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Abstract

The ability of coated mineral dust particles to act as cloud condensation nuclei (CCN)

and ice nuclei (IN) was investigated at LACIS (Leipzig Aerosol Cloud Interaction Simu-

lator) during the FROST1- and FROST2-campaigns (Freezing of dust). Sulphuric acid

was condensed on the particles which afterwards were optionally humidified, treated5

with ammonia vapour and/or heat. By means of aerosol mass spectrometry we found

evidence that processing of mineral dust particles with sulphuric acid leads to sur-

face modifications of the particles. These surface modifications are responsible for the

observed reduction of the IN activation of the particles. The observed particle mass

spectra suggest that different treatments lead to different chemical reactions on the10

particle surface. Possible chemical reaction pathways and products are suggested and

the implications on IN and CCN efficiency of the treated dust particles are discussed.

1 Introduction

Aerosol particles have various direct and indirect effects on earth climate (Lohmann

and Feichter, 2005). One of the important indirect effects is their ability to act as het-15

erogeneous ice nuclei. Heterogeneous ice nucleation influences the earth radiation

budget by the change of cloud albedo (Kay et al., 2007) and plays a major role in the

formation of precipitation, especially in mid latitudes (Roedel, 2000). The exact effect

of ice clouds on the Earth’s climate is yet not well understood (Forster et al., 2007) and

more research is needed to determine the mechanisms of heterogeneous ice nucle-20

ation (Cantrell and Heymsfield, 2005). Mineral dust has been found to be one of the

major components of snow crystal residuals (Kamphus et al., 2010; Mertes et al., 2007;

Richardson et al., 2007; Cziczo et al., 2004; DeMott et al., 2003). In the atmosphere

mineral dust is often internally mixed with organic and inorganic material due to parti-

cle ageing processes in the atmosphere (Wiacek and Peter, 2009; Sullivan et al., 2007;25

Sullivan and Prather, 2007; Hinz et al., 2005; Falkovich et al., 2001). Such additions
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may influence the efficiency of mineral dust to act as ice nuclei (Sullivan et al., 2010b,a;

Niedermeier et al., 2010; Gallavardin et al., 2008; Möhler et al., 2008, 2005). Nieder-

meier et al. (2010) found that active sites are lost when particles are processed with

concentrated sulphuric acid and Sullivan et al. (2010b) show that the loss of these ac-

tive sites is irreversible. However, the surface processes that lead to the destruction of5

active sites are not fully understood. Here we present a study of reactions taking place

on the particle surface of Arizona Test Dust after processing with sulphuric acid. The

experiments were performed during the FROST1 and FROST2 (Freezing of dust 1 and

2) campaigns at the LACIS (Leipzig Aerosol Cloud Interaction Simulator, Hartmann

et al., 2011; Stratmann et al., 2004) facility located at the Institute for Tropospheric Re-10

search in Leipzig, Germany. A unique combination of data from ice nucleus counters,

a cloud condensation nucleus counter, and from aerosol mass spectrometers permit-

ted deeper insights into the chemical processes taking place on the particle surface

after processing with sulphuric acid. After condensing sulphuric acid on the particles,

they were optionally humidified, neutralised and heated. These treatments and the re-15

sulting aerosol properties modifications provided additional information on the nature

of the processes taking place on the aerosol particle surfaces. The possibility to link

surface modifications to the modification of freezing behaviour is valuable for attaining

greater understanding of the key characteristics that are responsible for the action of

mineral dust particles as ice nuclei.20

2 Methods

2.1 Particle generation

Arizona test dust (ATD) (ISO 12103-1, A1 Ultrafine Test Dust, Powder Technology Inc.,

Burnsville, Minnesota, USA) was chosen as test substrate. Additional measurements

were performed using quartz particles (BCR-66, European commission, Institute for25

Reference Materials and Measurements). A schematic of the set-up is shown in Fig. 1.
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It can be separated in two major blocks, the particle generation, shown on the left side

of Fig. 1 and the particle characterisation, shown on the right side of Fig. 1. First, the

ATD was dispersed in a fluidized bed generator (TSI 3400A, TSI Inc., St. Paul, Min-

nesota, USA). To generate aerosol with particles in the size range of 200 to 400 nm

mobility diameter, ultra fine ATD was introduced into the disperser followed by a multi5

stage impactor with a 50% aerodynamic cut-off diameter at 560 nm (which corresponds

to mobility diameter of approximately 450 nm) placed immediately after the fluidized

bed, to remove most of the big particles prior to any processing. For those experi-

ments with 400 nm mobilty diameter ATD, the impactor cut-off was increased to 1 µm

corresponding to a mobility diameter of approximately 800 nm. The final selection of10

the aerosol diameter is performed at the end of the particle generation section. By

passing the aerosol over a heated sulphuric acid bath, controlled amounts of sulphuric

acid were condensed on the particle surface, depending on the temperature of the

bath. More details can be found in Niedermeier et al. (2010).

