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Derivation of Mount Pinatubo stratospheric
aerosol mean size distribution by means of a

multiwavelength lidar

Massimo Del Guasta, Marco Morandi, L. Stefanutti, B. Stein, and J. P. Wolf

A multiwavelength lidar operated in Sodankyla, Finland, during the European Arctic Stratospheric

Ozone Experiment (December 1991-March 1992).

It produced vertical profiles of stratospheric aerosols

at four wavelengths. The determination of aerosol mean size distribution has been performed by use of
extinction /backscattering ratios as obtained from lidar data processing at 355, 352, and 750 nm. Log-
normal distributions of sulfuric particles with mode radius of r,, = 0.12-0.25 wm and corresponding
widths of s = 2-1.6 have been retrieved as best fits of experimental data, in good agreement with in situ
measurements. A successful attempt to derive bimodal log-normal distributions is also described,
together with the experimental and theoretical problems involved.
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1. Introduction

Volcanic eruptions represent a natural episodic source
of stratospheric aerosols capable of increasing by
several magnitudes the background aerosol concentra-
tion, as occurred recently after the eruption of Mt.
Pinatubo in the Philippines (in June 1991). As a
consequence perturbations in the stratospheric chem-
istry processes can occur.

The stratospheric aerosol particles are expected to
be composed of concentrated sulfuric acid, and their
size assumes a primary role in the heterogeneous
reactions involved in ozone chemistry.

In this paper lidar measurements at four wave-
lengths have been used to retrieve single and bimodal
mean size distributions of Mt. Pinatubo’s strato-
spheric layer, starting from a large set of such
measurements collected during the European Arctic
Stratospheric Ozone Experiment (EASOE) campaign
in Sodankyla, Finland (66° N) from December 1991 to
March 1992.
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lidar, Mie scattering, aerosol sizing.

2. Experimental Setup

The main characteristics of the lidar system, de-
scribed by Stefanutti et al.,! are as follows.

Two lasers are used as transmitters: (a) a Nd-
YAG laser supplied with both second- and third-
harmonic generators, with a 10-pps repetition rate,
0.5-mr full-angle divergency, and pulse energies of
400 mdJ at 532 nm and 120 mdJ at 355 nm and (b) a
tunable Ti-sapphire laser with a 10-pps repetition
rate and 2-mr full-angle divergency and pulse ener-
gies of 300 mdJ at both 750 and 850 nm (750- and
850-nm emissions have been used in the EASOE
campaign).

A 0.5-m-diameter telescope, with a 0.6-mr (full-
angle) field of view and two crossed polarization
detection channels, is used as a receiver. Photomul-
tipliers with S20 cathodes were used as detectors.

The acquistion system (LeCroy Corp.) is based on
two 12-bit 5-MHz waveform recorders (permitting a
vertical resolution of 30 m) and a personal computer
for data storage.

Three rawinsonde soundings a day and three ozone
electrochemical soundings a week were carried out by
the Finnish Meteorological Institute.

The four-wavelength lidar operated in Sodankyla,
Finland, from 2 December 1991 to 12 March 1992.
Multiwavelength measurements have been per-
formed, all on clear-sky days, by integrating over
1000-5000 laser shots for each wavelength. In Fig.
1 a complete multiwavelength measurement is shown
in terms of squared-range-corrected lidar signals.
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Fig. 1. Sample of multiwavelength lidar measurement. The squared-range-corrected lidar signals are shown in arbitrary units. The
three profiles are almost simultaneous, the downward slope being given by the molecular scattering. By processing such profiles, aerosol

backscattering and extinction /backscattering ratios are obtained.

3. Lidar Data Inversion

Several inversion algorithms, such as those suggested
by Klett?? and a simple iterative numerical solution
developed by Morandi,* have been tested. The re-
sults of these tests have also been compared with
results obtained by the use of a different method
developed by Kolenda et al.?

A simulation program was written to evaluate the
errors and to compare the accuracy of the different
procedures. Such a program simulates a Rayleigh
atmosphere to which aerosol profiles can be added
and generates a lidar return, including a statistical
noise. The optical parameters can be retrieved by
means of different routines; tests performed by
Morandi* show that the errors in retrieved optical
quantities do not significantly depend on the method
used for the data processing. This is also true in
spite of substantial differences between the methods,
such as different modeling of the dependence between
extinction and backscattering coefficients. Critical
sources of error are the uncertainties on the molecu-
lar density profile and the a priori hypothesis about
the actual value of the scattering ratio at the cloud
base.

