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Abstract

Anthropogenic emissions of nitrogen oxides and sulfur dioxide in Northeast Asia are of great concern because of
their impact on air quality and atmospheric chemistry on regional and intercontinental scales. Satellite remote
sensing based on DOAS (Differential Optical Absorption Spectroscopy) technique has been preferred to measure
atmospheric trace species and to investigate their emission characteristics on regional and global scales. Absorption
spectra obtained by the satellite-born instrument, SCIAMACHY (Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography) have been utilized to retrieve the information of SO, and NO, over Northeast Asia.
SO, levels over Northeast Asia were in order of East China, Yellow Sea, South Sea and Korean Peninsula with
mean vertical columns of 1.78(% 1.0) x 10", 1.11(£0.67) X 10'°, 0.60(£0.63) x 10'%, 0.71(2£0.65) x 10'® mole-
cules/cm?, respectively. NO, levels were in order of East China, Yellow Sea, Korean Peninsula, and South Sea
with mean vertical columns of 1.2(£0.56) X 10'%, 0.38(20.19) x 10'¢, 0.48(+0.28) X 10'6, 0.26(=20.16) x 10
molecules/cm?, respectively. High levels of SO, and NO, were observed over East China, in particular in winter by
the contribution of heating fuel combustion exhausts. The SO, and NO, levels over East China were the highest in
January with 34% and 42% higher over the annual means. Low levels of SO, ranged over Korean peninsula, while

NO, levels were relatively high, in particular in winter. The SO, and NO, levels over Yellow Sea were relatively
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higher compared to those over Korean peninsula and South Sea, which could be mainly attributed to their transport

from East China.

Key words : Satellite remote sensing, DOAS, SO,, NO,, Air pollution

1. M =

At 104 Bt AFHA 943 Ve o
43 47134 2R A7) F vFEEE 54
st d Mz& WEke A AlE ) (Buchwitz er al.,
2005; Bovensmann et al., 1999; Burrows et al., 1999).
AAREA7e £ | o4 28 Az Feke] A
A7 XS SAY 5 e Aol et AA
PUHY FA7€ 53 el 371E 2A 3L F
ated B 7B vlal 7] Ake] 2o
A 9)&3= vk o] 9T} (Richter er al., 2005; Ch-
ance, 1998; Wagner and Platt, 1998; Platt, 1994). 917
2H7)eN T 2R 771220 R 0
E4 (¢, BrO, CH,, CHOCHO, CIO, CO,, HCHO,
H,0, NO,, O3, OCIO, 502 &4l H4Ho] gt
(Lee et al., 2008; Wittrock et al., 2006; o] A2}t 7]
Z=, 2006; Lee et al., 2005; Richter et al., 2005; o)A F
X, 2005; Wagner and Platt, 1998; Platt, 1994). o]&]&t
F4 B33} 714 % DOAS (Differential Optical Ab-
sorption Spectroscopy, XAF5-ZF4-E3H) 7]4-2 1970
Gl RE] Axlzter dy] & wFEAL A&
g 53 71E2 AdAF e ¢33, 53] DOAS7|<e]
A%d AFHA SA7e2 AATH, AG9H F5E
AN A7|wFEA FA el o] gH o] gt} DOAS 7]
2 AdA-7HFA GYellA AdFHA As=y
] BrO, CHOCHO, HCHO, NO,, O;, OCIO, SO, 5-2]
w2 A AE A 483w (Wittrock er al,
2006; Richter et al., 2005; Afe et al., 2004; Bogumil et
al., 2003; Chance, 1998; Wagner and Platt, 1998). ¢l
ZTHAARE o] 43 SO, NO, 5 Y Wl gt
AFE AA, 5 Frela BAF TAY 2
AAE o]FE AT ¢ Fod WEkE AAE
el o} (Lee et al., 2008; Richter et al., 2005).

FRolAlo} Ao, Ba] FFo|A W A3z
A7z Q% SO, W N0} W& Feprlel oiz)

Getzel ol A w4kl Hx gleh (@A
£, 2006; Guttikunda et al., 2005; Richter et al., 2005;
sk21A] %, 2004, Beirle et al., 2003; Koike et al, 2003;
Tan ef al., 2002; Leue et al., 2001; 7)-&-3, 1999). &)
7] AHZUE ] Aol &7 Folxlo} flxzAl9
A& 52 FF SO, NO, 54 #Alsrt Bud v}
slet Aeid, dad 7o) wue ulFse &
AFANE ATAUARE ol gsle] 20069 B
shAlo}h Aodel SO, W NO,9) +5 % A2 A3}
& AN,

