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Aerosol optical and microphysical parameters from severe haze events observed in October 2005 at Gwangju, Korea (35.10 N, 126.53 E) were determined from the ground using a multi-wavelength Raman lidar, a sunphotometer, and a real-time carbon particle analyzer and from space using satellite retrievals. Two different aerosol types were identiﬁed based on the variability of optical characteristics for different air mass conditions. Retrievals of microphysical properties of the haze from the Raman lidar indicated distinct light-absorbing characteristics for different haze aerosols originating from eastern and northern China (haze) and eastern Siberia (forest-ﬁre smoke). The haze transported from the west showed moderately higher absorbing characteristics (SSA ¼ 0.90  0.03, 532 nm) than from the northern direction (SSA ¼ 0.96  0.02). The organic/elemental carbon (OC/EC) ratio varied between 2.5  0.4 and 4.1  0.7. Ó 2008 Elsevier Ltd. All rights reserved.
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1. Introduction East Asia is one of the major source regions in the world of anthropogenic aerosols originating from fossil fuel combustion and natural aerosols such as mineral dust. Smoke from forest ﬁres in Siberia is an additional source of aerosols in East Asia (Lee et al., 2005). Due to the combined effect of the expansion of arid dustproducing regions, increasing regional populations, and increasing fossil fuel usage in China, the aerosol burden in the region is expected to continuously increase into the future (Luo et al., 2001; Lee et al., 2006a,b). Korea is located in the downwind area of the Asian continent and is often affected by long-range transported aerosols such as Asian dust, forest-ﬁre smoke, and anthropogenic aerosols under westerly wind conditions (Chun et al., 2001; Park and Kim, 2004; Ryu et al., 2004; Lee et al., 2006a,b). Determination of the optical and microphysical properties of various atmospheric aerosols transported to the Korean peninsula is important in order to estimate their effects on air quality and climate change in the region. A number of studies focusing on transport characteristics as well as optical and chemical properties of Asian dust particles have been conducted (Huebert et al., 2003; Murayama et al., 2003;
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Arimoto et al., 2006). For aerosol monitoring in East Asia, satellite data can provide useful information on the spatial and temporal distributions of atmospheric aerosols (Lee et al., 2006a,b, 2007). Ground-based measurements of particulate matter (PM) give continuous information about its optical and physical characteristics (Kim et al., 2004; Kim, 2007). Information on the vertical distribution of aerosols is important for understanding its transport characteristics as well as its radiative effect. The Raman lidar can directly measure vertical proﬁles of the particle extinction coefﬁcient without assuming a lidar ratio, unlike so-called elastic lidars. Raman lidars have been used to measure vertical proﬁles of tropospheric aerosol optical properties in different parts of the world (Wandinger et al., 1995; Ansmann et al., 2000; Mu¨ller et al., 2000b, 2003; Ferrare et al., 2001; Matthias et al., 2004). For example, Murayama et al. (2004) investigated optical and microphysical properties of Siberian forest-ﬁre smoke plumes in the free troposphere using a multi-wavelength Raman lidar in Tokyo, Japan. Noh et al. (2007, 2008) studied the lidar ratio characteristics of various aerosols using a Raman lidar in Korea. Although some Raman lidar measurements from a few select locations in Asia exist, there is still a dearth of such measurements concerning aerosol optical and microphysical properties in East Asia. The main objective of this paper is to investigate the optical and microphysical characteristics of atmospheric aerosols
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observed under severe haze conditions during October 2005 in Gwangju, Korea. Integrated monitoring of atmospheric aerosols using a multi-wavelength Raman lidar, satellite retrievals, a sunphotometer, and a real-time carbon particle analyzer was performed. In this study, satellite data were used to track the haze plume and to determine its aerosol optical depth over the northeast-Asian region. Sunphotometer data were used to detect temporal variations in aerosol optical depth (AOD) during the observation periods. In addition to the vertical distribution, optical and microphysical properties of the haze plume were also retrieved from an inversion algorithm using the multi-wavelength Raman lidar data. Continuous real-time measurements of organic and elemental carbon (OC and EC) concentrations were also made to characterize the differences in the aerosol chemistry of the observed haze particles. 2. Measurements Integrated monitoring of atmospheric aerosols was performed at the campus of the Gwangju Institute of Science & Technology (GIST) located in Gwangju, Korea (35.10 N, 126.53 E) from 15 to 28 October 2005. The GIST multi-wavelength Raman lidar system (Noh et al., 2007) was used to measure vertically resolved particle backscatter coefﬁcients, extinction coefﬁcients, and extinction-to-backscatter (lidar) ratios based on the methodology described by Ansmann et al. (1990, 1992). Particle extinction coefﬁcients can be retrieved by the GIST Raman lidar system above 780 m and 540 m at measurement wavelengths of 355 nm and 532 nm, respectively. Overlap functions were retrieved using the method described by Wandinger and Ansmann (2002). Extinction proﬁles at 355 and 532 nm were derived from the nitrogen Raman signals. Sliding average of 360-m length below 2400 m altitude and 600-m length above 2400 m altitude were applied to the range-corrected nitrogen Raman signals. Detailed descriptions of signal summation and averaging length are presented by Noh et al. (2007, 2008). The effect of incomplete overlap between the outgoing laser beams and the receiver telescopes is canceled out for proﬁles of the backscatter coefﬁcients because the ratio of two signals, elastic backscattering from particles and molecules and the nitrogen Raman signals, is taken (Ansmann et al., 1992). Thus the backscatter coefﬁcient measurement is reliable down to 120 m altitude for the lidar system used in this study. Backscatter coefﬁcient at 1064 nm was calibrated using size-independent backscattering characteristics of high altitude ice-crystal cloud between 532 and 1064 nm wavelengths. The uncertainty of measurement less than 10% was obtained for 1064 nm backscattering coefﬁcient by calibration. The statistical errors of the retrieved extinction and backscatter coefﬁcients were estimated to be 


