide stronger constraints in particle-size-distribu-
tion retrieval.

3. Aerosol-Size-Distribution Retrieval

Several methods have been used in the past to
retrieve aerosol-size distributions based on SAGE II
aerosol-extinction-coefficient measurements. In
general these methods can be grouped into two
categories: the shape-constrained method and the
shape-constraint-free method. In the case of the
shape-constrained method, the aerosol-size distribu-
tion is modeled by an analytic function, such as a
log-normal expression, and the segment power-law
formula.”?19 Parameters of those functions are de-
termined in concert with the aerosol-extinction mea-
surements at SAGE II wavelengths. Because the
SAGE II instrument measures aerosol extinction at
four different wavelengths, only a unimodal log-

Table 2. Refractive Index at SAGE Ill Aerosol Wavelengths

Wavelength (um) Refractive Index®

0.385 1.478 + :0.000
0.453 1.471 + :0.000
0.525 1.465 + :0.000
0.760 1.454 + i0.000
0.940 1.451 + :0.000
1.02 1.448 + :0.000
1.55 1.427 + :0.000

aSulfuric acid—water droplets (75% H2SOy, 25% Ho0 by weight)
at P = 50 mbars, T'= 218 K.”

normal expression can be determined. In the case
of the shape-constraint-free method, the randomized
minimization search technique (RMST) developed by
Heintzenberg et al.b is applied.112 In the present
study these two approaches are investigated based
on simulated SAGE III aerosol-extinction measure-
ments, and the retrieved size distributions are com-
pared. In addition, the application of Rodgers’ opti-
mal estimation (OE) theory!34 to the SAGE III
aerosol-size-distribution retrieval is presented. Note
that, for reasons of convenience and effectiveness,
the in situ aerosol data measured at discrete size
bins are often translated into analytic expression
(e.g., Oberbeck et al.'?). The analytic expression is
also in concordance with the smoothness of the
aerosol-size distribution from the microphysical point
of view.

A. Retrieval Methods

By use of a nonlinear least-squares (NLS) algorithm,
the parameters of analytic expressions can be re-
trieved from observed multiwavelength aerosol-
extinction coefficients. A description of such a re-
trieval method for the SAGE II aerosol-extinction
observations can be found in the paper by Wang et
al.” In the present study we extend their applica-
tion to the extinction measurements at SAGE III
wavelengths. Because the instrument measures
aerosol-extinction coefficients at seven wavelengths,
unimodal as well as bimodal log-normal size distribu-
tions can be determined from SAGE III observations.
Generally, under nonvolcanic or background condi-
tions, a unimodal expression is useful in describing
aerosol population,!617 whereas under volcanic condi-
tions a bimodal expression is needed to capture the
essential features.15:18-20
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To study the size-distribution retrieval, a set of
SAGE III aerosol-spectral-extinction measurements
is generated based on the Mie theory for a given size
distribution. This size distribution can be a unimo-
dal or a bimodal log-normal expression or a nonana-
Iytic set based on existing in situ observations. The
NLS algorithm is then applied to the set of aerosol
extinctions to retrieve the parameter of the analytic
expression desired. The iteration of the retrieval
calculation is terminated when the difference be-
tween the predicated extinctions at SAGE III wave-
lengths from the derived size distribution and the
simulated extinction measurements reaches the ex-
pected uncertainty of the SAGE III observation, or
the number of the iteration equals a preset value.
For convenience, we have used both the unimodal
and the bimodal log-normal expressions in the aero-
sol-extinction simulation. The analytic expression
of a unimodal log-normal size distribution can be
presented as

dn Ny In%r/r,,) 3
dr \;’%r Ino 2In’c |

where N, is the aerosol number concentration [in
inverse cubic centimeters (cm~3)|, r,, (in micrometers)
is the mode radius, and o is the associated standard
deviation of the log-normal expression. It has been
shown that the size distribution of the background
stratospheric aerosols can be represented by a unimo-
dal log-normal size distribution with the values 10
cm~3, 0.0725 pm, and 1.86 for Ny, r,,, and o, respec-
tively. In the present investigation a 10% error is
used in the retrieval analysis, and the maximum
number of the iterations is set at 20.

In the RMST analysis, it is convenient to use the
derived analytic expression described above as an
initial guess. Twelve bins of aerosol radius cen-
tered between 0.12 and 1.22 pm are used because
SAGE III extinctions contain useful size information
approximately in this radius range (see Section 2).
Readers are referred to the work of Heintzenberg et
al.b for a detailed description of the RMST algorithm.
Similarly the iteration of the RMST calculation is
terminated when the difference between the predi-
cated extinctions and the simulated extinction mea-
surements reaches the uncertainty of the SAGE III
observations, or the number of the iteration equals a
preassigned value.

