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g r a p h i c a l a b s t r a c t
� The major sources of NO3
� in the

study region are ship and fire
emissions.

� Entrainment of wildfire emissions
can significantly increase NO3

� in
clouds.

� Nitrate is associated with crustal
particles in the coastal region.

� The nitrate-to-sulfate mass ratio de-
creases rapidly with cloud height.

� Volatilization during drop evapora-
tion pushes NO3

� to the gas phase.
a r t i c l e i n f o

Article history:
Received 18 March 2014
Received in revised form
6 August 2014
Accepted 8 August 2014
Available online 9 August 2014

Keywords:
Cloud water
Chloride depletion
Stratocumulus
Marine
Biomass burning
Sea-salt
a b s t r a c t

This study examines the sources of NO3
� in stratocumulus clouds over the eastern Pacific Ocean off the

California coast using airborne and surface measurement data from the Eastern Pacific Emitted Aerosol
Cloud Experiment (E-PEACE; 2011) and Nucleation in California Experiment (NiCE; 2013). Average NO3

�

air-equivalent concentrations in cloud water samples categorized as having been influenced by ship
exhaust (2.5 mg m�3), strong marine emissions (2.5 mg m�3) and fires (2.0 mg m�3) were more than twice
that in the background cloud water (0.9 mg m�3). During periods when biomass burning plumes resided
above cloud top, 16 of 29 cloud water samples were impacted due to instability in the entrainment
interface layer with NO3

� levels reaching as high as 9.0 mg m�3. Nucleation scavenging of chloride
depleted sea-salt is a source of cloud water NO3

�, with the lowest Cl�:Naþ ratio (1.5) observed in ship-
influenced samples. Surface aerosol measurements show that NO3

� concentrations peak in the particle
diameter range of 1.0e5.6 mm, similar to Na, Cl� and Si, suggesting that drop activation of crustal par-
ticles and sea salt could be an important source of NO3

� in cloud water. The contrasting behavior of NO3
�

and SO4
2� is emphasized by the NO3

�:SO4
2� mass concentration ratio which is highest in cloud water (by

more than a factor of two) followed by above cloud aerosol, droplet residual particles, and below cloud
aerosol. Trends of a decreasing NO3

�:SO4
2� ratio with altitude in clouds are confirmed by parcel model

studies due to the higher rate of in-cloud sulfate formation as compared to HNO3 uptake by droplets.
© 2014 Elsevier Ltd. All rights reserved.
85721, USA.
oshian).
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1. Introduction

Nitrate (NO3
�) is a key inorganic anion in cloud water that can

alter microphysical properties in clouds, influence aqueous-phase
processes in drops and affect ecosystems after wet deposition.
The uptake of nitric acid (HNO3) by aerosol particles enhances their
cloud drop nucleating ability and can lead to increases in both cloud
drop number concentration and cloud albedo (Xue and Feingold,
2004; Makkonen et al., 2012); uptake of HNO3 by cloud drops can
also increase the hygroscopicity of cloud droplet residual particles
after drop evaporation (Henning et al., 2014). Negative radiative
forcing from nitrate-containing particles has been projected by
global aerosol models to increase due to future elevated levels of
nitrate precursors (Liao et al., 2006; Bauer et al., 2007). It is
important to understand the factors governing nitrate concentra-
tions in marine clouds.

The goal of this study is to use airborne chemical measurements
off the California coast to identify sources of NO3

� in marine cloud
water and factors that dictate the strength of their influence on
NO3

� concentrations. Airborne measurements from two flight
campaigns, NiCE and E-PEACE, have been utilized to evaluate pro-
cesses through which NO3

� enters cloud water (nucleation scav-
enging and uptake of gas-phase HNO3). The persistent summertime
stratocumulus cloud deck in the study region provides a tailor-
made venue for this type of investigation, as it is impacted by a
number of different sources enriched with NO3

� precursors such as
ships, wildfires, and continental anthropogenic emissions. This
study benefits from the rapid sampling of cloud water to provide a
high level of spatiotemporal resolution, especially vertically in
clouds.

