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During the July 2005 Marine Stratus/Stratocumulus
Experiment (MASE) and the August-September 2006 Gulf
of Mexico Atmospheric Composition and Climate Study
(GoMACCS), the Center for Interdisciplinary Remotely-Piloted
Aircraft Studies (CIRPAS) Twin Otter probed aerosols
and cumulus clouds in the eastern Pacific Ocean off the
coast of northern California and in southeastern Texas,
respectively. An on-board particle-into-liquid sampler (PILS)
quantified inorganic and organic acid species with e5-
min time resolution. Ubiquitous organic aerosol layers above
cloud with enhanced organic acid levels were observed
in both locations. The data suggest that aqueous-
phase reactions to produce organic acids, mainly oxalic
acid, followed by droplet evaporation is a source of elevated
organic acid aerosol levels above cloud. Oxalic acid is
observed to be produced more efficiently relative to sulfate
as the cloud liquid water content increases, corresponding
to larger and less acidic droplets. As derived from
large eddy simulations of stratocumulus under the conditions
of MASE, both Lagrangian trajectory analysis and diurnal
cloudtop evolution provide evidence that a significant
fraction of the aerosol mass concentration above cloud
can be accounted for by evaporated droplet residual particles.
Methanesulfonate data suggest that entrainment of free
tropospheric aerosol can also be a source of organic acids
above boundary layer clouds.

Introduction
Organic carbon (OC) is a major component of atmospheric
particulate matter (1-7). Organic acids constitute a significant
fraction of particulate organic carbon (1, 8-11). Dicarboxylic
acids, the most abundant of which in the troposphere is
oxalic acid [(COOH)2], contributed as much as 50% to
particulate organic aerosol mass in at least one study in

central Japan (8). Primary emissions from fossil fuel com-
bustion, biomass burning, and biogenic activity are sources
of particulate oxalic acid (12-14); photooxidation of volatile
organic compounds (VOCs), particularly aromatic hydro-
carbons, followed by condensation onto preexisting aerosols
is also a source (15, 16). Blando and Turpin (17) suggested
that organic acids are likely particle-phase compounds
formed by cloud and fog processing. Oxalic acid, which has
also been shown to be formed by aqueous-phase chemistry
in cloud droplets, remains in the aerosol phase after
subsequent droplet evaporation (18-28). In the aqueous
phase, oxalic acid is formed by oxidation of either glyoxylic
acid or by the oxidative decay of malonic acid, which, in
turn, is formed by the oxidation of higher order dicarboxylic
acids (18, 19, 21-28). Sorooshian et al. (21) showed that the
glyoxylic acid oxidation pathway is significantly more efficient
at producing oxalic acid, as compared to malonic acid
oxidation. Aqueous-phase intermediates to glyoxylic acid
include glyoxal, methylglyoxal, glycolic acid, pyruvic acid,
and acetic acid (18, 19, 21-28).

In July 2005, the Center for Interdisciplinary Remotely-
Piloted Aircraft Studies (CIRPAS) Twin Otter (TO), based at
Marina, CA, participated in the Marine Stratus/Stratocumulus
Experiment (MASE), focused on probing aerosols and stra-
tocumulus clouds over the eastern Pacific Ocean off the coast
of northern California (29; http://www.cirpas.org). During
August and September 2006, the CIRPAS TO also participated
in the Gulf of Mexico Atmospheric Composition and Climate
Study (25; GoMACCS; http://esrl.noaa.gov/csd/2006/), in
which 22 flights were devoted largely to probing aerosol-
cloud relationships over the Gulf of Mexico and the inland
Houston area. In both MASE and GoMACCS, a ubiquitous
layer of organic aerosol was found above cloud. These
observations in the MASE experiment have been noted by
Alexander et al. (30). At present, there is uncertainty as to
what mechanism(s) can explain these observations. It should
be noted that Heald et al. (31, 32) also observed a layer of
enhanced organic aerosol levels, but in the free troposphere
(FT), and argued that likely explanations include the forma-
tion of secondary organic aerosol (SOA) following the venting
of insoluble VOCs to the FT and also cloud processing.

