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[1] Hydrogen peroxide (H,O,) and methylhydroperoxide (CH;OOH) are studied with a coupled
gas phase and aqueous phase chemical model representing a remote nonprecipitating cloudy

boundary layer. Cloud interactions may deplete or enhance H,O, but have a minor effect on

CH3;O0O0H. Therefore two primary questions are addressed: (1) do nonprecipitating clouds perturb
the ratio of H,O,/CH;OO0H, and if so, (2) what is the rate of reestablishment of this ratio to clear-
sky levels following cloud contact. The results show that the rate of recovery of the ratio of H,O, to
CH3;O0O0H after perturbation by cloud interactions depends on NO,. (=NO + NO,) mixing ratios and
on the time of day that cloud is encountered. When cloud contact is followed by a significant period
of daylight, recovery to precloud values is rapid; however, when cloud contact occurs during the
late afternoon or night, recovery can take up to 24 hours under high NO, conditions. Sensitivity
tests show that in-cloud heterogeneous conversion of HNOj3 to aerosol has a small but detectable
effect (~10%) on the recovery of the ratio. Neglecting dry deposition of H,O, and HNOj; increases
the predicted ratio H,O,/CH3OOH in clear air prior to cloud contact, and has a small effect on the
relative recovery rate of the ratio. In-cloud consumption of H,O, by SO, suppresses the postcloud

ratio by ~40% relative to that in the base case for low levels of SO, (~200 ppt), with a more
pronounced effect on the ratio and its rate of recovery for [SO,] ~1 ppb. Because of the
uncertainties associated with measurement of peroxides, and the dependence of the recovery of the
ratio on the time of cloud contact, it is suggested that measurements of the ratio be considered

judiciously and that they may not be of broad utility in predicting recent cloud contact.
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1. Introduction

[2] Hydrogen peroxide (H,O,) is considered an important
oxidant due to its role in the free radical balance of the atmosphere
and in the aqueous phase chemistry of acid precipitation. In recent
years, considerable effort has been directed toward study of the
heterogeneous production of sulfate. H,O, and ozone (O3) have
been identified as the major oxidants responsible for the conver-
sion of aqueous SO, to sulfate in cloud droplets [Penkett et al.,
1979; Martin and Damschen, 1981; Kunen et al., 1983; Maahs,
1983; Hegg, 1989].

[3] Heterogeneous chemistry is important from a number of
perspectives [Ravishankara, 1997]. First, drops can serve as a
permanent sink of soluble gases if the drops fall to the surface.
Second, soluble species may react within a drop at rates signifi-
cantly higher than their gas-phase reaction rates. Third, the
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presence of clouds may alter the actinic flux and therefore gas-
phase photolysis. Fourth, as noted above, heterogeneous chemistry
can result in the formation of sulfate which modifies the aerosol
size distribution that is released from cloud upon evaporation.
These modified distributions can have a significant effect on light
scattering [Hegg et al., 1996] as well as on subsequent cloud
formation [Bower and Choularton, 1993; Feingold and Kreiden-
weis, 2000]. Finally, and perhaps most relevant to our study, the
presence of a cloud effectively separates soluble gases from
insoluble gases and perturbs the balance of gas-phase chemistry
[Lelieveld and Crutzen, 1991].

[4] In the remote marine atmosphere, H,O, and methyl hydro-
peroxide (CH3OOH) have been identified as interesting for a
number of reasons. They play a central role in the oxidizing
capacity of the atmosphere in remote regions [e.g., Heikes et al.,
1996]. Their fairly long lifetimes make them ideally suited to
studies of diurnally averaged photochemistry [Heikes et al., 1996].
Furthermore, H,0, is very soluble (Henry’s law constant of 7.45 x
10*M atm™! at 298 K), while CH;00H is much less soluble
(Henry’s law constant of 2.27 x 10°M atm ™! at 298 K), so that the
ratio of these peroxides should be a strong indicator of recent cloud
contact. For example, Cohan et al. [1999] showed how in deep,
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precipitating convective systems, H,O, is significantly depleted,
while CH;0O0H is not, and the ratio of H,O,/CH3OOH (henceforth
referred to as “the ratio”) is reduced. The question of how this
ratio behaves in nonprecipitating clouds (globally, the more prev-
alent situation) appears to be an open question.

[s] Several modeling approaches to the interaction of H,O, and
CH30OO0H with clouds have been taken [Jacob, 1986; Chameides,
1984; Lelieveld and Crutzen, 1991]. Research has pointed to the
noticeable effect of cloud chemical processes on tropospheric
photochemistry in the background atmosphere. Lelieveld and
Crutzen [1991] pointed out that H,O, concentrations in the back-
ground troposphere are significantly decreased by the presence of
clouds. Some steady state gas phase photochemistry models have
applied a constant, “heterogeneous loss” of H,O, that is intended
to account for surface deposition and cloud removal in the
boundary layer (e.g., Davis et al. [1996] for the PEM-West A
data). Other models have explicitly modeled the size-dependent
uptake of H,O, [e.g., Chameides, 1984; Pandis and Seinfeld,
1989; Zhang et al., 1999] and have pointed to the importance of
cloud water content drop size, and cloud contact time. Thus it is
necessary to substantiate our understanding of the cloud effects
controlling H,O, and CH;0O0H levels with a detailed heteroge-
neous chemical model that includes these parameters.

[6] The goal of this study is to investigate how H,O,,
CH300H, and their ratio behave in nonprecipitating clouds in
the remote troposphere, and to explore whether measurement of the
ratio may aid in the interpretation of field data. To do this, we have
coupled a gas phase model to a cloud model that simulates
heterogeneous chemistry. The model is driven along the path of
a kinematic trajectory in a stratocumulus-capped boundary layer,
and parameters such as cloud liquid water content, drop size, and
contact time are prescribed by the trajectory (Figure 1) [Feingold et
al., 1998], rather than by applying statistical data for mean cloud
water content, mean drop size, and a prescribed contact time. These
trajectories are derived from a simulation of a nonprecipitating
marine stratocumulus cloudy boundary layer, and therefore results
are only appropriate to that scenario. However, because stratocu-
mulus clouds cover such extensive areas (annually averaged cloud
cover 18 and 34% over land and ocean, respectively) and non-
precipitating clouds are the more common situation in the atmos-
phere, their role in cloud processing should be explored. To the
extent that the details of cloud contact are important, the realistic
cloud contact times represented in this model are expected to result
in more accurate simulations of uptake on drops compared with a
statistical approach.

[7] We present model results for a number of scenarios to
examine the perturbation of the concentrations of H,O, and
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Figure 1. Time history of liquid water content and droplet radius

along parcel trajectory derived from large eddy simulation.

KIM ET AL.: MODELING CLOUD EFFECTS IN THE MARINE ATMOSPHERE

CH;0O0H and their ratio through contact with a nonprecipitating
cloud. The impact of daytime cloud contact versus nighttime cloud
contact is contrasted. The effect on peroxide species of a sink of
HNOj; through permanent removal to the particulate phase as
aerosol nitrate, and through dry deposition to the surface, is
discussed. We also consider the role of SO, oxidation reactions
in depletion of H,O, and the role of chlorine chemistry. Results of
this study provide insight into the importance of photochemical
reactions and NO, mixing ratios on the recovery of H,O, and
CH;00H concentrations following cloud contact.

2. Heterogeneous Model Description

[8] We use a “box” model for stimulating the chemical pro-
cesses that govern tropospheric heterogeneous chemistry. In order
to investigate cloud-related effects in detail, gas-phase and aque-
ous-phase reactions as well as the transfer between the phases are
considered. The coupled heterogeneous time-dependent box model
is briefly presented in this section.

2.1.