2. Experimental methods

2.1. Flight campaign descriptions

2.1.1. Nucleation in California Experiment (NiCE), 2013
The Center for Interdisciplinary Remotely e Piloted Aircraft

Studies (CIRPAS) Twin Otter conducted 23 flights during the
Nucleation in California Experiment (NiCE) between July and
August in 2013 over the Pacific Ocean off the central California coast
(34�Ne43�N, 119�We126�W). Two major aims of NiCE were to
study (i) the dependence of cloud properties on environmental
conditions, and (ii) nucleation events from urban pollution, animal
husbandry and biogenic emissions. During NiCE, a number of
wildfires occurred near the CaliforniaeOregon border, smoke from
which was transported to the study region with the potential to
impact clouds.

2.1.2. Eastern Pacific Emitted Aerosol Cloud Experiment (E-PEACE),
2011

Thirty research flights were conducted with the Twin Otter
during the Eastern Pacific Emitted Aerosol Cloud Experiment (E-
PEACE), conducted between July and August in 2011, to study aer-
osolecloudeprecipitationeradiation interactions in the same re-
gion as NiCE with a nearly identical instrument payload. A general
overview of the E-PEACE campaign is provided by Russell et al.
(2013). The present study is primarily based on measurements
made during NiCE; however, data from E-PEACE are included to
provide additional statistics and thus more confidence for a subset
of the results.

2.2. Airborne measurements

Twin Otter measurements focused on microphysical properties
of particles and clouds in addition to meteorological variables.
Nearly all flights consisted of level legs below cloud, in cloud (cloud
base, mid-cloud, cloud top) and above cloud. Cloud water was
collected using a modified Mohnen slotted-rod cloud water col-
lector (Hegg and Hobbs, 1986). These samples were collected over a
10e30 min duration in high-density polyethylene bottles. The
collector was inserted upwards through a port at the top of the
aircraft during cloud passes. A total of 119 and 87 samples were
collected in NiCE and E-PEACE, respectively. The collection effi-
ciency of the collector is inversely related to the speed of the
aircraft with little correlation with drop mass mean diameter up to
~35 mm (Hegg and Hobbs, 1986). Samples were tested for pH
(Oakton Model 110 pH meter calibrated with pH 4.01 and pH 7.00
buffer solutions) and treated with 5 mL chloroform to prevent
subsequent biological processing. Detailed analysis of chemical
composition was conducted with ion chromatography (IC; Thermo
Scientific Dionex ICS e 2100 system) and inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7700 Series).
Tables S1eS2 (Supplement) report limits of detection, precision,
and cloud water blank sample concentrations for species measured
by the IC. The charge balance of ionic species measured by the IC in
cloud water samples exhibits a best-fit slope (positive charges on y-
axis) of 1.02 ± 0.01 (Fig. S1 in Supplement). Elemental concentra-
tions reported by the ICP-MS are the averages over three mea-
surements, with standard deviations less than 3%. The limits of
detection of all species were in the ppt level. More details about
these techniques are provided elsewhere (Sorooshian et al., 2013;
Wang et al., 2014).

Sub-micrometer non-refractory aerosol composition measure-
ments were conducted with a compact time-of-flight aerosol mass
spectrometer (C-ToF-AMS, Aerodyne) (Drewnick et al., 2005). In
clear air, particles were sampled through a sub-isokinetic aerosol
inlet (Hegg et al., 2005). When in clouds, the C-ToF-AMS sampled
cloud drop residual particles downstream of a counterflow virtual
impactor (CVI). The efficiency of drop entry into the CVI increases
with drop size with a Dp,50 of 11 mm, but there is decreasing
transmission efficiency with increasing drop size inside the inlet
mainly owing to inertial deposition (Shingler et al., 2012). Shingler
et al. (2012) reported that theDp,50 of the CVI was sufficiently low to
sample the majority of the drop distribution during flights in the
study region with the exception of periods near cloud bases,
especially when influenced by ship plumes. Droplet number con-
centration, Nd (cm�3), was measured by a cloud aerosol spec-
trometer (CAS), and liquid water content (LWC) was obtained with
a PVM-100 probe (Gerber et al., 1994). Sub-cloud particle number
concentrations in the diameter ranges 0.01e1.0 mm and 0.1e2.6 mm
were obtained using a condensation particle counter (CPC 3010; TSI
Inc.) and a passive cavity aerosol spectrometer probe (PCASP),
respectively.

