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Abstract

The complex index of refraction, scattering cross section and albedo for single scatter-
ing have been estimated from measurements of the angular distribution of light scattered
by aerosol particles, by an inversion library method. The humidity dependence of these
optical properties has been examined in compiling 250 samples for the period February—

November 1978.

It is found that optical properties of aerosol particles change systematically

according to the change of relative humidity. The humidity dependence of the complex
index of refraction is explained by Hinel's theory introducing the mean mass increase
coefficient for atmospheric aerosols consisting of both water-soluble and insoluble substances
and the value of 1.58-0.04 ¢ for the complex index of refraction of dry particles.
Preliminary experiments of controlled relative humidity have also been performed to

confirm the above results.

1. Introduction

Aerosol particles are produced from many
different kinds of sources such as volcanic
eruptions, wind erosions, industrial activities,
organic activities and gas-to-particle conver-
sion. Since the particles including hygroscopic
substances are in thermodynamic equilibrium
with surrounding moist air, their optical pro-
perties may be changeable with changing
relative humidity. The extinction or scatter-
ing of light by aerosol particles have been
studied theoretically or experimentally by
many authors (e.g., Ahlquist and Charlson,
1969 ; Steinvall and Agren, 1975 ; Hinel, 1976 ;
Patterson et al., 1976 ; Bertolotti et al., 1978;
Pirich and Horvath, 1983). Recently, Okada
and Isono (1982) have shown that the extinc-
tion coefficients deduced from the visibility
data at Nagoya Local Meterological Observatory
depend strongly upon the relative humidity.

* Present Affiliation: The National Defense Acad-
emy. Yokosuka, 239 Japan.

They suggested that the difference in the
humidity dependence between 1960 and 1973
might be caused by different composition of
aerosol particles as a result of the change in
fuel usage from coal to oil.

In this paper, we discuss an average trend
of the complex index of refraction, scattering
cross section'and albedo for single scattering
in relation with the relative humidity. The
original data used in this study have been
obtained by analyzing the results of light scat-
tering measurements for the wavelength of
0.5145 pm in the suburbs of Sendai by an in-
version library method* (Tanaka et al., 1982
and 1983). Just 250 samples for the period
Feburary—November 1978 are served for this
study.

* This method has been newly developed, which
simultaneously estimates the maximum likelihood
values of the complex index of refraction and the
size distribution of aerosol particles. It is as-
sumed in the analysis that the aerosol particles
are spherical and homogeneous.
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2. Application of the mixture rule

The humidity dependence of an uncharged
aerosol particle is considered to be in thermo-
dynamic equilibrium with the ambient moisture.
Héinel (1976) has shown that the water activity
of a pure solute a, can he expressed as

aw=<1+/¢3]{\4/[—:> ‘ (1)
where p, is the mass increase coefficient de-
duced from van’t Hoff factor, M, the mass of
the solute and M, the mass of water. The
changes of the density p and the complex
index of refraction m of the pure solute can
be predicted from Eq. (1), if g, is known.
The values of p and m depend upon the
water activity through the mass of water
uptake, and the water activity can be replaced
by the equilibrium humidity f for a plane
surface. Thus, increasing relative humidity
decreases generally the particle density, and
the complex index of refraction of the solute
approaches that of water as relative humidity
increases.  Natural aerosol particles in a
polydispersed system are, however, composed
of various kinds of water-soluble and insoluble
substances. The relationship between the
water uptake per unit mass of dry matter and
relative humidity is, therefore, assumed to be
given by

(2)

where # is the mean mass increase coefficient
for the real aerosol particles composed of many
substances, M, and M, are masses of water
and dry particles, respectively. The equation
(2) means that an ensemble of the real aerosol
particles is considered to behave like a large
particle.

