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Isoprene accounts for more than half of non-methane
volatile organics globally. Despite extensive experimentation,
homogeneous formation of secondary organic aerosol
(SOA) from isoprene remains unproven. Herein, an in-
cloud process is identified in which isoprene produces SOA.
Interstitial oxidation of isoprene produces water-soluble
aldehydes that react in cloud droplets to form organic acids.
Upon cloud evaporation new organic particulate matter

is formed. Cloud processing of isoprene contributes at least
1.6 Tg yr=! to a global biogenic SOA production of 8—40
Tg yr~'. We conclude that cloud processing of isoprene is
an important contributor to SOA production, altering the
global distribution of hygroscopic organic aerosol and cloud
condensation nuclei.

Introduction

Organic particulate matter (PM) accounts for 20—70% of fine
aerosol mass. The role of organic PM in regional and global
climate change has received much recent attention (1—4).
Organic PM affects radiative forcing directly through scat-
tering and indirectly by changing cloud microphysics. It is
predicted to have a net cooling effect on global climate forcing
(1). However, there are large uncertainties in current forcing
estimates. Organic PM consists of primary organic aerosol
(POA) emitted directly into the atmosphere and secondary
orgainc aerosol (SOA) formed in the atmosphere from reactive
organic gases. The relative abundance of POA and SOA
contributes to forcing estimate uncertainties because SOA
is more polar and hygroscopic than POA (4). Hygroscopic
SOA could provide cloud condensation nuclei (CCN) and
therefore play an important role in microphysical cloud
processes (5, 6). Although the contribution of SOA to organic
aerosols is certainly substantial (1), formation mechanisms
and precursors require further elucidation (4).

SOA formation from condensation/sorption of low-
volatility products of gas-phase photochemical reactions is
well documented. However, isoprene has not been shown
to contribute to SOA formation through this mechanism,
despite numerous experiments to investigate the homoge-
neous oxidation of isoprene. It was suggested that particulate
2-methyltetrols found in the Amazon are formed through
the homogeneous oxidation of isoprene (7). However, in a
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subsequent paper these authors concluded that the atmo-
spheric dynamics of 2-methyltetrols and related species was
not consistent with a homogeneous mechanism and was
instead consistent with formation in the aqueous aerosol
phase by acid-catalyzed reaction with hydrogen peroxide
(8). Enhanced SOA formation through acid-catalyzed reac-
tions on particle surfaces has recently been convincingly
demonstrated (9) and provides a proven mechanism by which
isoprene can yield SOA (10, 11). In addition, fog/cloud
processing, which is an important source of sulfate, has been
hypothesized to be an important source of SOA (I12).
Compelling recent evidence supports this hypothesis (13—
15). Briefly, reactive organics are oxidized in the interstitial
spaces to form highly water-soluble compounds (e.g., al-
dehydes) that readily partition into cloud droplets. (OH
concentrations are elevated in the interstitial spaces of clouds
(16).) The dissolved organics oxidize further to form less
volatile organics, e.g., organic acids. Upon cloud droplet
evaporation, these organics remain in the particle phase and
add to the budget of hygroscopic SOA. In this study we
demonstrate that isoprene forms hygroscopic SOA through
cloud processing.

Water-soluble organic diacids (C2—C10) contribute as
much as 1-3% and 10% of urban and remote marine
particulate carbon, respectively (17). Diurnal and seasonal
variations suggest that they are predominantly of secondary,
photochemical origin (18—20), but their formation is not well
understood. In-cloud oxalic acid concentrations (0.21 ug m=2)
were 3 times greater than below-cloud concentrations off
the coast of California (13). In that study and elsewhere oxalic
acid tends to be found in the droplet rather than condensation
mode (13, 17, 21). Both observations are consistent with an
aqueous-phase formation mechanism since the droplet mode
forms when new particulate material is added to condensa-
tion mode particles through aqueous-phase reactions (22).

