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Abstract 

Measurements of direct and diffuse so[ar radiations w巴re carn巴d out in cooperation withinsitu 
measurements of aeroso[s during two periods of Nov. 4-7 , 1978 and Nov. 1-3 , [979 in Sendai, 
Japan. Intercomparison of volume sp巴ctra of aeroso[s 0 btained by s巴vera[ kinds of instrum巴nts showed 
that bimodal volume spectra 釘e preferred to int巴rpret the observed data. Values of the complex 
refractive index of aerosols were also investigat巴dusing a polar n巴phclomcter and th巴 diffuse to global 
radiation ratio measured by spectro-pyranometers. 

1. Introduction 

Know1edge on the size distribution and the 

comp1ex refractive index of aeroso1s is very 

important to know the radiative effects of 

aeroso1s on the heat budget of the atmosphere 

and on our optical environment. ln the 1ast two 

decades, many instruments and techniques to 
obtain these quantities have been developed. 

Popu1ar methods among these ar巴 in situ aeroso1 

measurements by using impactors and particle 

counters and indirect optical soundings by 

radiometers. Although agreement of results 

from these methods was verified in simultaneous 

measurement programs , e.g. aeroso1-radiation 
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research programs of CANEX (Kondratyev 

et al. , 1974) and GAARS (DeLuisi et al. , 1976) , 

lidar-aircraft intercomparisons (Reagan et al., 

1977), and aerosol-radiation measur巴ments

(Russell et al. , 1979) , some characteristic errors 
in the methods have been noticed. Calcu1ated 

optical thickness of aerosols with the size disｭ

tribution estimated from in situ aerosolmeasureｭ

ments was systematically smaller than that obｭ

served by spectro・pyrheliomcters in some cases 

(DeLuisi et al. , 1976; Reagan et al., 1977) 

As for the complex refractive index of aeroso1s ‘ 

it is very difficult to assess agreement among 

results from in situ samplings and indirect soundｭ

ings , due to 1arge errors involved in these methｭ

ods (WCP report , 1983). 
Since we dev巴loped an estimation technique 

of thc complex refractive index of aeroso1s by a 

polar nephe10m巴 ter (Tanaka et al. , 1982) and 

of the columnar volume spectrum by an aure 

olemeter (Nakajima et al. , 1983), we analyze in 
this paper the data obtain巴 d in a measurement 

program of solar radiation and aeroso1s using a 

polar nephelometer and an aureo1emeter with 
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radiometers and partic1e counters , carried out in 
1978 and 1979 for comparison of th巴 volume

spectrum and the refractive index of aerosols 

obtain巴d by several methods and for investigaｭ

tion of consistency of the observed data with 

each other. Because our interest is in the inter血

action of solar radiation with aerosols , we try 
to get a model of th巴 volume spectrull1 and 

complex refractive index to interpret the obｭ

served aerosol characteristics concerning the 

solar radiative transfer, i.e. the optical thickness、

phase function and single scattering albedo 

2. Measurement system 

Instrull1ents joining this prograll1 and physical 

quantities measured by these instrull1ents are 

shown in Fig. 1. Instruments are c1assified into 
two groups , i.e. those to measure the solar radia目

tion and those to ll1easure aerosols. 

2.1 Measurements o[ solar radiation 

The direct solar radiation F ), at a wavelength 

..l was measured by a spectro-pyrhe1iometer 
which is composed of.a double monochromator 
and an au tomatic sun followcr. Th巴 viewing ang1e 

of the instrument is about 20 corresponding to 

the entrance slit width of 0.5 mm with dispersion 

of 33 ﾂ. Radiative intensity in the spectr叫 range

from 350 nm to 2000 nm can be measured by a 

photomultip1ier and a PbS cell. 
The direct solar radiation was also measured 

by a sunphotometer (Model MS-l 10, EKO 
Instruments Co.) in the observation in 1979 

The sunphotometer has a full viewing angle of 

2.250 and five interference filters with peak 

transmission wavelengths (half widths) of 369(6) 司

500(5) , 675(4) , 776(5) and 862(6) nm. The 
optical thickness of aerosols 1'), was calculated 

by signals of the instruments ca1ibrated by the 
Langley method. 

Diffuse and global fluxes of solar radiation ぅ

D ), and Gゎ were respectively measured by a 
spectro・pyranom巴 ter with and without an autoｭ

matic shading disk to block th巴 direct solar 

radiation. The spectrometer is the same as the 

one used in the spectro・pyrheliometer wi th an 

integrating sphere to integrate the global radiaｭ

tion. 