The mean value of the complex index of
refraction of a polydispersed aerosol system
can be obtained by applying the volume-
weighted mixture rule to Eq. (2), as

m:mw+(m”—mw)<l+759 ﬁ'fj?>_l, (3)

where m (=m,—m;-7) is the mean value of the
complex index of refraction of the polydisper-
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sion in humid state, p, and m, are mean
values of the density and complex index of
refraction of dry particles, respectively, and
pw» and m, those of water. The validity of
Eq. (3) have been examined by numerical
simulations for several models of a two-com-
ponent system. It is found that the optically
equivalent value of m, can be predicted fairly
well by Eq. (3). On the other hand, the
equivalent value of m; cannot necessarily be
predicted by the volume-weighted mean in
Eq. (3). Similar results have also been found
by Mita and Isono (1980) and Lederer et al.
(1983) from comparisons for the single scat-
tering albedo and the phase function, respec-
tively. Results of our numerical simulation
show that the equivalent value of m; of the
two-component system can be empirically ap-
proximated fairly well by the volume-weighted
mean of the logarithm of m;. We therefore
adopt Eq. (3) for m,, and the equation

In(m)=In(m;w)—In(m/m;w)

(14 fi_ﬁl___f'_f_)-l’

for m;, substituting empirically »1;, =0.0015 for
mi,=0% Thus, if the mean values of m,, p,
and g are known, one can estimate the values
of m, and m, as functions of relative humidity.
In addition, if the volume spectrum of aerosol
particles is known, related optical quantities
such as extinction cross section, scattering
cross section, and albedo for single scattering
can also be estimated as functions of relative
humidity.

It is noted that the mean value of m;
estimated from Eq. (4) is considerably smaller
than the equivalent value proposed by Mita
and Isono (1980). This discrepancy is attributed
to the fact that our method is based on re-
construction of the phase function (i.e. angular
distribution of scattered light) instead of the
albedo for single scattering by Mita and Isono
(1980).

(4)

* Hanel and Dlugi (1977) have proposed an improved
mixture rule for the imaginary part of the mean
complex index of refraction. The mixture rule
may overestimate the mean value of m; compared
with our results from Eq. (4) in the two-com-
ponent system.
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3. Results and discussions
3.1 Complex index of refraction

In order to obtain the humidity dependence
of the complex index of refraction, 250 samples
for the period February—November 1978 are
classified into seven groups according to the
value of relative humidity, as shown in Table
1. Figs. la and 1b show the mean value of
m, and m; as functions of relative humidity,
respectively. It is apparent that the mean
values of m, and m; decrease systematically
with an increase of the relative humidity.
Since some differences are expected in the

Table 1 The mean values of the complex index
of refraction for each humidity group. The
column “cases” shows the number of measure-
ments, m, and m; the real and imaginary
parts of the complex index of refraction,
respectively, and f the mean value of relative

humidity.

f ‘ f ‘cases m, m;
0 —04 032 ‘ 29 1578 | 0.032
0.4—0.5 | 0.45 -3 1.540  0.025

|
0.5-0.6 ' 0.54 37 | 1.527  0.020
0.6—0.7 | 0.65 ‘ 4 1514 | 0.018
0.7—0.8 ' 0.74 36 1.493  0.012
0.8—0.9 = 0.85 41 1.471 © 0.010
09 10 093 27 1.453 | 0.0091
—O— Feb.- Nov. 1978
L —A— July - Aug. 1978
---- From Eq. (3)
1.6
P .
E 5L
1.4 11 1
0

Fig. la The real part of the complex index of
refraction versus relative humidity. The
broken line shows the relation predicted from
Eq. (3) using the mean value of the mass
increase coefficient shown in Fig. 3. Vertical
segments show the standard deviations of m,
for each humidity group.
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Fig. 1b The imaginary part of the complex index
of refraction versus relative humidity. The
broken line shows the relation predicted from
Eq. (4). Vertical segments are the same as
in Fig. la, but for m,.

