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Abstract

In-cloud production of sulfate modifies the aerosol size distribution, with important im-
plications for the magnitude of indirect and direct aerosol cooling and the impact of SO,
emissions on the environment. We investigate which sulfate sources dominate the in-
cloud addition of sulfate to different particle classes as an air parcel passes through
an orographic cloud. Sulfate aerosol, SO, and H,SO, were collected upwind, in-cloud
and downwind of an orographic cloud for three cloud measurement events during the
Hill Cap Cloud Thuringia campaign in Autumn, 2010 (HCCT-2010). Combined SEM
and NanoSIMS analysis of single particles allowed the 5°*S of particulate sulfate to be
resolved for particle size and type.

The most important in-cloud SO, oxidation pathway at HCCT-2010 was aqueous ox-
idation catalysed by transition metal ions (TMI catalysis), which was shown with single
particle isotope analyses to occur primarily in cloud droplets nucleated on coarse min-
eral dust. In contrast, direct uptake of H,SO, (g) and ultrafine particulate were the most
important sources modifying fine mineral dust, increasing its hygroscopicity and facili-
tating activation. Sulfate addition to “mixed” particles (secondary organic and inorganic
aerosol) and coated soot was dominated by in-cloud aqueous SO, oxidation by H,O,
and direct uptake of H,SO, (g) and ultrafine particle sulfate, depending on particle size
mode and time of day. These results provide new insight into in-cloud sulfate production
mechanisms, and show the importance of single particle measurements and models
to accurately assess the environmental effects of cloud processing.

1 Introduction

Sulfate-containing atmospheric particles have a significant but uncertain climatic ef-
fect through their role in radiative forcing (IPCC, 2013). They are also important as
heterogeneous reaction surfaces and for acid deposition, human health and visibility
(Seinfeld and Pandis, 1998). In-cloud SO, oxidation and production of sulfate aerosol

2937

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiqg

uI
| II I

Jaded uoissnosiq

ACPD
14, 2935-2981, 2014

Cloud processing
during HCCT-2010

E. Harris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2935/2014/acpd-14-2935-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2935/2014/acpd-14-2935-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

mass results in significant modification of the aerosol size distribution and particle hy-
groscopicity, which is particularly important in controlling the lifetime and climatic effect
of aerosol, health impacts, and the availability of trace metals. Understanding the effect
of these changes on the magnitude of radiative forcing is essential to model the impact
of anthropogenic SO, emissions and sulfate aerosol on the past and future climate.

In-cloud mass addition occurs as particles enter a cloud and become activated to
form cloud droplets. Upon leaving the cloud, the droplets evaporate to form single par-
ticles containing both the initial mass and the non-volatile aqueous phase products
formed in the cloud, as droplets rarely break up during evaporation (Mitra et al., 1992).
Mass is added to aerosols as they pass through clouds by a variety of processes, sum-
marised in Table 1 along with abbreviations that will be used throughout this paper.
The uptake of gas-phase species (DISS) such as H,SO,, HCI, HNO5; and ammonia
can contribute the majority of in-cloud mass gain in some conditions (Flynn et al.,
2000), but the aqueous oxidation of SO, to sulfate in cloud dropets (AQOX) is gener-
ally considered to be the most important in-cloud mass production pathway (Bradbury
et al.,, 1999; Laj et al., 1997a, b; Mertes et al., 2005a). SO, is oxidised to sulfate in the
aqueous phase by O3, H,O, and transition metal-catalysed oxidation by O, (Sander
et al., 1995; Bower et al., 1997). H,O, is commonly modelled to be the most important
in-cloud oxidant, due to the strong pH dependence of oxidation by O, and the low con-
centrations of transition metals combined with the slower modelled rate of transition
metal-catalysed oxidation (Bower and Choularton, 1993; Sander et al., 1995; Suhre
et al., 2000; Hegg et al., 2004). However, recent results suggest transition-metal ion
catalysed oxidation (TMI-catalysis) was the dominant oxidation pathway in clouds at
HCCT-2010, and is therefore strongly underestimated in models (Harris et al., 2013b;
Alexander et al., 2009).

In-cloud sulfate mass addition is not evenly distributed across the upwind aerosol
population. CCN activity and activation depends on the size and hygroscopicity of par-
ticles, as well as the strength of the updraught, the wind speed and supersaturation,
and other processes such as entrainment mixing of drier air (Mertes et al., 2005b;
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Kasper-Giebl et al., 2000; Bower and Choularton, 1993). Mass is only significantly
added to those particles which are able to activate in the cloud, resulting in a bimodal
size distribution with the Hoppel gap at 50—-100 nm following cloud processing (Hoppel
et al., 1986, 1994; Bradbury et al., 1999; Yuskiewicz et al., 1999). Once activated, the
addition of sulfate is still size-dependent; for example, uptake of gas-phase sulfuric acid
is expected to be most important for smaller droplets, which have a higher surface area
to volume ratio and can take up gas-phase species much more efficiently than large
droplets (Flynn et al., 2000).

H,O, is often a limiting oxidant, thus it adds the majority of sulfate to those parti-
cles activated early in the cloud — the most efficient CCN — and has little effect on
the downwind CCN number concentration. Entrainment often adds H,O, later in the
cloud, but as the entrained air is dry it can cause the smallest droplets to evaporate
(Bower et al., 1997). Oxidation by O is strongly self-limiting as the oxidation rate de-
creases by several orders of magnitude below a pH of ~ 5.5 (Seinfeld and Pandis,
1998), thus it is most important for particles with the highest pH (Kreidenweis et al.,
2003). Even in these particles, the pH limitation means that oxidation by O3 is a mi-
nor pathway unless a strong source of alkalinity or ammonia is present such as in the
marine boundary layer (Redington et al., 2009). Oxidation by transition metal catalysis
is not pH-dependent and the oxidant (O,) is not limiting, however the concentration of
transition metals present in cloud water depends on the composition of the nucleating
particle, which varies with size and particle type (Brueggemann et al., 2005). Thus,
the total amount of sulfate added in the cloud by both in-cloud “direct uptake” pro-
cesses (DISS and SCAV) and in-situ production (SO, oxidation; AQOX) is not evenly
distributed across the aerosol population. Bulk analyses cannot adequately resolve
size-dependent alterations of size and hygroscopicity.

The radiative effect of cloud processing is also size-dependent. The direct aerosol
effect involves climatic cooling of -0.3 to —1 Wm™2 due to scattering of solar radia-
tion by particles (Jones et al., 1994; Boucher and Lohmann, 1995). Scattering is most
efficient for particles in the size range of 0.3—0.8 um, the wavelength of visible light,
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thus sulfate produced in clouds on pre-existing particles has a greater direct aerosol
effect than the ultrafine particles formed from gas-phase SO, oxidation (Hegg, 1994).
Sulfate addition in clouds increases the magnitude of direct radiative forcing both by
increasing particle size (dry diameter) and by increasing particle hygroscopicity (thus
increasing wet diameter; Yuskiewicz et al., 1999). The scattering efficiency of the par-
ticle population can be increased by > 10—-100 % following cloud processing (Lelieveld
and Heintzenberg, 1992; Yuskiewicz et al., 1999; Hegg et al., 2004).

