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Abstract

Phase functions of yellow sand particles were measured by a polar nephelometer during 24 April-11
May, 1982 at Nagasaki, Japan. They suggested a strong nonsphericity of the particles, which can
be reconstructed by the semi-empirical theory of Pollack and Cuzzi or by Mie particles with large
fictitious absorption. Spectral extinction cross section, single scattering albedo, asymmetry factor
and backscattering phase function were estimated using the volume spectra retrieved from data of

several instruments including the polar nephelometer data.

Volume loading of yellow sand particles

at the observation site was estimated as 666 I/km?® at the maximum stage of the yellow sand event of
4-6 May and 183 I/km? for the secondary maximum of 8 May. Using two estimates of the absorption
index (0.01 and a model variable with wavelengths), these values show that solar radiative heating
from 0.08 to 0.4°C/day can be expected in the atmosphere over considerably wide area in one yellow

sand event.

1. Introduction

Studies ot the radiative effect of aerosols have
rested on the Mie scattering theory assuming ho-
mogeneous spherical dielectrics (Mie particles). As
for a strong perturbation of the radiation regime
by dust storms, however, such an assumption seems
to be too simplified, because dust particles have ir-
regular shapes (Tanaka et al., 1987; Okada et al,
1987) and are large enough to affect the light scat-
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tering property. Welch et al. (1981) showed that
it is possible to overestimate the particle concen-
tration by several tens of percent if we neglect the
nonsphericity in the analysis of flux measurements.
Otterman et al. (1982) suggested that their satel-
lite remote sensing method overestimates the single
scattering albedo if the nonsphericity of dust par-
ticles is neglected. In spite of such observations,
we prefer to use the Mie scattering theory because
of its simplicity and uncertainty in how to describe
the nonsphericity. Although there are many theo-
ries for calculating the light scattering properties of
nonspherical particles (e.g., Asano and Sato, 1980;
Mugnai and Wiscombe, 1986), we must assign the
exact shape of particles before applying those the-
ories. Since we see almost infinite kinds of particle
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shape in a microscope image, it is not an easy task
to determine reasonable statistics for the particle
shape. Therefore, it will be very useful to accu-
mulate measurement data of phase functions in real
conditions of dust storms. There has been little work
in this direction. Especially there are no investiga-
tions of the phase function of yellow sand particles
in the North-Eastern Asia to our knowledge .

The scattering property of each nonspherical par-
ticle depends on its shape as shown by a number
of measurements of light scattering by nonspheri-
cal particles in laboratory conditions (e.g., Holland
and Gagne, 1970; Pinnick et al,, 1976; Chylek et
al., 1977; Zerull, 1976; Schuerman et al., 1981; Co-
letti, 1984). For example, the asymmetry factor can
increase or decrease as compared with the equal-
volume sphere, depending on the particle shape and
size (Mugnai and Wiscombe, 1986). In spite of the
variety of the scattering patterns for a variety of the
particle shapes, there may be some possibility of de-
scribing its general features using a semi-empirical
fitting as in Pollack and Cuzzi (1980). Basically the
phase functions of nonspherical particles are less de-
pendent on the scattering angle than that of Mie
particles (Coletti, 1984). The degree of linear po-
larization also tends to become smaller than that of
Mie particles.

In this paper we study in situ measurements of the
phase function of yellow sand particles using a po-
lar nephelometer for the yellow sand events of 1982
(Tanaka et al., 1989). We describe some general fea-
tures common in observed phase functions and try
to fit the function using the semi-empirical theory
of Pollack and Cuzzi (1980) or introducing a ficti-
tious absorption into Mie particles. As the result of
such study and the volume spectra retrieved from
several instruments, we will calculate the spectra of
the extinction cross section, moments of the phase
function and the backscattering phase function.

2. Measurements

As described in Part I of our papers (Tanaka et
al., 1989) we carried out measurements of solar ra-
diation and aerosols during the period from 22 April
to 12 May, 1982. We had two yellow sand events at
Nagasaki, Japan during the period. We have divided
the observation period into the maximum stage of
the yellow sand event of 4-6 May, the secondary
yellow sand event of 8 May, and the normal condi-
tion preceding and following the events. The strong
enhancement of the forward light scattering was ob-
served in the yellow sand events showing dominance
of large sand particles of several microns. In the
same period, we carried out measurements of the
phase function using a polar nephelometer.

The polar nephelometer was newly designed for
the purpose of field work as shown in Fig. 1. Lin-
early polarized light from a He-Ne laser (NEC/GLG-
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Fig. 1. Optical design of the polar nephelometer.