Additional processing by humidification of the aerosol was accomplished using a15

water bath downstream of the sulphuric acid bath. We have indirect evidence that

an unknown amount of ammonia was present in the compressed air and/or the water

bath section. We were not able to quantify this contamination. It should be noted that

the uptake of ammonia to the particles without water is very slow, meaning that only

a very weak neutralisation could take place without the water bath in line. For some20

experiments extra ammonia was added to the aerosol in order to ensure complete

neutralisation. After the water bath and the ammonia section, the aerosol was dried

again in a diffusion dryer. Finally a thermodenuder was available in order to remove

the semi-volatile fraction of the particles. Unavoidably, the thermodenuder, which was

set most of the time to 250
◦
C, also provoked a thermal treatment of the aerosol in a25

way that surface reaction kinetics and equilibria might have been changed. At the end

of the particle generation a differential mobility analyser (DMA) was used to select a

monodisperse fraction of the aerosol of 200 nm, 300 nm or 400 nm mobility diameter.

Doubly charged particle artefacts were mostly avoided as this size fraction had already
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previously been removed by the impactor. As the 300 nm particles yielded the highest

number concentration without doubly charged particles, they were used for most of the

studies. Except for the DMA, all processing following the dispersion of the dust was

optional and could be bypassed.

2.2 Particle characterisation5

The aerosol was characterised with respect to concentration, morphology, hygroscopic

growth, CCN activity, IN activity and chemical composition. In this paper we will focus

on the results from the chemical analysis performed by an aerosol mass spectrometer

(AMS) (Jayne et al., 2000; Drewnick et al., 2005) and compare the results to the CCN

and IN activity measured by a cloud condensation nucleus counter (CCNC, Roberts10

and Nenes, 2005), an ice nucleus counter (CFDC, Sullivan et al., 2010b, original

instrument version: Rogers et al., 2001) and the Leipzig Aerosol Cloud Interaction

Simulator LACIS (Hartmann et al., 2011; Stratmann et al., 2004), which measured

both CCN and IN efficiency. However, this study focuses on the IN data measured with

LACIS. Data from an Aerosol Time of Flight Mass Spectrometer (ATOFMS) (Nordmeyer15

and Prather, 1994) was used to estimate the number-fraction of particles coated.

2.2.1 Determination of the particle soluble mass loadings from CCNC data

A detailed discussion of the hygroscopic growth properties of the probed aerosol is

given in Wex et al. (2011). In the CCNC the supersaturation was varied in the range of

0.07 to 0.6% supersaturation and the number concentration fraction of activated parti-20

cles was recorded. The supersaturation at which 50% of the particles were activated

as cloud droplets was considered to be the critical supersaturation. As the aerosol is

nearly monodisperse, the curves obtained show a relatively steep increase at a given

supersaturation. To facilitate comparisons between AMS data and CCNC data, soluble

mass loadings per particle have been calculated using single parameter Köhler theory25

(Petters and Kreidenweis, 2007; Wex et al., 2007). At the supersaturation Scrit at which
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the particles activate, the maximum of the Köhler curve was calculated to determine

the apparent hygroscopicity parameter κapp which can then be compared to κcoat of the

pure substance used as the coating material. Equation (1) shows the Köhler equation

linking the wet size D of a particle to the saturation ratio S needed.

S(D)=
D3

−D3
dry

D3
−D3

dry
(1−κapp)

exp
A

D
(1)5

Ddry is the dry diameter of the particle and A is a constant depending on the temper-

ature and the surface tension at the solute/air interface. We use the term “apparent”

hygroscopicity, as we determine the intrinsic hygroscopicity, biased by the possibly lim-

ited solubility of a fraction of the particle material (Sullivan et al., 2009b; Petters and

Kreidenweis, 2008). The apparent hygroscopicity is the additive value of the appar-10

ent hygroscopicities of individual components of the particle weighted by their volume

fractions. With κcoat being the hygroscopicity parameter of the coating substance, κATD

being the hygroscopicity parameter of the unprocessed ATD and ǫcoat and ǫATD their

respective volume fractions, we get Eq. (2) for κapp:

κapp =ǫcoatκcoat+ǫATDκATD (2)15

As the sum of the volume fractions must be equal to 1 (ǫcoat +ǫATD = 1), Eq. (2) can

be rearranged to get the volume fraction of the coating (Sullivan et al., 2009a). This

volume fraction can be multiplied by the particle volume and the density of the coating

material, yielding the mass of the soluble fraction of the particle (Eq. 3). κapp of the

ATD was found to be 0.002 (Sullivan et al., 2010b).20

msoluble = ρsoluble×Vcoat

= ρsoluble×Vtotal×ǫcoat

= ρsoluble×Vtotal×

κapp−κATD

κcoat−κATD

(3)
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This method works best if no reactions take place on the particle surface, as these

can result in the formation of unknown substances for which the hygroscopicity param-

eter and the density are no longer exactly known.

2.2.2 Determination of IN efficiency

The CFDC is a continuous flow diffusion chamber. The dry aerosol is cooled down and5

enters a region between two cylinders which are coated with ice and set to a controlled

temperature. By creating a temperature gradient between the cylinder walls, the sat-

uration ratio between the walls can be controlled. Particles which activate and grow

to ice crystals are counted with an optical particle counter at the end of the chamber.

