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Abstract 33 

The aerosol optical characteristics in the East Asian cities of Fukuoka and Beijing were 34 

measured from 2010 to 2014. These long-term season-crossing data were compared to 35 

understand the differences between the aerosol characteristics at a source and a 36 

downstream region. Previously, few long-term, season-crossing observations have 37 

been reported. Using a method developed by one of the present authors, the 38 

measurement data were analyzed so that the retrieved optical properties can be more 39 

accurate than those obtained in previous studies. Using these data, the aerosol 40 

characteristics and their frequency distributions were reliably obtained. In Fukuoka, 41 

the annual means of the extinction, scattering, and absorption coefficients Cext (525 42 

nm), Csca (525 nm), and Cabs (520 nm) were 74.6, 66.1, and 8.1 Mm−1, respectively, 43 

whereas those in Beijing were 412.1, 367.2, and 42.4 Mm−1, respectively. The 44 

coefficients in Fukuoka were approximately one-fifth of those in Beijing. The 45 

single-scattering albedos  (525 nm) in Fukuoka and Beijing were 0.877 and 0.868, 46 

respectively. The asymmetry factors G (525 nm) in the two cities were 0.599 and 47 

0.656, respectively. The extinction Ångström exponents ext in the two cities were 48 

1.555 and 0.855, respectively. The absorption Ångström exponents abs in the two 49 

cities were 1.106 and 0.977, respectively. The fine and coarse mode volume fractions 50 

in Fukuoka were approximately 80% and 20%, and those in Beijing were both 51 

approximately 50% except in the summer.  52 
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The Cext, Csca, and Cabs showed seasonal variation in both cities. Some other 53 

properties showed also seasonal variation. In particular, the seasonal variation in abs 54 

was clear in both cities; it tended to be small in the summer and large in the winter. 55 

The frequency distributions of various parameters were also investigated. The 56 

frequency of Cext > 500 Mm−1 in Fukuoka was very low, and large Cext values were 57 

recorded more frequently in the spring than in other seasons. In Beijing, Cext > 1000 58 

Mm−1 values were recorded more frequently, and the frequency of 10 Mm−1 ≤ Cabs ≤ 59 

60 Mm−1 was high in the spring and summer. Furthermore, abs < 1.0 values were 60 

recorded frequently, which cannot be explained by the simple external mixture of 61 

absorbing aerosols.  62 

To demonstrate the usefulness of the data obtained in this study, the relationships 63 

among abs, ext, the volume size distribution, the imaginary part of the refractive 64 

index and were investigated, and two characteristic cases in Beijing (winter) and 65 

Fukuoka (spring) were preliminarily analyzed. 66 

 67 
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1. Introduction 78 

Aerosol characteristics are an important factor in Earth’s radiation budget, which is 79 

influenced by radiatively active gases, aerosols, and clouds. Aerosols change the 80 

radiation budget directly by absorbing and scattering solar radiation and indirectly 81 

through their role as cloud condensation nuclei (CCNs), thereby increasing cloud 82 

reflectivity and lifetime (e.g., Ramanathan et al. 2001, Lohmann and Feichter 2005). 83 

The variation in the observed surface solar radiation depends on the presence of clouds, 84 

aerosols, and radiatively active gases. Aerosols disturb the solar radiation that reaches 85 

Earth’s surface. Some aerosols scatter solar radiation and enhance the planetary 86 

albedo, whereas others absorb solar radiation and trap energy in the climate system. 87 

These processes are controlled by the aerosol optical properties: the scattering, 88 

absorption, and extinction coefficients; the single-scattering albedo (SSA), which is the 89 

ratio of the scattering coefficient to the extinction coefficient; and the light scattering 90 

phase function. Therefore, the aerosol optical properties are important factors. In the 91 

1970s, the importance of the aerosol optical properties was recognized (Yamamoto 92 

and Tanaka 1972), and measurement programs were initiated in several locations, 93 

including the South Pole, Mauna Loa, and Point Barrow (McComiskey et al. 2004, 94 

Delene and Ogren 2002, Sheridan et al. 2001). Awareness of the effect of aerosols on 95 

climate radiative forcing led to an increase in the number of measured variables and 96 

measurement sites in the 1990s. 97 
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In this study, several aerosol optical characteristics were measured using an 98 

integrating nephelometer and an aethalometer in two East Asian cities, Beijing and 99 

Fukuoka, from 2010 to 2014. Beijing is a well-known megacity in China whose 100 

economic activity has continuously increased over the past 30 years, resulting in 101 

increases in the population and number of vehicles. Fukuoka is one of the largest 102 

cities in western Japan. In the mid-latitude region, synoptic disturbances move from 103 

west to east. This movement causes air masses to also move from west to east, and 104 

the observation sites in Japan are thus affected by air originating from the continental 105 

area. Therefore, the modification of aerosol characteristics during the transport of 106 

aerosols can be investigated by comparing the aerosol characteristics of the source 107 

and downstream cities. Furthermore, the aerosol characteristics were better clarified 108 

by comparing these two cities.  109 

The Institute of Atmospheric Physics (IAP) of the Chinese Academy of Sciences 110 

(CAS) and the Meteorological Research Institute (MRI) of the Japan Meteorological 111 

Agency (JMA) have been measuring the aerosol optical properties and the surface 112 

downward solar irradiance to investigate the effect of the aerosol optical properties 113 

on the surface radiation budget as part of a cooperative Chinese and Japanese science 114 

and technology program. In this research program, in situ ground-based 115 

measurements of the scattering and absorption coefficients have been performed in 116 

Beijing and Fukuoka using an integrating nephelometer and an aethalometer.  117 
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The objective of this study was to characterize the aerosol optical properties in 118 

Beijing and Fukuoka using these measurements. The aerosol optical characteristics 119 

can be well understood by comparing the measurements obtained in the two cities. 120 

Some previous measurements of the aerosol properties in Beijing have been made 121 

over week- to month-long periods of intensive measuring campaigns, but few 122 

long-term, season-crossing observations have been reported. A two-year 123 

measurement survey by He et al. (2009) is the only season-crossing observation 124 

reported thus far. In the present study, measurements were performed over a 125 

four-year period. Using these data, the aerosol characteristics and their frequency 126 

distributions could be reliably obtained. However, the trends of the optical properties 127 

were not investigated, because the four-year measurement period is insufficient for 128 

such an investigation. 129 

Section 2 describes the data and methods used in this study, the location of the 130 

observation sites, and the calibration of the scattering coefficients. Section 3 gives 131 

the monthly means and frequency distributions of the investigated optical properties. 132 

In Section 4, the characteristics of the optical properties are classified based on their 133 

extinction and absorption Ångström exponents, which are indices of the size 134 

distribution and the absorption composition, respectively. Section 5 describes the 135 

optical characteristics observed during the winter in Beijing and the spring in 136 

Fukuoka. The results are summarized in Section 6.  137 



9 

138 

2. Data and methods139 

2.1 Instruments and measurement period 140 

The scattering and hemispheric backscattering coefficients were measured using an 141 

integrating nephelometer (Aurora 3000, Acoem, Australasia). Using LED light sources, 142 

the nephelometer simultaneously measures the scattering coefficients at 450 nm (blue), 143 

525 nm (green), and 635 nm (red). The angle range of the light sources is 9°–170° for 144 

total scattering and 90°–170° for hemispheric backscattering. Generally speaking, the 145 

inlet temperature is higher than the ambient temperature. Therefore, the relative 146 

humidity in the inlet of the nephelometer is lower than that of the outside air. This 147 

makes it difficult to measure the scattering coefficient at the outside air temperature 148 

and humidity. The effect of hygroscopic growth was removed, and the scattering and 149 

hemispheric backscattering coefficients were measured under dry conditions. The inlet 150 

of the nephelometer has a processor-controlled automatic heater, and the relative 151 

humidity threshold was set to 30%. It was confirmed that the relative humidity in the 152 

inlet was less than 30%. The instrument was operated at a flow rate of approximately 5 153 

L/min (nominal value). 154 

The absorption coefficients were measured using an aethalometer (Model AE31, 155 

Magee Scientific, USA) at seven wavelengths: 370, 450, 520, 590, 660, 880, and 950 156 

nm. The aethalometer measured the attenuation of a beam of light transmitted through 157 
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the sample collected on a quartz fiber filter while the filter continuously collected 158 

samples. The instrument was operated at a flow rate of 1 L/min in Beijing and 4 L/min 159 

in Fukuoka. Since aerosol concentration in Beijing was high, we reduced the flow rate 160 

so that the aethalometer operated stably. The absorption coefficient can be accurately 161 

measured using the recently developed photoacoustic method (Arnott et al. 1999) or 162 

the photothermal interferometric method (Sedlacek and Lee 2007). However, 163 

filter-based instruments were used because of their stability and ease of operation. 164 

Most filter-based absorption coefficient techniques suffer from various systematic 165 

errors that require correction (Coen et al. 2010, Weingartner et al. 2003, Arnott et al. 166 

2005, Schmid et al. 2006, Virkkula et al. 2007). All of the scattering and absorption 167 

coefficient data were recorded as 1-min averages, and 30-min averaged data were used 168 

for data analysis. 169 

The scattering and absorption coefficients were observed over a period of four 170 

years in each location: from March 2010 to February 2014 in Beijing and from August 171 

2010 to May 2014 in Fukuoka. In the period from March 2010 to September 2011 in 172 

Beijing, the nephelometer was used without hemispheric backscattering measurements. 173 

