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Abstract

Vertical distribution and optical properties of atmospheric aerosols above the Korean peninsula are quite impor-
tant to estimate effects of aerosol on atmospheric environment and regional radiative forcing. For the first time in
Korea, vertical microphysical properties of atmospheric aerosol obtained by inversion algorithm were analyzed
based on optical data of multi-wavelength Raman lidar system developed by the Advanced Environmental Moni-
toring Research Center (ADEMRC), Gwangju Institute Science and Technology (GIST). Data collected on 14 June
2004 at Gwangju (35.10°N, 126.53°E) and 27 May 2005 at Anmyeon island (36.32°N, 126.19°E) were used as raw
optical data for inversion algorithm. Siberian forest fire smoke and local originated haze were observed above and
within the height of PBL, respectively on 14 June 2004 according to NOAA/Hysplit backstrajectory analysis. The
inversion of lidar optical data resulted in particle effective radii around 0.31~0.33 um, single scattering albedo
between 0.964 ~0.977 at 532 nm in PBL and effective radii of 0.27 um and single scattering albedo between 0.923
~0.924 above PBL. In the case on 27 May 2005, biomass burning from east China was a main source of aerosol
plume. The inversion results of the data on 27 May 2005 were found to be particle effective radii between 0.23 ~
0.24 pm, single scattering albedo around 0.924~0.929 at 532 nm. Additionally, the inversion values were well
matched with those of Sun/sky radiometer in measurement period.
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Fig. 1. Vertical profiles of the particle extinction coefficient at 355 and 532 nm, the particle backscattering coefficient at
355, 532, and 1,064 nm, the lidar ratio at 355 and 532 nm on (a) 14 June 2004 and (b) 27 May 2005.
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Fig. 2. Vertical profile of aerosol backscattering coefficient at 355 and 532 nm, relative humidity, potential temperature,
and water vapor mixing ratio measured on 14 June 2004 at Gwangju, Korea. a: Free troposphere, b: Entrain-
ment zone, c: Residual layer, d: Stable (Nocturnal} boundary, e: Surface layer.
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Fig. 3. Vertical profile of aerosol extinction coefficient at 355 and 532 nm, relative humidity, potential temperature, and
water vapor mixing ratio measured on 27 May 2005 at Anmyeon island, Korea.
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Table 2. Optical parameter observed by GIST Multi-wavelength Raman lidar.
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Fig. 4. Five day backward trajectories for different arrival heights over the lidar site. (a) 1,000 m (blue), 2,500 m (green),
and 3,500 m (red) observed on 24:00 14 June 2004 at Gwangju. (b) 700 m (blue), 1,500 m (green), and 3,000 m (red)

observed on 24:00 27 May 2005 at Anmyeon island.

Fig. 5. Burnt area due to forest fires detected by Moder-
ate Resolution Imaging Spectrometer (MODIS)
onboard the Terra satellite (http:/maps.geog.umd.
edu/). (a) From 11 to 12 June 2004 (b) From 22 to
25 May 2005.
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Fig. 6. Microphysical parameters observed on 14 June 2004. (a) Particle effective radius. (b) Surface area concentration
(open circle) and Volume concentration (close circle). (c) Refractive index real part (open circle) and Refractive
index imaginary part (close circle). (d) Single-scattering albedo at 532 nm. Vertical bars denote the height ranges
across which the optical data were averaged for the data inversion. These bars thus also denote the height
range for which the derived parameters hold. Horizontal bars denote statistical uncertainty.
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Fig. 7. Microphysical parameters observed on 27 May 2005. (a) Particle effective radius. (b) Surface area concentration
(open circle) and Volume concentration (close circle). (¢) Refractive index real part (open circle) and Refractive
index imaginary part (close circle). (d) Single-scattering albedo at 532 nm. Vertical bars denote the height ranges
across which the optical data were averaged for the data inversion. These bars thus also denote the height
range for which the derived parameters hold. Horizontal bars denote statistical uncertainty.