Circumsolar light intensities were measured 

by an aureolemeter A of the group of Meteorｭ
ological Research Institute in 1978 and by an 

aureolemeter B of the group of Tohoku Uniｭ

versity in 1979. The aureolell1eter A is composed 

of a telescope with viewing angle less than 10 

and a double monochromator , and scans the 
meridional plane of the sun. The aureolemeter 

B is a telescope mounted on an equatorial on 

a horizontal turntable and scans the circ1e of 
the solar almucanter. Circumsolar intensities of 

radiation at scattering anglesθ> 20 were measｭ
ured at ..l = 560, 788 and 1040 nm by a silicon 
photo-diode and three interfer巳nce fil ters. 

Measured circumsolar intensities 1パ 0 ，r�) were 
processed to get the forward part of the phase 

function of aerosols P(θ) by removal of ll1ultiｭ

ple-scattering radiation. 

2.2 Measurements o[ aerosols near the ground 

制J拘ce

In situ measurements of aerosols near the 

ground surface wer巴 done by the instruments 

in the group (11) in Fig. 1. Polar nephelometer 

Instru.m己nts Nov.469778 L9L7-9Me a Sur巴 d I Anal 
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Fig. I Sch巴matic diagram of th巴 measurement systcm. 
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measures differential cross sections , or phase 

functions P 1 (θ) and P2(θ) ， for radiations 
polariz巴d perpendicularly and parallelly to the 

scattering plane , respectively , at scatt巴ring

angles 70 三 θ 三 1700 at the wave1ength of 

514 nm (Takamura and Tanaka, 1978). 
Particle counters were introduced in 1979 

as in Minnesota Aerosol Ana1yzer System (H山ar
et al., 1972) to obtain size distributions of 
aerosols effective on the radiative transfer. 

Two optica1 particle counters , Model KC-O 1 
(RION Co.) and PM-730 (Dan lndustrial Co.) 

have 5 and 15 discriminating stages , respectively , 
at particle radii from 0.15 to abou t 3μm. A 

Whitby-type aerosol analyzer Model 3030 

(Nihon Kagaku Kogyo Co.) was us巴 d to count 

particles smaller than 0.2μm. This instrument 

electro-statically counts particles at 11 disｭ

criminating radii from 0.0016 to 0.5μm. The 

number spectrum of aerosols n(r) dN/dr, 

where N i~ the cumulative number density of 

aerosols at the particle radius r , was determined 
by these counten. 

1n addition to th巴 se counters , an 8-stage 

Andersen 値目例・r and a Nuclepore filter sampler 

were .used ω ぬtllin the mass spectrum m(r) 

and sample~ for a morphological analysis by 

images of a scanning electron microscope (SEM). 

An aerorol hol<たr with a Nuclepore filter of 0.05 
μm pore size wu put out of the winclow ancl 

pumped f(){ lbou t 5 to 7 hours with f10w rate of 

0.35 !iter/min/cml. Sampling by the Andersen 
sampler was tak.en once a c1ay with sampling 
time of about 24 hr (9:00-8:30 on next day) 

with tj1.e f10w rate of 28.3 liter/min. Mass specｭ
trum obtained by the Anclersen sampler was 

converted to th曹 volume spectrum assuming 

the denlity of le向車oh to be 2 g/cm3. 
Radion管ter・ were 5et on the top of a builclｭ
ing in the cnηp弘， of Tohoku University located 

on a h副 at 油供It 2 km west of Sendai , Japan 
(38 0 15 .43'N , 1400 50.55'E , 153 m MSL). Par回
ticle counter~ lnd the polar nephelometer were 

set in a room of the s誼me building (at about 

23 m above the ground) and the sampling air 

was taken through a f1exible tube of 300 mm 
in diameter and 3 m long, that is wicle and 
short enough to IIvoid trapping of particles by 

the tube wall and drying of particles due to 

warming by the r∞m temperature. 

2.3 Analyses 

As shown in Fig. 1, the volume spectrum 
dV/dln r = 4πr4/3 n(r) and the complex refractive 
inclex m of aerosols ar巴 estimated from the 

observecl quantities mentioned in the preceding 

subsections. Simultaneous inversion of the 

combined data of the optical thickness and the 

aureole intensity (Nakajima et al. , 1983) and 

the inversion四library methocl using the polar 

nephelometer data (Tanaka et al. , 1982) are 
used to retrieve the volume spectrum. As for 

estimation of the complex refractive index of 

aerosols , DeLuisi et al. (1976) used the diffuse 
to direct radiation ratio and Reagan et al. (1977) 

used the particulate polarization ratio measured 

by a bistatic lidar. We adopt both methods in 

essence ‘ using the inversion-library method 
and the method of c1iffuse to direct racliation 

ratio (King , 1979; King ancl Herman , 1979). 

