Chapter 2

Global Chemical Model of the Troposphere

2.1 Introduction

As discussed in the previous chapter, tropospheric ozone and related chemistry have significant
roles in the climate system and atmospheric environment. With limited observations available for
tropospheric chemistry involving ozone distribution, numerical models are needed to investigate
tropospheric ozone chemistry and to assess its impact on global climate (e.g., global radiative forc-
ing from tropospheric ozone). There have been various global modeling studies of tropospheric
ozone, chemistry, and transport up to the preseaty et al, 1985 [Crutzen and Zimmermahn
1997, [Roelofs and Lelieve|d 995 Miller and Brasseur1995 [Roelofs et a]/199% Berntsen and
Isakseihn19974Wang et al.[1998alb; Brasseur et a]/1998 [Hauglustaine et a)/1998 [Lawrencé
et all, [1999 [Horowitz et al, [2002. Models in those studies generally include photochemical re-
actions in the troposphere to consider ozone formation and destruction. The photochemical chain
reaction which produces ozone is initiated and maintained by reactive radicals as illustrated in Fig-
ure2.1 While volatile organic compounds (VOCs) act as “fuel” in the ozone formation process,
NOx (= NO + NO,), most important species, partially function as a catalysis “engine” in the for-
mation process (NO also plays a key role in the regeneration of the reactive radicals and the further
progress of the reactions). In the process, other important products such as peroxy acetyl nitrate,
nitric acid, aldehydes, organic acids, particulates and many short-lived radical species are formed
from the VOCs degradation. The significance of VOCs in the ozone formation process increases in
the polluted NOy rich) atmospheres as in urban sit€hameides et 11992 [Konovaloy2009.

Also, VOCs, reacting with OH rapidly, have great impacts on the global OH radical field, oxidizing
capacity of the atmosphere. However, several of the above global models ignore higher VOCs (hon-
methane hydrocarbons, NMHCs) and employ a siniDg-CH4-CO chemistry [e.g/Roelofs and
Lelieveld [1995 [Lawrence et a]/[1999, because of heavy demands on computer time by NMHCs
chemistry. The previous studies|dliller and Brasseuf1995, Wang et al[[19984lb], Brasseur

et all [199§, Hauglustaine et al[199¢, andHorowitz et al.[2007 have simulated global tro-
pospheric chemistry including NMHCs. The simulationg/ddng et a|.[1998¢, [Horowitz et al.

[199§, and|Roelofs and Lelievel{200( reported the influence of NMHCs (particularly of iso-
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Figure 2.1. The fundamental flow of tropospheric chemistry producing ozone i@y and hydrocarbons.
Also shown is formation of reservoir species like peroxides and nitrates.

prene) on ozone formation and the global OH field.

Many of the global chemical models developed so far use meteorological variables such as wind
and temperature prescribed “off-line” without considering the feedback from tropospheric ozone
forcing [Muller and Brasseur1995 Berntsen and Isaksefh997&Horowitz et al,[199§ [Haywood
et al},[1998 Wang et al.[1998aBrasseur et al/199§. This kinds of models ignore the short-term
and synoptic-scale correlations between tropospheric ozone and meteorological variables such as
clouds and temperaturPickering et al,[ 1992, [Sillman and Samsi994, and may not be suitable
for accurate simulation of the future climate system. On the contrary, several model studies consider
“on-line” simulation of tropospheric 0zone and meteorology, incorporating chemistry into general
circulation models (GCMs) [e.dRoelofs and Lelieve)d 995 2000 Mickley et al,[1999. While
such models are useful to investigate interactions between tropospheric chemistry and climate, they
are computationally heavy in general and may have limitations in spatial resolution compared to
“off-line” models.

In this study, a global chemical model for the troposphere has been developed. The model,
named CHemical AGCM for Study of atmospheric Environment and Radiative forcing (CHASER),
has been developed in the framework of the Center for Climate System Research (CCSR), Uni-
versity of Tokyo/National Institute for Environmental Studies (NIES) atmospheric GCM (AGCM).
This model, CHASER, is aimed to study tropospheric ozone and related chemistry, and their im-
pacts on climate. The model includes a detailed simulation of tropospheric chemistry including
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NMHCs. The chemistry component is coupled with the CCSR/NIES AGCM to allow the interac-
tions between climate and tropospheric chemistry (i.e., ozon€ahdlistributions) in the model.

As mentioned in the previous chapter, tropospheric ozone chemistry is much responsible for for-
mation of sulfate which has significant direct/indirect climate effects (Figulle As the sulfate
formation process is important in the climate system as well as ozone, and in turn has some impacts
on tropospheric chemistry especially on hydrogen peroxity%), it was opted to be simulated
on-line in the present version of CHASER. Although sulfate simulation is implemented and is re-
flected on the calculation of heterogeneous reactions in the model, note that it is not linked to the
radiative transfer code in the AGCM at this stage.

The following sections present description and evaluation of the CHASER model which is
based on the CCSR/NIES AGCM. The CCSR/NIES AGCM has been also used for an on-line
global simulation of stratospheric chemistry and dynaniiegigawa et al/1999, and for a global
simulation of the aerosol distribution and optical thickness of various orifiakeimura et a).
20002007 The principal objective of CHASER is to investigate the global distributions and bud-
gets of ozone and related tracers, and the radiative forcing from tropospheric ozone. Additionally,
CHASER can be used to assess the global impact of changes in the atmospheric composition on
climate. Principal description and evaluation of the CHASER model (the previous version) are pre-
sented inSudo et al[20024b]. CHASER has been employed in a simulation study of tropospheric
ozone changes during the 1997-1998\i0 event [Sudo and Takahas|007]] (see chapted).

A detailed description of the present version of CHASER is given in segtiwwhich includes
descriptions of chemistry, emissions, deposition processes. In sEcjanodel results are evalu-
ated in detail with a number of observations. Conclusions from this model development are in sec-
tion[Z.4 In the end of this chapter, evaluation of transport and deposition processes and description
of agueous-phase reactions implemented in the model are given (Appendix 2A, B, respectively).

2.2 Model description

As mentioned above, the CHASER model is based on the CCSR/NIES atmospheric general cir-
culation model (AGCM). The present version of CHASER uses the CCSR/NIES AGCM, version
5.6. Basic features of the CCSR/NIES AGCM have been describBimaguti1993. The newly
implemented physical processes were presentddungaguti et al[1995. This AGCM adopts a
radiation scheme based on the k-distribution and the two-stream discrete ordinate rhigkad [
jima and Tanaka198€. A detailed description of the radiation scheme adopted in the AGCM is
given byNakajima et al[[199Y. The prognostic Arakawa-Schubert scheme is employed to simulate
cumulus (moist) convection [(Numaguti et all1995. [Emori et al.[200]] evaluates the cumulus
convection scheme in a simulation of precipitation over East Asia. (see also the descrififian by
maguti[1999 for further details of the hydrological processes in the model). The level 2 scheme of
turbulence closure bMellor and Yamaddi1974 is used for the estimation of the vertical diffusion
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Figure 2.2. The flow of calculation in the CHASER model. Dynamics, physics, chemistry processes are
evaluated at each time step in the CCSR/NIES AGCM. Configurations of the chemical scheme such as a
choice of species, reactions and reaction rates are automatically processed by the preprocessor to set up the
model through input files

coefficient. The orographic gravity wave momentum deposition in the AGCM is parameterized
following IMcFarlane[1987. The AGCM generally reproduces the climatology of meteorological
fields. In climatological simulations, CHASER uses climatological data of sea surface temperature
(SST) as an input to the AGCM. In simulations of a specific time period, analyzed data of wind ve-
locities, temperature, and specific humidity from the European Center for Medium-Range Weather
Forecasts (ECMWF) are used as a constraint in addition to SST data of a corresponding year, be-
cause it may be difficult to validate just climatological output from the model with observations in

a certain period.