(Murayama et al., 2004)3} E1) (Eck et al., 2003)0]| 4]
=% biomass burning o229 FaANL =
545 24dv) 253 253 G71AAF RES oo
20 ;(]24_1 AR JdRm sR} Z S5 54"
FES}IL 5 BeET ol 1F 260M Re{FE
ule} kel “417]737417 WRe] w2 Adgwe) oJ
o2 A9} 217k 27hE Aoz oA
-2 & (complex refractive index) Al
part) k-2 Fell A 7] A S

A

Mo

H-H(real
W= 1.39~1.405

o] AlZo A F7rellA] Frol 1.406~1.4472. 7k
o] Z7}sgich QFHEE 1400~ 1.4720]3 157}
W gt Frkske B4 HoFATh &

g APRELE AdEert 51 SHEAE

&2 e 2o el (Miiller er al., 2005).

%%ol

tH® HE A 17 3dA] BHo{FRe] 3w}
Z71lAAM Atashe A= 2AT s B
oJFEot e X 94 ¥ %7543} vng o 354
H= 1A ZE WRe BAagAEE Apttel ¥

J. KOSAE Vol. 23, No. 1 (2007)



106 gl - 71¢d& . Detlef Miiller

Table 3. Microphysical parameters calculated from inversion algorithm.

Date Height (km) YVeip> AL S,um’em™ v, pmiem™ Mgy Migrage SSA
1.02~1.62 0.334+0.04 522+45 58.61+2.6 1.4054:0.008 0.0033 £0.0008 0.977+0.005
1.62~1.86 0.31£0.03 262425 269+1.5 1.3901+0.009 0.0037£0.0005 0.964 £0.005

14-Jun-04 2.34~2.70 0.2740.02 79+9 72403 1.406+0.014 0.0068 +0.0003 0.923+0.005
2.70~3.18 0.274+0.01 9016 8.2+0.5 1.413+0.011 0.0066+0.0002 0.924 +0.006
3.18~4.02 0.27+0.01 98+7 90+04 1.447+0.010 0.0073+0.0003 0.923£0.007
0.78~1.38 0.23+£0.02 659+94 51.02.5 1.40040.018 0.0101£0.0010 0.924+0.004
1.50~1.86 0.24£0.02 402451 323+18 1.4294+0.019 0.0091 £0.006 0.928+0.007
27-May-05 1.86~2.34 0.23+0.02 195+18 16.1+1.7 1.4334+0.013 0.0083 £0.0002 0.925+0.004
2.34~2.70 0.231+0.01 159+13 125109 1.456+0.012 0.0088 £0.0004 0.929+0.007
2.70~3.18 0.23£0.01 998 7.6%0.5 1.472+£0.008 0.0093 £0.0003 0.925+0.007

The variable y.q denotes the effective radius, S denotes the surface-area concentration, v denotes volume concentration, m,, denotes complex
refractive index real part, m;q,,. denotes complex refractive index imaginary part, and SSA denotes single scattering albedo values.

Table 4. Particle effective Radius, Angstrom Exponent, single-scattering albedo, and real and imaginary part of com-
plex refractive index for forest fire smoke (a, b, c) and urban haze (d).

Source region a?::?&i?;ﬁ:) Yefrs N A SSA M,y Mimape Reference
FasuCentral Sberta, G(efg?(l)l(})/()~l3,000km) 036+005 071£044 0934003 148:£0.06 0003+0.003 Miller et al.(2005)
West Canada® Germany (~8,000km)  0.27+£0.04 ~0.06 0.83+0.06 155~1.66 0.05+0.02 Wandinger et al. (2002)
East/central Siberia® J?’f‘;m% 4000km)  ORE004 1352028 0945007 — 000310003 Murayama er al. (2004)
Eastern Europe* Germany 0.19+£0.04 1.8~28 0.97£0.06 ~1.45 ~0.003 Miiller et al. (2004)
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Table 5. Real and imaginary part of complex refractive
index and single-scattering albedo derived from
Sun/sky radiometer at Gwangju, Korea.

