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Tropospheric Sulfur Cycle
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Fig. 1 Schematic representation of tropospheric sulfur cycle
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Fig. 2 Schematic representation of cloud vertical
structure
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Cloud Type SEHE FEKRE
(AH;km)  (lwei,gm™?)

Cu 1.0 0.3

St/Sc 0.7 0.3

Ac/As 0.8 0.1

Ns 2.7 0.1

Cb

(Tropical) 5.0

(Others) 2.5

Table 1 vertical extent and liquid water content of

each cloud type
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WICHESR/EERD. JOov LA, EREE
mEAENE, ~RLTWwA I LIl b, HMAERNT
6.5BIETH) ., MELFEILL> THEEKEL KD
TebhilRRVLW—EAFRSATWS, Fig3TRLL
DXL AP THLY, HORIZBWTHEENLY
CHReN5,
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Z C T4 @M% L7 Explicit Model 5 & USGER
DA F— LIZHE» 7: Implicit Model 128113 S0,
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3.1 Explicit Model

Explicit Model (& SO» D AREE (LB % 4 5~
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BEMLRIGE LT, (1)Ha0s. 70305124 2
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EnikEnsd, WILETHOINSE(, FHT
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Gas Phase

Fig. 4 Aqueous oxidation of SO
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Fig. 3 Correlation of liquid water path between SSM/I Database and calculated (Unit:kg/m?)
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Fig. 5 seasonally zonally averaged aqueous oxidation rate of SO2 (Unit:s™")
Leftside:Explicit Model, Rightside:Implicit Model
Upside:December to February, Downside:June to August
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ABRIEL L Tit, LESREOREL ERFHIC
Lo TEIZSO, HRELTHBENS, HLED
7— % & LT GEIA(Global Emissions Inventry Ac-
tivity) Inventry version 1B A w7, Ihid
1985 €128 5 ABRE SO, DILELFH L
123 &L DT, point source(REA L &) &
area source(EN LY I &) FFTTHEILTWVAS
(Voldner et al.,1996) A5, €7V TREFYL T4k
Vo MIMEREHILIZE XA, FEILLBEL
2HE D ESRE (Fig6)e

BREFL LTI, BE»SRIIRORMEYIC
LAEERECESWORESBEREY LS HaS X
DMS. dSIdEm 75 v 2 b oRBEHELT
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PODHERIZL Y, SO, HAKREENL, T—F
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Inventry % Bv 72, (Fig.7:DMS)o €7 L O R
12 1985 £ TH H. BRBEORHENZELL
iEbhFhrThrLERS,

BELSWORBEAL,S D SO, BSMEETRE
Dbox i LT, KA S5D SO, EZNORENE
BB Ubox L LTERX 2, 72, BBENT
REESWIEZO box 2BV THREII—HRICIRES
L7

EFAMIRAVEIRELCEGWOFMMLEE
Table2i2 F £ D7, Ay aDPOfEIRETRERN
SRBEBIIHTEHEERL TS, LK
SNDANBRIESO: RO TEHHEEHL I LD
bh b, BARFEORMR, HIiE,H0DMS i
HEICIDERODICKRELENHN, 22T
12TgS/yr TEED 13% 12T &4 v ', 30TgS/yr
BLEE W) 5L &5 (Méller,1095),

4.2 B - HH

i - ILEUAX. key box method (24 1. K&
S box MlOEEREEROBILIZLINEET D, B
DIRTEF—% L LT, ECMWF/WMO ORER

Anthropogenic SO2 emission DJF
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Fig. 6 Anthropogenic SO emission averaged from
December to February (Unit:ugS/m®/day)
from GEIA Inventry version 1B
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KRR = 1.0 x 105(m?/s)

v n [ MO (BT
BEILRI = {0.37|u| (E2BIL)
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~. DMS. H>S51x850,c8ft s %, DMSHh
5 SO Bt s amoPMERPIEIERLTY
v, OH radical iR Spivakovsky(1990) »
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al.(1986). DeMore et al.(1992) I25E o 72,
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%, HIAB{LRICE (Figs) t&T A E, 1HTHE
NEWT ENDDD,

4.4 Incloud scavenging
AKEFPOMEEMDAALENH, BKREL2T
HRT AT 2L BIRFEARE 'in-cloud scaveng-
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Fig. 7 Monthly averaged DMS emission (Unit:pgS/m?/day) from Spiro et al.(1992)
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4.5 Subcloud scavenging