Although the details are not described here, the differences between the analyzed 174 

results with and without hemispheric backscattering measurements were small. 175 

In June 2011, the light source of the nephelometer installed in Fukuoka was 176 

discovered to be malfunctioning. During the period from the middle of January to June 177 
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2011, the extinction Ångström exponents ext were very large in comparison with those 178 

from other periods. Based on this unusual discrepancy, it was assumed that the light 179 

source began to malfunction in the middle of January. Therefore, the data from this 180 

period were not used, and the measurement was restarted in January 2012. During the 181 

period from July 2012 to February 2013 in Beijing, all instruments were stopped while 182 

the room where the instruments were installed underwent renovation. 183 

 184 

2.2 Observation sites 185 

The aerosol optical properties were measured in Beijing, China, and Fukuoka, 186 

Japan, the locations of which are shown in Fig. 1(a). Beijing is located in the area 187 

bordering the North China Plain and the Inner Mongolia plateau and is surrounded by 188 

the Taihang Mountains to the west and the Yanshan Mountains to the north. Beijing is 189 

a megacity with a population of more than 21,500,000. The measurements were made 190 

at the IAP (116.38° E, 39.97° N), which is located in the northern part of the urban 191 

area of Beijing. The IAP is surrounded by a number of research institutes and 192 

residential and business complexes, and there are no factories nearby. The instruments 193 

were installed in a room on the roof approximately 35 m from the ground and 92 m 194 

above sea level. Sample air from outside the building was drawn into the instrument 195 

through an electric conductive tube passed through a window. The length of tube was 196 

approximately 1.5 m, and the tube was connected to an isokinetic inlet. This inlet is no 197 
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size-selective. The sample air was branched and guided to each instrument. It was 198 

confirmed that the instruments did not interfere with each other. The room was not air 199 

conditioned.  200 

Fukuoka is located on the northern shore of the island of Kyushu, facing the Sea of 201 

Japan, and is surrounded by the Sefuri Mountains to the south and southwest. Fukuoka 202 

is Kyushu’s largest city with a population of approximately 1,500,000. The 203 

measurements for this study were conducted at Fukuoka University Campus (130.36° 204 

E, 33.55° N), which is located in the western part of the urban area of Fukuoka 205 

approximately 6 km from the sea and 1.5 km from the mountains. The university is 206 

surrounded by a number of residential quarters, and there are no factories nearby. The 207 

instruments were installed in a room on the fourth floor, approximately 15 m from the 208 

ground and 23 m above sea level. Sample air from outside the building was drawn into 209 

the instrument through an electric conductive tube passed through a window. The 210 

length of tube was approximately 1.5 m. As in Beijing, the tube was connected to an 211 

isokinetic inlet. This inlet is no size-selective. It was also confirmed that the 212 

instruments did not interfere with each other. The room was air-conditioned to 213 

maintain a temperature of 25 °C. 214 

During the observation periods, some construction was done near both observation 215 

sites, which may have affected the measurements. 216 

 217 
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2.3 Calibration of instruments 218 

The nephelometer is able to regularly monitor the output of the instrument by 219 

measuring calibration gases without changing the calibration coefficients. Filtered air 220 

and CO2 gas were used for the zero check and span check operations, respectively. The 221 

calibration check of the nephelometer was performed once per week at midnight. 222 

Correction coefficients were calculated from the calibration check data after each 223 

calibration check, and a quadratic function of time was fit to these coefficients using 224 

the method of least squares. 225 

The aethalometer did not require special calibration, because it measures 226 

transmittance, which is a relative value. An important factor that influences 227 

measurement precision is the flow rate because it determines the sampling volume. 228 

The flow rate was measured using a precision soap film flow meter and compared with 229 

the recorded values; these measured flow rates were within 0.5% of the recorded 230 

values. 231 

 232 

2.4 Data processing method 233 

Filter-based instruments are widely used at ground sites. However, most 234 

filter-based absorption coefficient techniques suffer from various systematic errors that 235 

require correction (Liousse et al. 1993, Petzold et al. 1997, Bond et al. 1999, 236 

Weingartner et al. 2003, Arnott et al. 2005, Schmid et al. 2006, Virkkula et al. 2007, 237 
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Coen et al. 2010). In this study, the method by Coen et al. (2010) was used. Their 238 

correction scheme is based on four previously published methods that account for the 239 

optical properties of the aerosol particles embedded in the filter (Weingartner et al. 240 

2003, Arnott et al. 2005, Schmid et al. 2006, Virkkula et al. 2007). Because 241 

multi-wavelength scattering coefficient data can be used, the performance of the 242 

correction method developed by Coen et al. (2010) is expected to be very good.  243 

Integrating nephelometers are widely used to measure aerosol scattering 244 

coefficients; however, they cannot measure light scattered in extreme forward or 245 

backward directions (scattering angles near 0° and 180°; Heintzenberg and Charlson 246 

1996, Anderson et al. 1996, Anderson and Ogren 1998, Müller et al. 2009). To correct 247 

for this truncation error, information on aerosol absorption properties and the particle 248 

size distribution is necessary (Bond et al. 2009). This study employed a recently 249 

developed method that uses multi-wavelength scattering and absorption coefficient 250 

data to correct the scattering coefficients (Uchiyama 2014, see Supplement 1).  251 

 252 

2.5 Backward trajectory 253 

To determine the characteristics of air masses during each season, backward 254 

trajectory analysis was conducted starting at a height of 500 m above the observation 255 

sites every 4 h from 2004 to 2013 in Fukuoka and from 2008 to 2013 in Beijing. These 256 

data were used to clarify the seasonal variation in the aerosol properties. When 257 
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considering the seasonal variation of the aerosol characteristics, the resident time, 258 

which is the time an air mass spends within a given region before reaching the target 259 

city, was calculated from the backward trajectory data. The backward trajectory 260 

analysis was performed using the Hybrid Single-Particle Lagrangian Integrated 261 

Trajectory (HYSPLIT) model (Draxler 1999). 262 

 263 

3. Aerosol properties 264 

This section presents the time series, monthly and annual means, and frequency 265 

distributions of the aerosol properties.  The extinction, scattering, absorption 266 

coefficients, the SSA, and the absorption Ångström exponent among aerosol properties 267 

are described in detail. The asymmetry factor, the extinction Ångström exponent, and 268 

the volume fraction of coarse and fine mode are briefly described and shown in detail 269 

in the Supplement 2. 270 

 271 

3.1 Extinction, scattering, and absorption coefficients 272 

First, the measured extinction, scattering, and absorption coefficients Cext, Csca, and 273 

Cabs are discussed. Figures 2(a) and (b) show the time series of the monthly mean 274 

scattering and absorption coefficients and their standard deviations. The monthly and 275 

annual mean values of the aerosol properties are given in Tables 1 and 2. As shown 276 

later, the frequency distributions of the aerosol properties deviate considerably from 277 
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the normal distribution, but the mean value and the standard deviation are expressed in 278 

the form of the mean ± standard deviation. 279 

In Fukuoka, the annual means and standard deviations of Cext, Csca, and Cabs at 280 

wavelengths of 525, 525, and 520 nm, respectively, during the period from August 281 

2010 to May 2014 were 74.6 ± 52.9, 66.1 ± 48.4, and 8.1 ± 5.3 Mm−1, respectively 282 

(Table 1). In Beijing, the annual means of the same coefficients during the period from 283 

March 2010 to February 2014 were 412.1 ± 462.6, 367.2 ± 424.4, and 42.4 ± 37.5 284 

Mm−1, respectively (Table 2). The annual mean coefficients Cext (525 nm), Csca (525 285 

nm), and Cabs (520 nm) in Fukuoka were approximately one-fifth of those in Beijing 286 

and were slightly larger than the coefficients in Tsukuba, Japan: Cext (550 nm) = 62.8 287 

Mm−1, Csca (550 nm) = 55.2 Mm−1, and Cabs (530 nm) = 7.5 Mm−1 (Uchiyama et al. 288 

2014). 289 

Some previous measurements of the aerosol optical properties in Beijing were 290 

made over week- to month-long periods of intensive measuring campaigns (Bergin et 291 

al. 2001, Yan et al. 2008, Li et al. 2007, Garland et al. 2009), but few long-term, 292 

season-crossing observations have been reported (Table 3). He et al. (2009) studied the 293 

aerosol optical properties in Beijing using two-year data. According to He et al. (2009), 294 

the two-year averages and standard deviations for Cabs (532 nm) and Csca (525 nm) 295 

were 56 ± 49 and 288 ± 281 Mm−1, respectively. The extinction coefficient with no 296 

wavelength correction was approximately Cext  Csca + Cabs = 288 Mm−1 + 56 Mm−1 = 297 
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344 Mm−1. The value of Cabs obtained in the present study is smaller than that obtained 298 

in their study, and the values of Cext and Csca in the present study are larger than those 299 

obtained in their study. However, because the standard deviations are very large in 300 

Beijing, it is difficult to determine whether there is a significant difference between the 301 

present results and those obtained by He et al. (2009). Table 3 also gives measurement 302 

values that have been reported in other previous studies. Because these measurements 303 

were not conducted during the same time periods, it is difficult to compare the long- 304 

and short-period data. 305 

Figures 2(a) and (b) and Tables 1 and 2 show the seasonal variation in Cext, Csca, 306 

and Cabs; in the summer, these coefficients were small, whereas in the winter, they 307 

were large. The seasonal variation in Fukuoka was more distinct than that in Beijing. 308 

To investigate the characteristics of the air masses in every season, the resident 309 

time was calculated using the results of the backward trajectory analysis. The study 310 

area was divided into eight regions, and the area outside of East Asia was classified as 311 

the outside region (Fig. 1(b)). Tables 4 and 5 give the frequency with which each 312 

region had the longest resident time during the five days prior to the air mass arriving 313 

in the target city. The backward trajectory was analyzed monthly to determine these 314 

frequencies. 315 

The results of the backward trajectory analysis also yielded the seasonal variation 316 

of the origins of the air masses arriving in the two target cities. Most air masses that 317 
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reached Fukuoka in the summer, winter, and spring were affected by the West Pacific 318 

Ocean region (region 8), the North Continent region (region 1), and the North 319 

Continent and Japan regions (regions 1 and 6), respectively. Most air masses that 320 

reached Beijing from November to April and May to October were affected by the 321 