While the NO3
� fraction of sea salt is negligible, the non-sea salt

(NSS) fraction of SO4
2� in cloud water is calculated using Naþ con-

centrations (SO4
2�:Naþ is ~0.25 by weight for sea salt; Seinfeld and

Pandis, 2006). Henceforth, SO4
2� refers to NSS SO4

2�. Liquid-phase
concentrations of cloud water species were converted to air-
equivalent concentrations by multiplication with the average LWC
measured during the cloud water collection time. A threshold LWC
value of 0.02 g m�3 is used to define periods in clouds.

2.3. Ground measurements

Size-resolved aerosol composition measurements were con-
ducted during NiCE ~4 km from the coast in Marina, CA with a 10-
stage micro-orifice uniform deposit impactor (MOUDI; M110-R,
MSP Corporation; Marple et al., 1991). The 50% cut-off sizes of the
MOUDI, assuming flat impaction surfaces, are 0.056, 0.1, 0.18, 0.32,
0.56, 1.0, 1.8, 3.2, 5.6, 10 and 18 mm in aerodynamic diameter. The
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cut sizes for the Teflon filters (PTFEmembrane, 2 mmpore, 46.2mm,
Whatman) may be slightly modified depending on their surface
roughness (Marjamaki and Keskinen, 2004; Fujitani et al., 2006).
The samples were collected over a duration of 96 h with a flow rate
of 30 L min�1. The filters were cut in half and only one half was
extracted for chemical characterization of the samples. Extractions
were performed by using 10 mL of milli-Q water in sealed glass
vials that were sonicated at 30 �C for 20 min. Extracts were
refrigerated prior to being analyzed with ICP-MS and IC. MOUDI
species examined here include NO3

�, SO4
2�, Cl�, Na and Si, where

concentrations of only the latter two are from ICP-MS.
Fig. 1. Plot of cloud water NO3
� versus cloud water Naþ measured during (a) E-PEACE

and (b) NiCE. The square markers are samples with low vanadium, V (<1 ng m�3). The
circular markers are samples with higher V (>1 ng m�3). The straight lines and insert
equations are associated with the linear fits (significant at the 95% confidence level)
between NO3

� and Naþ for low V conditions. All species in cloud water are reported in
air-equivalent concentrations.
3. Results and discussion

3.1. Major emissions sources (NiCE data)

Nitrate was the fourth most abundant water-soluble species in
cloud water during NiCE, after Naþ, Cl� and SO4

2�. Average NO3
� air-

equivalent concentrations in the study region (1.5 ± 1.6 mg m�3) are
similar in magnitude to those measured in North Atlantic marine
clouds influenced by continental European air masses
(2.1 ± 1.2 mg m�3; Borys et al., 1998), the southeast Pacific Ocean
(~0.7 mg m�3; Benedict et al., 2012) and off the southern California
coast (~0.6 mg m�3; Straub et al., 2007).

NiCE cloud water data are further grouped into four major cat-
egories (“ship”, “fire”, “low Cl�marine” and “high Cl�marine”) for a
quantitative comparison between the different sources (Table 1).
Cloud water samples with sub-cloud (immediately below cloud
base) maximum CPC concentrations >900 cm�3 and vanadium (V)
>1 ng m�3 are classified in the ship category; measurements in the
region have identified V as a ship exhaust tracer (Coggon et al.,
2012). In addition to visual and olfactory evidence, samples with
above-cloud maximum PCASP concentrations >1000 cm�3 are
considered in the fire category; biomass burning plumes during
NiCE produced particles with diameters predominantly above
100 nm, which is the lower size limit of the PCASP. Despite the
presence of smoke above the clouds, not all cloud water samples
shared evidence of smoke, as discussed in Section 3.2.3. Hence, the
fire group was divided further into two sub-groups: samples with
and without smoke entrainment. The remainder of the samples
were influenced predominantly by marine emissions; those
exhibiting Cl� concentrations exceeding 11 mg m�3 (i.e. average
measured during NiCE) were identified as “high Cl� marine” while
the rest were categorized as “low Cl� marine”. These latter samples
do not necessarily represent pristine conditions since the majority
of the study region is influenced by aged anthropogenic emissions,
mainly from ships (Coggon et al., 2012). While not a specifically
designated category, continental emissions (biogenic and anthro-
pogenic) other than from fires can also influence the regional
clouds (Coggon et al., 2014). Air-equivalent NO3

� concentrations in
cloud water samples characterized as “high Cl� marine”
Table 1
Summary of the average chemical characteristics of NiCE cloud water samples categorized
are reported in air-equivalent units (mg m�3). Sample number is shown in parentheses.