The indirect aerosol effect refers to the increase in cloud condensation nuclei (CCN)
number concentration due to anthropogenic activities, which results in smaller, more
numerous cloud droplets for the same liquid water content (LWC), and thus increased
cloud albedo and lifetime (Twomey, 1991; Boucher and Lohmann, 1995). The mag-
nitude of forcing from the indirect effect is highly uncertain due to the complex and
non-linear relationships between sulfate concentration, CCN number, and cloud droplet
number concentration (Twomey, 1991; Jones et al., 1994; Boucher and Lohmann,
1995). The effect of sulfate addition on CCN concentration is most significant for the
smallest, least hygroscopic particles, which need only a small sulfate addition to be
significantly more active as CCN (Bower and Choularton, 1993). Eventually all pro-
cessed particles can already act as efficient CCN, thus the effect of cloud processing
on indirect radiative forcing is most important for freshly released particles; processing
of aged aerosol primarily affects direct radiative forcing. In addition, changes in pH,
hygroscopicity and other parameters are important for aerosol lifetime, health effects,
and trace metal availability (Nel, 2005; Pope and Dockery, 2006; Jickells et al., 2005).

2 Sulfur isotopes in the environment

Measurement of stable sulfur isotope abundances is the only technique available that
can directly distinguish between sulfate produced by different reaction pathways. The
environmental and climatic effects of sulfate addition are not adequately described by
bulk measurements: the processes contributing mass need to be resolved for particle
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type and size to determine how in-cloud mass production alters aerosol size distribu-
tions and properties. Recent models studies have confirmed the large errors introduced
by size- and composition-averaging in models of aerosol aging (Riemer et al., 2009;
Ching et al., 2012). Sulfur isotope analysis with the NanoSIMS (Seconday lon Mass
Spectrometry), combined with Scanning Electron Microscopy (SEM) measurements,
will allow the first single-particle view of in-cloud sulfate mass production.

Sulfur isotope abundances are described with the delta notation, which is the permil
deviation of the ratio of a heavy isotope to the most abundant isotope (328) in the

sample compared to a standard ratio:
( n(*s) )
n(32S)
8%S (%e) = | —— 2™ _ 41 1000 (1)
(73)
n(*8) J \.coT

where n is the number of atoms, *S is one of the heavy isotopes, 338, 343 or 368,
and V-CDT is the international sulfur isotope standard, Vienna Canyon Diablo Troilite,
which has isotopic ratios of 3*S/%?S = 0.044163 and **S /%S = 0.007877 (Ding et al.,
2001). Isotope fractionation is characteristic for reactions, thus isotopic measurements
can be used to distinguish between different reaction pathways, such as the different
oxidation pathways for SO,. Kinetic isotopic fractionation is represented by the frac-
tionation factor (a), which is the ratio of the heavy to the light isotope amount in the
instantaneously-formed product divided by the ratio in the reactant:

(2
n(*28) / products

Q. R e ——
n(*28) / reactants

Values of a5, for the major oxidation pathways — oxidation by OH, H,O,, O3 and transi-
tion metals — have been measured (Harris et al., 2012b, 2013a). Isotopic analyses are
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particularly useful to quantify the importance of transition-metal catalysed oxidation of
SO, compared to oxidation by H,O, in clouds (Harris et al., 2013b).

This study presents measurements of sulfur isotope abundances in SO, and H,SO,
gas and in particulate matter upwind, in-cloud, and downwind of an orographic cloud
during the Hill Cap Cloud Thuringia (HCCT-2010) campaign. Isotope ratios were mea-
sured with the NanoSIMS, which allowed different particle sizes and types to be re-
solved. The gas-phase results unexpectedly showed that transition metal-catalysed
oxidation of SO, was the most important in-cloud SO, oxidation pathway (Harris et al.,
2013b). This paper presents the particulate isotope measurements, which are used to
determine the dominant process contributing sulfate mass to different particle classes
in the cloud. The results show that there is significant variation in the dominant sulfate
source with particle size and type.

3 Experimental
3.1 Measurement conditions
3.1.1 Site description

Field measurements were carried out in the Thiringer Wald in central Germany in
Autumn, 2010. The site is located on a low mountain ridge which extends for around
60 km in a south-east to north-west direction. South-westerly winds are forced to cross
the ridge which often results in orographic cloud formation as air parcels are lifted and
supersaturations are reached. Measurements were taken at three stations: (i) the up-
wind station “Goldlauter” (605 ma.s.l.) is located around 3 km southwest of the in-cloud
station at Schmiicke, (ii) the in-cloud measurement station is located at the Umwelt-
bundesamt (Federal Environment Agency) mountain station “Schmicke” at a height of
937 ma.s.l., and (iii) the downwind station “Gehlberg” (732 ma.s.l.) is around 3km to
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the northeast of Schmicke. The geography of the site means that south-westerly winds
cause air parcels to pass through the three stations in series.

3.1.2 Full cloud events

Hill-cap cloud measurements (FCE; “Full Cloud Event’) were taken when the follow-
ing conditions were met: the liquid water content at Schmiicke was > 0.1 gm_3, the
wind direction was between 200° and 250° (for connected flow between the sites),
the wind speed was between 2 and 12 ms™', the valley stations were free of fog and
all sites were free of precipitation, the temperature was > 0°C, and the local meteo-
rological conditions were stable. Connected flow between sites was investigated with
ozone concentration profiles, ozone cross correlations, and hydrodynamic flow analy-
sis (Tilgner et al., 2014). The coefficient of divergence for several aerosol particle bins
and ozone concentrations were also calculated to characterise connected flow condi-
tions. In addition, connected flow between the sites was periodically measured with
tracer experiments following the release of an inert gas (SFg) at Goldlauter, with mea-
surements at 5 min intervals at nine sites including the in-cloud and downwind stations.
The connected flow analyses will be discussed in detail in a companion paper in this
special issue of Atmospheric Chemistry and Physics (Tilgner et al., 2014).

Samples for sulfur isotope analysis were collected during three of the cloud events
that occurred during HCCT-2010. The sampling times and meteorological conditions
are shown in Table 2. The HYSPLIT (NOAA Air Resources Laboratory) back trajec-
tories for the three cloud events are shown in Fig. 1 compared to the SO, emission
strength (CEIP, 2010). The concentration of SO, was higher in the events FCE 11.2
and 11.8 than in FCE 7.1. This can be attributed to the back trajectories, which passed
over the high-emission region to the south east of the measurement area. Temperature
and other meteorological parameters were similar across the three events.
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3.1.3 Non-cloud measurements

One sample was collected when no hill cap cloud was present at Schmiicke (NC; “Non-
Cloud”), for comparison with the cloud events. LWC was < 0.1 gm‘3 at Schmdicke al-
though there were high clouds present. The details of the event are shown in Table 2
and the back trajectory in Fig. 1. The non-cloud measurement period does not present
a perfect comparison to the cloud events as the wind was north-easterly rather than
south-westerly; thus flow will proceed from Gehlberg over Schmiicke to Goldlauter. The
connected flow conditions were poor during the non-cloud event, thus the individual
station values can be considered but comparison between stations should be care-
fully considered. No better non-cloud period with south-west winds occurred during the
sulfur isotope measurement period (which was shorter than the full HCCT-2010 cam-
paign), thus this timeframe represents the best possible comparison. For the rest of the
paper, stations will simply be referred to as upwind, in-cloud/mountain and downwind
for clarity.