The goal of the present work is to evaluate, on the basis
of the two field datasets, evidence and possible mechanisms
for the existence of pervasive organic aerosol layers above
clouds. We focus especially on organic acid levels in this
work; particulate concentrations of organic acids and sulfate,
and their ratios to each other, are compared above the
boundary layer (BL) and below, inside, and above BL cumulus
clouds. Results from large eddy simulations (LES) are used
to provide support for a source of organic acid aerosols above
cloud as residual particles from evaporated droplets.

Aircraft Measurements
The instrument payload on the TO aircraft is described
elsewhere (29; http://www.cirpas.org). In both field experi-
ments, two different inlets were employed for sampling clear
air and clouds. A counterflow virtual impactor (CVI) inlet
was used in cloud to isolate particles resulting from evapo-
ration of cloud droplets (so-called residual particles). The
transmission efficiency of the total aerosol inlet under
standard flight conditions for particle diameters less than
3.5 µm is near unity (33). Submicrometer aerosol chemical
composition measurements were carried out by a particle-
into-liquid sampler (PILS, Brechtel Manufacturing Inc.) (34).
In the PILS, submicrometer-sized ambient particles are grown
into droplets sufficiently large to be collected by inertial

* Corresponding author phone: (626) 395-4635; fax: (626) 796-
2591; e-mail: seinfeld@caltech.edu.

† California Institute of Technology.
‡ Brechtel Manufacturing Inc.
§ Center for Interdisciplinary Remotely-Piloted Aircraft Studies.
| National Oceanic and Atmospheric Administration.

Environ. Sci. Technol. 2007, 41, 4647-4654

10.1021/es0630442 CCC: $37.00  2007 American Chemical Society VOL. 41, NO. 13, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 4647
Published on Web 05/27/2007



impaction, allowing subsequent chemical analysis by ion
chromatography (IC, Dionex). A series of three denuders
immediately downstream of the PILS inlet removes inorganic
and organic gases that may bias aerosol measurements.
Samples are deposited in vials held on a rotating carousel,
where each vial contains material representing a period of
time between 3.5 and 5 min of flight. IC analysis quantified
the ambient air concentrations of water-soluble ions, in-
cluding inorganic and organic acid ions.

The PILS-IC instrument uncertainty is calculated to be
(7% and the detection limit (calculated as the average
concentration plus three standard deviations of the smallest
detectable peak for each ion in the IC baseline noise and
then converted to air-equivalent units) is <0.04 µg/m3 for
the inorganic ions (NH4

+, SO4
2-, and NO3

-) and <0.01 µg/m3

for the organic acid ions (dicarboxylic acids C2-C9, acetate,
formate, pyruvate, glyoxylate, maleate, malate, methacrylate,
benzoate, and methanesulfonate) pertinent to this study.
Methanesulfonate (MSA-) was detected during MASE and
GoMACCS, but was only quantified for GoMACCS flights
because of uncertainties in its measurement during MASE;
therefore, only the presence of MSA- in MASE samples is
reported, not its concentration. Oxalate is the only organic
acid ion for which quantitative data are shown from MASE,
as it was the only organic acid observed above detection
limits.

The aircraft flight strategy consisted of probing either cloud
fields (MASE and GoMACCS) or a single growing cumulus
cloud (GoMACCS). The flight path generally comprised
multiple level legs below cloud, at different altitudes in cloud,
and above cloud. The cloud field legs were usually sufficiently
long for at least two PILS samples to be collected, while
individual samples collected during shorter single cloud
profiling legs combined residual particles from up to three
different altitude transects. Relative ratios of species in
individual droplet residual particle samples are reported in
this study, as opposed to absolute concentrations, to account

for the variable amount of time the aircraft spent in cloud
when collecting a particular sample.