Glyoxal and glyoxylic acid are recognized as potential
precursors of oxalic acid on the basis of their concentration
dynamics (18, 20). However, gas-phase oxidation and pho-
tolysis of these compounds are unlikely to produce oxalic
acid (23). Arecent cloud chemistry model predicts substantial
oxalic acid formation through a-dicarbonyl intermediates
from ethylene and acetylene (14). Reactions of the dissolved
carbonyls with OH in cloud droplets produce glyoxylic acid,
pyruvic acid, and oxalic acid (24, 25). Interestingly, these
water-soluble carbonyls have a direct link to isoprene, which
has a global annual emission of ~500 Tg, comparable to the
natural global emissions of methane (26). Isoprene is
omnipresent in the troposphere at a mixing ratio of about
0.1-7 ppb by season and location (27). Gas-phase oxidation
of isoprene shows high yields of the water-soluble carbonyls
(28, 29). Its high emission, concentration, reactivity, and yield
of water-soluble carbonyls well qualify isoprene to be an
important precursor of SOA formation through cloud pro-
cessing. Although the large influence of isoprene on tropo-
spheric ozone is well understood, its contribution to SOA
was believed to be negligible (30) until very recently when
heterogeneous pathways began to be investigated. Ifisoprene
produces organic acids through cloud chemistry, its con-
tribution to regional and global SOA warrants reconsidera-
tion.

Methods

We developed a photochemical box model to investigate SOA
formation through cloud processing of isoprene. The box
model assumes monodisperse cloud droplets, homoge-
neously mixed species within the interstitial space and within
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FIGURE 1. In-cloud isoprene chemistry for the formation of
hygroscopic organic acids: glycolic acid, glyoxylic acid, pyruvic
acid, and oxalic acid.

the cloud droplets, no temporal evolution of physical cloud
properties, and constant temperature and pressure. The mass
balance of a species in the gas and aqueous phase depends
on chemical reactions, phase transfers between the gas and
aqueous phases, emissions, and dry deposition. It neglects
aerosol deposition.

The chemical mechanism in the model is based on
previous cloud chemistry mechanisms (14, 31) and a
condensed version of isoprene chemistry for RADM2 (29,
32). Chemical reactions involving water-soluble carbonyl
products of isoprene were added. Figure 1 shows the
proposed pathway for in-cloud isoprene oxidation. Briefly,
gas-phase isoprene oxidation produces glycolaldehyde, gly-
oxal, and methylglyoxal. These products dissolve into water
and react with OH radical to form oxalic acid via glycolic
acid, glyoxylic acid, pyruvic acid, and acetic acid. The
aqueous-phase chemical mechanism is very similar to
another recent cloud photochemistry model (15) except for
the fate of methylglyoxal. In the previous model the reaction
between methylglyoxal and OH yields pyruvic acid, which is
further oxidized to acetaldehyde and finally CO, without
forming low-volatility organic acids. In the current model,
methylglyoxal oxidation yields pyruvic acid, acetic acid,
glyoxylic acid, and finally oxalic acid. This pathway repro-
duces well the kinetics of methylglyoxal oxidation in studies
of acetone degradation by H,0,/UV (25). Detailed chemical
analyses show good closure in the carbon mass of the
proposed degradation mechanism. The previous model
underestimates the role of isoprene in organic acid formation.

The mass balance of a species in the gas and aqueous
phases depends on chemical reactions, emissions, and dry
deposition as shown in eqs 1 and 2,

dcC ], v,C, C
e Je _Zdtg_ ta
@ %St Zy  Zy LGy + H_  RT M
46 _ S, + Lk,C, iCa 2
- QS ¢ H.4RT @)

respectively, where C; = gas-phase concentration (molecules
cm?%), C, = aqueous-phase concentration (mol ! L), Qg =
gas-phase source reactions (molecule cm™ s™1), Q, =
aqueous-phase source reactions (molL!s™!), Sy = gas-phase
sink reactions (molecule cm™3s™!), S, = aqueous-phase sink
reaction rates (mol L™! s71), J. = emission flux (molecules
cm™! s71), Zy = height of the boundary layer (cm), vq4 = dry
deposition velocity (cm s™1), L=1liquid water content (g m~3),
k. = phase-transfer coefficient (s™!), He = effective Henry’s
constant (mol L"!atm™!), R=1ideal gas constant (atm L mol !
K™, and T = temperature (K). Equation 3 describes the
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coefficient used to compute phase transfer between the gas
and aqueous phases (33), where a = droplet radius (cm), Dy
= gas-phase diffusivity (cm? s™!), v = mean molecular speed
(cm s71), and o = accommodation coefficient (dimension-
less). The gas-phase diffusivity and mean molecular speed
were calculated using eqs 4 (34) and 5 (35),

D, = 1.9MwW) *? 4
(8K, TN, )12 s
= zow (5)

respectively, where MW = molecular weight (g mol™), k, =
Boltzmann constant (1.38 x 107! dyn cm K1), T =
temperature (K), and N, = Avogadro’s number (6.023 x 10
molecules mol™!). Numerical solutions of the mass balance
were obtained using FACSIMILE (36).