[9] The gas phase chemistry adopted in the generalized version
of this model is based upon the mechanisms used in the steady
state photochemical model of Frost et al. [1999]. The essential
details of this model, along with the modifications and updates, can
be found in the work of McKeen et al. [1997] and Frost et al.
[1999]. The chemical mechanism contains various hydrocarbon
classes and the detailed chemistry of most compounds known or
expected to be present in the remote troposphere and has been used
for modeling studies to simulate hydroxyl radicals and other
species during photochemistry experiments [McKeen et al., 1997,
Frost et al., 1999]. Here we have used a simplified version that
does not initialize hydrocarbon species higher than CH,. The
resulting 14 gas phase species and 42 gas phase reactions, includ-
ing 11 photolysis reactions are listed in Table 1. The rate constants
were taken from DeMore et al. [1997], and the photolysis rate
coefficients, or j values, were calculated using the Madronich
radiative transfer model (RTM) (S. Madronich et al., Tropospheric
ultraviolet-visible radiation model, Version 3.8, 1997, available at
http://www.acd.ucar.edu/science/model.html), which is based upon
the Stamnes discrete ordinates model [Dahlback and Stamnes,
1991]. The j values were interpolated for the actual zenith angle
and altitudes [Frost et al., 1999].

Gas Phase Chemistry

2.2. Aqueous Phase Chemistry

[10] The aqueous phase chemical mechanism is based on well-
accepted models for uptake and aqueous mechanisms outlined in
various references and texts [e.g., Seinfeld and Pandis, 1998;
Pandis and Seinfeld, 1989]. Again, we have applied a simplified
version for this work that comprises 49 individual aqueous phase
species, 9 aqueous ionic equilibria, and 38 aqueous phase
reactions. The reactant species in a particular class that are in
rapid equilibrium in the aqueous phase are treated as the sum of
these species [Schwartz, 1984; Pandis and Seinfeld, 1989], for
example,

[S(IV)] = [SO,  H20] + [HSO5 | + [SO3 7],
[S(VI)] = [H2S04(aq)] + [HSO, | + [SO; ],
[N(V)] = [HNOs(aq)] + [NO5 |

[HO, tot] = [HO,] + [05].

In the absence of appropriate observations to initialize their aerosol
and aqueous phase concentrations, we have chosen not to consider
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Table 1. Kinetic Data for Selected Gas Phase Reactions
Reaction Kro5® —AH/R, K
(Rl) H02 + HOZ g H202 + 02 37(712)
(R2) CH;0, + HO, — CH;00H + 0O, 3.8(—13) 800
(R3) 05 ™ O('D) + 0, 1.1(—4)P°
(R4) O('D) + H,0 — 2 OH 2.2(—10)
(R5) OH + CO — HO, + CO, 1.5(~13)
(R6) OH + CH, — CH;0, + H,0 2.45(—12) —1775
(R7)HO, + O3 — OH +2 O, 1.1(~14) —500
(R8) OH + O3 — HO, + O, 1.6(—12) —940
(R9) HO, + NO — NO, + OH 3.5(-12) 250
(R10) CH;0, + NO — HO, + CH,0 + NO, 3.0(=12) 280
(R11) OH + NO, — HNO; 1.1(~11)
(R12) HO, + NO, — HO,NO, 1.7(~12)
(R13) OH + H,0, — HO, + H,0 2.9(—12) —~160
(R14) H,0, ™2 OH 2.3(=5)°
(R15) OH +CH;00H — 0.7 CH;0, +0.3 (CH,O + OH) 3.8(—12) 200
(R16) CH;00H % HO, + OH + CH,O 1.6(=5)°
(R17) O('D) 0, — O + O, 2.97(~11)
(R18) O('D) +CH, — CH30,+ OH + H,0 1.5(—10)
(R19) O('D) +H, — HO, + OH 1.1(-10)
(R20) OH + H, — HO, + HO, 5.5(—12) —2000
(R21) OH + HO, — H,0 + 0, 4.8(=11) 250
(R22) NO + O3 — NO, + 0, 2.0(~12) —1400
(R23) OH + HNO; — H,0 + NO; 2.0(~13)
(R24) NO; + NO — 2 NO, 1.5(~11) 170
(R25) NO, + O3 — NO; 1.2(~13) —2450
(R26) NO;3 + NO, — N,0s 1.4(—12)
(R27) N,05 — NO; + NO, 1.3(=3)
(R28) CH;0, + CH;0, — 0.6 H,O + 1.2 CH,0 2.5(—13) 190
(R29) CH,O + OH — H,O0 + HO, + CO 1.0(—11)
(R30) OH + NO — HONO 8.2(—12)
(R31) NO + NO, + H,0 — 2 HONO 6.0(—37)
(R32) N,Os + H,O — 2HNO; 2.0(=21)
(R33) OH + HO,NO, — products 1.3(—12) 380
(R34) HO,NO, — HO, + NO, 3.0(=3)
(R35) NO, 2 NO + O 23(=2)°
(R36) HNO; % OH + NO, 2.0(—6)°
(R37) CH,0 2 HO, + CO 1.4(—4)°
(R38) CH,O ™ H, + CO 9.6(—5)°
(R39) NO; &4 NO, + O 0.5°
(R40) N,O5 25 NO; + NO, 1.2(—4)°
(R41) HONO ™ OH + NO 5.2(=3)°
(R42) HO,NO, ™ HO, + NO, 1.5(=5)"

A Units are s~ for photolytic processes and molecules cm >

®Photolysis rate constants (s~ ') are given at noontime.

the chemistry of trace metal ions, although their reactions may
have considerable effect on HO, and other free radical concentra-
tions [Walcek et al., 1997].

2.3. Model Rate Expressions

[11] The dynamic processes between the aqueous phase and gas
phase species are described by a set of mass balance differential
equations. The general unit of concentration of the aqueous phase
species is mol L' of water [Pandis and Seinfeld, 1989]. However,
when liquid water content varies, it is convenient to use units for
the aqueous phase concentrations of mol g~ of air, yielding the
following conservation equations:

d(Ci(g)) _ Ci(aq)
dt = _kthLCz(g) + Kot KyRT + R, (1)

d(Ci(aq)) Ci(aq)
dt - 7kthLCl(g) - kmt KHRT +Rl ) (2)

where R; is the net rate of production of species i by chemical
reactions, k., (=31 D/¥* [Pandis and Seinfeld, 1989]) is a combined
rate coefficient for gas phase plus interfacial mass transport, K is

s~ for two-body reactions.

the effective Henry’s law constant, R is the ideal gas constant
(0.08206 L atm/mol K), T'is temperature (in kelvins), 7 is the cloud
droplet radius (cm), and D is diffusivity in air (cm® s71).The
coefficient m is related to the sticking coefficient o and corrects for
free molecular effects as approximated by Fuchs and Sutugin
[1971], and W is the cloud liquid water content (L water/L air).
Values for the diffusion constant D are not known for all gases, but
a value of 0.1 cm? s™' is assumed to be representative for most
species [Schwartz, 1986]. Values of D and of the dimensionless
accommodation or sticking coefficients, o, used in this work are
shown in Table 2. The model assumes that the drop population is
represented by a single, time-varying mean drop size for the
calculation of the mass transfer rates. The time-dependent mean
drop size was computed in the parent LES simulation based on
input aerosol concentrations and depends on the liquid water
content and kinetic growth of droplets.