for the inversion algorithm. The particle single-scattering albedo (SSA) at 532 nm was calculated using a Mie-scattering algorithm (Bohren and Huffman, 1983). The volume concentration distribution and the mean (wavelength-independent) complex refractive index are retrieved with the inversion algorithm (Mu¨ller et al., 1999a). The volume concentration distribution is determined from Eq. (1),



gi ðlÞ ¼



Z



rmax rmin



3 Ki ðr; m; l; sÞ vðrÞ dr; 4r



gi ¼ a; b



(1)



where gi(l) denotes the extinction coefﬁcient a or the backscatter coefﬁcient b at wavelength l, v(r) describes the volume concentration of particles per radius interval dr, and Ki(r, m, l, s) is the kernel efﬁciency of extinction or backscattering for single particles. The efﬁciencies depend on the radius r of the particles, on their complex refractive index m, on the wavelength l of the interacting light, and on the shape s of the particles. We solve this equation on the basis of inversion with regularization. We use base function approximate the investigated particle size distributions. The base functions are B-splines of ﬁrst order, i.e. they have a triangular shape on a semi-logarithmic scale. The numerical solution of equation (1) provides weight factors which are needed to derive the size distribution with the base functions. In the solution process, the constraint of smoothness of the retrieved volume concentration distribution serves as a regularization parameter for stabilizing the inverse problem (Mu¨ller et al., 1999a,b). The degree of this regularization is determined with the modiﬁed minimum discrepancy principle (Veselovskii et al., 2002). Four-hundred inversion windows of variable width are deﬁned through variation of the lower and upper limits of the base function range: from 0.01 to 0.2 mm (rmin) and from 1 to 10 mm (rmax), respectively. The base functions are distributed logarithmically equidistant within the inversion windows (Mu¨ller et al., 1999a,b). The inversion is performed for every window and for a grid of wavelength- and sizeindependent complex refractive indices that vary from 1.33 to 1.8 in real and from 0 to 0.1 in imaginary part. In the ﬁnal step, from the individual inversion solutions only those are selected, for which the back-calculated optical data agree with the original data within the limits of the measurement error. The mean particle size in terms of the effective radius and integral particle parameters, i.e. the total volume, surface-area, and number concentrations, are calculated from the selected solutions, and their mean values and standard deviations are presented as ﬁnal inversion results. In this way, one also obtains a range of complex refractive indices. The single-scattering albedo is then calculated from the volume concentration distribution and the mean complex refractive index. Extended simulation studies (Veselovskii et al., 2002) show that an appropriate reconstruction of the volume distribution and mean complex refractive index is found from the ﬁve optical data (backscatter coefﬁcient at 355, 532, 1064 nm and extinction coefﬁcient at 355 and 532 nm) derived with our lidar system. Error analysis for the inversion results was discussed in detail by Mu¨ller et al. (1999a,b) and Veselovskii et al. (2002). An error analysis, which followed from simulations with synthetic as well as experimental data, showed that for realistic measurement errors of 20% the effective radius may be retrieved with an accuracy of 20–30%, volume and surface-area concentration with an accuracy of 50%. With respect to the complex refractive index its real part deviated by less than 0.05, and its imaginary part by less than 50%, from the correct value (Mu¨ller et al., 1999a). During the periods of the lidar observations, physical, chemical and optical properties of aerosols were also measured with in-situ instruments at the surface. The hygroscopic growth factor (f(RH)),
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deﬁned as the light scattering coefﬁcient of humidiﬁed aerosols divided by that of dry aerosols, was determined from the following equation:



f ðRHÞ measured ¼



bscat ðRHÞ bscat ðdry PM2:5 Þ þ 0:3½CM



where bscat(RH) is the aerosol light scattering coefﬁcient measured by an open chamber nephelometer at ambient humidity level, bscat(dry PM2.5) represents the dry PM2.5 aerosol light scattering coefﬁcient measured by a size-cut nephelometer, and [CM] is the coarse mass. For comparison with ambient bscat, the CM dry mass scattering efﬁciency of 0.3 m2 g1 is used here, which is 50% lower than the Interagency Monitoring of Protected Visual Environments (IMPROVE, 2000) value of 0.6 m2 g1. This reﬂects the inability of the nephelometer to detect all of the light scattered forward by coarse particles (Molena, 1997; Ryan et al., 2005). Organic carbon (OC) and elemental carbon (EC) compositions of aerosol particles collected on quartz-ﬁber ﬁlters was measured with a Sunset Laboratory semi-continuous organic carbon/elemental carbon (OC/EC) analyzer using thermal-optical transmittance (TOT) protocol for pyrolysis correction (Kim et al., 2006a,b). The detailed sampling and analysis processes were described by Kim (2007). Radiosonde observations conducted four times (03:00, 09:00, 15:00, 21:00 local time) a day by the Korean Meteorological Administration (KMA) at Gwangju airport located about 5-km away from the lidar observation site provided the vertical proﬁles of pressure, relative humidity and potential temperature. MODerateresolution Imaging Spectro-radiometer (MODIS) satellite image was used to estimate the location and extent of haze plumes observed during the lidar observation period. The modiﬁed Bremen Aerosol Retrieval (BAER) method (von Hoyningen-Huene et al., 2003; Lee et al., 2005) was applied to MODIS Level-1 (L1) calibrated radiance data (collection 5) to retrieve the haze plume AODs. In this modiﬁed BAER, the seasonal minimum reﬂectance data were used in the surface reﬂectance determination (Lee et al., 2006a). Look up tables (LUTs) constructed by Santa Barbara Disort Atmospheric Radiative Transfer (SBDART) (Ricchiazzi et al., 1998) and aerosol optical properties from Aerosol Observation Network (AERONET) inversion products (Dubovik and King, 2000; Dubovik et al., 2002) were used to determine AOD from the aerosol reﬂectance. As the original version of BAER algorithm uses a spectral smoothing technique for the stability of multi-spectral dependent of AOD, this technique was also adopted to three visible bands (0.47, 0.55, 0.66 mm) of MODIS data acquired over land. The estimated error of MODIS aerosol retrieval used in this study was reported to be 12.5% (Lee et al., 2006b) and 0.11 AOT (Lee et al., 2007). Quality-assured Level 2.0 sunphotometer data at the Gwangju AERONET site were
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used for comparing optical depths derived from the satellite and the lidar observations, respectively. 3. Results 3.1. Integrated monitoring of haze plume Range-corrected, backscatter lidar signals acquired from the continuous measurement of aerosols from October 15 to 28, 2005 using an analog-to-digital converter (ADC) system (Noh et al., 2007) are shown in Fig. 1. No observations were made from October 21 to 24, 2005 due to precipitation and instrument problems. Fig. 1 shows that aerosols were mostly detected within the planetary boundary layer (1–2 km altitude) during the observation periods. Aerosol optical depths (AODs) at 440 nm were calculated from lidar-derived AOD at 532 nm and satellitederived AOD at 550 nm using the Ångstro¨m exponent determined from lidar and sunphotometer data measurements, respectively. Daily-averaged AERONET AOD, satellite-derived AOD, and lidar-derived AOD at 440 nm are plotted in Fig. 2 to show the temporal variations of aerosol loading during the observation period. Lidar and sunphotometer data were not available on October 20, 21, 23, and 28 due to precipitation and cloud cover. Twelve-hour average values of surface PM10 concentrations obtained by a beta gauge during the daytime (07:00–19:00, local time) and the nighttime (19:00–07:00, local time) are also plotted in Fig. 2. Concentrations increased from October 15 until nighttime of October 17 and decreased during a precipitation event which lasted from the night of October 20 to October 21. Concentrations then increased rapidly to a maximum value of 159 mg m3 on October 25th which corresponded to the date when the highest AOD value (2.28) was reached. AOD values retrieved by satellite during the daytime showed similar to or slightly higher values than those retrieved from the sunphotometer. Discrepancies between the two data sets must be resulted from the differences in spatial (satellite) and temporal (ground-based) dimensions. The variation in lidarderived AOD retrieved during the nighttime showed a similar temporal trend to that of the surface measured PM10 concentration. It seems that most of the aerosols were detected within the planetary boundary layer (PBL). Fig. 3 shows MODIS RGB (red, green, and blue) colour composite images of East Asia on October 17 and 24, 2005; they were created by mapping three MODIS visible bands centered at 660, 550, and 470 nm. A thick aerosol plume obscuring over East China and the Yellow Sea is seen in both images. Fig. 4 shows the MODIS-retrieved AOD at 550 nm obtained by the modiﬁed BAER algorithm (Lee et al., 2006a,b) for the lidar observation periods, i.e. October 15–19 and October 23–27, 2005. Areas where a cloud mask or sun-glint was
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Fig. 2. Aerosol optical depth at 440 nm measured with a sunphotometer (daytime) and satellite (daytime), Raman lidar (nighttime) as well as the 12 h average surface PM10 concentration. Gray background color denotes the period that the smoke aerosol was detected. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