North Continent region (region 1) and the East China region (region 3), respectively. 322 

The seasonal variation in Cext, Csca, and Cabs in Beijing is unclear. The coefficient 323 

values in autumn and winter were large. He et al. (2009) found that Cext and Csca were 324 

largest in the summer (Table 2 in their paper). However, according to the present 325 

results, the coefficients were not necessarily large in the summer. The results of the sky 326 

radiometer analysis by Che et al. (2014) showed that the optical thickness was largest 327 

in the summer and smallest in the winter. Sky radiometer measurements cannot be 328 

made in very hazy conditions because the direct solar irradiances cannot be measured, 329 

making it difficult to distinguish between clouds and heavy haze. Therefore, the 330 

average value in the winter was weighted by the results from days with light haze. As 331 

shown in Fig. 2(b), Csca and Cabs varied drastically in the winter in Beijing. 332 

Figures 2(c), (d), (e) and (d) show the frequency distributions of Cext and Cabs for 333 

each season, where spring, summer, autumn, and winter are defined as March–May, 334 

June–August, September–November, and December–February, respectively. In 335 

Fukuoka, most measured Cext values were less than 500 Mm−1, and the most frequently 336 

recorded values of Cext were less than 100 Mm−1. However, relatively large Cext values 337 
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were observed in the spring. In Beijing, values of Cext larger than 1000 Mm−1 were 338 

frequently observed. The most frequently recorded values of Cext were less than 100 339 

Mm−1, and values between 100 and 500 Mm−1 were recorded more frequently in the 340 

spring and summer. 341 

In Fukuoka, relatively large values of Cabs and Cext were observed in the spring, and 342 

larger values of Cabs were observed less frequently in the summer. In Beijing, the most 343 

frequently recorded value of Cabs in the spring was 25 Mm−1, and a second smaller 344 

peak in the summer frequency distribution also occurred at Cabs = 10 Mm−1, as shown 345 

in Fig. 2(f). In the other seasons, the most frequently recorded values were Cabs < 10 346 

Mm−1. The percentage of recorded values between 10 and 60 Mm−1 was high in the 347 

spring and the summer, and this feature was particularly distinctive in the summer. In 348 

the autumn and winter, Cabs exceeded 100 Mm−1 relatively frequently. 349 

 350 

 3.2 Single-scattering albedo 351 

Figures 3(a) and (b) show the time series of the monthly mean SSAs ( and their 352 

standard deviations at a wavelength of 525 nm. Tables 1 and 2 give the monthly and 353 

annual means of  (525 nm). The scattering coefficients were properly corrected 354 

using the new method.  355 

 (525 nm) in Fukuoka ranged from 0.75 to 0.95, and its annual mean value was 356 

0.877 ± 0.053. As shown in Figs. 3(a) and (b),  (525 nm) in Fukuoka underwent 357 
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seasonal variation; it was large in the spring and small in the autumn.  (525 nm) in 358 

Beijing ranged from 0.75 to 0.95, which is similar to the range in Fukuoka, and its 359 

annual mean was 0.868 ± 0.047. The variation of  (525 nm) in Beijing did not follow 360 

a clear seasonal trend, but  (525 nm) did change greatly from year to year.  361 

The average SSA obtained by He et al. (2009) was 0.80 ± 0.09, which is smaller 362 

than the average SSA measured in the present study. As shown in Supplement 2, the 363 

Ångström exponent for the extinction coefficient in Beijing was small throughout the 364 

year. This indicates that the measured aerosols included numerous large particles and 365 

that the scattering coefficients measured by the integrating nephelometer required a 366 

large correction. He et al. (2009) did not mention the correction of scattering 367 

coefficient. The use of the corrected SSA provides the explanation of most of the 368 

difference between present results and those obtained by He et al. (2009). (see 369 

Supplement 3.) 370 

Che et al. (2014) analyzed sky radiometer (POM-02, Prede, Japan) data from 371 

Beijing and obtained seasonal average SSAs ranging from 0.93 to 0.96. These values 372 

are larger than the SSAs measured in the present study. The SSAs estimated from the 373 

sky radiometer measurements are column-averaged SSAs of aerosols under ambient 374 

conditions, which involve hygroscopic growth. The ground-based measurements in the 375 

present study were conducted under dry air conditions. Because the two measurements 376 

were conducted under different conditions, comparisons between the results of 377 
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ground-based and sky radiometer measurements must be made carefully. 378 

Figures 3(c) and (d) show the frequency distribution of  (525 nm) for every 379 

season. In Fukuoka, the most frequent value in the spring was 0.915, and the width of 380 

the frequency distribution in the spring was narrower than that in the other seasons. 381 

Most SSAs recorded in the spring were more than 0.8. In the other seasons, a larger 382 

percentage of recorded SSAs were less than 0.8. In Fukuoka, the peak of the frequency 383 

distribution in the summer was broad, and lower SSAs were observed. In the summer, 384 

Fukuoka was mainly covered with air masses that originated in the West Pacific Ocean 385 

region (region 8), which are typically clean. Most light-absorbing aerosols present in 386 

Fukuoka were emitted from local sources, and their seasonal variation is small. 387 

Therefore, the relative contribution of Cabs to Cext was high in the summer, and lower 388 

SSAs were observed.  389 

In Beijing, the most frequently recorded  (525 nm) values were 0.895 in the 390 

spring, 0.905 in the summer, and 0.885 in the autumn and winter. The frequency 391 

distribution in the winter was narrower than those in the other seasons. In the summer, 392 

lower SSAs were observed more frequently than in the other seasons. The reason for 393 

this is that the most frequently recorded Cabs in summer was 25 Mm−1, which is larger 394 

than those in the other seasons. 395 

 396 

3.3 Asymmetry factor, extinction Ångström exponent and volume fraction 397 
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The results on the asymmetry factor G, extinction Ångström exponent ext, and 398 

volume fraction of coarse and fine mode are briefly shown in this section. The details 399 

on these parameters are shown in the Supplement 2.  400 

Tables 1 and 2 give the monthly and annual means of these parameters and their 401 

standard deviations.  402 

G (525 nm) in Fukuoka ranged from 0.5 to 0.7, and its annual mean was 0.599 ± 403 

0.040. G (525 nm) in Beijing ranged from 0.6 to 0.75, and the annual mean was 0.656 404 

± 0.042. No clear seasonal variation was observed in the both cities. G (525 nm) in 405 

Beijing was larger than that in Fukuoka.  406 

The ext values in Fukuoka ranged from 1.0 to 2.1. The annual mean was 1.555 ± 407 

0.312. The ext values in Beijing ranged from 0.2 to 1.5, and the annual mean was 408 

0.855 ± 0.347. ext in Beijing was smaller than that in Fukuoka by approximately 0.7.  409 

The aerosol volume was obtained by integrating the retrieved volume size 410 

distribution. The volume was then divided into two parts: fine and coarse mode 411 

volumes (Vf and Vc) with particle radii less and greater than 0.5 m, respectively. The 412 

Vc in Beijing was larger than that in Fukuoka. In Fukuoka, the Vf was approximately 413 

80%. In Beijing, Vc was approximately 60% in the autumn and winter, and both Vf and 414 

Vc were approximately 50% in the spring and summer.  415 

The larger asymmetry factor in Beijing, the smaller ext in Beijing and the larger Vc 416 

in Beijing than in Fukuoka are consistent. These results mean that in Beijing, the 417 
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particles present in the air were coarser than those in Fukuoka. 418 

 419 

 3.4 Absorption Ångström exponent 420 

The wavelength dependence of the absorption coefficient can be approximated by 421 

an equation similar to that relating Cext and ext: 422 

                  Cabs  abs , 423 

where abs is the absorption Ångström exponent, which is dependent on the aerosol 424 

composition and aging stage (Russell et al. 2010, Clarke et al. 2007). The 425 

characteristics of abs, which have not been investigated in previous studies, are 426 

discussed here. Furthermore, the relationships between abs and other parameters are 427 

described in a later section. 428 

Figures 4(a) and (b) show the time series of the monthly means of abs with their 429 

standard deviations. Tables 1 and 2 give the monthly and annual means of abs. As 430 

shown in Figs. 4(a) and (b), abs demonstrated remarkable seasonal variation in both 431 

Fukuoka and Beijing; abs was small in the summer and large in the winter. Most abs 432 

values ranged from 0.6 to 1.5. The annual means of abs were 1.106 ± 0.155 in 433 

Fukuoka and 0.977 ± 0.147 in Beijing. The values of abs in Beijing were slightly 434 

smaller than those in Fukuoka. 435 

Figures 4(c) and (d) show the frequency distributions of abs during each season in 436 

Fukuoka and Beijing. The most frequently recorded values varied seasonally. The 437 
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monthly mean abs in the summer in Fukuoka was approximately 1.0, which usually 438 

indicates that the absorbing aerosol is composed mainly of fresh black carbon. 439 

However, the frequency distribution in the summer demonstrates that abs values 440 

below 1.0 were observed frequently. In Beijing, the monthly mean abs values in the 441 

summer were less than 1.0, and the frequency distribution also demonstrates the 442 

existence of aerosols with abs < 1.0. 443 

Russell et al. (2010) conducted measurements using the Aerosol Robotic Network 444 

(AERONET) and found abs values near 1 (the theoretical value for fresh black 445 

carbon) for aerosol columns dominated by urban–industrial aerosols, larger abs values 446 

for biomass burning aerosols, and the largest abs values for Sahara dust aerosols. 447 