In CHASER, dynamical and physical processes such as tracer transport, vertical diffusion, sur-
face emissions, and deposition are simulated in the flow of the AGCM calculation (Ed)re
The chemistry component of CHASER calculates chemical transformations (gas and liquid phase
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chemistry and heterogeneous reactions) using variables of the AGCM (temperature, pressure, hu-
midity, etc.). In the radiation component, radiative transfer and photolysis rates are calculated by
using the concentrations of chemical species calculated in the chemistry component. The dynam-
ical and physical components of CHASER are evaluated with a time step of 20 or 30 min. Time
step for chemical reactions in this study is opted to be 10 min. In this study, the model adopts a
horizontal spectral resolution of T42 (approximately,2dhgitudex 2.8 latitude) with 32 layers

in the vertical from the surface up to about 3 hPa (about 40 km) altitude. CHASER uses the
coordinate system in the vertical. The 32 layers are centered approximately at 995, 980, 950, 900,
830, 745, 657, 576, 501, 436, 380, 331, 288, 250, 218, 190, 165, 144, 125, 109, 95, 82, 72, 62, 54,
47, 40, 34, 27, 19, 11, and 3 hPa, resulting in a vertical resolution of 1 km in the free troposphere
and much of the lower stratosphere for an accurate representation of vertical transport such as the
stratosphere-troposphere exchange (STE).

The present version of CHASER calculates the concentrations of 53 chemical species from
the surface up to about 20 km altitude. The concentratior33pNOy, N2Os, andHNO;3 in the
stratosphere (above 20 km altitude) are prescribed using monthly averaged output data from a three-
dimensional stratospheric chemical modEKigawa et al.1999. For theOs distribution > 20
km), the data offakigawa et al[1999 were scaled by using zonal mean satellite data from the
Halogen Occultation Experiment project (HALOEUssel et a)[1993 [Rande][1999, since the
latest version of the stratospheric chemical mgdiekjgawa et a}/1999 tends to slightly overesti-
mate theD3 concentrations in the tropical lower stratosphere. The concentrations in the stratosphere
(> 20km) in the model are nudged to those data with a relaxation time of one day at each time step.

In CHASER, advective transport is simulated by a 4th order flux-form advection scheme of
the monotonic van Leeivhn Leer|[1977], except for the vicinity of the poles. For a simulation of
advection around the poles, the flux-form semi-Lagrangian schelia ahd Rood[199¢] is used.

Vertical transport associated with moist convection (updrafts and downdrafts) is simulated in the
framework of the cumulus convection scheme (the prognostic Arakawa-Schubert scheme) in the
AGCM. In the boundary layer, equations of vertical diffusion and surface emission and deposition
fluxes are solved implicitly. The adopted transport scheme is evaluated in Appendix 2AL{EAge
together with evaluation of the deposition scheme.

Information about the CHASER model can also be obtained via the CHASER web site
(http://atmos.ccsr.u-tokyo.ac.jjdengo/chaser).

2.2.1 Chemistry

The chemistry component of CHASER includes 37 tracers (transported) and 17 non-tracers
(radical species and members of family tracers). Table 2.1 shows chemical species considered in
CHASER. Ozone and nitrogen oxide®@ + NO; + NOg) are transported as familie®{ and
NOy respectively). The concentrations of nitroged,), oxygen (©,), water vapor ,0), and
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Table 2.1.Chemical Species Considered in CHASER

No. Name Family? Description
Tracers
01 Oy O3 + O+ O('D) Oy family (ozone and atmoic oxygen)
02 NOy NO + NO; + NO3  NOy family
03 N2Os single nitrogen pentoxide
04 HNO3 single nitric acid
05 HNO4 single peroxynitric acid
06 H.0, single hydrogen peroxide
07 CO single carbon monoxide
08 CyHg single ethane
09 C3Hs single propane
10 CoHa single ethene
11 C3Hs single propene
12 ONMV single other NMVOC$
13 CsHsg single isoprene
14 CioH1s single terpenes
15 CH3COCH; single acetone
16 CH,O single formaldehyde
17 CH3CHO single acetaldehyde
18 NALD single nitrooxy acetaldehyde
19 MGLY single methylglyoxal and oth&Z; aldehydes
20 HACET single hydroxyacetone ar@} ketones
21 MACR single methacrolein, methylvinylketone a@g carbonyls
22 PAN single peroxyacetyl nitrate
23 MPAN single higher peroxyacetyl nitrates
24 ISON single isoprene nitrates
25 CH30OO0H single methyl hydro-peroxide
26 C>HsOO0OH single ethyl hydro-peroxide
27 C3H;O0H single propyl hydro-peroxide
28 HOROOH single peroxides fron€,H4 andCsHg
29 ISOOH single hydro-peroxides frons0, + HO,
30 CH3COOOH  single paracetic acid
31 MACROOH single hydro-peroxides froflACRO; + HO,
32 O(S) 03(S)+ O(*D)(S) O family from the stratosphere
33 SO, single sulfur dioxide
34 DMS single dimethyl sulfide
35 SOy single sulfate (non sea-salt)
36 222Rn single radon(222)
37 210pp single lead(210)
Non-Tracer§
01 OH hydroxyl radical
02 HO2 hydroperoxyl radical
03 CHz02 methyl peroxy radical
04 CyH502 ethyl peroxy radical
05 C3H;02 propyl peroxy radical
06 CH3COO, peroxy acetyl radical
07 CH3COCH,0, acetylmethyl peroxy radical
08 HOC,H40, hydroxy ethyl peroxy radical
09 HOGC3HgO, hydroxy propyl peroxy radical
10 1ISO, peroxy radicals fron€CsHg + OH
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Table 2.1.(continued)

No. Name Family? Description
11 MACRO; peroxy radicals froorMACR + OH
12 CH3SCHO, dimethyl sulfide peroxy radical

aFor transport
bNon Methane Volatile Organic Compounds
¢Not including member species of family tracers

hydrogen H,) are determined from the AGCM calculation. In this stugii, is not considered as

a tracer because of uncertainty in the natural emission amo@ii.pénd its long chemical lifetime
(8-11 years). In the modeCH4 concentration is assumed to be 1.77 ppmv and 1.68 ppmv in the
northern and the southern hemisphere, respectidel. concentration in the model is also fixed to
0.3 ppmv uniformally in the global.

The present version of CHASER includes 26 photolytic reactions and 111 chemical reactions
including heterogenous and aqueous-phase reactions (Table 2.2 and Table 2.3). It considers NMHCs
oxidation as well as th€®4-HO«-NOy-CHy-CO chemical system. Oxidations of ethar@kg),
propane CzHsg), ethene C>Hy), propene C3Hg), isoprene CsHg), and terpenesioH1g, €tc.) are
included explicitly. Degradation of other NMHCs is represented by the oxidation of a lumped
species named other non-methane volatile organic compounds (ONMV) as in the IMAGES model
[Muller and Brasseu199 and the MOZART modelBrasseur et all199§. The model adopted
a condensed isoprene oxidation schenidschl et al[200( which is based on the Master Chem-
ical Mechanism (MCM, Version 2.00enkin et al.[1997. Terpenes oxidation is largely based on
Brasseur et al[199¢ (the MOZART model). Acetone is believed to be an important source of
HOy in the upper troposphere and affect the background PAN formation in spite of its low photo-
chemical activity. Acetone chemistry and propane oxidation are, therefore, included in this study,
based on the MCM, Version 2.0.

Dentener and Crutzéfil999 suggested that heterogeneous hydrosidNgds on aqueous-
phase aerosols can redud® levels and hence ozone production in polluted areas. In addition,
several studies have shown the possibility that heterogeneous reactid@s aihnd some peroxy
radicals RO,) from unsaturated hydrocarbons like isoprene may occur on agueous-phase aerosols
[Jaegk et al, [1999 Jacol 200(. Meilinger et all[200]] have also suggested an importance of
heterogeneous reactions on liquid and ice (cirrus) clouds for the ozonel@adbhudgets in the
tropopause region. In this study, the heterogeneous reactidp6f“— 2 HNO3” is included with
an uptake coefficieny of 0.1 on agueous-phase aerosols and 0.01 on ice pariRdesiér et al.