2. SCIAMACHY H|o|E| ol 2AM

1 F 914 &A1 7]714] SCIAMACHY (Scanning Ima-
ging Absorption Spectrometer for Atmospheric Char-
tography, http://www.iup.uni-bremen.de/sciamachy/)
T 200240 3ol ALY FRAES] AF9IA EN-
VISAT (Environment Satellite)o]] sl =] =}2) A, 7}
A, 249 dqellA el FAAbE, B FARREE, A
Foll ofal WA BloFE 5& Tk el 374
3l ¢lo} (Bovensmann et al., 1999; Burrows et al.,
1999). SCIAMACHY 7]7]% GOME (Global Ozone
Monitoring Experiment, http:/www.iup.uni-bremen.de
/gome/)e] #AF el & Nadir, Limb, Occulation 2=
A4 2R sAB 24 HF J9E 220~
2,400 nme]) 2 A& g A 0.25nm, 7123 o
oA 0.4nm, 23 A JoflA] >0.4nme] 2%
e8] 232 7RI} (Bovensmann et al., 1999; Bur-
rows et al., 1999). SCIAMACHY ¥ Nadir 2. =o]A]
gk 5 B8 AR A9E AgAtez oA 1
AA, 11A] 3027, 104] 3087 Bty A Ay
£ 6YS F7)2 2708} (Bovensmann ef al., 1999).

B Aol o] 45l Nadir FH R == AFHA of
A A2 dr)E Boste] Azl o wakEA
A7l 2s AR e dEES ST oY
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 FES AN FleE e A
9 97] F 5= 2 ¥xel A ARE A3 gl
o} (Platt, 1994). SCIAMACHY Nadir &3¢ A]&H
24 (Pixe) 27\ 9l o} ehfsrtel wheh of
2x9 RE oF 30 x30km?e]t}. SCIAMACHY A&
28E o2 t7)EA (4, BrO, NO,, CHOCHO,
HCHO, SO,, OCIO, 0, CO,, CH, S)o] EAFq4}
(Lee et al., 2008; Wittrock et al., 2006; Richter et al.,
2005; Afe et al., 2004; Burrows et al., 1999; Wagner
and Platt, 1998; Eisinger and Burrows, 1998).
SCIAMACHY doJ8]2 28 S0, NO, 342
DOAS ubel| A3} 2 (Richter et al., 2005; Afe
et al., 2004; Richter and Burrows, 2002; Eisinger and
Burrows, 1998), 3] ¥] (Fitting) 271-2 & 13} 2} vl
72 &3 (Background spectrum)-2 SCIAMACHY
©] ASM diffuserell &} =j 715-€ e FAALFE
A28t} (Bovensmann ef al., 1999). EA oA &
o gt Jake AR skl AFHAAN T2
2L 0.6 0|31 34 A oleiirg 2o ALgslg)
T, F2Er 8 SCIAMACHY 2% o238 SA-
CURA <t18]& 2ojs] o]z} (Kokhanovsky et
al., 2006). 2" F SO, %l NO,9| A AZd
EA 5= 15 9 A=z 2x8s $AL (Offset) &
A A7) 3l RSM (Reference Sector Method, 7|
ZFFu)S AF2-3ked o) (Martin et al., 2002; Rich-
ter and Burrows, 2002). RSM ¥h{-& £ 713 (Total
column)®] ofe=zHE] HFYF Yl A= 180~
230° Al A 2 o} FUT Il 24E 2
Hol g wF ez, Y% A= A9 A4S

Table 1. Specifications for SO, and NO, spectrum evalu-
ations from SCIAMACHY data.

Cross-sections

Molecule \Z;vilz:ﬁlt)h Pol())lrrzioer:nal included in the
g fitting procedure
a b Ring®
S0, 315~327 4 s%s : Oééanllgeg ;
£ e b
NO,  425~450 3 NOy, 05, O HO",

Ring, BS, USamp

350, at 295K (Vandaele er al., 1994); ®two O, cross-sections obtained
at 223K and 243K were included in the fitting (Bogumil et al., 2003);
“Ring spectrum; %background spectrum; “undersampling correction;
NO, at 243K (Bogumil er al., 2003); 80, at 296K (Greenblatt et al.,
1990); "H,0 at 296K (Rothman et al., 2005).