3. Peroxide Chemistry in the Marine
Environment

[12] The H,O, and CH300H concentrations are mainly con-
trolled by the mixing ratios of O3, CO, NO,, and H,O and the UV
radiation intensity [McElroy, 1986]. The important sinks are
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Table 2. Sticking and Coefficients and Diffusion Coefficients Used in This Work®

Species Sticking Coefticient Diffusion Coefficient, Reference
cm’ s~

NO 0.05 0.1 Lelieveld and Crutzen [1991]
NO, 6.3 x 107* 0.1 Tang and Lee [1987]
NO; 1.0 x 1073 0.1 Thomas et al. [1989]
O3 53 x 107% 0.1 Tang and Lee [1987]
OH 0.5¢ 0.229 Frost et al. [1999]
HO, 0.01¢ 0.175 Frost et al. [1999]
H,0, 0.18 0.1 JPL [1997]
CH;00H 0.05 0.1 Lelieveld and Crutzen [1991]
HNO; 0.2 0.1 DeMore et al. [1997]
CH,0 0.04 0.1 DeMore et al. [1997]
CH;0, 0.01 0.1 Lelieveld and Crutzen [1991]
HNO, 0.5 0.13 DeMore et al. [1997]
HCI 0.01 0.1 Lelieveld and Crutzen [1991]
SO, 0.035° 0.1 Gardner et al. [1987]

*Here 0.01 and 0.1 cm® s~ were adopted as sticking coefficient and diffusion coefficient, respectively, for the other species unless noted.
®Here 1.5 x 107> cm? s~! was used for aqueous phase diffusion coefficient.

“Range of reported values, 0.0035 ~ 1.
9Range of reported values, 0.01 ~ 1.
°Range of reported values, 0.02 ~ 0.05.

heterogeneous loss (wet and dry deposition), aqueous phase con-
version, homogeneous gas phase oxidation by OH, and photolysis
[Herrmann et al., 1999]. In this section we describe the general
chemistry and summarize some reported observations of H,O, and
CH;00H.

3.1. Production and Loss of Peroxides
in Gas Phase Chemistry

[13] In the troposphere, gas phase reactions of HO, and CH30,
radicals produce H,O, and CH;0OOH:

(R1) HO, + HO,

—

H,0, 4+ O,

(R2) CH30, + HO,

—

CH;00H + O,.

[14] The production of HO, in the troposphere can be described
as a HO,-catalyzed chain oxidation of carbon monoxide [e.g.,
Thompson and Cicerone, 1986; Schwartz, 1984]. The chain is
initiated by production of HO, pricipally from hydroxyl radicals:
(R3)

Os+hv  — 0,+0('D)

(R4) o('D) +H,0 — 2O0H.

[15] In remote marine areas (where there are no significant
sources of VOCs), OH is removed by reaction with CO and CHy,
and in the presence of O, this leads to the formation of HO, and
CH302:
(R5)

[16] Both HO, and OH can react with Os:
(R7) HO, + O3

—

OH +2 O,

(RS) OH+0;3 — HO; + 0;.

[17] However, when sufficient concentrations of NO are
present, HO, and CH;0, both react with NO:

(R9) HO, +NO — NO,+OH

(RIO) CH;0, + NO+0O, — CH,0 + NO; + HO,.

NO, pholyzes to O(3P), which adds to O, to form Os.

[18] While OH and HO, are recyled in these reactions, they are
removed at higher NO, concentrations by reactions with NO,,
forming nitric and pernitric acids:

(R11) —

OH + NO, HNO;

(R12) HO, + NO, «— HO;NO:.

[19] The main gas-phase losses of H,O, are through its photol-
ysis and its reaction with OH,
(R13)

OH +H,0, — HO,+H,0

(R14) H,0, + hv 2 OH.

—

Reaction (R13) cycles HO, (HO, = OH + HO,), whereas (R14)
regenerates HO,.

[20] The primary loss mechanism of CH3;0OOH in the gas phase
is similar to that for H,O,:

(RIS) OH + CH300H — 0.7 (CH302 + HzO)
+ 0.3 (CH,0 + OH + H,0)
(R16)  CH300H + O + hv — HO, + OH + CH,O.

[21] Field measurements of H,O, and CH3;0OH have been
performed over the years and analyzed as a function of latitude/
longitude, altitude, and various other parameters in continental and
marine areas [Jacob et al., 1990; Jacob and Klockow, 1992;
Heikes, 1992; Thompson et al., 1993]. Measurements of H,O,
prior to 1993 are summarized by Martin et al. [1997]. H,0,
concentrations observed in the troposphere are typically about
1 ~ 5 ppb [e.g., Daum et al., 1990; Tremmel et al., 1993;
Macdonald et al., 1995; Staffelbach et al., 1996; Martin et al.,
1997]. The concentrations of H,O, in remote areas are not very
different from those in more polluted urban areas. For example,
Heikes et al. [1996] reported levels of 0.3 ~ 5 ppb in the marine
boundary layer, and Weinstein-Lloyd et al. [1998] measured con-
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Table 3. Henry’s Law Constants and Aqueous Phase Equilibrium Reactions

Kros,"M or M atm ™! —AH/R, K Reference
Henrys Law Constants
(H1) O3 1.13(=2)° 2300 Kozac-Channing and Heltz [1983]
(H2) OH 2.5(1) 5280 Jacob [1986]
(H3) HO, 2.003) 6640 Jacob [1986]
(H4) H,0, 7.5(4) 6620 Lind and Kok [1986]
(H5) CH;00H 2.27(2) 5610 Lind and Kok [1986]
(H6) HCHO 6.3(3) 6460 Ledbury and Blair [1925]
(H7) NO 1.9(-3) 1480 Schwartz and White [1981]
(H8) NO, 1.00(—2) 2500 Schwartz [1984]
(H9) NO3 2.1(5) 8700 Jacob [1986]
(H10) HNO; 2.1(5) Schwartz [1984]
(H11) CO, 3.4(-2) 2420 Smith and Martell [1976]
(H12) HNO, 4.9(1) 4780 Schwartz and White [1981]
(H13) CH;0, 6.0(0) 5600 Jacob [1986]
(H14) HCOOH 3.5(3) 5740 Latimer [1952]
Equilibrium Reactions
(E1) H,05(aq) = HO; + H" 2.2(—12) —3730 Smith and Martell [1976]
(E2) HNOs(aq) = NO3 + H" 1.54(1) 8700 Schwartz [1984]
(E3) HNO,(aq) = NO; + H" 5.1(—4) —1260 Schwartz and White [1981]
(E4) CO,+H,0 = HCOj + H" 4.46(—7) —1000 Smith and Martell [1976]
(E5) HCO; = CO3™ +H' 4.68(—11) —1760 Smith and Martell [1976]
(E6) H,O0 = H' + OH™ 1.0(—14) —6710 Smith and Martell [1976]
(E7) HCHO(aq) + H,O = H,C(OH),(aq) 1.82(3) 4020 Le Henaff [1968]
(E8) HCOOH(aq) = HCOO™ + H" 1.78(—4) -20 Martell and Smith [1977]
(E9) HO»(aq) = H' + O7 3.50(=5) Perrin [1982]

#The temperature dependence is represented by K = Ksog exp {AH/R[(1/T) — (1/298)]}, where K is the equilibrium constant at temperature 7.

®Note: Read 1.13(=2) as 1.13 x 1072

centrations of 1 ~ 4 pbb in the continental boundary layer at
midday in a rural area in the southern United States. The reason is
that although there is a great deal more photochemical activity in
the polluted areas, which might be expected to lead to enhanced
H,O0,, there is also more NO. Since H,O, is formed by (R1) and
HO, also reacts rapidly with NO via (R9), higher NO, levels tend
to inhibit the formation of H,O,. Some measurements of CH;00OH
have also been reported. Typical marine concentrations of
CH300H are 0.1 ~ 0.5 ppb, although concentrations as high as
1.6 ppb have been observed in remote areas [Staffelbach et al.,
1996]. Throughout the troposphere, CH;OOH has generally been
observed at smaller concentrations than H,O, [O’Sullivan et al.,
1999].