RKEPOWENET T oML OFHRIZLNBEE
& 155818 % subcloud scavenging &9, D@
BIZL B S0, BLU SO, DiFRER, ThER
Berge(1993). Martin(1984) 26> TEFli L 72

incloud scavenging i & 5 i i & & subcloud
scavenging 12k AEBREFHET L. SO 0
#5414 incloud scavenging ERIMNIEHT 5, —
H. SO, DIFEIE, BT B LUVEFIKT subcloud
scavenging. %#IKT incloud scavenging #*£&Y
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Emission Global Northern Hemisphere Southern Hemisphere
Anthropogenic SO, 67(73%) 61(66%) 6(7%)
Biomass burning SO, 2.3(2%) 1.3(1.4%) 1.0(1%)
Volcanic SO, 9.9(11%) 7.9(8.6%) 2(2%)
Total SO, | 79.2(86%) 70.2(76%) 9(10%)
Oceanic DMS 12(13%) 5.3(5.8%) 6.6(7%)
Terrestrial DMS 0.1(0.1%) 0.1(0.1%) 0.1(0.1%)
Total DMS | 12.1(13%) 5.4(5.9%) 6.7(7.1%)
Terrestrial H>S 0.7(1%) 0.4(0.6%) 0.3(0.4%)
Total 92 76(82.5%) 16(17.4%)

Table 2 Annual sulfur emissions used in the model (unit:TgS/yr)
derived from GEIA Inventry version 1B for anthropogenic source ; Spiro et al.(1992) for natural source
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Fig. 8 Seasonal variation of monthly zonally averaged gaseous oxidation rate of SO2 (Unit:s™")
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Water Land Snow/Ice
50 0.8 0.6 0.1
S0~ 02 02 0.2

Table 3 Dry deposition velocities vo in cms™! from
Langner and Rodhe (1.991)
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HgTHH., EFVTHWZREED 7~ ¥ (Spiro
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+350% T. FNUFINORMEL 9 (Bates et al.,1987)
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DMS MAM 1000hPa

Fig. 9 Seasonally averaged DMS distribution at
1000hPa (Unit:pptv) |
Upside: March to May, Downside: September
to November
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MOHEENS HaS i3 tree canopy AT TF CIZkR
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Fig. 10 Seasonally averaged H2S distribution at
1000hPa (Unit:pptv)
Upside: December to February, Downside:
June to August
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Location Time Period Mean(Median) Range Model | Ref.
Bahamas Nov 122(70) 3 ~ 469 43 1
June 154(108) 25 ~ 300 47 2
Gulf of Mexico Sept 25(24) 3~70 49 2
Sargasso sea June 232(115) 1~ 709 38 1
Carribean Feb/March 83(57) 16 ~ 104 57 2
Barbados June 70+6 70 3
Bermuda June 35 ~ 195 39 4
Atlantic
- 40°N,70-30°W April/May 126 2~ 411 37 1
- 43°N,70°W Jan/Feb 0.5~ 12 31 4
- 80°WV 43°N Jul/Aug 20+ 25 1~110 4.4 5
- 65°WV 45°N Aug 101 + 67 11 ~ 335 14 5
- 30-40°1V,0-20°S Oct 10 ~ 40 45 6
Equatorial Pacific July 168(120) 47 ~ 289 79 1
Nov 70 40 ~ 140 64 7
Tropical Pacific
- 145-163°W,15°5-20°N  Feb/March 347 272 ~ 446 73 11
- 170°W,10°S-15°N April/May 277 £ 178 57 ~ 647 71 16
Northeast Pacific May 25 ~ 250 70 8
Cape Grim Jun 167(130) 24 ~ 336 68 1
Antarctic April 106 + 55 17 ~ 236 102 10
Amazon Basin Dry season 12
- surface 16+ 10 16
- mixed layer 9.1+6.7 15
- free troposphere 1.1+£08 1.4
Amazon Basin Wet season 13
- surface 16 £10 29
- mixed layer 7.2+3.1 29
- free troposphere 0.9+0.5 2.2
Congo Feb/March 30 T~75 1 | 4
Georgia Jul/Sep 5~15 30 15

Table 4 Measurements of DALS at several locations at the surface , unless noted, and comparison with calculated

by Explicit Model and Implicit Model for the same areas and time periods

Unit of concentrations: pptv

Reference : 1, Andreae et al. (1985b); 2, Saltzmann and Cooper (1988); 3, Ferek et al. (1986); 4, Van
Valin et al. (1987); 3, Cooper and Saltzmann (1991); 6, Barnard et al. (1982); 7, Nguyen et al. (1984);
8, Bates et al. (1990b); 9, Andreae et al. (1988b); 10, Berresheim (1987); 11, Huebert et al. (1993); 12,
Andreae and Andreae (1988a); 13, Andreae et al. (1990); 14, Bingemer et al. (1992); 15, Berreshem

and Vulcan (1992); 16, Quinn et al. (1990)