The instrument can measure both in immersion/condensation freezing mode (particles10

activate as cloud droplets before freezing) as well as in deposition freezing mode (wa-

ter vapour directly deposits on the particles to form ice without prior activation of the

particles as liquid droplets). The different freezing modes are described in Pruppacher

and Klett (1997). Details about the CFDC chamber used during the FROST2 campaign

are described in Sullivan et al. (2010b).15

In the LACIS chamber, moisture conditioned aerosol is cooled down in a laminar

flow tube in order to achieve supersaturation above water. The supersaturation and

the temperature of the aerosol are controlled via the wall temperatures and the initial

air moisture. Downstream of the activation of the particles to droplets, further cooling

occurs, that can eventually lead to the freezing of the droplets. At the outlet an optical20

particle counter is used to detect the ice and the droplets formed. Ice is formed in

the immersion freezing mode. Details about the LACIS chamber and its use as an ice

nucleation instrument are given in Hartmann et al. (2011).
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2.2.3 Determination of the chemical composition of the particles’ non refractory

fraction

In the AMS particles of 40 nm to 1000 nm vacuum aerodynamic diameter are focused

on a narrow particle beam using an aerodynamic lens. 100% transmission is achieved

for particles in the range from 60 nm to 600 nm vacuum aerodynamic diameter (Liu5

et al., 2007). The focused particle beam is introduced into a differentially pumped

vacuum chamber and directed onto a thermal vaporiser whose temperature was set

to 600
◦
C or 820

◦
C. The use of two different evaporation temperatures provided ad-

ditional information on the volatility of the particle material, allowing further restricting

its possible composition. The produced vapour is ionized by 70 eV electron impaction10

and the positive ion fraction is focused into an orthogonal extraction time-of-flight mass

spectrometer.

The main objective of the AMS measurements was to quantify the amount of sul-

phuric acid condensed on the particle surface. The temperatures set at the AMS

vaporiser are far too low to evaporate mineral dust like ATD (melting point accord-15

ing to manufacturer: 1615±75
◦
C). Nevertheless, the instrument is sensitive to the

more volatile fraction of the particles, thereby facilitating the detection of even very low

amounts of non-refractory material on the refractory particle cores. As the aerosol was

quasi monodisperse, the average mass per particle could be calculated by normalising

the mass concentrations given by the AMS to the particle number concentration from20

a condensation particle counter (CPC) that was operated parallel to the AMS.

In the following paragraphs the determination of necessary correction factors is de-

scribed. They cover the relative ionisation efficiency of the sulphate species which

is determined by an additional calibration to ammonium sulphate, the correction for

the collection efficiency of particles on the vaporiser, which is lower than unity due to25

bounce off effects, the transmission of the aerodynamic lens, and the determination

of a comparability factor due to accumulated measurement uncertainties from different

instruments when comparing the FROST1 to the FROST2 campaign.
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In order to make the quantification of sulphate compounds as accurate as possible,

the instrument was calibrated using ammonium sulphate, in addition to the ammonium

nitrate calibration (Jayne et al., 2000). A known issue of the AMS quantification is the

bounce off of particles from the vaporiser prior to their evaporation, lowering the col-

lection efficiency (CE) of the instrument and thus resulting in underestimation of the5

measured mass (Huffman et al., 2005; Matthew et al., 2008). An estimation of the col-

lection efficiency of mineral dust like particles coated with sulphuric acid was achieved

by measuring quartz particles (BCR-66) in the same size range with different sulphuric

acid coating thicknesses parallel to a CCNC. As the surface of quartz particles does

not react with sulphuric acid, the amount of sulphuric acid on the particles could be10

determined from CCNC measurements as described above, assuming that all of the

soluble material is composed of sulphuric acid. By comparing the mass deduced from

the AMS data to the amount of soluble mass, the collection efficiency was determined.

The quartz particles showed a small amount of soluble material even without coating,

thus contained small amounts of soluble impurities. Note that BCR-66 is not a chemical15

standard but a size standard. However, these were the best quartz dust samples in the

size range needed which were commercially available. Figure 2 shows a compilation

of the ratios between AMS and CCNC mass per particle for all experiments performed

in order to determine the CE. Its average value is 0.357±0.022. The average value

was used in the correction of the mass per particle as it seems very unlikely that the20

CE would change due to coatings in the order of magnitude of 1 nm.

The particles most extensively characterised in these studies had a mobility diameter

of 300 nm, corresponding to a vacuum aerodynamic diameter of about 600 nm. This

is at the 100% transmisson edge of the aerodynamic lens. Due to an aerodynamic

shape factor variability of the ATD particles, the monodisperse aerosol with respect to25

its mobility diameter is polydisperse with respect to its vacuum aerodynamic diameter.

This causes a fraction of the particles to be outside of the 100% transmission range of

the aerodynamic lens. For the 400 nm particles this effect is even more pronounced.

