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A model for tropospheric multiphase chemistry: application to
one cloudy event during the CIME experiment
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A multiphase box model for a remote environment of the troposphere has been developed with an explicit chemistry
for both gas and aqueous phase. The model applied to a set of measurements performed by Voisin et al. (2000) during the
European CIME experiment for a cloud event on 13th December 1997 at the top of the Puy de Dome (France). The
results of the simulation are compared to the measurements in order to follow the evolution of the ambient chemical
composition as a function of the pH and of the varying water content. After verifying that the model retrieves the main
features observed in the behavior of species in the cloud droplets, a detailed analysis of the simulated chemical regime is
performed. It essentially discusses the sources and sinks of radical in aqueous phase, the relative importance of the
oxidation pathways of volatile organic compounds by the main radicals and the conversion of S(IV) into S(VI) which
seems to be influenced by the presence of peroxonitric acid, HNOy, in aqueous phase in the environmental conditions
that are considered with low H,O,. These numerical results are then compared with the theoretical study from
Herrmann et al. (2000), who proposed a slightly different mechanism, including C2 chemistry and transition metal
chemistry whereas they neglect some reaction pathways, such as the one involving OHCH, O, radical. This double
confrontation between model results and both real experimental data and numerical results from Herrmann et al. (2000)
underlines limitations of such modeling approach that does not include any dynamical or microphysical coupling but
also demonstrates its capability to identify the main oxidants or reactants in aqueous phase in real environmental
conditions more realistic than a purely theoretical approach. The originality of this study resides in the explicit and
exhaustive ways the chemical reactions are treated in aqueous phase and in a first attempt to compare such a detailed
chemical scheme to real environmental conditions.
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1. Introduction and the condensed phase are quite complex (Ravishan-

kara, 1997). Clouds can interact with the tropospheric

Tropospheric multiphase chemistry is still poorly
understood, because the interactions between trace gases
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chemistry through different processes. They can remove
gaseous species dissolved in the droplets by sedimenta-
tion or they can detrain them at various altitudes. Clouds
can modify the actinic flux and the photochemistry is,
then, more intense around the cloud top and less intense
below (Madronich, 1987; Madronich and Flocke, 1999).
After their evaporation, clouds modify trace gas



composition of the troposphere (Huret et al, 1994).
Clouds can also indirectly perturb the gas-phase chem-
istry through the uptake of soluble gases by cloud drop-
lets and ice crystals, through aqueous chemical reactions
(see for example, Lelieved and Crutzen, 1991) and
through microphysical redistribution (Grégoire et al.,
1994).

There are two reasons for the lack of knowledge con-
cerning such complex interactions. First, simultaneous
chemical measurements in both gas and aqueous phase
are difficult. Usually, the measurements provide integ-
rated results over several 10 minutes especially in cloud
water (see for examples: Richards, 1995; Jaeschke et al.,
1998; Collett et al., 1990) and do not provide detailed
time-resolved information about the scavenging process.
Sometimes, only rainwater concentrations are available
and cloud water composition is not at all documented
(Kieber et al., 1999; Losno et al., 1998). Recent continu-
ous measurements done with a CVI (counterflow virtual
impactor) (Noone et al., 1988) introduce biases due to its
principle of separating cloud phases. So, there are still
a number of problems of chemical measurements in
cloud phases (interstitial air, cloud water and partic-
ulate). The second problem is that multiphase model
validation is still very limited due to the lack and the
uncertainties in in situ measurements. Sophisticated
models often use theoretical scenarios rather than ob-
servations (Bott, 1999; Herrmann et al., 2000). Others
are considering size-resolved cloud chemistry but most
of the time limit their study to rather simple chemistry
(Colvile et al., 1994; Wells et al., 1997). Nevertheless,
those models need to be applied for studying processes
and interactions and for supporting the interpretation of
the multiphase measurements.

Our aim in this paper is not to achieve a strict com-
parison between model and observations but only to
retrieve orders of magnitude and tendencies in the behav-
ior of the species with respect to liquid water content.
A close comparison is not possible for two reasons: first,
the chemical model does not simulate renewal of the
atmospheric gases into the cloud through any dynamical
or microphysical processes; secondly, data represent in-
tegrated measurements of aqueous-phase concentrations
over 15-30 min periods of time. Also, this chemical
model has been developed with the final aim of coupling
it with an air parcel model including microphysics. Re-
sults presented here represent a first attempt to this
coupling by considering real observational data to cali-
brate the chemistry as a function of a varying water
content which evolves over three hours.

In this study, we present a box model for tropospheric
multiphase chemistry that is based on an explicit chem-
ical mechanism in both gas and aqueous phase. This
model has been used for the modeling of a cloud event
that was documented by the multiphase measurements
performed by Voisin et al. (2000) during the European

CIME (cloud ice mountain experiment) experiment.
After describing the multiphase chemical box model with
its detailed mathematical formulations, we present evolu-
tions of the pH and some species as a function of the
liquid water content and compare them with the ob-
served evolutions found by Voisin et al. (2000). Since
measurements of the droplet radius were not available on
that day, we look at the sensitivity of the gas-phase
production rates of the HO, radical to different droplet
radius. Then, focusing on a particular event of the CIME
experiment, a detailed analysis of the cloud chemical
regime is presented with special emphasis on radical
chemistry and on S(IV) to S(VI) conversion. In addition,
by using theoretical recent results from Herrmann et al.
(2000), we examine the sensitivity of some volatile or-
ganic compounds oxidation pathways by radicals to the
variable liquid water content.

2. Description of the multiphase box model

The model is based on a chemical box model de-
veloped by Madronich and Calvert (1990) for the gas
phase, and includes an automated writing of the chemical
mechanism code. For solving the set of chemical equa-
tions, two choices of chemical solvers are available: the
Gear’s solver (Gear, 1971) or the QSSA VTS solver
developed by Audiffren et al. (1998). The model can use
time series of temperature, density, concentration of
water vapor, NO, and ozone, liquid water content,
radius of droplets and photolysis coefficients.

2.1. Chemical mechanisms

The gaseous mechanism is the same than in the orig-
inal code of Madronich and Calvert (1990). This chemical
mechanism is explicit and can be adapted for any envi-
ronment in the troposphere. In the present study, the
gaseous mechanism has been adapted to a rural envir-
onment, which includes 101 reactions and 48 gaseous
species describing the chemistry of methane, sulfur, NO,
and ammonia.

The initial model has been extended to include the
exchange of chemical species between gas and aqueous
phases of the cloud (Audiffren et al., 1998), which is
parameterized by the mass transfer kinetic formulation
developed by Schwartz (1986). We include also the possi-
bility of estimating unknown Henry’s law constants for
COV (volatile organic compounds) according to the
parameterization developed by Suzuki et al. (1992) and
adapted by Aumont et al. (1999). The thermodynamical
data that are involved in the mass transfer kinetics are
listed in Table 1 for accommodation coefficients and
Henry’s law constants and in Table 2 for aqueous-phase
equilibrium. All accommodation coefficients for which
there are no measurement are set equal to 0.05 as in



Table 1

Values of mass accommodation coefficients and Henry’s law constants

Species o Hyos (M atm™1) AH/R (K)
O3 0.05* 1.1x10"2%° — 2300°
0, 0.05 (estimated) 1.3x1073¢ — 1500¢
H,O0, 0.114 8.33 x 10*¢ — 7400°
HO, 0.2 4.103" — 5900°
OH 0.05 (estimated) 30° — 4500°
NO 0.0001# 1.9x 1073 — 1400°¢
NO, 0.0015" 1.2x 107 % — 2500
NO; 0.0025 6.1071*

N,Os 0.0037" 2.1m — 3400™
HNO, 0.05" 50° — 4900°
HNO; 0.054¢ 2.1x10%° — 87007
HNO, 0.05 (estimated) 1.2 x 10% — 69001
NH; 0.04 61° — 4200°
HCl 0.064¢ 1.1t — 2000"
SO, 0.11¢ 1.4¢ — 2900¢
H,SO, 0.07¢ 2.1x10% = Hyno, — 8700 = AHyno:,
CO, 0.0002" 3.6x1072v — 2200%
CH;0, 0.05 (estimated) 15* — 3700*
OHCH, 0, 0.05 (estimated) 8.05 x 10** — 8200*
CH,0 0.02Y 3.10%% — 7200~
HCOOH 0.012¢ 8.9 x 103 — 6100*
CH;OO0H 0.0038¢ 3.11 x 10%¢ — 5200°¢
OHCH,O0H 0.05 (estimated) 1.7 x 10%° — 9700°
CH;OH 0.015¢ 2.2 x 107 — 5200%°
CH,(OH)(OH) 0.05 (estimated) 1.21 x 107

CH;(ONO,) 0.05 (estimated) 2ad — 4700

*Magi et al. (1996).