3.2 Particulate sampling

Particulate samples were collected on filter packs at all three measurement stations,
however they were unfortunately not collected during FCE 7.1 due to equipment prob-
lems. Nuclepore track-etch polycarbonate membrane filters (Whatman Ltd.), which had
been coated with a 10 nm-thick gold layer using a sputter coater (Bal-tec GmbH, Model
SCD-050) prior to sample collection, were used to collect particulate samples. Coarse
and fine particles were collected on filters with 5 um and 0.2 um pores respectively. The
calculated 50 % cut-off diameters at 1 Lmin™" flow rate are 1.9 um and 60 nm for coarse
and fine filters respectively (John et al., 1983), which is in good agreement with the
SEM-measured lower cut-off diameter of 50 nm for fine particles (Sinha et al., 2014a).
The effective cut-off between the coarse and fine filters found from SEM measure-
ments is around 600 nm, with tails in both directions caused by the random distribution
of pores across the filter and variations in particle density and shape (Sinha et al.,
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2014a). Traditional definitions of coarse/fine particulate (coarse particles > 1 um > fine
particles) are therefore not exactly represented by the filter cut-off diameters. SEM
measurements of particle diameter were used to refine the division of coarse and fine
particulate: whenever only particles < 1 um were encountered for a particular particle
type in a particular sample, particles on both filters were combined and classified as
“fine”. For particle classes where both “coarse” (> 1 um) and “fine” (< 1 um) particles
were encountered in a given sample, the fine and coarse filters are used as a guide to
the size-dependency of different processes in the discussion in Sect. 5.

At the in-cloud measurement site, interstitial (non-activated) particles and cloud
droplet residuals (particulate matter from evaporated cloud droplets) were collected
separately with a counterflow virtual impactor (CVI) and a complementary droplet-
segregating interstitial inlet (INT) (Schwarzenboeck et al., 2000; Mertes et al., 2005b).
The system had an operationally-defined discrimination diameter of 5 um for separa-
tion of the two aerosol populations. Particles with a dry diameter > 5 um (mineral dust)
would be included in the cloud droplet residual fraction whether they were activated
or not. The largest mineral dust particles — which could have erroneously been col-
lected as “cloud droplet residuals”, were however not analysed to prevent artefacts due
to electrostatic charging, which would affect the correction of the instrumental mass
fractionation during NanoSIMS analysis (Winterholler et al., 2008).

3.3 Gas phase sulfur sampling

After particulate was removed from the sampling air flow, SO, and sulfuric acid gases
were collected for isotopic analysis at the upwind and downwind sites. A detailed de-
scription and validation of the collection methods is presented in Harris et al. (2012b)
and only a brief description will be given here. Sulfuric acid gas was collected from the
flow first, in glass vessels with a high internal surface area. This does not represent
pure H,SO, (g) but will primarily contain ultrafine and freshly nucleated particles; as
the 50 % cut-off diameter of the fine filters is ~ 50nm, sulfate particulate below this
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size will contribute to the “sulfuric acid” measurement. The collection efficiency for the
sulfuric acid collectors is ~ 100 % so no isotopic fractionation is introduced.

SO, was collected in a bubbler containing 6 % H,O,. The H,0O, solutions were pre-
pared freshly immediately before beginning collection. The collection efficiency is 39 %
and a fractionation of +11.5 + 1.3 %e. is introduced, which is corrected for in all results
presented in this paper. Following an event (2—8 h) the flow to the collectors was turned
off. Less than three hours after the end of sampling the two collectors were rinsed
with MilliQ water into clean sample jars and BaCl, was added to precipitate sulfate as
BaSO,. The BaSO, was later collected for NanoSIMS and SEM analysis by filtering
the samples through gold-coated Nuclepore filters with 0.2 um pores.

3.4 SEM analysis

Scanning electron microscope (SEM) measurements were used to classify different
particle types and investigate their chemical composition. The samples could be di-
rectly analysed in the SEM after collection on gold-coated filters without any further
treatment. A LEO 1530 field emission SEM with an Oxford Instruments ultra-thin-
window energy-dispersive x-ray detector (EDX) was run in automatic mode, taking
regularly-spaced images of the coarse and fine filters at 6500x and 19500x mag-
nification respectively. The SEM was operated with an accelerating voltage of 15keV,
a 60 um aperture and a working distance of 9.6 mm. “High current mode” was used to
increase the EDX signal and improve elemental sensitivity. The SEM automatic analy-
sis leaves a grid pattern on the gold-coated filters that is visible in the CCD camera of
the NanoSIMS, which allows NanoSIMS and SEM images of the filters to be matched.
The SEM images of the filters were also used to calculate size distributions for the dif-
ferent particle types to investigate properties important for CCN activity (Sinha et al.,
2014a).
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3.5 NanoSIMS analysis

Following automatic analysis in the SEM, the sulfur isotopic composition of the particles
was determined with the Cameca NanoSIMS 50 ion probe at the Max Planck Institute
for Chemistry in Mainz (Hoppe, 2006; Groener and Hoppe, 2006). The NanoSIMS 50
has a high lateral resolution (< 100 nm) and high sensitivity and can simultaneously
measure up to five different masses through a multicollection system, allowing high
precision isotope analysis of single particles. Two types of NanoSIMS analysis were
used in this study: an image analysis, where the counts of the various ions are recorded
at each point of the raster to create an image of the ion intensity, such as that shown
in Fig. 2, and an isofope analysis, where the counts are integrated across the raster
area to obtain an accurate value for the isotope ratios. Image analyses were used
only to identify particle types (Sect. 3.6), not to calculate 6 *S values. The use of
this instrument to analyse sulfur isotope ratios in the isotope ratio analysis mode is
described in detail in Winterholler et al. (2006, 2008) and analysis conditions similar
to those used for the current study are given in Harris et al. (2012b), so only a brief
description will be included here.

The particulate samples and the BaSO, from the gas samples can be analysed
directly on the gold-coated filters without further processing. A ~ 1pACs™ beam is
focussed onto a ~ 100 nm sized spot and rastered in a 2pum x 2 um grid over the grain
of interest. The ejected secondary ions are carried into the mass spectrometer and
multicollection system. Each measurement consists of < 400 cycles of 4.096 s duration
preceded by varying lengths of presputtering until the count rate is stable. Very small
particles are quickly completed sputtered away, so some analyses can be as short as
50 cycles. Presputtering is carried out on an area of at least 10 um x 10 um to conserve
sulfate for analysis. For particulate samples, secondary ions of %07, 120;, 2N,

%23~ and **S~ were measured, to allow identification of particle type (Sect. 3.6). For the
BaSO, samples from gas-phase sulfur, some samples were measured for secondary

ions of 16O‘, 120;, QGCN‘, %25~ and 3*s™ and some for 16O‘, 328‘, 338‘, 343~ and
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%3~ In both cases the %*S/*2S ratio was measured with equal precision. The five
secondary ion types were simultaneously detected in five electron multipliers at high
mass resolution (M/AM > 3900 for *S).