In order to get accurate mass loadings, this extra loss factor was estimated. Because
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the low amounts of non-refractory material on the particles produced noisy size distri-

butions and the size calibration above 600 nm is imprecise, some assumptions were

made: The vacuum aerodynamic mass size distribution of the ATD was assumed to be

lognormally distributed with the same geometric width independent of the mode diam-

eter (Fig. 3). The lognormal fit to the 200 nm particles which are fully within the 100%5

transmission range of the aerodynamic lens, can be projected to the 300 and 400 nm

particles. For that we take advantage that the vacuum aerodynamic diameter dva and

the mobility diameter dmob are linearly linked by the “Jayne shape factor” S and the

particle density ρp (Eq. 4, DeCarlo et al., 2004; Jayne et al., 2000). S was determined

to approximately 0.77 and the density of the ATD is 2.6 g cm
−3

(Möhler et al., 2008). ρ010

is the unit density (1 g cm
−3

).

dva =S
ρp

ρ0

dmob (4)

The mass size distributions were calculated from the methyl silicone signal, as this

substance showed the best signal to noise ratio. The presence of this substance on

the particle surface will be discussed in more detail in Sect. 3.1. A second assumption15

was that the transmission function ftrans of the aerodynamic lens for ATD and BCR-66

particles is identical to that of polystyrol latex size standards (PSL) which where used

to determine the transmission function during laboratory measurements (S. Walters,

personal communication, 2008). Finally the integral of the projected mass size distri-

bution DATD was divided by the integral of the product of the transmission function and20

the projected mass size distribution resulting in a correction factor ktrans for the lens

transmission (Eq. 5). The respective projected distributions are shown in Fig. 4. The

correction factors are shown in Table 1.

ktrans =

∫
+∞

0
DATD(dva)ddva

∫
+∞

0
DATD (dva)× ftrans(dva)ddva

(5)

When comparing the FROST1 to the FROST2 campaign, the mass per particle load-25

ings were not well reproduced for similar settings in the particle generation section.
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Possible reasons for these discrepancies are the accuracy of the CPC concentrations

to which the AMS data was normalised (10%), the dilution stage in front of the CPC

(10%), as well as the accuracy of the AMS calibration (30%). After gaussian error

propagation, with the AMS and the CPC error counted twice as it is present for both

campaigns, this yields an uncertainty of 46%. Other sources are speculative but can5

not be excluded. The dilution factor was close to 5 which means that small measure-

ment errors in the dilution flow are highly amplified when calculating the particle num-

ber concentrations before dilution from the CPC counts and thus the mass loadings are

highly sensitive to the flow measurement. We performed supplementary experiments

with only the CCNC, the AMS and a CPC without dilution. In these measurements10

the CCNC activation curves matched those of the experiments done with the same

parameters during FROST1 and FROST2. By adjusting the AMS mass loadings of

the FROST 1 and 2 campaign to the data of these experiments, the FROST campaign

data were corrected for these systematic errors. The factors also make the BCR-66 cal-

ibration measurements comparable to the ATD measurements during the campaigns.15

Table 2 shows these comparability factors.

The AMS is calibrated by measuring a known quantity of ammonium nitrate in order

to determine the ionisation efficiency (IE) of the instrument for the nitrate fragments at

the mass to charge ratios 30 (NO
+

) and 46 (NO
+

2 ). The IE of other species differ from

the IE of nitrate and thus relative ionisation efficiencies (RIE) have to be determined for20

each species (e.g., Alfarra et al., 2004). The RIE values of sulphate and ammonium,

which were determined separately for each campaign, are given in Table 3.

In addition to the AMS, an Aerosol Time of Flight Mass Spectrometer (ATOFMS;

TSI Model 3800) was used in this study to determine aerodynamic size and chemical

composition of single particles. It uses an aerodynamic sizing technique to measure25

particle size and time of flight mass spectrometry to determine the chemical composi-

tion of particles of unit mass resolution. Particles in the size range between approxi-

mately 200–3000 nm are drawn into the instrument through a nozzle inlet and are first

aerodynamically sized by measuring their transit time in between two laser beams of
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known distance. Downstream of the sizing region, the particles reach the ion source

region where the particles are hit by pulsed UV laser fires that induces laser desorp-

tion/ionisation. Due to the bipolar design of the mass spectrometer, a positive and a

negative ion spectrum are acquired from each particle.