[22] Ratios of [H,O,]/[CH;0OOH] observed in the NASA
Global Tropospheric Experiment, Pacific Exploratory Missions
(GTE-PEM), 1991-1996, were reported by O’Sullivan et al.
[1999]. Values of the ratio >6 were observed in elevated con-
tinental outflow layers, while ratios >2 were found in some regions
affected by pollution plumes. The median ratio from 45°S to 35°N,
0 to 4 km, was between 1 and 2, except near the ITCZ where
removal of H,O, led to ratios <1. The ratio generally increased
with altitude. There are several reasons for this vertical depend-
ence: loss of H,O, via dry deposition is effective in the boundary
layer; the rate coefficient of the reaction OH + CHy, which leads to
CH30, production, decreases with decreasing temperature; and
NO, tends to be higher in the upper troposphere than in the marine
boundary layer. This work explores the potential for interactions
with nonprecipitating clouds to also perturb observed ratios of
[H,0,)/[CH;00H].

3.2. Aqueous Phase Chemistry of H,O, and CH;00H

[23] The important equilibrium and kinetic reactions associated
with H,O, and CH;OO0H are given in Tables 3 and 4 [Jacob, 1986;
Chameides, 1984; McElroy, 1986]. Cloud contact tends to reduce
[OH] and [HO,], but by different pathways, if j values are assumed
to be similar to those in clear air. Gas-phase production of OH(g) is

slowed in cloud because an important gas phase source of OH(g)
(via reaction (R9)) is reduced by the rapid uptake of HO, into
cloud water. However, the major gas phase sinks, (R5) and (R6),
are little affected by cloud because CO and CH,4 are not soluble.
Loss of OH(g) by transfer to the aqueous phase is slower than the
gas phase OH(g) sinks and has only a minor effect on [OH(g)]. On
the other hand, the HO, radical is more soluble than OH (Henry’s
law constant of 4.3 x 10° M atm ™" at 298 K compared with 25 M
atm™~! for OH), and HO, is efficiently scavegenged by cloud
droplets. Its solubility is further enhanced by acid-base dissociation
of HO,(aq)(reaction (E9)), and HO,(tot) (=HO, + O, ") is primarily
removed by reactions (A7), (A13), and (A35) (Table 4).

[24] Since peroxide concentrations are linked to [OH] and
[HO,], and H,0, itself is very soluble, [H>O,(g)] is also reduced
in cloud, and its counterpart H,O,(aq) can be destroyed by several
aqueous-phase reactions. (We do not consider aqueous-phase
reaction with SO,, which can be an important sink for H,O,, in
our base case, but do examine its effect in a sensitivity study
discussed later.) However, (A2), (A6), (A7), (A8), and (Al4)
produce H,0,(aq) that can be degassed when the cloud evaporates,
and thus the cloud can be a net source of H,O,(g) in some
situations. In particular, the dominant in-cloud H,O,-producing
reaction, (A7), is most rapid at pH ~4.5, where [O, ] =~ [HO,].
The importance of aqueous phase H,O, production has been
discussed in detail by Chameides [1984] and Jacob [1986].

[25] The cloud effect on CH;0OH can also be complex. The
Henry’s law constant for its precursor, CH;0,, is estimated to be
of order unity (H13), so that the droplets do not constitute a
significant direct CH30,(g) sink. Production of CH3z0,(g)
through reaction (R6) in cloudy air is slower than before cloud
formation because of the lower OH(g) concentrations, whereas
the gas-phase destruction of CH30,(g) by NO(g) is not inhibited
by cloud formation due to the low solubility of NO. Thus the
gas-phase reaction of CH3;0,(g) with HO,(g) to produce
CH3;00H(g) is inhibited by depletion of both radicals. On the
other hand, CH;0, (aq) will react rapidly with O,~ via (A35) to
produce CH3;00H(aq). The CH3;00H(aq) is outgassed due to its
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Table 4. Kinetic Data for Selected Aqueous Phase Reactions

KIM ET AL.: MODELING CLOUD EFFECTS IN THE MARINE ATMOSPHERE

Reaction Ksos, M or M atm™" —AH/R,K Reference

(A1) H,0, —™ 2 0H 1.28(—5)* Graedel and Weschler [1981]

(A2) 05 10, 1,0, + 0, 2.0(—4) Graedel and Weschler [1981]

(A3) OH + HO, — H,0 + O, 7.009) —1500 Sehested et al. [1968]

(A4) OH + O, — OH™ + O, 1.0(10) —1500 Sehested et al. [1968]

(A5) OH + H,0, — H,0 + HO, 2.7(7) —1700 Christensen et al. [1982]

(A6) HO, + HO, ?3{202 + 0, 8.6(5) —2365 Bielski [1978]

(A7) HO, + 05 =2 H,0, + 0, + OH_ 1.0(8) —1500 Bielski [1978]

(A8) 05 + 05 —*— H,0, + 0, +2 OH" <0.3 Bielski [1978]

(A9) HO, + H,0, — OH + O, + H,O 0.5 Weinstein and Bielski [1979]
(A10) O; + H,0, — OH + O, + OH™ 0.13 Weinstein and Bielski [1979]
(A11) OH + O3 — HO; + O, 2(9) Staehelin and Hoigne [1982]
(A12) HO, + O3 — OH + 2 O, <1(4) Sehested et al. [1984]

(A13) 05 + 05 —2%, OH+2 0, + OH™ 1.5(9) ~1500 Sehested et al. [1984]

(Al14) OH™ + 0; —2%, H,0,+ 0, + OH™ 70 Stachelin and Hoigne [1982]
(A15) HO; + O3 - OH + O; + O, 2.8(6) Staehelin and Hoigne [1982]
(A16) H,0, + O3 — H,0 +2 O, 7.8(=3)[05] % Martin [1984]

(A17) H,0, + NO; — NOj + H" + HO, 1.0(6) —2800 Chameides [1984]

(A18) HCO; + OH — H,0 + CO; 1.5(7) ~1910 Weeks and Rabani [1966]
(A19) HCO3 + Oy To HO; + CO3 1.5(6) Schmidt [1972]

(A20) CO; + O —= HCO; + 0, + OH™ 4.0(8) —1500 Behar et al. [1970]

(A21) CO5 + Hy0, — HOz + HCOy 8.0(5) —2820 Behar et al. [1970]

(A22) H,C(OH), + OH —=— HCOOH + HO, + H,0 2.009) —1500 Bothe and Schulte-Frohlinde [1980]
(A23) H,C(OH), + O3 — H,O + products 0.1 Hoigne and Bader [1983a]
(A24) HCOOH + OH %, CO, + HO, + H,0 2.0(8) —1500 Scholes and Willson [1967]
(A25) HCOOH + H,0, 5 H,0 + products 4.6(—06) —5180 Shapilov and Kostyukovskii [1974]
(A26) HCOOH + NO; —2— NOj3 + H' + CO, + HO, 2.1(5) —3200 Dogliotti and Hayon [1967]
(A27) HCOOH + O3 — gOz + HO, + OH 5.0 Hoigne and Bader [1983b]
(A28) HCOOH + Cly TZ> CO, +HO, +2Cl” +H" 6.7(3) —4300 Hagesawa and Neta [1978]
(A29) HCOO™ + OH —2— CO, + HO, + OH™ 2.509) —1500 Anbar and Neta [1967]
(A30) HCOO™ + O3 — %Oz +OH + Oy 100.0 Hoigne and Bader [1983b]
(A31) HCOO™ + NO3 —=— NO3 + CO, + HO, 6.0(7) —1500 Jacob [1986]

(A32) HCOO™ + CO; 29, 0, + HCO; + HO, 1.1(5) —3400 Chen et al. [1973]

(A33) HCOO™ + Cly -2, CO, + HO, + 2C1 1.9(6) —2600 Hagesawa and Neta [1978]
(A34) CH;0, + HO, — CH300H + O, 4.3(5) —3000 Jacob [1986]

(A35) CH;0, + 05 20— CH;00H + 0, + OH™ 5.0(7) ~1600 Jacob [1986]

(A36) CH;00H =% HCHO + OH + HO, 1.59(-5)* Graedel and Weschler [1981]
(A37) CH;00H + OH — CH;0, + H,0 2.7(7) —1700 Jacob [1986]

(A38) CH;00H + OH — HCHO + OH + H,0 1.9(7) —1800 Anbar and Neta [1967]

3Photolysis rate constants (s~ ') are given at noontime.

low solubility, resulting in an in-cloud increase in CH3;OOH(g).
Since it involves the radical species CH30, and HO,, this
production pathway is active only in the daytime and is important
at relatively high pH (pH > 4.5).