During MASE, stratocumulus cloud bases typically ranged
between 100 and 400 m, with tops between 350 and 700 m.
Cumulus cloud bases during GoMACCS ranged between 500
and 800 m, with tops between 800 and 3000 m. Typical
stratocumulus liquid water content (LWC) values ranged
between 0.1 and 0.5 g/m3, with a maximum of 0.7 g/m3,
during MASE; cumulus LWC values between 0.1 and 1 g/m3

were typically observed during GoMACCS, with a maximum
of 2.1 g/m3. Sounding profiles up to cloud bases indicate
that the BL tended to be well-mixed during both field
campaigns. An estimate of the in-cloud residence time of an
air parcel in a well-mixed BL can be obtained from the cloud
volume fraction of the BL (35), values of which for both field
studies were usually between 20 and 50%. The volume
fraction was calculated by dividing the average cloud depth
observed during cloud field legs by the BL height; uncertain-
ties in this calculation include the assumption that there
was a continuous cloud deck of the same depth everywhere
in the BL and that there was no deviation in cloud thickness.
For GoMACCS, this likely represents an upper bound since
cloud fractions were on the order of 10%. Organic acids
constituted a significant portion of the above-cloud aerosol
mass during both campaigns; on average, organic acid mass
above cloud during MASE and GoMACCS was 0.07 ( 0.04
µg/m3 (4.9 ( 3.6% of PILS mass) and 0.14 ( 0.14 µg/m3 (6.5
( 5.1% of PILS mass), respectively.

Sources of Oxalate above Cloud
Figure 1 is a schematic of processes that can lead to enhanced
organic acid levels above cloud. Gases such as SO2 and VOCs
ascend into cloud and partition into droplets before par-
ticipating in aqueous-phase chemistry to form SO4

2- and
organic species (such as oxalic acid), respectively (18-28).
At the same time, ambient particles already containing SO4

2-

and organic acids are lofted into cloud. Above cloudtop,

FIGURE 1. Schematic of physical processes leading to an organic acid aerosol layer above clouds. Average oxalate, sulfate, and
methanesulfonate data are shown next to the respective region of the atmosphere where they were measured (below cloud, in cloud,
above cloud, and the FT) for MASE and GoMACCS. During MASE, oxalate represented the entire organic acid mass (mass fraction is not
shown) and absolute concentrations of MSA- were not measured. In addition, only species ratios are reported for the in-cloud category
since absolute concentrations were not measured (NA).
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droplets evaporate leaving residual particles, which contain
newly formed species such as sulfate and oxalic acid. Also,
aerosol containing organic acids can be entrained into the
BL from the FT. Although not discussed here, new particle
formation can also occur above cloud (36).

Oxalate was consistently the dominant organic acid
species measured in both field experiments; during Go-
MACCS, for example, the largest contributor to above-cloud
organic acids was oxalate, on average 87 ( 17% by mass
(Figure 1). Less abundant species included acetate (7 ( 13%),
formate (2 ( 8%), malonate (1 ( 6%), glutarate (1 ( 7%),
MSA- (1 ( 5%), succinate (0.5 ( 3%), and glyoxylate (0.5 (
2%). During both MASE and GoMACCS, the oxalate con-
centration, on average, increased from below to above cloud
by between 25 and 30%, then decreased above the BL to it
lowest values in the FT (Figure 1).

Of 14 cloud field profiling events during MASE, oxalate
concentration was higher above cloud as compared to below
in 12 events (Figure 2). Sulfate was greater above cloud as
compared to below in three of these 14 events (7/16a, 7/13b,
7/17), two of which were influenced by ship emissions; there
was usually slightly less sulfate above cloud as compared to
below. Situations in which the increase in NH4

+:SO4
2- from

below to above cloud was largest tended to exhibit the greatest
amount of oxalate growth as well (7/16a-c). The greatest
increase in both oxalate concentration and the relative
amount of oxalate to sulfate from below to above cloud was
usually associated with higher in-cloud LWC values and larger
BL cloud volume fractions. Four out of nine cloud events, in
which at least four droplet residual samples were collected,
exhibited a strong correlation between sulfate and oxalate
(R 2 > 0.5); this is consistent with in-cloud production of
oxalic acid (19, 21, 25, 26).