origin of aerosol particles between summer
and other seasons due to different prevailing
winds at the observation site, the data are
also classified into July to August and other
months. The value of m, in summer months
is slightly smaller than total average, as shown
by triangles in Fig. la, but such a systematic
trend is not seen in Fig. 1b for the value of
m;. As a whole, the difference between sum-
mer and other seasons is small as compared
with large variability in respective seasons.
If the chemical composition of aerosol par-
ticles, and accordingly their optical constant,
is modified mainly by the change of the
relative humidity, the wvalues of m, and m;
have to exhibit a definite trend. In Fig. 2 is
shown the relation of m, vs m; by open circles.
If the complex index of refraction of aerosol
particles obeys Egs. (3) and (4), and relation
between m, and m; should be expressed by a
line segment the end points of which cor-
respond to the complex indices of refraction
of water and dry particles at the lower and
upper limits, respectively. Though it is diffi-
cult to know precisely the values of m,, and
m;, in dry state because of no chemical ana-
lyses in our programme, plausible values of #i,,
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and m;, are estimated to be 1.58 and 0.04,
respectively, from Figs. la, 1b and 2, the
monthly variations of m, and m; (Tanaka et al.,
1982), and published results of Fischer (1970)
and Hinel (1976). This value of m, is plotted
in Fig. 2, by a cross symbol. The mean value
of the mass increase coefficient i derived from
Egs. (3) and (4) using the above values of m,,
and ms, and observed values of m, and m,.
The values of 7 shown in Fig. 3 are obtained
by averaging respective values of g for m,
and m;. The particle density in dry state p,
is assumed to be 2 and 3 g/cm® from Hénel
(1968, 1976) and Volz (1972). Though the
absolute value of g is dependent upon the
values of m.,, and m;, the trend is still kept
similar to that shown in Fig. 3. The rapid
increase of & around f=0.4 corresponds to the

1.6

O Feb.- Nov. 1978 o*
7/

I ---From Egs.(3)and(4) ,~
el

/

o
0
/

mr
o~

1 1 I 111 II; 1 L 1
0.005 00!
mi

Fig. 2 The relation between the real and the

imaginary parts of the complex index of re-

fraction. The broken line shows the relation

predicted from Egs. (3) and (4), and cross the

value of the complex index of refraction of

dry particles assumed in this study.

0-05

u"% 0.2 Feb-Nov. 1978

N L °:2

S il

S~ 01 /\—\

ng, I /:?>—\
0 0.5 1.0

Fig. 3 The mean mass increase coefficient p=
1/2(@, + p:) versus relative humidity, for p, =2
and 3g/cm®. The complex index of refraction
of dry particles is assumed to be®l. 58-0.04 1,
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sharp decrease of m, especially of m., seen in
Fig. la. Such a trend of the mass increase
coefficient should be interpreted from chemical
activities of the real particles for water vapor.
Hénel (1976) has observed a sharp increase of
fZ around f=0.7 for natural aerosols consist-
ing of sea salt particles (Hdnel's models 2 and
3). A rather flat trend of 7 similar to our
results has also been found by Hinel (1976),
for aerosols in Mainz region in summer season
(Hédnel’s model 1). To interpret such behaviors
of real aerosols and to evaluate the optical
constant of dry particles more quantitatively,
it is desirable to make chemical analyses
simultaneously with scattering measurements,
in the future. Broken lines in Figs. la, 1b
and 2 show the values of m, and m; recon-
structed from Egs. (3) and (4) with above
mentioned values of m,o, m; and f.