5700, the output light power of 25 mW at the wave-
length A = 0.6328 pum) is guided into a chamber
through two mirrors (M1 and M2), Glan-Thompson
prism (P1) and a polarizer (P2) which is a sliding
A/2 retardation plate to rotate polarization axis of
incident light by 90°. Scattered light is collected by
an object lens (P5) of 110 mm in effective diameter
through a rectangular prism (P3) and an analyzer
(P4) on a horizontal turntable, and photon-counted
by a photo-multiplier (P.M.: Hamamatsu Photon-
ics, R649). The analyzer consists of two sliding lin-
ear polarizers parallel and perpendicular to the scat-
tering plane. The field of view of the detector is
limited by a shadowing screen (SS) as the rectan-
gular prism rotates. By this optical alignment, we
can measure scattered radiation at scattering angles
from 7 to 170° within the scattering chamber of 1 m
length. Changing the polarization state of the inci-
dent and scattered radiations by the polarizer and
the analyzer, we can get the elements P;, P, D; and
D, of the phase matrix of air mass using following
equation:

1458005 o
I | R| D: P Io

where (Ior, o) and (I, I;) denote respectively in-
cident and scattered radiations polarized perpen-
dicularly and parallell to the scattering plane; s
and R are the scattering cross section and dis-
tance between the scatterer and the detector. We
observed the phase matrix at scattering angles of
© = 17,10,15,20(10)160,165, and 170°. Calibra-
tion of the light intensity was done using pure Nj
gas (Takamura and Tanaka, 1978). Measured phase
functions were analyzed after subtracting the air
molecule scattering, to retrieve the size distribution

and refractive index of aerosols by the inversion-
library method of Tanaka et al. (1982). The po-
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lar nephelometer was set at the top of a building of
Nagasaki University as well as other instruments de-
scribed in Tanaka et al. (1989). For the nephelome-
ter, the air was sampled with a rate of 70 {/min
through an elephant tube of 50 mm diameter and 5
m long.

3. Light scattering property of the yellow
sand particles

Figure 2 shows typical examples of the observed
unnormalized phase functions, i.e., sP; by circles
and sP, by triangles, for aerosols near the ground
surface in the normal condition (left panel) and the
yellow sand event (right panel), respectively. We
also show the linear polarization ratio and depolar-
ization ratios defined as follows:

DP = (P, — P,)/(P1 — P,) (2)
DV:Dl/Pl andDH‘—‘Dz/Pz (3)

By lines in Fig. 2 we show unnormalized phase
functions reconstructed by the method of Tanaka
et al. (1982) assuming Mie scattering. In Fig. 2 we
also listed the retrieved values of the refractive in-
dex (m), scattering cross section (s in cm™!), single
scattering albedo (w), backscattering phase function
(Py) which is the value of the normalized phase func-
tions at @ = 180°, and relative root mean square
deviation (rmsd) between theoretical and measured
values (o).

In the normal condition, the shape of the phase
function and the associated refractive index were
very similar to those of other measurements (Tanaka
et al., 1983). In the yellow sand events, however, we
find a significant enhancement of the forward scat-
tering caused by large particles, which was also ob-
served in the solar aureole measurements (Tanaka
et al, 1989). In spite of this large forward peak, we
can find no enhanced backward scattering, which is
expected for large spherical particles with small ab-
sorption index as seen later in Fig.7. The backscat-
tering phase function (P;) took a value of 0.0211 for
yellow sand particles as small as 0.0218 for the nor-
mal condition. The inversion-library method chose
1.70 — 0.08: as the optimum value of the refractive
index in the case of the yellow sand events. This
value of the refractive index is very large for both
of its real and imaginary parts as compared with a
realistic value around 1.55 — 0.005¢ for Saharan dust
particles. It is considered that this unsuccessful esti-
mation was caused by nonsphericity of the particles
rather than by difference of the chemical composi-
tion of yellow sand particles from that of Saharan
dust particles. Values of the depolarization ratio
(DV and DH) reached 50 % as shown in Fig. 2 sup-
porting this expectation. Depression of backscatter-
ing and large depolarization of light scattering by
nonspherical particles have been reported by many
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Fig. 2. Phase functions (O and A), the degree
of the linear polarization ratio (DP) and
the depolarization ratios (DH, DV on 25
April and 5 May, 1982. Lines show the
reconstructed values using Mie theory with
parameters: m = 1.55 — 0.031, s = 9.57 x
10" em™, w = 0.828, P, = 0.0218 and
o = 0.056 for 25 April; m = 1.70 — 0.08s,
0 =208x10"° cm™!, w = 0.602, Pb =
0.0211 and o = 0.087 for 5 May.

investigators from measurements and theories. In
spite of the evidence of nonsphericity notable in the
observed phase functions, the reconstructed phase
functions of Mie particles with large fictitious ab-
sorption follow remarkably well observed phase func-
tions including the linear polarization ratio (DP) as
shown by lines in Fig.2. The relative rmsd (o) be-
tween the observed and reconstructed phase func-
tions was as small as 8.7 % in this example. Such
similarity between nonsphericity and absorption in
the phase function was also pointed out by Grams
et al. (1974) and Pinnick et al. (1976).