To provide an uncertainty estimate of the NLS-
and the RMST-derived size distributions, the associ-
ated standard deviation of the retrieval is examined.
This examination is accomplished by the assumption
that the derived size distribution is the true aerosol-
size distribution. This true size distribution is then
used to simulate aerosol-extinction measurements of
the SAGE III instrument by incorporation of an
error up to 10% generated by use of a random
number generator (uniform distribution). The set of
simulated extinctions is then used to infer the aerosol-
size distribution. Fifty such simulation and re-
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trieval computations are carried out to determine
the standard deviation of the derived size distribu-
tion. A similar approach to estimation of the uncer-
tainty of the retrieved size distribution is used in the
SAGE II aerosol analysis.”

The OE method of retrieval has been described by
Rodgers'®1* in detail. With reference to an a priori
estimate, the retrieval determines a solution that is
in concert with the physics of the measurement and
with the statistical constraints of the covariance of
the a priori estimate and the covariance of the
measurement. Because of the lack of sufficient
statistics of the aerosol-size distribution, the log-
normal size distribution of the background strato-
spheric aerosols is used as the a priori estimate in
the OE inversion. The covariance of the a priori
estimate and the spectral-extinction measurement
are assumed to be diagonal, with the diagonal ele-
ments equal to (0.95)2 and (0.01)2, respectively. Note
that, with the a priori uncertainty being so large, the
retrieved solution has very little dependence on the a
priori distribution used in the inversion. It should
be mentioned that aerosol-size distribution has been
determined by use of the constrained linear inver-
sion?! based on spectral measurements (e.g., Spin-
hirne and King??). As indicated by King,® when the
imposed Twomey?! smoothing constraint is replaced
by the inverse of an a priori estimate of the solution
covariance matrix, the algorithm of the constrained
linear inversion is equivalent to the OE analysis.
In the present application of the OE retrieval, the
seven-channel extinction-coefficient measurements
from the SAGE III instrument are used to determine
the aerosol population in seven radius-size bins
centered between 0.175 and 1.075 pm with a bin
width of 0.15 pm. Figure 2 illustrates the averag-
ing kernel of the OE retrieval of the SAGE III
spectral-extinction measurements. According to
Rodgers,'31* the retrieval at any size bin is an
average of the entire true size distribution weighted
by the curve of the averaging kernel.

1.2 T
0.8

0.4

Averaging Kernel

0.0

-0.4 1
107 10%°
Radius {(um)

2x10*°

Fig.2. Normalized averaging kernels corresponding to the seven
size bins used in the OE retrieval of the SAGE III aerosol
spectral-extinction measurements (see text, also Rodgers!3:14).



B. Discussion of Results

As a first example of the retrieval analysis, a bimodal
log-normal expression (Table 3) is used in the NLS
size-distribution inversion based on simulated SAGE
ITI extinction measurements with a unimodal log-
normal size distribution appropriate for the back-
ground stratospheric aerosols. The choice of the
initial guess is somewhat arbitrary. As shown in
Fig. 3, the initial guess is notably different from the
size distribution used in the simulation computation.
The results of the analysis along with the RMST and
the OE retrievals are presented in Fig. 3. With
reference to the size distribution used in the simula-
tion, the solutions from those three different inver-
sions are quite good. Note, in this example, that the
true size distribution in the extinction simulation is
exactly the a priori estimate used in OE analysis.
An OE retrieval by use of an a priori distribution,
which is the same bimodal expression used in the
NLS computation, shows a slightly less satisfactory
result (not shown). To demonstrate the capability of
retrieving bimodal log-normal aerosol-size distribu-
tion from SAGE III extinction measurements, a
study of the NLS retrieval is conducted with simu-
lated extinctions at SAGE III wavelengths with
aerosol-size distributions observed after the April
1982 El Chichoén and the June 1991 Pinatubo erup-
tions!”20 (Table 3). The results of this NLS analysis
are given in Fig. 4. Note that the same initial guess
used in the previous example is used in this analysis.
A satisfactory solution of the NLS retrieval is appar-
ent. Also shown in Fig. 4 are the RMST and the OE
retrievals. As can be seen, the RMST solution is
equally satisfactory. In the case of OE analysis, the
solution is also quite good, except for the bins around
0.3 and 1.1 pm.