These are typical light-absorbing aerosols, which have abs values greater than or equal 448 

to 1. Therefore, a simple external mixture of these aerosols cannot explain an abs 449 

value of less than 1. 450 

Gyawali et al. (2009) observed biomass burning aerosols with abs < 1.0 and 451 

demonstrated that such values of abs can result from black carbon coated with either 452 

absorbing or non-absorbing material. Bergstrom et al. (2007) noted that the interesting 453 

observation of abs < 1.0 may be the result of measurement uncertainties or somewhat 454 

large values of the imaginary part of the refractive index (ImRF) at longer wavelengths 455 

for certain particles. Additionally, very low values of abs have been reported under 456 

different circumstances without explanation (Bergstrom et al. 2007, Clarke et al. 2007, 457 
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Roden et al. 2006, Subramanian et al. 2007, Yang et al. 2009). Because abs values 458 

below 1.0 were observed in both Fukuoka and Beijing, future studies must explain 459 

what conditions cause abs to be less than 1.0. 460 

Tables 1 and 2 give the monthly and annual means of the absorption Ångström 461 

exponents abs_sw in the region of wavelengths shorter than 520 nm and abs_lw in the 462 

region of wavelengths longer than 590 nm, which also showed seasonal variation. It is 463 

known that brown carbon shows stronger absorption characteristics in the ultraviolet 464 

(UV) region than in the visible light region (Moosmüller et al. 2009). However, it is 465 

very difficult to interpret abs_sw and abs_lw data, and thus only the values are given in 466 

this study. 467 

As shown in Tables 1 and 2, when abs_sw and abs_lw are similar to each other, abs 468 

is smaller than both abs_sw and abs_lw. This indicates that the absorption coefficient is 469 

not a monotonically decreasing function of the wavelength; the absorption coefficients 470 

in the region of wavelengths between 520 and 590 nm are constant or have small peak 471 

with respect to the wavelength. The cause of this wavelength dependence remains 472 

unclear; its determination would require further study of the absorption coefficient of 473 

aerosols. 474 

 475 

4. Optical properties classified by extinction and absorption Ångström exponents 476 

ext is an index of the size distribution, and abs is related to the aerosol 477 
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components (Russell et al. 2010). Therefore, the data in this study were classified 478 

using these parameters, and the relationships between these parameters and the aerosol 479 

optical properties were investigated. The relationships between abs and other 480 

parameters have not been investigated in previous studies. Classifications based on ext 481 

and abs have already been conducted by Russell et al. (2010) and Clarke et al. (2007). 482 

Russell et al. (2010) classified absorbing aerosols as desert dust, urban industrial, and 483 

biomass burning aerosols. Clarke et al. (2007) classified aerosols observed on aircraft 484 

as dust, biomass burning, and pollution plume aerosols. 485 

Figure 5 shows scatter plots of ext and abs. The data used in these plots are 486 

one-day averages, and there are no distinct clusters. It appears to be difficult to classify 487 

these data based on the magnitudes of ext and abs. In Fukuoka and Beijing, the data 488 

were clustered around (ext, abs) = (1.5, 1.1) and (1.0, 1.0), respectively. Both ext and 489 

abs in Fukuoka were slightly larger than those in Beijing. There was weak positive 490 

correlation between ext and abs in both cities. 491 

 492 

4.1 Absorption Ångström exponent and volume size distribution 493 

To investigate the relationship between abs and the volume size distribution, the 494 

data were classified according to abs using the following bins: 0.2–0.4, 0.4–0.6, 0.6–495 

0.8, 0.8–1.0, 1.0–1.2, 1.2–1.4, and 1.4–1.6. This relationship between abs and the 496 

volume size distribution has not been discussed in previous studies. Figure 6 shows the 497 
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volume size distribution classified by abs. As indicated in the scatter plot of abs and 498 

ext, when abs is small, the aerosol contains many large particles. This feature was 499 

observed in both Fukuoka and Beijing. The difference between the distributions in 500 

Fukuoka and Beijing was caused by differences in ext; ext in Beijing was smaller than 501 

that in Fukuoka, and the aerosols in Beijing thus contained larger particles. 502 

 503 

4.2 Extinction Ångström exponent and volume size distribution 504 

To investigate the relationship between ext and the volume size distribution, the 505 

data were classified according to ext using the following bins: −0.5–0.5, 0.5–1.0, 1.0–506 

1.5, 1.5–2.0, 2.0–2.5, and 2.5–3.0. Figure 7 shows the volume size distribution 507 

classified by ext. For ext < 1, the retrieved volume size distributions were bimodal 508 

with peaks at radii of approximately 0.1 and 2.0 m, and for ext > 1, the volume size 509 

distributions were monomodal with a peak at a radius of approximately 0.1 m. These 510 

peaks at radii of approximately 0.1 and 2.0 m correspond to the accumulation and 511 

coarse particle modes, respectively. Similar results were reported at Tsukuba by 512 

Uchiyama et al. (2014). 513 

 514 

4.3 Absorption Ångström exponent and imaginary part of refractive index 515 

The ImRF was also determined using the analysis method developed by one of the 516 

present authors (Uchiyama 2014). The relationships between the ImRF and other 517 
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parameters were thus investigated.  518 

To investigate the relationship between abs and the ImRF, the data were classified 519 

according to abs. Because the dependence of the real part of the refractive index on 520 

ext and abs is small, the dependence of only the ImRF on abs and ext is discussed in 521 

this study. Figure 8 shows the wavelength dependence of the ImRF; dashed lines 522 

indicate few data points. In Fukuoka and Beijing, the ImRF shows a different tendency 523 

for the same abs value. As shown in Fig. 6, the size distributions in the two cities at 524 

the same abs value differed from each other. These differences in the size distribution 525 

caused the different tendencies in the ImRF. Roughly speaking, when abs is small, the 526 

ImRF tends to be small. In Fukuoka, the ImRF increased with increasing wavelength. 527 

When abs was large, the ImRF tended to be large. However, in Beijing, the ImRF 528 

decreased with increasing wavelength.  529 

As mentioned in Section 3.4, Russell et al. (2010) obtained abs values near 1 (the 530 

theoretical value for fresh black carbon) for aerosol columns dominated by urban–531 

industrial aerosols, larger abs values for biomass burning aerosols, and the largest abs 532 

values for Sahara dust aerosols. In addition, according to the simulation results 533 

obtained by Gyawali et al. (2009) based on the coated sphere model, abs is less than 534 

1.0 for aerosols coated with light absorbing or non-absorbing aerosols with relatively 535 

large cores and increases with increasing coating thickness for aerosols with relatively 536 

small cores. Furthermore, the figures in Gyawali et al. (2009) (Figs. 8 and 9 in their 537 
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paper) show that if the light-absorbing aerosol coating is thick, abs is greater than 1.0 538 

regardless of the size of the core. This also indicates that abs is greater than 1.0 for 539 

large light-absorbing aerosols. It was also found that abs is less than 1.0 for aerosols 540 

coated with non-light-absorbing aerosols with relatively large cores.  541 

When abs is small, the ImRF is small, and the fraction of coarse particles is high, 542 

as shown in Fig. 6. Because the ImRF is small, the aerosol contains many 543 

non-absorbing components either through external or internal mixing. Sea salt particles, 544 

internally mixed particles rich in non-light-absorbing components, and aerosols that 545 

have undergone hygroscopic growth are conceivable as coarse and non-light-absorbing 546 

aerosols. According to the simulation results obtained by Gyawali et al. (2009), if the 547 

aerosol has a relatively large core and is coated with a non-light-absorbing aerosol, 548 

abs is less than 1.0. This aerosol model is consistent with the present measurement 549 

results. Although the relative humidity in the nephelometer inlet was maintained at 550 

30% or less, it is also possible that the hygroscopically grown aerosols, which 551 

consisted of internally mixed light-absorbing aerosols, passed through the inlet of the 552 

nephelometer before they were sufficiently dried. 553 

In Fukuoka, when abs was large, the volume size distribution was monomodal (Fig. 554 

6(a)), the fraction of fine particles was high, and ext was large. In contrast, in Beijing, 555 

when abs was large, the volume size distribution was bimodal (Fig. 6(b)), the fraction 556 

of coarse particles was high, and ext was small. As shown in the simulation results 557 
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obtained by Gyawali et al. (2009), in Fukuoka, aerosols coated with light-absorbing or 558 

non-light-absorbing aerosols with relatively small cores may include fine 559 

light-absorbing aerosols; i.e. black carbon coated with secondary species like organic 560 

matter, and nitrate or sulfate species from gas-to-particle conversion. In Beijing, abs 561 

was large, and ext was small. The ImRF was large and decreased with increasing 562 

wavelength. These features are similar to those of mineral dust. 563 

 564 

4.4 Extinction Ångström exponent and imaginary part of refractive index 565 

To investigate the relationship between ext and the ImRF, the data were classified 566 

according to ext. Figure 9 shows the wavelength dependence of the ImRF; dashed 567 

lines indicate few data points. When ext was small (−0.5 ≤ ext ≤ 0.5), the ImRF was 568 

small and decreased with increasing wavelength in both Fukuoka and Beijing. At 569 

medium values of ext (1.0 ≤ ext ≤ 2.0), the ImRF was large in both Fukuoka and 570 

Beijing. For large ext (2.0 ≤ ext ≤ 3.0), though few data points were available, the 571 

ImRF tended to be small in Beijing and large in Fukuoka. 572 

When ext is small, the fraction of coarse particles is high. The following two cases 573 

are considered as a case where ext is small. One is the case of mineral dust aerosol. 574 

The other is a case where abs is small. The mineral dust aerosol is characterized by 575 

small ext and large abs. Additionally, when abs is small, the fraction of coarse 576 

particles is high, as stated in Section 4.1. The ImRF for mineral dust is large in the 577 
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short visible wavelength region and decreases with increasing wavelength. The ImRF 578 

for aerosols with small abs is small (see Section 4.3). Because the data are not 579 

distinguished by the size of abs in Fig. 9, ImRF shows the average feature of aerosols 580 

with small and large abs; the ImRF was smaller than that of mineral dust aerosols and 581 

decreased with increasing wavelength.  582 

In Beijing, when ext was large, the size distribution was monomodal, as shown in 583 

Fig. 7(b). Therefore, the aerosols did not include mineral dust particles. The ImRF in 584 

the shorter wavelength region was large and decreased with increasing wavelength. 585 