The main differences compared to the AMS are the capability of the ATOFMS to5

analyse single particles, as well as to collect information on refractory materials such

as sodium chloride, elemental carbon and mineral dust constituents due to the different

ionisation method applied. However, compared to the AMS, the ATOFMS does not

measure mass concentrations. A common method to analyse ATOFMS spectra is to

classify analysed particles into groups of certain mass spectrometric signatures which10

was also done in the context of this experiment. Herein, we queried single particles

mass spectra for a peak at m/z =−97 which is a clear marker for sulphate. Applying

different peak thresholds (conservative: peak area >1000 a.u.; less conservative: peak

height >50 a.u.), the number fraction of particles that produce a sulphate ion signal

could be determined.15

3 Results and discussion

The presentation of the results starts with the identification of chemical compounds

found in the non-refractory fraction of the ATD followed by the quantification of the

average mass per particle for the main species. We show evidence for reactions of

the sulphuric acid with the particle surface and propose possible products from these20

reactions depending on the applied treatments. The mass per particle loadings, as de-

duced from the AMS data, are compared to the soluble mass fractions calculated from

the CCNC activation curves. This comparison allows for further restricting the possible

products on the particles’ surface. Finally, the effects of the different treatments are

linked to the IN-fractions determined by the CFDC and LACIS, to show their effects on25

the IN-ability of ATD.
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In general, for all particles the mass per particle was calculated for the species or-

ganics, sulphate, ammonium and silicone. The detection limits have been calculated

from the amplitude of the noise of the background signal similar as in Drewnick et al.

(2009) using an algorithm described in Reitz and Schneider (2011) to separate long

scale background fluctuations from statistic noise. The correction factors described in5

Sect. 2 were applied to all species.

3.1 Average non-refractory mass per particle

The average non-refractory mass per particle was determined by normalising the mass

concentrations of carbon containing material (CCM), sulphate, ammonium and silicone

measured with the AMS to the particle number concentration measured by a CPC. The10

term CCM was introduced instead of the term organics, as it also contains carbonates

and methyl silicone, which cannot be clearly distinguished from organic material. The

fragmentation table is the same as for organics (Allan et al., 2004). The ATOFMS data

show that 84 to 97% or 93 to 100% of the particles contained sulphate after passing

the sulphuric acid coating section. The numbers depend on the signal area threshold15

used. Based on the signal quality of the individual mass spectra, the less conservative

threshold can be applied for the investigated experiments. However, sulphate peaks

were also detected for “pure” ATD particles, which makes the identification of sulphate

compounds on the particles somewhat ambiguous. The fraction of pure ATD parti-

cles that showed a sulphate peak ranges from 3 to 8% and 5 to 46% using similar20

threshold definitions as described above. The fact that a small fraction of the coated

particles showed no sulphate peak in the ATOFMS likely could be related to the very

low amounts of sulphate on the particle surface. Due to this it is possible that even

when sulphate was present, it did not necassarily produce a significant signal in the

ATOFMS. The CCNC data also indicated that the aerosol was not externally mixed,25

as the activation of the particles took place in a small supersaturation interval without

showing multiple steps, as would have been expected in case of an uncoated fraction.

A compilation of the coated particle fraction determined with the ATOFMS is shown in

Table 4.
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Figures 5a to 5c show average mass spectra recorded during the FROST1 and

FROST2 campaign. No correction factors have been applied for these graphs. Fig-

ure 5a shows the data measured using ATD without sulphuric acid processing. Beside

the two clear silicone peaks, only organic material is visible, especially on the mass

to charge ratios (m/z) 55, 56 and 57 which are clearly organic markers. Figure 5b5

shows pure ATD from the FROST2 campaign, during which the vaporiser tempera-

ture was increased by 220
◦
C compared to FROST1. The high temperature leads to a

stronger decomposition of the oxygenated organics and the decomposition of carbon-

ates (see extensive study by Zhao et al., 2010), resulting in a rise of the CO
+

2 fragment.

The signal on m/z 57 indicates the presence of organic material that has not been as10

heavily decomposed by the high temperature. A second effect of the high vaporiser

temperature is the appearance of alkali metal peaks (Na
+

,K
+

,Rb
+

and Cs
+

) as well

as Ba
+

, the stable alkaline earth metal with the lowest electronegativity. These peaks

only appear when ATD is introduced into the instrument and are missing during e.g.

calibration measurements with ammonium nitrate. It is possible that a low amount of15

alkali metals from the ATD were surface ionised (Svane et al., 2004, 2005). Given their

very low electronegativity they are extremely easily ionised and low amounts would

already produce high signals. The analysis of ATD in Vlasenko et al. (2005) did only

show Na
+

and K
+

of these metals, but others might have been below the detection

limit of the X-ray photo-electron spectroscopy used for this analysis or not included at20

all. The silicone signal which was identified in FROST1 is also present in the FROST2

data and the BCR-66 measurements. Figure 5c originates from a FROST2 measure-

ment with sulphuric acid bath temperature of 70
◦
C with an average sulphate mass of

1.870×10
−12

µg/particle. The resulting sulphate peaks are marked in red. The silicone

peaks are no longer visible in this data. We suppose that they were oxidised by the25

sulphuric acid. The metal peaks remain, as expected for the vaporiser temperature of

820
◦
C.
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Figures 6a to 6c show a summary of the mass per particle for all experiments of

the FROST campaigns with all correction factors applied. In Fig. 6a, the first three

entrees show pure particles with 200, 300 and 400 nm mobility diameter. Only CCM is

found on the surface including methyl silicone, which is plotted additionally on the right

axis. The source of the silicone is probably silicone grease or oil which is often used5

in pumps. We are unable to tell whether it was already on the ATD surface before our

treatments, or if it was introduced by our system. We could however exclude conductive

black silicone tubing as a direct source, as has been found by Timko et al. (2009),Yu

et al. (2009), and Schneider et al. (2006), because the set-up used only stainless steel

tubing. It is most likely that the silicone contamination is not relevant for the freezing10

and droplet activation behaviour in these experiments, as the amount of silicone is

by far too low to produce a layer on the particle surface that could cover a significant

fraction of active sites. We also do not expect it to produce active site on its own, as

it is amorphous and hydrophobic and thus is very unlikely to trigger the formation of a

crystalline structure from water. The main interest of this substance was its excellent15

signal to noise ratio, making it possible to retrieve size distributions for the pure ATD.