YK osak-Channing and Helz (1983).

°Lide and Frederikse (1995).
4Davidovits et al. (1995).
¢O’Sullivan et al. (1996).
"Hanson et al. (1992).
¢Saastad et al. (1993).
"Ponche et al. (1993).
NBS (1965).

iMihelcic et al. (1993).
kRudich et al. (1996).
'George et al. (1994).
™Fried et al. (1994).
"Bongartz et al. (1994).

PSchwartz and White (1981).
4Régimbal and Mozurkewich (1997).
"Bongartz et al. (1995).

*Clegg and Brimblecombe (1989).
‘Marsh and McElroy (1985).
“Worsnop et al. (1989).

YSchurath et al. (1996).

“Zheng et al. (1997).

*estimated from the empirical relation: Hro, = (Hroou*Hno.)/Hu.o0. -
YJayne et al. (1991).

“Betterton and Hoffmann (1988a).
*Johnson et al. (1996).

abSnider and Dawson (1985).
*“estimated from: Suzuki et al. (1994).

°Becker et al. (1996).

Lelieved and Crutzen (1991). All species scavenged in the
droplets react except CH,(OH)(OH) and CH3;(ONO,)
for which no data are available on their reactivities in
aqueous phase and for which gas-phase concentrations
are small, respectively, 10~ '* and 10~ ppbv.

The chemical mechanism in aqueous phase is com-
pletely explicit with detailed chemistry of HO, (Table 3),
of chlorine (Table 4), of carbonate (Table 5), of N-species
(Table 6), of organic species with one carbon atom
(Table 7) and of S-species (Table 8). 156 aqueous-phase
reactions and 42 aqueous-phase species are used in this

adK ames and Schurath (1992).

mechanism based upon the work of Jacob (1986). It then
has been updated with the latest kinetics and thermodyn-
amic laboratory data available and with the work of
Herrmann et al. (1999a, 2000). HO,, chlorine, carbonate,
N- and S-species chemistry are almost the same as in the
mechanism presented by Herrmann et al. (1999a, 2000)
with however some differences (reactions Al, A8, A20,
A25, A26, A37, A48, A52, A61, A65, A66, A69, A149 are
not taken into account in Herrmann et al., 1999a, 2000).
For organic species, Herrmann et al. (1999a, 2000) do not
take into account cross reactions of RO, radical (R = H,



Table 2
Aqueous-phase equilibrium

Equilibrium K (M) AH/R (K) Ref.
CO, + H,O<H" + HCOj3 42x1077 Cotton and Wilkinson (1967)
HCO;<H"* + CO3%~ 48x10" 1! Cotton and Wilkinson (1967)
SO, + H,O<H" + HSO3 1.7x1072 —2.09x10° NBS (1965)
HSO;<H* + S0O%~ 63x10°8 —1.51x10° NBS (1965)
HNO;<H™" + NO3 2.2x 10 NBS (1965)
HO,<H" + 07 20x10°° Bielski (1978)
HCOOH<H* + HCOO~ 1.8 x107% 1.50 x 10? Sillen and Martell (1964)
H,0,<H" + HO; 22x10712 —3.73x10° Smith and Martell (1976)
HNO,<H" + NO; 50x 10~ 1.70 x 103 NBS (1965)
HNO,<H" + NO; 14x10°° Logager and Sehested (1993)
CH, O + H,0<CH,(OH), 2.5%10% —4.03x103 Bell (1966)
HCleH™" + Cl™ 1.7 x 10° —6.89 x 103 Marsh and McElroy (1985)
NH; + H,O<NH; + OH~ 1.7x107° 4.32x 103 NBS (1965)

2K without unity.
Table 3
HO, chemistry in droplets
Reactions kyos(M " F1s71) E,/R (K) Ref.
O; + hv +H,O0->H,0, + 0O, (A1) Calculated Graedel and Weschler (1981)
H,0, + hv—-20H (A2) Calculated Graedel and Weschler (1981) and

Zellner et al. (1990)

OH + HO, - H,0 + O, (A3) 2.8 x 101 0 Elliot and Buxton (1992)
OH + O; > HO™ + O, (A4) 3.5%x01° 720 Elliot and Buxton (1992)
H,0, + OH - H,0 + HO, (AS) 2.7x107 1700 Christensen et al. (1982)
HO, + HO, - H,0, + O, (A6) 8.6 x 103 2700 Bielski (1978)
HO, + O; + H,O0->H,0, + O, + OH™ (A7) 1x108 910 Christensen and Sehested (1988)
O3 + HO, - OH + 20, (A8) <1x10* Sehested et al. (1984)
0; +0; +H,0-OH + 20, + OH™ (A9) 1.5x10° Sehested et al. (1983)
OH + HSO; —SO3 + H,0 (A10) 2.7 x10° Buxton et al. (1996a)
OH + SO%™ - SO; + OH™ (A11) 4.6 x10° Buxton et al. (1996a)

CH;, OHCH,;) and the production of OHCH, O, rad-
ical in the oxidation chain of methanol (A101-A105)
which, in their paper, directly leads to the production of
formaldehyde and HO, radical. But, the OHCH,O,
radical can produce significant amount of formic acid by
its self-reaction (A86), related to the methanol concentra-
tion and pH dependence (Monod and Carlier, 1999;
Monod et al., 2000). Moreover, only its decomposition
(A82) produces HO, radical and formaldehyde. More
generally, the development of a tropospheric aqueous
mechanism, even excluding transient metals, and C > 2
species, is still subject to many uncertainties in rate
constants values (in Tables 3-8, many rate constants
are estimated and their temperature dependency is not
available).

2.2. Mathematical formulation

The gases that are scavenged by the droplets and that
are involved in aqueous-phase equilibrium are listed in

Table 2 and are treated in the model as total species. This
treatment prevents from losing mass. As an example,
sulfur dioxide dissociates twice:

SO(g) » SO, () (T1),
SO, () + H,O-HSO; + H* (El),
HSO; -S03™ + H* (E2).

In the model, the concentrations of the two ions are not
explicitly calculated. The concentration predicted for
sulfur dioxide in aqueous phase is the total sulfur concen-
tration

[SO:(w)] = [SO,()] + [HSO;] + [SO3 1.

Thus, rate constants for such total species are derived
with including the fraction of the total species considered.
As an example, the rate constant of the reaction A3 is
derived as follows: k¥ = ki\3[H"]/Kno, + [H*], where
ki3 is the rate constant calculated in the model, k), 5 is the



Table 4
Chlorine chemistry in droplets

Reactions kaos(M "1™ E,/R (K) Ref.