The modeled chemical mechanism is provided in the
Supporting Information and includes gas- and aqueous-
phase chemical species, equatorial summertime photolysis
frequencies, thermal reactions, aqueous-phase equilibrium,
Henry’s law constants, accommodation coefficients for water-
soluble species, emission fluxes, and dry deposition velocities.
Initial concentrations of species for the base run (P00) are
also provided in the Supporting Information. Formaldehyde
(MVKP) is one of the main intermediate products of isoprene
chemistry (37). In other models carbonyl products of the
reaction of MVKP and NO are represented as ALD (aldehydes
with =2 carbons). In this model ALD was changed to
glycolaldehyde (GCOL) as below:

MVKP + NO — 0.7CH,CO, + 0.8GCOL + 0.3CH,0 +
0.3HO, + 0.3MGLY + NO,

where MGLY is methylglyoxal. This was done because
glycolaldehyde is a dominant contributor to ALD (38, 38),
and other aldehydes represented as ALD are likely very similar
to glycolaldehyde in chemical properties such as water
solubility and reactivity. This modification was important to
the purpose of this paper since the water solubility of the
products is critical to assessing the importance of isoprene
on secondary organic aerosol formation through cloud
processing.

We simulated cloud processing of isoprene in an air parcel
as it was transported for 5 days over the tropical Amazon
followed by 5 days over the Atlantic Ocean. The Amazon is
a major source (13% of global emissions) of isoprene (40).
Photolysis occurred semisinusoidally between 0600 and 1800
hours local time with a peak at noon and no nighttime
photolysis. Clouds were present daily between 1300 and 1600
hours. The base run (P00) assumed 10 um diameter cloud
droplets and a liquid water content of 0.5 g m~3. The cloud
temperature and altitude were 285 K and 1.0 km. The relative
humidity was kept constant at 100% and 75% during the
cloud and cloudless periods, respectively. The simulation
began at 0600 hours (¢ = 0) with emission and deposition
conditions representative of aremote continental area. These
conditions changed to represent a remote marine area at
0600 hours on day 6. Emissions were held constant except
for the isoprene flux, which varied semisinusoidally between
0600 and 1800 hours with a peak at noon and no nighttime
emission. The peak isoprene emission flux was 1.01 x 10'2
molecules cm 2 s7%, typical of the tropical Amazon (41). It
dropped to zero over the remote marine area on days 6—10.
Aqueous-phase reactions and phase transfers occurred only
during cloud periods. Following each cloud period aqueous-
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FIGURE 2. Isoprene, glycolaldehyde, glyoxal, and methylglyoxal concentrations (gas-phase) and glycolic acid, glyoxylic acid, pyruvic acid,
and oxalic acid concentrations (gas- and aqueous-phase) predicted by base run simulation (P00).

phase species continued evaporating from cloud droplets,
while gas-phase species were not allowed to dissolve or react
in the droplets. No phase transfer was allowed for the low-
volatility organic acids (i.e., glycolic, pyruvic, glyoxylic, and
oxalic acid) during the cloudless period.

Results

Figure 2 shows the concentrations of important gas- and
aqueous-phase species over the 10-day run. Gas-phase
isoprene concentrations exhibited a distinctive diurnal
variation over land and dropped rapidly on day 6 when
isoprene emissions ended. Isoprene accumulated with time
from day 1 to day 5, suggesting that the model underpredicted
nighttime removal, similar to previous remote continental
predictions (42). A large fraction of glycolaldehyde, glyoxal,
and methylglyoxal dissolved into cloud droplets during the
cloud period and returned to the gas phase after the cloud
period. The oxidation of dissolved carbonyls produced
glycolic acid, glyoxylic acid, pyruvic acid, and oxalic acid, at
concentrations thatkept increasing while interstitial isoprene
chemistry supplied carbonyl precursors. Aqueous-phase plots
in Figure 2 provide the concentration of each organic acid
summed over all charge states. Oxalic acid concentrations
continued to increase even over the ocean (days 6—10) due
to the continued oxidation of precursors.