Brown carbon has such characteristics, but because few data points were obtained, it 586 

was difficult to make a definitive conclusion. 587 

 588 

4.5 Single-scattering albedo and extinction and absorption Ångström exponents 589 

To investigate the relationships among 0, ext, and abs, the data were roughly 590 

divided into the following bins according to the value of Cext: 1–25, 25–100, 100–1000, 591 

and 1000–5000 Mm−1. The data were then classified according to abs and ext. Tables 592 

6 and 7 give 0 (525 nm), and the cells are colored according to the value of 0 (525 593 

nm); blue and red cells correspond to high and low values, respectively, and cells with 594 

few data points are not colored. Roughly speaking, as Cext increased, 0 (525 nm) 595 

tended to increase. At large ext and small abs (upper right of Tables 6 and 7) and at 596 

small ext and large abs (lower left of Tables 6 and 7), 0 (525 nm) tended to be large. 597 
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Large ext values indicate that the fraction of small particles is high. Therefore, the 598 

former case corresponds to newly produced and grown particles, including weakly 599 

absorbing or nonabsorbing aerosols such as sulfate particles. Small ext values indicate 600 

that the fraction of large particles is high. Therefore, the latter case corresponds to 601 

mineral dust. When both ext and abs were large, 0 (550 nm) was small. This may 602 

correspond to newly produced and grown particles, including absorbing secondary 603 

organic aerosols such as brown carbon. However, this region contains few data points 604 

(fewer than 5). Therefore, strong conclusions cannot be drawn regarding cases with 605 

large values of both ext and abs. 606 

 607 

5. Case studies 608 

To demonstrate the usefulness of the data obtained in this study, two characteristic 609 

cases in Beijing (winter) and Fukuoka (spring) were preliminarily analyzed. 610 

 611 

5.1 Optical properties during winter in Beijing 612 

As discussed in Section 3, the winter in Beijing is characterized by very large 613 

variation in Cext and Cabs; both very clean and very hazy conditions were observed. 614 

Although plots of the time series of Cext and Cabs are not shown here, after air masses in 615 

the North Continent region (region 1) reached Beijing, the air became very clean, 616 

resulting in low Cext and Cabs values. Then, the air gradually became turbid with daily 617 



 

33 
 

variation, causing the Cext and Cabs values to gradually increase. As Cext and Cabs 618 

increased, the characteristics of the aerosols changed. 619 

To investigate the changes in the optical properties as the conditions changed from 620 

clean to hazy, the data were divided into the following bins according to Cext: 1–25, 621 

25–50, 50–100, 100–200, 200–400, 400–800, 800–1600, and 1600–5000 Mm−1. Figure 622 

10 shows the relationship between the aerosol properties and Cext.  623 

As shown in Fig. 10(a), when Cext was very small (Cext < 25 Mm−1), the wavelength 624 

dependence of the SSA was large, and in the middle range of Cext (25 Mm−1 ≤ Cext ≤ 625 

200 Mm−1), the wavelength dependence was small. As Cext increased, the SSAs 626 

increased, and the wavelength dependence decreased. As shown in Fig. 10(b), G 627 

decreased with increasing Cext and was smallest in the range of 200 Mm−1 ≤ Cext ≤ 400 628 

Mm−1. Then, as Cext increased beyond 400 Mm−1, the asymmetry factors increased 629 

again. As shown in Fig. 10(c), ext was smallest when Cext was small. As Cext increased, 630 

ext was maximized in the range of 200 Mm−1 ≤ Cext ≤ 400 Mm−1 and then decreased. 631 

ext depends on Vf and Vc, and its change is consistent with the change in G. 632 

As shown in Fig. 10(d), abs was also smallest when Cext was small. As Cext 633 

increased, abs was maximized in the range of 200 Mm−1 ≤ Cext ≤ 800 Mm−1 and then 634 

decreased. The maximum abs value was approximately 1.2. As shown in Fig. 10(d), 635 

when Cext was small, abs_lw and abs_sw were approximately 1.0. abs_sw was maximized 636 

in the range of 200 Mm−1 ≤ Cext ≤ 400 Mm−1 and was approximately 1.35. abs_lw was 637 
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maximized in the range of 400 Mm−1 ≤ Cext ≤ 800 Mm−1 and was approximately 1.15 638 

in this range. The absorption characteristics of brown carbon tend to be stronger in the 639 

UV region; abs_sw was large in the shorter wavelength region (Moosmüller et al. 2009). 640 

The observed features in the range of 200 Mm−1 ≤ Cext ≤ 800 Mm−1 showed 641 

characteristics similar to those of brown carbon. As demonstrated by the variation in 642 

ext and G, Vf and Vc were approximately 50% in the middle range of Cext (200 Mm−1 ≤ 643 

Cext ≤ 400 Mm−1), and when Cext was smaller or larger, Vf was low and Vc was high, as 644 

shown in Fig. 10(e).  645 

These changes in the aerosol characteristics due to changes in the aerosol amount 646 

indicate that as air masses from the North Continent region (region 1) reached Beijing, 647 

the air became clean, Cext gradually increased, and the aerosol characteristics changed 648 

because of the local formation and emission of anthropogenic aerosols and their aging. 649 

As the number of pollution particles increased, there was a period when the number of 650 

smaller particles increased and ext became large. Following this period, as the amount 651 

of air pollution increased, the number of larger particles increased, and ext became 652 

small. In the former period, new particle formation and condensation likely dominated, 653 

and in the latter period, coagulation may have occurred. abs in the former period was 654 

larger than that in the latter period.  655 

The analysis in this study is limited because only the optical properties were 656 

considered. To better understand processes related to aerosols, it is necessary to make 657 
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comprehensive measurements in future works, including measurements of precursor 658 

gases, the aerosol composition, the mixing state, and the size distribution. 659 

 660 

5.2 Optical properties during spring in Fukuoka 661 

As discussed in Section 3, the spring in Fukuoka was characterized by relatively 662 

large Cext and Cabs values. Although plots of the time series of Cext and Cabs are not 663 

shown here, Cext (525 nm) and Cabs (520 nm) changed periodically with the passage of 664 

a synoptic-scale disturbance. As with the case of the winter in Beijing, the data were 665 

divided into bins according to Cext to investigate the dependence of the optical 666 

properties on Cext. The bins were the same as those used for Beijing, but no data with 667 

Cext > 800 Mm−1 were observed: 1–25, 25–50, 50–100, 100–200, 200–400, and 400–668 

800 Mm−1.  669 

Figure 11 shows the relationship between the aerosol properties and Cext. Very few 670 

data had Cext > 400 Mm−1. The dependence of the optical properties on Cext differed 671 

from that during the winter in Beijing. When Cext was very small (Cext < 25 Mm−1), the 672 

wavelength dependence of the SSA was large. As shown in Fig. 11(a), when Cext 673 

increased, the SSAs increased monotonically, and the wavelength dependence 674 

decreased. As shown in Fig. 11(b), G was somewhat low in the range of 50 Mm−1 ≤ 675 

Cext ≤ 100 Mm−1. For Cext > 200 Mm−1, G was high. Additionally, as shown in Fig. 676 

11(c), ext was somewhat high in the range of 50 Mm−1 ≤ Cext ≤ 100 Mm−1 and 677 
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decreased in the range of Cext > 200 Mm−1. The dependence of ext on Cext was 678 

consistent with that of G. 679 

As Cext increased, abs increased, reached a maximum in the range of 50 Mm−1 ≤ 680 

Cext ≤ 100 Mm−1, and then decreased. The maximum value of abs was approximately 681 

1.2 (Fig. 11(d)). Although the value of Cext at which abs was maximized in Fukuoka 682 

differed from that in Beijing, the maximum values of abs in Fukuoka and Beijing were 683 

the same. As shown in Fig. 11(d), abs_sw was always lower than abs_lw. As 684 

demonstrated by the change in ext and G, Vf decreased and Vc increased in the range of 685 

Cext > 200 Mm−1 in Fig. 11(e).  686 

During the spring in Fukuoka, relatively large Cext values in the range of 50 to 200 687 

Mm−1 were frequently observed. ext in this range was approximately 1.7. Therefore, 688 

the fraction of small particles was high. These large Cext values may have been caused 689 

by air masses that did not include large particles passing over the polluted area in the 690 

continent. According to the trajectory analysis (Table 4), in the spring, the inflow of air 691 

masses passing over Japan was also high. The insolation also rapidly increased in the 692 

spring, resulting in a high aerosol production rate. This indicates that the large Cext 693 

values during the spring in Fukuoka were partially caused by aerosols emitted and 694 

produced in Japan. 695 

In the range of Cext > 200 Mm−1, ext was low. In Beijing, Vc was always high, and 696 

ext was low. Therefore, when Cext values exceeding 200 Mm−1 were observed during 697 
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the spring in Fukuoka, the air masses were assumed to have arrived from the heavy 698 

polluted continental area. However, the wavelength dependence of abs in Fukuoka 699 

was different from that in Beijing. Therefore, the aerosol content was modified as the 700 

air masses moved from Beijing to Fukuoka and was mixed with locally emitted 701 

aerosols. 702 

 703 

6. Summary and conclusion  704 

The IAP (CAS) and MRI (JMA) have been measuring aerosol optical properties 705 

as part of a cooperative Chinese and Japanese science and technology program. From 706 

2010 to 2014, the aerosol optical characteristics in two cities (Beijing and Fukuoka) 707 

located in East Asia were measured using an integrating nephelometer and an 708 

aethalometer, and long-term season-crossing data were obtained. Using a method 709 

developed by one of the present authors, scattering coefficients measured by the 710 

nephelometer were corrected more accurately than in previous studies, and more 711 

reliable and accurate values of optical properties and their frequency distributions 712 

were obtained. The size distribution and complex index of refraction were also 713 

obtained using this method, and the relationships among the optical properties and 714 

these parameters including the ext and the abs were investigated. The results 715 

obtained in this study are summarized as follows. 716 

The annual means of the extinction, scattering, and absorption coefficients Cext 717 
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(525 nm), Csca (525 nm), and Cabs (520 nm) and their standard deviations in Fukuoka 718 

from August 2010 to May 2014 were 74.6 ± 52.9, 66.1 ± 48.4, and 8.1 ± 5.3 Mm−1, 719 

respectively, whereas those in Beijing from March 2010 to February 2014 were 412.1 720 