The program used for the data processing works as
follows. The rawinsonde data file closest to the lidar
acquisition is automatically searched, and the five
coefficients of the density fitting function,

d(z) = explc, + cpz + c32% + c2® + cs2t), (1)

are computed on the basis of the measured density
profiles.

The squared-range-corrected lidar return is con-
verted into a backscattering profile by fitting the
signal to the molecular profile obtained with Eq. (1).
The fitting range is chosen to be above the cloud top,
in a region in which the signal behavior denotes an
aerosol-free atmosphere.

The scattering ratio defined by
R = (B, + Bn)/Bm:

with B,, = molecular backscattering and B, = aerosol
backscattering, is assumed to be 1 at the cloud top, so
that the value og(z,) of the molecular extinction
coefficient can be used as the reference value o,, at the
upper edge z,, of the integration interval of the Klett?
method. The dependence between the extinction
[o(z)] and the backscattering [B(z)] coefficients is
assumed to be of the form

B(z) = Kyo(2), (2)

as suggested by several papers on atmospheric aero-
sols, for example, Ref. 6. The standard backward
Klett’s method, involving only a bound (o), is not
capable of giving a value for K. The dependence of
B(z) on a(z) can be reduced to a linear law by putting
K, = 1; otherwise a value of K, can be computed by
imposing a second bound, below the aerosol layer;
this second approach has been used in our analysis.
An arbitrary value of the scattering ratio below the
Mt. Pinatubo cloud, around the tropopause, has been
imposed. We call Ro, such an arbitrary value, where
the subscript j indicates the wavelength. Under the
hypothesis that R = Rojand R = 1 at the aerosol layer
base and top, respectively, and starting from an
arbitrary value of K, we show that the inversion
routine is iterated, the value of K, being varied step
by step, until a good fit between the molecular profile
and the extinction-corrected lidar return is achieved.

The aerosol size distribution has been estimated by
investigating the dependence on the wavelength of
the extinction /backscatteringratio. For each extinc-
tion-corrected lidar return at wavelength j, a mean
aerosol extinction/backscattering coefficient k; has
been computed as the ratio between the aerosol
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optical depth and the integrated aerosol backscatter-
ing ratio. Aerosol optical depth and integrated aero-
sol backscattering have been obtained after the sub-
traction of molecular extinction and backscattering
profiles from the corrected lidar profiles.

The high sensitivity of k; to the arbitrary hypoth-
esis on Ro; represents the most critical problem in
such an approach. Tests have been performed both
on real 532-nm lidar profiles acquired in Sodankyla
and on simulated aerosol layers with a similar optical
depth. Results show that a change of approximately
+5% in Ro; produces a variation of approximately
—20% in I‘etrieved kﬁag.

All the profiles showing the presence of cirrus
clouds have been rejected in our data analysis so as to
avoid large errors in k; because of either wrong values
of Ro; or substantial differences in the aerosol particle
shape and size between the cirrus and the Mt.
Pinatubo layers: For the 532-nm wavelength Ro
was assumed to be in the range 1-1.05, which should
cover most of the possible conditions at the polar Mt.
Pinatubo cloud’s base. The scattering ratio Ro de-
pends on the wavelength of the lidar. If a maximum
of 1.05 could represent a reasonable upper limit of Ro;
for both 355- and 532-nm wavelengths, higher values
are expected for longer wavelengths, and quite large
k; relative errors must be expected for the two
near-IR wavelengths, 750 and 850 nm.

For fixed values of Ross, (Ross, = 1, 1.03, 1.05, 1.07,
1.1) we computed Ro; at the other three wavelengths,
according to the wavelength scaling of the backscatter-
ing in the lowest part of the Mt. Pinatubo cloud.
Starting from the raw backscattering profiles, we
iterated the procedure several times. Each iteration
that the extinction profile retrieved by the use of the
previous value of Ro; was used to correct the raw lidar
return, then a new Ro; was computed from the new
backscattering scaling. After a few iterations the
scaling factors converged to stable values. This way
only Ross; persists as an arbitrary parameter.