High Cl� marine Ship Fire (with s

Nitrate (mg m�3) 2.5 ± 1.9 (12)
max ¼ 6.2

2.5 ± 2.1 (17)
max ¼ 8.2

2.0 ± 2.2 (1
max ¼ 9.0

Oxalate (mg m�3) 0.2 ± 0.2 (12)
max ¼ 0.5

0.2 ± 0.2 (17)
max ¼ 0.7

0.5 ± 0.6 (1
max ¼ 2.7

pH 4.2 ± 4.3 (11) 4.1 ± 4.3 (15) 4.1 ± 4.2 (1
Cl�:Naþ 1.8 ± 0.1 (11) 1.5 ± 0.3 (17) 1.7 ± 0.2 (1
Oxalate:Naþ 0.01 ± 0.02 (11) 0.3 ± 0.3 (17) 0.4 ± 0.4 (1
Oxalate:V 202 ± 68 (10) 100 ± 135 (16) 725 ± 437 (
(2.5 ± 1.9 mg m�3), “ship” (2.5 ± 2.1 mg m�3) and “fire” with
entrainment (2.0 ± 2.2 mg m�3) are more than twice those than in
“low Cl� marine” category (0.9 ± 0.7 mg m�3). Nitrate in samples
with smoke entrainment reached values as high as 9.0 mg m�3;
however, fire samples not characterized by smoke entrainment
exhibited comparable NO3

� levels to “low Cl� marine” samples.
Table 1 also reports chemical mass concentration ratios inten-

ded to further support the sample grouping criteria, as each
emission source is characterized by specific tracer species that are
used in the ratios. Oxalate and NSS Kþ are commonly used as
chemical tracers for biomass burning emissions. However, NSS Kþ

exhibited highest concentrations in ship influenced samples,
whereas oxalate was highest in fire samples and thus chosen as the
fire tracer. Ratios of [Oxalate]:[Naþ] and [Oxalate]:[V] are used to
based on the emissions source they are most strongly influenced by. Concentrations

moke entrainment) Fire (no smoke entrainment) Low Cl� marine

6) 0.6 ± 0.4 (13)
max ¼ 1.3

0.9 ± 0.7 (49)
max ¼ 3.7

6) 0.11 ± 0.07 (13)
max ¼ 0.3

0.10 ± 0.07 (49)
max ¼ 0.4

5) 4.3 ± 4.8 (12) 4.3 ± 4.5 (48)
6) 1.7 ± 0.1 (13) 1.8 ± 1.1 (49)
6) 0.3 ± 0.5 (13) 0.2 ± 0.2 (49)
15) 387 ± 297 (13) 178 ± 105 (45)



Fig. 2. Speciated aerosol mass size distributions measured at a coastal ground site in
the study region during the NiCE campaign.
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distinguish fire samples from “high Cl�marine” (high Naþ) and ship
samples (high V), respectively. Average values of both ratios are the
highest in fire influenced samples, while [Oxalate]:[Naþ] and
[Oxalate]:[V] are lowest in the “high Cl� marine” and ship cate-
gories, respectively. Therefore, the ratio results show that the
categorization criteria are suitable to distinguish between samples
clearly influenced by either fires, ships, or strong marine emissions.
It is worth noting that the most acidic samples were in the ship
(pH ¼ 4.1) and fire influenced (pH ¼ 4.1) categories (Table 1).