3.2 Scattering cross section and albedo for
single scattering

The scattering cross section C,;,, and the
albedo for single scattering @, can be obtained
from the inferred size distribution n(r) and
complex index of refraction m, as follows:

Csca:Stm_ax 71'er30¢1(771, a)n(?’)d}’ y ( 5)

Ce.n=Srm%X 7r2Qez(m, a)n(r)dr, (6)

and

(DII:CSCQ/CCIL , (7 )

where Qqo(m, a) and Q...(m, a) are scatter-
ing and extinction efficiency factors, respec-
tively, a the size parameter, and 7mi, and
7max the minimum and maximum radii of par-
ticles contributing effectively to the measured
angular distribution of scattered intensity
within the range of scattering angle of 7°<@
<170° (Tanaka et al., 1982). The values of
0.0384 and 3.41 pym are adopted for 7min and
Ymax, respectively, for the wavelength of
0.5145 pm. The scattering cross section Cscq
and the albedo for single scattering @&, thus
obtained are shown in Figs. 4 and 5, respec-
tively. Both values of Cy, and &, increase
systematically with increasing relative humid-
ity, except for the value of Cg,around f=0.74
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Fig. 4 The scattering cross section versus relative
humidity. The values are calculated from the
volume spectra shown in Fig. 7 for the
wavelength of 0.5145 pm.
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Fig. 5 The single-scattering albedo versus rela-
tive humidity. See caption to Fig. 4.

showing a slight decrease. These variations
suggest that the optical properties of aerosol
particles are modified according as the change
of the relative humidity. Corresponding
results for summer two months, July-Aug.,
are also shown in Figs. 4 and 5 by triangles.
We can see again that there are no definite
tendencies to characterize the difference be-
tween summer and other seasons. It is noted
that the values of C,., are more or less under-
estimated in proportion to the contribution of
particles outside the effective range (i.e. »>
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Ymax and 7 <#min).

The albedo for single scattering @, is mainly
dependent upon the imaginary part of the
complex index of refraction. It is obvious
that the correspondence of @, with m; is
unique, if the size distributions for respective
values of f are unchanged within the effective
size range. In order to examine this expecta-
tion, a size distribution of aerosols is assumed
to obey a modified power law, as

n(r)~constant for 7ni,<r<0.1 pm,
and
n(r)~r=#+  for 0.1 pm<r<rmpa.x,

where the exponent f is assumed to be 3.0
and 4.0 for models denoted by JNG-3 and
JNG-4, respectively. Fig. 6 shows the rela-
tions between @, and m; calculated for JNG-3
and JNG-4 models and values of m, of 1.45
and 1.55, comparing with observational results.
The comparison between theoretical and ob-
servational results show that the size distribu-
tion of aerosols can be approximated by JNG-4
model, and that the likelihood value of the
real part of the complex index of refraction
decreases from 1.55 to 1.45 with increasing
relative humidity.

The individual volume spectrum inferred
by the inversion library method is averaged
geometrically for respective groups of relative

001 |-

ING - 4

0005 |~ © Feb.-Nov.1978
F Aluly -Aug-1978

| | 1
07 08 09 10

T,

Fig. 6 The relation between the sigle-scattering
albedo and the imaginary part of the complex
index of refraction. Solid and broken lines
correspond to the values of B of 3.0(JNG-3)
and 4.0(JNG-4), respectively. Numeral at-
tached to each line is the value of the real
part of the complex index of refraction.
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Fig. 7 The volume spectra of aerosol particles

for respective humidity groups. Horizontal
segments on the right side show the level
dV/dinr =102 cm®/cm? for respective spectra,
and broken lines the power-law distribution
with =4.0.

humidity, as shown in Fig. 7. It is obvious
that the retrieved spectra are close to the log-

normal distribution rather than the power-law

distribution. This is not contrary to the result
of simulation shown in Fig. 6, because dif-
ferences of the retrived spectra from assumed
power-law are not significant in the most im-
portant size range of 0.1<#<1.0 ym as shown
by broken lines in Fig. 7. The mode radius
of the volume spectrum increases only slightly
as the relative humidity increases.

3.3 Results of experiments of controlled
relative humidity

In the previous sections, mean optical pro-
perties of aerosol particles were presented in
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relation with the relative humidity. Though
these results are consistent with each other
and seem to be reasonable from general con-
siderations, uncertainty still remains because
the air masses are different for different
values of relative humidity. Therefore, it is
of interest to confirm the results by controll-
ing the relative humidity.