200(Q. Reactions oHO, and RGO, on aerosols are tentatively included in this study as listed in
Table 2.3, withy values based adacob[200(]. The heterogeneous loss rgfefor the species
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Table 2.2.Photolytic Reactions Included in CHASER

No. Reaction Ref.
J1) O3z +hv — O(lD) + O 1,2
J2) O3 +hv—0 + 0y 1,2
J3) H>O5 + hv — 2 OH 1

J4) NO; + hv — NO+ O 1
J5) NO3z + hv — 0.1NO + 0.9NO, + 0.903 1
J6) N2Os + hv — NO, + NO3 1
J7) HNO3 + hv — NO, + OH 1
J8) HNO4 + hv — NOy + HO» 1
J9) PAN + hv — CH3COG, + NO, 1
J10) CH300H + hv — CH»0 + OH + HO» 1
J11) Cy,H500H + hv — CH3CHO + OH + HO» 1
J12) C3H700H + hv — 0.24C,Hs505 + 0.09CH3CHO + 0.18CO + 0.7 CH3COCH; 1
+ OH+ HO,
J13) CH3COCH; + hv — CH3COO; + CH30, 3
J14) HOROOH+ hv — 0.25CH3CHO + 1.75CH,0 + HO, + OH + H,0 1
J15) CH3COOOH+ hv — CH30, + CO, + OH 4
J16) CHO + hv — CO+ 2HO;, 1
J17) CH,O + hv — CO+ 2H» 1
J18) CH3CHO + hv — CH30, + CO + HO, 5
J19) ISOOH+ hv — MACR + CH,0O + OH + HO; 1

J20) ISON+ hv — NO; + MACR + CH,0 + HO, 16,7
J21) MACR + hv — CH3COG; + CHO + CO+ HO» 6,7,8
J22) MPAN + hv — MACRO; + NO; 1
J23) MACROOH + hv — OH + 0.5HACET + 0.5CO + 0.5MGLY + 0.5CH,0 + HO; 1
J24) HACET + hv — CH3COQG, + CH20 + HO, 1,6
J25) MGLY + hv — CH3COQG; + CO + HO, 56,7
J26) NALD + hv — CH,O 4+ CO+ NO3 + HO2 5

References: 1DeMore et al.[1997; 2, Talukdar et al.[1999; 3, [Gierczak et al[1998; 4, Mller and
[Brasseur[1995; 5, /Atkinson et al[[1999. 6, Jenkin et al[1997]; 7,[Péschl etal[2004; 8,[Carter [199Q.

Table 2.3.Chemical Reactions Included in CHASER (Gas/liquid-phase and Heterogeneous Reactions)

No. Reaction Rate Ref.
K1) O('D)+ 0, -0+ 0, k1 = 3.20E-11 exp(70/T) 1
K2) O(*D) + Nz - O+ N, ko = 1.80E-11 exp(110/T) 1
K3) O(D) + H,0 — 2 OH ks = 2.20E-10 1
K4) O('D) 4+ N,O — 2NO ks = 6.70E-11 1
K5) O+0,+M—03+M ks = 6.40E-34 exp(300/Fp 1
K6) H2 + O(!*D)— OH + HO, ke = 1.10E-10 1
K7) Hy + OH — HO, + H,0 k7 = 5.50E-12 exp(-2000/T) 1
K8) O+ HO, — OH + O, kg = 3.00E-11 exp(200/T) 1
K9) O+ OH — HO, + Oy kg = 2.20E-11 exp(120/T) 1
K10) O3 + OH — HO, + Oy k10 = 1.50E-12 exp(-880/T) 1
K11) O3 + HO, — OH+ 20> ki1 = 2.00E-14 exp(-680/T) 1
K12) O+ NO, — NO + O, k1> = 5.60E-12 exp(180/T) 1
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Table 2.3.(continued)

13

No. Reaction Rate Ref.
K13) O3+ NO— NO; + O, ki3 = 3.00E-12 exp(-1500/T) 1
K14) Oz + NO; — NOsz + O, k14 = 1.20E-13 exp(-2450/T) 1
K15)  OH -+ HO; — Hy0 + O kis = 4.80E-11 exp(250/T) 1
K16)  OH+ Hy0,; — Ho0 + HO, k16 = 2.90E-12 exp(-160/T) 1
K17)  HO; + NO — NO, + OH ky7 = 3.50E-12 exp(250/T) 1
K18) HO; + HO, — H205 + Oz ki1g = (ka + kp [M]) k¢ 1
ka = 2.30E-13 exp(600/T)
kp = 1.70E-33 exp(1000/T)
ke=1
+ 1.40E-21 H,0] exp(2200/T)
K19) OH-+ NOz +M — HNO3z + M ko = 2.40E-30 (300/131 1
Ke = 1.70E-11 (300/131
F.=0.6
K20) OH+ HNO3 — NOs3 + H,0 koo = ka + kp [M] /(1 + ky [M]/ ke) 1
ka = 2.40E-14 exp(460/T)
kp = 6.50E-34 exp(1335/T)
ke = 2.70E-17 exp(2199/T)
K21) NO; + NO3 + M — NO5 + M ko = 2.00E-30 (300/T%* 1
ke = 1.40E-12 (300/197
Fc.=0.6
K22) NoOs + M — NOz + NO3 + M Koo = ko1 1
/(2.70E-27 exp(11000/T))
K23)  NOs + H20 — 2 HNO3 ko3 = 2.10E-21 1
K24)  NOsz+ NO — 2NO; kos = 1.50E-11 exp(170/T) 1
K25)  NOs +HO» + M — HNO,4 + M ko = 1.80E-31 (300/1)? 1
Ko = 4.70E-12 (300/TH*
F.=0.6
K26) HNO4 + M — NOy; + HO, + M ko = K1g 1
/(2.10E-27 exp(10900/T))
K27) HNO4 + OH — NO, + H,0 + Oy ko7 = 1.30E-12 exp(380/T) 1
— CH; oxidation —
K28)  CHa+ OH — CH30, + H,0 kog = 2.45E-12 exp(-1775/T) 1
K29)  CH4+ O('D) — CHzO, + OH koo = 1.50E-10 2
K30)  CHzO, + NO — CH,0 + NO; + HO, k3o = 3.00E-12 exp(280/T) 1
K31) CH305 + CH307, — 1.8CH,O + 0.6 HO» k31 = 2.50E-13 exp(190/T) 1
K32)  CHz0; + HO; — CH300H + O, k32 = 3.80E-13 exp(800/T) 1
K33) CH3OOH+ OH — 0.7 CH30, + 0.3CH,0 ksz = 3.80E-12 exp(200/T) 1
+ 0.30H + H,O
K34) CH,O + OH — CO + HO; + HO kss = 1.00E-11 1
K35) CH,O + NO3 — HNO3 + CO + HO; kss = 6.00E-13 exp(-2058/T) 3
K36) CO+ OH— CO, + HO, ksg = 1.50E-13 (1+ 0.6 Paym) 1
— GHg and GHg oxidation —
K37)  CyHg + OH — CoHs0, + H20 ka7 = 8.70E-12 exp(-1070/T) 1
K38) CyH505 + NO — CH3CHO + NO» + HO» k3g = 2.60E-12 exp(365/T) 1
K39) CoHs072 + HOy — CoH500H + Oy k3g = 7.50E-13 exp(700/T) 1
K40) CyH507 + CH30, — 0.8 CH3CHO + 0.6 HO; ka0 = 3.10E-13 4
K41) CyH500H + OH — 0.286CyH50, kg1 = 1.13E-11 exp(55/T) 4

+ 0.714CH3CHO + 0.7140H + HO
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Table 2.3.(continued)

No. Reaction Rate Ref.