RSB EHA A 243 A25

el 225 SO, ¥ NO,9| aF> dAsIH:= 714
% 3l gle) (Sierk er al., 2006; Richter and Burrows,
2002). RSM "M & o] &3t |73 SO, NO, L3 4|
ARS- A2 Well SOE Aol 2434 43 NO &=
A5 AR o8 FdsA FxHe 317 9
ol 7}58lc} (Martin et al., 2002; Richter and Bur-
rows, 2002; Leue et al., 2001; Velders et al., 2001). 9
el o3 AAbg® HfF4 AAREE (Slant Column,
SC)-2- AMF (Airmass factor)& AR&3le 4=z
(Vertical Column, VO)2 A &= gl o, AMFE= =9
#7ET A4 BAE R SCIATRAN2.0o2
A A= 915} (Rozanov et al., 1997). SO, AMF& &
Ak, R|mod = 0.05, 40° el ok &) 2} (Solar zenith
angle), 3} % (LOWTRAN) il o] 2.4 (Maritime (LOW-
TRAN) aerosol), 97]7 A28 SO, 3BT EE o
43t AAE A 714 AL SO, 3 FE=e
Al SO, =& AZHAAM A 1km7HA =+ o
Agal Tkmell A 10km7}A] A @42 FHade7}t
11kmell A %57} 022 =l NO, AMF AAke| =
ohFalRl, gz, Aedu =, dlelzd, i
4 NO, AFL =7} o] 451, NO, AMF AAHe

28 o)g)d WHEL t)7)shete] S5 MOZART-

2 (Horowitz et al., 2003)¢)) 2JsA] A At oo} (Rich-
ter et al., 2005).

AFHA 2 73U S04 NO, A2
o= ], A3 £A3k= SO,9 NO, %2 A
A, 2T, AMFel| ¢j3] F2 gt NO, 99
A wFAE= 9 3= 3 x 10" molecules/cm? ©]3}
FFolH, SO, A WA exp= 1x10'°
molecules/cm®7}A] o] ¢} (& 2 #=x). SO, TE =}
A JGde By 2o oz A 0,9 &
& oz 2V S0, UYL ojd 22
A e 7hy g3kg W1 ¥E] gkl A9Al
dHelA AAAA (Nadir =) F&E7]d 71SHE
ke Heo] AYH oz £ 23E Hlth(Khokhar
et al., 2005; Afe et al., 2004). 13} NO, ¥|& A}
G2 FPAFA fdell EA5)aL o PGl NO,
ol flefl & FHFE AT E- ] &A1 gH
o]z gl NO, 9|52 v BA 5ol 23 29 E
3 A EAro] Az Al sd)A-8u] (Signal to noise
ratio)7} o} Aoz 22 9212 Bk (Martin
et al., 2002; Richter and Burrows, 2002). &3] &
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Table 2. Errors estimated in SCIAMACHY NO, and SO, retrievals for monthly averages over East Asia.

(unit: molecules/cm?)

Fitting error Error from residual clouds

From the subtraction of the
stratrospheric contribution

Error from Overall relative

(molecules/cm?) (molecules/cm?) P airmass factor errors
(molecules/cm*)

NO, <0.3x10% <1.0x 10" <0.6x 10" <1.5x10" 50%

S0, <1.0x10' <0.8x10'¢ <0.1x10' <2.0x10' 150%

A s SO,9k NO, & A|A3817] $13ke] RSM wh
o] ARE-E et ShollA AF3E kel o] Aol
SO7F A2 EAhsHA) 7] WEe SO, EAeIA o]
o HF exe Aoz Agten, NO,e) 4ol
= AxE2 Ao Exshe NO,o| 2] Wiy}
A7) Azl e exe ugeh A7) 3O FEE
A7 B4 4 AFHA AN HFAR
P9 Aoz gl A dolEdl 2AE &
waie). olg wEEl] HFhe] SholA AdF3d uie}
7o) FEEEE 0.6 o318l 34 dlolEuhE ¥4l
ASHRT Aol 7gol T 23 = 29 2ok
AMFd]| 93t ¢ 3} dj3E AMF A4l %§s
= W49 A #HIA}LE (Surface reflectivity), ool 2%
9] of &2A7}A0 £ART T Wok(Vertical profile
shape) Soll 2]+ A &9 2} (Systematic error) o|c}. X
wiEe] 271 243 3 e weld @
4 Qe 53] o= gl Ao g2 A&t
22 3l FL d#E B 4 ok wEA B
dF A= SACURA 118)Z (Kokhanovsky et al.,
2006 Bohod mee 9 AGE P ¥4
oM A Letger, 1 A} AwPAbze] 4§ 22}
e 5 olgelglsh delzdel ERe 41 RLol
ajetA olejzde) F7H= £AFE SO, NO, ¥
wE TG BT A A5l
ZA 549 Y] oojrd F o £Ex|37]
Bl olelze) 2R 34 Bl Fe AAud
A A Dtk A A SO, NO,2| Wi
2 7 NP9 SO, NO, 4] RZ =S Wit HA
AMF9] 935 wAsHA & 4 3lvh AMF gt o
7173 A% el A8l SO, NO, Arjzke] wisto] g3
+ BA i A FAEE ) e
ok vt S49E3 ) AdEkute] Wit AMFE=
Al 2229k w7 (Background) 248 7}A 1L
A AgelA d=ke] 2AEA wEe] o8 3%