For each value of Ross, the lidar data inversion
provided a large set of k; for all four wavelengths.
Both the k53, and the kgs5 parameters show a smaller
statistical dispersion than the k5, and the kg5 param-
eters. As a consequence, the 532- and the 355-nm
data play a preponderant role in the least-square
method used to compute a monomodal log-normal
size distribution. When a bimodal size distribution
is considered, all the wavelengths contribute to define
the least-square minimum, and statistical errors grow
much larger.

4. Scattering Simulations

Simulations of the scattering properties of spherical
aerosols were performed with van de Hulst? results in
a computer program developed by Del Guasta.® A
data set of backscattering and extinction efficiencies
as functions of the size parameter (o) was produced
for values of the refractive index corresponding to
those of ice, water, and several concentrations of
sulfuric acid solutions (25%, 30%, 50%, and 75%).
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The refractive indices of sulfuric acid, at the various
wavelengths and for different concentrations, were
obtained from the data of Palmer and Williams,®
whereas for ice we used the data reported by Warren. 10
The imaginary part of the refractive index has been
neglected for both the 532- and the 355-nm wave-
lengths. The correction of refractive indices (gener-
ally measured at room temperature) for stratospheric
temperatures has also been neglected.

Simulations have been performed for the four lidar
wavelengths and for the size parameter a, ranging
from 0 up to 100 in steps of 0.01. The simulation
program computes the backscattering and the extinc-
tion cross sections and their ratio &; by integrating
the scattering efficiences over the selected size distri-
butions.

Both monomodal and bimodal log-normal distribu-
tions have been used to model the stratospheric
aerosols, as suggested by studies such as those of
Hofmann ef al.'! and Brogniez and Noble.!?

The monomodal log-normal distribution here is
given by

N(r) exp{—0.5[In(r/r,,)/In(s)P*}, (3)

: Nt
~ 2mrIn(s)

with r,, = mode radius, s = width, and Nt = total
aerosol number.

Scattering simulations for monomodal distribu-
tions have been performed with variable r,, and s, a
database of B;, o;, and k; for a single particle (Nt = 1)
having been produced by varying the two parameters
with steps of 0.02 pm for r,, and with steps of 0.02 for
s. r,and s have been varied between 0 and 2 pm and
between 1.1 and 2, respectively, ranges expected for
stratospheric volcanic aerosols.

Archive files containing such simulations have
been produced for ice, water, and several sulfuric acid
solutions in the range 25—-75%.

5. Size Distribution Retrieval Method

The processing of each multiwavelength lidar mea-
surement gives us several optical quantities, such as
{le’ !0}}! and !kJ}

To assess which of these quantities are the most
promising for size distribution retrieval, a test was
performed on simulated {,}, {o;}, and {k;}, computed
as described in Section 4 for monomodal distributions.
It is possible to check the sensitivity of (B;}, {o;}, and
{k;} with respect to the size distribution parameters r,,
and s. To do this, we have plotted {B;}, {o;}, and [k;]
by the use of constant-value plots (e.g., Fig. 2, below)
as functions of r,, and s. In such plots, each aerosol
size distribution is characterized by a pair (r,, s)
corresponding to a point on the plot. For each point
(Fm, s) four constant-level lines of {B;}, (o)}, or {k}}
(corresponding to the four wavelengths j) are crossing.
The most sensitive quantity {g;} among {B;}, {o;}, and
[k;} is the one whose four constant-value lines form
the widest crossing angles; in such a condition a slight
change in r,, or s produces a major change in the four



g;, a change that is detectable by lidar. According to
our analysis, {k;} turned out to be the most promising
quantity, bemg strongly sensitive to changes in r,,
ands. Figures 2-5 show plots of computed k53; and
k150 for monomodal distributions of sulfuric aerosols.

The fundamental advantage in considering k; for
size retrieval is that it does not depend on the aerosol
number density in the single-scattering approxima-
tion. Mean values of k;, therefore, can be computed
by averaging values retrieved from many lidar pro-
files, regardless of temporal changes in the cloud’s
profile (at least when no dramatic changes in the
aerosol size distribution are expected).

The histograms shown in Figs. 6-9 show the
occurrence of experimental &; values in EASOE data;
such values are obtained by the use of Ro; = 1 for all
wavelengths. Figure 10 shows the dependency of k;
on Rosg; for all four wavelengths.