Mass-dependent and mass-independent instrumental mass fractionation (IMF) can
occur at several stages of the NanoSIMS analysis, so the IMF correction factor in each
measurement session is determined with the commercially available BaSO, isotope
standards IAEA-SO5 and IAEA-SO6. The IMF of the particles is also dependent on
their matrix. The IMF correction factors for different matrices relative to BaSO, from
Winterholler et al. (2008) were used to correct for matrix-dependent IMF on the differ-
ent particle types. The method for determining particle type is presented in Sect. 3.6.
Organic aerosol particles containing inorganic salts, hereafter referred to as “mixed par-
ticles”, with an O/S ratio (measured in the NanoSIMS) of < 2 were considered to be “or-
ganic” and were corrected with the IMF for cysteine (—13.5 £ 1.7 %, relative to BaSQ,).
The most abundant cations in “inorganic” mixed particles (O/S > 3 in NanoSIMS) were
found from the SEM-EDX analysis to be Na and K, so these particles were corrected by
weighting the individual IMFs for Na and K by their abundances (-8.4+2.7 %. relative to
BaSO,). Mixed particles with an O/S ratio between 2 and 3 were corrected by assum-
ing they consisted of a mixture of organic and inorganic sulfates, thus the average IMF
for organic and inorganic mixed particles of —11.0 + 3.2 %o relative to BaSO, was used.
Coated soot particles were corrected for matrix-dependent IMF in the same manner
as the mixed particles. Chlorine was enriched on the mineral dust particle surfaces,
suggesting the presence of condensed salts, which could supply cations to form sul-
fate salts. The cations within the dust are likely to be tightly-bound and not available to
interact with sulfate. As with the inorganic mixed particles, Na and K were found to be
the most important cations and the abundance-weighted IMF was used (-8.4 + 3.7 %o
relative to BaSOy,; the error is higher than for the mixed particle IMF as less mineral
dust particles were measured).

The number of counts is assumed to follow a Poisson distribution, so the counting
statistical error is \/n, i.e. the relative error is 1/\/n (Bevington and Robinson, 1992).
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The uncertainty in the isotopic composition of BaSO, from gas-phase sulfate was cal-
culated as described in Harris et al. (2012b). Some spot-to-spot variation is also seen
between individual measurements on a filter, most likely due to topographic effects or
nanoscale inhomogeneity, and this must be accounted for in the particulate measure-
ments. The spot-to-spot error of the SO5 and SO6 standards was used as an estimate
of the spot-to-spot error for the measurement session, and this was then combined
with the counting statistical error to determine the measurement uncertainty for each
individual grain. The error in the matrix-specific IMF was also included in the error for
each grain. For each individual grain, the counting statistical error was typically 57 %o
and the overall error 7-8 %.. The weighted average of individual grain values was used
as the average 534S for each particle class, with the uncertainty in the mean multiplied

by V/¥2 when y? > 1 within the particle group.
3.6 Classification of particle types

The different particle types present in the HCCT-2010 samples were investigated in
both the SEM and the NanoSIMS to develop a classification method that would al-
low particle types to be identified with only the major element count rate ratios from
NanoSIMS isotope analyses. This meant that the particles with the highest sulfur count
could be selected in the NanoSIMS real time image, resulting in isotopic analysis with
the smallest uncertainty, without the constraint of only measuring the isotope ratios of
particles for which there is an SEM image. Taking the SEM image after the NanoSIMS
analysis is only possible for the largest and most robust particles; most particles are
completely sputtered away during the NanoSIMS analysis.

Major elements ratios (160, 1202, %CN and 32S) measured in the NanoSIMS were
characterised for the different particle types by matching SEM and NanoSIMS im-
ages from 10 coarse and 5 fine particulate filters. Two examples of matched SEM
and NanoSIMS images are shown in Fig. 2. Five particle types were identified from the
SEM images based on morphological characteristics and EDX signal: organic aerosol,
mixed particles (with organic and inorganic components), mineral dust, soot, and soot
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with a coating. The major element ratios were converted to molar fractions (Sinha et al.,
2014b):

N
" No + Ng + Ny + Ng

3)

Xa

where A=0, C, N or S. The characteristic ranges of X, for the five different particle
types are shown in Fig. 3. Using these characteristic ranges as well as the ratio of
oxygen to sulfur signals (O/S), it was possible to distinguish the different particle types
from a NanoSIMS isotopic analysis without a corresponding SEM image.

The most overlap is between pure organic aerosol and mixed particles, indicating
that the SEM is not a suitable tool to detect small amounts of inorganic material in
organic particles. Many salts present in fine mode aerosol are highly volatile under the
electron beam (e.g. most salts of ammonium) but more stable under Cs* bombardment
(Winterholler et al., 2008). Therefore, we will treat all organic and mixed particles as
mixed and consisting of secondary organic (SO) and secondary inorganic (Sl) material
in variable proportions, even if no Sl fraction is visible in the SEM. The accuracy of
the classification method was tested on 21 particles which were all found in the SEM
and the NanoSIMS and had sufficient sulfur counts for an isotopic analysis. These
21 particles were not used when defining the characteristic ranges of the ratios, thus
they present a robust and independent test of the classification method. 19 of the 21
particles were correctly identified using the ratios, thus the classification is > 90 % suc-
cessful.

3.7 Other measurements

In addition to sulfur samples for isotopic analysis, a wide variety of other measurements
were taken during the campaign (see van Pinxteren et al., 2011). A brief description
of the measurement techniques for all measurements discussed in this paper will be
given here; more details can be found in the accompanying papers in this special issue.
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— SO, concentration was measured with a time resolution of one minute using

a Thermo Environmental trace level pulsed fluoresence SO, analyser (model
TE43C-TL) at Gehlberg and Goldlauter and an MLU enhanced trace level SO,
analyzer (model 43i-) at Schmdicke.

O5 concentration was measured with a time resolution of one minute using
a Thermo Environmental U.V. Photometric Gas Analyzer (model TE49C-TL) at
Gehlberg and Goldlauter and a Horiba Ambient Ozone Monitor (model APOA
360) at Schmdicke.

Cloud water was collected with a Caltech Active Strand Cloud Water Collector
(CASCC) with an hourly sampling routine (Moore et al., 2004b, a).

Transition metal ions were measured in cloud water and impactor samples using
ion chromatography with UV-VIS detection and total reflective X-ray fluoresence
(TXRF) respectively; details of the methods are given in Harris et al. (2013b).

H,O, was measured in cloud water collected with a 3-stage CASCC using a flu-
orescence spectrophotometer to detect the POPHA-H,O, dimer (Moore et al.,
2004a, b; Harris et al., 2013b).

Particulate composition was measured with Aerosol Mass Spectrometry (AMS):
a C-ToF-AMS was used for the cloud droplet residual fraction and an HR-ToF-
AMS for the interstitial fractionation at Schmiicke (Aerodyne Research, Inc.).
Cloud droplet residual composition was also measured with a single particle laser
ablation aserosol mass spectrometer (ALABAMA) at Schmiicke.