SCIAMACHY Trop. SO,: JAN~NOV 2006
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Fig. 1. Global distribution of mean tropospheric SO, ver-
tical columns in Dobson unit (DU) retrieved from
SCIAMACHY measurements from January to No-
vember 2006. Red and brown framed areas indi-
cate the regions of volcanic and anthropogenic
SO, emissions, respectively. In the area of the
Southern Athlatic Anomaly (SAA), large scatter
results from exposure of the instrument to radi-
ation and particles. An 1 x 10'® molecules/cm? ver-
tical column of SO, corresponds to ~3.7 ppbv in
well-mixed 1 km boundary layer.

¥o| W3 54 AMFE AM-E A4S A3kl
AR A AAEA & 5 gich 2 A=y
o ke wlEe] e EXE AMETE AMFE A}
4319¢ Aol AARg A AAAE £ U5
(Richter et al., 2005). AMF A48 $3F NO, 43 &
ZxE oA g3t viel Fo] djrisiste)lynd
£ o]43}e Zl°"°ﬂ wet 4 HFR R AAkat A
£ o435t} SO0 H el WIAHAZTE +4
EEEE AA delge] H43lHet o3 HFA
Azg +4ETTE HATR s A4F SO,
EAo] A4t 2% Zho] 2ui7bA] ztopAl 4 9l
o 2 Q7N TE, 42W 2R AR, Bl 78,
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AMFe| &3 2 atEo] S3x oz 243dT 714
e 9 Folrol 299 SO,9 NO, BAx &
A 9 2= 150%, 50% o|&t2. AMAEglen] (& 2
Fzx), AA 20069 52] Y4 SO,, NO, af2] #H3loj
A& F AR 16% oz AR FHS 2x}
He Aoz BAHC

3. #dx 9 nH

3.150, £% 9 uig

28 12 2006 192E] 1149 SCIAMACHY
dlole]l 2 E] AALE SO,9] T VColok I 14
ol elz} Azl ®A)E SAA (Southern Atlantic
Anomaly) ]2 A F2] A7|7 el 2JsA F2 o]
29 AUt mlmcfozn EAsle Xog, B
E T Y E 5~40°, A% 0~80° Atolo]] E)gt
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CHYE g ENVISATH 22 A $Ael
SAA A Y& T4 o, spd Al 23t A&7
T HAANES o 52 dvAed =28 o)z
st A&7]9] Adzdiatgnlst st Ho 53
A el vt FE2Al. o2 Az
Haee A SO,8 Ml ddke 71AA F
o] £4d SO, 9] Wyt 18 1eX4A¥ Heht
o, A FHe| vEEA ¥MEeF ZA debd
o} 059} Ze] oz Exshs 4o Ay NO,%
o] ZWAHA FHelA EMHE A-polME SAA
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Fig. 2. Yearly and monthly mean vertical columns of tropospheric SO, retrieved from SCIAMACHY data over East Asia
from January to November 2006. The areas of A (East China), B (Yellow Sea), C (Korean Peninsula), and D
(South Sea) of interest are framed in the first panel of Fig. 2.
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Fig. 2. Continued.
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zejs), 35olel % F¥Ades A TR
4 9lon, 53] 2 FHAYGL AT wEA gL
2 B4 o)Al

29 2 3% S¥AYH W AT A9 |
458 11471219 SO, JEx 3 4 HFEE
£ RoFrl 19 22RE FEofAoe] 80, 4
WAL G FRAGes A7 PN
] o] A (Beijing), A Al (Tianjin), -3 (Hongkong), %
#) (Chongging) 5-olv}. 13el|lA My npe} o] F
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Fig. 3. Trends of (a) monthly and (b) weekday mean SO,
levels over the areas A (East China), B (Yellow
Sea), C (Korean Peninsula), and D (South Sea) in-
dicated in the first panel of Fig. 2. The error bars
indicate + 1o (standard deviation).
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7173 A A241 225

FE Bolx gloh
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o2 FEA o|F XY U, F71E SO, W
ez AR (1% 3%x).