K42) CzHg+ OH — CgH70, + H,0 kap = 1.50E-17 B exp(-44/T) 4

K43) C3H702 + NO — NOz + 0.24CyH50, + 0.09CH3CHO k43 = 2.60E-17 exp(360/T) 4
+0.18CO+ 0.7CH3COCH; + HO,

K44) C3H702 + H02 — C3H7OOH + 02 k44 = 1.51E-13 exp(1300/T) 4

K45) C3H7;0,; + CH30, — 0.8CyHs0, + 0.3CH3CHO kss = 2.00E-13 4
+0.6CO+ 0.2CH3COCH; + HO»

K46) C3H;OOH+ OH — 0.157C3H70, + 0.142C,H50, kse = 2.55E-11 4

+ 0.053CH3CHO + 0.106CO + 0.666CH3COCHs
+ 0.8430H + 0.157H,0

K47) CH3COCHs + OH — CH3COCHO; + H,0 ka7 = 5.34E-18 P exp(-230/T) 4
K48) CH3COCHO, + NO — NO, + CHsCOO;, + CH,0 kag = 2.54E-12 exp(360/T) 4
K49) CHsCOCH,O; + NOz — NO, + CH3COO, + CHyO  kgo = 2.50E-12 4
K50) CH3COCH,0, + HO, — HACET + O kso = 1.36E-13 exp(1250/T) 4
K51) HACET + OH — 0.323CH3COCH:0;, ks1 = 9.20E-12 4

+ 0.677MGLY + 0.6770H

— GH4 and GHg oxidation —

K52) CyH4+ OH+ M — HOCGH40, + M ko = 1.00E-28 (300/198 1
ke = 8.80E-12
Fe=0.6

K53) CyHs4 + O3 — 1.37CH,0 + 0.63CO ks3 = 1.20E-14 exp(-2630/T) 1

+ 0.120H + 0.12HO,
+0.1H2 +0.2C0; + 0.4H,0 + 0.802

K54) HOGCH40; + NO — NO, + HO;, + 2 CH,0 kss = 9.00E-12 2
K55) HOC,;H40, + HO, — HOROOH+ O, kg = 6.50E-13 exp(650/T) 5
K56) CsHg + OH+ M — HOC3HgO, + M ko = 8.00E-27 (300/1)° 2
ke = 3.00E-11
Fc=0.5
K57) CsHg + O3 — 0.5CH,0 + 0.5CH3zCHO + 0.36 0OH ks7 = 6.50E-15 exp(-1900/T) 1
+ 0.3HO, + 0.28CH30; + 0.56CO
K58) HOC3HgO, + NO — NO, + CHsCHO + CHy,O + HO»  ksg = 9.00E-12 2
K59) HOC3HgO, + HO, — HOROOH+ O, ksg = 6.50E-13 exp(650/T) 5
K60) HOROOH+ OH — 0.125HOC,H40, keo = 3.80E-12 exp(200/T) 5

+ 0.023HOC3HeO, + 0.114MGLY
+ 0.114CH3zCOG; 4 0.676CH,0 + 0.438CO
+ 0.850H + 0.90HO, + HO

— other NMVOCs oxidation —
K61) ONMV + OH — 0.3C3H50, + 0.02C3H;02 kg1 = 1.55E-11 exp(-540/T) 5

+ 0.468ISO;, 4+ CH20 + HO, + H20

— acetaldehyde degradation etc. —

K62) CHsCHO 4 OH — CH3COOQ; + H,0 ke2 = 5.60E-12 exp(270/T) 1
K63) CH3CHO+ NO3 — CH3COQ; + HNO3 ke3 = 1.40E-12 exp(-1900/T) 1
K64) CH3COO, + NO — NO, + CH30; + CO, Kes = 5.30E-12 exp(360/T) 1
K65) CHzCOOQ; +NO; + M — PAN +M ko = 9.70E-29 (300/1)° 1

ke = 9.30E-12 (300/TH°
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Table 2.3.(continued)

15

No. Reaction Rate Ref.
Fc.=0.6
K66) PAN+ M — CH3COO; + NOy + M Kes = Kes 1
/(9.00E-29 exp(14000/T))
K67) CH3COO, + HO; — CH3COOOH+ O, kg7 = 4.50E-13 exp(1000/T) 1
/(1 + 1/(3.30E2 exp(-1430/T)))
K68) CH3COQ, + HO; — CH3COOH+ O3 kes = 4.50E-13 exp(1000/T) 1
/(1 + 3.30E2 exp(-1430/T))
K69) CH3COOOH+ OH — CH3COO; + H,0 keg = 6.85E-12 6
K70) CH3COQ;, + CH30, — CH30, + CH,0 + HO, k70 = 1.30E-12 exp(640/T) 1
+CO+ 0O, /(1 + 1/(2.20E6 exp(-3820/T)))
K7l) CH3COGO, + CH307 — CH3COOH+ CH,O + O, k71 = 1.30E-12 exp(640/T) 1
/(1 + 2.20E6 exp(-3820/T))
K72) CH3COQ, + CH3COO, — 2CHz0, +2C0O; + Oy k72 = 2.90E-12 exp(500/T) 1
— GsHg (Isoprene) and gHi¢ (Terpene) oxidation —
K73) CsHg+ OH— ISO, kee = 2.45E-11 exp(410/T) 6
K74) CsHg + O3 — 0.65MACR + 0.58CH,0 k74 = 7.86E-15 exp(-1913/T) 6
+ 0.1MACRO; + 0.1CH3COG; + 0.08CH30,
+ 0.28HCOOH+ 0.14CO + 0.09H,0,
+ 0.25HO, + 0.250H
K75) CsHg + NO3 — ISON kzs = 3.03E-12 exp(-446/T) 6
K76) 1SO, + NO — 0.956NO, + 0.956MACR k76 = 2.54E-12 exp(360/T) 6
+ 0.956CH,0 + 0.956HO, + 0.044ISON
K77) 1SO, + HO, — ISOOH k7 = 2.05E-13 exp(1300/T) 6
K78) ISO; + 1SO; — 2 MACR + CH20 + HO» k7g = 2.00E-12 6
K79) ISOOH+ OH — MACR + OH k79 = 1.00E-10 6
K80) ISON+ OH— NALD + 0.2MGLY + 0.1CH3COQO, kgg= 1.30E-11 6
+ 0.1CH»0 + 0.1HO,
K81) MACR + OH — MACRO; kg1 = 6
0.5 (4.13E-12 exp(452/T)
+ 1.86E-11 exp(175/T) )
K82) MACR + O3 — 0.9MGLY + 0.45HCOOH ko = 6
+ 0.32HO, + 0.22CO 0.5 (1.36E-15 exp(-2112/T)
+ 0.190H + 0.1 CH3COG, + 7.51E-16 exp(-1521/T))
K83) MACRO; + NO — NO; + 0.25HACET + 0.25CO kgs = 2.54E-12 exp(360/T) 6
+ 0.25CH3COQ; + 0.5MGLY
+ 0.75CH20 + 0.75HO;
K84) MACRO; + HO, — MACROOH kga = 1.82E-13 exp(1300/T) 6
K85) MACRO; + MACRO; — HACET + MGLY kgs = 2.00E-12 6
+ 0.5CH,0+ 0.5CO
K86) MACRO; + NO; + M — MPAN + M ko = 9.70E-29 (300/13° 1,6
Ko = 9.30E-12 (300/TH°
F.=0.6
K87) MPAN + M — MACRO; + NO, + M kg7 = Kse 1,6
/(9.00E-29 exp(14000/T))
K88) MPAN + OH — NO; + 0.2MGLY + 0.1CH3COQO,  kgg= 3.60E-12 4
+ 0.1CH»0 + 0.1HO,
K89) MACROOH + OH — MACRO; + H,0 kgg = 3.00E-11 6
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Table 2.3.(continued)

No. Reaction Rate Ref.
K90) MGLY + OH — CH3COQ; + CO koo = 1.50E-11 6
K91)  MGLY + NOz — CHzCOQ, + CO + HNO3 ko1 = 1.44E-12 exp(-1862/T) 6
K92)  NALD + OH — CH,0 + CO + NO, kg2 = 5.60E-12 exp(270/T) 6
K93)  CigHig + OH — 1.31SO, + 0.6 CH3COCH; kgz = 1.20E-11 exp(444/T) 7
K94) CioH16 + O3 — 1.3MACR + 1.16CH,O ko4 = 9.90E-16 exp(-730/T) 5