In the sulphuric acid condensation section, sulphuric acid condensed on the particle

surface and its amount increased with higher temperature of the sulphuric acid reser-

voir as well as with the increase of the particle surface area. The amount of CCM was

reduced by the sulphuric acid, which can displace carbonate from its salts as well as20

react with organic substances. The methyl silicone signal vanishes almost completely

at high sulphuric acid bath temperatures. Due to chemical reactions with the particle

surface we expect the formation of iron, aluminium, and calcium containing sulphate

salts, as these metals have been found with high abundance on the ATD surface as

shown in Table 5 based on Vlasenko et al. (2005). For all species the increase of the25

mass per particle is proportional to the surface area of the particles, indicating that

most of the material was evaporated from the particle surface.

The addition of ammonia was accompanied by humidification of the particle sur-

face. The first effect of the particle humidification was the improved uptake of ammonia
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and thus the neutralisation of the sulphuric acid. In addition, the humidity provoked a

stronger reaction of the sulphuric acid with the particle surface, which competed with

the neutralisation process. The reaction of the particle surface resulted in the formation

of metal sulphate salts, which partly could not be evaporated by the vaporiser of our

instrument at 600
◦
C. Evidence for the consumption of a significant fraction of the sul-5

phuric acid prior to its neutralisation is given by the mass spectra discussed in Sect. 3.2

and shown in Fig. 8a and Fig. 8b. During FROST2, the vaporiser temperature was set

to 820
◦
C, thereby facilitating the evaporation of metal sulphate salts which could not

be detected during FROST1.

Figure 6b shows the average mass loadings for pure ATD particles and ATD particles10

with low amounts of sulphuric acid condensed on their surface during FROST2. The

first four categories show uncoated particles. In the first category, the thermodenuder

was turned off. This data point can be compared to the FROST1 uncoated 300 nm par-

ticles. The silicone mass matches very well the FROST1 findings, however the CCM

mass is higher by more than a factor of two, as carbonates were decomposed by the15

higher vaporiser temperature. With the temperature of the thermodenuder increasing,

the silicone was systematically reduced, whereas the amount of CCM did not show

any clear trend. The three categories on the right show experiments with a low amount

of condensed sulphuric acid. As in the FROST1 data, the sulphuric acid reduced the

CCM. The use of the thermodenuder did not have any clear effect on the CCM mass,20

whereas the sulphuric acid was already clearly reduced when the thermodenuder was

set to 45
◦
C. Additional increase of the thermodenuder temperature to 250

◦
C did not

affect the sulphate signal further. This effect can also be seen in Fig. 6c for the data

points at 70
◦
C sulphuric acid bath temperature. There is no significant difference be-

tween the measurement with the denuder temperature of 70
◦
C and 250

◦
C. In Sect. 3.225

it is shown that the higher temperature mainly results in a more efficient reaction of the

sulphuric acid with the particle surface.
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3.2 ATD surface reactions

Analysing the effects of the thermodenuder and applying the water bath gave insight

into the possible reactions taking place on the particle surface. For that we analysed

the mass per particle and the fragmentation pattern. Figure 7 shows the expected

fragmentation for sulphuric acid, ammonium sulphate and metal sulphate salts. Only5

sulphuric acid and ammonium sulphate can produce the hydrogen containing frag-

ments HSO
+

3 and H2SO
+

4 , which can not be formed from metal sulphate salts. This

difference is clearly visible in the fragmentation patterns shown in Figs. 8a and 8b,

depending on the treatment of the particles. The use of the water bath, independent

on the addition of NH3 and the use of the thermodenuder strongly reduced the hy-10

drogenated fragments. It can be concluded that in both cases the reaction with the

particle surfaces was enhanced, thereby resulting in the production of metal sulphate

salts. The thermodenuder had a stronger effect on the mass per particle when it was

used alone compared to its use after the water bath. The reason likely is that the

water bath also caused the neutralisation of the sulphuric acid to be more effective,15

as the uptake of ammonia was expected to be improved on a wet particle. This hy-

pothesis is based on the elevated ammonium signal from those particles coated with

a sulphuric acid bath temperature of 85
◦
C with the water bath in use. Deliberately

adding further ammonia to the air did not influence the ammonium signal significantly.