Date }\‘ mrezl] mlmugc SSA
441nm 1405 0.00250  0.976
T4 m Lad2 0.00256 0.972
441nm 1434 001009 0928

27-May-03
IMay-05 - oam 1433 0.00968 0.908
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ARRT QhEe] A9 T AN By
¥ biomass burning o] 2] F FAYdo = W}
Hr} Miller ez al. (2004)2 ARGl A] LYH &
FEAS A et glelvtz BEsleded o] o
Akt el = gho] 0972 B3 A= §ALS Fhe
B2yovt $5742 0.19um=z T Aol Hec)
ol B5e] WA AgEE 60%%or} Miller
2] F=o] AAH Leipzig (51.3N, 12.4E)o| A= 40%
olslz T x|23719) A g=e] ofdke] whe] zbg.gt
oz s}
£ 5+ AERONET (AErosol RObotic NETwork)
3§" g 2] 2 (Dubovik and King, 2000).0 2 &
Sun/sky radiometer &) wAlEF oW} B4
& veRid 200549 59 276 ehH 2ol &
Sun/sky radiometer FZo0] o] Fo]A]x] ¢lo} zho.
Zhe| FA A5 AR xAgon 441nm
2} 673nme] F spAbe| Aol ke g mAlEledch 2004
64 1449] #e “Hﬂﬂzﬂ W (1.02~ 1.86 km)
ol M2 gut gleolt} W& Aol Sun/sky radiometer
4% A3l G %E Hslen 20059 59 27
U w9 % Axsel B2 Al §AT 2dE 8
e} Sun/sky radiometers= Y A1 7ol #AZ2H
2k 2holoty bol] #Ze] AAHo) T H= A}
o AAtelE e W A AXHE= AsE B
Fo o] WRE WA AR ooz Ee) BAJ9
MR e vehdie 3] 20044 69 149
2] 7% Sun/sky radiometer = A7} gut elo
ool G714A% el B2 Asle QA= A
W7 AAE WRe ele]Z=ZFe] Sun/sky radiometer
UL A dej2E AA =
Araho] degE wAA E

ﬂlﬁ _Lu
N rlr o 2

.

o33

o

0] 8-3} Microphysical Parameter =& 107

Hog AbgEd.

.3 =
S Aoz Frnalrleds) gup e
oz H2E YolEE YWAw A8 S92

o

t{%l
é
N

7] 1 dle]z2ze) uAEeld B5AE

s Akl BHe ASE B9 delEs
20049 69 149 39} 20054 59 279 Qb xo
A B2E A5 o3tk o] B L g o
Meke] wo wwd dloleEo] BEE Y2 B
73 ofleJ2E L 45km 3T=7bA] FEIHT SN
o oM EE 35km7HA] FEIEH B AL &
Aatast eholehe] WlmEAS Foho] vh7| ATl
BE3] A4S o 4 Ao o] T AA= W
Folli= A Helr] LAY AFrt EAEH o A3
o|= Aleg)o} 2 QA A= biomass burning o
ol2Fo] AFHAS WNAAZE A=z F27e
745 WA= 03um> 9] 2 A7} Aot 4
22 027umz Fe 219 defezel g
o, gl ol e ke el Abell A 747 0.964
~0.977% 0.923~0.9242 &3] FHEHE FFP
B4 RodFgnt A sell M t7] A A 2] Tt
A 27 °}°L°m] ulA g EAE B3
2 o2 E f57 FES) A = Fhol
Z32F 0.23~0.24 ume} 0.924~0.9292 3150 ulE
Apolg molx gob 2E TR olelzdol ¥
& 4 g DA BRu dejzze T
AR o 2l o] 7|7te] 5Y FLEAHE] 22X A]
Be] 35 Pl A E FARES g e wol
WA 3l= biomass burning o] o] 22 (Ryu et al., 2004)
I Q4 EAHozRE F= A wAH
biomass burning oljo] 2&2] oJ3kg wke AHog T
2 4= 9o} shAgk, BA o) AAE wx=r} 0.8km
ol Atell A AAIF G #EA] ol sgtoloA A
AZe] EAE v FHozHE A ¢
%% biomass burning ol|e]2ZF¢] FQ3t F3FL u)
Z Aoz Atgxdh oY dyeld BAM A
Sun/sky radiometer 2 ZA3}e} vlmslgE w B}
wkel AlZbaMe a1eld W) dAF AAE R Fgoh
2 Q72 23)ld BEgair)ede] oy ehul

J. KOSAE Vol. 23, No. 1(2007)



108 xodal . 719 - Detlef Miiller

gho|thE o] 43 g7 dlolz o) A=) o3Py o
B EE 0|43 g)7] do]zEe] e 1l njME

94 B4 BNe 434 AT worqsh 2
Aeds BAPEE BE A4 07 ooz

ﬂ ATE FEoRA o} A GeA A ste] AME 7

FE B2 olFas tokdt 279 7] dleojzz9
B BA g oo|ZAAE AWl ul$ §-83
ARE AFE 4 9le Aoz FY =

2 Atel

o] d7E ZIAA 71A4AR7I& 0 EAN] (CATER
2007-4108)2] Aoz SYPHYFUS FeJ Q74
xodule BK21Ad9] AL woly Salgday
o}.