Cloud condensation nucleus (CCN) activity at different supersaturations (0.07, 0.1
and 0.2 %) upwind and downwind of the cloud was measured with a streamwise
thermal gradiation CCN counter (Roberts and Nenes, 2005). Further details can
be found in a companion paper (Henning et al., 2014).
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4 Production and processing of SO, and H,SO, gas and ultrafine sulfate par-
ticulate

4.1 SO, oxidation

SO, oxidation and removal during the three cloud events at HCCT-2010 is discussed
in detail in Harris et al. (2013b), so only a summary of results will be given here. SO,
concentration and isotopic composition upwind and downwind of the cloud, shown in
Fig. 4, was used to calculate fractionation factors for SO, removal in the cloud (@gq.q)-
The calculated values of a4 were compared to fractionation factors measured in the
laboratory for different oxidation pathways to show that (Harris et al., 2013b):

— During FCE 7.1 oxidation by H,O, in cloud droplets was the major SO, removal
process,

— During FCE 11.2 and 11.3 oxidation by transition metal catalysis, involving tran-
sition metal ions primarily from natural mineral dust, was the major SO, removal
process,

— The major SO, removal process does not depend on whether the cloud is present
in the daytime or at nighttime or on the concentration of H,O, and O, but is re-
lated to activation, supersaturation, and the transition metal ion source and load-

ing.
4.2 Isotopic composition of H,SO,4 gas and ultrafine particles

The isotopic composition of sulfuric acid gas and ultrafine particulate reflects fraction-
ation during removal and constrains the 5°*S value of the sulfate that can be added
to particulate in the cloud by direct uptake processes (CON; DISS; SCAV and COAG;
see Table 1). The upwind and downwind measurements of the isotopic composition of
ultrafine sulfate particulate and sulfuric acid gas are shown in Fig. 4. A faulty sample
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meant no downwind isotopic composition could be measured for NCE 1. The concen-
tration of sulfuric acid gas was not measured during the campaign. Typical daytime
sulfuric acid gas concentrations are 10°-10" molecem™ (Weber et al., 1997). Ultra-
fine particles with a diameter of < 50nm are continuously present in the atmosphere
(Kulmala et al., 2007). As the major atmospheric source of sulfuric acid gas is SO,
oxidation by OH radicals, the sulfuric acid gas concentration will be very low during
the nighttime events, so the sulfate measured during FCE 7.1 and 11.2 will primarily
be due to ultrafine particles; the sulfate measured during FCE 11.3 will have a much
greater contribution from H,SO, gas.

The downwind 6*S of H,SO, gas and ultrafine sulfate particulate was lower than
at the upwind station in the daytime cloud event, and the stations showed no signifi-
cant difference during the two nighttime events. No OH was measured in the daytime
clouds or at night (Whalley et al., 2014), and only very low concentrations at the valley
sites in the daytime, so the change in isotopic composition in the daytime event (FCE
11.3) is due to removal, rather than production, of gas-phase sulfuric acid and ultrafine
particulate. The lack of isotopic discrimination during the night-time events (FCE 7.1
and FCE 11.2) is expected, as the H,SO, (g)/ultrafine particulate sample is dominated
by ultrafine particulate matter during the these two events: isotopic substitutions are
too small relative to the particle mass to have any effect on physical processes. During
the daytime event (FCE 11.3), the observed significant change in isotopic composition
can therefore be attributed to the removal of gas-phase sulphuric acid, rather than the
removal of ultrafine particulate.

Isotopic fractionation during H,SO, removal in the cloud could be influenced both
by diffusion (kinetic fractionation) and by equilibrium vapour pressure (equilibrium frac-
tionation). The diffusion-dependent fractionation factor for gas-phase sulfuric acid is
estimated from the ratio of Dair(H234SO4) to Dair(H23ZSO4), where D, is the diffusion
coefficient in air, to be ay;z = 0.995. This is the opposite direction to the observed frac-
tionation, showing diffusion is not the limiting factor for loss. Vapour pressure is ex-
pected to cause fractionation in the opposite direction to diffusion: while the isotopic
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vapour pressure effect has not been measured for H,SO,, the vapour pressure for
many analogous compounds is increased with a heavy isotope substitution, for ex-
ample, deuterated methanol vapour pressure effects produce fractionation of 1.007
(Hopfner, 1969; Borowitz and Klein, 1971). H,SO, (g) uptake coefficients ranging from
a =0.2 to 0.8 (Jefferson et al., 1997) — depending on the amount of organic coating
— have been reported in the literature. This corresponds to H,SO, (g) lifetimes rang-
ing from a few minutes for the highest reported a values to approximately 20 min for
a =0.2. Even at the lower end of reported uptake coefficients, a significant fraction
of the H,SO,(g) would be removed from the H,SO, (g)/ultrafine particulate sample
within the transit time through the cloud by CON and DISS, dominated by DISS due to
the much larger surface area of cloud droplets than interstitial particles. The observed
isotope fractionation in the H,SO, (g)/ultrafine particulate sample in FCE 11.3 is con-
sistent with H,SO, (g) loss DISS controlled by the equilbrium vapour pressure above
the solution (Henry’s Law solubility) and not by diffusion speed.

4.3 Isotopic composition of SO, gas compared to Ho,SO4 gas

The upwind 6%*S of H,SO, is higher than the 5%*s of SO, in all cloud events, whereas
during NC 1 H,SO, is isotopically lighter than SO, by 5.2+1.3 %.. Evidence of air parcel
mixing was seen in the SO, isotopic composition for NC 1 (Harris et al., 2013b), thus
the lighter H,SO, compared to SO, in NC 1 can be attributed to recent mixing. The
differences in the cloud events (634S-HQSO4 - 6348-802) are 7.2+2.2 %o, 61.7 £ 4.2 %o
and 31.0 £4.7 %. for FCE 7.1, 11.2 and 11.3 respectively. The fractionation factor for
gas-phase production of sulfuric acid from oxidation of SO, by OH radicals is 10.6 +
0.7 %. at 0°C (Harris et al., 2013a), which agrees with the SO,—H,SO, fractionation
for FCE 7.1 but has a much smaller magnitude than for FCE 11.2 and 11.3. The only
other known gas-phase production pathway for H,SO, is SO, oxidation by Criegee
intermediates (Mauldin et al., 2012; Boy et al., 2013).

The difference between the observed 634S-HZSO4 —6348-802 and the expected
difference from fractionation during gas-phase SO, oxidation by OH radicals in FCE
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11.2 and 11.3 could be due to a number of processes, such as contribution of Criegee
radicals to oxidation, passage through clouds before the measurement site, or addition
of fresh SO, to the air mass shortly prior to reaching the sample site. Air parcels in FCE
11.2 and 11.3 had recently passed through SO, source regions (the “black triangle”,
see Fig. 1), unlike the FCE 7.1 air parcel. Isotopic composition of anthropogenic SO,
in these areas ranges from -5 to 10%. (Krouse et al., 1991; Jedrysek et al., 2002;
Jezierski et al., 2006; Derda et al., 2007), thus it would reduce the 534S of SO, from the
expected values relative to ultrafine particulate and H,SO, gas, resulting in the larger-
than-expected observed differences between the two samples in FCE 11.2 and FCE
11.3, while in FCE 7.1 isotopic composition directly reflects sulfuric acid production and
subsequent nucleation and growth.