Cl™ + OH - OHCI™ (A12) 43 x10° Jayson et al. (1973)

OHCI™ - Cl™ + OH (A13) 6.1 x10° Jayson et al. (1973)

OHCI” +H* - Cl + H,0 (A14) 2.1 x10'° Jayson et al. (1973)

Cl+ H,0—-OHCI” +H" (A15) 1.3x10° Jayson et al. (1973)
Cl+Cl~ -»Cl; (A16) 2.7x101° Jacobi et al. (1997)

Cl; -»Cl+Cl™ (A17) 1.4 x10° Jacobi et al. (1997)

Cl; +Cl; -»Cl, +2ClI™ (A18) 8.7x 108 Zellner et al. (1996)

Cl, + H,O->H" + ClI~ + HOCl (A19) 22.3 7600 Wang and Margerum (1994)
Cl- +HOCl+ H" - Cl, + H,O (A20) 4.4 x 10* Wang and Margerum (1994)
HOCI + HO, - H,0 + O, + Cl (A21) 7.5%10° = k,, Estimated

HOClI+ O; - OH™ + 0, +Cl (A22) 7.5x 106 Long and Bielski (1980)

Cl, + HO, -»Cl; + 0O, + H* (A23) 1x10° Bjergbakke et al. (1981)

Cl, + O; »Cl; + 0, (A24) 1x10° =kys Estimated

Cl+HO, -0, +Cl- +H* (A25) 3.1x10° 1500 Graedel and Goldberg (1983)
Cl+H,0, -HO, +Cl~ + H* (A26) 4.5x107 Graedel and Goldberg (1983)
Cl~ + NO; - NOj +Cl (A27) 1x107 4300 Exner et al. (1992)

Cl~ +S0; - S0} +Cl (A28) 33x108 0 Herrmann et al. (1997)

Cl; +HO, -0, +2C1- +H” (A29) 1.3 x10'° Jacobi (1996)

Cl; + 0; -0, +2CI™ (A30) 6 x 10° Jacobi (1996)

Cl; + H,0, »HO, +2CI- +H* (A31) 7% 105 3300 Elliot (1989)

Cl; + OH™ -»2Cl~ + OH (A32) 4 x10° Jacobi (1996)

Cl; + HSO; -»SO3 +2Cl- +H” (A33) 1.7 x 10® 400 Jacobi et al. (1996)

Cl; +S03%™ -SO; +2CI- (A34) 6.2 x 107 Jacobi et al. (1996)

Table 5

Carbonate chemistry in droplets

Reactions kaog(M ™ "T1g™1h) E,/R (K) Ref.

HCOj3; + OH - H,0 + CO3 (A35) 1.7 x 107 1900 Herrmann et al. (1999a)

C0O3™ + OH ->OH™ + COj3 (A36) 1x10° 2550 Buxton et al. (1988)

HCOj3 + O; - HO; + COj3 (A37) 1.5x 10° Schmidt (1972)

CO2%™ + NO; - NOj + COj3 (A38) 4.1x107 Estimated from Herrmann et al. (2000)
CO3™ +Cl; »2Cl~ + CO;3 (A39) 2.7 x 106 Estimated from Herrmann et al. (2000)
HCOj + SO; -»SO%~ + H' 4+ CO3 (A40) 2.8x10° 2100 Huie and Clifton (1990)

CO2™ +80; - S02™ + CO; (A4l)  41x10° 3200 Padmaja et al. (1993)

CO35 + CO3 + O, 205 +2CO, (A42) 2.2x10° Huie and Clifton (1990)

CO3; + HO, - HCO3 + O, (A43) 6.5x 108 = kyy Estimated

CO; +0; -C0O3™ +0, (A44) 6.5x 108 Eriksen et al. (1985)

COj + H,0, - HO, + HCOj3 (A45) 43x10° Draganic et al. (1991)

COj3 + HSOj3 - HCOj3 + SO3 (A46) 1x 107 Estimated from Herrmann et al. (2000)
CO;3; +S0O%™ - CO0%™ +SO3 (A47) 2.9x107 470 Huie et al. (1991)

real rate constant listed in Table 3 and Ky, is the
dissociation constant of HO, radical listed in Table 2.

The mathematical formulation of the set of differential
equations is written as

dci k(i .
d—tg — Pi — DiC}, +H;RT — Lk,Ci, 1)
daci, o . e

= Pi, — Di,Ci, + Lk,C, — ——" 2
dt TS T RT @

where cg and Ci,, are, respectivly, the gaseous and aque-
ous concentrations of the species i in molec cm ™ 3; P and
P, and D. and D!, are respectivly the gaseous and
aqueous production terms of the species i in
molec cm s~ !; and the gaseous and aqueous destruc-
tion terms of the species i in s~ !, k, describes the mass
transfer between gas and aqueous phases of the species i,
L is the liquid water content in vol/vol, H* is the Henry
law effective constant of the species i in M atm ™~ ! and
R =0.08206 atm M~ ! K~ !. The transfer rate constant



Table 6
N-chemistry in droplets

Reactions kaog(M "1™ E,/R (K)  Ref

HNO, + hv—>NO + OH (A48) Calculated Graedel and Weschler (1981)

NO; +hv+H,0—->NO + OH +OH"™ (A49) Calculated Graedel and Weschler (1981) and
Zellner et al. (1990)

HNO, + OH - NO, + H,0 (A50) 1x10° Rettich (1978)

NO; + OH - NO, + OH"™ (AS1) 1x10° Treinin (1970)

HNO, + H,0, + H" - NOj +2H" + H,0 (A52) 6.3x 103 6700 Lee and Lind (1986)

NO; + O3 > NO3 + O, (A53) 5x10° 6900 Damschen and Martin (1983)

NO; + NOj; - NO, + NO3y (A54) 1.2 x 10° Daniels (1968)

NO; + Cl; - NO, +2Cl1~ (A55) 6x 107 Herrmann et al. (1999a)

NO; + CO; - NO, + CO3~ (A56) 6.6 x 10° 850 Huie et al. (1991)

NO, + OH - NO; + H* (A57) 1.2x10%° Wagner et al. (1980)

NO, + HO, - HNO, (AS8) 1.8 x 10° Logager and Sehested (1993)

NO, + O; - NO, (AS9) 4.5%10° Logager and Sehested (1993)

HNO, -» HO, + NO, (A60) 46x1073 Lammel et al. (1990)

HNO, - HNO, + O, (A61) 7Tx 1074 Logager and Sehested (1993)

NO4s - NO; + O, (A62) 1 Logager and Sehested (1993)

HNO, + HSO3; - SO%~ + NOj +2H" (A63) 33x10° Amels et al. (1966)

NO, + NO, + H,O0 - HNO, + NOj + H" (A64) 8.4x 107 — 2900 Park and Lee (1988)

NO, + NO + H,0 - 2NO; +2H* (A65) 3x 108 Hoffmann and Calvert (1985)

NO + OH > NO; +H* (A66)  2x10'° 1500 Strehlow and Wagner (1982)

NOj3; + hv + H,O—->NO, + OH + OH"~ (A67) Calculated Graedel and Weschler (1981) and
Zellner et al. (1990)

N,Os + H,O - 2HNO; (A68)  1x10'° Estimated

NO; + hv > NO + O, (A69) Calculated Graedel and Weschler (1981)

NO; + HO, - NO3; + H" + 0, (A70)  3x10° Sehested et al. (1994)

NO; + O; - NOj3 + O, (A71)  3x10° =k Estimated

NO; + H,0, - NOj + H' + HO, (A72)  49x10° 2000 Herrmann et al. (1994)

NO; + OH™ - NOj3; + OH (A73) 9.4 x107 2700 Exner et al. (1992)

NO; + HSO; - NOj + H" + SO, (A74) 5.6 x 103 Herrmann et al. (1999a)

NO; + SO%~ - NOj + SO; (A75) 1x10° Logager et al. (1993)

NO; + HSO; - SO3 + NO3y + H* (A76) 1.3x10° 2200 Exner et al. (1992)

NO; + SO3™ - NOj + SO3 (A77)  3x10® Exner et al. (1992)

k. is the inverse of characteristic times for gaseous diffu-
sion and for interfacial mass transport (Schwartz, 1986):

a’> da\7!

k= <3Dg - 3ﬁa> ’ ®
where a is the droplet radius in cm, D, is the gaseous
diffusion coefficient taken equal to 0.1 cm?s~! for all
species, v = \/8RT/nM" is the mean quadratic speed of
the speciesiin cm s~ ! (M'is the molar mass of the species
i and R =8.3145x107gcm?s 2K "' mol™') and « is
the accommodation of the species i listed in Table 1.