3. Results and discussion 

3.1 Time variation 01 the aerosol concentration 
Figure 2 shows time series of the optical 

thickness "川 at ﾁ 500 nm measurecl by th巴
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Fig. 2 Time scrics of the optical thickn巴ss at ﾀ 
500 nm ， τ刊。(口)， sca tteri ng coeffici巴nt at) = 514 
11m , Csca/Cl11 (6) , al1d total particle numbcr N/litcr 
(・). Values of th巴巴xponcnt of th巴巴ffective powcr 
law l1umber spcctrum of aerosols , p, estimated from 
τ1 and P(θ) ar巴 shown by 0 and ・， r巴 spectlv巴Iy
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spectral pyrheliom巴 ter and th巴 sunphotometer ，

the scattering coefficient c'cαat ﾀ 514 nm 

from the data of the polar nephelometer , and 

the number of particIes N Iarger than 0.15μm 
in radius measured by the optical particle 

counter PM-730. For the observed cases , the 
total particle number and the scattering coｭ

effjcient near the ground tended to decrease 

near the noon , wh巴reas the aerosoI opticaI thickｭ

ness was relatively unchanged. An opticaIIy 

effective scale height T/e defined by the ratio 
of the optical thickness to the extinciton coｭ

efficient near the ground was about 2 km at 

morning and Iate afternoon for aII the cases 

and somewhat larger at noon as shown in column 

1 1 of Table 1 for eight data sets , which were 
established so that each set consists of selected 

data measured at nearIy same time. lnvestigation 
of vertical temperature profiles at 8:30 and 

20:30 JST showed that a temperature inversion 

was realized at about 1.8 km MSL at 8 目 30 and 

20:30 on Nov. 7, 1978 , and at about 2 kll1 MSL 
at 8 :30 on Nov. 1, 1979. Observation by a low 
altitude radiosonde carri巴 d out on Nov. 1 、 1979

showed that a stable stratification near the 

ground broke down until 11 :30 with intrusion 

of dry NW wind of about 3.5 ll1/s and' a weak 

stable conditon was again realized until 13 :30 目

ln Table 1, we show the gradient of the potenｭ
tial temp巴rature ， relative humidity and wind 

velocity near the ground. On Nov. 2 , wind of 
about 3 m/s blew steadi1y and the atll10sphere 
was in a condition more neutral than on Nov. 1 

Diurnal variation of the aerosol concentration 

at the ground surface was relatively sll1all on 

this day. Growth and shrink of the aerosol 

layer with change of the regill1e of tell1perature 

stratification was one of reasons of the pheｭ

nOll1enon as investigated by Kobayashi and 

Yano (I 982) , although sOll1e criticisll1 exists 

(Kaufman and Fraser , 1983). Well mixed aerosol 
layer was often realized when t巴mp巴rature

inversion existed as reported by several investi・

gators (Bridgman , 1979; Spinhirne et al., 1980; 
Takamura anc1 Miyazaki , 1981) 

3.2 Retrieval of the volume spectrum 
Since the wavelength dependence' of the 

optical thickness and the scattering angle deｭ

pendence of the forward part of the phase 

function can be expressed by the exponent p 

of an effective power law nUll1ber spectrum , 
n(r) = C r -P , for smaller and larger particIes , 
respectively (Nakajill1a et al., 1983), we show 
values of p in Fig. 2 to interpret the data of 
T , and P(θ). Separation of values of the ex匂

ponent obtained by these quantities shows 

sOll1e bill10dal size distributions were general 

in th巴 se observation periods. This is more cIearly 
shown by volume spectra obtained by several 

instrull1ents displayed in Fig. 3. 

ln Fig. 3 , columnar volume spectra retrieved 
from the combined data of T" and P(θ) (here回

after we refer as (A +0) data) were normalized 

by the scale heigh t T /ε to adjust the verticaI 

scale. As for the optical counters , data of PM-
730 alone were shown , since the resuIts of the 
two counters were consistent with each other 

(Takamura司 1986). From the figure , it is founc1 
that the general feature of volume spectra was 

Tablc 1 Complex refractive index (市)，relative rms dcviation (%唱rr) ， scal巴 height (r/e) 
of tl1巴 aerosollaycrestimated by scveralmcthods with the gradicnt of the pC'tcntial 
tcmp巴ratllrc (d lJ /dz) , rclative hllll1idity (11) and wind vclocity (W) ncar thc ground 

工nv口 rS l. on 8imodal 
Nephelometer λ+0 Nephelometer A+口 OPC+WAA τ/e d自 /dz H W 

Date Time m %-e工r m %-err c ,/c , 立1 Ikrnl IK/Kml I 毛 11m/51

NOV.5 ・ 78 13 ,50-14 ,50 1.50-0.0li 4.2 6.1 1. 50-0. 01i 6.6 10.0 1.4 1.9 58 2.8NW 