Figure 3 shows the time series of the moments g,
g2 and g4 of the Legendre expansion of the phase
function:

P(z) = [Pi(z) + Py(z) + Di(2)
+Dy(z)]/2

= ﬁ E(?n + 1)gn Pa(z) 4)

where £ = cos ©. The ratio of the total depolarized
cross section Dg to the total scattering cross section
s is given by
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Fig. 3. Time series of moments of the phase
function (g1, g2, 94) and the total depolar-
ization ratio (D, / 3).

1
D.fs=1 / 1D1(2)+ D))z (5)

In the normal condition, this ratio took values as
small as 1 %, so that Mie particles will be a good
approximation for aerosols in the normal condition.
In the yellow sand events, on the other hand, g4 in-
creased about 3 times that of the normal condition
and the depolarized cross section reached about 10
% of the total scattering cross section showing non-
sphericity of particles. Although the depolarization
ratios (DV and DH) differed from each other and
depended on scattering angles, the elements Dy and
D5 took similar values almost independent of scatte
ring angles through the observation period. This
means that orientations of aerosols were distributed
randomly through the period regardless of condi-
tions.

Mean values of g; and g, were respectively 0.631
4+ 0.320 and 0.407 £ 0.218 for the normal condition,
0.713 £ 0.157 and 0.563 £ 0.128 for the period of 4
- 6 May, and 0.651 4 0.026 and 0.474 £ 0.027 for 8
May. Small rmsd values of these parameters in the
yellow sand events show that the size distribution
of yellow sand particles was relatively stable during
one or two days as noted from the constancy of «
shown in Fig. 7 of Part I. According to Nakajima
et al. (1986),values of g; and g2 in Sendai, Japan
were relatively constant in autumn and were 0.615
and 0.391, respectively, indicating the air mass of
Nagasaki in the normal condition was characterized
by somewhat larger aerosols.
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4. Modelling the aerosol optical scattering

Since yellow sand particles showed a strong non-
sphericity as studied in the previous section, we
must be careful to model the optical characteris-
tics of the particles. In this section, we discuss the
volume spectrum consistent with the interpretation
of several instrumental results including the phase
function data and try to obtain spectra of the op-
tical characteristics by integrating the volume spec-
trum assuming a scattering theory of nonspherical
particles.

(a) Model volume spectra

To see the variability of the retrieved volume spec-
tra from various instruments, we show the averaged
volume spectra in the normal (Fig. 4), the maximum
stage of the yellow sand event condition during 4 —
6 May (Fig. 5), and the secondary stage of 8 May
(Fig. 6). Since the OPC signal was calibrated us-
ing polystyrene particles having the refractive index
of 1.60 — 04, correction of the refractive index from
1.60 — 07 to 1.50 — 0.017 has applied to the data
in the normal condition. For transformation of the
vertical coordinate of the columnar data (denoted
as A + 0), the scale height of the aerosol layer was
assumed to be 5 km, 2.6 km and 5 km for these pe-
riods, respectively. Since yellow sand particles are
sometimes multi-layered as reported by Shaw (1980)
and Iwasaka et al. (1982), the scale height necessar-
ily does not correspond to the mean height of the
layers.

For the normal condition, the volume spectra from
various methods agreed well with each other for
r > 0.8 um. For smaller particles, however, the
columnar volume spectrum (A + O) did not show a
peak around 0.2 um corresponding to the accumula-
tion mode for the surface data. We should note that
the averaged columnar volume spectrum tended to
become flat as a result of averaging multi-modal
spectra having different peaks as shown in Figs. 9
and 10 of Part I. Peaks at different mode radii will
be associated with aerosols of different origin.

For the yellow sand events (Figs. 5 and 6), the
volume spectra from various methods agreed well
in their general features. Inverted volume spec-
tra from the nephelometer data with an abnormally
large absorption (1.70 — 0.08) also follow other pro-
files. For a more realistic refractive index such as
m = 1.55 — 0.0057, we had an unrealistic volume
spectrum different significantly from other profiles.
Such unsuccessful retrievals due to nonsphericity
(which would have an effect similar to assuming the
wrong refractive index) were also pointed out by
others (Shifrin and Gashko, 1974; Gorchakov et al.,
1976; Heintzenberg and Welch, 1982). Similarity
between the nephelometer result and other profiles,
therefore, show some similarity between effects of
nonsphericity and absorption. As already shown in
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Fig. 4. Averaged volume spectra in the nor-
mal condition obtained by the neph-
elometer (NEPH), optical particle counter
(OPC) and aureolemeter (A+O). The line
shows the model NM.
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Fig. 5. Same as Fig. 4 but for 4-6 May. The
result of Andersen sampler is shown by
IMPC. The solid and dashed lines show
the models YA and YC, respectively.

Part I, Figs. 4 — 6 show that the volume concentra-
tion of submicron particles in the yellow sand events
was smaller than that in the normal condition.