The pH of the droplets is calculated at each time step
by solving a simplified ionic balance equation written as.

[H*]+[NH;f]=[OH™] + [HCO3] + [NO3]
+ [HSO3] + [C17] + Y v;[ions],
)

where )’ [ions] is the sum of ions produced in the drop-
lets and v; is the number of charges carried by the
considered ion. Each ionic concentration is expressed as
a function of the total concentration of the gaseous
species scavenged by droplets. The pH is calculated after
solving a polynomial of degree 8. This resolution is made
by a variant of Laguerre’s method (Wilkinson, 1965;
Smith, 1967). This method is more computing time effi-
cient.

2.3. Partitioning of species between phases

Following the kinetic formulation of mass transfer
defined in Schwartz (1986), the tropospheric trace species
in presence of clouds do not all follow the Henry’s law
equilibrium. In order to evaluate if the species diverges
from Henry’s law equilibrium, we used a partitioning
q factor which expresses the deviation from Henry’s law



Table 7
Organic chemistry in droplets

Reactions kpog(M "1™t E,/R (K) Ref.

CH;0; + HO, -» CH;00H + O, (A78) 43%x10° =ke/2 3000 Estimated like Jacob (1986)

CH;0, + O, + H,O - CH;00H + O, + OH™ (A79) 5x107 =kq/2 1600 Estimated like Jacob (1986)

CH;0, + CH30, - CH30H + CH,0 + O, (A80) 1.7x 108 2200 Herrmann et al. (1999b)

CH;0, + HSO3 - CH;00H + SO3 (A81) 5% 10° Herrmann et al. (1999b)

OHCH,0, + H,0 - H,C(OH), + HO, (A82) 6 7000 Estimated from Monod and
Carlier (1999)

OHCH,0, + OH™ + H,0 - H,C(OH), + HO, + OH™ (A83) 2.1x10'° 7200 Monod and Carlier (1999)

OHCH,0, + HO, - OHCH,OOH + O, (A84) 43x10° = kqg 3000 Estimated

OHCH,0,; + O; + H,O0 - OHCH,00H + O, + OH~ (A85) 5%107 = k4o 1600 Estimated

OHCH,0, + OHCH,0, - 2HCOOH + H,0, (A86) 7.4 %108 1400 Huie and Clifton (1993)

OHCH,00H + hv + O, - HCOOH + OH + HO, (A87) Estimated = J(H,0,) Graedel and Weschler (1981)

OHCH,OO0H + OH -» OHCH, 0, + H,0 (A88) 2.7x107 = ks 1700 Estimated

OHCH,OO0H + OH - HCOOH + OH + H,0 (A89) 1.9 x 107(*) 1900 Estimated

OHCH,OOH + NO; - NOj3 + H* + OHCH,0, (A90) 49%x10° =kqy 2000 Estimated

OHCH,OO0H + CO3; - OHCH,0, + HCO3 (A91) 43%x10° = kys Estimated

OHCH,OOH + Cl; - OHCH,0, +2Cl- + H* (A92) 7x10° = k3 3300 Estimated

OHCH,OOH + SO; - SO3~ + H* + OHCH, 0, (A93) 28 %107 =ky47 Estimated

CH;00H + hv + O, - CH,0 + OH + HO, (A94) Estimated = J(H,O,) Graedel and Weschler (1981)

CH;00H + OH - CH;0, + H,0 (A95) 2.7%107 = ks 1700 Estimated like Jacob (1986)

CH;00H + OH - CH,0 + OH + H,0 (A96) 1.9 x 107(*) 1900 Estimated like Jacob (1986)

CH300H + NO3; - NOj3 + H" + CH;0, (A97) 49x10° = ko, 2000 Estimated

CH;00H + CO3 - CH;0, + HCO3 (A98) 43x10° = kys Estimated

CH3;O00H + Cl; - CH30, +2Cl~ + H* (A99) 7x10° = k3y 3300 Estimated

CH3O00H + SO; - SO3™ + H" + CH;0, (A100) 28%x 107 = ky47 Estimated

CH;0H + OH + O, - OHCH, O, + H,0 (A101) 1x10° 600 Elliot and McCracken (1989)

CH;0H + NO; + O, - NO; + H" + OHCH,O0, (A102) 5.4x10° 4300 Herrmann et al. (1999a)

CH;3;0H + CO3 + O, - HCO3 + OHCH,0, (A103) 5.7 x 103 3100 Clifton and Huie (1993)

CH3;O0H + Cl; + O, »2Cl~ + H* + OHCH,0, (A104) 5x10% 5500 Jacobi et al. (1999)

CH;O0H +SO; + 0, »SO3™ + H* + OHCH, 0, (A105) 9x10° 2200 Clifton and Huie (1989)

H,C(OH), + OH + O, - HCOOH + HO, + H,0O (A106) 7.8 x 108 1000 Chin and Wine (1994)

H,C(OH), + NO3 + O, - NOj3 + H + HO, + HCOOH (A107) 1x10° 4500 Exner et al. (1993)

H,C(OH), + CO3 + O, - HCO3; + HO, + HCOOH (A108) 1.3 x 10* Zellner et al. (1996)

H,C(OH), + Cl; + O, »2Cl~ + H* + HCOOH + HO, (A109) 3.1x10* 4400 Jacobi et al. (1999)

H,C(OH), + SO; + O, »S03~ + HCOOH + HO, + H* (A110) 1.4x 107 1300 Buxton et al. (1990)

HCOOH + OH + O, - CO, + HO;, + H,0 (A111) 1x108 1000 Chin and Wine (1994)

HCOO™ +OH + O, - CO, + HO, + OH"™ (A112) 3.4x10° 1200 Chin and Wine (1994)

HCOOH + NO; + O, - NOj; + H* + CO, + HO, (A113) 3.8x10° 3400 Exner et al. (1994)

HCOO™ + NO; + O, - NOj; + CO, + HO, (A114) 5.1x107 2200 Exner et al. (1994)

HCOO™ + COj3 + H,0 + O, - CO, + HCO35 + HO, + OH™ (A115) 1.4x10° 3300 Zellner et al. (1996)

HCOOH + Cl; + O, - CO, +2Cl- + HO, + H* (A116) 5.5x 103 4500 Jacobi et al. (1999)

HCOO™ +Cl; + O, »CO, +2Cl” + HO, (A117) 1.3x10° Jacobi et al. (1996)

HCOOH +S0; + 0, -S03™ + H*" + CO, + HO, (A118) 2.5x10° Herrmann et al. (1999a)

HCOO™ +SO; + 0, »S0O3™ + CO, + HO, (A119) 2.1x107 Herrmann et al. (1999a)

*Estimated from A88 and the branching ratio of the gas phase reaction CH; OOH + OH.

equilibrium for the species i:

C

S (5)
LH*RTC}

q:

This factor is equal to 1 when the species is at Henry’s law
equilibrium, is less than 1 when the aqueous concentra-
tions of the species do not reach the aqueous Henry’s law
equilibrium concentration and is greater than 1 when the
aqueous concentration of the species is above the equilib-
rium concentration. The reasons for this deviation from
Henry’s law equilibrium can be explained by the kinetic
of mass transfer limitation for very soluble species or for

high reactivity of species in gaseous and/or aqueous
phase (see Chaumerliac et al., 2000; Audiffren et al., 1998
for a detailed discussion on the significance of the ¢
factor).