5

—

o
ki
A

odul, zledql, z1ed &, 2w (2006) GIST/ADEMRC s}
4 2k elelu} AIAEIE o] 43 gt wm Ao
A1) 2hee} b A7, 2 7)A s 3)A, 22(1),
1-14.

Ansmann, A., U. Wandinger, M. Riebesell, C. Weitkamp, and
W. Michaelis (1992) Independent measurement of
extinction and backscatter profiles in cirrus clouds
by using a combined Raman elastic-backscatter
lidar, Appl. Opt., 31, 7113-7131.

Ansmann, A., F. Wagner, D. Miiller, D. Althausen, A. Herber,
W. von Hoyningen-Huene, and U. Wandinger
(2002a) European pollution outbreaks during ACE
2: Optical particle properties inferred from mul-
tiwavelength lidar and star-Sun photometry, J
Geophys. Res., 107(D15), 4259, doi:10.1029/
2001JD001109.

Ansmann, A. and D. Miiller (2005) Lidar and atmospheric
aerosol particles, in Lidar. Range-resolved Optical
Remote Sensing of the Atmosphere, edited by C.
Weitkamp, Springer, New York, 105-141.

Bockmann, C. (2001) Hybrid regularization method for the
ill-posed inversion of multiwavelength lidar data in
the retrieval of aerosol size distributions, Appl.
Opt., 40, 1329-1342.

Cahoon, D.R. Jr., B.J. Stocks, J.S. Levine, W.R. Cofer III,

#2737 EA A 238 Al1s

and J.M. Pierson (1994) Satellite analysis of the
severe 1987 forest fires in northern China and south-
eastern Siberia, J. Geophys. Res., 99, 18627-18638.

Draxler, R.R. and G.D. Hess (1998) An Overview of the Hys-
plit_4 Modeling System for Trajectories, Disper-
sion, and Deposition, Aust. Met. Mag., 47, 295-
308.

Dubovik, O. and M.D. King (2000) A flexible inversion algo-
rithm for retrieval of aerosol Optical properties from
Sun and sky radiance measurements, J. Geophys.
Res., 105, 20673-20696.

Eck, T.F., B.N. Holben, I.S. Reid, N.T. O’Neill, J.S. Schafer,
O. Dubovik, A. Smirnov, M.A. Yamasoe, and P.
Artaxo (2003) High aerosol optical depth biomass
burning events: A comparison of optical properties
for different source regions, Geophys. Res. Lett.,
30(20), 2035, doi:10.1029/2003GL017861.

Eck, T.F., B.N. Holben, O. Dubovik, A. Smirnov, P. Goloub,
H.B. Chen, B. Chatenet, L. Gomes, X.-Y. Zhang,
S.-C. Tsay, Q. Ji, D. Giles, and 1. Slutsker (2005)
Columnar aerosol optical properties at AERONET
sites in central eastern Asia and aerosol transport to
the tropical mid-Pacific, J. Geophys. Res, 110,
D06202, doi:10.1029/2004JD005274.

Fernald, F.G., B.M. Herman, and J.A. Reagan (1972) Deter-
mination of Aerosol Height Distribution by Lidar,
J. Appl. Meteorol., 11, 482-489.

Fernald, F.G. (1984) Analysis of atmospheric lidar observa-
tions: Some comments, Appl. Opt., 23, 652-653.

Hansen, J., M.- Sato, and R. Ruedy (1997) Radiative forcing
and climate response, J. Geophys. Res., 102, 6831-
6864.

Haywood, .M. and V. Ramaswamy (1998) Global sensitivity
studies of the direct radiative forcing due to anthro-
pogenic sulfate and black carbon aerosols, J. Geo-
phys. Res., 103, 6043-6058.