During GoMACCS, higher organic acid and oxalate mass
concentrations were observed above cloud as compared to

below in 13 and 16 out of 22 cloud profiling events,
respectively (Figure 3). Only one event (8/23b), which was
directly influenced by the plume from the W.A. Parish Power
Plant, exhibited a higher sulfate concentration above cloud;
sulfate was usually more abundant below cloud due to the
high background levels at lower altitudes from local SO2

sources. When BL cloud volume fractions exceeded 55% in
GoMACCS, the contribution of oxalate to organic acid mass
in aerosol below and above cloud always exceeded 85% and
90%, respectively; these values were lower when the BL cloud
volume fraction was smaller, presumably because the cloud
droplet medium in which organic acids are converted to oxalic
acid was less abundant. Similar to MASE, oxalate was well-
correlated with sulfate in cloud (R 2 > 0.5 in 14 out of the 22
events). It should be noted that in cloud events from both
field campaigns where oxalate increased from below to above
cloud, the increases were significant beyond the PILS-IC
measurement uncertainty.

During strong GoMACCS pollution events (>8000 par-
ticles/cm3 below cloud) the contribution of oxalate to the
total organic acid mass increased from below to above cloud
even though the total organic acid mass itself decreased (8/
23b, 9/2b). Under more polluted conditions, photooxidation
of primary VOCs may have led to lower volatility organic
acids that could have partitioned into below-cloud aerosols.
It is hypothesized that subsequent cloud processing increased
the oxalate mass above these polluted clouds, with simul-
taneous depletion of the other organic acids by deposition,
reaction to form volatile organic side-products, or further
oxidation to produce oxalic acid.

Physical Processes at the Cloudtop Interface (Large
Eddy Simulations)
To assess the likelihood of there being evaporated droplet
residual particles above cloud, we report on LES results for

FIGURE 2. Particulate oxalate concentrations below and above 14 different cloud fields probed during MASE (lines connect below- and
above-cloud measurements for individual cloud profiling events). The points are color coded with their respective oxalate:SO4

2- mass
ratios, which typically increased above cloud. The information in each text box corresponds to the following in order: date of flight; LWC
average/maximum (g/m3); BL cloud volume fraction (%). Letters after the date signify multiple cloud fields studied during the same flight.
“SP” corresponds to clouds influenced by ship plumes.
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the stratocumulus cloud observed July 5, 2005, which was
influenced by ship emissions. For vertical resolution, we use
∆z ) 5 m near the cloudtop interface (z ) 630-730 m); outside
that range, a resolution of 15 m is employed, giving a total
of 94 vertical grid cells. The horizontal resolution is 55 m
with 60 grid cells in each horizontal direction. Periodic
boundary conditions are specified (37). The sea surface
temperature is taken to be 287 K. The large scale divergence
estimated from the National Centers for Environmental
Prediction (NCEP) reanalysis is set at 10-5/s. The initial wind
field is assumed to be constant with u ) 5.75 m/s and v )
-9.96 m/s, as derived from the aircraft measurements. The
initial sounding profiles are based on the smoothed vertical
profiles of potential temperature and total liquid water mixing
ratio sampled by the aircraft. The model is spun up at 4 a.m.
local time with random noise on temperature over the initially
assumed well-mixed sounding profile. The model used is
the LES version of RAMS coupled with bin microphysics, a
detailed description of which is given by Lu and Seinfeld
(37).

The dry aerosol size distribution obtained by the dif-
ferential mobility analyzer in the sub-cloud region (∼227 m)
is fitted with a trimodal log-normal distribution: rg [nm] )
(56, 65, 175), σg ) (1.24, 2.43, 1.31), and N [cm-3] ) (140, 513,
81). Based on aircraft measurements, the simulated CCN is
largely ammonium bisulfate with dry density of 1.79 g/cm3

and soluble fraction of 1. Organic carbon is not considered
as an aerosol component in the LES simulations.