3. Model results

The multiphase box model is initialized with multi-
phase measurements made during the European CIME
experiment by Voisin et al. (2000) during one cloud event.
As a first-step study, we used this experiment to evaluate
the main reaction pathways in aqueous phase that we



Table 8
S-chemistry in droplets

Reactions kyog(M " 1s™Y) E,/R(K)  Ref

HSO; + CH,0 - HOCH, SOy (A120) 7.9x10% 2900 Olson and Hoffmann (1989)
SO3%~ + CH,0 - HOCH,SO; + OH~ (A121) 2.5x107 — 2450 Olson and Hoffmann (1989)
HOCH,SO; - HSO; + CH,0O (A122) 7.7x1073 9200 Moller and Mauersberger (1995)
HOCH,SO; + OH~ -SO%~ + CH,(OH), (A123) 3.7x10° Deister ct al. (1986)
HOCH,SO; + OH + O, - HO, + HCOOH + HSO; (A124) 3x10° Buxton (1994)

HOCH,SO; + NO; »NOj3 + H* + CH,0 + SO; (A125) 42x10° Herrmann et al. (1999a)
HOCH,SO; + Cl; —2Cl- + H* + CH,O + SO; (A126) 5x10° Jacobi et al. (1996)
HOCH,SO; + SO; —S02~ + H* + CH,0 + SO3 (A127) 28x10° Buxton (1994)

SO; + 0, »SOs (A128) 2.5x10° Buxton et al. (1996b)

SO; + HSO; — HSO; + SO; (A129) 8.6x 10° Buxton et al. (1996b)

SO; + HSO; »S0; + 802~ + H* (A130) 3.6x 102 Buxton et al. (1996b)

SO; + SO3™ - HSO; +SO; + OH™ (A131) 2.1x10° Buxton et al. (1996b)

SO5 +S03~ - SO, + SO%~ (A132) 55x10° Buxton et al. (1996b)

SO; + HO, - HSO; + 0, (A133) 1.7x10° Buxton et al. (1996a)

SO; + O; + H,0 »HSO; + O, + OH" (A134) 17x10° =k,s, Estimated

SO + SO5 - 2SO0, + O, (A135) 7.2x10° 2600 Herrmann et al. (1995)

SO; + 805 —5,02™ + 0, (A136) 1.8x10° 2600  Herrmann et al. (1995)
HSO; + HSO; + H* -»2S0%™ + 3H* (A137) 7.1x10° Betterton and Hoffmann (1988b)
HSO; + 802~ + H* 52502~ + 2H* (A138) 7.1x10° =k, Estimated

HSOy + OH - SO; + H,0 (A139) 1.7x107 1900 Maruthamuthu and Neta (1977)
SO; +S0; —5,02" (A140) 4.4x10° 0 Huie and Clifton (1993)

SO, + H,0-»S02” + OH + H* (A141) 11 1100 Herrmann et al. (1995)

SO, + HSO; -»SO2~ + H" 4+ SO; (A142) 3.2x10® Herrmann et al. (1999a)
SO; +S03™ -S0;™ + SO5; (A143) 32x108 1200 Herrmann et al. (1999a)

SO; + HO, »S02™ + H* + 0, (A144) 35x10° Jiang et al. (1992)

SO; +0; —»S0%~ + 0, (A145) 35x10° =k,,, Estimated

SO, + OH™ - S0O2™ + OH (A146) 1.4x107 Herrmann et al. (1995)

SO; + H,0, >80~ + HO, + H” (A147) 28x107 Herrmann et al. (1999a)
SO, + NO; —SO02~ + NO, (A148) 5x 10 Exner et al. (1992)

SO, +NO, -S02~ 4+ NO, (A149) 9.8 x10° Wine et al. (1989)

HSO; + OH - H,0 + SO; (A150) 3.5 10° Tang et al. (1988)

HSO; -SO2~ + H* (A151) 1x10° 2700 Redlich (1946)

SO2™ + H* - HSO, (A152) 1x10't Graedel and Weschler (1981)
HSOj; + O, - HSO; + O, (A153) 3.7x10° 5500  Hoffmann (1986)

SO%~ + 0, »S0%~ + 0, (A154) 1.5x10° 5300  Hoffmann (1986)

HSO; + H,0, + H* 5802~ + 2H* + H,0 (A155) 9.1x 107 3600 Maab et al. (1999)

HSO; + CH,;00H + H* -»S0O3™ + 2H" + CH,OH (A156) 1.8x107 3800 Lind et al. (1987)

considered in our chemical model and to attempt some
qualitative comparisons with real environmental data. In
parallel, we use these real data to discuss possible dis-
crepancies with more theoretical work as in Herrmann
et al. (2000).

3.1. Description of the experiment

The measurements were made during the CIME ex-
periment. This experiment took place at the top of the
Puy de Déme (1465 m), a station located in the center of
France during winter 1997 and winter 1998. This station
continuously measures temperature, intensity and hori-
zontal wind direction, ozone concentration, sulfur diox-
ide and NO,. The station is equipped with a wind tunnel
that allows measurements of liquid water content, ice
water content and effective radius. The multiphase
measurements were performed by Voisin et al. (2000) in

the presence of mixed-phase clouds and liquid clouds
(composed of supercooled droplets) and took place from
December the 2nd to December the 5th and from Decem-
ber the 12th to December the 13th 1997. The selected day
for the simulation is December 13th as on that particular
day, there was no ice and the meteorological situation
was greatly stable with the presence of strato-cumulus
made of supercooled droplets without rain.

The 13th December, the Puy de Dome was located in
an area of transition between a low-pressure system over
Eastern Europe and an anticyclone over England at
12 am. GMT. Fig. 1a shows the intensity and direction
of the horizontal wind at 12 am. GMT and at 850 hPa
(corresponding to the altitude of the mountain top) and
the back-trajectory from the summit computed at 12 a.m.
GMT from the CEPMMT model data. The Puy de
Dome mountain is located in a remote environment
but on this day, Fig. 1a shows a very strong synoptic
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Fig. 1. Meteorological situation at the top at the Puy de Dome on the 13th December 1997. (a) Horizontal wind intensity and direction
at 12 a.m. GMT computed by the CEPMMT model, the solid line corresponds to the back-trajectory from the top of the Puy de Dome
at 12 a.m. GMT. (b) Observed temperature and horizontal wind intensity versus local time.

Table 9

Chemical measurements performed by Voisin et al. (2000) the 13th of December between 10.47 a.m. local time and 3 p.m. local time and

mean values liquid water content

Gaseous phase (ppbv®)

Period of sampling HCOOH HCl HNO, HNO; NH; SO,

1047 am.-12.15 am. 0.2846 0.0739 0.0540 0.1526 0.1340 0.4484

12.34 am.-2.12 pm.  0.2070 0.1250 0.0369 0.4426 0.1265 0.4891

2.31 p.m.-3.26 p.m. 0.2350 0.1319 0.0470 0.4389 0.0725 0.6371

Aqueous phase (M)

Period of sampling HCOOH Cl™ Nitrite Nitrate Ammonia  S(IV) Sulfate pH LWC
total total total total total® (gm™3)

1047 am~1130 am. 6.19x107° 1.78x107* 3.05x107°% 6.96x10"* 293x10"* 836x10"7 160x10"* 32 0.151

11.30 am.-12.15am. 3.66x107°% 1.04x10"% 215x107°% 400x10"* 1.67x10"* 381x1077 9.51x10"° 3.4 0.268

1234 am~1.15pm. 6.19x107° 1.60x107% 3.32x107% 6.94x10"* 281x10"* 6.56x1077 135x10"* 33 0.157

1.15 p.m.~1.30 p.m. 6.02x107°% 1.19x107% 298x107° 537x107% 248x107* 521x1077 1.00x10"* 3.4 0.220