In the detail of Figs. 5 and 6 we can see several
discrepancies depending on instruments. The An-
dersen sampler result has a dispersion smaller than
that of other profiles. The Andersen sampler mea-
sured less aerosol volume at a radius 4.5 pm than
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Fig. 6. Same as Fig. 4 but for 8 May. The
solid line shows the model Y B.

those of the maximum stage obtained by other in-
struments. The Andersen sampler data in Fig.5 is
an integral of the volume spectrum during the sam-
pling period of 4-6 May, so that large particles be-
come less dominant by time averaging. If we fit
this volume spectrum by a log-normal function, we
have a dispersion smaller than that of other pro-
files in Fig.5. It is very difficult, however, to come
to a sound conclusion because we could not have
a good estimate for volume of submicron particles
without sufficient sampling time. Another disagree-
ment among the instruments in Figs. 5 - 6 is that at
the maximum stage the amount of submicron par-
ticles from the nephelometer agreed well with the
columnar spectrum, while the OPC result showed
a smaller amount of submicron particles. We will
discuss this disagreement later.

To model the observed volume spectra during the
observation period, we fit the data to the following
log-normal plus power law function:

dV/dinr = Cpexp{—[In(r/rm)/1n6)?/2}
+Cy(r/rm)*™" (6)

with p’ = p for r > r,,, and p’ = 0 for 7 < rp,. Lines
in Figs. 4 — 6 are the fitted volume spectra with pa-
rameters shown in Table 1. We set as p =4 and rg
= 0.1 um for all models, since this is not so sensitive
to the results. For the yellow sand events we have
three models, i.e., models YA and Y B for 4-6 May
and 8 May to interpret the data of the aureoleme-
ter, nephelometer and OPC, and the model YC for
the data of Andersen sampler during 4-6 May. The
model Y C has a smaller dispersion than other two.
For comparison, Table 2 lists values of r,, and é ob-
tained by fitting data from several studies of dust
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Table 1. Parameters in Eq. (6) for model volume spectra (cm®/cm?®) and the specific volume (cm®/cm?®)
in Eq. (13). A notation like 7.5-12 in the columns of Cy, and C; means 7.5 x 10712,

Type 7rp,(pum) 6 CL Cy Vi V;  Scattering theory

NM 0.2 16 75-12 35-12 275 5.55 Mie

YA 4.0 3.0 7.7-11 3.0-12 174 555 r=11,Xo=7,G=10
YB 2.1 2.0 3.0-11 3.0-12 102 555 r=11,Xo=7,G=7
YC 2.1 15 87-11 3.0-12 118 55 r=11,X,=7,G=10

Table 2. Mode radius (r,») and dispersion (8) of sand particle volume spectra.

rm 6  References

1.8 1.8 Shaw (1980) at Hawaii
13 1.6 Arao and Ishizaka (1986) at Japan

3.5 2.6 Carlson and Caverly (1977)

3.6 1.7 Kondratyev et al. (1981) at 0.5 — 1.5 km height
0.8 1.3 Tomasi et al. (1979) at Bologna

1.1 1.4 Tomasi et al. (1979) at Sestola

4.0 3.0 This study, Model YA
21 2.0 This study, Model YB
2.1 1.5 This study, Model YC

storms. These values show that wide variation in
the volume spectrum is possible, depending on the
history of aerosols, with some positive correlation
between 7, and 6. As an average of the listed val-
ues, (T, 6) are (1.5, 1.5) for moderate dust storms
and (3.5, 2.5) for heavy dust storms or at sites near
the source.

Figure 7 shows the mean observed and the best fit
total phase function, s(Py+ P2)/2, at A = 0.6328 um
for the periods of 4 — 6 May and 8 May. In the fig-
ure we have determined the coefficients C; and C;
by two linear regressions: one is assuming Mie par-
ticles with m = 1.70 — 0.087 (dashed line) and the
other is assuming nonspherical particles expressed
by the semi-empirical theory of Pollack and Cuzzi
(solid line). For the latter, the semi-empirical phase
function is described by parameters of zy, G and r
defined in the original paper. After many regres-
sions for various sets of r, o and G, we were able to
determine the optimum values of (zq, G) as (7, 10)
for the period 4 — 6 May and (7, 7) for 8 May. Fol-
lowing the original paper we assume r = 1.1, since
the fitting depends weakly on the value of », which is
the ratio of the surface area of the particle to that of
the sphere of the equivalent volume. Morphological
analysis of scanning electron microscope images of
yellow sand particles showed that the distribution of
the ratio of the minor radius to the major one had
a mode around 0.6, which is equivalent to »r = 1.03.
Okada et al. (1987) also got a similar value. Larger
values of g and G compared with the cases studied
by Pollack and Cuzzi show that the nonsphericity of
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Fig. 7. Observed total phase functions of
yellow sand particles for 4 — 6 and 8 May
(O); Mie phase functions (m = 1.55 —
0.005¢— — —.— ;1.70—0.08i————); the
semi-empirical phase functions of non-
spherical particles (—). The values for
8 May are shifted upward by one loga-
rithmic scale.
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Table 3. Extinction cross section (€), single scattering albedo (w), moments of the phase function (g1, g2)
and backscattering phase function (P) in the normal condition (Table 3a) and the yellow sand event
(Table 3b). Letters NM, YA, YB and YC in the model name show the volume spectrum; L and J
indicate the modes of the volume spectrum; and A, T and V show the models of the refractive index
(m). Units are cm™! for ¢; 1/1000 for w, g; and g,; 1/10000 for P.