To examine the effect of the initial guess on the
NLS and the RMST retrievals, an analysis is made
with simulated aerosol extinctions based on the
observed volcanic aerosol-size distributions from El
Chichén and Pinatubo that were mentioned above
and with the unimodal distribution of the back-
ground stratospheric aerosols as the initial guess.

Table 3. Parameter Values of the Analytic Expression

Truth®
Log Back- El Initial
Normal Parameter ground'® Chichén!® Pinatubo?® Guess
Unimodal Ny(em=3) 10 10
7o () 0.0725 0.0725
o 1.86 1.86
Bimodal Nj;(cm™3) 5.1 2.1 1.0
Pt (1) 0.19 033  0.076
o1 1.65 15 1.86
Nog (em™3) 2.8 3.1 1.0
T2 (nm) 0.59 0.60 0.50
23 1.2 1.3 1.55

2Aerosol-size-distribution parameters used in the SAGE III
extinction-measurement simulation.

Fig. 3. Aerosol-size distribution retrieval analysis by use of
simulated SAGE III aerosol-extinction measurements according
to the unimodal log-normal size distribution of the background
stratospheric aerosols. A bimodal log-normal expression is used
as the initial guess in the NLS retrievals. The solution of the
bimodal expression is then used in the RMST analysis. In the
OE retrieval, the a priori profile is the unimodal log-normal
distribution of the stratospheric background aerosols.

The results are presented in Fig. 5. (The solutions
from OE retrieval in Fig. 4 are also shown in Fig. 5.)
As expected, the NLS and the RMST solutions are
less satisfactory in comparison with the results
shown in Fig. 4. Nevertheless the NLS retrieval in
Fig. 5 is able to portray most of the large mode of the
true size distribution (in the radius range between
approximately 0.3 and 0.9 num), although it misses a
large portion of the small mode, especially for radii
less than approximately 0.2 to 0.3 pm. This feature
is particularly evident for the El Chichén analysis
and is, in fact, consistent with the characteristics of
the size-distribution information content described
in Subsection 3.A., which shows that the primary
size-distribution information is within the size range
between approximately 0.2 and 1.0 pm. Note that
between the peaks of the two modes of the observed
Pinatubo aerosol-size distribution, the RMST analy-
sis appears to be able to capture the small mode-size
distribution to some extent and show closer results
to the true size distribution.

At this point it is noteworthy that a similar feature
of the NLS retrieved unimodal size distribution can
be found in Wang et al.” Based on SAGE II aerosol-
extinction measurements at four wavelengths ob-
tained near Laramie, Wyoming, on 30 November
1984, Wang et al. have retrieved unimodal log-
normal size distributions that show larger mode
radii and smaller standard deviations of the log-
normal expression than the corresponding param-
eters of the background stratospheric aerosols.”-16
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Fig. 4. Aerosol-size-distribution retrieval analysis by use of
simulated SAGE III aerosol-extinction measurements according
to the observed aerosol size distributions after (a) the April 1982 E1
Chichén and (b) the June 1991 Pinatubo volcanic eruptions. A
bimodal log-normal expression is used as the initial guess in the
NLS retrievals. The solution of the bimodal expression is then
used in the RMST analysis. In the OE retrieval, the a priori
profile is the unimodal log-normal distribution of the strato-
spheric background aerosols.

The explanation for this feature of their retrieved
SAGE II results is a combination of two facts: The
first is that the measurements were made at a time
when the atmosphere was still showing a significant
residue of the volcanic aerosols from the April 1982
E1Chichén volcanic eruption.??  Thus particles with
a mean radius greater than the background situa-
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Fig. 5. Aerosol-size-distribution retrieval analysis by use of
simulated SAGE III aerosol-extinction measurements according
to the observed aerosol-size distributions after (a) the April 1982
El Chichén and (b) the June 1991 Pinatubo volcanic eruptions. A
unimodal log-normal expression of the background stratospheric
aerosols is used as the initial guess in the NLS retrievals. The
solution of the unimodal expression is then used in the RMST
analysis. In the OE retrieval, the a priori profile is also the
unimodal log-normal distribution of the stratospheric background
aerosols.

tion are expected.?* The second fact is that the
aerosol-size distribution information content at SAGE
II wavelengths is confined primarily in the radius
range from approximately 0.2 to 0.8 pm, as men-
tioned above. Forthese reasons, the retrieved SAGE
II results in Wang et al.” generally reflect the charac-



teristics of the volcanic condition of the lower strato-
sphere at the time of the measurement and are not
unrealistic as indicated in Thomason.!® Further-
more, the derived size distributions in Wang et al.”
were used in the aerosol-extinction analysis by
Parameswaran et al.?> Their comparison study
showed a reasonable agreement between SAGE II
measurements and lidar-converted extinction pro-
files.