1.30 p.m.=2.00 p.m. 116 x107% 2.69x107* 571x107°% 116x1073 447x107* 1.09x107¢ 240x10"* 3.1 0.124

2.00 p.m.-2.26 p.m. 1.5x107° 238x107* 559x107¢ 1.16x107% 501x10"* 1.00x10°° 195x10~* 3.2 0.127

2.31 p.m.-3.00 p.m. 1.64x107° 333x107% 6.17x107°% 198x107% 6.89x107* 1.65x10°°% 243x10"* 3.1 0.091

21 ppbv = 2.31 x 10° molec cm® of air at T =270 K and P = 850 hPa; 3S(IV) total = [SO,] + [HSO3] + [SO%~] + [HMSA].

influence inducing a polluted air mass coming from the
North-NorthEast. Fig. 1b indicates the temperature and
the intensity of the wind observed at this day at the
station. This figure illustrates a negative temperature all
along the day and a low intensity of the wind before
4 p.m. local time. The data obtained for the liquid water
content show two cloud events on that day with
a transition around 4 p.m. local time. Since Fig. 1b shows

an increase in the intensity of the wind after 4 p.m. local
time, we retained for the model simulation the first
cloudy event which took place in the most stable me-
teorological situation.

Table 9 summarizes the multiphase measurements
made by Voisin et al. (2000) at the 13th of December
between 10.47 a.m. and 3.26 p.m. local time. The total
aqueous concentrations take into account both dissolved



Table 10
Conditions of the simulation

Duration T P Radius
(°K) (hPa) (nm)
12.15 a.m.-3.00 p.m. 270 850 10

and dissociated forms of the considered species. The
supercooled droplets were sampled with an impactor by
rime collection with a sampling time around 15 to
30 min. Gases were sampled by two mist chambers in
series with a minimum sampling time of 30 min and by
three denuder tubes mounted in series for HCOOH,
NH3;, HNO; and HCI with a minimum sampling time of
2 h. Denuder tubes were used for controlling most of the
measurements made with the mist chambers, except SO,
and HNO,. Moreover, HNO, is probably oxidized by
ozone in HNOj; in the mist chamber originating an
overestimation of gaseous HNO; and an underestima-
tion of gaseous HNO,. S(IV) concentrations are overes-
timated because HMSA is completely converted in S(IV)
due to some experimental biaises. The chemical analysis
of all samples are performed by ionic chromatography.
The error on gaseous concentrations is around 13-37%
and 10-30% on droplets concentrations. The error on
pH value is of 0.1 unit of pH. During this event, the pH
value was relatively constant with a maximum variation
of 0.3. Its value is between 3.1 and 3.4: the very acid cloud
water is partly due to high concentrations of sulfate and
nitrate. The last value of the liquid water content of
0.09 g m 3 (Table 9) seems to indicate cloud evaporation
at the end of the event.

3.2. Conditions of the simulation

Table 10 presents the initial conditions of the simula-
tion which starts at 12.15 a.m. and ends at 3 p.m. local
time. During this time, the actinic flux does not vary very
much and the photolysis coefficients are taken constant
and equal to the values at noon. The actinic flux in the
interstitial phase is assumed to be equal to the actinic flux
in the cloud-free troposphere (Madronitch, 1987) and the
actinic flux inside the droplets is taken as twice the actinic
flux in the interstitial phase (Ruggaber et al., 1997). The
photolysis coefficients in aqueous phase are calculated
from the data of Graedel and Weschler (1981) and
Zellner et al. (1990). Fig. 1b exhibits no temperature
change during this period and, thus, the temperature is
taken constant equal to — 3°C. The pressure of 850 hPa
corresponds to the altitude of top of the Puy de Dome.
The droplet radius is taken constant since no measure-
ments are available. The value of 10 pm corresponds to
a typical value of the droplet radius for a strato-cumulus
cloud (Pruppacher and Klett, 1997). The liquid water
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Fig. 2. Time evolution of the liquid water content during simu-
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Table 11
Initial chemical conditions of the simulation

Species Gaseous concentration  Aqueous concentration
(ppbv) (M)

N, 7.8 x 108 0

0, 21x108 0

H,O 5.7x107 cf. LWC

O3 37 0

NO 0.9 0

NO, 6.2 0

CH, 1600 0

CcO 100 0

HNO; 0.15 545x 1074

HNO, 0.054 2.59x10°°

H,0, 0.07 0

HCHO 6 0

CH;0H 225 0

SO, 0.45 6.03x 10" 7"

HCOOH 028 4.89x10°¢

NH; 0.13 228 x 107

HCI 0.07 1.40x 104

S(VI) 0 1.27x107#

2Corresponding to total S(IV) = [SO,] + [HSO3 ] + [SO3 ]
+ [HMSA].

content is variable and follows the measurements
(Table 9), Fig. 2 shows its time evolution during simula-
tion.

Initial chemical conditions are presented in Table 11
for both gas and aqueous phase in the simulation. Initial
gas concentrations of NO, and ozone are deduced from
continuous measurements made at the Puy de Dome
station. The other initial gas concentrations correspond
to measurements between 10.47 and 12.15 a.m. local time
(Table 9). Initial aqueous concentrations are means of
measurements performed between 10.47 and 11.30 a.m.
local time and between 11.30 and 12.15 a.m. local time



(Table 9). For methane and carbon monoxide, the
values are taken from Sillman et al. (1990). For methanol,
value is taken from measurements of Leibrock and Slemr
(1997) made at an altitude of 1778 m in summer
near Garmisch-Partenkirchen in Germany. For
hydrogen peroxide, its value is deduced from Noone et al.
(1991), who performed measurements in Sweden at
a mid-altitude site in strato-cumulus. The initial
concentration for formaldehyde is taken from the
measurements made during the CIME campaign (P. Laj,
personal communication, 1999) on 15th of February
1997 in a polluted air mass with northern origin and
in the presence of strato-cumulus without ice (Geremy
et al., 2000).

3.3. Liquid water content sensitivity for measured and
simulated aqueous-phase concentrations

As we already explain in the introduction, a strict
comparison between observed and model results is diffi-
cult to achieve due to the integrated feature of the
measurements and to some limitations in the box chem-
ical model. So, order of magnitude and tendencies in the
behavior of aqueous-phase species will only be discussed
as a function of the varying liquid water content. The set
of diagrams in Fig. 3 shows the observed and calculated
variations of the pH and of several aqueous-phase con-
centrations as a function of the liquid water content.
Modeling results fairly agree with the data except for low
values of the liquid water content (less than 0.1 gm~3)
and for formic acid. When the liquid water content is
small, the cloud is in fact in its evaporation stage and the
cloud droplet radius should decrease so that the aqueous
phase should be more concentrated. This is probably the
reason why strong acids and ammonia are under-
estimated in the model compared to the data, for low
values of the liquid water content. The overestimation of
aqueous formic acid could be explained by the high
gaseous initial formaldehyde concentration that was
assumed from another data set.

Table 12 presents estimations of deviations from
Henry’s law from the literature and from the study of
Voisin et al. (2000) that are represented by the partition-
ing g factor, previously defined in Section 2.3. Calculated
values from our work are compared to field measure-
ments and to model results of Herrmann et al. (2000).
First, a great variability is found in the various experi-
mental studies. In the model results, most of the soluble
species are at equilibrium with Henry’s law, except nitric
acid in our simulation which has a low ¢ factor less than
1 and S(IV) which has a high factor ¢ greater than 1.
Formic acid, hydrochloric acid and ammonia are not
very reactive either in gas phase or aqueous phase while
nitric acid is very efficiently produced (with a speed of
gaseous production faster than its speed of transfer to-
wards aqueous phase) in gas phase in our case with high

11

NO, levels. Discrepancies between observations and
model results can be explained by the limitations already
mentioned in the model which does not account
for microphysical and dynamical processes, probably
responsible of observed deviations from Henry’s law.
However, our results are in good agreement with
simulated results by Herrmann et al. (2000).