present or areas where there was an orbital gap in the data are shown in white. High AOD values were consistently detected over East China during the observation period and the time series shows that haze aerosols were transported from East China to the Korean



peninsula on October 17, 24, and 25, 2005. AOD values retrieved from satellite data above the lidar site generally assume similar to or higher values than the sunphotometer AOD values as seen in Fig. 2. The NOAA/ARL Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT; Draxler and Rolph, 2003) was used to calculate the backward trajectories of air masses that reached the observation site (35.10 N, 126.53 E). The 5-day (120 h) backward trajectories of air masses at heights of 500, 1000, 2500 m were derived for 12:00 PM on each lidar observation day. HYSPLIT model calculation results for the arrival height of 2500 m (above PBL) show that on all observation days, the air mass was transported to the observation site from either the west or northwest region (East and Northeast China). However, the backward trajectory results for the arrival heights of 500 and 1000 m (within the PBL) show two different air mass movement patterns, as shown in Fig. 5. On most of the observation days, the air mass traveled from the northwest through East China to the observation site as shown in Fig. 5(a), resulting in the aerosol plume transport over the region of interest as shown in Fig. 4. On October 19, 26, and 27, 2005, air masses moved from the north through Siberia and north Korea to the observation site as shown in Fig. 5(b). Smoke aerosols due to forest ﬁres in southeastern Siberia occasionally cause episodic air pollution events in East-Asian regions (Lee et al., 2005). Fig. 6 shows the accumulated ﬁre spot counts obtained from the level 2 Terra/ MODIS thermal anomalies/ﬁre product (MOD14) (Kaufman et al., 1998) for the period of October 17–27, 2005. Although several ﬁre spots were detected in the Northeast China region, most of the ﬁre spots were detected in Northeastern Siberia. This strongly suggests that aerosols identiﬁed on October 19, 26, and 27, 2005 were affected by the transport of smoke aerosols originating from Siberia. 3.2. Optical and microphysical properties



Fig. 3. MODIS RGB color composite image on (a) October 17 and (b) October 24, 2005. Note that the aerosol plume extends from East China to the Korean peninsula. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)



Vertical proﬁles of extinction coefﬁcients at 355 and 532 nm, backscatter coefﬁcients at 355, 532 and 1064 nm, and lidar ratios, Sa at 355 and 532 nm acquired on October 24, 2005 are shown in Fig. 7(a–c). Lidar ratios below 780 m altitude denote average values estimated for the boundary layer in Fig. 7(c). The relative humidity and potential temperature proﬁles measured by radiosonde are included in Fig. 7(d). The slope of the relative humidity proﬁle and the potential temperature proﬁle were sharply changed around 1.5 km, which was identiﬁed as the top of the PBL located between 1.2 and 2.0 km. A haze plume was detected mostly within the PBL during the observation period as shown in Fig. 1. Layer-averaged values of the aerosol optical properties only above 780 m because of the incomplete overlap were subsequently used for the inversion. Optical parameters from each aerosol layer such as lidar ratio at 355 and 532 nm, and Ångstro¨m exponent, Å as well as relative humidity, RH are summarized in Table 1. Each layer was categorized as consisting of either anthropogenic or smoke aerosols according to the air mass pathway patterns shown in Fig. 5. Air masses that moved from East and Northeast China were categorized as anthropogenic aerosols. Air masses that came from the eastern Siberia areas and north Korea were classiﬁed as smoke aerosols. Lidar-ratio values between the two types of air masses showed little difference, although the average value from anthropogenic aerosols is smaller than that of smoke aerosols as summarized in Table 1. Similar lidar-ratio values were obtained for anthropogenic aerosols at the two measurement wavelengths; 55.9  2.5 sr and 58.2  3.8 sr at 355 and 532 nm, respectively. For smoke aerosols, higher average lidar-ratio values were observed at 532 nm (62.9  1.3 sr) than at 355 nm (55.8  1.4 sr). To date, only limited lidar ratio observations of Asian aerosols are available for
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Fig. 4. MODIS-derived aerosol optical depth (AOD) observed at 2:00 PM during the haze event periods of October 15–19 and 23–27, 2005.
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Fig. 5. Five-day HYSPLIT-4 backward trajectory analysis results. (a) Air masses moving in from the northwest direction on October 17 and 24, 2005. (b) Air masses transported from north and northeast directions on October 19, 26–27, 2005.