NOV.7 '78 10 ,50-12 ,00 1.50-0.02i 7.1 7.6 1.55-0.03i 8.6 8.8 1.4 3.1 46 1. 8NW 

NOV.1 '79 9 ,30-10 ,05 1.55-0.02i 5.1 5.4 1. 50-0. 01i 7.3 6.0 1.4 1. 50-0.01エ 1.3 3.4 59 1.6NE 
11 ,10-11045 1.50-0.01i 6.6 5.0 1. 50-0. Oli 8.6 12.0 1.0 1. 50-0. Oli 3.1 0.3 45 3.5NW 
13 ， 10-13 噂 50 1. 55-0. 03i 6.3 5.2 1. 50-0. 01i 7.1 9.0 1.0 1.55-0.0li 2.0 2.6 51 2.0W 

NOV.2 '79 9 ,15- 9 ,50 1. 55-0. 05i 7.3 3.3 1.55-0.03i 8.6 15.7 2.1 1.55-0.02i 2 噌 2.8 52 3. 8N 
11000-11 ,40 1.55-0.02i 5.6 6.1 1. 55-0.03i 7.5 12.8 2 巴 l 1. 60-0.03エ 1.自 0.8 39 3.7N 
13 ,05-13 ,40 1.55-0.05i 4.3 5.4 1.55-0.03i 7.4 7.2 1.4 1. 55-0.02ェ 2.1 0.5 31 3.0N 
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lO-lOr OOV'.5 '7813:50-14 ・ 50 m\I, l '79 9:30-10:05 N国1.1 '19 11:10-11:45 NCIJ.l '79 13:10-13:50 

緑町 2 '79 9:15-9:50 fOI .2 ・ 79 13:05-13:40 

zil FF 
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PARTlCLE RADIUS (micron) 

Fig. 3 Volume spectra retri巴vcd frol11 the data of the polar nephelol11巴 ter (0) , the (A+O) 
data (企)， optical particlc countcr (・) and Whitby counter (+), respcctively. Solid lines show 
I110del values 

a bimodal profile with a saddle point around 

the radius of 0.6μm. It is also found that co・

lumnar volume spectra for su bmicron particles 

were similar to those near the ground surface 

although the scale height varied from case to 

case. This is not so peculiar since the scale height 
of the aerosol stratification was as small as about 

2 km and large portion of aerosols existed in the 

well mixed lower atmosphere. Sp戸in1吐hirne et al. 
(1980) showed that 84% of the total optical 
thickness were attributable to aerosols in the 

mixed layer in their case study. Several aircraft 
measurements of the aerosol size distribu tion 

showed that the size distribution of aerosols 

had similar character in the mixed layer (Reagan 

et al. , 1977; Takamura and Miyazaki , 1981; 

Kobayashi and Yano, 1982). For the case of 
11:00-11:40 on Nov. 2, 1979 、 however ， data 
are not consistent with each other suggesting 

strong spatial inhomogeneity and/or large time 
variation of aerosol characteristics. 

The volume spectra obtained by the Whitby 

analyzer and the optical particle counters were 
not consistent around the radius of 0.2μm ， i.e. 

around the upper and lower detection limits 
of the counters. Smoothed curves of both 

spectra , however, well follow the other profiles. 
This suggests that the discrepancy between the 

results of the electro-static analyzer and the 

optical counters was due to systematic counting 
errors of both counters. 

As for large particles, we find some discrep-

ancies among the spectra. Results from the 

optical counters and the polar nephelometer 

tend to become large for particle radii larger 

than 2μm compared with columnar volume 
spectra. Some causes are expected. First, this 
tendency is possible since large particles under 

discussion would be particles derived from the 

soil (Patterson and Gillette , 1977) and the 
volume spectrum near the ground would be 

larger than the columnar average. We suspect , 
however, that this is not so realistic because 
no large systematic variation of the volume 

spectrum in the mixed layer has been reported 

as discussed above and the volume spectra obｭ

tained by aerosol samplers near the ground 

also did not show such large values as shown 
later. Second reason is an overestimation of 

the absorption index of large particles. Since 

the optical counters were calibrated by polyｭ

styrene latex spheres with the refractive index 

of 1.595 , we corrected the signals using the 
refractive index shown in column 3 of Table 1, 
estimated by the polar nephelometer data, as 
in Kobayashi and Yano (1982). For large parｭ
tic1es, this correction is large and affected seｭ
riously by the estimation error of the refractive 

index m = mr - mii , especially of the absorption 
index mi. This is more or less true also for the 

inversion of the polar nephelometer data. Tendｭ

ency of the discrepancy in Fig. 3 suggests some 

overestimation of the absorption index mi for 

large particles. This is possible because the 
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Figure 4 shows the volume spectra obtaincd 