+ 0.2MACRO; + 0.2CH3COQ, + 0.16 CH30>
+ 0.56HCOOH+ 0.28CO + 0.18H,0;
+0.5HO, + 0.50H
K95)  CioHig + NO3 — 1.21SO, + NO» kgs = 5.60E-11 exp(-650/T) 5
— SO oxidation (gas-phase) —
K96) SO+ OH+ M — SOy +HO, + M ko = 3.00E-31 (300/13° 1
Ko = 1.50E-12
F.=0.6
K97) SO+ 03— SOy + O3 kg7 = 3.00E-12 exp(-7000/T) 1
— DMS oxidation —
K98)  DMS + OH — CH3SCHO, + H,0 kog = 1.20E-11 exp(-260/T) 1,4
K99) DMS + OH — SO, 4+ 1.2CH30, kgg = ka tanh(kp/ka ) 14
ka= 1.8E-11
kp = 5.2E-12 + 4.7E-15 (T-315)
KlOO) CH3SCH,O, + NO — NO» 4+ 0.9S0, K100 = 8.00E-12 4
+ 0.9CH30, + 0.9CH,0O
K101) CHzSCHO, + CH3SCH,05 — SO, 4+ CHz0, K101 = 2.00E-12 4
+ CH,O
K102) DMS + NOs — SO, + HNO3 k102 = 1.90E-13 exp(500/T) 1
— Heterogeneous reactiofs-
H1) N2Os — 2 HNO3 19 =0.1,yi® = 0.01 8,9
H2)  HO; — 0.5H;0;, +0.50; 4= 0.1, =0.01 9
H3) HOC,H40, — HOROOH 33 =0.1,)5° =0.01 9
H4) HOC3HgO2 — HOROOH 40 =0.1,yf=0.01 9
H5) ISO, — ISOOH 9 — 0.07,yi° = 0.01 9
H6) MACRO, — MACROOH j‘q =0.07,y/°® = 0.01 9
H7) CHsCOOQ;, — products ;2"‘ = 0.004,)° = 0. 9
— SO oxidation (liquid-phase) —
Al) S(IV)P+ Os(ag) — SOy I (T,[Ht]) ¢ 10
A2) S(IV) 4+ H20z(aq) — SOy lo(T,[Ht]) © 10

T, temperature (K)Pam, pressure (atm); [M], air number density (c&); [H.O], water vapor density
(cm~3); The three-body reaction rates are computedt by(ko[M]) /(L + ko[M] /) Fa - I010koM) e 7}
References: 1DeMore et al.[1997; 2, |Atkinson et al[200(; 3, [Cantrell et all[[198Y; 4, Jenkin et al.
[1997; 5, Muller and Brasseuf199Y; 6, [Poschl et al.[200(; 7, Carter [199(; 8, Dentener and Crutzén
[199; 9,Jacob[2004; 10,[Hoffmann and Calvelf198Y.

aConsidered for liquid-phase aerosols (uptake coeffigihtand ice cloud particles/®).
bS(1V) denotes the sum &Ox(aq),HSG;, andSO?{ in aqueous phase.
CReaction rate constants as a function of T and][kre given in Appendix 2B (pad&00).
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is given by the following, according 8chwart4198€¢, [Dentener and CrutzefiL999, andJacob
[200Q.

4 R\
wherev; is the mean molecular speed (cmt)of the species(calculated as/8RgT /(1iM;) x 107,

Rg: the gas constant,: temperatureM: molecular mass);; is the gaseous mass transfer (diffu-
sion) coefficient (crhs™1) of the speciesfor the particle typg given as a function of the diffusive
coefficient fori and the effective radiuR; (cm) for the particle typg [e.g.,Frossling 1938 |Perry

and Green[1984, and A, are the surface area density om~3) for the particle typej. In this

study, j denotes sulfate aerosol, sea-salt aerosol, and liquid/ice particles in cumulus and large-scale
clouds. In a run without sulfate simulation, concentrations of both sulfate and sea-salt are prescribed
using the monthly averaged output from the global aerosol m@@ékeimura et aj!200( which

is also based on the CCSR/NIES AGCM, whereas the model uses sulfate distributions calculated
on-line in the model in a run including sulfate simulation (this study). Those concentrations are
converted to the surface area densifigdby assuming the log-normal distributions of particle size

with mode radii variable with the relative humidity (RH). In the conversion, an empirical relation of
Tabazadeh et @]1997 andSander et al[200(] is also employed to estimate the weight percentage

(%) of H,SQ4/H0 (sulfate) aerosol. The effective radiRgfor aerosols is calculated as a function

of RH as in the aerosol model[@akemura et alf200(. In the case of reactions on cloud particles,
spatially inhomogeneous distributions of clouds in the model grids should be taken into account in
fact, since using the grid averaged surface area densities for clouds would lead to an overestimation
of B in EquatioriZz I particularly for radical species with short lifetimes (i.e., due to unrealistic loss
outside clouds). In this study, heterogeneous reactions on cloud particlk®3@ndRO, radicals

are applied only when the grid cloud fraction in the AGCM is 1 @floud coverage). To estimate

the surface area density for cloud particles, the liquid water content (LWC) and ice water content
(IWC) in the AGCM are converted using the cloud droplet distributioBaittan and Reitafil957

and the relation between IWC and the surface area defdit¥Fdrquhar and Heymsfie)dL 996
Lawrence and Crutzéi99§ (for ice clouds). In the simulation, Equati@l givest (= 1/) of

1-5 min fory = 0.1 in the polluted boundary layers (e.g., Europe) in accordance with the sulfate
distributions, and ranging from several hours to a few days in the upper troposphese=d.1

(for liquid) andy = 0.01 (for ice).

In this study, the model also includes the sulfate formation process with the gas and liquid-
phase oxidation o650, and dimethyl sulfide (DMS) as listed in Table 2.3. Details of 8@
oxidation in liquid-phase in the model (reaction A1 and A2) are described in Appendix 2B of this
chapter (pag@Q08). As described above, simulated sulfate distributions are reflected on-line on the
calculation of the heterogeneous loss rates (Equtif)n

Reaction rate constants for the reactions listed in Table 2.2 and Table 2.3 are mainly taken from
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Figure 2.3. Zonally averaged photolysis rate (f0sec!) of the O3 to O(*D) photolysis calculated for
January and July.

DeMore et al[[1997] andAtkinson et al[200(], andSander et alJ200(] for updated reactions. The
quantum yield forO(1D) production in ozone photolysis (J1) is basedTafukdar et al.[1999.

The photolysis rates (J-values) are calculated on-line by using temperature and radiation fluxes com-
puted in the radiation component of CHASER. The radiation scheme adopted in CHASER (based
on the CCSR/NIES AGCM) considers the absorption and scattering by gases, aerosols and clouds,
and the effect of surface albedo. In the CCSR/NIES AGCM, the original wavelength resolution for
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the radiation calculation is relatively coarse in the ultraviolet and the visible wavelength regions

as in general AGCMs. Therefore, the wavelength resolution in these wavelength regions has been

improved for the photochemistry in CHASER. In addition, representative absorption cross sections

and quantum vyields for individual spectral bins are evaluated depending on the optical thickness

computed in the radiation component, in a way similekandgraf and Crutzefil99§. The pho-

tolysis rate for th&ds — O('D) reaction calculated for January and July can be seen in F&gBre
CHASER uses an Euler Backward Iterative (EBI) method to solve the gas-phase chemical re-

action system. The method is largely basecdHamtel et al.[1993 which increases the efficiency

of the iteration process by using analytical solutions for strongly coupled specied-#10,).

For liquid-phase reactions, a similar EBI scheme is used to consider the time integration of con-

centrations in bulk phase (gas+liquid phase; see Appendix 2B [IE)yeThe chemical equations

in both gas and liquid-phase are solved with a time step of 10 min in this study. Configurations

of the chemical scheme such as a choice of species, reactions and reaction rates are automatically

processed by the preprocessor to set up the model through input files (Eigur&herefore, the

chemical reaction system as listed in Table 2.2 and Table 2.3 can be easily changed by an user.