comparison purposes. Ansmann et al. (2005) and Tesche et al. (2007) obtained an average lidar ratio of 45.8  5.6 sr at 532 nm from Raman lidar observations made at the Pearl River in southern China in October 2004. Cattrall et al. (2005) found a mean lidar ratio of 58  10 sr at 550 nm for haze aerosols from four AERONET sites located in East Asia: Anmyeon and Jeju in Korea, Chen-Kung in Taiwan, and Beijing in China. The lidar-ratio values (58.2  3.8 sr at 532 nm) of anthropogenic aerosols obtained in this study are similar to or slightly higher than those of East-Asian haze aerosols generated from fossil fuel consumption and domestic biomass burning (Ansmann et al., 2005; Cattrall et al., 2005). It was assumed that aerosols transported from the north through Korea must have been strongly affected by forest-ﬁre smoke that was originated from eastern Siberia areas. That conclusion follows from the speciﬁc spectral behaviors of lidar ratios at 355 and 532 nm and the origin of the air masses. Mu¨ller et al. (2005) found that mean lidar ratios of aged forest-ﬁre smoke were lower at 355 nm than at 532 nm. A similar spectral



Fig. 6. MODIS active ﬁre products (MOD14) for the period of October 17–27, 2005. The total number of ﬁres was 4045.



behavior was found from multi-wavelength Raman lidar observations of Siberian forest-ﬁre smoke detected over Tokyo, Japan (Murayama et al., 2004) and of biomass-burning aerosols advected from Canada to Germany (Wandinger et al., 2002). Differences between the lidar ratios observed at 355 nm and 532 nm in this study were smaller than those reported by Mu¨ller et al. (2005) (37.9  13.1 sr at 355 nm and 52.3  16.6 sr at 532 nm) and by Murayama et al. (2004) (w40 sr at 355 nm and w65 sr at 532 nm). Note that the forest-ﬁre smoke plumes studied by Murayama et al. (2004) were detected in the free troposphere while our observations were measured within the PBL. Noh et al. (2007) reported a similar spectral behavior of the lidar ratio within the PBL over Anmyeon Island for air masses transported from the Siberian region. Although the aerosol layers listed in Table 1 were likely affected by local sources at low observation heights, it is believed that their optical properties were still mainly inﬂuenced by the forest-ﬁre smoke. The average Ångstro¨m exponents for anthropogenic and smoke aerosols are 0.87 and 0.92, respectively. These values are comparable to those found for pollution outbreaks in the northeast Asian region (Ansmann et al., 2005; Cattrall et al., 2005). The low Ångstro¨m exponent values seem to be closely related to the higher hygroscopic growth factor (f(RH)) of pollution aerosols from China under high relative humidity. The mean f(RH) during the observation periods was 1.90  0.27, which is higher than that of European anthropogenic aerosols observed during ACE-2 (1.46  0.10; Carrico et al., 2000) and of smoke aerosols in northeast Asia (1.60  0.20; Kim et al., 2006a). However, it is lower than that reported for pollution aerosol directly transported from China to Gosan, Korea (2.75  0.38; Kim et al., 2006a,b). Forest-ﬁre smoke particles can grow during long-range transport in the free troposphere (Mu¨ller et al., 2007). It can be assumed that the low Ångstro¨m exponent value of smoke aerosols found in this study was strongly affected by high relative humidity conditions rather than transport time. Table 2 summarizes the microphysical parameters derived from the inversion of the lidar data of each aerosol layer, including particle effective radius, complex refractive index, and singlescattering albedo. Inversion results for the October 18 measurements were not available due to the lack of 1064-nm lidar data. For comparison purposes, results obtained in the East Asia region by
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others are included in Table 3. Effective radii obtained in this study (0.32–0.36 mm) are considerably larger than those from the Pearl River Delta (0.24  0.07 mm) and Beijing (0.23  0.06 mm) areas (Mu¨ller et al., 2006). Forest-ﬁre smoke transported from Siberia to Tokyo, Japan also showed a lower value (0.22  0.04 mm; Murayama et al., 2004). The relatively large effective radii obtained in this study can be explained by hygroscopic growth under high relative humidity conditions. The mean values of the real part of the refractive index are 1.44  0.01 and 1.41  0.01 for anthropogenic aerosols and smoke aerosols, respectively, which are lower than those of urban haze particles observed in the Pearl River Delta (1.57  0.11), and in Beijing (1.62  0.11) (Mu¨ller et al., 2006). Mu¨ller et al. (2005) reported real parts of the refractive index of 1.47  0.07 for forest-ﬁre smoke particles and 1.52  0.01 for pollution particles advected from North America to Leipzig (51.3 N, 12.4 E), Germany. In many cases, the anthropogenic pollution particles have higher real parts of the refractive index than particles from