± 462.6, 367.2 ± 424.4, and 42.4 ± 37.5 Mm−1, respectively. The Cext, Csca, and Cabs 721 

values in Fukuoka were approximately one-fifth of those in Beijing. The frequency 722 

distributions of Cext in Fukuoka showed that Cext > 500 Mm−1 was observed 723 

infrequently, and Cext and Cabs were larger in the spring than in the other seasons. In 724 

Beijing, the frequency of data with Cext > 1000 Mm−1 was relatively high. In Beijing, 725 

the frequency of Cabs with 10 Mm−1 ≤ Cabs ≤ 60 Mm−1 was high in the spring and 726 

summer. The Cext, Csca, and Cabs showed seasonal variation in both cities. Some other 727 

properties showed also seasonal variation. This seasonal variation corresponds to the 728 

variation of the characteristics of the air masses arriving in Fukuoka and Beijing. 729 

The annual means of the SSAs  (525 nm) and their standard deviations in 730 

Fukuoka and Beijing were 0.877 ± 0.053 and 0.868 ± 0.047, respectively, and were 731 

almost equivalent. The frequency distributions of small  (525 nm) values in both 732 

cities were high in the summer. The annual means of the asymmetry factor G in 733 

Fukuoka and Beijing were 0.599 ± 0.040 and 0.656 ± 0.042, respectively. The values 734 

of G in Beijing were larger than those in Fukuoka throughout the year. The annual 735 

means of ext in Fukuoka and Beijing were 1.555 ± 0.312 and 0.855 ± 0.347, 736 

respectively. G and ext were inversely related. In Fukuoka, the volume fraction of 737 
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coarse and fine mode Vf and Vc were approximately 80% and 20%, respectively. In 738 

Beijing, Vf and Vc were approximately equal except in the summer, when Vf was 739 

somewhat large. As demonstrated by the behavior of G and ext, coarse particles were 740 

present throughout the year in Beijing. The annual means of abs in Fukuoka and 741 

Beijing were 1.106 ± 0.155 and 0.977 ± 0.147, respectively. The most characteristic 742 

features is that the frequency distribution of abs demonstrates that aerosols with abs < 743 

1.0 were frequently observed in both cities. This cannot be explained by the simple 744 

external mixture of absorbing aerosols such as fresh black carbon (abs  1.0), biomass 745 

burning aerosols (abs > 1.0), and dust aerosols (abs > 1.0). In both cities, abs showed 746 

clear seasonal variation: it was small in the summer and large in the winter. 747 

The relationships among ext, abs, the volume size distribution and ImRf were also 748 

investigated. In both Fukuoka and Beijing, as abs decreased, Vc increased. The volume 749 

size distribution was bimodal for ext < 1 and monomodal for ext > 1.0. In both cities, 750 

as abs decreased, the ImRF decreased. Considering the particle size distribution, these 751 

relationships could be partially explained by internally mixed particles such as the 752 

coated sphere model. The relationships between ext and the ImRF in the two cities 753 

were similar. The difference between both cities inferred to be due to the difference in 754 

particle size distribution and aerosol compositions. 755 

The data were roughly divided into bins according to the value of Cext, and the 756 

relationships among the SSA, ext, and abs were investigated. The SSA values on the 757 



 

40 
 

2-dimensional table of ext, and abs showed that they depended on the particle size 758 

distribution and the aerosol compositions.  759 

Two case studies were conducted to demonstrate the usefulness of the data. During 760 

the winter in Beijing, it was shown that as the amount of air pollution increases, the 761 

physical characteristics (particle size distribution) and optical properties of the aerosol 762 

changed. During the spring in Fukuoka, it was shown that the aerosol characteristics in 763 

the range of Cext > 200 Mm−1 differed from those in the range of Cext < 200 Mm−1 764 

depending on the air mass transported. 765 

The optical properties in Fukuoka and Beijing were investigated by simultaneously 766 

analyzing data from both locations. We were able to show some aerosol characteristics 767 

in both cities. The ext is an index of the size distribution, and the abs is dependent on 768 

the absorbing components. These parameters were useful parameters for characterizing 769 

aerosol properties. Using the data obtained in this study, more advanced data analysis 770 

can be conducted in the future with the support of meteorological data or other 771 

supplementary information. Because the optical properties of aerosols depend on their 772 

composition, mixing state, shape, and refractive index, it is necessary to 773 

simultaneously measure these parameters to understand the aerosol optical properties. 774 
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Table 3 Aerosol optical properties measured in Beijing. 925 

Table 4 Frequency with which each region had the longest resident time for air masses 926 

reaching Fukuoka. The resident time is defined as the time an air mass stays in a given 927 

region within the five days prior to it arriving in the target city. Frequencies were 928 

calculated each month after backward trajectory analysis. 929 

Table 5 Same as Table 4 for Beijing. 930 

Table 6 Relationships among 0, ext, and abs in Fukuoka. 931 

Table 7 Same as Table 6 for Beijing. 932 

 933 

Figure captions 934 

Fig. 1 (a) Map of East Asia. Fukuoka, Beijing, and other large cities are shown. 935 

 (b) Map of East Asia showing the nine regions considered in backward trajectory 936 

analysis. (1) North Continent, (2) West China, (3) East China, (4) Korea, (5) East 937 
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China Sea, (6) Japan, (7) Southeast Asia, (8) West Pacific, (9) outside. 938 

 939 

Fig. 2 Time series of monthly mean scattering and absorption coefficients with 940 

standard deviations in (a) Fukuoka and (b) Beijing. Normalized frequency 941 

distributions of extinction coefficients for every season in (c) Fukuoka and (d) 942 

Beijing. Normalized frequency distributions of absorption coefficients for every 943 

season in (e) Fukuoka and (f) Beijing. Winter, spring, summer, and autumn are 944 

defined as December–February, March–May, June–August, and September–945 

November, respectively. The frequency distributions shown here are normalized to 946 

1. 947 

 948 

Fig. 3 Same as Fig. 2 for the SSA 0 at a wavelength of 525 nm.  949 

Fig. 4 Same as Fig. 2 for the absorption Ångström exponent abs. 950 

Fig. 5 Scatter plot of the extinction and absorption Ångström exponents ext and abs in 951 

(a) Fukuoka and (b) Beijing. 952 

Fig. 6 Volume size distributions for abs bins in (a) Fukuoka and (b) Beijing. A dashed 953 

line indicates that fewer than 25 data points were obtained for that bin. The total 954 

numbers of data points in Fukuoka and Beijing are approximately 44000 and 36000, 955 

respectively. 956 

Fig. 7 Volume size distributions for ext bins in (a) Fukuoka and (b) Beijing. Dashed 957 
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lines indicate that fewer than 25 data points were obtained for that bin. 958 

Fig. 8 Relationship between abs and ImRF in (a) Fukuoka and (b) Beijing. Dashed 959 

lines indicate bins with fewer than 25 data points. 960 

Fig. 9 Relationship between ext and ImRF in (a) Fukuoka and (b) Beijing. Dashed 961 

lines indicate bins with fewer than 25 data points. 962 

Fig. 10 Relationships between aerosol characteristics and the extinction coefficient 963 

during the winter in Beijing. (a) SSA at wavelengths of 450, 525, and 635 nm. (b) 964 

Asymmetry factor. (c) Extinction Ångström exponent. (d) Absorption Ångström 965 

exponents for all wavelengths, wavelengths shorter than 520 nm, and wavelengths 966 

longer than 590 nm. (e) Fine and coarse mode volume fractions. 967 

Fig. 11 Same as 10 for the spring in Fukuoka. 968 
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Table 1 Monthly and annual means of aerosol properties in Fukuoka 969 

Month 1 2 3 4 5 6 7 8 9 10 11 12 
Annual
mean 

Cext (525 nm) 90.4 77.7 93.0 82.7 115.3 60.9 56.6 57.3 54.2 63.7 75.9 67.3 74.6 

SD 61.1 63.2 62.4 45.1 71.4 40.1 49.4 46.8 34.2 42.6 58.7 45.9 52.9 

Csca (525 nm) 79.8 68.5 84.2 74.1 105.6 53.8 50.6 50.5 46.0 54.9 66.8 58.6 66.1 

SD 55.8 57.4 58.1 41.1 66.7 36.6 46.3 43.7 30.2 38.0 53.3 40.7 48.4 

Cabs (520 nm) 9.9 8.5 8.8 8.4 9.5 7.0 5.6 6.2 7.6 8.7 9.0 8.3 8.1 

SD 6.2 6.2 5.4 4.6 5.3 4.4 3.9 4.0 4.7 5.6 6.6 5.9 5.3 

0 (525 nm) 0.880 0.876 0.898 0.895 0.910 0.869 0.880 0.863 0.850 0.855 0.874 0.871 0.877 

SD 0.047 0.053 0.039 0.034 0.032 0.062 0.065 0.075 0.063 0.053 0.049 0.050 0.053 

G (525 nm) 0.605 0.599 0.601 0.579 0.588 0.603 0.595 0.608 0.606 0.600 0.606 0.600 0.599 

SD 0.041 0.048 0.032 0.037 0.047 0.035 0.036 0.048 0.043 0.033 0.039 0.037 0.040 

ext 1.509 1.509 1.543 1.724 1.641 1.514 1.574 1.491 1.499 1.565 1.524 1.564 1.555 