2.2.2 Emissions

Surface emissions are considered@®, NOy, NMHCs, and sulfur species 80, andDMS
in this study (Table 2.4). Anthropogenic emissions associated with industry (e.g., fossil fuel com-
bustion) and car traffic are based on the Emission Database for Global Atmospheric Research
(EDGAR) Version 2.0[Qlivier et al},[199¢. NMHCs emissions from ocean are taken frbfiiller
[1999 as in the MOZART model. In the previous version of CHASESRflo et a}.20024, acetone
(CH3COCH;s) emission from ocean was not taken into account, and underestimation of acetone was
found over remote Pacific areas by a factor dB2dlo et al.2002K. The model, in this study, in-
cludes oceanic acetone emissions amounting to 12 TgC/yr in the global in view of the simulation
byJacob et al[2007. The geographical distribution of biomass burning is taken fidéao and
Liu [1994. The emission rates of NMHCs by biomass burning were generally scaled to the values
adopted in the MOZART modeBlrasseur et al.[199§. The active fire (Hot Spot) data derived
from Advanced Very High Resolution Radiometer (AVHRR) and Along Track Scanning Radiome-
ter (ATSR) [Arino et all, [1999 are used as a scaling factor to simulate the seasonal variation of
biomass burning emissions. In this study, we estimated the timing of biomass burning emissions,
using the hot spot data for 1999 derived from ATSR. We assumed that individual daily hot spots in
a model grid cause emissions which decline in a time scale of 20 days in that grid. The temporal
resolution for biomass burning emissions is 10 days in this study. Simulated biomass burning emis-
sions in South America have peaks in late August and September (e.g., CO emissionZHgure
In South Africa, biomass burning emissions begin in May or June near the equator and shift south-
ward with having a peak in October, whereas they begin in July in South America. Consequently,
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Table 2.4.Global Emissions of Trace Gases Considered in CHASER

Indu? B.BP Vegi® Ocean  Soil LigHt Airc.® Volc!  Total

NOy 23.10 10.19 0.00 0.00 5.50 590 0.55 0.00 44.34

(6{0) 337.40 929.17 0.00 0.00 0.00 0.00 0.00 0.00 1266.57
CoHg 3.16 6.62 1.20 0.10 0.00 0.00 0.00 0.00 11.80
CsHs 5.98 2.53 1.60 0.11 0.00 0.00 0.00 0.00 10.22
CoHg 2.01 16.50 4.30 2.76 0.00 0.00 0.00 0.00 25.57
CsHg 0.86 7.38 1.20 3.36 0.00 0.00 0.00 0.00 12.80
CH3COCH; 1.02 4.88 11.20 12.00 0.00 0.00 0.00 0.00 29.10
ONMV 34.30 17.84 20.00 4.00 0.00 0.00 0.00 0.00 76.14
CsHg 0.00 0.00 400.00 0.00 0.00 0.00 0.00 0.00 400.00
CioH16 0.00 0.00 102.00 0.00 0.00 0.00 0.00 0.00 102.00
SO, 71.83 2.64 0.00 0.00 0.00 0.00 0.09 4.80 79.41
DMS 0.00 0.00 0.00 14.93 0.00 0.00 0.00 0.00 14.93

Units are TgN/yr foNOy, TgCO/yr for CO, TgClyr for NMHCs., and TgS/yr f&0, andDMS.
alndustry.

bBiomass Burning.

c\Vegetaion.

dLightning NOx.

eAircraft.

fVolcanic.

9Calculated in the model (see the text).

biomass burning emissions in South America are concentrated in August and September in compar-
ison to South Africa. In South America, surface CO concentrations calculated by using this biomass
burning emission seasonality have their peaks in September (see &8thnin good agreement

with observations in South America. CO has industrial emission sources as well as biomass burn-
ing emission. Figur.3shows the distribution of CO surface emission for three distinct seasons.
Large CO emission is found in industrial regions (principally America, Europe, China, and India) as
well as emissions of other trace gases. Biomass burning emission is most intensive in North Africa
(January), in South America, and South Africa (September-October) as also seen ir?HAgume

April, large emission is found in southeastern Asia in accordance with biomass burning around the
Thailand and northern India. In addition to surface emission, there are indirect CO sources from
the oxidation of methane and NMHCs (computed in the model). The global CO source from the
methane and NMHCs oxidation is estimated at 1514 Tg/yr in CHASER (the detailed budget of the
tropospheric CO in CHASER is shown in secti®3.7).

ForNOy, emissions from aircraft and lightning are considered as well as surface emission. Data
for aircraft NOy emission (0.55 TgN/yr) are taken from the EDGAR inventory. It is assumed that
lightning NOy production amounts to 5.0 TgN/yr in this study. In CHASER, lightri\N@, produc-
tion is calculated in each time step using the parameterizatBricg and Rind 1997 linked to the
convection scheme of the AGCM. In the model, lightning flash frequencies in clouds are calculated



2.2. MODEL DESCRIPTION 21

CO emission [10*%kg/m?/s]
20 T T T

—— South America 2.55-255
---- South Africa 2.5S-25S

CO emission [10™%kg/m?/s]

J F M A M J J A S O N D
Month

Figure 2.4. Seasonal variations of CO surface emission averaged over South Amerita-28%5) and
South Africa (2.8S-25'S) in the model.

with using the cloud-top height{) determined from the AGCM convection, and are assumed to
be proportional tdH*92 andH*"2 for continental and marine convective clouds, respectively. The
proportions of could-to-ground (CG) flashes and intracloud (IC) flashes (CG/IC) are also calculated
with H, following[Price et all[1997 (NOy production by CG flashes is assumed to be 10 times as
efficient as by IC flashes). Computed lightniN@y emission is redistributed vertically by updrafts
and downdrafts in the AGCM convection scheme after distributed uniformally in the vertical. As a
consequence, computed lightniNg, emission is transported to the upper tropospheric layers and
fractionally to the lower layers in the model (leading to C-shape profiles) as studjedtksring

et all [199¢. The distributions of aircraft and lightningOy emissions in the model are shown in
Figure2.8. The aircraft emission seems to have an importance foNgebudget in the northern
mid-high latitudes especially in wintertime. The lightning emission is generally intense over the
continents in the summer-hemisphere. In July, lightiW@ production is most intensive in the
monsoon region like southeastern Asia and North Africa where convective activity is high in this
seasonNOy also has an emission source from soils (5.5 TgN/yr) in the model N&jlemission

is prescribed using monthly data for shiD emission fromYienger and Lev§199Y, obtained via

the Global Emissions Inventory Activity (GEIAQraedel et al.[1999.

Biogenic emissions from vegetation are considered for NMHCs. The monthly d&ady-
ther et al.[199, obtained via the GEIA inventory, are used for isoprene, terpenes, ONMV, and
other NMHCs emissions. Isoprene emission and terpenes emission are reduceéd try 410
TgClyr and 102 TgCl/yr respectively followiffdouweling et al[199] andRoelofs and Lelieveld
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Figure 2.5. Distributions of CO surface emission (1% kg m~2 s~1) considered in the model in January
(a), July (b), and September-October (c) average.



2.2. MODEL DESCRIPTION 23
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Figure 2.6. Distributions of aircraft and lightningdOx emission (column total) in CHASER. (a) Aircraft
emission (annual mean). (b), (c) lightning emission calculated for January and July respectively.
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Figure 2.7. Distributions of isoprenedsHg) surface emission for January and July.

[2000Q. The diurnal cycle of isoprene emission is simulated using solar incidence at the surface.
For terpenes emission, the diurnal cycle is parameterized using surface air temperature in the model
[Guenther et al[1995. Figurel2Z.7 shows the distributions of isoprene emission for January and
July in the model. Isoprene emission is dominantly large in the tropical region through a year as

well as other biogenic NMHCs emissions. In July, isoprene emission is large through much of the
continent in the northern hemisphere, with showing significant values in the eastern United States
and eastern Asia.

For the sulfate simulatior§0, emissions from industry, biomass burning, volcanos, and air-
craft are considered using the EDGAR and GEIA databi@sgier et all,[1996 [Andres and Kasg-
1999, with DMS emission from ocean. As in the aerosol modéTakemura et alf200(, the
DMS flux from ocearfpus (kg m—2s1) is given as a function of the downward solar flgx (W




2.2. MODEL DESCRIPTION 25

m~2) at the surface, using the following simple parameterizai@aiés et al[1987.
Foms = 3.56x 107+ 1.08x 10 x Fg (2.2)

This applies to the ocean grids with no sea ice cover in the model. Note that this parameterization
ignores other factors controlling th@MS flux such as distribution of planktonic bacteria [el$ix
and Maier-Reimei199¢|.