4. Results
4.1. Results From Gas Phase Steady State Chemistry

[26] As a first step in exploring the behavior of peroxides and
the impact of clouds, we investigated the response of gas-phase
[H,O,] and [CH3OOH] to changes in photochemical environ-
ment. A series of gas phase only simulations were run to a
diurnal steady state under a wide range of fixed concentrations
of O; (15 ppb ~ 65 ppb) and NO, (5 ~ 1000 ppt), and
applying a constant dry deposition velocity of 1 cm s~ (loss
timescale is 10° s) for both H,O, and HNOj; [Seinfeld and
Pandis, 1998]. Other initial and fixed conditions, chosen to
represent the summertime Southern Ocean environment, are
shown in Table 5. These simulations yield an overview of the
role of HO,/NO, reactions in controlling [H,O,] and
[CH3;00H]. The results were also used to calculate a “missing”
NO, source [e.g., Lelieveld and Crutzen, 1991; Liu et al., 1992]
required to maintain approximately constant NO, levels during
the subsequent 4-day runs described below. In the real atmos-
phere this source can be attributed to lightning or advection
from regions characterized by higher NO, concentration.

Although fixing, or applying artificial NO, sources, creates an
idealized situation, it does allow us to use NO, as an independ-
ent variable and explore the response of the system to changes
in NO,. The NO, emission rates implied by this procedure are
0.2, 4.0, and 71.3 ppt h~! for NO, = 5, 50, and 500 ppt,
respectively. Price et al. [1997] estimated the global mean
lightning source of tropospheric NO, as ~0.5 ppt h™' which
is significantly lower than the assumed rates for NO, = 50 and
500 ppt. However, one should bear in mind that data on
lightning sources of NO, over the ocean are sparse and unreli-
able, and that global mean values may be much lower than local
sources, for example, near the outflow from convective storms.
Further, advection of NO, reservoir species from continental
regions could also contribute to the implied NO, source.

[27] Figure 2 shows the noontime concentrations of various
species as functions of[NO,] and [O5], as predicted by the steady state,
gas-phase only simulations. The concentration of OH (Figure 2a)
increases with NO, for NO, less than 1000 ppt due to the
increasing conversion of HO, to OH by NO [Logan et al.,
1981]. Relatively high NO, concentrations play an important role
in the budget of gaseous OH through reaction (R9), whereas the
main loss of OH (reactions (R5) and (R6)) is not sensitive to NOy
concentration levels. The primary source of HO, at low [NO,]
(Figure 2b) is the OH conversation process through reaction (R5).
The addition of NO, increases the HO, production rate through
(R10) and increases OH conversion reactions (reactions (RS5) or
(R8)). However, the loss of HO, through (R9) at higher [NO,]
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Table S. Initial Conditions of Physical and Thermodynamic
Variables Used in the Simulations

Factor Value
Date 15 Jan,
Latitude —45°
Longitude 145°
Height 1000 m
Temperature 291 K (fixed)
Pressure 950 mbar (fixed)
Air density 1.2 kg m~ (fixed)

8.6 g kg~ ! (fixed)
variable (0~0.27 g kg™, see Figure 1)
variable (0~4.5 um, see Figure 1)

Water vapor mixing ratio
Liquid water content
Droplet radius

impedes the buildup of HO, and consequently HO, decreases as
NO, is increased above 100 ppt. The CH30, loss is linked to NO,
concentrations through the reaction (R10) and thus CH;0, loss is
increased in high NO, regimes (Figure 2c).

[28] The gaseous source of H,O, in the remote troposphere is
the reaction of HO, with itself (reaction (R1)). H,O; levels, shown
in Figure 2d, thus follow the trends in HO,, with maxima at
intermediate NO, ~ 50 ppt. These results are consistent with those
of Lelieveld and Crutzen [1991]. They pointed out that if NO,
mixing ratios are below about 100 ppt, the buildup of H,O, is not
substantially impeded by competition for HO, by NO, so that
H,O, mixing ratios may reach up to 1.5 ppbv or more.

[29] Figure 2e shows that CH;OOH concentrations are inver-
sely proportional to NO, concentrations. As discussed earlier,
CH3;00H(g) is generated through the reaction (R2) of HO, and

a OH (ppt)
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CH;0, radicals. The H,O, and CH300H trends combine to
produce an increase in the H,O,/CH30O0H ratio with NO, mixing
ratio (Figure 2f); the ratio is insensitive to [O3]. In general, ozone
concentrations play an important role in determining the species
concentrations only in the unpolluted low NO, regime. In partic-
ular, [H,O,] is quite sensitive to [O3] at low and intermediate
[NO,].

4.2. Results From Cases With Cloud Contact

[30] The species concentrations predicted by the steady state gas
phase simulations were used as initial conditions for 4-day time-
dependent simulations, with and without cloud contact. In those
simulations, [O3] was again held fixed, and the NO, source terms
described in section 4.1 were applied; dry deposition losses of
H,0, and HNOj3 were included. For heterogeneous chemistry the
cloud contact history and liquid water content (LWC) history
during cloud contact are important. Most prior studies examining
heterogeneous chemistry have assumed contact for a finite period
of time (usually a few hours) and at constant LWC. Our large eddy
simulations (LES) of cloudy boundary layers have shown that air
parcels experience a wide variety of trajectories as they pass
through cloud [Stevens et al., 1996]. The nature of these trajecto-
ries, and the LWC content along these trajectories is a function of
the convective nature of the boundary layer and type of cloud
cover. In this work, cloud contact was described by a parcel
trajectory through cloud, as shown in Figure 1, which depicts the
trajectory LWC and droplet radius. We repeated this trajectory six
times to allow for extended contact because our existing parcel
trajectories only have information on 1 hour’s worth of cloud
contact. The single trajectory is such that the air parcel spends only
about 12 min of each hour inside the cloud; thus for six cycles,
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Figure 2. Gas phase concentrations (ppt) predicted by the equilibrium simulation. (a) OH, (b) HO, (c) CH;0,,
(d) H,0,, (e) CH300H, and (f) the ratio of H,O,/CH;0OOH.
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Table 6. Initial Conditions Predicted by Gas Phase Equilibrium Chemistry for Fixed NO, Concentrations (at
Midnight)
Concentrations

Species NO,* =5 ppt NO,* = 50 ppt NO," = 500 ppt
H,0,, ppt 370 409 64.1
CH,00H, ppt 663 229 11.7
HNO;, ppt 438 87.4 1710
05, ppb (fixed) 25.0 25.0 25.0
NO,, ppt 10.03 141.6 2242
HCHO, ppt 11 199 329
CO, ppb 49 49 49
CH,, ppm 1.68 1.68 1.68

ANO, source rates of 0.19, 3.96, and 71.3 ppt h™' were imposed for NO, = 5, 50, and 500 ppt, respectively.

covering 6 hours of simulation time, the total contact time is 72
min in cloud, broken up into six, 12-min segments. The cloud is
nonprecipitating, and no species were permanently removed by wet
deposition; the dissolved gases are returned to the gas phase upon
cloud evaporation.
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Figure 3. Parcel history for a nighttime cloud encounter. (a)
cloud LWC time history. (b and c) Peroxide concentrations as
functions of initial [NO,]. (d) Ratio of hydrogen peroxide to
methylhydroperoxide. (e) Comparison of ratio in cloud-processed
air with that in a parcel that never encountered cloud, but otherwise
had the same history. Abscissa is the hour of the day, where 0,
24,... = midnight.