Figure 3 shows organic acid concentrations in the gas
and aqueous phases before the end of each cloud period,
and estimated gas and particle concentrations after cloud
evaporation. Particulate organic acid concentrations after
cloud evaporation were estimated from the total amount of
product (gas phase plus aqueous phase) and gas/particle
partitioning measurements in the literature. Specifically, 90%,
75%, 75%, and 70% of oxalic acid, glyoxylic acid, glycolic
acid, and pyruvic acid, respectively, are expected to remain
in the particle phase after cloud droplet evaporation (43).
After three and eight cloud periods total concentrations of
glycolic acid, glyoxylic acid, pyruvic acid, and oxalic acid
were 37 and 44, 13 and 12, 6.1 and 9.5, and 0.66 and 1.2 ng
m~3, respectively. Particulate oxalic acid concentrations after
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FIGURE 3. Gas- and aqueous-phase concentrations of organic acids
formed through cloud processing of isoprene and the corresponding
gas- and particulate-phase concentrations after cloud evaporation
predicted by base run simulation (P00): glycolic acid (GCOLAC),
glyoxylic acid (GLYAC), pyruvic acid (PYRAC), and oxalic acid
(OXLAC).

one, three, eight, and ten cloud cycles were 0.26, 0.56, 0.99,
and 1.1 ng m3, respectively. Particulate total organic acid
concentrations after one, three, eight, and ten cloud cycles
were 32, 42, 50, and 46 ng m~3, respectively. Although this
model considered organic acids to be only in the acidic or
dissociated form, organic acids can also form less soluble
salts of inorganic cations in cloud droplets. The formation
of organic salts will result in increased particulate organic
acid concentrations beyond model prediction.

Figure 4A shows particulate organic acid concentrations
after three cloud processings at different isoprene emissions
[(P02) 0, (P03) 0.05, (P04) 0.1, (P05) 0.5, (P06) 1.5, and (P07)
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FIGURE 4. Particulate concentrations of glycolic acid (GCOLAC), glyoxylic acid (GLYAC), pyruvic acid (PYRAC), and oxalic acid (OXLAC)
after three cloud processings with increasing (A) isoprene emission flux, (B) photolysis frequency, (C) liquid water content, and (D)

temperature.

2.0 x base run]. Total concentrations of particulate organic
acids for P02, P03, P04, P05, P00, P06, and P07 were 0, 25,
36, 51, 42, 37, and 34 ng m~3, respectively. Gas-phase
methylglyoxal concentrations just before the cloud period of
day 3 for P02, P03, P04, P05, P00, P06, and P07 were 3.2 x
105, 3.0 x 108, 5.8 x 108, 1.8 x 10% 2.3 x 10°, 2.7 x 10% and
3.0 x 10° molecules cm™3, respectively. At the same time OH
concentrations in the gas phase for P02, P03, P04, P05, P00,
P06, and P07 were 7.8 x 10%, 6.5 x 105, 5.1 x 10°, 6.6 x 105,
2.6 x 10%,1.6 x 10% and 1.2 x 10°molecules cm 3, respectively.
During the cloud period of day 3 aqueous-phase OH
concentrations for P02, P03, P04, P05, P00, P06, and PO7 were
7.2, 4.2, 2.9, 0.90, 0.83, 0.83, and 0.81 molecules cm™3,
respectively. An increase in the isoprene emissions resulted
in increased a-carbonyl concentrations due to the high
reactivity ofisoprene and also decreased OH concentrations.
The high reactivity of isoprene with OH accounts for 71% of
OH removal in the Amazon (40). Daytime OH concentrations
of 2.3 x 10° molecules cm™ at day 5 for the base run were
about 30 times lower than 6.3 x 10 molecules cm™2 at day
5 for P04 (isoprene emission = 0.1 x base run). Thus, aqueous-
phase reactions at higher isoprene emissions were OH
limited, resulting in the nonlinear trend of organic acid
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concentrations shown in Figure 4A. Decreased OH concen-
trations at high isoprene emissions have been predicted
previously for remote conditions (42).