Kim, J.E., Z. He, and Y.J. Kim (2006) Temporal Variation and
Measurement Uncertainty of UV Aerosol Optical
Depth Measured from April 2002 to July 2004 at
Gwanglu, Korea, Atmospheric Research, 81(2),
111-123.

Klett, J.D. (1981) Stable analytical inversion solution for pro-
cessing lidar returns, Appl. Opt., 20(2), 211-220.

Lee, K., H. Lee, J.E. Kim, Y.J. Kim, J. Kim, and W.v. Hoynin-
gen-Huene (2005) Impact of the Smoke Aerosol
from Russian Forest Fires on the Atmospheric Envi-
ronment over Korea during May 2003, Atmospher-
ic Environment, 39(1), 85-99.



Luo, Y., D. Lu, X. Zhou, and W. Li(2001) Characteristics of
the spatial distribution and yearly variation of aero-
sol optical depth over China in last 30 years, J.
Geophys. Res., 106, 14501-14513.

Miiller, D., U. Wandinger, and A. Ansmann (1999a) Micro-
physical particle parameters from extinction and
backscatter lidar data by inversion with regulariza-
tion: Theory, Appl. Opt., 38, 2346-2357.

Miiller, D., U. Wandinger, and A. Ansmann (1999b) Micro-
physical particle parameters from extinction and
backscatter lidar data by inversion with regulariza-
tion: Simulation, Appl. Opt., 38, 2358-2368.

Miiller, D., I. Mattis, A. Ansmann, B. Wehner, D. Althausen,
and U. Wandinger (2004) Closure study on optical
and microphysical properties of a mixed urban and
Arctic haze air mass observed with Raman lidar
and Sun photomter, J. Geophys. Res, 109, D13206.

Miiller, D., 1. Mattis, U. Wandinger, A. Ansmann, D. Althau-
sen, and A. Stohl (2005) Raman lidar observations
of aged Siberian and Canadian forest fire smoke in
the free troposphere over Germany in 2003: Micro-
physical particle characterization, J. Geophys. Res,
D17201.

Murayama, T., D. Miiller, K. Wada, A. Shimizu, M. Sekigu-
chi, and T. Tsukamoto (2004) Characterization of
Asian dust and Siberian smoke with multi-wave-
length Raman lidar over Tokyo, Japan in spring
2003, Geophys. Res. Lett, 31, L23103.

Ryu, S.Y., J.E. Kim, H. Zhuanshi, and Y.J. Kim (2004) Chem-

ical Composition of Post-Harvest Biomass Burning

A3 %-g o] 83 Microphysical Parameter =2 109

Aerosols in Gwangju, Korea, AWMA, 1124-1137.

Shifin, K.S. and A.Y. Perelman (1964) Calculation of particle
distribution by the data on spectral transparency,
Pure Appl. Geophys., 58, 208-220.

Stull, R.B. (1986) An introduction to Boundary layer meteo-
rology, Kluwer Academic Publishers, Netherlands,
1-25.

Tikhonov, A.N. and V.Y. Arsenin (1977) Solutions of Iil-
posed Problems, John Wiley, New York, 258 pp.

Twomey, S. (1977) Introduction to the mathematics of inver-
sion in remote sensing and indirect measurements,
Elsevier, Amsterdam, 243 pp.

Veselovskii, 1., A. Kolgotin, V. Griaznov, D. Miiller, U. Wan-
dinger, and D.N. Whiteman (2002) Inversion with
regularization for the retrieval of tropospheric aero-
sol parameters from multiwavelength lidar sound-
ing, Appl. Opt., 41, 3685-3699.

Wandinger, U., D. Miiller, C. Bockmann, D. Althausen, V.
Matthias, J. Bosenberg, V. Weiss, M. Fiebig, M.
Wendisch, A. Stohl, and A. Ansmann (2002) Opti-
cal and microphysical characterization of biomass-
burning and industrial-pollution aerosols from mul-
tiwavelength lidar and aircraft measurements, J.
Geophys. Res., 107(D21), 8125, doi:10.1029/
2000JD000202.

Whiteman, D.N., S.H. Melfi, and R.A. Ferrare (1992) Raman
lidar system for the measurement of water vapor
and aerosols in the Earth’s atmosphere, Appl. Opt.,
31, 3068.

J. KOSAE Vol. 23, No. 1(2007)