Aerosol samples introduced into a mixing
tank (1.3m® in volume) by a ventilating fan
were mixed with water vapor prepared from
a hot water vessel. It is not easy to supply
air samples of well-controlled relative humidity
for about 30 minutes by this method. There-
fore, only a few examples obtained in stable
states are reported here as preliminary results.
The instrumental method used in the experi-
ment was just the same as that for the
measurements of the atmospheric aerosols for
the period February—November 1978, except
for the part of the humidifying process. The
stability of the number density of aerosol par-
ticles during each measurement was also
checked by a monitor detector at the scatter-
ing angle of about 30°. Results of this ex-
periment are summarized in Table 2, where
Case V shows the results for the experimental
data of Quiney and Carswell (1972). The
background data, indicated by “BG” in the last
column of the table, were obtained for air
samples introduced directly into the scattering
volume without passing through the mixing
tank.

Fig. 8a and 8b show the real and imaginary
parts of the complex index of refraction as
functions of the relative humidity. Arrows
in these figures designate the direction of
change, i.e. humidification or desiccation. It
is noted that the most likelihood values of the
complex index of refraction are selected
stepwisely in the preliminary table of the
complex index of refraction so that their
uncertainties are rather large amounting to
the grid size of the library of the complex
index of refraction. As seen in Fig. 8a, the
humidity dependence of the real part of the
complex index of refraction is noticeable.
The value of m, reaches 1.35 in the final stage
of humidification in Case 1V, being very close
to that of water. The corresponding behavior
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Table 2 Summary of the experiments of controlled relative humidity.
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The values of the

scattering and extinction cross sections, Csq and C.z, are estimated from the volume
spectra for optically effective range of the particle size.

Case 11)92’17% Time '1"(ecm)p f 3 m, my C“"(cm_l)c““ l @ i Note
I ’5/3 12:18-12:53 17.8 0.20 | 1.60 0.05 | 3.67E-7 493E-7 075 | BG
| 16:48-17:30 28.0 = 0.67 1.50 0.03 68E-6 2.03E-6 | 0.82 |
i 18:22-19:08 26.7 = 0.90 1.40 0.03 1.36E-5 1.82E-5 0.75 ‘
0 | 824 15:50-16:30 25.0 0.41  1.60 0.03 = 1.47E-7 2.23E-7 | 0.66 | BG
‘ 18:02-19:30 37.3 | 0.79 1.45 0.03 1.33E-6 2.18E-6 : 0.61
il \ 8/25 16:30-17:10 41.0  0.95 1.40 0.01 = 1.45E-6 1.79E-6 0.8l
17:29-18:02 23.0 1 0.70 1.50 0.01 3.45E-7 4.43E-7 0.7 | BG
v 9/1 11:56-12:29 18.4 : 0.84 1.50 0.02 4.41E-7 5.09E-7 0.87 ‘ BG84
14:15-14:50 33.9 ‘ 0.37 1.55 0.03 3.50E-7 4.27E-7 0.82 | RH37
16:00-17:00 33.5 | 0.90 1.40 0.005 | 2.60E-6 2.80E-6 0.93 R H90
17:45-18:25 50.0 | 0.98 | 1.35 0.005 9.99E-6 1.07E-5 | 0.94 | RH9
V | Quiney & Carswell 0.77  1.50 0.02 0.84 |
(1972) . 0. 86 1.45 0.02 | 0.85 i
0.90 1.40 0.01 | 0.86 |
i 0.95 1.40 0.01 0.88 |
i ©0.99 1.34 0.0 1.0 |
(n (n 0.05
1.6 O ] O\\)O (n
00! | (1 o—> >
15 b » < ~
- 0005
S -
£ E
--= From Eq.(3) I --- From Eq.(4)
I-4 - ® Quiney & Carswell (1972) 0.00l - @ Quiney & Carswell (1972)
L L
1 1 1 1 i L 1 L @ ‘F 1 1 1 L | 1 1 L J;I
0 05 1.0 0 0.5 1.0
f f

Fig. 8a The real part of the complex index of

refraction versus

relative humidity.