Lagrangian air parcel trajectories from the LES simulations
are derived following the methodology of Stevens et al. (38).
The parcels are released at 10 a.m. local time and tracked for
3 h; 3600 parcels are released at each altitude. The integration
time interval for parcel trajectories is 10 s. Parcels initialized
just below cloudtop have the highest probability of ascending

above cloud (Figure 4A-C); at least 10% of cloud parcels that
originate within the 10 m layer below cloudtop can ascend
above cloud (Table 1). These above-cloud parcels can be
recycled back into cloud or remain above cloud. Cloudtop
residence times of simulated trajectories in nonprecipitating
stratocumulus have been shown to be on the order of 10 min
or longer (38); a significant portion of droplets near cloudtop,
as represented by trajectories in the present simulations, are
likely to undergo evaporation once they are out of cloud.

Stratocumulus clouds typically exhibit a clear diurnal
evolution in cloud top and base (37, 39), and the cloud layer
is thinner during daytime as compared to nighttime. LES
results in Figure 4D show that the simulated cloudtop drops
by about 15 m from 8 to 10 a.m. Extrapolating these results
to the actual measurements suggests that the thin layer above
cloud sampled by the aircraft possibly contained droplet
residual particles from evaporated cloudtops during the day.
Moreover, modeling studies of marine stratocumulus clouds
have shown that cloudtops are not the limit of mixing of BL
air and that turbulence and mixing tend to exist up to tens
of meters above cloud (40, 41). Hegg et al. (42) reported
measurements directly above stratocumulus off the coast of
California, as in the present experiment; their measurements
also indicate that cloud-processed aerosol detraining from
the marine cloud layer were being sampled. In summary,
both Lagrangian trajectory analysis and diurnal cloud top
evolution provide evidence that a significant fraction of
aerosol particles above cloud are likely residual particles from
evaporated cloud droplets. Both mechanisms work con-
comitantly and continuously during the day, as the resultant
residual particle layer thickens. This conceptual model
provides support for physical mechanisms leading to a
residual organic acid aerosol layer above clouds.

FIGURE 3. Particulate organic acid concentrations below and above 22 different cloud systems probed during GoMACCS (lines connect
below- and above-cloud measurements for individual cloud profiling events). The points are color coded with their respective oxalate:SO4

2-

mass ratios, which typically increased above cloud. Larger marker sizes, usually above cloud, also denote that oxalate contributed
relatively more to the total organic acid mass. The information in each text box corresponds to the following in order: date of flight; LWC
average/maximum (g/m3); BL cloud volume fraction (%). Letters after the date signify multiple cloud fields studied during the same flight.
“PP” corresponds to clouds influenced by the Parish Plant plume.
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We utilize the results from the trajectory analysis to assess
the amount of organic acid mass measured above cloud.
Using results from Table 1, specifically that 56% of 159
droplets/cm3 ascend above cloudtop, and assuming that
residual particles from these evaporated droplets have
diameters of 150 nm, the density of ammonium bisulfate
(1.79 g/cm3), and an organic acid mass fraction of 5% (based
on measurements), the particulate organic acid concentration
calculated (∼0.01 µg/m3) is less than those measured. An
increase in any of the input variables will increase this value,
and this calculation still does not account for the thickening
of the residual particle layer during the day. Assuming that
all the aerosol above cloud consisted of evaporated droplets
at 1000 particles/cm3, 0.16 µg/m3 of organic acids is predicted
to be present, which approaches the highest measurement
made above cloud during MASE (Figure 2: 7/16c ) 0.14 µg/
m3). The more convective clouds encountered during Go-
MACCS, as compared to the stratocumulus clouds in MASE,
would have been more effective at pumping cloud-processed
aerosol above their tops. Vigorous mixing and transient cloud
evolution (clouds grow and dissipate rapidly during the day)
during GoMACCS likely contributed to the observed organic
acid aerosol layer above cloud; during above-cloud legs, the
aircraft was frequently sampling in areas that were recently
occupied by the top portions of a cloud that evaporated.

Oxalic Acid Chemistry
Detection of aqueous-phase intermediates to oxalic acid in
several cloud events provides evidence for a cloud processing
mechanism. Glyoxylate was detected in droplet residual
particles in six GoMACCS cloud events. Typically, the
glyoxylate concentration in total aerosol samples was an order
of magnitude lower than that of oxalate, with glyoxylate
peaking at 0.03 µg/m3. Acetic acid, an aqueous precursor to
glyoxylic acid, was measured during the same six events as
well. The six cloud events were marked by higher LWC values
as compared to others, which may explain why aqueous oxalic
acid precursors reached measurable concentrations. Higher
LWC values increase partitioning of gases (including organic
precursors to oxalic acid) into droplets, which promotes
enhanced production of oxalic acid from oxidation of
intermediates such as glyoxylic and acetic acids.