5 Isotopic composition of particulate sulfate

Sulfate is added to particles as they pass through the cloud from a number of sources,
described in Table 1. Sulfate addition at HCCT-2010 was also indicated by both offline
and online measurements of chemical particle composition (D. van Pinxteren and L.
Poulain, personal communcation, 2013; data to be published in a forthcoming paper in
this special issue). Increased hygroscopicity — likely related to sulfate addition — was
observed with CCN measurements, as reported in a companion paper in this special
issue (Henning et al., 2014). The change in the sulfur isotopic composition of partic-
ulate after passage through the cloud shows which sulfate sources dominate sulfate
addition in the different particle classes. This is critical when estimating the effect of
cloud processing on aerosol radiative forcing, as the sulfate sources and the sensitivity
of radiative effects are not evenly distributed across all particles, as described in the
introduction.

The 6%*S of the sulfate that could be added from each potential source was calcu-
lated from the upwind isotopic composition of SO, or H,SO,. For SO, removal, the
fractionation factors for SO, oxidation from Harris et al. (2012a, b) were used with the
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Rayleigh fractionation laws to account for depletion of the SO, reservoir (Mariotti et al.,
1981; Krouse and Grinenko, 1991; fraction of SO, oxidised determined in Harris et al.,
2013b). The 5%*S values of the sulfate that would be added by each source are shown
in Table 3 and Fig. 5. These values will be compared to the isotopic changes observed
in the particulate sulfate in the following sections (Fig. 5), to determine the dominant
process adding sulfate to each particle class and to estimate the amount of sulfate that
must have been added to the particles to achieve isotope mass balance. The dominant
processes for each particle class are summarised in Fig. 6.

The direction of change, rather than the absolute isotopic composition of downwind
sulfate, allows the dominant sulfate source to be identified. For example, although the
fine mineral dust in FCE 11.3 comes very close to the green line (oxidation by H,O,)
following passage through the cloud, the direction of change shows us that direct sul-
fate uptake (pale blue line) dominates sulfate addition. The new sulfate mixes with the
initial (upwind) sulfate, so if H,O, oxidation of SO, were the dominant process, the
final (downwind) isotopic composition must fall between the initial composition and the
green H,O, oxidation line, not slightly above it. A summary of the major sulfate sources
modifying each particle type is given in Table 4. A percentage increase in sulfate con-
centration is estimated. NanoSIMS measurements are surface-sensitive, thus for min-
eral dust and soot the percentage increase is an increase in surface sulfate only. Mixed
particles will dissolve during cloud processing and reprecipitate when droplets evapo-
rate after the cloud, thus the percentage increase for mixed particles is an increase in
bulk sulfate.

5.1 Mixed particles

Mixed particles consist of secondary organic aerosol mixed with salt, and are the most

numerous particles which take up significant sulfate in the cloud. Mixed particles and

coated soot particles > 1 um in diameter were present only on the cloud droplet residue

filters; in the interstitial and at the valley sites these two types of particles were always

< 1umin size. Thus, size-resolved results are only presented for cloud droplet residual
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particles (Fig. 5a and b). The 5%*S of mixed particles increased as the particles passed
through the cloud in both FCE 11.2 and 11.3. The increase in 6%*S was significantly
greater for fine than coarse mixed particles during FCE 11.2, and slightly greater for
fine mixed particles during FCE 11.3. AMS results showed that the upwind sulfate mass
fraction in the particulate was not significantly different depending on size (L. Poulain,
personal communication, 2013).

The only sulfate source that could enrich fine mixed particles in g during FCE
11.2 is direct uptake through DISS and SCAV (pale blue line); the latter will dominate
as the event is at nighttime, so the gas phase sulfuric acid concentration will be very
low (Weber et al., 1997). If this is the only source of sulfate to the particles, the sulfate
concentration must increase by 40 % to account for the change in isotopic composition.
This represents a minimum sulfate addition as any other sulfate sources would change
the isotopic composition in the opposite direction, requiring a larger addition from direct
uptake. During FCE 11.3 the increase in 6°*S could be due to either DISS/SCAV or
AQOX by H,O, (pale blue and green lines respectively). Sulfate on mixed particles
increased by between 23 and 72 % in this event. The concentration of H,O, measured
during FCE 11.3 was much higher than during FCE 11.2 (7.4 and 2.9uM in cloud
water respectively), explaining why sulfate addition from H,O, oxidation of SO, (g) is
more important during FCE 11.3 than FCE 11.2. H,O, concentration is consistently
higher in the daytime due to the photochemical production of OH (Kanaya et al., 2007;
Gnauk et al., 1997), so it is likely that oxidation by H,O, by SO, is generally more
important in the daytime, as observed at HCCT-2010.

Mixed particles on the coarse filter become more isotopically variable as they pass
through the cloud in FCE 11.2, and isotopically heavier in FCE 11.3 (Fig. 5b). For
FCE 11.2 this suggests sulfate addition by both DISS/SCAV and from AQOX by H,O,;
while for FCE 11.3, oxidation of SO, by H,O, is the dominant sulfate addition source.
Sulfate increases by approximately 10 % and 100 % in FCE 11.2 and 11.3 respectively,
although for FCE 11.2 this value is quite uncertain. For FCE 11.3 the addition could be
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lower if some sulfate was also added from DISS/SCAV (as low as 25 % if all sulfate is
from DISS/SCAV).

Overall, AQOX by H,O, is more important in mixed particles in the daytime due
to higher H,O, concentrations (Kanaya et al., 2007; Gnauk et al., 1997), but there is
also variation due to particle size: DISS/SCAV are relatively more important for adding
sulfate to smaller mixed particles, while for larger mixed particles AQOX by H,O, is
relatively more important, as summarised in Fig. 6. Modification of fine particles has
a stronger effect on the magnitude of direct and indirect aerosol forcing, thus for night-
time cloud processing, direct sulfate uptake through DISS/SCAV may play a more im-
portant role than aqueous SO, oxidation in controlling the effect of sulfate on climate.
During the daytime, both processes will contribute depending on factors such as inso-
lation, air mass history, and oxidant concentrations.

Comparing the cloud droplet residual and interstitial values with the downwind 5%s
can provide an estimate of (i) sulfate addition to the interstitial particles during passage
through the cloud, and (ii) the proportion of sulfur in the interstitial phase compared to
CCN-active particles. Sulfate can be added to interstitial particles from surface oxida-
tion reactions, and from condensing and coagulating sulfuric acid and ultrafine partic-
ulate (CON and COAG). Sulfate addition from these pathways would significantly alter
the isotopic composition of the interstitial particles. This was not observed at HCCT,
hence sulfate mass addition to interstitial particles during passage through the cloud
appears to be minor. The isotopic compositions in-cloud and downwind are not sig-
nificantly different for the daytime or the nighttime event, whereas the interstitial 5%s
is lower, thus very little mixed particle sulfur was present in the interstitial phase. This
shows efficient activation of sulfate-containing mixed particles, consistent with the re-
sults from SEM analysis and with AMS results (Sinha et al., 2014a; Harris et al., 2013b).