by aerosol sal11plcrs. From the figure it is found 

that the concentration of submicron aerosols 

was largcly underestimated compared with 

the corresponding spectra in Fig. 3. Investigation 

of SEM images shows that submicron particles 

often assem bled into large irregular particles 

or adhered to giant particles. Open circles in 

Fig. 4 show the spectra calculated by assuming 

these sl11all particles were separately f10ating 

in the air. Since such alternation also underｭ

estimates sl11all particles, apparent collection 
巴fficiency for particles sl11al1er than abou t 0.2 
μm in radius was considerably ;;maller than the 

announccd spccification of the filter , i.e. 100% 
for particles larger than the pore size (Spurn� 

et al., 1969). Similarly the results from the 
Andersen sampler fai!ed to detect the bimodal 

feature of the volume spectra. One of reasons 

would be that results of the Andersen sal11pler 

ref1ected thc dai!y averaged volume spectra 

Degeneration and drying of particles are also 

serious for these aerosol samplers. Some attenｭ

tiveness, therefore ‘ must be paid when we 
utilize the volume spectra obtained by the 

aerosol samplers to calculate radiative effects 

by aerosols , because optically effective particle 
radius is in the range from 0.1 to 1μm ， as small 

as radii for which these samplers showed large 

discrepancies. 

Journ:ll of tltc Metcorological Socicty of J:I]lan 

invcrsion-library method (Tanaka et al. , 1982) 

assumes homogeneity of the optical property 

of aerosol polydispersion ラ whcreas carbon-rich 

an thropogenic aerosols appear as the accumulaｭ

tion mode of the spectrum at su bl11icron particle 

radii (Patterson and Gillette , 1977) and the 

polar nephelometer is more sensitive to the 

light scattering by submicron particles. The 

retrieved value of the absorption ind¥x is also 

affected by nonsphericity of aerosols. Asano 

and Sato (1980) showed that the backscattering 

of a large spheroid is much smaller than that of 

the equivalent sphere. Equivalcnt value of the 

absorption index increases with an decrease in 

the backscattering. By thesc facts ‘ the absorpｭ
tion index m; of large particles tend to be overｭ

estil11ated. On the other hand , volul11e spectra 
for large particles retrieved from the (A +0) 

data would be more reliable because the inverｭ

sion of the combined data is sensitive to large 

particles and little affected by estimation error 

of the absorption index of large particles (Nakaｭ

jima et al., 1983). As a conclusion , some disｭ
crepancy of the volume spectra for large particles 

are reduced if we take account an overestimaｭ

tion of the spectra near the ground obtained 

from the polar nephelometer and optical countｭ

ers 

770 

3.3 Model/il1g of the volume spectrum 
As shown in the preceding subsection , the 
retrieved volume spectra were consistent with 

each other apart from some discrepancies origiｭ

nated from systematic estimation errors of 

the instruJ11cnts and from difference of sampling 

airmasses, so that it is useful to 白t the spectra 

to a mod巴1 to know the essential feature of the 

volume spectra contributing to th巴 observed

quantities. We fit the volume spectra in Fig. 3 

to a sum of two log-normal functions as follows: 
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where C ;, 0 ,. and S i are the coefficient , mode 

radius and standard deviation of the mode 

of the spcctrum , respectively. The mode 1 in 

士山cxp(-;[l町
PARTICLE RADIUS (micron) 

rig. 4 Volllll1e spectra Il1CaSllr巴d by an And巴rsen
sall1pler ("') and by a NlI clcrヲ orc filtcr (・， 0) , respecｭ
tively. Data on Nov. 1 and Nov. 2, 1979 arc shown 
by solid and brok巴n lines, respcctivcly 
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Fig. 3 corresponds to the accumulation 1110de 

attributed to the secondary aerosols inc1uding 
anthropog巴nic aerosols. Reported values of 

the mode radius and standard deviation for 

the aCCU111l山tion 1110de were (a ,. sd = (0.l 4 , 
1.56) for the 1ゆt aero叫 loading case of Patｭ

terson and Gillette (1 977), (0.41. 1.36) and 
(0 .36 , 1.58) for the spectra at Morioka and 
Yokohama , respectively 司 in winter season obｭ

served by Fujimura and Hashimoto (1 977) , 
(0.1 7、1.61) and (0.19,1.64) for continental 
background aeroso1s and for a typical urban 

pollutant 、 respectively ， by Slinn (I 983) , and 
(0 .1 4、 2.6) for the yearly averaged spectrum 

effective on the polar nephelometer data (Taｭ

naka et al. , 1983). The mode radius varies with 

various conditions (Fitch and Cress. 1981) , 
while the standard deviation has values around 