forest-ﬁre smoke. The real part of the refractive index obtained in this study is even smaller than those reported by Mu¨ller et al. (2005). These lower values and the higher effective radii obtained in this study might be due to high relative humidity conditions. Such an impact is negligible in the case of the observations by Mu¨ller et al. (2005) who observed particles in the free troposphere. In contrast to the results for the real part of the refractive index, the imaginary part of the refractive index and the single-scattering albedo were quite different between anthropogenic aerosol and smoke aerosol. The mean imaginary part of the refractive index of anthropogenic aerosols is 0.010  0.001, which is higher than that of smoke aerosols (0.006  0.001). Mu¨ller et al. (2006) found even higher imaginary parts of the refractive index for aerosols in the Pearl River Delta (South China) and in Beijing (North China), namely, 0.022  0.015 and 0.019  0.012, respectively. In this study, a moderately low single-scattering albedo value (0.96  0.02) was obtained for smoke aerosols, while even lower values (0.90  0.03)



Table 1 Average values of lidar ratio (Sa), Ångstro¨m exponent (Å), and relative humidity (RH) measured for the observed aerosol layers.



Table 2 Microphysical parameters derived from the inversion of lidar data.
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0.78–1.38 0.78–1.38 0.78–1.62 0.78–1.38 0.78–1.26



Average Smoke aerosol



19th 26th 27th



Average a b c



Lidar ratio. Ångstro¨m exponent. Relative humidity.



0.78–1.62 0.78–1.50 0.78–1.38



Sa (sr)a



Åb



532 nm



355 nm



56  8 53  17 63  9 61  8 59  15



53  6 55  9 59  3 55  6 58  14



0.92 0.95 0.98 0.60 0.90



59  10



56  7



0.87



64  7 63  10 62  5



54  7 56  10 57  6



0.90 0.83 1.02



63  7



56  7



0.92



RHc (%)



66–79 62–88 55–69 65–89 83–91



85–91 50–88 49–88



geffa



October, 2005



Anthropogenic aerosol (west)



Average a b c d



SSAd



mrealb



mImagec 0.008  0.006 0.009  0.005 0.012  0.007 0.010  0.004



0.93  0.02 0.89  0.01 0.87  0.02 0.92  0.01



15th 17th 23rd 24th



0.36  0.03 0.35  0.02 0.34  0.03 0.33  0.03



1.43  0.03 1.45  0.04 1.45  0.05 1.43  0.04



0.35  0.01



1.44  0.04



0.010  0.006



0.90  0.03



19th 26th 27th



0.34  0.03 0.35  0.04 0.32  0.01



1.41  0.02 1.42  0.03 1.40  0.03



0.005  0.002 0.007  0.003 0.005  0.003



0.97  0.01 0.94  0.01 0.97  0.00



0.33  0.02



1.41  0.03



0.006  0.003



0.96  0.02



Average Smoke aerosol (north)



Refractive index



Effective radius. Real part of refractive index. Imaginary part of refractive index. Single-scattering albedo.
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Table 3 Particle effective radius, real and imaginary parts of the refractive index, and single-scattering albedo for different aerosol types. Aerosol type



Source region



Anthropogenic aerosol Smoke aerosol Forest-ﬁre smoke Forest-ﬁre smoke Haze plume Urban haze Urban haze Smoke plume a



Northeast China The Maritime Province of Siberia East/Central Siberia and central Canada Siberia North America South China North China Mexico



geff



Refractive index



SSA



Reference



0.010  0.006 0.006  0.003 0.003  0.003



0.90  0.03 0.96  0.02 0.93  0.03



In this study In this study Mu¨ller et al. (2005)



– 0.002  0.001 0.022  0.015 0.019  0.012



0.95  0.06 – 0.77  0.12 0.78  0.11 0.97



Murayama et al. (2004) Mu¨ller et al. (2005) Mu¨ller et al. (2006) Mu¨ller et al. (2006) Kredenweis et al. (2001)a



mreal



mImage



0.35  0.01 0.33  0.02 0.36  0.05



1.44  0.03 1.41  0.03 1.46  0.07



0.22  0.04 0.17  0.02 0.24  0.07 0.23  0.06



– 1.52  0.01 1.57  0.11 1.62  0.11 1.41–1.45



Values were measured at 670 nm by sunphotometer.