5.2 Coated soot

In FCE 11.2, SEM results showed that the majority of coated soot remained in the inter-
stitial phase, while in FCE 11.3 coated soot was activated and gained sulfate through
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processing. Activation to cloud droplets depended on the amount of soluble material
(coating) associated with the soot (Sinha et al., 2014a). In FCE 11.3 it appears that
CON of H,SO, (g) during the daytime increases the hygroscopicity of the coated soot
particles, facilitating activation and further in-cloud sulfate addition through AQOX by
H,O,. Similar behaviour was seen for fine mineral dust, discussed in the following sec-
tion. The change in 5°*S of coated soot during FCE 11.3 shows the surface sulfate
was increased by between 47 and 190 % (if in-cloud sulfate production was solely from
DISS/SCAV or from AQOX by H,0O,, respectively). The change is not significantly dif-
ferent to what was seen in mixed particles. This is expected: following activation, the
coating will dissolve and the cloud droplet will behave similarly to a cloud droplet formed
on a SOA/SIA mixed droplet with no soot particle. The soot core itself does not appear
to influence cloud processing.

5.3 Mineral dust

The decrease in 6°*S downwind as interstitial and cloud droplet residual particles are
re-mixed shows that ~ 70 % of the sulfur in fine mineral dust is activated in FCE 11.3;
in contrast, no fine mineral dust sulfur was activated during FCE 11.2. SEM analy-
ses agree well with NanoSIMS results: during FCE 11.3, SEM analysis showed that
70-80 % of mineral dust particles in the 400—1000 nm size range acted as a cloud con-
densation nucleus (Sinha et al., 2014a). During FCE 11.2, no mineral dust was found
with the SEM on the cloud droplet residual fine filter, so it is likely that fine mineral dust
was unable to act as a cloud condensation nucleus, despite particle diameters as large
as 600 nm, due to its hydrophobic nature (Kaaden et al., 2009). In all fine mineral dust
in FCE 11.2 and between the upwind and interstitial in FCE 11.3, there is no significant
change in 5%s (Fig. 5c), thus no significant sulfate is added to fine mineral dust as it
passes through the cloud as interstitial aerosol.

In contrast, there is a large change in the 5%*S of sulfate in cloud droplet residual
and downwind fine mineral dust in the daytime event FCE 11.3 (Fig. 5¢). The fine dust
was able to act as CCN in this event, possibly because higher daytime H,SO, con-

2959

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

uI
| II I

Jaded uoissnosiq

ACPD
14, 2935-2981, 2014

Cloud processing
during HCCT-2010

E. Harris et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/14/2935/2014/acpd-14-2935-2014-print.pdf
http://www.atmos-chem-phys-discuss.net/14/2935/2014/acpd-14-2935-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

centrations increased the hygroscopicity through CON (and COAG) prior to the cloud
— similarly to coated soot in FCE 11.3. The in-cloud change to such high 6°*S values
shows the importance of DISS/SCAV for in-cloud sulfate addition to fine mineral dust
(pale blue line). The surface sulfate in these particles increased by > 200 %. H,SO, (g)
concentration is much higher in the daytime than at night because it is produced by OH
radicals. Higher sulfuric acid concentrations in the daytime leads to sulfate addition on
to fine mineral dust, increasing its hygroscopicity; this in turn increases its CCN activity,
facilitating further uptake of H,SO, (g) due to the higher surface area of a cloud droplet
compared to the surface area of the particle serving as CCN.

During both FCE 11.2 and 11.3 the 534S of mineral dust on the coarse filter de-
creases as it passes through the cloud, by —8.9+8.5 %0, and —16.3+4.0 %. respectively
(Fig. 5d). This can only be accounted for by sulfate addition from AQOX by transition
metal catalysis; oxidation by H,O, in FCE 11.2 would require an increase in sulfate
of >400% and in FCE 11.3 no other source could add such isotopically light sulfate.
AQOX by transition metal catalysis increases the surface sulfate on the coarse mineral
dust particles by > 40 % in both events. Considering both the number of particles found
as droplet residue and on the interstitial filters, and the downwind isotopic composition,
in both events the majority of sulfate addition to coarse mode mineral dust takes place
inside cloud droplets and not in the interstitial phase. Coarse mineral dust is the only
particle type where sulfate addition introduces an isotopic fractionation consistent with
the major SO, removal process, i.e., causing the residual SO, to be enriched in g,
Thus, oxidation by the transition metal ion catalysis pathway in cloud droplets formed
on coarse mineral dust particles dominates SO, uptake and oxidation in the measured
events.

6 Conclusions

The sulfur cycle observed during the HCCT-2010 campaign was complex, with different
reactions responsible for adding sulfate to the different classes of particulate as they
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passed through the cloud (Fig. 6 and Table 4). Sulfate addition was also indicated in
clouds at HCCT-2010 through online and offline chemical composition measurements
(D. van Pinxteren and L. Poulain, personal communication, 2013; data to be published
in a forthcoming paper in this special issue), and indirectly observed as an increase
in hygroscopicity following in cloud processing (Henning et al., 2014). No significant
modification of interstitial particles was seen at HCCT-2010. Fine and coarse mixed
particles showed a shift in the dominant sulfate source added in the cloud from disso-
lution of H,SO, and scavenging of ultrafine particulate to aqueous oxidation by H,O,
with increasing particle size. In the daytime H,O, oxidation was overall more important
than at night due to higher daytime H,O, concentrations (Fig. 6). The same behaviour
was seen in coarse coated soot particles in FCE 11.3.

Fine mineral dust particles were able to act as CCN in the daytime as they had
taken up H,SO, (g) before the cloud through condensation. As they passed through
the cloud the increased surface area following activation lead to further H,SO, (g) and
ultrafine particulate uptake, increasing hygroscopicity and thus facilitating CCN activity
in subsequent clouds. At night fine mineral dust particles were unable to act as CCN
due to low H,SO, production, therefore they did not activate and significant sulfate was
not added between the upwind and downwind stations. Although the surface sulfur in
activated mixed particles, coated soot and fine mineral dust increased by 40 to > 200 %
as they passed through the cloud, the direction of the observed isotopic changes meant
that none of these particle classes could account for the dominant loss of SO, (g). In
contrast, coarse mineral dust became enriched in *2S as it passed through the cloud,
consistent with isotope fractionation during SO, removal. Transition metal ions from
mineral dust leachate cause very fast oxidation of SO, (Tilly et al., 1991; Rani et al.,
1992; Harris et al., 2012a), and the efficiency of oxidation by this pathway means that,
despite the relatively low number concentration of these particles compared to, for
example, mixed particles, they are able to account for the majority of in-cloud SO,
oxidation at Schmiicke (discussed further in Harris et al., 2013b).
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The results of this study have important implications for the role of in-cloud sulfate
production in modifying of the aerosol size distribution. When H,O, is the dominant
oxidant for SO,, sulfate mass from SO, oxidation is modelled to be added early in the
cloud, as H,0, is quickly exhausted (Bower and Choularton, 1993; Bower et al., 1997).
This means the sulfate mass is added primarily to the most CCN-active particles which
are activated earliest in the cloud, and a high degree of supersaturation is needed early
in the cloud to have a significant effect on the smallest, least efficient CCN (Bower
et al., 1997). In contrast, transition metal-catalysed oxidation will proceed throughout
the cloud, consistent with the observed SO, concentrations (Harris et al., 2013b). Thus,
SO, oxidation is able to add sulfate mass to particles throughout the cloud: it is not only
important for those particles activated earliest in the cloud.