(Table 3a)

A é w g1 g2 Py é w g1 g2 B,
NMJA m= 1.53 —0.024: NMJT m= 1.55 —0.0052

035 2.60+5 829 665 461 235 2.644+5 949 636 440 426
040 23045 827 660 458 240 23345 949 633 437 430
0.50 1.86+5 823 656 455 246 1.88+5 949 629 434 433
0.70 13445 818 652 452 251 13445 948 625 432 437
1.00 9.44+4 812 650 450 253 9.40+4 948 623 430 439
1.50 6.29+4 807 648 447 255 6.22+4 948 621 427 442
200 47144 804 646 443 256 4.62+4 949 619 424 441
250 3.7644 801 645 441 257 3.6844 949 618 423 442
3.00 3.1244 800 643 439 269 3.05+4 949 617 421 443

NMLA NMLT

0.35 1.37+5 881 711 503 172 143+5 972 679 480 308
040 12645 886 702 480 153 13145 974 674 461 255
0.50 1.01+5 889 678 436 138 1.06+5 975 657 421 201
0.70 6.1944 881 621 357 153 6.3944 974 609 349 182
1.00 3.04+4 852 529 272 229 3.0844 967 525 269 238
150 1.13+4 778 393 191 401 1.03+4 948 396 191 399
2.00 52543 681 291 150 564 4.27+3 918 295 151 559
250 29243 572 219 130 695 2.084+3 875 222 130 689
300 186+3 466 168 118 796 1.1443 820 171 119 791

yellow sand particles is more moderate and the size
is larger than that of the cases in Pollack and Cuzzi.
We can see that the value of zg of around 7 is rea-
sonable as compared with the deviation of the asym-
metry factor and backscattered fraction of Cheby-
shev particles from equal-volume spheres (Mugnai
and Wiscombe, 1986).

The coefficients (Cr, Cy) are determined as (9.9 x
10~ 0) for 4 — 6 May and (3.3x10-!1,4.0x 10~12)
for 8 May, while for the absorbing Mie particle model
they are determined as (1.1 x 1071%, 6.7 x 10~12)
and (2.7 x 107!, 7.4 x 107!2). It is found that the
values of C are similar for both methods, while
the values of C; for absorbing Mie particles are
much larger than those for nonspherical particles.
This fact means that the effect of nonsphericity of
yellow sand particles can be replaced by absorbing
large Mie particles with an additional scattering by
submicron particles (with increasing Cy). However,
this analogy is not valid for the single scattering
albedo since the absorbing Mie polydispersion has
an extinction cross section larger than that of the
nonspherical polydispersion for the same scattering
cross section. This comparison between absorbing
Mie particles and nonspherical particles is very use-
ful in understanding the disagreement between the
nephelometer and OPC results for submicron parti-
cles. If we reduce the volume of submicron particles

of the nephelometer result as suggested by the pre-
ceding discussion, the result becomes rather similar
to that of the OPC. This is consistent with an ex-
pectation that estimation of the volume spectrum
by the OPC was good for particles smaller than 1
pm because the OPC signal is relatively insensitive
to the nonsphericity and the assumed refractive in-
dex for submicron particles as explained just below.
The OPC, RION KC-01, uses the mean scattering
angle of © = 70° for light detection.

If we assume Mie particles with m = 1.55—0.005z
and the volume spectrum obtained by the nonspheri-
cal particles, then phase functions are given by dash-
dotted lines in Fig. 7. Although these phase func-
tions have a notable backscattering glory different
from the observed one, the forward part at @ < 70°
is similar to other two phase functions. Therefore,
it is found that the effect of the nonsphericity of the
yellow sand particles is small in the forward part
of the phase function, so that the volume spectra
estimated from the OPC and the solar aureole data
represent a good estimate for the yellow sand events.