3.2. Pathways of nitrate into and out of cloud water

3.2.1. Nucleation scavenging and chloride depletion
Nitrate can enter cloud drops through drop activation of NO3

�-
containing particles. Nitric acid is known to replace Cl� in sea salt
(NaCl) to form NaNO3 and release gaseous HCl (Seinfeld and Pandis,
2006). The average mass ratio of Cl�:Naþ was lower than the ideal
value of 1.8 (composition of natural sea salt; Seinfeld and Pandis,
2006) in all categories except “low/high Cl� marine” (Table 1).
This is suspected to be a result of chloride depletion by strong acids
like HNO3 and H2SO4. The ratio was the lowest (1.5) in the ship
category due to substantial NOx emissions and low ammonia con-
centrations resulting in higher amounts of HNO3. Cloud water NO3

�

increased as a function of cloud water sodium (Naþ) under low ship
influence (indicated by V) during both campaigns (Fig.1). In cases of
direct ship emissions (V > 1 ng m�3), NO3

� concentrations in cloud
water were much higher due to the likely dissolution of HNO3. The
linear relationship between NO3

� and Naþ is supportive of chloride-
depleted sea salt being a potential pathway for cloud water NO3

� via
nucleation scavenging, assuming the source of Naþ in cloud water
is sea salt. Crustal dust naturally contains Naþ, which is ~1.9% of Si
by mass (Seinfeld and Pandis, 2006); even if the highest Si air-
equivalent concentration measured in cloud water during NiCE
(0.44 mg m�3) is assumed to be from continental wind-blown dust,
the contribution of dust to cloudwater Naþwould be less than 1% of
the total Naþ measured in the cloud water samples. It is noted here
that some of the displaced HCl may be scavenged by cloud droplets
before removal by dry or wet deposition to the sea surface.

The cloud water data suggest that nitric acid partitions to sea
salt and crustal particles, which can activate into drops, and the
NiCE MOUDI data allow for confirmation that NO3

� is contained in
such particles. The mass concentrations of NO3

�, Na, Cl� and Si peak
between 1.0 and 5.6 mm (Fig. 2). Elemental Na mass concentrations
measured by ICP-MS are used here (instead of Naþ) to include all
sources of Na. Fig. 2 suggests that NO3

� is associated with sea salt
and Si-enriched particles. While Na and Cl� are the major compo-
nents of sea salt, Si and Na are components of crustal dust in
addition to various other sources such as fly ash, ship emissions,
and biomass burning (Furutani et al., 2011). The role of these coarse
particles as a sink for HNO3 is especially important when ammo-
nium nitrate formation is not favored such as in the study region,
which is characterized by slight acidity (Table 1).

3.2.2. Nitrate:sulfate ratio in and around clouds
The concentration ratio of NO3

� to SO4
2� offers insights into the

extent to which partitioning to cloud drops is more important
relative to nucleation scavenging of cloud condensation nuclei
(CCN) containing these species. For instance, one airborne-based
study in the vicinity of Ohio indicated that NO3

� enters cloud wa-
ter predominantly through partitioning of gaseous HNO3, whereas
SO4

2� enters mostly through nucleation scavenging (Hayden et al.,
2008). That study found the highest NO3

�:SO4
2� ratios in bulk

cloud water, followed by cloud droplet residual particles and sub-
cloud particles. Drewnick et al. (2007) separately showed that for
Mt. Åreskutan in central Sweden the NO3

� fraction in droplet
residual particles was much larger than in ambient particles in
contrast to SO4

2�, which exhibited a higher mass fraction in ambient
particles. They suggested that particles predominantly comprised
of NO3

� were more efficiently activated to form cloud drops relative
to those enriched with SO4

2�; furthermore, they concluded that
scavenging of vapors (e.g., HNO3) by drops was not responsible for
their results. Different conclusions in these two studies motivate an
analysis of how this chemical mass concentration ratio varies inside
and outside of clouds in our study region.

During E-PEACE and NiCE, the highest values of NO3
�:SO4

2� were
measured in cloudwater as compared to C-ToF-AMSmeasurements
outside of cloud and downstream of the CVI in cloud (Fig. 3). It is
noted that C-ToF-AMS NO3

� generally was below detection limits on
cloud-free days in the marine boundary layer. The peak ratio in
cloud water could be a result of (i) an increase in cloud water NO3

�

through uptake of HNO3, or (ii) NO3
� in coarse and/or refractory

particles that served as CCN not measured by the C-ToF-AMS. The
average NO3

�:SO4
2� ratio in cloud water was higher during NiCE

(2.45± 2.8) as compared to E-PEACE (0.4 ± 1.1) due largely to higher
NO3

� concentrations from biomass burning that occurred only
during NiCE. Sulfate concentrations were more comparable in both
experiments (0.78 and 1.12 mg m�3 in NiCE and E-PEACE, respec-
tively). The NO3