1.5. We adopt the values of (0.13 , 1.8) and 

(1 0.0 , 4.0) for the modes 1 and 2 of th巴 volume
spectrum , respectively taking the a bove facts 

into consideration and comparing the observed 

data with theoretical on巴s ca1culated with 
several model spectra as discussed in Sec. 3.4 

For the mode 2 司 above values are somewhat 

tentative since our data have no sensitivity to 

partic1es as larg巴 as 10μm and detail of the 

mode 2 of spectra is not important for ca1culaｭ
tion of radiative transfer characteristics. Moreｭ

over ‘ some of the reported volume spectra do 
not fit to the simple bimodal log-normal funcｭ

tion such as in Eq. (1). An equivalent fitting 

within the radius rang巳 less than 10μ111 of the 

trimodal spectra with a mode of giant partic1es 
wi1l give a mode radius and standard deviation 
somewhat larger than the typical values of 

(2.72 , 2.07) for the gigantic mode of Patterson 
and Gi1lette (1977) and (2.30. 1.65) of Fujimura 
and Hashimoto (I977). Larger mode of Slinn 
(1983)'s spectra for the North Atlantic backｭ

ground and the typical urban pollution do not 

白t to a log-norl11al functions and rath巴 r have a 

feature of a power law function. 

The most probable values of the coefficients 

C, and C2 and the complex r巴 fractiv巴 index

are ラ then ‘ determined by a least square fitting 

so as to fit simu1taneously the data from the 
polar nephelometer 司 sunphotometer (or pyrheｭ

liometer) and aureolemeter as shown in columns 

9 and 6 of Table 1 with relative fitting errors in 

column 7 for the polar nephelometer dat且 and
in column 8 for the (A+O) data. For sil11plicity 

of the fitting, we classified values of the ratio 
C2/C， 凶o three represen tatives as 1.0、1.4，

2.1 and 3.0. The model spectra obtained thus 

are shown by the solid lines in Fig. 3. Comparing 

the fitting errors with the reconstruction errors 

of the inversion techniques (in columns 4 and 5 
of Table 1), it is se巴 n that these analytic volum 
spectra do not fail to 巴xpress the charact巴rs

Oぱf the retrieved s叩p巴叩ctra. Since the mode 2 of 

the spectrum hardly affects the polar nephe-

10l11eter data 、 fitting functions for large particles 

rather follow the results of th巴 aureolemeter.
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ト ig. 5 Observed and 1110d巴I phasc functions of aeroｭ
sols. Profiles 1 to 4 arc for data on Nov. 5 (一一口一一)
and Nov. 7 、 1978 (ーーー・同 ー)司 averages on Nov. 1 
( 口一一) and Nov. 2, 1979 (一- -.一一一). r巴spectivcly

Profiles 5 to 9 are modcls for power law size disｭ
tributions with (p. m ,) = (4.0 , 0.0 1), (4.5 , 0.01). 
(5.0 , 0.0 1), (4.0 , 0) and (4.0 , 0.03) , r巴 sp巴ctively ‘

with m , 1.5. Profil巴 s 10 to 13 ar巴 models for 
bimodal log-normal functions with (a [. s [) = (0.13 , 
2.0) , (0 .13 , 1.5), (0.1 ,1.8) , and (0.16 ,1.8) , r巴 spec­
tiv巴ly. Profil巴 sare norl11 aliz巴dat θ= 600 
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characteristic profi1es are obtained as shown in 
Fig. 7 by averaging the data sets in 1978, on 
Nov. 1, 1979, and on Nov. 2 , 1979, respectively. 
The model profi1es well follow the observed 
data inc1uding some wavelength dependences. 
In Fig. 8 we show several profi1es of the forward 
part of the phase function calculated using 

various volume spectra. It is found that nor. 
malized profi1es with power law volume spectra 
are near1y independent of wavelengths, and 
thus profi1es with bimodal ones are more realistic 
approximation for the observed data. It is also 

found from Fig. 8 that the forward part of the 

phase function is sensitive to the value of the 

ratio C2/C1 , so that data of the aureolemeter 

are indispensable for retrieval of the mode 2 
of the volume spectra. 