SD 0.336 0.395 0.261 0.282 0.371 0.274 0.281 0.370 0.326 0.249 0.288 0.268 0.312 

abs 1.184 1.170 1.138 1.192 1.100 1.040 0.939 0.955 1.051 1.133 1.173 1.196 1.106 

SD 0.121 0.136 0.118 0.142 0.180 0.162 0.233 0.193 0.154 0.140 0.120 0.121 0.155 

abs_sw 1.212 1.167 1.099 1.142 1.036 0.998 0.898 0.924 1.02 1.124 1.195 1.227 1.087 

SD 0.169 0.179 0.161 0.189 0.217 0.200 0.243 0.218 0.188 0.182 0.171 0.170 0.192 

abs_lw 1.216 1.213 1.198 1.256 1.176 1.110 1.014 1.029 1.109 1.176 1.203 1.225 1.161 

SD 0.108 0.124 0.108 0.135 0.174 0.149 0.247 0.196 0.150 0.123 0.108 0.108 0.150 

Vf 0.781 0.765 0.800 0.858 0.806 0.807 0.829 0.801 0.806 0.828 0.806 0.821 0.809 

SD 0.151 0.183 0.111 0.093 0.137 0.122 0.106 0.150 0.130 0.096 0.117 0.106 0.128 

Vc 0.219 0.235 0.200 0.142 0.194 0.193 0.171 0.199 0.194 0.172 0.194 0.179 0.191 

SD 0.151 0.183 0.111 0.093 0.137 0.122 0.106 0.150 0.130 0.096 0.117 0.106 0.128 

No. of data 3773 3333 4317 4205 4388 2713 3055 3417 4088 3431 3638 3915  
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 970 

SD: standard deviation 971 

Cext (525 nm): extinction coefficient at a wavelength of 525 nm in units of Mm−1 972 

Csca (525 nm): scattering coefficient at a wavelength of 525 nm in units of Mm−1 973 

Cabs (520 nm): absorption coefficient at a wavelength of 525 nm in units of Mm−1 974 

0 (525 nm): single-scattering albedo at a wavelength of 525 nm 975 

G (525 nm): asymmetry factor at a wavelength of 525 nm 976 

ext: Ångström exponent for extinction coefficients 977 

abs: Ångström exponent for absorption coefficients 978 

abs_sw: Ångström exponent for absorption coefficients at wavelengths shorter than 520 nm 979 

abs_lw: Ångström exponent for absorption coefficients at wavelengths longer than 520 nm 980 

Vf: fine volume fraction (fraction of particles with radii less than 0.5 m) 981 

Vc: coarse volume fraction (fraction of particles with radii greater than 0.5 m; Vc = 1.0 − Vf) 982 

Annual mean is the mean of monthly means. 983 

984 
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Table 2 Same as Table 1 for Beijing. 985 

Month 1 2 3 4 5 6 7 8 9 10 11 12 Annual
mean 

Cext (525 nm) 359.6 894.6 365.6 291.2 277.0 393.7 317.8 193.4 381.6 646.1 427.5 396.9 412.1 

SD 385.9 921.9 409.9 300.6 231.7 322.0 240.7 164.2 354.1 709.8 459.6 477.3 462.6 

Csca (525 nm) 317.6 820.9 326.6 258.7 245.7 354.6 285.9 162.2 337.1 583.8 373.0 340.1 367.2 

SD 347.1 854.9 374.9 274.9 213.0 301.2 227.6 145.7 323.1 661.0 411.5 417.2 424.4 

Cabs (520 nm) 39.9 66.5 38.8 30.9 30.4 38.3 31.7 30.4 42.0 59.8 52.1 48.1 42.4 

SD 38.4 58.3 37.2 25.2 20.6 23.4 18.3 19.6 30.5 50.0 49.1 49.2 37.5 

0 (525 nm) 0.873 0.904 0.877 0.873 0.871 0.879 0.879 0.811 0.861 0.871 0.855 0.856 0.868 

SD 0.031 0.028 0.037 0.044 0.051 0.045 0.059 0.069 0.051 0.049 0.042 0.038 0.047 

G (525 nm) 0.654 0.647 0.656 0.654 0.664 0.667 0.670 0.646 0.662 0.661 0.645 0.648 0.656 

SD 0.034 0.044 0.047 0.051 0.045 0.043 0.038 0.044 0.030 0.035 0.040 0.043 0.042 

ext 0.742 0.889 0.896 0.912 0.895 0.882 0.796 0.992 0.904 0.860 0.781 0.716 0.855 

SD 0.269 0.420 0.376 0.399 0.419 0.367 0.388 0.365 0.258 0.232 0.318 0.275 0.347 

abs 1.118 1.199 1.060 0.993 0.933 0.867 0.815 0.860 0.867 0.923 1.023 1.068 0.977 

SD 0.145 0.171 0.145 0.154 0.148 0.143 0.163 0.138 0.135 0.153 0.135 0.129 0.147 

abs_sw 1.242 1.312 1.126 1.007 0.899 0.815 0.754 0.810 0.830 0.925 1.092 1.180 0.999 

SD 0.253 0.293 0.212 0.200 0.179 0.163 0.193 0.151 0.168 0.195 0.202 0.219 0.206 

abs_lw 1.093 1.181 1.048 1.001 0.962 0.913 0.863 0.903 0.904 0.941 1.016 1.047 0.989 

SD 0.106 0.115 0.125 0.140 0.136 0.138 0.152 0.133 0.121 0.134 0.117 0.104 0.128 

Vf 0.401 0.442 0.506 0.455 0.488 0.463 0.457 0.522 0.438 0.388 0.413 0.401 0.448 

SD 0.212 0.274 0.254 0.236 0.226 0.220 0.239 0.231 0.185 0.189 0.232 0.230 0.229 

Vc 0.599 0.558 0.494 0.545 0.512 0.537 0.543 0.478 0.562 0.612 0.587 0.599 0.552 

SD 0.212 0.274 0.254 0.236 0.226 0.220 0.239 0.231 0.185 0.189 0.232 0.230 0.229 

No. of data 2480 2437 3497 2998 4257 4640 3952 2468 2859 3051 2356 2323  

986 
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Table 3 Aerosol optical properties measured in Beijing 987 

Site Period Csca Cabs SSA Instrumentation Reference

PKU, 

Beijing 

1 week in June 

1999 

488 ± 40 

(530 nm) 

83 ± 40 

(565 nm) 

0.81 ± 0.08 

(550 nm) 

PSAP,  

M903 

Bergin et al. 

(2001) 

SDZ, Beijing 

(rural) 

September 2003 

– January 2005

174.6 ± 189.1 

(525 nm) 

17.54 ± 3.44 

(525 nm) 

0.88 

(550 nm) 

AE31, 

M9003 

Yan et al. (2009)

Beijing (rural) March 2005 468 ± 472 

(550 nm) 

65 ± 75 

(550 nm) 

0.81–0.85 PSAP,     

TSI Model 3563 

Li et al. (2007) 

Beijing (rural) 11 August – 

9 September 

2006  

361 ± 295 

  (550 nm) 

51.8 ± 36.5 

(532 nm) 

0.86 ± 0.07 PAS,   

TSI Model 3563 

Garland et al. 

(2009) 

PKU,  

Beijing 

January 2005 – 

December 2006 

288 ± 281 

  (525 nm) 

56 ± 49 

(532 nm) 

0.80 ± 0.09 

(525 nm) 

AE16, 

M9003 

He et al. (2009) 

IAP,  

Beijing 

March 2010 – 

February 2014 

367.2 ± 424.4 

(525 nm) 

42.4 ± 37.5 

 (520 nm) 

0.868 ± 0.047 

 (525 nm) 

AE31, 

Aurora3000 

Present study 

PKU: Peking University 988 

SDZ: Shangdianzi Global Atmosphere Watch (GAW) Regional Station 989 

IAP: Institute of Atmospheric Physics 990 

PSAP: Particle Soot Absorption Photometer (Radiance Research, USA) 991 

M903: integrating nephelometer (Radiance Research, USA) 992 

AE31, AE16: aethalometer (Magee Scientific, USA) 993 

M9003: integrating nephelometer (Acoem, Australasia) 994 

TSI Model 3563: integrating nephelometer (TSI, USA) 995 

PAS: photoacoustic spectrometer (Desert Research Institute, USA) 996 

Aurora 3000: integrating nephelometer (Acoem, Australasia) 997 
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Table 4 Frequency with which each region had the longest resident time for air masses reaching Fukuoka.  998 

The resident time is defined as the time an air mass stays in a given region within the five days prior to it arriving in the target city.  999 

Frequencies were calculated each month after backward trajectory analysis. 1000 

 Month 1 2 3 4 5 6 7 8 9 10 11 12 All

1 North Continent 1319 993 1049 835 389 57 4 42 275 604 973 1278 7818

2 West China 6 5 5 0 1 0 0 0 0 3 12 2 34

3 East China 143 124 147 110 106 41 116 44 38 103 172 171 1315

4 Korea 179 169 159 130 221 78 99 101 90 187 187 140 1740

5 East China Sea 36 81 135 157 239 450 480 381 101 32 70 79 2241

6 Japan 156 242 282 496 742 773 275 610 1036 886 353 146 5997

7 Southeast Asia 0 0 0 0 3 126 317 136 19 0 0 0 601

8 West Pacific Ocean 7 20 31 62 155 267 569 545 237 43 0 4 1940

9 (outside) 14 64 52 10 4 8 0 1 4 2 33 40 232

  1860 1698 1860 1800 1860 1800 1860 1860 1800 1860 1800 1860 21918

    : most frequent   : second most frequent      

 1001 

1002 
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Table 5 Same as Table 4 for Beijing. 1003 