�:SO4
2� ratio above cloud tops was consistently

higher than that below clouds (4.3 times higher for both campaigns
combined) due to more sub-cloud SO4

2� from stronger sources such
as ships and dimethylsulfide, and enhanced NO3

� from biomass
burning residing above cloud top in the case of NiCE. Average C-
ToF-AMS NO3

� (SO4
2�) levels above and below cloud were 0.40 (0.69)

and 0.14 (0.92) mg m�3 for NiCE, respectively, and 0.04 (0.42) and
0.05 (1.23) for E-PEACE. Although higher than the sub-cloud
average value, the NO3

�:SO4
2� ratio in cloud droplet residual parti-

cles was considerably lower than that in cloud water (80% lower
during E-PEACE and 79% lower during NiCE). This is most likely the
result of volatization of NO3

�, unlike SO4
2�(Hayden et al., 2008); the

heated air stream in the CVI inlet ranged between approximately
30e35 �C.
3.2.3. Case studies of biomass burning influence on cloud water
nitrate

Flight 16 measurements during NiCE (N16), conducted on 29
July 2013, were influenced by smoke from the Big Windy and
Whiskey Complex forest fires in southwest Oregon. Biomass
burning releases NOx that is photochemically oxidized to HNO3,
which could then be neutralized by alkaline species. Nitric acid can
partition to particles, such as those in the coarse size range (Fig. 2),
and be transported over long distances (Ruellan et al., 1999). The
concentration of super-100 nm particles in the free troposphere



Fig. 3. Average values of the NO3
�:SO4

2� mass concentration ratio below, in and above cloud during (a) E-PEACE and (b) NiCE.
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was enhanced (maximum concentration ¼ 4608 cm�3) due to
wildfire smoke (Fig. 4a). Although cloudy areas sampled during the
flight had a thick layer of smoke above them, the cloud water
samples were not influenced by the smoke to the same extent.
Three cloud water samples (#90, #96 and #97), roughly within
~30e50 km of each another, are discussed to illustrate this point.
Samples 96 and 97 (unlike Sample 90) exhibited significantly
higher concentrations of NO3

�, K, Ca, Mn, Al, Cl� and oxalate (Fig. 5).
These species have been measured in emissions from biomass
burning in other regions (Hays et al., 2002; Wonaschütz et al.,
2011). The higher concentrations of Al and Ca in Samples 96 and
97 relative to Sample 90 are also consistent with the lofting of soil
dust during wildfires (Clements et al., 2008; Kavouras et al., 2012).

The smoke above clouds must be entrained into the clouds in
order to alter cloud properties. Entrainment of the biomass burning
plume in Samples 96 and 97 resulted in an increase in number
concentration of super-100 nm particles below cloud top (Fig. 4a).
Entrainment of free tropospheric air into clouds is governed by the
stability of flow in a narrow layer immediately above the cloud top,
called the entrainment interface layer (EIL). The EIL is treated here
as a ~20 m thick layer above the cloud tops (Haman et al., 2007).
Enhanced turbulent flow in the EIL promotes more entrainment of
free tropospheric air into the clouds. Atmospheric turbulence is
quantified by the gradient Richardson Number, Ri, which accounts
for both static and mechanical instabilities:
Fig. 4. Vertical profiles of (a) number concentration of super-100 nm particles (from PCASP
Samples 96 and 97 experienced entrainment of smoke at cloud top unlike Sample 90. The s
represent the cloud base and top for Samples 90 and 97.
Ri ¼ g
qv

vqv=vz�
vu=vz

�2

þ
�
vv=vz

�2 (1)