29 28 %3 F5 F58AY9 SO= ot
Ao} A GelA] Foll HA 2 AE By, A
Abe] dhitxsl Fajelrt -2 AHEE BT F
FEAELE 119l 23, 64l HAZE By
EN7E 2 AL W A BA ¥ ¥
ZF Holx QEH- AYHer ¥ P2 FE Ho
I gled, ol ALHE dd e dad 93 SO,
W& Z7l2 gt Aoz G 1Y94le £ F
2o Y& Yol AA 2 £79 SO7F #&HS
o} FHIR Gl M A Aoz T ool HEE &
5 Q) 293 3ol 195} Ze] W& Aol A
A L 35 B F2HA odskont e
qAE FFFHY A G > Furl A
o) 44, 59, 690 AVEAM ki FAE
Bex 7YHE ZUIsl 53] 94, 104, 1149
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Fig. 4. Global distribution of mean tropospheric NO, ver-
tical column in 10'® molecules/cm? retrieved from
SCIAMACHY measurements from January to No-
vember 2006. High emission areas of anthropo-
genic NO, are framed on the map. Assuming that
most of tropospheric NO, is within 200 m of the
boundary layer, an 1x 10'® molecules/cm? of NO,
corresponds to~ 19 ppbv.



‘2_—_;,’——?‘] Al (SCIAMACHY) E‘] °] E‘]—g- 0] -g-if]- I:HT'_:‘L_ SOZv N02 3&;.] 183

19 29 A 2] F5 FRIG oA,
ARA QNN F2 & FEE B0

A&l (2" 29] B) 2194 SO, 9] AL 3¢
o Hugtd BolI 4€ HAZE ehlisich A
Aol 71 2k SO, WA o] ¢l skl
DMSe]| 23t SO, A2 FHelAloke] <lg|H e
2 Wl &Ey gl niste] AdAe] Hoz ol
ok2 RMS Hiejel 9ls] A A=t (Khokhar ef al.,
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o HAA SO SRebalob Aol F1 HA1E
da) 23 F2AGNN ST S0 o EHE A
22 welt}(Koike ef al., 2003). 393} 692 79l
T A B)e] FFFRAAGETG 2 e B
Ret. o] 717 Ftell e F= FHA 9 SR o
ARl F2 SO, 25 Hoj7| Wffef Adixez
< JEFE Y 4 A 7}74—?- 5 F
5 slkA oA W REe] ke wowe I 5

SCIAMACHY Trop. NO,: JAN~NOV 2006

Latitude

20
90 95 100 105 110 115 120 125 130 135 140 145 150
Longitude

00 03 06 09 12 15 18 21 24

VC NO, (10'® molec/cm?)

SCIAMACHY Trop. NO,: FEB 2006

90 95 100 105 110 115 120 125 130 135 140 145 150
Longitude

BRG] HFpET} ¥ FEE Vel £ gleh

= (O)9} Fel (DAY =&t AsA 974 A
gt 73S Hold), o] A o] FFH
dele] 1% AGozRE| ke W] el A
o2 oAz x| A9 oE 7|7k ¢ 10
ol M3ligtEe ¥ 58 2T o] 7|7 B¢t
i BE AdE Aoz ¥ FEE HiH
B3] B3k A YoM 1Y, 24,34, 104, 114 A
Aoz A Jelgtd ol F39 FRIMAY
(B3], aabetat xY) A AP zHE Y T2 of
) Bk o] AAdae] die ot Fler B
=

O3 3(b)e] 29 227 Rt Qv B35,
A&, shib=, el A1ge] 20069 HF VCE A7
1.78 (£1.0) X 10%, 1.11 (£0.67) x 10'%, 0.60 (£0.63)
% 10'%, 0.71 (£0.65) X 10'¢ molecules/cm?®o] v} =

FER AGeiMe add Foddd HFAH

SCIAMACHY Trop. NO,: JAN 2006

20
90 95 100 105 110 115 120 125 130 135 140 145 150

Longitude

SCIAMACHY Trop. NO,: MAR 2006

20
90 95 100 105 110 115 120 125 130 135 140 145 150

Longitude

Fig. 5. Yearly and monthly mean vertical columns of tropospheric NO, retrieved from SCIAMACHY data over East Asia
from January to November 2006. The areas of A (East China), B (Yellow Sea), C (Korean Peninsula), and D
(South Sea) of interest are framed in the first panel of Fig. 5.
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Fig. 5. Continued.
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