The experimental mean values of k; with the associ-
ated sample standard deviations o; are listed in Table
1 for the hypothesis that 1 < Ros3; < 1.05. These
mean values of k; and o; have been obtained by
Morandi'3 by processmg the whole EASOE multiwave-
length lidar data set.

Searching for a size distribution, we performed a
comparison between simulated and experimental &;’s,
the least-square method having been used to search
for the minima of the x2? function:

0

Jj=

xz(rm: 3,: XU} ) (4)

where g; is the standard deviation of the experimental
k; data at wavelength j and &,; is the theoretical value
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Fig. 2. Extinction/backscattering ratio at 532 nm (ks32) simu-
lated for monomodal log-normal distributions of 38% sulfuric acid
droplets. The x axis is the mode radius r,, and the y axis is the
distribution dimensionless width s.
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Fig. 3. Same as Fig. 2 but for 50% sulfuric acid.

of k;, as computed for a monomodal size distribution

charactenzed by rn, and s.
The minima of x2 provide a set of optimal (r,,, s)
pairs.

Only the data at the 355-, 532-, and 750-nm
wavelengths have been considered reliable for this
purpose, because of the large statistical dispersion of
the 850-nm data.

Monomodal log-normal distributions show quite
good separation of the relative x2 minima, the deepest
minima yielding stable size distributions. An ex-
ample of x2 (r,, s) surface for Ros3; = 1.03 and 50%
sulfuric acid is shown in Fig. 11. Figure 11 shows
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Fig. 4. Same as Fig. 2 but for 75% sulfuric acid.
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Fig.5. Extinction/backscattering ratio at 750 nm (k;so) simulated for
monomodal log-normal distributions of sulfuric acid droplets.
The x axis is the mode radius r,,, and the y axis is the distribution
dimensionless width s.

that the possible errors on r, and s are strongly
correlated because of the linear shape of the bottom of
the x2? surface: an error of +0.1 wm on the retrieved
rn leads to an error of approximately —0.2ons. This
consideration is also valid for the other refractive
indices used.

Resulting particle distributions for two refractive
indices and three Ro hypothesis are reported in Table
2. Both 50% and 75% sulfuric acid have been consid-
ered, according to the expected range of concentra-
tions at Mt. Pinatubo cloud heights.
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Fig. 6. Histogram of the experimental value of the
extinction/backscattering ratio at 355 nm obtained under the
hypothesis of molecular atmosphere (R, = 1) below Mt. Pinatubo’s
aerosol layer.
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Fig. 7. Same as Fig. 6 but for 532-nm wavelength.

The sensitivity of optimal (r,,, s) pairs to the hypoth-
esis concerning Ro;isevident. The cases with Ros3, =
1.03-1.05 seem to be the most representative of the
tropopause aerosol loading (as also suggested by the
smaller values of x2), so that the corresponding (r,,, s)
pairs should be more realistic than those obtained for
Ros3; = 1. Finally, we note that 50% sulfuric acid
yields smaller x? values than does 75% sulfuric acid.
This could reflect the real mean composition of the
Mt. Pinatubo aerosols during the EASOE campaign.
In fact the temperature in the main part of the Mt.
Pinatubo aerosol layer ranged between approxi-
mately —65 °C and —75 °C above Sodankyla. With
a stratospheric water concentration of 5 parts in 108,
this range implies an aerosol sulfuric acid concentra-
tion between 40% and 70% at the equilibrium.

These results are fully comparable with those
obtained by Larsen!* with in sifu measurements
performed by means of balloon-borne backscatter
sondes, with our results showing similar r,, values
but a wider distribution (s = 1.8-2 against s = 1.3—
1.7). The size distributions retrieved by our method
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Fig. 8. Same as Fig. 6 but for 750-nm wavelength.
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Fig.9. Same as Fig. 6 but for 850-nm wavelength.

are partially in agreement with those detected by
Deshler et al.'® by means of dust sondes in Wyoming,
a few months after the Mt. Pinatubo eruption. In
such a case the following distributions for fresh
aerosols were observed: (r,, = 0.075,s = 1.9) in the
lower part of Mt. Pinatubo cloud and (r, = 0.35,
s = 1.6) in the higher part of the cloud.