[31] We show results for three different initial [NO,], 5, 50, and
500 ppt, and for cloud encounters occurring at different times of
the day. To assess the overall effect of the cloud contact on the
chemistry, we also ran time-dependent, gas-phase only simulations
along the same trajectories for the same three initial conditions; the
differences in species concentrations between the paired cloudy
and clear cases are examined. A number of sensitivity tests were
based on the 50 ppt NO, case with a daytime cloud encounter,
which we will refer to as the “base case.” In the first sensitivity
test all the aqueous phase N(V) was removed when the cloud
droplets were evaporated. This can be regarded as an upper bound
on the expected effect of transfer of some HNO;(g) to particulate
nitrate. Second, we examined the role of drop radius by modifying
the mean drop size. Third, we considered the sensitivity to dry
deposition of gases to the surface. The initial gas-only equilibrium
was reestablished under the assumption that no dry deposition
losses of H,O, and HNO; occurred; the time-dependent cases were
rerun from this revised initial condition, also neglecting dry
deposition. Fourth, we considered the effects of consumption of
H,0, by reaction with SO,(g). Fifth, we studied the sensitivity of
the system to chlorine chemistry. Finally, we repeated the base case
with a higher fixed [O3] to examine the robustness of our
conclusions.

[32] The species concentrations predicted by equilibrium chem-
istry for fixed NO, concentrations of 5, 50, and 500 ppt were used
as inputs to the time-dependent simulation (Table 6). These initial
conditions were checked for consistency with observations from
PEM-West and MLOPEX [Singh et al., 1996; Talbot et al., 1996;
Brasseur et al., 1996]. All the simulations were run for a total of 4
days, but the hour of the day during which cloud was encountered
was varied. Figures 3—5 show the simulated peroxide species
concentrations for different times of cloud interception of the
parcel: nighttime, early morning, and daytime, respectively. As
described earlier, the ratio [H,O,])/[CH3;OO0H] has been used in
observations to diagnose cloud processing of air masses, partic-
ularly those that have experienced H,O, removal via a precipita-
tion sink. We therefore examined the change in this ratio after the
air parcel was released from the nonprecipitating cloud. The
predicted ratios prior to cloud contact are consistent with those
reported from observations and ranged from <1 for low NO,
conditions to ~1.5-2 for NO, = 50 ppt, up to ~4.5 —5.5 for high
NO, conditions, with increasing diurnal variations with increasing
NO, levels. We show the cloud effect on the ratio in the lowest
panels in Figures 3—5 as the percent recovery of the ratio. This
quantity was computed from the difference between the [H,O,]/
[CH;00H] ratio in the cloudy (shown in Figures 3-5) and
equivalent clear simulations, expressed as a percentage of the
clear-sky ratio.

[33] For the nighttime cloud contact (Figure 3) the presence of
cloud has only a minor effect on the peroxide species for low and
intermediate [NO,]. Under higher-NOx conditions ([NO,] = 500
ppt), however, cloud contact decreases both [H,O,] and the ratio,
in spite of the fact that there is no permanent precipitation loss.
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Figure 4. As in Figure 3, except for the time of cloud encounter.

There is no aqueous-phase source of H,O, at night, but the loss
reaction (A17), involving the dissolved nitrate radical, is active and
is most important at higher-NO, conditions, resulting in a 40%
reduction in the ratio from its expected clear-sky value. The
depressed ratio persists until sunrise and then recovers over about
6 hours. For the morning cloud (Figure 4), photochemical recovery
of the ratio to clear-sky levels is rapid for all NO, levels.

[34] In the daytime cloud contact case (Figure 5) the overall
result is an increase in the ratio (~40%) under high-NO, con-
ditions, a decrease (~20%) for low NO, conditions, and minimal
impact on the ratio at intermediate [NO,]. The precloud concen-
trations of HO»(g) in Figure 2 are 16.5, 18.5, 10.0 ppt for NO, =
5, 50, 500 ppt, respectively, and because the simulated uptake
process is proportional to the gas phase HO, concentrations,
aqueous phase concentrations of HO, (tot)(=O, + HO, (aq)) are
0.30, 0.35, and 0.20 ppt for NO, = 5, 50 and 500 ppt,
respectively. However the speciation of HO, (tot) in solution is
quite different because of differences in computed cloud water
pH. The low-NO, cloud has a pH of ~5.8, whereas the
intermediate and high NO, cases have pHs of ~4.8 and ~3.5.
The O3 contributions to HO, (tot) are 95, 60, and 10% for NO, =
5, 50, and 500 ppt, respectively. Thus the production of H,O,
(aq) through (A7) is most enhanced over the clear-sky rate at
intermediate NO, (50 ppt) where pH is close to optimal. However
the small fraction of O, at high NO, reduces the OH (aq)
production through reaction (A13), resulting in a smaller loss
of H,O, (aq) via (AS5), and higher H,O, (aq) compared with
intermediate NO, conditions. Thus the total H,O, (gas + aque-
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ous) and the ratio are enhanced by cloud contact for high NO,
conditions. This is in marked contrast to the nighttime cloud case,
where the cloud encounter depleted H,O, in the absence of these
free-radical peroxide production pathways. The high pH in the
low-NO, cloud favors the aqueous phase production of CH;OOH
via (A35) but hinders H,O, production, and hence the ratio in
that case is lowered by cloud contact. Production of both
peroxides occurs in the intermediate-NO, case, with the overall
result that the ratio is not strongly perturbed. Photochemical
recovery in the daytime cloud simulations is delayed for nearly
a full day because the cloud dissipates at 1500 LT.

[35] Because of the sensitivity of aqueous production of H,O,
to pH (A7), we tested the robustness of the results in Figure 5 by
fixing pH at values 3.5, 4.5, and 5.8 rather than allowing the model
to calculate pH independently. This exercise allowed us to deter-
mine the relative importance of NO, and pH in controlling
peroxide chemistry. It was found (results not shown) that at NO,
= 500 ppt the enhancement in H,0,, the ratio of H,O,/CH3;O00H,
as well as the recovery of the ratio to precloud levels were
qualitatively similar to those observed in Figure 5. For pH = 3.5
and 4.5 the enhancement in the ratio was still on the order of 40%,
and only at pH = 5.8 did the enhancement reduce to 25%. However
at low NO, (5 ppt) the reduction in the ratio of ~20% (relative to
no cloud contact) shown in Figure 5 all but disappeared when the
pH was fixed at 3.5 and 4.5 but, as expected, remained much the
same at pH = 5.8. For 50 ppt, reduction in the ratio of ~10%
occured for pH = 5.8 but was virtually unchanged from the result in
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Figure 5. As in Figure 3, except for the time of cloud encounter.
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Figure 6. As in Figure 5, except for parcel history in several
sensitivity tests. (1) base case for [NO,] = 50 ppt; (2) considering
the conversion process of HNOj to aerosol; (3) doubling the mean
size of cloud drops; (4) halving the mean drop size; (5) excluding
dry deposition; (6) adding a constant [SO,(g)] = 200 ppt and
including S(IV) in-cloud oxidation; (7) and (8) as in case 6 but for
500 and 1000 ppt of SO,(g); (9) setting fixed [O3] = 50 ppb, which
is double that in the base case; (10) including chlorine chemistry
with [HCI] = 0.5 ppt, CI~ = 5.6 x 107*M.