 Month 1 2 3 4 5 6 7 8 9 10 11 12 All

1 North Continent 819 705 794 612 538 251 202 228 338 569 701 842 6599

2 West China 29 26 27 4 4 2 0 0 2 13 58 40 205

3 East China 268 288 292 449 551 711 895 867 740 534 312 224 6131

4 Korea 0 0 0 7 10 66 5 21 0 0 3 0 112

5 East China Sea 0 0 0 2 13 40 9 0 0 0 0 0 64

6 Japan 0 0 0 2 0 10 0 0 0 0 0 0 12

7 Southeast Asia 0 0 0 0 0 0 0 0 0 0 0 0 0

8 West Pacific Ocean 0 0 0 0 0 0 5 0 0 0 0 0 5

9 (outside) 0 1 3 4 0 0 0 0 0 0 6 10 24

  1116 1020 1116 1080 1116 1080 1116 1116 1080 1116 1080 1116 13152

   : most frequent  : second most frequent     

 1004 
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Table 6 Relationships among 0, ext, and abs in Fukuoka. 1005 

Cells where fewer than 10 data points were collected are not colored. −99 indicates no data.  1006 

The number in parentheses is the number of data. The total number of data points is approximately 44,000. 1007 

(a) Cext = 1–25 Mm−1        

abs/ext  −0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0  0 

 0.2–0.4 0.887 (  19) 0.917 (  22) 0.914 (  40) 0.932 (  21)  0.813 (   2) −99 (   0)   0.95–1.00 

 0.4–0.6 0.834 (  50) 0.862 (  48)  0.888 (  40) 0.918 (  25)  0.945 (   2) −99 (   0)   0.90–0.95 

0.6–0.8 0.843 ( 123) 0.798( 185) 0.850 ( 141) 0.903 (  51) 0.910 (   1) 0.891 (   1)  0.85–0.90 

0.8–1.0 0.828 (  87) 0.821 ( 469) 0.824 (840) 0.863 ( 209) 0.901 (  17) 0.849 (   3)  0.80–0.85 

1.0–1.2 0.837 (  16) 0.851 ( 238) 0.834 (1360) 0.841 ( 945) 0.876 (  50) 0.695 (   3)  0.75–0.80 

1.2–1.4 0.841 (   7) 0.854 (  20) 0.850 ( 299) 0.840 ( 809) 0.835 ( 115) 0.819 (   3)  0.70–0.75 

 1.4–1.6 0.743 (   2) 0.922 (   1) 0.844 (  19) 0.847 (  68)  0.829 (  44) 0.720 (   5)      <0.70 

 1008 

(b) Cext = 25–100 Mm−1        

abs/ext  −0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0   

 0.2–0.4 −99 (   0) −99 (   0) 0.955 (   8) 0.959 (   7) −99 (   0) −99 (   0)   

 0.4–0.6 0.951 (   5) 0.865 (   6) 0.948 (  32) 0.945 (  80) 0.950 (  15) −99 (   0)   

 0.6–0.8 0.908 (   2) 0.892 (  51)  0.931 ( 296) 0.934 ( 274) 0.945 (  43) −99 (   0)   

 0.8–1.0 0.945 (  11) 0.887 ( 267)  0.865 (1610) 0.900 (1436) 0.934 ( 111) −99 (   0)   

 1.0–1.2 0.928 (   9) 0.908 ( 296)  0.865 (4143) 0.868 (6968) 0.898 ( 342) −99 (   0)   

 1.2–1.4 0.965 (   1) 0.925 (  43)  0.882 ( 975) 0.864 (6540) 0.882 (1254) 0.881 (   5)   

 1.4–1.6 0.877 (   1) 0.926 (   1)  0.902 (  21) 0.869 ( 444) 0.872 ( 428) 0.875 (   6)   

 1009 
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 1010 

(c) Cext = 100–1000 Mm−1        

abs/ext  −0.5–0.5 0.5–1.0  1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0   

 0.2–0.4 −99 (   0) −99 (   0) 0.960 (   1) 0.977 (   2) −99 (   0) −99 (   0)   

 0.4–0.6 −99 (   0) −99 (   0) 0.955 (  21) 0.957 (  58) 0.955 (   3) −99 (   0)   

 0.6–0.8 0.891 (  27) 0.940 (  91) 0.946 ( 223) 0.947 ( 363) 0.962 (   7) −99 (   0)   

 0.8–1.0 0.926 (  31) 0.919 ( 394) 0.925 (1197) 0.927 ( 842) 0.937 (  11) −99 (   0)   

 1.0–1.2 0.934 (  39) 0.925 ( 298) 0.906 (2564) 0.896 (3086) 0.917 (  71) −99 (   0)   

 1.2–1.4 0.933 (  13) 0.943 (  33) 0.901 ( 337) 0.884 (2203) 0.886 ( 131) −99 (   0)   

 1.4–1.6 0.953 (  12) 0.953 (   4) 0.901 (   5) 0.882 ( 119) 0.879 (  45) −99 (   0)   

 1011 

(d) Cext = 1000–5000 Mm−1        

abs/ext  −0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0   

 0.2–0.4 −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

 0.4–0.6 −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

 0.6–0.8 −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

 0.8–1.0 −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

 1.0–1.2 0.873 (   1) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

 1.2–1.4 −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

 1.4–1.6 −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)   

  1012 



 

3 
 

Table 7 Same as Table 6 for Beijing. 1013 

Cells where fewer than 10 data points were collected are not colored. −99 indicates no data.  1014 

The number in parentheses is the number of data. The total number of data points is approximately 36,000. 1015 

(a) Cext = 1–25 Mm−1         

abs/ext  –0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0   0 

 0.2–0.4 0.855 (   7) −99 (   0) −99 (   0) −99 (   0) −99 (   0) −99 (   0)    0.95−1.00 

 0.4–0.6 0.824 (  36) 0.768 (  16) −99 (   0) −99 (   0) −99 (   0) −99 (   0)    0.90–0.95 

 0.6–0.8 0.842 ( 106) 0.773 (  70) 0.828 (   8) −99 (   0) −99 (   0) −99 (   0)    0.85–0.90 

 0.8–1.0 0.852 ( 103) 0.809 ( 146) 0.853 (  12) −99 (   0) −99 (   0) −99 (   0)    0.80–0.85 

 1.0–1.2 0.859 (  31) 0.835 (  41) 0.855 (  22) −99 (   0) −99 (   0) −99 (   0)    0.75–0.80 

 1.2–1.4 0.904 (   6) 0.799 (   3) 0.852 (   3) −99 (   0) −99 (   0) −99 (   0)    0.70–0.75 

 1.4–1.6 0.911 (   2) 0.869 (   1) 0.886 (   1) −99 (   0) −99 (   0) −99 (   0)       <0.70 

 1016 

(b) Cext = 25–100 Mm−1         

abs/ext  −0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0  2.0–2.5  2.5–3.0   

 0.2–0.4 0.814 (   8) 0.979 (   1) −99 (   0) −99 (   0) −99(   0) −99 (   0)    

 0.4–0.6 0.845 ( 154) 0.851 (   9) 0.765 (   6) −99 (   0) −99(   0) −99 (   0)    

 0.6–0.8 0.854 ( 784) 0.814 ( 387) 0.798 (  60) −99 (   0) −99(   0) −99 (   0)    

 0.8–1.0 0.869 (1278) 0.833 (1671) 0.789 ( 774) 0.814 (  15) −99(   0) −99 (   0)    

 1.0–1.2 0.878 ( 510) 0.853 (1409) 0.815 (1062) 0.811 (  78) 0.620 (   1) −99 (   0)    

 1.2–1.4 0.892 (  56) 0.865 ( 304) 0.854 ( 246) 0.807 (  26) 0.700 (   1) −99 (   0)    

 1.4–1.6 0.868 (   6) 0.881 (  40) 0.888 (  28) −99 (   0) −99(   0) 0.717 (   1)    

 1017 

 1018 
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 1019 

(c) Cext = 100–1000 Mm−1        

abs/ext  −0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0   

 0.2–0.4 0.843 (   1) 0.923 (   2) 0.958 (   2) −99 (   0) −99 (   0) −99 (   0)    

 0.4–0.6 0.904 (  73) 0.909 (  87) 0.903 (  18) 0.915 (   2) −99 (   0) −99 (   0)    

 0.6–0.8 0.890 ( 399) 0.883 (2172) 0.875 ( 996) 0.865 (   1) −99 (   0) −99 (   0)    

 0.8–1.0 0.903 ( 373) 0.869 (4503) 0.861 (3474) 0.831 (  98) −99 (   0) −99 (   0)    

 1.0–1.2 0.913 ( 223) 0.864 (2833) 0.870 (4069) 0.836 ( 354) −99 (   0) −99 (   0)    

 1.2–1.4 0.931 (  90) 0.863 ( 667) 0.882 (1398) 0.868 ( 219) −99 (   0) −99 (   0)    

 1.4–1.6 0.946 (  43) 0.874 (  58) 0.887 ( 185) 0.915 (  42) −99 (   0) −99 (   0)    

 1020 

(d) Cext = 1000–5000 Mm−1        

abs/ext  −0.5–0.5 0.5–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0   

 0.2–0.4 −99 (   0) 0.974 (   1) −99 (   0) −99 (   0) −99 (   0) −99 (   0)    

 0.4–0.6 0.917 (   6) 0.945 (  69) −99 (   0) −99 (   0) −99 (   0) −99 (   0)    

 0.6–0.8 0.931 ( 156) 0.928 ( 664) 0.930 (  18) −99 (   0) −99 (   0) −99 (   0)    

 0.8–1.0 0.925 ( 356) 0.915 ( 971) 0.907 (  55) −99 (   0) −99 (   0) −99 (   0)    

 1.0–1.2 0.923 ( 249) 0.905 ( 814) 0.891 ( 259) 0.934 (   1) −99 (   0) −99 (   0)    

 1.2–1.4 0.923 (  13) 0.906 ( 148) 0.904 (  91) 0.921 (   2) −99 (   0) −99 (   0)    

 1.4–1.6 0.879 (   1) 0.920 (   7) 0.920 (  17) 0.918 (   8) −99 (   0) −99 (   0)    

 1021 
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