(b) Model optical parameters

Several optical parameters of aerosols important
in determining the solar radiative regime of the at-
mosphere are calculated as in Table 3 by using the
model volume spectra derived in the preceding sub-
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section. The table shows values for each mode
(denoted by a letter L or J) of the volume spec-
trum models NM, YA, YB, and YC in Table 1.
Since the listed values of extinction cross section (¢€)
are for C; = 1 and Cj = 1, desired values of the
extinction and scattering cross sections (e and s),
single scattering albedo (w), moments of the phase
function (g; and g2), and the backscattering phase
function (P;) for arbitrary values of Cr and C; in
Eq. (6) are obtained by following mixing rules:
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w=s/e,wr =srfer,wy =sj/ey (9)
and

q=(sLqr +s197)/s (10)

where ¢ = ¢1, g2, or Py. For the normal condition
(Table 3a) we use the Mie theory with refractive in-
dices of 1.55 — 0.005: (a transparent model labelled
T in the model name) and 1.53 — 0.024¢ (an absorb-
ing model labelled A) which is the average value

e=Crér +Cyéy =er +ey (7)  obtained by the nephelometer. For the yellow sand
R ) event (Table 3b) we use the semi-empirical theory
s=CLsL +Cyéy =sL+sy (8)  of Pollack and Cuzzi (1980) with parameters shown
(Table 3b)
A e w g1 g2 Py e w g g2 B
YAJA m= 1.55 ~0.01: YA}V m = 1.55
035 2.68+5 913 639 432 244 2.69+5 893 643 435 233 —0.0130:
040 237+5 912 635 429 249 2.36+5 926 633 427 256 —0.0080:
0.50 1.91+5 911 631 427 254 1.904+5 965 623 418 280 —0.0033:
070 1.37+5 909 628 424 258 1.36+5 978 617 414 289 —0.0020:
1.00 9.57+4 908 626 422 260 9.46+4 981 615 412 293 —0.0017:
150 6.35+4 907 624 419 262 6.26+44 980 614 410 295 —0.0018:
2.00 4.73+4 907 622 417 264 4.65+4 975 614 409 295 —0.0024:
250 3.76+4 906 621 415 266 3.71+4 953 616 410 288 —0.0046:
3.00 3.11+44 906 620 413 267 3.10+44 915 619 412 271 —0.0090:
YALA YALV
035 2.29+4 760 768 639 148 2.274+4 729 781 659 141
040 230+4 774 759 625 162 23144 799 749 610 167
0.50 2.34+4 796 744 602 185 2.37+4 902 712 552 203
0.70 2.37+4 828 726 572 216 2.40+4 949 692 523 244
1.00 2.364+4 858 709 544 242 23944 966 681 506 280
150 2.274+4 886 694 518 260 2.29+4 974 672 491 305
2.00 213+4 902 685 500 266 2.144+4 972 668 482 311
250 1.99+4 911 678 488 267 1.99+4 955 668 478 299
3.00 1.84+4 918 673 478 267 1.844+44 925 671 476 273
YBLA YBLV
0.35 1.91+4 737 767 649 94 19144 -702 785 676 89
040 1.94+4 754 754 630 112 1.944+4 783 741 610 115
050 1.98+4 781 734 601 151 2.01+4 900 691 537 166
0.70 2.07+4 821 709 565 221 2.104+44 950 667 506 251
1.00 217+4 861 693 538 285 2.204+4 969 659 496 335
150 2.25+4 897 684 516 313 2.27+4 977 660 491 375
200 220+4 917 681 501 301 2.2244 977 664 485 359
250 2.09+4 928 678 487 282 2.104+44 964 668 479 318
3.00 193+4 935 673 473 263 1.93+4 940 672 472 269
YCLA YCLV
035 9.26+3 692 823 722 38 9.244+3 655 842 754 38
040 9.36+3 709 811 701 39 94043 742 796 677 40
0.50 9.54+3 739 790 665 42 9.694+43 879 740 584 44
0.70 9.85+3 782 758 613 66 1.00+44 938 711 537 71
1.00 1.02+4 823 721 564 171 1.034+4 960 684 507 194
1.50 1.08+4 868 685 532 380 1.094+44 971 657 497 453
2.00 1.19+44 903 682 529 424 1.20+4 973 661 509 509
250 1.27+4 925 690 527 369 1.27+4 963 678 518 421
3.00 1.29+4 938 695 517 302 1.2944 944 693 516 309
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Fig. 8. Spectra of the extinction cross section
(cm™') for models NMA (- ); YAV,
YBV and YCV (- - --); YAA, YBA and
YCA (—).

in Table 1 with two model spectra of the refractive
index, i.e., an absorbing model (labelled A) with
m = 1.55 — 0.01¢ independent of the wavelength;
and a variable model (labelled V') with m of a func-
tion of wavelength which is determined after Carlson
and Benjamin (1980). Since the results for G = 7
and G = 10 are nearly same for the mode J, we only
show the models of YAJA (that means the power
law mode of the volume spectrum Y A with the ab-
sorbing model of the refractive index) and Y AJV
(same as Y AJ A but with the variable refractive in-
dex model) for yellow sand particles.