2.2.3 Deposition

Deposition processes significantly affect the distribution and budget of trace gas species (e.g.,
O3, NOy, HO,). The CHASER model considers dry deposition at the surface and wet scavenging
by precipitation.

Dry deposition

In CHASER, dry deposition scheme is largely based on a resistance series parameterization of
Weselif1989 and applied for ozonedy), NOy, HNO3, HNO,4, PAN, MPAN, ISON,H»>0,, CO,
CH3COCH;, CH,0, MGLY, MACR, HACET, SO,, DMS, SO, and peroxides lik€€H3zOOH (see
Table 2.1) in this study. Dry deposition velocitieg) for the lowermost level of the model are

computed as
1

Vg=———
ra + rb + I‘s
wherer,, rp, rs are the aerodynamic resistance, the surface canopy (quasi-laminar) layer resistance,

(2.3)

and the surface resistance respectivelyhas no species dependency and is calculated using sur-
face windspeed and bulk coefficient computed for the model’s lowest level in the AGCIHE!.
calculated using friction velocity computed in the AGCM and the Shumid number (calculated with
the kinematic viscosity of air and the diffusive coefficient for individual species). Finally, the most
important resistance is calculated as a function of surface (vegetation) type over land and species
using temperature, solar influx, precipitation, snow cover ratio, and the effective Henry’s law con-
stant calculated for individual species in the AGQOMover sea and ice surface are taken to be the
values used ifBrasseur et al[199¢ (e.g.,vq(O3) = 0.075 cm s over sea and ice). The above
parameterization, for gaseous species, can not apply for sulfate ae3@shl [n this study, depo-
sition of SO is simulated using a constant velocityof 0.1 (cm s1). The effect of dry deposition

on the concentration of each species in the lowest layer is evaluated together with surface emissions
and vertical diffusion by solving the diffusion equations implicitly.

Figure[Z.8 shows the calculated 24-hour average deposition velocities {¢jno ozone in
January and July. The values show the deposition velocities calculated for the surface elevation.
Deposition velocities of ozone are generally higher than 0.1 thexcept for the high latitudes
in winter where solar influx is less intense and much of the surface is covered with snow. In
July, ozone deposition velocity ranges from 0.2 to 0.5 cthaver land surface in the northern
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hemisphere (0.3-0.7 cntin daytime), in good agreement with the observatidra[Pul (1992

Ritter et al, (1994 Jacob et al,[1992 [Massman et g]1994. In the tropical rain forest region (e.g.,
the Amazon Forest), deposition velocities are high with a range of 0.7-1.2%thrsughout a year,

in agreement with the observatiof&ah et al, [199(.
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Figure 2.8. Calculated 24-hour average deposition velocities (cm/s) for ozone at the surface in January and
July.
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Wet deposition

Wet deposition due to large-scale condensation and convective precipitation is considered in
two different ways in the model; in-cloud scavenging (rain-out) and below-cloud scavenging (wash-
out). A choice of gaseous species which are subject to wet deposition is determined from their
effective Henry's law constant in standard conditiohk, (T = 29815 K). In the present model
configuration, wet deposition is applied for species whdsare greater than(> M atn ! for
both in-cloud and below-cloud scavenging. In this study, the model considers wet deposition for
HNOgz, HNOy4, CH,O, MGLY, HACET, ISON, SO;,, SO, and peroxidesH,0,, CH3OO0H, etc.),

Note that the wet deposition scheme in the previous version of CHASERJ et al20024 does

not separate liquid and ice precipitations and ignores the reemission process of dissolved species
to the atmosphere, assuming irreversible scavenging. Those processes are newly included in this
study as described in the following.

For in-cloud scavenging, the first-order parameterizatigiofgi and Chameidef198Y is
employed and is extended to incorporate deposition on ice particles. The scheme consists of three
processes; deposition associated with liquid precipitation (scavenging logs raté), with ice
precipitation 3), and with gravitational settling of ice particles in cirrus cloufig.(In this study,
deposition on ice particles (i.g3; and3s) is considered only foHNO3; andH,0O,. The total loss
rate3 due to in-cloud scavenging is given by:

B=DB+B+DBs (2.4)
where
A= 1+LWH:$I| K (2.5)
A= 1+L-Vr\|4§$i+| K (2:6)
Bs W K 2.7)

T 1fL-HRT+I-K
with L and| the liquid and ice water contents (g cf), H the effective Henry’s law constant,

R the gas constank the ice/gas partitioning coefficiertyf, W andWs the tendencies (g cnd

s™1) for liquid precipitation, ice precipitation (snow), and gravitational settling of ice particles,
respectivelyL, I, W, W, andW; are computed with respect to convective and large-scale clouds in
the AGCM. The tendency due to cloud patrticle settiigare calculated with the terminal velocities

of ice cloud particles estimated as a function fifawrence and Crutz¢id99§. The ice/gas uptake
partitioning coefficienkK; for H,O; is calculated as a function of temperature accordifigi@rence

and Crutzelf1999. For HNOs, K; is taken to be a large value- (10'°), assuming efficiertiNOs3
uptake on ice surface. The downward flux of ice-soluble spe&ldkdg andH,0- in this study)
associated with cloud gravitational settling)is treated as a gas-phase flux and is reevaluated in
the model grids below clouds.
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In the case of below-cloud scavenging, reversible scavenging is considered, which allows ree-
mission of species dissolved in raindrops or precipitating particles to the atmosphere. The tendency
of gas-phase concentrations in the ambient atmosiiheigecm 3) due to below-cloud scavenging
is given by:

% k()8 (G-Co) 28)

with d the raindrop size (cm) calculated accordingMason [197]] and/Roelofs and Lelieveld
[1999, Kq the mass transfer coefficient of a gaseous molecule to a drop calculated by an empirical
correlation [e.g.JFrossling (193§ as a function of the raindrop siak the kinematic viscosity of

air, the diffusive coefficients, and the terminal velocity of raindrops computed using an empirical
relation tod, S, the surface area density (éfom®) of raindrop in the atmospher@, the gas-phase
concentration (g cr?) on the drop surface in equilibrium with the aqueous-phase concentration.
The equilibrium concentratioBe is given as:

C

Ce= m_ (2-9)

with C the aqueous-phase concentration in raindrops (gP¥ealculated by:

C= 5 (2.10)

with P the precipitation flux (g cm? s™1) of rain, andF the flux (g cnt? s™1) of the species
dissolved in raindrops (i.e., deposition flux of the species originating from scavenging in the above
layers). For the tendency of the ambient mixing r&i¢g g 1) in the model grids, Eqg.8 can be
rewritten as:

dQ

&= heQ-Q) (2.11)

wherefq = KyS; is the scavenging or reemission rate, &eds the equilibrium mixing ratio given

by:
C F

Qe= JHRT ~ pPHRT (2.12)
with p the atmospheric density (g ci¥). Assuming a spherical raindrof, is given as:
6
S = L,Oa (2.13)

with Lp the raindrop density (g cn?) determined from the precipitation flux and the terminal
velocity of raindrops, and therelf$, is calculated as:

6L K,
Bo=K¢Sp = gg (2.14)

In the actual scheme, the above calculgigds modified to meet the following mass conservation
betweerCy (gas-phase) and (aqueous-phase).

dc, . dcC
i tlog =0 (2.15)
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The same type of calculation can apply also for ice precipitation (snow), ¥siagd! instead of
HRT andL, respectively. The terminal velocity of snowflakes is calculated followiagrence and
Crutzen[1999. In this study, below-cloud scavenging due to ice precipitation is applied only for
HNO3 andH»0» usingK; as used for in-cloud scavenging. FiKO3, a highly soluble speciesi(>
1019 M atm™1), Qe is generally calculated to be much small relativé¢Q. < Q), which leads to
irreversible scavenging. For moderately soluble specieIlgO and peroxides, reemission from
raindrops Qe > Qin Eq.2.1J) is calculated near the surface in the model. In the case of particulate
species$Oy in this study), below-cloud scavenging is evaluated using the following first-order loss
rate:

B = Eg(d +0a)2(Vp — Va)Np (2.16)

with E the collision efficiency as a function df d, the aerosol particle diameter (crap,andv, the
terminal velocities of raindrops and aerosol particles, ldpathe raindrop number density (ct).