Photolysis is not only a main source of OH radicals but
also an effective destruction pathway for carbonyl precursors.
Figure 4B shows organic acid formation at various photolysis
rates [(P09) 0.5, (P10) 0.75, (P11) 1.25, (P12) 1.5, and (P13) 2.0
x base run]. Increasing photolysis rates from P09 to P10,
P00, P11, P12, and P13 resulted in the increased organic acid
concentrations from 26 to 33, 42, 51, 60, and 76 ng m3,
respectively. Gas-phase concentrations of OH, HO,, and H,0O,
also increased with increasing photolysis. Hydroxyl radial
concentrations for P09, P00, and P13 were 1.3 x 10%, 2.5 x
10%, and 5.9 x 10° molecules cm™3, respectively. Gas-phase
glyoxal and methylglyoxal concentrations decreased sub-
stantially with the increased photolysis [glyoxal, methyl-
glyoxal: (P09) 5.7 x 108, 4.4 x 10%, (P00) 3.5 x 108, 2.3 x 109,
and (P13) 2.1 x 108 1.3 x 10° molecules cm?], although
glycolaldehyde concentrations increased somewhat with
increasing photolysis rates [(P09) 4.7 x 109, (P00) 5.3 x 109,
and (P13) 5.8 x 10° molecules cm™3]. Again, this demonstrates
that the availability of aqueous-phase OH is critical for organic
acid formation.



Figure 4C shows the influence of liquid water content on
cloud processing [(P09) 0.5, (P10) 0.75, and (P11) 1.25 x base
run). Organic acid concentrations increased linearly as a
function of liquid water content in the range between 0.25
and 1.0 g m~3. Interstitial isoprene oxidation is likely a large
enough pool of water-soluble aldehydes and OH radicals for
organic acid formation in cloud droplets. Interestingly, lower
temperatures favored organic acid formation (see Figure 4D)
due to the temperature dependence of water solubility and
reaction kinetics. In cold regions this temperature effect can
compensate for the lower photochemical activity. The
sensitivity analyses for temperature did not include the effect
of temperature on gas/particle partitioning. Lower temper-
atures also increase partitioning of products to the particle
phase.

Discussion and Implications

This study demonstrates the substantial production of
hygroscopic organic acids through the cloud processing of
isoprene under realistic tropical conditions. About 50 ng m—3
organic acids including ~1 ng m 3 oxalic acid were predicted
to form with an isoprene emission typical of the Amazon.
For several reasons stated above, this estimate is likely to be
alower bound. Oxalic acid measurements in the remote and
marine atmosphere range from 10 to 50 and from 9 to 693
ngm 3, respectively (14, 44). Sensitivity analyses suggest that
the cloud processing of isoprene is omnipresent and
ubiquitous. The isoprene emission rate is unlikely to be the
most critical factor affecting the overall yield of organic acids;
however, it affects the composition of organic acids. The
most oxidized product, oxalic acid, tends to increase both in
absolute and fractional amounts atlower isoprene emissions.
Organic acid production (and partitioning to the particle
phase) increases at lower temperatures. Therefore, organic
acid formation by cloud processing is likely to be important
in various regions with an isoprene emission between 5.0 x
10! and 1.0 x 10'2 molecules cm™2 s7! and temperature
between 275 and 295 K.

The contribution of cloud processing to the global SOA
budget appears to be considerable. After three cloud pro-
cessings particulate oxalic acid and total particulate organic
acid concentrations were estimated to be 0.56 and 42ng m3
(3.75 x 10°and 3.31 x 108 molecules cm3), respectively. The
predicted concentrations correspond to 0.0033% and 0.29%
in volume (0.0043% and 0.33% in mass) of an isoprene mixing
ratio of 5 ppb (1.14 x 10" molecules cm™) (7). By taking into
account the apparent yields, a global isoprene emission flux
of 500 Tg yr~! results in an SOA source strength from cloud
processing of 1.6 Tg yr~! (0.022 Tg yr ! of oxalic acid). This
is a substantial contribution to global biogenic SOA (8—40
Tg yrY) (1).

The cloud processing of isoprene forms hygroscopic SOA
that can serve as CCN and influence regional and global
climate change. SOA formation by cloud processing is also
predicted to be important in polluted regions, because
anthropogenic pollutants including aromatics are a sub-
stantial source of water-soluble aldehydes and ketones (15,
32). The possibility of SOA formation through aqueous-phase
isoprene chemistry on deliquesced particles in clear sky also
warrants further examination. One limitation of the current
model is that it does not allow for phase transfer of low-
volatility organic acids. Evaporation and gas-phase reaction
of pyruvic acid (45) could reduce SOA formation. On the
other hand, formation of organic salts will increase SOA
formation. Also, it would not be surprising if aldehydes and
organic acids (including pyruvic acid) form oligomers in
cloudwater, increasing SOA formation (9, 46—48). Formation
of other SOA products through cloud processing, such as
polyols, is also possible.
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