Figure 9 shows the observed and model 

spectra of the optical thickness. It is found that 
the wavelength dependence of the optical thick-
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Fig. 7 Observed and model profiles of the forward 
part of the aerosol phase function at ﾀ 350 
(_0一一)， 550 (--_L>_ --) and 1050 nm (ーーー・---) for 
data in 1978 and at ). = 560 (ーー0一一)and 1040 nm 
(ー・ー・ー帽ー) for data in 1979. Profi1es are normalized 
at 向= 50 

Interpretation of the observed data by the 
model volume spectrum and refractive 

index of aerosols 
In Figs. 5 and 6 , we compare the observed 
values of the averaged phase function (P1 + 
P2)/2 and the linear polarization ratio (P1-
P2)/(P1 + P2) with those reconstructed using 
model volume spectra. Some depression of 

backward scattering of the profi1e 2 compared 
with that of the profi1es 1 and 3 are attributable 
to the large absorption index. Although a power 

law volume spectrum with p 起 4.5 (profi1e 6 
in Fig. 5) is another good approximation for 

the averaged phase function , the corresponding 
profile of the linear polarization ratio is too 

large in magnitude atθ 旬 1600 • The linear 
polarization ratio is also very sensitive to the 

parameters of the mode 1 of the bimodal logｭ

normal volume spectrum in Eq. (1). These comｭ
parisons show that the adopted model volume 

spectra are suitable to interpret the polar nepheｭ

lometer data. 

Since the shape of the forward part of the 

phase function measured by the aureolemeter 

is scarcely affected by the refractive index , 

3.4 
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Fig.9 Obs巴rved a n d m odcl spec tra of th巴 optical

thickness. Profile n05. and symbols ar巴 same as ln 
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power Iaw volume spectru1l1. With a fixed value 

of the opticaI thickness of aerosoIs , effect of 
the relative shape of the size distribution is as 

smaII as 0.7% of the diffuse to gIobaI radiation 

ratio for the cases in Table 2 司 so that our estima同

tion schem巴 of the volume spectrum is suffi目

ciently accurate for caIculation of the radiative 
fluxes. On the other hand , effects of the absorrヲー
tion index and the ground albedo are significant 

and same order for the cases in the table. 

In Fig. 10, the observed diffuse to global 
radiation ratios ar巴 compared with the model 

value for C2 /C, 1.4 as a function of the 
aerosol optical thickness at À. 5∞ = 500 nm with 

the optical airmass of 2 and th巴 typical value 

of the ground albedo of 0.15. Observed values 

of the diffuse to global radiation ratio in 1978 

were consistent with the complex refractiv~ 

index shown in Table 1, while the data in 1979 

were considerab1y Iarger than the model valu町田

UnrealisticaIIy large value of the ground albedo 

and/or no absorptivity of aerosols are necessary 

to interpret the observed values. Since the unｭ

certainty originated from the volume spectrum 

Fig. 8 Model profilcs of the forward part of thc acro 
sol phasc function. Low巴r s巴 t is for thc powcr law 
volume spcctra with p = 3.5 , 4.0 and 4.5. Uppcr sct 
is for the bimodal log-normal volum巴 spcctra with 
C 2/Cl = 2, 1, 0.5 , 0.25 a吋 o from upper to lower , 

respectivcly. Solid and broken Iines arc at ﾀ = 500 
and 1000 nm , rcspcctiv巴ly. Profiles arc normalized 
at θ= 50. 

!日

SCATTER 1 NG ANGLE rDEGREES) 

ness can be simulated by both the log-normal 

and the power Iaw volume spectra. In this 

respect , the sp巴ctral optical thickness has infor “ 

mation on the size distribution 1ess than a 

combined data with the aureole intensity. lf 

we fit the observed data in Figs. 7 and 9 by a 

power law volume spectrum , values of p about 
3 and 4.3 are suitable , respectively 司 suggest ll1g

prevailing of bimodal volume spectra as disｭ

cussed in the preceding subsections. 

To assess the effect of the size distribution 

and the refractive index of aerosoIs on th巴

solar radiative transfer in the observation periods, 
we show in Table 2 the transmissivity , re日ec­

tivity , and ratio of the diffuse to gIobaI radiaｭ
tions of homogeneous atmospheres at ﾀ. = 500 

nm with various values of the optical airmass m, 

削io C2/C" ground albedo A , complex ぱrac­

tive index m , and exponent p if we assume the 
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Table 2 Transmissivity T, ref1ectivity R a吋 diff凶巴 toglobal radiation ratio D/G of 
homogeneous atmospheres at ﾀ = 500 nm with various models of aerosols with t' 500 = 0.2 
and m = 1, 2 and 3. rigures other than the first row arc offsct by those of th巴 firstrow. 
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Fig. 10 Diffuse to global radiation ratio for ﾀ = 500 
nm, m 2. Data on Nov. 5 (企) and Nov. 7. 1978 
(・); on Nov. 1 (1一一合一一 1) and Nov. 2, 1979 
(トー0一一 1). A = 0.15 for solid lines and m = 0 for 
broken lines 

is small as shown in Table 2, an error in the 
o bserved optical thickness is most responsible 

for this discrepancy. Difference of the optical 

thicknesses estimated by the pyrheliometer 

and the sunphotometer is indicated by error 

bars for the data in 1979. Another cause may 

be contamination by lights scattered from 

c10uds near the horizon hidden in the haze hyer 
and by obstac1es in the field of view of the 
pyranometer. The above result shows that 

the diffuse to global radiation ratio is very 

sensitive to various errors in the measuremeIit. 