3.4. Sensitivity to drop sizes

As already pointed out, measurements of droplets
radius were not available on December 13th, 1997. So, we
have performed a sensitivity test on the droplet radius for
three values: 1, 10 and 100 pm and in the same conditions
described in Tables 10 and 11 and in Fig. 2. The droplet
surface is larger for 1 pm and the concentrations of spe-
cies in aqueous phase are greater than for 10 pm and
100 um. We choose to look into more details to the
sensitivity of the gas-phase production of HO, radical to
droplet radius. In fact, this radical is soluble (cf. Tables 1
and 2) and its scavenging perturbs the gas-phase ozone
formation and leads to a HO,-catalyzed cycle for the
destruction of O3 in aqueous phase (Lelieved and Crut-
zen, 1991). Fig. 4 shows the gas-phase production rates of
HO, radical at the maximum of the liquid water content
(0.22 g m~3) at 1.22 p.m. local time for the three values of
the droplet radius. For 1 pm, an important production of
the HO, radical due to degassing of the droplet occurs
(through transfer). It is associated to an important aque-
ous-phase production of the HO, radical due to the
oxidation of formaldehyde and formic acid by the hy-
droxyl radical. The main gas-phase production pathway
of HO, from the photolysis of formaldehyde and the
oxidation of CO by OH increases with the droplet radius.
However, the total production is minimum for 10 um
because the aqueous-phase production from the oxida-
tion of formaldehyde and formic acid is faster than the
gas-phase production from the oxidation of formalde-
hyde and carbon monoxide. This example on the
gas-phase production of the HO, radical shows an im-
portant sensitivity to the droplet radius and highlights
the high reactivity of the aqueous phase versus the gas-
phase.

4. Cloud chemistry during the event

In this section, model results will be analyzed and
chemical regimes will be compared to the theoretical
work of Herrmann et al. (2000), which includes more
species (transition metals and C2 chemistry) but neglects
some pathways such as OHCH, O, reactivity. Also, in
case of Herrmann’s (2000) the liquid water content is held
constant throughout the simulation and the droplet
radius is much smaller (1 pm instead of 10 um in this
work).
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Fig. 3. Comparison of aqueous concentration and pH measured and simulated for different values of liquid water content. Error bars

are reported for the aqueous phase measurements.

4.1. Radical chemistry

Radicals are very reactive species, responsible for the
oxidizing capacity of the atmosphere. OH is the most
important radical both in gas phase and aqueous phase.
The sources of OH radical in aqueous phase is mainly
transfer from the gas phase (60%), followed by the OH,,
production by ozone reaction with the superoxide ion
(25%) and by nitrate ion photolysis (15%). Sinks for the
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OH,, radical are due to the oxidation of the hydrated
formaldehyde by OH (80%), leaving behind minor con-
tributions of others reactions like A12 in Table 4 and
A111 and A112 in Table 7. In our scenario, a mean
gas-phase concentration of 2x 10° moleccm™3 and
a mean aqueous-phase concentration of about
2x 107 !'* M are found whereas in Herrmann et al. (2000)
larger values are obtained in aqueous phase, of the
order of 2 x 10~ 2 M. This can be explained by looking



Table 12

Estimations of deviations from Henry’s law, taken from the literature and compared with this work

Species q factor pH range Ref.

HCOOH 0.001-2 7-3 Facchini et al. (1992)
0.003-40 7-3 Winiwarter et al. (1994)*
0.01-10 7-3 Keene et al. (1995)*
0.1-10 5.5-3 Laj et al. (1997)
0.01-1 5-3 Voisin et al. (2000)*
1 2.7 Herrmann et al. (2000)°
1 3.4-2.7 This work

HCl 1078-10"# 5-3 Voisin et al. (2000)*
1 34-2.7 This work

HNO; 1077-107# 5-3 Voisin et al. (2000)*
0.01-0.06 34-27 This work

SIV 70-500 3.5-2 Richards et al. (1983)*
0.001-10 7-3 Winiwarter et al. (1994)
0.1-10 5.5-3 Laj et al. (1997)
0.1-10 5-3 Voisin et al. (2000)*
11 2.7 Herrmann et al. (2000)°
1-8 3.4-27 This work

NH; 0.01-10 7-3 Facchini et al. (1992)*
0.001-1 7-3 Winiwarter et al. (1994)
0.05-0.2 5-3 Voisin et al. (2000)*
1 34-27 This work

2Deduced from experimental studies.

"Results of Herrmann et al. model, (2000) after 36 h of simulation and calculated from values of the two partitioning coefficients ¢ and

Ehenry DY the relationship: ¢ = (e(1 — &nenry)/Enenry (1

— ¢)), we can notice here that due to value of ¢ and &peqry €qual to 1 for nitric acid, its

q factor from the study of Herrmann et al. (2000) cannot be determined.

8.E+06
TEH6
6.E+06 -
£ O] co+on
T SE6 1 HCHO + hv
5 4E+06 - M cH;0+02
E [ Transfer
‘E 3.E+06 + B Total production
2.E+06 A
1E+06
0.E+00

lpm

Droplet radius (pum)

Fig. 4. Rates of gas-phase production of the HO, radical at the maximum of the liquid water content (0.22 g m ~?) at 1.22 p.m. local time

for three values of the droplet radius.

at the reaction pathways leading to OH production in
aqueous phase. There are several reasons for these dis-
crepancies. First, in this study, the net transfer rate of
OH in aqueous phase is two orders of magnitude lower
than the one in Herrmann et al. (2000) and can be
explained by the different values of the droplet radius and
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of the liquid water content. As a result, the term: Lk, Ci in
Herrmann et al. (2000) is larger than in our
case. Since transition metal chemistry is not considered in
this work, a source of OH in aqueous phase is neglected
from the reaction between hydrogen peroxide and
Fe2*/Cu™.
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Fig. 5. Concentration/flux diagram for oxidation pathways of COV at
0M s~ ! (methanol) indicate Henry’s law equilibrium.

Following Herrmann et al. (2000), for nitrate radical,
the main source is also the transfer to aqueous phase and
concentration levels are around 1 x 10~ 14 M.

For Cl, radical, we obtain a comparable concentra-
tion in aqueous phase than Herrmann et al, around
2x 10~ '3 M. Dichloride anion is formed from a fast
equilibrium (A16-A17 in Table 4), so that the sources for
Cl; correspond to those of the Cl atom, formed from
CIOH ™ itself (85% from reactions A12-A15) or from
NOj; (reaction A27 contributing for 15%). The dominant
sink for this radical is due to reactions A29 (90%) and
A30 (10%). Herrmann et al. (2000) do not find a signifi-
cant sink from A29 because the presence of transition
metals induces an important destruction of HO, radical.

Other radicals like CO3 and SO, are in weak concen-
trations and we will focus on the more important radicals
as OH, nitrate and dichloride radicals in the following
and we will go into more details of their relative import-
ance in the oxidation of organic volatile compounds.