where g is acceleration due to gravity (9.8 m s�2), qv is the virtual
potential temperature (K), u and v are components of the horizontal
wind (m s�1) in the EIL, and z is the thickness of the EIL (~20m from
cloud top). When applied to a layer of finite thickness, this is called
the bulk gradient Richardson Number, Rib. If Rib < 0, the layer is
statically (or thermally) unstable and leads to convectionwithin the
layer. If Rib > 0, the layer is statically stable but if it gets lower than
the critical value (Rc) of 0.25, non-turbulent flow will become tur-
bulent due tomechanical instability. Once Rib becomes greater than
the termination value (RT) of 1, the flowwill become non-turbulent
(Stull, 2003). For Sample 90, which was collected between 10:43
and 10:53 (Local Time, LT), the EIL was non-turbulent (Rib is 1.7). In
contrast, Samples 96 and 97, which were collected later in the day
(13:08e13:15 and 13:29e13:43 LT, respectively), were obtained in
the presence of high shear in horizontal winds in the EIL. The Rib
value for Samples 96 and 97 was 0.29 and 0.21, respectively, and
thus the EIL above these two samples was turbulent (Fig. 4b),
resulting in entrainment of the free tropospheric smoke into the
cloud. It must be noted here that there is a hysteresis effect in the
behavior of turbulent flow because Rc < RT. Hence, relevant to the
) and (b) horizontal wind speed for three cloud water samples collected during NiCE.
olid horizontal lines represent the cloud base and top for Sample 96. The dashed lines



Fig. 5. Chemical composition (air-equivalent units) of three cloud water samples from
NiCE Research Flight 16 conducted on 29 July 2013 with varying influence from
biomass burning plumes above cloud top.
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categorization in Table 1, for samples with Rib values between 0.25
and 1, and samples with missing meteorological measurements,
the vertical distributions of PCASP number concentration were
used to identify turbulence and thus entrainment.
3.3. Vertical profiles of the nitrate:sulfate ratio in clouds

3.3.1. Model set-up
To explore processes affecting the relative concentration of ni-

trate and sulfate in clouds, a parcel model is used to simulate the
ascent of an air parcel along a trajectory of a typical stratocumulus
cloud, as derived from large eddy simulations (Ervens et al., 2004).
The model is initialized with aerosol size distributions
(~20 < Dp < ~900 nm) that represent the encountered source
characteristics (Table S3). These particles are activated into cloud
droplets according to K€ohler theory, near cloud base when the air is
supersaturated with respect to water vapor. At each model time
step, the trajectory prescribes temperature, pressure, and total
water mixing ratio in the ascending air parcel. The simulations start
just below cloud base (RH ~ 99%). Below a threshold of LWC of
0.01 gm�3, only chemical processes in the gas phase are considered
which include the oxidation of volatile organic compounds and NOx

by OH and O3; above this limit, uptake of soluble gases and their
processing in the aqueous phase are simulated. Initial conditions
for “low Cl� marine”, “ship” and “fire”, as encountered during NiCE,
are summarized in Table S3 (Supplement). The resulting drop size
distribution is treated explicitly, and the chemical composition of
each drop size class is a result of the dissolution of the initial CCN
(ammonium, sulfate, nitrate), the trace gases that are taken up (e.g.,
HNO3, SO2) and the chemical reactions in each droplet (i.e. sulfate
formation as a function of S(IV), H2O2 and Hþ concentration). To be
noted here is that the drop size spectrum changes over the course
of the simulation since droplets grow during their ascent in a cloud.
The drop size distributions for all three cases near cloud base, in the
middle of the cloud and at cloud top are shown in Fig. S2
(Supplement), together with the averaged measured drop size
distribution. The initial aerosol population is tracked on a moving
mass grid where mass addition occurs due to HNO3 uptake and
formation of sulfate mass upon S(IV) oxidation in the aqueous
phase by H2O2 and ozone. We do not include SO2 oxidation by OH
radicals in the gas phase since it has been shown that in the
presence of clouds the conversion of S(IV) into sulfate in the
aqueous phase by H2O2 and O3 is much more efficient than in the
gas phase (e.g., Cautenet and Lefeivre, 1994).
3.3.2. Comparison of observed and predicted nitrate:sulfate ratios
Fig. 6 compares the observed (from NiCE) and predicted

NO3
�:SO4

2� ratios for the three cases as a function of cloud
normalized height (0 ¼ base, 1 ¼ top); individual SO4

2� and NO3
�

concentrations are reported in Fig. S3a, while HNO3 levels (with
and without uptake by drops) are shown in Fig. S3b. The simulated
cloud thickness was ~200 m, which is similar to the average
thickness of clouds during NiCE. Fig. 6a shows a decrease in the
NO3

�:SO4
2� ratio with height due to rapid oxidation of S(IV) in cloud

water. Once this precursor is consumed, the ratio is predicted to
increase a little due to continuous NOx oxidation and is mostly
caused by HNO3 uptake into cloud water. The majority of HNO3 is
scavenged by the cloud droplets, mostly near cloud base (Fig. S3b).
The formation of sulfate occurs on longer time scales (Fig. S3a),
which can be explained by the multistep pathway (i.e. uptake of
SO2 and oxidants and subsequent aqueous reaction) as opposed to
the direct uptake of HNO3.