It has been shown that glyoxylic acid produces oxalic acid
more efficiently at higher droplet pH values, because the
rate constant of the oxidation of glyoxylic acid is an order of
magnitude lower than that of its anion, glyoxylate (43). Also,
effective Henry’s Law coefficients are a function of pH; higher
acidity reduces droplet uptake efficiency for aqueous-phase
precursors to oxalic acid. Similarly, the solubility of sulfate
precursors and the aqueous oxidation of these precursors
both have pH dependence. However, the production rate of
oxalic acid is greater than that of sulfate at pH levels expected
in cloud droplets; the Henry’s Law coefficients for oxalic acid
VOC precursors (for example, glyoxal ) 3 × 105 M/atm; acetic
acid ) 5500 M/atm, pyruvic acid ) 3.11 × 105 M/atm; glycolic
and glyoxylic acids ) 9000 M/atm) exceed that of SO2 (1.24
M/atm) (1, 44). In addition, at higher droplet pH conditions,
the reaction rate constant for oxalic acid production from
OH oxidation of glyoxylate, 2.9 × 109 M-1 s-1 (OH oxidation
of glyoxylic acid ) 3.6 × 108 M-1 s-1), exceeds that of sulfate-
producing reactions (SO2 + O3 ) 2.4 × 104 M-1 s-1; HSO3

-

+ O3 ) 3.7 × 105 M-1 s-1; SO3
2- + O3 ) 1.5 × 109 M-1 s-1;

H2O2 + HSO3
- + H+ ) 7.2 × 107 M-2 s-1) (43, 44).

FIGURE 4. (A-C) Example of the temporal evolution of trajectories from a 2D slice of the 3D LES simulation. Trajectories are initialized
at various altitudes (z) near cloudtop. Trajectories that always stay inside cloud are shown as gray lines; those that penetrate above cloud
at least once are represented by black lines. The thick red horizontal line marks the cloudtop (675 m). (D) Temporal evolution of cloudtop
from the LES simulation of the stratocumulus cloud observed July 5, 2005, which was influenced by ship emissions (corresponds to 7/5
in Figure 2). Detailed discussion of this cloud can be found in Lu et al. (29).

TABLE 1. Summary of Lagrangian Trajectory Results

initial trajectory
altitude

(m)
(cloudtop ) 675 m)

fraction of trajectories
penetrating above

cloudtop at least once
(%)

mean cloud droplet
number concentration

(no./cm3)

672.5 56 159 ( 67
667.5 13 303 ( 112
662.5 4 284 ( 185
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GoMACCS cloud data are consistent with a role of acidity
in in-cloud processes. The oxalate:SO4

2- ratio increased when
ascending from below to above cloud in all MASE and
GoMACCS cloud events, before decreasing above the BL.
The below- to above-cloud ratio of oxalate to sulfate exhibited
the largest increase when BL cloud volume fractions exceeded
55%; these cases also included cloud fields with some of the
highest LWC values. During a single cloud profiling event
(Figure 5: bottom), seven residual particle samples were
collected with ascending altitude in a growing cumulus cloud,
and the oxalate:SO4

2- ratio increased in strong correlation
with the maximum LWC amount. The greatest increases in
the oxalate:SO4

2- ratio occurred in the fourth and sixth sample
when the greatest increases in the maximum LWC occurred.
Cloud LWC increased with altitude, but decreased near
cloudtop due to entrainment drying. In another cloud
profiling event where two adjacent growing cumulus clouds
were probed (Figure 5: top), the same trends were observed
for six residual particle samples collected. The oxalate:SO4

2-

ratio grew with altitude as the maximum LWC increased,
with the sharpest increases occurring with the maximum
LWC increase. The cumuli in the two events were almost the
same depth and exhibited similar oxalate:SO4