4.2. Relative importance of radicals in the oxidation of
volatile organic compounds

Fig. 5 exhibits oxidation pathways of volatile organic
compounds after 1 h of simulation for a liquid water
content of 0.19 gm ~3. At this time of the simulation, the
cloud is in its growing stage (Fig. 2). In the squares,
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1.15p.m. (= 13h15) and at LWC = 0.19 g m 3. Transfer fluxes of

concentrations of volatile organic compounds are given
in M while in rounded boxes radical concentrations are
provided. For each volatile organic compound, produc-
tion and destruction fluxes are indicated with arrows, in
order to give an estimate of their relative importance. For
instance, methyl hydroperoxide CH3; OOH is destroyed
by sulfite-ion-forming methanol and by various radicals-
forming CH3;0O,. This second destruction occurs with
a relative contribution of reaction with OH dominating
with 82% and with minor contributions of both Cl;
(8%) and NOj; (10%). Same percentages are found in the
oxidation of OHCH,O,H since the same mechanism,
similar to the hydrogen peroxide one is used.
OHCH, O, H is not considered in Herrmann et al. (2000),
and neither is the intermediate OHCH, O, radical in
the oxidation of methanol. However, there has been some
experimental evidence of OHCH,O,H such as in the
study of Hewitt and Kok (1991) where they found that
the organic peroxides represent 5-20% of the total hy-
droperoxides in rainwater with OHCH, O, H the most
abundant individual organic species. Experimental study
by Monod et al. (2000) have shown that the oxidation of
methanol produces the OHCH,O, radical which can
lead to another source of formic acid as described in
Monod and Carlier (1999). In another respect, our chem-
ical model does not include volatile organic compounds
with carbon atom greater than 1. This results in a missing
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Fig. 6. Same as Fig. 5 but at 2.45 p.m. (=14h45) and at LWC = 0.091 gm ~>.

source in aqueous phase from the oxidation of acetic acid
of methyl peroxyl CH;O, radical. In Fig. 5, it is clearly
seen that transfer from gas phase is the dominant source
for volatile organic compounds, except for methyl hy-
droperoxide for which net aqueous-phase production in
the droplets is faster than its gaseous production. This
transfer operates as converting gaseous alcohols into
aqueous formic acid and aldehydes that further oxidize
into formic acid.

Fig. 6 is similar to Fig. 5, except that concentra-
tion/flux diagram is presented later on in the simulation.
At this time, the liquid water content is smaller and is
decreasing and gaseous material is less available than at
the start of the simulation since the gas phase is not
replenished by any dynamical or microphysical pro-
cesses. Due to this difference, we observe a general
decrease in the percentages of oxidation pathways of
volatile organic compounds by radicals. Compared to
the case where the cloud water content was increasing,
we notice that hydrated formaldehyde is not anymore in
equilibrium with hydroxymethanesulfonate (Reactions
A120-A123 in Table 6) since there is less sulfite available
to form HMSA. Also with decreasing liquid water con-
tent, all organic volatile compounds are degassing with
negative transfer rates, contrasting with the situation
previously observed in Fig. 5. When the cloud dissipates
with a decrease of its liquid water content, droplets are
more concentrated in aqueous phase.
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Finally, even if volatile organic compounds concentra-
tions are in the same order of magnitude as in Herrmann
et al. (2000), we observe slightly smaller values
directly related to the fact that larger droplets are con-
sidered in our model, leading to a reduced total droplet
surface associated with a reduced droplet number con-
centration.

4.3. Conversion of S(IV) to S(VI)

At last, the conversion from S(IV) to sulfate is partly at
the origin of the acidification of the cloud. The main path
of oxidation of S(IV) into sulfate is through reaction with
H, O, at low pH and with O at high pH (Graedel and
Weschler, 1981). The importance of metal ions, as
catalysers has also been stressed in the literature (Grgic
et al,, 1991). In Fig. 7, production pathways of sulfate are
drawn and in our conditions peroxonitric acid is the
main oxidizing agent of S(IV) into S(VI). The only refer-
ence mentioning the possible importance of peroxonitric
acid is Amels et al. (1996). In order to explain such
a phenomenon, a budget of gaseous peroxonitric acid is
detailed in Fig. 8. In clear air, this acid is in equilibrium
with HO, + NO,. With the presence of clouds, this
equilibrium is disrupted because of the high solubility of
peroxonitric acid. As can be seen in Fig. 8, the non-
equilibrium is represented in the net gas reactivity pro-
duction. Due to the net transfer destruction (Fig. 8), the
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fraction that enters the aqueous phase is very significant
to oxidize S(IV), especially in the present conditions of
low H,0O, concentrations, increased by the fact that
H, 0O, is not refilled by any entrainment or other process
that will renew its gas-phase concentration. In order to
support such an hypothesis, a sensitivity test has been
performed with initializing the chemical model with
1 ppb of H,O,. Results are shown in Fig. 9. Again,
oxidation pathways of S(IV) into S(VI) are examined and
we retrieve more classical conclusions. H, O, is the main
oxidant, but is closely followed by the peroxonitric acid
to a less extent in connection with high NO, levels. At
the end of the simulation, this time, other oxidation
pathways appear with the reactions of CI~ and H, 0,
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with the sulfate radical anion, due to the artifact of the
box model that neglects cloud entrainment of fresh
H, 0O, oxidant.

The high NO, regime that was observed during the
CIME experiment, leading to a low hydrogen peroxide
concentration, combined with unrealistic dynamical con-
ditions in the chemical box model highlight the possible
contribution of very soluble peroxonitric acid in the
conversion of S(IV) to S(VI).

Moreover, this result highlights the fact that per-
oxonitric acid can contribute significantly to S(IV) to
S(VI) conversion and can compete with H, O, oxidation
of S(IV) in aqueous phase and could partly explain de-
gassing of H, O, as observed by Laj et al. (1997).
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5. Conclusion

In this study, we have used a multiphase box model
which takes into account an explicit chemistry mecha-
nism for both gas and aqueous phase for a rural environ-
ment and the kinetic of mass transfer between phases
(Schwartz, 1986). The model is, then, compared to multi-
phase measurements performed by Voisin et al. (2000)
during the CIME experiment. The analysis of the evolu-
tions in cloud droplets of key species with the liquid
water content show that for the event of 13th December
1997, the cloud chemistry is mainly governed by high
NO, and high formaldehyde levels and by an acidic pH
in the droplets. As an example, the gas-phase production
of the HO, radical shows an important sensitivity to the
droplet radius and highlights both the high reactivity of
the aqueous phase versus the gas phase and the indirect
effect of the liquid-phase reactivity on the gas species
budget. Also, a comparison of the model results is per-
formed versus recent theoretical results from Herrmann
et al. (2000), who proposed a slightly different chemical
scheme, including C2 chemistry and transition metal
chemistry but neglecting some reaction pathways,
such as the one involving OHCH,O, radical and
using different microphysical cloud conditions (cloud
duration, constant liquid water content, small droplet
radius).

On the basis of this double confrontation with obser-
vations and with theoretical results from Herrmann et al.
(2000), a detailed analysis of radical chemistry and of the
relative importance of those radicals in the oxidation of
volatile organic compounds is performed. Depending on
the stage of evolution of the cloud, either growing or
dissipating, a different partitioning of organic volatile
compounds is observed between the gas phase and
the aqueous phase. Also, some equilibrium such as the
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one between hydrated formaldehyde and hydroxy-
methanesulfonate are not valid anymore when varying
the liquid water content.

Then, evidence for the possible role of aqueous per-
oxonitric acid in the conversion of S(IV) to S(VI), already
underlined by Amels et al. (1996) has been found in case
of low hydrogen peroxide concentration levels associated
to the high NO, regime observed during the experiment.

These results show the capability of such a chemical
box model, including exhaustive and explicit multiphase
chemistry of highlighting wild variability in reaction and
oxidation pathways, that cannot be directly put in evid-
ence through actual measurements. They also indicate
the need for lacking observations of gases such as formal-
dehyde that would greatly help this kind of approach.

In conclusion, this study shows the difficulty to inter-
pret multiphase measurements with a modeling tool in
the actual state of knowledge. It also demonstrates that
the set of measurements is incomplete and that there is
a strong need for closer interactions between modelers
and experimentalists. However, we anticipate that we
should be able to improve the comparison between
model and measurements by coupling the multiphase
chemistry model with a microphysical model. Micro-
physical processes should introduce more dynamics in
the model and should simulate a multiphase chemical
system closer to the complex reality of natural clouds.
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