As compared to the other two conditions, measurements of the
NO3

�:SO4
2� ratio for the fire (with entrainment) category exhibited a

larger deviation from the predicted ratio in the top half of clouds.
This can be explained by the enhanced turbulent cloud structure
leading to entrainment of biomass burning plumes from cloud top.
The parcel model assumes that air including all precursor gases is
transported upwards from cloud base and does not take into ac-
count any additional entrainment processes for trace gases other
than water vapor. For such convective cases, the spatial trend of
NO3

�:SO4
2� can be equated to its temporal evolution and can be used

as a measure of aerosol processing due to multiphase processes.
This assumption might be valid for cloud evolution in marine air
and ship plumes but fails if turbulent processes lead to mixing of
both (processed) aerosol particles and trace gases throughout the
cloud volume.

4. Conclusions

This study examines factors governing NO3
� concentrations in

eastern Pacific Ocean marine clouds with field measurements. The
main findings include the following:

(i) The average NO3
� air-equivalent concentrations in cloud

water samples categorized as having been influenced by ship
exhaust (2.5 mg m�3), strong marine emissions (2.5 mg m�3)
and fires (2.0 mg m�3) were more than twice that in the
background cloud water (0.9 mg m�3). Interrelationships
between NO3

�, Naþ and V show that dissolution of HNO3 in
cloud drops and nucleation scavenging of NO3

�-containing
particles are both important sources of this species in cloud
water.

(ii) Particulate NO3
� in the study region was preferentially found

in particles with diameters between 1.0 and 5.6 mm, similar
to Na, Cl� and Si, suggesting that drop activation of crustal
particles and sea salt could be an important source of NO3

� in
cloud water. Nucleation scavenging of chloride depleted sea-
salt is a source of cloud water NO3

�, with the lowest Cl�:Naþ

ratio (1.5) observed in ship-influenced samples.
(iii) The average ratio of NO3

�:SO4
2� was significantly higher in

cloud water than below cloud sub-micrometer particles (by a
factor of ~11.4 for both campaigns combined), further sup-
porting the notion that NO3

� enters clouds through the
dissolution of HNO3 and activation of coarse and/or re-
fractory particles not measured by the C-ToF-AMS. The
NO3

�:SO4
2� ratio in cloud droplet residuals was found to be

~80% lower than that in cloud water in both campaigns due
mostly to NO3

� volatilization during drop evaporation. The
ratio above cloud tops was consistently higher than below



Fig. 6. Vertical profiles of the mass concentration ratio between particulate sulfate and nitrate as a function of normalized cloud height (0 ¼ cloud base, 1 ¼ cloud top). Circular
markers denote NiCE observations while curves represent predictions for three modeled cases: (a) “low Cl� marine”, (b) ship and (c) fire. The observed data in the fire case were
characterized by entrainment of nitrate and its precursors at cloud top, a process not explicitly included in the model. Initial conditions for parcel model simulations are sum-
marized in Table S3.
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clouds (4.3 times higher for both campaigns) due to stronger
SO4

2� sources below cloud (e.g., shipping and dime-
thylsulfide) and elevated NO3

� above cloud from biomass
burning.

(iv) During periods when biomass burning plumes resided above
clouds, instability in the entrainment interface layer caused
16 of 29 cloud water samples to exhibit higher NO3

�, with air-
equivalent concentrations reaching up to 9.0 mg m�3.

(v) In the study region, the NO3
�:SO4

2� mass ratio quickly de-
creases with cloud height due to the more in-cloud sulfate
formation as compared to HNO3 uptake. In more turbulent
clouds, as encountered during biomass burning events, ver-
tical trends in the NO3

�:SO4
2� ratio cannot be predicted due to

cloud top entrainment and the model limitation that cloud
depth is equated with processing time scales.
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