The particulate isotope measurements show, however, that direct sulfate uptake
through dissolution of H,SO, gas and scavenging of ultrafine particulate is the dom-
inant process adding sulfate mass to the smallest and least hygroscopic CCN — fine
mineral dust and fine mixed particles — at night, and of similar importance to aqueous
oxidation of SO, in the daytime. Therefore, at night direct sulfate uptake is likely to be
the most important in-cloud sulfate addition process for modifying CCN activity, and
thus determining the strength of the indirect aerosol effect. In the daytime, increased
H,O, concentrations mean both pathways will be important for modifying the smallest
particles. Both processes can be important in affecting the magnitude of direct aerosol
cooling, where modifications have a significant effect also for larger CCN particles.
The results demonstrate the potential of sulfur isotope measurements for investigat-
ing SO, oxidation, particularly when single-particle isotope ratios are measured with
NanoSIMS. Incorporating the findings of this study into models will result in a much
more accurate depiction of the continental sulfur cycle and the effect of cloud process-
ing on the environmental effect of SO, and sulfate.
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Table 1. Definitions and abbrevations (“Abb.”) for processes involving modification of particulate
by sulfur species observed at HCCT-2010, after Seinfeld and Pandis (1998), p.933. For in-

. ; o E. Harris et al.
cloud processes, effects on number concentration and mean diameter refer to the effect on the g
particle population following evaporation after an air particle leaves the cloud, ie. downwind vs. <
upwind of a cloud. Processes CON, DISS, COAG and SCAV collectively involve direct transfer g.
of sulfate from the gas-phase and ultrafine particle into a larger particle mode, and will be = Title Page ‘
referred to as “direct uptake”, which can occur both in and out of a cloud. S ,
8 Abstract Introduction
Process Abb.  Description Effect on: a Ii Rfi
Number conc. Mean diameter
Condensation CON Phase _transfe_r of gaseous H,SO, to None Increase o
the solid (particle) phase i
Uptake (dissolution) DISS Dissolution of H,SO, into a None Increase 9]
cloud droplet %
Impaction scavenging SCAV  Collision and combination of a solid (interstitial) Decrease Increase g. — “
particle with a cloud droplet S
Coagulation COAG Collision and combination of two smaller solid Decrease Increase ) _ —
particles to form one larger particle %
Cloud droplet nucleation ~ NUC  Formation of a cloud droplet on a CCN, and None None (0]
h . = Back Close
dissolution of CCN components (eg. sulfate)
Aqueous oxidation AQOX Dissolution and oxidation of SO, in the None Increase B
aqueous phase (cloud droplet) Full Screen / Esc ‘
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Table 2. Measurement periods for sulfur isotope analysis during the HCCT-2010 campaign. & Title Page ‘
Times are Central European Summer Time (CEST). Liquid water content and temperature Ay
(at Schmiicke) and upwind [SO,] represent average values for the measurement period. Con- S Abstract Introduction
nected flow analyses are only available for cloud events. = e
Name Type Sampling Times LWC T [SO,] upwind Connected flow
& Bl e
NC 1 non-cloud, day 08:30 29 Sep 10-16:00 29 Sep 10 < 0.1 5.8 Poor, northwest flow 2
FCE 7.1 cloud, night  23:4524 Sep 10-01:4525Sep 10 0.14 8.3 71 Good for half of event 7]
FCE 11.2 cloud, night 22:30 1 Oct 10-05:30 2 Oct 10 0.37 6.2 12.0 Good for whole event g-
FCE 11.3 cloud, day 14:30 2 Oct 10-20:00 2 Oct 10 032 77 9.8 Good for whole event S
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Table 3. 5*S values (%o0) of the potential sources of sulfate that could be contributed to particles
during their passage through an orographic cloud: SO, oxidation in the aqueous phase (AQOX)
overall in the cloud (gouq), bY H2O; (an,0,) @nd by transition metal catalysis (arycar): SO,
oxidation on the surface of Sahara dust with no aqueous phase (ie. on interstitial particles;
T.ur1), and direct uptake through DISS/SCAV of sulfuric acid gas and ultrafine particulate (ay;).

Source FCE 7.1 FCE11.2 FCE11.3

SO, OX, Oyoug 56.8+£7.2 -224+40 56+2.1
SO, ox, a0, 40.9%1.9 1.5+£32 24214
SO, OX, Orpcat 22.4+1.9 -163+£32 6.0+14
SO, 0X, Oy 39.0£13 -04x11 223x1.1
H,SO,, ag, 37.3+50 548+56 44.8+45
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analyses at HCCT-2010: H,O,/TMI-cat refer to in-situ oxidation of SO, (AQOX). Percentage S Title Page ‘
increases in sulfate concentration are approximate, and refer to surface sulfate for mineral dust -,
and bulk sulfate for mixed particles and coated soot. “Coarse” and “fine” refer to particle size &
ranges of approximately > 600 nm and 50-600 nm respectively (see Sect. 3.2). {
Mixed particles Coated soot Mineral dust
Fine Coarse Coarse Fine Coarse g
FCE 11.2 % Addition > 40 10 Not measured Not activated > 40 2
"~ Dominant process SCAV/DISS H,0, TMI-cat g — “
©
FCE 11.3 % Addition 23-72 25-100 47-190 > 200 > 40 = _ —
"~ Dominant process SCAV/DISS/H,O0, H,0, H,0, SCAV/DISS  TMI-cat Q_,U
© N,
:
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Fig. 1. Air mass back trajectories for cloud events at the HCCT-2010 campaign. Emissions are
in Mg (10° g) and are from the Centre on Emission Inventories and Projections (CEIP, 2010).
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Fig. 3. Characteristic ratios of major elements measured with NanoSIMS used for chemical
separation of different particle types for upwind and interstitial aerosol. Boxes indicate the 25—
75 percentile ranges. Whiskers indicate the range until the last value that falls within the median
+20 range. Large and small circles are outliers and lie outside +20 sigma and +3c¢ sigma range
respectively. The O/S ratio is shown on the left-hand axis, while the molar ratios of O, C, N and
S (X,) are shown on the right-hand axis.
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Fig. 5. Isotopic composition of particles measured during HCCT-2010 for cloud events 11.2 and
11.3: (a) fine mixed particles (= OA + salt), (b) coarse mixed particles, (¢) fine mineral dust, (d)
coarse mineral dust. Mixed particles are shown in red and mineral dust in orange. Size-resolved
mixed particles could only be measured in cloud droplet residual; upwind and downwind results
are therefore equal for fine and coarse particles. In “(b) Coarse mixed particles” for FCE 11.3
sulfur was also measured in coated soot particles, and these are shown in grey. Straight lines
show the isotopic composition of sulfate that could added to particles in the cloud from different
sources according to the legend. Pale points show measurements for individual grains and
larger, dark points with error bars show the mean and the 1o error. Dashed lines follow from
upwind to in-cloud to downwind particles and show the change in 5*S due to cloud processing;
fine dashes with circle symbols show fine particulate and long dashes with cross symbols show
coarse particulate.
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Fig. 6. Schematic summary of the dominant processes contributing sulfate to different particle

classes during cloud processing at HCCT-2010. Particle sizes ranges approximately refer to
fine: < 600 nm and coarse: > 1 um.
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