The aerosol particle diametdy is calculated depending on RH in the model. The terminal velocity
V, is estimated by the Stokes’s law with a slip correction facddieh and Raabgl1982:

_ gpad?
= Ty [

1+ 2di <1.21+0.4exp<—o.39c;\a)>} (2.17)
a

wherep, is the aerosol density) andA are the viscosity and mean free path of air, and the

gravitational acceleration. This calculationvgfis also used for the gravitational settling process of

aerosol particles in the model. For both gaseous and particulate species, the model also considers

the reemission process of dissolved species due to reevaporation of rain or snow in the falling path.
With the above described schemes for in-cloud and below-cloud scavenging, concentrations of

individual species dissolved in precipitation are predicted in the model as ByIBqFigure2.9

displays the contributions Bi#NO3; andSO, deposition to the pH value in precipitation (i.e., effect

on acid rain) calculated at the surface for January. The contributions are calculated as:

PAN = —log[NO3 ] (2.18)

pAs = —1og[SC; ] (2.19)

using the concentrations (¢g') of HNO3 and SO, ([NO3 ], [SC;7]) in precipitation as with pH

(= —log[H"]). The contribution bySO, deposition pAs) appears to be generally larger than that

by HNO3 deposition pAy), with showing 4.3-4.0 in the polluted areas around Europe and eastern
Asia. Relatively low values gbAy (4.8-5.0) in the northern high latitudes are due partliAtdOs
deposition associated with precipitation and sedimentation of ice particles from the upper tropo-
sphere and the lower stratosphere.stﬁ‘] is assumed to be neutralized by cations sucBa&s,

Mg, andNHj in precipitation, pH is estimated @#\y. On this assumption, the distribution of
precipitation pH £ pAy) derived from this simulation (i.e., FiguE&%a) is well comparable with

the estimation by the WMOWhelpdale and Millef1989.
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Figure 2.9. Simulated distributions of (g)An (= —log[NO3]) and (b)pAs(= — Iog[SOﬁ‘]) in precipitation
to show the contribution blINO3 andSO, deposition to precipitatiopH in the model (for January). Shown
are averages volume-weighed with precipitation amount.
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The simulated concentrations of nitraté$Qd;) and sulfate $O‘2() in precipitation are also
evaluated with the observation operated by the EMEP network. ARlifeandZ.11 compare the
simulated and observed seasonal variatioN©f (mgN|-?) andSQ;~ (mgSI 1) in precipitation
for the EMEP sites (during 1978-1995). Both compare concentratioN@gfandSOf( volume-
weighed with precipitation amount for every month. For bbl®; and so};, the model well
captures the observed concentrations, calculating 0-1 Imgfor NO; and 0-2 mg3 1 for SO}(.

The calculation generally shows higher variabilities (indicated by boxes) in winter foN&{rand

SC;~. The same kind of comparison is also made for wet deposition fliN@f andSC;~ with

the EMEP data (Figufg.12and2.13. The modeled deposition flux appears to be well comparable
with the observation, showing ranges of 0.1-0.5 kgN*haonth* for NO; and 0.1-1 kgS hat

month for SOf(. The model generally captures the observed seasonal variation associated with
chemical production of nitric acidHNO3) and sulfate$0‘21‘) and with precipitation. The simulated

wet deposition flux in the day-to-day calculations is highly variable (indicated by boxes in the
figures) as well as the large annual variation of the observation (error bars). The agreement between
the simulation and observation appears to imply successful simulation of the deposition scheme
adopted in this study. It should be, however, noted that the above comparisons depend much on
precipitation itself simulated by the GCM. Further evaluation of precipitation is heeded to validate
the nitrates and sulfate simulation in this study (see seZfi®@and sectiof2.3.5for the simulation

of HNO3 and sulfate).
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Figure 2.10. Seasonal variations ®fOj in precipitation (mgN 1) observed (solid circles) and calculated
(open circles with boxes showing the range) at the surface sites. Both the observations and calculations
are volume-weighed with precipitation amount. The ranges of annual variation of the observation (during
1978-1995) are also shown with error bars. The observations are taken from the EMEP network.
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Figure 2.11.Same as FigufgI0but for SO~ in precipitation (mgS—1).
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Figure 2.12. Seasonal variations ™MO; wet deposition flux (kgN hat month 1) observed (solid circles)

and calculated (open circles with boxes showing the range) at the surface sites. The ranges of annual variation
of the observation (during 1978-1995) are also shown with error bars. The observations are taken from the
EMEP network.



2.2.

SO3 flux [kgS ha't month™] SO3 flux [kgS ha't month™] SO7 flux [kgS ha't month™] SO7 flux [kgS ha't month™]
= o o = [N

SO3 flux [kgS ha't month™]

I
3

o
13

N
3

o
13

=
N

o o

N
3

o
13

o
©

I o
S =

©
)

w

I3 N}

[,

o

w

I3 [N}

[,

o

o » r

o N b

3 [N}

[,

o

[N

MODEL DESCRIPTION 35
IIImltz 48N 17E 5 Offagne 50N 5E ) Payerne 47N 7E
obs >—0—< . T T ob‘s. >—0—<‘ ‘ . ‘ ‘ obs >—0—<
model o5 b model O 1: model O
5 Sis| ]
1 & LE 1 E
1 w15 U 1w 1}
2 2
sa 5 1f I 13 |
= o5
O 05 ﬁ (e} I
K i ? E
Il Il 0 Il Il Il | | Il Il Il Il Il Il 0 Il Il
JFMAMJJASOND JFMAMUJJASOND J F AMJJASOND
Month Month Month
Waldhof 53N 11E s Deuselbach 50N 7E s Tange 56N 10E
T T Obs _ T T T T T T \Ob\s' T T _ T T Obs
model O o5 b model O o5 b model
I I
o o
18 LE 1E L
1 »n 15 1 »n 15
g g
31 1& 1 .
@ Q05 % @L Q05
Il Il Il Il Il Il Il Il Il Il Il 0 Il Il Il Il Il 0 Il Il Il Il =]
JFMAMIJJASOND F M M JASOND JFMAMIJIJAS D
Month Month Month
Toledo 40N 4W ) Eskdalemuw 55N 3W 25 Allartos 38N 23E
T T T T T T Ob\s T T _ T T T T T T Obs _ . T T T T T Obs
model O 4 model O “: model O
2 2 2F ]
1 6 15 o
£ £
1% % 15 [ ]
=] =4
g ir 19
1= = 1 [ 4
E] ! E]
15 05 H =
g @ E % é NS 7 Nov 05 % @ Q |
0 L] %]

Il Il Il Il Il Il Il Il Il Il Il 0 Il Il Il Il Il \;\ Il Il Il Il 0 Il Il Il Il \g\ﬁ\ Il Il Il E
JFMAMIJJASOND JFMAMIJJASOND JFMAMIJJASOND
Month Month Month
K puszta 47N 20E N Valentia Obs. 52N 10W 4 Birkenes 58N 8E

T obs _ T T T T T \Ob\s- T T _ T b‘s_ T
model O 1: model O w _ model e
2 08 1%
(=} (=}
£ £
Ts 06 ﬂ P
= =
0 2]
o o
= 0.4 H =
M E] e E] U
J@ G 02 H ol
0 g B 0
Il Il 0 [ Il Il Il Il Il Il L L1 Il = | Il
JFMAMJJAS N D JFMAMJJASOND AMJJASOND
Month Month Month
Tustervatn 66N 14E 14 Jergul 69N 25E s RurV|k 57N 12E
T T T T ob\s T T _ 8 T T Obs _ T T T Obs
model O 12 F model O ] o o5 | model
158 g
B 12 2}
71 808 18
o 0 15
1806} 1
2ot 12 ¢!
Qs Qv
9 8 0.2 M 8 0.5
Il Il Il Il Il Il Il Il Il Il Il 0 Il Il Il Il Il Il Il Il Il Il Il
JFMAMIJJASOND JFMAMIJJASOND JFMAMIJI JA N D
Month Month Month

Figure 2.13.Same as FigufEI2but for SO; - wet deposition flux (kgS had month2).