Using the parameters in Tables 1 and 3, we cal-
culated the spectra of the extinction cross section
(Fig. 8), single scattering albedo and phase func-
tion moments g; and g, (Fig. 9), and the backscat-
tering phase function Py (Fig. 10). Figure 8 shows
that the extinction cross section is relatively inde-
pendent of the refractive index. In the yellow sand
events, an enhancement of the extinction in the near
infrared region (NIR) is significant, while the extinc-
tion for the visible light is comparable with that of
the normal condition. In the visible region, the three
models of yellow sand particles show a similar wave-
length dependence, while the behavior of the model
Y C in the NIR is different from other two models.

The single scattering albedo of yellow sand parti-
cles ranges from 0.82 t0 0.93 at A = 0.5 um depend-
ing on the assumed refractive index. Choice of the
volume spectrum is relatively unimportant. Since
there is large uncertainty in the reported values of
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Fig. 9. Same as Fig. 8 but for the single scat-
tering albedo (w) and moments of the
phase function (g1 and g2).

the refractive index of soil derived particles (Carl-
son and Benjamin, 1980), evaluation of the spectral
refractive index of yellow sand particles is desired
as a future problem. The asymmetry factor (g;)
is relatively insensitive to the refractive index and
volume spectrum. It is a weakly decreasing func-
tion of the wavelength for yellow sand particles and
ranges 0.66 ~ 0.72 at A = 0.5 pum which is slightly
larger than that of the normal condition. Existence
of the submicron accumulation mode in the normal
condition increases significantly the moments in the
visible wavelengths.

The magnitude of the backscattering phase func-
tion (Py) depends strongly on the volume spectrum,
refractive index, and wavelength with peaks around
A =1.5-2 pum. Especially the model Y C has a large
backscattering around the peak. This is because of
a selective enhancement of the backscattering cross
section by the sharp peak of the volume spectrum.
The large variety of Py is serious obstacle to deter-
mining the backscattering ratio,

1

b= —
wPy

(11)
which is necessary for the retrieval of the extinction

cross section from the lidar signal. It ranges from
49 to 87 at A = 0.5 pm and from 32 to 61 at A\ =
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Fig. 10. Same as Fig. 8 but for the backscat-
tering phase function.

1 pm. Being left with this large uncertainty, it is
very interesting to measure the backward portion of
the phase function at wavelengths from 1.5 to 2 ym.
Also it is important to compile data of the volume
spectrum, especially to know the typical dispersion
of the volume spectrum for the yellow sand events.

5. Discussion

Using the results in the preceding sections, we
can investigate furthermore the atmospheric turbid-
ity condition during the observation period. Figure
11 shows the same plot as in Fig. 7 of Part I with
model values of o and 795 calculated by the mixing
rules listed in Table 4 for two homogeneous polydis-
persions having the extinction cross sections (e; and
e2) and scale heights (H; and Ha):

T=Hiey+ Hiea=m14+m (12)

In Table 4, we distinguish the volume spectra (N M
and Y A) and its mode (log-normal mode as L and
power law mode as J) attaching to quantities in Eq.
(12).

In the normal condition, an increase of the mode
L (line 2) causes an increase of o, while an increase
of the mode J (line 3) causes a decrease of a. For
the stage preceding the yellow sand events, the line
3 fits the trend of the observed data showing that
the lognormal mode L was unchanged in the course
of modification of the mode J. In this case the log-
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Fig. 11. Relationship between o and 70.5 for
various air masses in the observation pe-
riod. Solid lines show the relationship
given in Table 4. The dashed line shows
the relationship in Fig. 7 of Kaufman and
Fraser (1983).

normal mode L would correspond to aerosols origi-
nating from surrounding urban type aerosol sources,
while the power law mode J would correspond to the
background aerosols. By a dashed line we show a re-
lation for growing summer time aerosols absorbing
water vapor with increasing humidity by Kaufman
and Fraser (1983). The similarity of their line to
the line 3 shows that the general trend between o
and 795 in the normal condition is caused by the
humidity effect as already expected in Part I.

In the yellow sand event, an increase of the mode
L causes a decreasing tendency of a. In the max-
imum stage of the yellow sand event, the observed
data were more similar to the line 4, showing that
the background mode J also changed correlating
with the concentration of the sand particles. Lines
6 and 7 show a mixing process of two airmass of the
normal condition and the yellow sand events with a
mixing ratio k. The mixing lines follow well the ob-
served data with slight overestimation of the optical
thickness of 11 May. Some abrupt cleaning rather
than the homogeneous mixing is expected in the de-
cay stage of the yellow sand event.

From Egs. (6), (7), and (12), we have the conver-
sion factor from the optical thickness to the colum-
nar total volume of aerosols as

Ve/T = [kVL + (1 = k)V5]/[kéL + (1 - k)és] (13)

with
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Table 4. Mixing rules for two homogeneous air masses as characterized by the extinction cross section ()
and the scale height (H). The volume spectrum models and their modes are shown by labels attached

to these quantities.