The

broken line is the same one as in Fig. la.
Roman numerals correspond to the cases given
in the first column of Table 2.

Fig. 8b The imaginary part of the complex index

of refraction versus relative humidity.

The

broken line is the same one as in Fig. 1b.

See caption

to Fig. 8a.
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of the imaginary part is similar to that of the
real part, but the humidity dependence is less
distinctive than the real part (Fig. 8b). This
may be caused by the fact that the inversion
library method has higher sensitivity for m,
than for m; (Tanaka et al, 1982). In Figs.
8a and 8b are also shown the humidity depen-
dences of m, and m; predicted from Egs. (3)
and (4), respectively, by broken lines. The
results of the humidity-controlled experiments
are, generally, in fairly good agreement with
the mean trend for natural aerosols shown in
Figs. 1a and 1b.

Quiney and Carswell (1972) have reported
the results of light scattering measurements
similar to ours. Their data were also analyzed
by our inversion library method. The results
are shown in Figs. 8a and 8b by solid circles.
Both of the real and imaginary parts of the
complex index of refraction decrease rapidly
as relative humidity increases from 0.77 to
0.99. The values of m, and m; at f=0.99
are found to be 1.34 and 0.0, just the same
values as for pure water. These results
strongly suggest that the target samples of
their measurements were particles growing
by accretion of water vapor. Of interest is
that the results for Quiney and Carwell’s
measurements show a tendency very similar
to our results, though in their experiments
giant nuclei were filtered out leaving only
particles less then 0.3 gm in diameter at the
low relative humidity.

The growth of particles with increasing
relative humidity in the optically effective
range of particle sizes can be inferred from
corresponding increase of the scattering cross
section Cy,, as well as direct particle sizing.
Fig. 9 shows the values of Cs, as a function
of relative humidity. The broken line in the
figure shows the average trend of atmospheric
aerosols for the period February—November
1978. The increase of the value of Cy, due
to humidification is noticeable, as compared
with the mean behavior of natural aerosol
particles. It seems to correspond to smaller
values of m, than the average trend for the
period February—November 1978, as shown
in Fig. 8a. This discrepancy may be at-
tributable, at least partly, to our method of
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Fig. 9 The scattering cross section versus relative
humidity. The broken line shows the mean
trend for the period February—November 1978.
See caption to Fig. 8a.

&
E 10°
9]
N
IS
A
€, K
£10 - \
~ v
= BG8s 8L 2 ot
7y \Q\\‘\ o’"é8
1021 RH37 N
1.0
]
Sosk N
L BT
0.05 01 05 10 5.0
RADIUS (um)

Fig. 10 The volume spectra and corresponding
maximum contribution index Cpyax for Case IV
of the humidification experiments.

humidification. A temporary supersaturation
occurs in the neiborhood of water-vapor source
in our experiment, and some hydrophilic par-
ticles are expected to grow up.

The change of the volume spectrum due
to humidification (or desiccation) is shown in
Fig. 10 for Case 1V, where Cnax i the maxi-
mum contribution of a given spectral portion
to any portion of the phase function (i.e.
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original data) (Tanaka et al., 1982). As seen
in the figure, the volume spectrum grows
noticeably and the most effective size cor-
responding to the maximum value of Cpax
increases from 0.1 to 0.4 pm, as relative
humidity increases from 0.37 to 0.98. Such
a change of the volume spectrum due to
humidification is larger than that of the mean
volume spectrum shown in Fig. 7. This fea-
ture may be reflected in somewhat small values
of @, found in the humidification experiment,
as seen in Table 2.
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