BEE SR EIIBLALELWEEZTIY,
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Wwh,

Table6i2 £ # & & Explicit Model(EX.Model)
5 & U Implicit Model (IM.Model) 2 & 2RED
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+30% BEOHBIZBEE2TVDE LI THEA,
Implicit Model {2 L#B R BIZH VT, 2% ) 0B
KEMELA2IEHNFEVLEITHE, HESKmEL
ETikUr S SN SO, HERTENDTH
%7', Implicit Model ®HAABILBIEIZIZEAL

—191—



Location Time Period  Mean Range Model | Ref.

Bahama June 59 10 ~ 260 6.4 1
Gulf of Mexico Sept 46 30 ~ 90 13 1
Caribbean Feb/March 8.5 0~20 1.9 1
Atlantic Oct 28 10 ~ 100 1.5 2
Northern Germany  June/Oct 100~ 530 | 64 3
Tropics Jan 15~6400 | 5.9 4
Amazon Basin Dry season 5

- surface 3012 32
Amazon Basin Wet season )

- mixed layer 47+ 21 22

- free torposphere TET 1.5
Congo Feb/March 6

- surface 24+ 15 26

- mixed layer 25+ 16 19

- free troposphere 7~13 14

Table 5 Measurements of H»S at several locations at the surface ,unless noted, and comparison with calculated
by Explicit Model and Implicit Model for the same areas and time periods

Unit of concentrations: pptv

Reference: 1, Saltzmann and Cooper (1988); 2, Herrmann and Jaeschke (1984); 3, Jaeschke et al.
(1980); 4, Delmas and Servant (1983); 5, Andreae et al. (1990); 6, Bingemer et al. (1992)
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5.5 Global Sulfur Budget
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120€ 180 120w

Fig. 11 Seasonally averaged SO» distribution at 1000hPa (Unit:pptv)
Leftside: calculated by Explicit Model, Rightside: by Implicit Model
Upside: December to February, Downside: June to August
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IM. SO4 DJF 1000hPa

EX. SO4 DJF 1000hPa

60E 120E 180 120w 60W

60E 120€ 180 120w 60w 0

Fig. 12 Seasonally averaged SO; distribution at 1000hPa (Unit:pptv)
Leftside: calculated by Explicit Model, Rightside: by Implicit Model
Upside: December to February, Downside: June to August
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IM. SO4 DJF -700hPa

EX. SO4 DJF 700hPa
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Fig. 13 Same as Fig.12 except at 7T00LPa

HEELLDTHE, HARJATHIIFTRIEN
ELNTHHN, EHLIIREDEASHWVIZ
IABHOBRENEILGZET H2LENS
B, SO % 1 FFEEMLTRIE, BEA b 32
15 FHRTAHI L2405, Chameides(1984)
DOFEy 7 AEFVOFRIZEINE, HE LB
AN ERDICE D, BHIZBVLTHIES
NBENT, LFTLIRM>THFC LRSS L VWD
ThAHH, BOABREBEOEFOFRRRTI
SO; HREIZHFET A0 BLRDEENE
WIS, BELERGVLIENEINIDE
%z 5 Twb (Langner and Rodhe,1991),

. pH Ok

4E, G#EKO pHId—E E(RE LA, 8L
RIE DT pH A TFAND, Oz 12 L BERIER
BTS2, cREF—FE L. H%, 8
KEFMi& % %o

CERA A ERMEE T HEF Oy 1D L BRAEER

feRiE
BHETRVWAEETHL L LA, JORTIID
WTOFMOEERLPIIL Y2055 L)

Thb, HVIFRIRIBHFTRICELLEDR
5,

& 512 SOF™ ?@ incloud scavenging 22V TN
BAZEND, KR T SO]” DARFREIZE-
T, EEABRTH 2 MHEBELERICERE»ENLUE
12, BR%EBIETH 5 incloud scavenging HIEHIZE
ETHLI LTSN, SRIBEEICEMLEN
FAZNEL Y3 r e BN, SOBERBIZEEL
MBBETHL, SNEIEL(RRTELHED
NPT, EFVORANFRELLOELD, T 2
DB/BIZOVTIE, 1 TERAOLEEL, BL
DT~ KL ZBTHLENDH D,