As mentioned in Subsection 3.A., the SAGE III
instrument is equipped with three more aerosol
channels and covers a wider spectral range than the
SAGE II instrument. Therefore it is reasonable to
expect that SAGE III can provide better aerosol-size-
distribution information than SAGE II. Clearly the
four aerosol-extinction measurements from SAGE 11
cannot be used to derive a bimodal log-normal size
distribution without introducing any additional con-
straints. Furthermore, with three more aerosol
channels than SAGE II, the SAGE III measure-
ments are expected to provide stronger constraints
to the inverted solutions. To illustrate this point,
the simulated aerosol extinctions at SAGE II and
SAGE III wavelengths from the observed volcanic-
aerosol-size distribution after the Pinatubo eruption
(Table 3) are used to retrieve a unimodal log-normal
distribution. The retrieved results for SAGE II and
SAGE III are compared in Fig. 6. Evidently the
SAGE III retrieval is more satisfactory than the
SAGE II retrieval. [A much better retrieved SAGE
III size distribution for the Pinatubo observation, by
use of a bimodal analysis, is shown in Fig. 4(b).] In
addition, the error estimates are smaller in the
SAGE III than in the SAGE II, indicating stronger

Fig. 6. Comparison of the aerosol-size-distribution retrieval
between the four-channel SAGE II and the seven-channel SAGE
IIT aerosol observations. The simulated aerosol extinctions are
calculations from the observed Pinatubo aerosol-size distribution.
The simulated SAGE II and SAGE III observations are then used
to retrieve a unimodal log-normal expression.

retrieval constraints in the SAGE III aerosol observa-
tions.

As demonstrated in the NLS retrieval presented in
Figs. 3 and 4, a bimodal log-normal size distribution
can be used as an initial guess to retrieve a bimodal
as well as a unimodal log-normal expression. This
situation is not quite the same if a unimodal distribu-
tion is assumed. The reason for this is that if the
true distribution is a bimodal one, the unimodal
retrieval is likely to respond favorably to the large
mode of the true distribution, as illustrated in Fig. 5.
It is, therefore, concluded that a bimodal log-normal
size distribution is more preferable for use as an
initial guess than a unimodal expression in the NLS
analysis.

Finally it is interesting to mention that the true
aerosol-size distributions in Figs. 4 and 5 are the
same; however, the retrieved RMST results are
somewhat different. The cause of this difference is
likely due to the fact that the RMST analysis in Fig.
4 begins with a retrieved bimodal analytic expres-
sion, whereas the one in Fig. 5 begins with a
retrieved unimodal distribution. Note the uncer-
tainty estimates of the retrieval in Figs. 3-5. They
tend to show the smallest estimate near a radius of
0.6 pnm. The estimates become increasingly larger
as the size decreases and also increases, particularly
for radii less than approximately 0.2 to 0.4 nm and
greater than approximately 1 ym. This feature of
the estimated uncertainty reflects the overall charac-
teristics of the size-distribution information content
in the SAGE III multiwavelength aerosol extinctions
discussed in Section 2.

4. Conclusions

This study investigates the retrieval of aerosol-size
distributions from simulated aerosol-extinction mea-
surements at SAGE III wavelengths. Results of the
investigation indicate that sufficient information on
the aerosol-size distribution is contained in the
particle-radius range between approximately 0.1
and 1.5 pm, with the primary information in the
range from approximately 0.2 to 1.0 pnm. Because
the SAGE III instrument provides information on
aerosol-extinction coefficients at seven wavelengths
between 0.385 and 1.55 pm, a bimodal log-normal
size distribution can be inferred. In addition, this
study shows that a shape-constraint-free size distri-
bution can be derived by use of the randomized
minimization search technique (RMST) and the opti-
mal estimation (OE) theory.

In comparison with the SAGE II sensor, the ad-
vanced instrument, SAGE III, will enhance aerosol-
size retrieval in many aspects. In addition to the
extension of the sensitivity of the measurement to
much larger particles, the two additional channels
centered at 0.760 and 0.940 pm further strengthen
the constraints that are important to the size-
distribution retrieval analysis. It is, therefore, ex-
pected that the SAGE III instrument will provide
better aerosol-size-distribution information in a wider
particle radius range than SAGE II.
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