Our results match better with the dust sonde
measurements carried out by Deshler!® in Kiruna,
Sweden, during the EASOE campaign, from which
Deshler estimated monomodal distributions with r,, =
0.09-0.14 pm and with rather wide distributions
(s = 1.9-2). Ourresults are also in substantial agree-
ment with the results obtained by Kolenda et al.®

6. Attempt to Derive a Bimodal Size Distribution

The sum of two log normals has been used to simulate
a bimodal distribution of stratospheric aerosols, as
suggested by Hofmann et al.}' The first log normal
reproduces a bulk aerosol distribution, corresponding
to the background aerosols enhanced by the volcanic
eruption, composed of sulfuric acid with small mode

108 Sodankyla: December 1991-March 1992
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Fig. 10. Dependency of k; from the value R332 assumed below the
Mt. Pinatubo aerosol layer. The linear fits of the results are
reported. k; units are [sr].

Table 1. Experimental Extinction/Backscattering Ratios (k) and
Relative Standard Deviations (o)) at the Different Laser Wavelengths and
with Three Hypotheses on Ro Below the Cloud Base

Wavelength (nm)

Reference
Secattering Ratio 355 532 750 850
Rosss =1
kj (st) 324 48 84 175
aj (sr) 9.5 14.6 20 47
R0532 = 1.03
k; (sr) 31 42 70 153
aj (sr) 10 14.7 20 48
30532 = 1.05
k; (sr) 30 39 61.4 139.5
a; (sr) 10 15 20 49

radius r;, width distribution s, total number N, and
variable refractive index; the second log normal simu-
lates the coarse volcanic aerosols, with mode radius
I, width s, density ratio N,/N with respect to the
bulk aerosols, and variable refractive index.

All these seven parameters should be varied in Mie
simulations to obtain a bimodal distribution, whereas
using all four values of k; data, we can retrieve a
maximum of four parameters. Toreduce the amount
of the variable quantities involved, we have assumed
the refractive index of the bulk aerosols to be con-
stant (the refractive index of 75% liquid sulfuric acid
has been imposed), and two other quantities (r, and
the coarse particles’ refractive index) have been con-
sidered as parameters. Under such bounds, minima
of x% can potentially give a set of minimal distribu-
tions.

x% SURFACE, 50% ACID, Rosz; = 1.03
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Fig.11. Constant-value plot of x(r;,, s) for a monomodal distribu-
tion. The hatched areas are the bottom of the x® surface, corre-
sponding to the best fit of experimental k; data with simulated &;
data for 50% sulfuric acid, Ros3; = 1.03.
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Table 2. Retrieved Size Distributions (r,,, Mode Radius; s, Width) from
355-, 532-, and 750-nm Lidar Data under Three Hypothesis on Ro*

Composition

(% sulfuric acid) rm (pm) s b%

Single log-normal fit (Ro; = 1)

50 0.27 1.65 0.59

75 0.22 1.55 0.80
Single log-normal fit (Ross = 1.03)

50 0.22 1.8 0.26

75 0.18 1.75 0.49
Single log-normal fit (Ros3z = 1.05)

50 0.18 2 0.2

75 0.13 2 0.32

aThe hypothesis that Rossz = 1.03-1.05 seems to be more
reasonable than Ro = 1 in the upper troposphere.

For a good separation of x? minima a similar
precision for all four values of k; is required, but in
our case kg5 and (particularly) jzgw show wide data
dispersion. The relative weight of kg5 in the x2
analysis is then small, and our case practically corre-
sponds to the case of three wavelengths, the distances
between different minima being reduced.

Further considerations are necessary. As a conse-
quence of the characteristic hill-shaped %; constant-
value plots (e.g., Fig. 2) and because of the indepen-
dence of k; from aerosol number density, the ratio
N;/N is much more uncertain than r,,, s, and s;. In
fact for each observed (k;} set, two distinct x* minima
can exist for monomodal distributions, one on the left
slope of the £; hill, the other on the right side. Inour
case the first minimum corresponds to a monomodal
log-normal distribution of particles with r, of the
order of 0.1 um (bulk aerosols), and the second
minimum corresponds to a distribution of coarse
particles with r,,, of approximately 0.2-0.6 pm.

If such two minima make similar individual contri-
butions to x%, then when bimodal distributions are
used the N,/ N ratio remains unknown because of the
degeneration of x2 solutions. All these problems are
due to the particular nonlinearity of the system of
k; = fi(rm, s, sp, N»/N) functions to be solved by means
of the x¥2 method, because the solutions also degener-
ate when there are as many unknown variables as
there are known terms &;.