2- mass ratios
with altitude (0.10-0.40); the highest ratios were observed
in the top half of the clouds. Observations from these cloud
profiling events show that higher altitudes in cloud have
increased LWC (with the exception of near the top due to
entrainment drying) and as a result, higher droplet pH; the
rate of oxalic acid production is enhanced relative to sulfate
with increasing LWC in cloud. Also, higher oxalic acid
concentrations relative to sulfate in the upper levels of clouds
are a consequence of multistep aqueous-phase oxalic acid
production (several subsequent oxidation steps are necessary
before oxalic acid is formed from VOC precursors, whereas
fewer steps are required for sulfate production; 18-28), which
is facilitated by more time in cloud. The oxalate:SO4

2- ratio
showed no increasing trend with altitude on clear days; most

of the higher clear air ratios were observed during flights
when the plane was performing a spiral ascent or descent
in an area near clouds. These results offer an explanation of
high ratios of oxalate to sulfate above cloud.

Of 22 flights during GoMACCS, only two showed consistent
particulate nitrate levels above 0.5 µg/m3 in the BL. In these,
the sampled particles exhibited NH4

+:SO4
2- molar ratios

above two, indicating that there was sufficient NH3 to
neutralize SO4

2-, thereby allowing HNO3 to partition into
the particle phase, forming NO3

-. Four total cloud profiling
events were carried out during these two flights (Figure 3:
8/29a-c, 8/31) in the high-nitrate area. Three of these events
exhibited lower particulate oxalate and organic acid con-
centrations above cloud as compared to below. The oxalate:
SO4

2- ratio showed either no change or only a small increase
from below to above cloud. In the presence of high HNO3

levels and relatively lower LWC values, the droplets are more
acidic, presumably suppressing organic acid formation. That
the in-cloud production rate of oxalate seemed to be reduced
during these cloud events suggests again that FT entrainment
is not the dominant source of above-cloud oxalate levels.

Methanesulfonate
Methanesulfonate data from both campaigns show that the
aerosol both above the BL and below clouds can be a source
for this species above clouds. Methanesulfonic acid is formed
by dimethylsulfide (DMS) oxidation by free radicals such as
OH, where DMS is excreted by phytoplankton in seawater
(45). Data from MASE and GoMACCS show that, on average,
oxalate increased in concentration with altitude from below
to above cloud; MSA- exhibited the opposite behavior (Figure
1). MSA- was most frequently detected below cloud; its
frequency of detection decreased with altitude until eventu-
ally increasing above cloud. Since the occurrence of MSA-

was not observed to be enhanced in cloud, its source above
cloud is more likely to be from above the BL. Most of the

FIGURE 5. Droplet residual particle data from two different GoMACCS cloud profiling events. (Top) The TO probed two adjacent cumuli
(corresponds to 9/10 in Figure 3); (Bottom) the TO probed one cumulus cloud (corresponds to 9/7b in Figure 3). The mass ratio of oxalate
to sulfate usually increased with increasing LWC.
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GoMACCS MSA- measurements occurred over the Gulf of
Mexico; although not reflected in the average concentrations
in Figure 1, comparable levels of MSA- were measured above
cloud and in the FT over the Gulf (0.02-0.05 µg/m3), with
a decrease observed in cloud.

Five-day back-trajectories computed from the NOAA
HYSPLIT model (46) for MASE indicate that the air tended
to originate from areas over the Pacific Ocean farther north
up the coast of the United States and from farther west over
the ocean. Five-day back-trajectories indicate that air parcels
in the GoMACCS flights with MSA- detected originated farther
southeast over the Gulf of Mexico. Vertical transport from
the marine BL injects MSA- or its precursors, such as DMS,
into the lower FT. It is hypothesized that the MASE marine
BL, which exhibited continuous decks of stratocumulus
clouds, was more effective at entraining MSA- enriched
aerosol above clouds. The data indicate that the FT is a source
of above-cloud MSA- in both regions studied, and organic
acids other than MSA- may also be contained within these
entraining aerosol particles.
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