were obtained for anthropogenic aerosols. Light-absorption characteristics of anthropogenic aerosols observed in this study are comparable to that of pollution particles observed in urban areas of China (Qiu et al., 2004; Eck et al., 2005) with single-scattering albedos (SSA) at 550 nm of 0.82–0.87 (Qiu et al., 2004) and 0.88 (Eck et al., 2005) at Beijing. Lee et al. (2006a,b) found a SSA of 0.88 for haze particles transported from large urban areas in China to the Korean peninsula. In this study, the SSA of smoke aerosols was slightly higher than that of anthropogenic aerosols. It was reported that the singlescattering albedo of the Siberian forest-ﬁre plume observed with a Raman lidar over Tokyo, Japan (Murayama et al., 2004) and over Leipzig, Germany (Mu¨ller et al., 2005) was 0.95  0.06 and 0.93  0.03, respectively, which are similar to those observed in this study. A high single-scattering albedo of w0.97 at 670 nm was reported for aged biomass-burning plumes advected from Mexico to the United States, which was inﬂuenced by water uptake of the particles during the transport (Kredenweis et al., 2001). Related to distance of transport, Ferrare et al. (1990) estimated an increase of single-scattering albedo of smoke from boreal-forest ﬁres with distance from the ﬁre sources based on satellite observations. Colarco et al. (2004) measured single-scattering albedos of 0.93  0.02 at 550 nm for smoke aerosol from boreal ﬁres over central Quebec 1000 km downwind of the source region in the summer of 2002. The observed differences in the light-absorption characteristics between the two types of aerosol result from the differences in source region and chemical composition. Fig. 8 shows the temporal variations of the organic carbon (OC), elemental carbon (EC), and OC/EC ratio. A high OC/EC ratio was observed during the smoke aerosol periods of October 19, 20, 26, and 27, 2005. Aerosols originated from China contained a high amount of lightabsorbing black carbon from industrial emissions and the
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combustion of biomass and fossil fuels. Table 4 summarizes the characteristics of the OC, EC, and OC/EC ratios for the different emission sources and regions. OC/EC ratios for aerosols from coal combustion and motor vehicle in China show lower values than those from wood burning and forest ﬁres. Coal combustion and motor vehicles emissions are the main sources of pollution in urban areas in China. The mean OC/EC ratio of anthropogenic aerosols (2.5  0.4) observed in this study is similar to that of urban aerosols in China; 2.5  0.4 (Ye et al., 2003). The mean OC/ EC ratio of smoke aerosols observed in this study, 4.1  0.5, is clearly distinguishable from that of anthropogenic aerosols and is smaller than that of forest-ﬁre smoke particles observed in Colorado, USA. In Korea, open ﬁeld burning of agricultural waste after the harvest of rice is commonly practiced in fall (Ryu et al., 2004). Considering observation periods and the altitudes of the observed layers (within the PBL) it can be concluded that the aerosol composition was largely affected by such open ﬁeld burning. The OC/EC ratios of anthropogenic aerosols are clearly distinguishable from those of biomass-burning and/or forest-ﬁre smoke. It can be concluded that aerosols from China consist of highly light-absorbing particles.



Table 4 OC, EC, and OC-to-EC ratio observed in different regions. Region



Major emission source



OC (mg m3)



EC (mg m3)



Shanghai, Chinaa Hong Kong, Chinab Gwangzhou, Chinab Shenzhen, Chinab Zhuhai, Chinab PRDR,c Chinab



Coal combustion



28.5



11.5



Beijing, Chinab Colorado, USAb Colorado, USAb Gwangju, Koreab Gwangju, Koreab



Coal consumption



28.79



10.23



2.8



Residential wood combustion Forest ﬁre



51.4  11.7



12.4  4.2



4.2



--



27 Oct. N 27 Oct. D 26 Oct. N 26 Oct. D 25 Oct. N 25 Oct. D 24Oct. N 24 Oct. D 23 Oct. N 23 Oct. D 22 Oct. N 22 Oct. D 21 Oct. N 21 Oct. D 20 Oct. N 20 Oct. D 19 Oct. N 19 Oct. D 18 Oct. N 18 Oct. D 17 Oct. N 17 Oct. D 16 Oct. N 16 Oct. D 15 Oct. N 15 Oct. D



Gwangju, Koreab a b



Fig. 8. OC and EC, and the OC-to-EC ratios measured during the observation period.



c



OC/EC References ratio 2.5



2.9  0.7



7.3



2.6  1 5.4  3.2



8.3 2.5



Ye et al. (2003) Cao et al. (2004) Cao et al. (2004) Cao et al. (2004) Cao et al. (2004) Cao et al. (2004) He et al. (2001) Watson et al. (2001) Watson et al. (2001) Ryu et al. (2004) Ryu et al. (2004)