Type Relation
1 7= Hymenm Wwith Hyym = Hymrp = Hyma -
2 = Hymrenmr + Hnmsenms with fixed Hymy.
3 same as Type 2 but with fixed Hyxprr .
4 7= Hy seya with Hya = Hyar = Hyay.
5 T = Hyareyar + Hyaseyas with fixed Hyays.
6 T=krya+ (1 —k)rnm.
7 r=kryp+(1—k)rnm.
k=HCr/(HLCL+ H;Cy) (14)  the scale height of the aerosol layer is 3 km with

and the specific volumes Vi and V; for the modes
L and J listed in Table 1 which are the aerosol vol-
umes for Cr, = 1 and Cy = 1, respectively. Equation
(13) and Table 1 lead to V. /7 = 284, 634, 405, and
849 I/km? for the models NM, YA, YB, and YC,
respectively, at A = 0.5 pm for Hy = -H;. In this
estimation, it is important to note that considerable
extinction is caused by the mode J and the neglect
of this mode of the volume spectrum leads to over-
estimation of yellow sand particles. In other words
it is important to measure the concentration of sub-
micron aerosols associated with the continental air
mass along with that of large particles.

Values of the conversion factor show that yellow
sand particles are large and not effective for scat-
tering the solar radiation compared with the contri-
bution of aerosols in the normal condition. Using
the above conversion factor, we can evaluate the to-
tal columnar volume as 666 [/km?® when the optical
thickness of aerosols reaches 1.05 at the maximum
stage, and as 183 l/km2 when the optical thickness
reaches 0.45 on 8 May . From these values it is found
that the event of 4 — 6 May was more significant than
the cases investigated by Arao and Ishizaka (1986)
and Tomasi et al. (1979) where they reported val-
ues around 100 to 400 I/km?, while these values are
smaller than the value of 1000 {/km? for the aver-
age of Saharan dust of July 1974 at Sal (Carlson
and Caverly, 1977). Since the corresponding aver-
age optical thickness at Sal was 0.74 at A = 0.5 pm,
the conversion factor for the Saharan dust was even
larger than those of the present study due to the
large size of the Saharan dust particles at Sal.

Since the single scattering albedo ranges from 0.85
to 0.97 at wavelengths around 1 m, energy conver-
gence into the atmosphere due to aerosols in the
yellow sand events was about (1 —w)7S = 3 to 15
cal/day/cm?, where S cal/day/cm? is a daily total
of the effective solar insolation. This corresponds to
a heating rate of about 0.04 to 0.2°C/day depend-
ing on the value of the single scattering albedo if

the optical thickness of 0.1. These values are con-
sistent with the detailed calculations of Carlson and
Benjamin (1980). According to Arao and Ishizaka
(1986), yellow sand particles of about 100 I/km? cov-
ered over Japan during about one day. The mean of
the reported mass loading of Saharan dust at Italy
is also about 100 I/km?®. These facts suggest that
a heating rate about 0.08 to 0.4°C/day is expected
over a considerably wide area in one yellow sand
event. Since the aerosol loading reaches about ten
times 100 {/km? at the maximum stage of the severe
event, solar heating of several degrees is expected.
Kondratyev et al. (1981) observed a heating rate as
large as 9.6°C/day for a Saharan dust storm.

6. Conclusion

We measured the phase matrix for yellow sand
particles in yellow sand events during 4-8 May at
Nagasaki, Japan. Measured total phase functions
can be fitted by the semi-empirical theory of Pollack
and Cuzzi (1980) or by Mie particles with large fic-
titious absorption, showing some similarity between
the light scattering by nonspherical particles and
absorbing spheres. Large size and nonsphericity of
yellow sand particles cause a distinct enhancement
of forward scattering, suppression of backscattering,
small linear polarization, and large depolarization as
compared with the light scattering by aerosols in the
normal condition. The asymmetry factor increased
in the events as compared that in the normal condi-
tion.

We set model volume spectra for the normal con-
dition and for the yellow sand events as in Table
1. Using the optical parameters tabulated in Table
3, which are calculated by the Mie theory and the
semi-empirical theory of Pollack and Cuzzi, we es-
timated the spectra of the extinction cross section,
single scattering, moments of total phase function,
and the backscattering phase function as in Figs. 8 —
10. These figures show that uncertainty in the com-
plex refractive index brings large uncertainty in the
value of the single scattering albedo; the backscat-
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tering phase function in the NIR region depends sig-
nificantly on the dispersion of the volume spectrum
of yellow sand particles.

Volume loading of the yellow sand particles at the
observation site was estimated to be 666 I/km?® at
the maximum stage of the yellow sand event and
183 I/km? for the secondary maximum on 8 May.
Solar radiative heating of the atmosphere from 0.08
to 0.4°C/day is expected over a considerably wide
area in one yellow sand event. Since large uncer-
tainties of the volume spectrum, refractive index and
backscattering phase function exist, additional mea-
surements of the phase function and refractive index
should be carried out in the future.
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