The ammonium measured for these experiments corresponds to 0.51±0.12 times the20

concentration necessary for a complete neutralisation of the sulphuric acid. However,

when the thermodenuder was used after the water bath, the ammonium signal was

reduced by at least a factor of 2. For all other experiments the ammonium could not

be quantified as the ammonium signal was too small compared to the interference by

air ions. It was not possible to correct for these interferences because the standard25

correction method via a fragmentation table as described in Allan et al. (2004) was not

applicable as these corrections are based on the assumption of a stable ratio between

oxygen and nitrogen. This was not the case for these experiments, limiting reliable
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statements about the quantities of ammonium to those experiments with a relatively

high amount of ammonium. However, we expect that for those experiments using the

water bath, for which we could not quantify the ammonium, the effect is similar to the

85
◦
C sulphuric acid bath temperature experiments. The addition of ammonia gas did

not significantly influence the neutralisation, which indicates that the carrier air used5

in the system already contained enough ammonia for a partial neutralisation and/or

the branch after the water bath was contaminated with ammonia. We expect that the

partially neutralised sulphuric acid can produce mixed ammonium sulphate metal salts,

which can still be evaporated in the AMS, but at the lower temperatures of the thermod-

enuder only a partial decomposition could take place, which liberated ammonia but not10

sulphur oxide. We propose that the following reactions are responsible for the differ-

ence between the experiments with sulphuric acid processed particles without further

treatment and those experiments with water bath and/or thermodenuder. The actual

chemistry may be much more complex and part of the reactions shown below for one

category will also take place in other categories. In order to improve readability, the15

reactions are only shown for a generic metal M with valency of 3 (e.g. Al or Fe(III))

and assuming that the mineral includes carbonate. They can be easily rewritten with

metals with a different valency (e.g.: K, Ca or Fe(II)) or combinations of different metals

and with different anions (e.g. OH
−

or PO
3−
4

). The equations are not equilibrated as we

do not know the relative quantities of the reaction products. The liberation of ammonia20

as proposed in Reaction (R7) is based on the reduced ammonium signal when the

thermodenuder is used after the water bath for the experiments with the sulphuric acid

bath at 85
◦
C and the decomposition temperatures as indicated in Table 5. (g) indicates

that the substance is present in the gas phase after the process and SOi represents

sulphur oxides:25

water bath only:
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M2(CO3)3+H2SO4+NH3

H2O
→ M2(SO4)3+MNH4(SO4)2+ (NH4)2SO4 (R1)

+CO2(g)+H2O(g)

vaporiser
→ M2O3+NH3(g)+SOi(g)+H2SO4(g)+H2O(g) (R2)

Thermodenuder only:

M2(CO3)3+H2SO4
250

◦
C

→ M2(SO4)3+CO2(g)+H2O(g) (R3)5

vaporiser
→ M2O3+SOi(g) (R4)

Water bath followed by the thermodenuder:

M2(CO3)3+H2SO4+NH3

H2O
→ M2(SO4)3+MNH4(SO4)2+ (NH4)2SO4 (R5)

+CO2(g)+H2O(g)

250
◦
C

→ M2(SO4)3+M(HSO4)3 (R6)10

+NH3(g)+H2O(g)+SOi(g) (R7)

vaporiser
→ M2O3+H2O(g)+SOi(g) (R8)

3.3 Comparison of non refractory mass loadings to soluble mass loadings

In Fig. 9 the soluble mass per particle, calculated from the CCNC data as described in

Sect. 2.2.1, is plotted versus the sulphate mass per particle measured with the AMS.15

The amount of soluble mass was calculated under the assumption that it was com-

posed of sulphuric acid. This assumption was made for simplification as we do not

exactly know which substances have been created on the particle surface by reaction
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of sulphuric acid with the ATD particles. The graph shows a linear relation between the

soluble mass and the non-refractory mass at 600
◦
C, except for one point. The point

marked “outlier”, which is located away from the linear fit, was an experiment with the

water bath in use during the FROST1 campaign. It showed no hydrogenated sulphate

fragments at all. The reduction of the hydrogen containing fragments indicates that the5

reaction with the particle surface was accelerated, most likely producing more material

which is soluble but cannot be evaporated at 600
◦
C, as described in Sect. 3.2, and can

therefore not be detected by the AMS. This data point indicates a chemical modification

of the particles by the use of the water bath but further study of this system is needed

to confirm this hypothesis.10

Figure 10 shows the comparison of soluble mass to AMS sulphate mass per par-

ticle for the FROST2 campaign. As already mentioned, during this campaign, the

temperature of the AMS vaporiser was set to 820
◦
C which was 220

◦
C higher than

during FROST1. This allows for the vaporisation of additional substances compared to

FROST1. The graph shows that with the higher temperature all experiments show a15

linear relation between CCNC and AMS.

The slope of the fit curve for both comparison graphs is the same within the error

(FROST1: 0.75; FROST2: 0.64) due to the 30% calibration accuracy of the AMS. This

indicates that the material produced by chemical reaction on the particle surface with-

out the water bath could already be completely evaporated at 600
◦
C, while the material20

produced with the water bath must have a higher vaporization temperature than the re-

action products without water bath. No thermodenuder experiments were performed

during FROST1 but a similar effect than with the water bath can be expected for the

different denuder temperatures. Substances that were produced without the water bath

could be iron(II)- and iron(III)sulphate. Candidates for the additional compounds pro-25

duced with the water bath are aluminium sulphate and calcium sulphate. As shown in

Table 5, all three metals can be found on the ATD surface in relatively high abundance.