Figure 5 at pH = 3.5 and 4.5. We conclude that pH is an important
controlling factor at low to intermediate NO, but that at high NO,
the enhancement in the ratio observed in Figure 5 is a robust
feature.

4.3. Results From Sensitivity Studies

[36] Figure 6 depicts the results of several sensitivity tests for
the recovery of the ratio of H,O, to CH3;00H for the case [NO,] =
50 ppt for the daytime cloud encounter (0900 ~ 1500 LT). The
base case results show that H,O, levels are ~350 ppt in clear air
before contact with cloud and that cloud contact leads to only a
small reduction in the ratio by photochemical reactions involving
HO, radicals. Factor of 2 variations in the sizes of the cloud
droplets, as shown in Figure 6 (cases 3 and 4), do not affect the
ratio differently than in the base case, even though drop size
strongly affects the rate of uptake of gas-phase HO, and OH on
cloud drops [Frost et al., 1999].

[37]1 An upper bound for the permanent conversion of HNO5(g)
to aerosol is considered by removing all cloud water N(V) during
each cloud evaporation cycle (case 2). Removal of HNOj; leads to
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increases in cloud water pH, and thus this sensitivity test has less
in-cloud H,O, production relative to the base case but slightly
more CH3OOH production, resulting in an overall reduction in the
ratio of ~20% immediately after cloud evaporation.

[38] Forthe case where dry deposition was neglected (case 5), the
gas phase model shows that the initial steady state H,O, and HNO;
gas phase concentrations are significantly increased over those in the
base case. In contrast, [RO,] (RO, =OH + HO, + CH50,) and [HO,]
are not directly affected by dry deposition, and thus the H,O,
production rate via (R1) is also maintained. Therefore the main
reason for the lower initial H,O, levels in clear air in the base case is
the H,0, dry deposition sink itself, and not any chemical feedbacks.
Although [RO,] is nearly unchanged, [OH] is increased, and
[CH;0,] is decreased relative to values in the base case. The lower
[CH;0,] leads to decreases in CH3;OOH (Figure 6¢), leading in turn
to significantly higher values of the ratio. The recovery process is
very similar to the cases with dry deposition since the main
production of H,O, through reaction (R1) is not influenced much.

[39] Sensitivity cases 6—8 include SO,(g) and its aqueous-phase
reactions (Table 7) in the simulations. Dissolved S(IV) will react
with both H,O,(aq) and O3(aq); the rate of the reaction with Oj is
strongly pH dependent. We did not simulate any gas-phase S
chemistry but instead kept [SO,(g)] constant during the 4-day
time-dependent simulations as an upper bound on its effects. The
base case had maximum pH values (near the maximum LWC) of
~4.8, whereas the pH dropped to ~4 and ~3.8, respectively, in the
first and final cloud encounters in the SO,(g) =200 ppt case including
S(IV) oxidation to S(VI); both pH levels are reasonable for remote,
relatively clean clouds. Results (Figure 6) indicate that the permanent
consumption of H,O, by S oxidation reactions has a noticeable effect
(—40%) on postcloud levels of HO,. We also ran cases for [SO,(g)]
=500 and 1000 ppt. The pH dropped to lower values in those cases
(~4.3-3.5), and the higher S(IV) concentrations effectively con-
sumed H,O,. As a result, the [H,O,] was more strongly modified in
those cases, up to a factor of 5 for [SO,(g)] = 1000 ppt. The ratios
[H,O,]/[CH300H] were therefore also significantly lowered by
cloud contact, but recovery rates in all cases were similar, requiring
a diurnal cycle to reestablish clear-sky values.

[40] In sensitivity case 9 the fixed ozone concentration was
increased to 50 ppb. As might be deduced from Figure 2, and as
seen in Figure 6, the gas-phase steady state concentrations of H,0O,
and CH;OOH were increased; but the initial value of the ratio, and
its recovery behavior after cloud contact, were very similar to those
in the base case. Thus the choice of fixed ozone concentration
should not have a large effect on the simulated species timelines,
except for those cases in which S(IV) oxidation is considered.

[41] In sensitivity case 10, chlorine chemistl}/ was included
(Table 7) and HCI(g) = 0.5 ppb, CI' = 5.6 x 10~ "M were used as
initial conditions [Herrmann et al., 1999]. The chlorine chemistry
increases the concentration of HO, (tot)(~10%) but decreases O,
due to the lower pH (~4.0), and thus in-cloud production of H,O,
via (A7) is little affected. Therefore the recovery rate after cloud
contact looks very similar to that in the base case.

5. Summary and Conclusions

[42] We have applied a coupled gas and aqueous phase chemical/
microphysical model to study the effect of a nonprecipitating marine
stratocumulus cloud on gas-phase H,O,, CH;OOH, and the ratio
H,0,/CH300H. In clear air the ratio of these two species is
expected to vary with [NO,] because of their photochemical sources.
Differences in the solubility of H,O, and CH;OOH have been used
in prior studies to argue that variations in the ratio are also indicators
of recent precipitation removal of H,O,. We investigated the
variation in clear-sky levels of H,O,/CH;OOH as functions of
[O5] and [NO,], the perturbations induced by contact with non-
precipitating cloud, and the rate at which this ratio recovers to clear-
sky levels after the parcel is released from cloud into clear air. Steady
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Table 7. Chlorine and Sulfur Chemistry for Sensitivity Test