For all these reasons the computed values of N;,/N
are particularly unreliable. They should be consid-
ered merely as a rough estimation. In spite of such

Table 3. Bimodal Distribution Fitting of Lidar Data“

CAC*  ry(um) 8 P () s Ny/N
50% 005 15-19 0.3-04 15-16 40/60
0.1 1.7-1.8  05-0.6 1.3-1.4  20/50
015 15-16 0506 13-14 10/20
75% 005 15-19 0.3-05 1.1-14 50/60
0.1 1.8-1.9 0.55 1.1 50/60
015 1.8-19 0.5-0.55 1.1 30/60

2Ro = 1, 75% acid bulk aerosols.
bCoarse aerosol sulfuric acid concentration.

5696 APPLIED OPTICS / Vol. 33, No. 24 / 20 August 1994

Table 4. Bimodal Distribution Fitting of Lidar Data®

CAC*  ry(pm) sh 'm (pm) s N,/N¢

50% 0.05 1.8-1.9 0.5-0.6 1.3-14 50-60
0.1 1.5-1.8 0.6 1.3-1.4 20-30
0.15 1.5-1.7 0.55-0.6 1.4 10-20

T5% 0.05 1.6-1.9 0.35-0.5 1.2-1.4 60
0.1 1.7-1.9 0.55-0.6 1.1 30-60
0.15 1.6-1.8 0.55-0.6 1.1 20-30

2Ros3: = 1.05, 75% acid bulk aerosols.
bCoarse aerosol sulfuric acid concentration.
<Ratio between bulk and coarse aerosol total numbers.

uncertainties, the deepest minima of x? can still
provide some information concerning the size distri-
butions and the dispersion of the retrieved parameters.
The range of the distribution parameters correspond-
ing to the five deepest minima for each acid
concentration of the bulk aerosols and the different
Ros3, are listed in Tables 3 and 4, for both Ros3 = 1
and R0532 = 1.05.

The values computed for r,, s;, and s are fully
comparable with those obtained by Deshler et al.’s in
Wyoming, some months after the eruption of Mt.
Pinatubo, and by Deshler!6 in Kiruna during EASOE
campaign by means of particle counters, particularly
for the case with Ros3, = 1.05, 75% sulfuric acid, and
ry = 0.05-0.1 pm.

If the independence of k; on the aerosol concentra-
tion is an advantage of the method used (allowing us
to use the value of k; obtained as the average over
different lidar profiles), for the same reason the
absolute number density cannot be retrieved directly.
Evaluating the aerosol number density from the
retrieved distribution parameters requires that we
first compute the Mie backscattering coefficient at
one wavelength for a single particle (B,). The total
number Nt (or N, and N for bimodal distributions)
can be obtained as the ratio between local Mt. Pina-
tubo backscattering B8(z) and B;.

7. Conclusions

The use of lidar-derived multiwavelength extine-
tion /backscattering ratios was found to be a promis-
ing method for the remote measurement of the size
distribution of stratospheric aerosols. The main un-
certainties involved in such a method are due to
incomplete knowledge of the particle refractive index
and of the actual aerosol loading below the base of the
aerosol layer. The method gives meaningful results
with monomodal fitting distributions when particle
size is almost uniform within the cloud, because only
a height-averaged size distribution shape is obtained
with the method. The size distribution shape should
also be slowly varying with time, an averaging of k;
values coming from many different lidar profiles
(taken at different times) being necessary to obtain
reliable mean values. k; are in fact affected by large
errors resulting from the natural fluctuations of Ro;
at the cloud base.



The aged stratospheric volcanic aerosols measured
during the EASOE campaign seem to verify all these
hypothesis, as suggested by the agreement of our
results with other in situ optical measurements of
particle size carried out before and during the EASOE.

The suggested method could in principle be used in
long-term monitoring of the mean stratospheric aero-
sol monomodal size distribution for climate modeling
purposes. A successful fitting of the lidar data by
means of bimodal log-normal distributions is re-
ported in this paper. Such fitting requires the intro-
duction of several arbitrary hypotheses about the
nature of the aerosols and does not allow us to
determine the aerosol total numbers corresponding
to the two modes because of the particular nonlinear
scattering properties of the sulfuric aerosols in the
investigated size range.
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