6.3  2.0



4.1



This study



Motor vehicle



5.3  2.1



3.2  2.6



1.9



Motor vehicle



15.8  6.4



5.9  2.1



2.7



Motor vehicle



7.6  4.9



4.2  3.1



1.8



Motor vehicle



5.4  3.4



1.9  0.9



2.9



Motor vehicle



9.2  6.5



4.1  2.7



2.5



46.9  15.7



Post-harvest of 21.6  8.2 barley Post-harvest of rice 20.5  8.7 Anthropogenic 13.4  9.1 aerosol Smoke aerosol 26.0  6.8



Mass % of ﬁne particle mass. Mass concentration (mg m3). Pearl River Delta Region.



3.2  1.8 14.5
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4. Conclusion Integrated monitoring of atmospheric aerosol was performed using satellite, ground-based sunphotometer, semi-real-time carbon particle analyzer, and a multi-wavelength Raman lidar data in Gwangju, Korea from October 15 to 28, 2005. High aerosol mass concentrations were measured during two haze periods (October 17–20, 2005 and October 24–28, 2005) and the maximum value of 159 mg m3 was reached on October 25, 2005, as was the highest AOD value (2.28 at 440 nm). According to the air mass movement patterns based on HYSPLIT backward trajectory calculations, the greatest differences in optical and microphysical parameters retrieved from multi-wavelength Raman lidar observations were found in light-absorbing properties such as the imaginary part of the refractive index and single-scattering albedo. The aerosols transported to Korea from China on October 15, 17, 23–24 showed moderate light-absorbing characteristics with an average imaginary part of the refractive index of 0.010  0.002 and a single-scattering albedo of 0.90  0.03. The aerosols transported from East Siberia on October 19, and 26–27 showed low lightabsorbing characteristics with an imaginary part of the refractive index of 0.006  0.001 and a single-scattering albedo of 0.96  0.02. The OC/EC ratio obtained by semi-real-time in-situ carbon particle analyzer also indicated the differences depending on air mass movement patterns. The approach of integrated monitoring of aerosol plumes with the use of satellite data, sunphotometer data, in-situ instruments, and multi-wavelength Raman lidar data allows us to determine aerosol optical and microphysical characteristics and source origins. The integrated monitoring approach described in this study permits us to gain more insight into the mechanisms of long-range transport of pollution, and the impact of such pollution on air quality in Korea. Furthermore, it provides us more information on the light-absorbing characteristics, as well as the vertical distribution of haze layers during long-range transport, which are needed for better assessment of the effect of atmospheric aerosols on radiative forcing and further climate change. Acknowledgement This work was supported by the Korea Meteorological Administration Research and Development Program under Grant CATER 2007-4108. This research was partially supported by the Brain Korea 21(BK21) program for the fellowship of Young M. Noh. The authors would like to thank GSFC/NASA for the use of AERONET sunphotometer data. References Ansmann, A., Wandinger, U., Riebesell, M., Weitkamp, C., Michaelis, W., 1990. Measurement of atmospheric aerosol extinction proﬁles with a Raman lidar. Optics Letters 15, 746–748. Ansmann, A., Wandinger, U., Riebesell, M., Weitkamp, C., Michaelis, W., 1992. Independent measurement of extinction and backscatter proﬁles in cirrus clouds by using a combined Raman elastic-backscatter lidar. Applied Optics 31, 7113–7131. Ansmann, A., Althausen, D., Wandinger, U., Franke, K., Mu¨ller, D., Wagner, F., Heintzenberg, J., 2000. Vertical proﬁling of the Indian aerosol plume with sixwavelength lidar during INDOEX: a ﬁrst case study. Geophysical Research Letters 27, 963–966. Ansmann, A., Engelmann, R., Althausen, D., Wandinger, U., Hu, M.m, Zhang, Y., 2005. High aerosol load over Pearl River Delta, China, observed with Raman lidar and Sun photometer. Geophysical Research Letters 32, L13815. Arimoto, R., Kim, Y.J., Kim, Y.P., Quinn, P.K., Bates, T.S., Anderson, T.L., Gong, S., Uno, I., Chin, M., Huebert, B.J., Clarke, A.D., Shinozuka, Y., Weber, R.J., Anderson, J.R., Guazzotti, S.A., Sullivan, R.C., Sodeman, D.A., Prather, K.A., Sokolik, I.N., 2006. Characterization of Asian dust during ACE-Asia. Global and Planetary Change 52, 23–56. Bohren, C.F., Huffman, D.R., 1983. Absorption and Scattering of Light by Small Particles. John Wiley, New York, p. 530.
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