Koog, M or M atm™! —AH/R, K Reference
Henry's Law Constants
(H15) HCI1 7.27(2) 2020 Marsh and McElroy [1985]
(H16) SO, 1.23(0) 3120 Smith and Martell [1976]
Aqueous Phase Equilibrium Reactions
(E9) HCl(aq) = H" + CI~ 1.74(6) 6900 Marsh and McElroy [1985]
(E10) Cl; = Cl + CI™ 5.26(—6) Jayson et al. [1973]
(E11) SO5(aq) = HSO; + H" 1.23(=2) 1960 Smith and Martell [1976]
(E12) HSO3 = SO~ + HY 6.61(—8) 1500 Smith and Martell [1976]
(E13) H, SO4(aq) = HSO; + H' 1.03) Perrin [1982]
(E14) HSO; = SO; + H' 1.02(-2) 2720 Smith and Martell [1976]
Chlorine Chemistry
(A39)CI" + OH —— CIOH™ 4309) —1500 Jayson et al. [1973]
(A40) CIOH™ —— CI” + OH 6.1(9) Jayson et al. [1973]
(A41) CIOH™ —*, C1 + H,0 2.1(10)x[H"] Jayson et al. [1973]
(A42) 1 —192, ClOH™ + H* 1.3(3) Jayson et al. [1973]
(A43) HO, + Cl; —— 2 Cl” + 0O, + H" 4.509) —1500 Ross and Neta [1979]
(A44) O, +Cl; —— 2 ClI" + 0O, 1.009) —1500 Ross and Neta [1979]
(A45) HO, + Cl —— ClI” + O, + H' 3.109) —1500 Graedel and Goldberg [1983]
(A46) H,0, + Cl; —— 2 Cl~ + HO, + H' 1.4(5) —3370 Hagesawa and Neta [1978]
(A47) H,0, + CI —— CI” + HO, + H" 4.5(7) Graedel and Goldberg [1983]
(A48) OH™ + Cl, —— 2 CI” + OH 7.3(6) —-2160 Hagesawa and Neta [1978]
Sulfur Chemistry
(A49) SAV) ——— S(VI) + O, 2.4(4)
3.7(5) —5530
1.509) —5280 Hoffmann and Calvert [1985]
(A50) S(IV) + H,0, —— S(VI) + H,O 1.3(6) —4430 McArdle and Hoffmann [1983]
(A51) SOy +OH —% SO; + OH™ 4.609) —1500 Huie and Neta [1987]
(A52) HSO; + OH —%— SO5 + H,0 4.209) —1500 Huie and Neta [1987]
(A53) SO5 + HSO; —%— HSO5 + SO5 3.005) —3100 Huie and Neta [1987]
SO;5 + 803~ —%, HSOs5 + SO5 1.3(7) —2000 Huie and Neta [1987]
(A54) SO5 + 05, —2%, HSO;5 + CO, + HO, 1.0(8) —1500 Jacob [1986]
(A55) SO5 + HCOOH —% HSO5 + CO, + HO, 2.02) ~5300 Jacob [1986]
(A56) SO5 + HCOO™ —2 HSO5 + CO, + 05 1.4(4) —4000 Jacob [1986]
(A57) SO5 + SOs~ —— 2S07 + O, 2.0(8) —1500 Jacob [1986]
(A58) HSO5 + HSO; —H* 2S0; + 3H" 7.5(7) —4750 Jacob [1986]
(A59) HSO5 + OH —— SO5 + H,0 1.7(7) —1900 Jacob [1986]
(A60) HSO5 + SO; —— SO5 + SO~ + H' <1.0(5) Jacob [1986]
(A61) HSO5s + NO, —— HSO; + NO; 3.1(-1) —6650 Jacob [1986]
(A62) HSO5 + CI~ ——— SO3 ™~ + products 1.8(-3) —7050 Jacob [1986]
(A63) SO4~ + HSO3- —22— SO3~ + H" + SO5 1.309) —1500 Jacob [1986]
(A64) SO; +S03~ —2 SO + SO5 5.3(8) —1500 Jacob [1986]
(A65) SO; + HO, —— SOF +H' + 0, 5.009) —1500 Jacob [1986]
(A66) SO + 0, —— S03™ + 0, 5.009) —1500 Jacob [1986]
(A67) SO; + OH- —— SO3™ + OH 8.0(7) —1500 Jacob [1986]
(A68) SO; + H,0, —— SO3~ + H' + HO, 1.2(7) —2000 Ross and Neta [1979]
(A69) SO; + NO; —— SO}~ + NO, 8.8(8) —1500 Jacob [1986]
(A70) SO; + HCO; —— SO3 ™ + H" + CO; 9.1(6) —2100 Ross and Neta [1979]
(A71) SO7 + HCOO™ —2— SO%™ + CO, + HO, 1.7(8) —1500 Jacob [1986]
(A72) SO + CI- —— SO + Cl 2.0(8) —1500 Ross and Neta [1979]
(A73) SO7 + HCOOH —% SO}~ + H" + CO, + HO, 1.4(6) —2700 Jacob [1986]
(A74) HSO5 + CH;00H ——— SO3~ + 2 H' + products 1.9(7) —3800 Hoffmann and Calvert [1985]
(A75) S(IV) + HO, ——— S(VI) + OH 1.0(6) Hoffimann and Calvert [1985]
S(IV) + 05 —%, S(VI) + OH + OH™ 1.0(5) Hoffmann and Calvert [1985]
(A76) SO7 + CH;0H —%— SO}~ + HCHO + H' + HO, 2.5(7) —1800 Dogliotti and Hayon [1967]
(A77) 2HSO; + NO; —2 NO5 +2 H" + SO3~ + SO7 1.0(8) Chameides [1984]
(A78) 2 NO, + HSO; —122, SO~ + 3 H" + 2 NO5 2.0(6) Lee and Schwartz [1983]
(AT9A)* S(IV) + N(IIl) ——— S(VI) + products 1.42) Martin [1984]
(A79B)° 2HSO; + NO; —— OH™ + products 4.8(3) —6100 Oblath et al. [1981]
(A80) HCHO + HSO3; ——— HOCH,SO3 2.9(2) —4900 Boyce and Hoffimann [1984]
HCHO + HS03~ —2%, HOCH,SO; + OH™ 2.5(7) —1800 Boyce and Hoffmann [1984]
(A81) HOCH,SO; + OH~ — SO?~ + HCHO + H,O 3.6(3) —4500 Munger et al. [1986]
(A82) HOCH,SO3 + OH —2%— SO5 + HCHO + H,0 1.409) —1500 Jacob [1986]
(A83) HSO; + Cl; —% 805 +2C1 + H' 3.4(8) —1500 Huie and Neta [1987]
SO3~ + Cl;, —2 805 + 2CI~ 1.6(8) —1500 Huie and Neta [1987]

#For pH <3.
For pH >3.
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state clear-sky values of the ratio increase strongly with increases in
[NO,] but are independent of [O3]. The model simulations showed
that even in the absence of precipitation, cloud contact can, under
certain conditions, have a pronounced and persistent effect on the
ratio. Recovery of the ratio to clear-sky levels is driven by photo-
chemistry, and is thus sensitive to the time of the cloud encounter. If
cloud contact and corresponding reductions in the ratio occur in the
late afternoon or at night, photochemistry is inactive, and the ratios
remain low until well into the next diurnal cycle. When cloud
contact occurs at night and is followed soon after by daytime
photochemical activity, there is a significant reduction in the ratio
only for the high-NO, conditions.

[43] We tested the sensitivity of our results and conclusions to
several assumptions made in the modeling approach. Variations in
the droplet size had little effect. Although the modeled ratios
themselves were sensitive to the treatment of dry deposition of
H,0, and HNOg, the relative recovery rates of the ratios were not.
We assumed in the base case that dissolved HNOj3(g) was returned
to the gas phase when the cloud evaporated. Since some nitrate can
be retained in the particle phase, we tested this assumption by
removing all dissolved HNOj3; the postcloud ratio was reduced by
about 20% compared with that in the base case, although the
impact could be larger for higher levels of HNO;(g) than those we
used here. It is known that oxidation of S(IV) can be an important
sink of H,O,. We added the relevant oxidation reactions to the base
case, assuming a representative SO,(g) concentration for clean
marine regions of 200 ppt and found that the oxidation reduced
cloud pH from ~4.8 to ~4, with a 40% reduction in both [H,0,]
and the ratio postcloud. Addition of Cl chemistry to the mechanism
did not significantly alter the conclusions for the base case, for the
concentrations of ClI species that were simulated. Finally, in this
study the chemistry of trace metal ions was not considered. When
trace metals are present, in-cloud reactions of dissolved HO, and
copper dramatically reduce HO,(tot) and other free radical con-
centrations [Walcek et al., 1997], which would result in lower
values of H,O, and the H,O,/CH3;OOH ratio. Reactions with iron
may also affect aqueous-phase photochemistry. Measurements of
these important trace metal ions that could be used to initialize
simulations to examine their effects are needed.

[44] Our results imply that H;O, and CH;0OOH are affected not
only by dry and wet deposition losses, as noted in previous studies,
but also by interactions with nonprecipitating clouds, even in the
presence of negligible [SO,(g)]. The residual effects of the cloud
contact are short-lived if the contact occurs early in the day because
photochemical processes act quickly to restore photochemical
equilibrium, while if cloud contact occurs during the late afternoon
or evening, photochemical recovery is hindered. Because of this
sensitivity to the time of cloud contact, as well as the uncertainties
in the photochemical history of cloud parcels, it may be difficult to
use the measurement of the ratio of H,O,/CH3;0OO0H as a general
indicator of cloud contact in the interpretation of field data.
Nevertheless, it may still be a useful interpretative tool under
certain conditions.

[45] Acknowledgments. The authors gratefully acknowledge the sup-
port of NOAA Office of Global Programs grant NA67RJ0152. Discussions
with Anne Monod and Tom Jobson were helpful.
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