4. Conc1uding remarks 

In Table 3, we summarize the optical models 
of aerosols obtained in the preceding analyses 
with calculated spectra of the single scattering 

albedo and first two coefficients of the Legendre 

expansion of the aerosol phase function ラ l.e.

尺θ)= ふ (2n +1)g"Pn(c州/4πFor ca1culaｭ
tion of these spectra, we used the bimodal logｭ
normal volume spectrum in Eq. (I) with model 
values of C2/C1 shown in the third row of Table 
3. For the coefficients of the Legendre expanｭ

sion , however, variation of the size distribution 
in the periods was insignificant , and we show 
the spectrum with CdC1 = 1.4 alone. 
The model values of the complex refractive 

index of aerosols are determined by three 

different estimates in Table 1. As the third 

estimation in column 10 of Table 1, we show 
the optimum value of the complex refractive 

index to interpret the nephelometer data with 

synth巴tic volume spectra of the optical partic1e 
counter and the Whitby aerosol analyzer after 

Takamura (1986). The three estimates of the 
complex refractive index are consistent with 

each other and the inversion-library method 

(Tanaka et al., 1982) may be a good method 
to estimate the value of the complex refractive 

index of aerosols. 

By these models, the observed quantities 
were well interpreted with some exception of 

the diffuse to direct ratio in 1979. Values of 

the diffuse to global radiation ratio at various 

optical airmasses will be necessary to at1ain 

sufficient ability of estimation of the absorpｭ

tion index as in the method of King and Herman 

(I 979) , since the sensitivity of the method is 
very small as shown in Table 2. Observation 

of the ground albedo is also necessary to attain 

accurate estimation of the comp!ex refractive 

index of aerosols. 
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Table 3 Model values of the complex refractive index and the ratio C2 /C, with calculated 
spectra of the optical thic知less r , single scattering albedo ω 。，and first and second moments 

g , and g2 of the Legendre expansion of the phase function at 0.35 く A く 1μm.

date NOV.5 ・ 78 NOV.7 ・ 78 NOV.1 ・ 79 NOV.2 '79 

品 1.50-0.0li 1. 55-0. 03i 1.50-0.0li 1. 55-0. 03i 

C2/C1 1.4 1.4 1.0 2.1 

τ0.229 (λ/0.5) -1. 43 
a 

0.211(./0.5)-1.38 0.113 (̂!O. 5) -1. 55 0.245 (̂!O. 5) 国1. 24 

w 。 0.952-0.09U 0.891-0.155λ 0.960-0.093λ 0.876-0.148. 

gl 0.809-0.475.+0.265 入 2

g2 0.616-0.632入+0.438λz

It is found in Table 3 that the absorption 

index increased on Nov. 7, 1978 and Nov. 2, 
1979 compared with those on Nov. 5 and Nov. 1, 
respectively. The difference wou1d be mainly 

related to the content of elemental carbon in 

the atmosphere. It is necessary to measure the 
content of elementa1 carbon in cooperation 
with the techniques discussed in this paper. 

Such measurement is also required to solve 

the problem that our estimation of the absorpｭ

tion index of refraction of aerosols (Tanaka 

et al. , 1983) was noticeably larger than that 

by Grams et al. (1974) in continental areas. 

This disagreement wi1l be due to difference 
of the optical property of aerosols and not 

due to systematic errors in our algorithm. The 

concentration of elemental carbon in suburban 

areas in J apan is 2 to 3 times larger than those 
in areas remote from the urban areas in USA 

(Ohta and Okita, 1984). 
As a future problem ラ we must improve the 

accuracy of each instrument. Improved measureｭ
ments will clear some confusion of our analyses 

due to systematic errors involved in each data. 
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太陽放射とエアロゾルの測定から推定されたエアロゾルの粒径分布の整合性

中島映至・高村民雄(1)山野 牧(5) ・塩原匡貴(2)

東北大学超高層物理学研究施設

山内豊太郎ω ・後藤良三(4) ・村井潔三(6)

気象研究所

太陽直達光と散乱光の観測をエアロゾルの直接測定とあわせて， 1978年11 月 4-7 日と 1979年 11 月 l
-3 日の期問。仙台にておこなった。各種の抑j器から得られた体積スベクトルを相互比較したところ，
二山型の体積スペクトルが観測データを説明するために適切であることがわかった。同時に，ポーラー・
ネフロメーターと，分光水平面白射汁で計られた散乱/全天日射量比とから得られるエアロゾルの複素
屈折率についても調べた。
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