ZLCED, RELERZTF-—9PEKHOLN
3o A, JLEIRELAFHHEIZH VT Explicit
Model & Implicit Model i2 & 3 SO}~ g%
HEBVWHARSNL, YL, 203 -0y REETH
BEO SO AHE S WU, BAEBLEE B
WIBEBUNFEREINLIEIIL D,

—195—



Location Time Period Mean Range EX. Model | IM. Model | Ref.
NW.Atlantic Summer 1
- 25-40°W,53-65°V 157 35 ~ 903 169 164
- 40-50°W ,45-55°N 14 14 ~46.5 288 288
- 55-75°W,35-40°N 299 48 ~ 4956 569 526
- 60-70°1V,30-35°N 265 96 ~ 549 324 336
Barbados Annual mean - 192 +53 131 146 2
NE.Pacific May 3
-0 Km 40 ~ 130 163 180
-1Km 25 ~ 100 193 216
-2 Km 50 ~ 120 231 234
-3Km 75 ~ 150 260 249
Pacific Annual mean 4
- Qahu 127+ 15 80 142
- Guam 128.5 £ 51 31 63
- Midway 166 + 196 128 128
- Famming 163 + 46 62 99
- Samoa 101 £41 37 33
- New Caledonia 128 & 100 59 7
- Norfolk 82+37 77 71
Tropical Pacific Feb/March 124 50 ~ 173 57 83 5
April/May 99 + 52 45~ 213 35 76 11
Amazon Basin Dry season 6
- surface 118 £ 119 93 80
- mixed layer 129 + 50 96 82
- free troposphere 167 33 29
Amazon Basin Wet season 7
- surface 67 85 94
- mixed layer 76 £ 56 88 93
- free troposphere 11+4 38 50
Georgia U.S.A Jul-Sep 1500 ~ 6800 604 473 8
Arctic Annual mean 9
- T9°N,12°F 167 153 146
- 75°N,19°E 219 226 203
- 70°N,25°E 368 375 277
Tropopause Spring 27 ~ 310 270 260

Table 7 Measurements of SO';" at several locations at the surface, unless noted, and comparison with calculated
by Explicit Model and Implicit Model for the same areas and time periods

Unit of concentrations: pptv
Reference: 1, Galloway et al. (1990); 2, Savoie et al. (1989); 3, Andreae et al. (1988b); 4, Savoie and
Prospero {1989); 5, Huebert:et al. (1993); 6, Andreae and Andreae (1988a); 7, Andreae et al. (1990);
8, Berresheim and Vulcan (1992); 9, Heintzenberg and Larssen (1983); 10, Lazrus and Gandrud (1974);
11, Quinn et al. (1990)
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EX. Model  IM. Model
SO,
Source(TgS/yr) same as EX.
Anthropogenic ~ 67(73%)
Biomass burning 2.3 (2%)
Volcanoes  9.9(11%)
Oxidation 12.8 (14%)
Sink(TgS/yr)
Aquious oxidation  64.7(70%)  44.4(48%)
Gaseous oxidation  1.5(2%) 3.8(4%)
Wet Deposition 10(11%) 22.5(25%)
Dry Deposition  16(17%) 21.5(23%)
Burden(TgS) 0.23 0.56
Lifetime(day) 0.9 2.2
S0,
Source(TgS/yr)
Aquious oxidation  64.7(98%)  44.4(92%)
Gaseous oxidation  1.5(2%) 3.8(8%)
Sink(Tg/yr)
Wet Deposition  57.2(86%)  40.5(84%)
Dry Deposition 9(14%) 7.7(16%)
Burden(TgS) 1.2 1.1
Lifetime(day) 6.5 8.3
DMS
Emission(TgS/yr) 12.1 same as EX.
Burden(TgS) 0.08
Lifetime(day) 2.4
H2S
Emission(TgS) 0.7 same as EX.
Burden(TgS) 0.007
Lifetime(day) 3.5

Table 8 Global sulfur budget estimated by Explicit
Model and Implicit Model
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The effect of clouds on the tropospheric sulfur cycle

Tamon NIISOE* and Hisahumi MURAMATSU

* Graduate School of Science, Kyoto University

Synopsis

In developing a global three dimensional chemistry-transport model (CTM) of the tropospheric
sulfur cycle, the aqueous oxidation process of SO, gas, which dominates tropospheric sulfate aerosol
production, is explicitly represented by using a cloud climatology dataset to estimate liquid water content.
And another CTM employing a usual parametalization of the aqueous oxidation process is provided, and
numerical simulations are carried out to demonstrate difference between tropospheric sulfate distributions

derived from the two types of CTM.

Keywords :Tropospheric sulfate, Liquid water content, Aqueous oridation
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