The iron sulphate salts decompose at 400
◦
C and 480

◦
C while aluminium sulphate

decomposes at 770
◦
C and calcium sulphate at 700

◦
C (IFA, 2010). It is possible to
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detect iron sulphate salts in the AMS with a vaporiser temperature of 600
◦
C but for

aluminium sulphate more than 770
◦
C and for calcium sulphate more than 700

◦
C are

necessary in order to get flash decomposition of these substance. In Table 5 a more

extensive list of possible reaction products is shown together with their respective de-

composition temperatures and their solubility. For some substances the table contains5

the melting temperature, as this temperature corresponds in good approximation to the

evaporation temperature under high vacuum conditions prevailing in the AMS. This list

of compounds is of course not complete, as a lot of other reaction products are pos-

sible on the ATD surface. The table shows that all compounds except CaSO4 have

a solubility higher than 100 g l
−1

indicating that all of these substances contributed to10

the apparent hygroscopicity determined with the CCNC (Sullivan et al., 2009b; Petters

and Kreidenweis, 2008). Considering the data point with humidification by the water

bath in Fig. 9, we cannot explain its behaviour with the formation of CaSO4 e.g. from

CaCO3 as CaSO4 is not soluble enough to be measured with the CCNC (details in

Wex et al., 2011). However this does not exclude that CaSO4 was formed too. The ad-15

ditional formation of Al2(SO4)3 from e.g. AlPO4 could explain this behaviour. From the

ATD analysis by Vlasenko et al. (2005) we know that small amounts of phosphate can

be found in ATD. Possible precursors of Al2(SO4)3 could also be minerals containing

OH
−

anions. The proposed reactions are all based on the material available. Reliable

conclusions on the exact chemistry of the surface reactions need more investigations,20

especially to directly identify the products of the reactions.

3.4 Effect of particle surface modification on IN ability

In this section the number of IN is linked to the results of the AMS data as shown in

Figs. 11 and 12. More details about the evaluation and interpretation of the IN data

is presented in Sullivan et al. (2010b) (CFDC) and Niedermeier et al. (2010) (LACIS).25

Both graphs illustrate that the number of IN was reduced with increasing amounts

of sulphate per particle. In Fig. 11 the ice fraction was measured with the CFDC at

105% relative humidity with respect to water and a freezing temperature of −30
◦
C.
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With these parameters, the analysed freezing mode was condensation or immersion

freezing, meaning that the particles activated as liquid cloud droplets prior to freezing.

The experiments with the water bath in use show a lower fraction of IN than exper-

iments with the same amount of sulphate mass on its surface but without the water

bath. In Sect. 3.2 we showed that when the particles were humidified by the water5

bath, no free, unreacted sulphuric acid was left on the particle surface. The sulphuric

acid either reacted with the surface itself or was neutralised by the uptake of ammonia.

Therefore it can be concluded that the main reason for the reduction of the IN fraction in

the immersion/condensation freezing mode is not the coverage of the particle surface

with sulphuric acid, but a chemical modification of the surface.10

This hypotheses is supported by the comparison of the AMS mass loadings to the

IN fractions calculated from the LACIS data shown in Fig. 12. All the data from LACIS

refer to immersion freezing. For the particles with no treatment after the condensa-

tion of sulphuric acid, the IN fraction was reduced when the amount of sulphate was

increasing. If the water bath is used, the IN fraction is reduced by one order of magni-15

tude. This is in accordance with the finding in Sect. 3.2 where we showed that the use

of the water bath reduced the intensity of those sulphate fragments that are typical for

the presence of sulphuric acid. Using the thermodenuder has a similar but stronger ef-

fect. The thermodenuder however not only accelerated the surface reactions but it also

removed part of the semi-volatile material. This has to be taken into account when in-20

terpreting those experiments where the thermodenuder was used after the water bath.

The thermodenuder has no significant effect on the IN fraction when used after the

water bath. It only reduces the sulphate mass on the particle surface to about 70%,

moving the points on the graph to the left by a factor of approximately 1.5. As all of

the coating material has already reacted with the surface or was neutralised due to the25

improved ammonia uptake on the wet particles, no sulphuric acid is left which could

further attack active sites due to the heat treatment. Niedermeier et al. (2011) cover

more details about the behaviour of the IN fraction and show data for different freezing

temperatures in the LACIS chamber.
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The reduction of the IN-efficiency of ATD through the reaction with sulphuric acid can

be explained by the following hypothesis:

the nucleation ability of mineral dust to act as ice nuclei is thought to be linked to sur-

face active sites (Vali, 1985) which may provide a structure similar to that of ice (i.e.:

cubic or hexagonal ice), thereby lowering the energy barrier for ice formation to be ini-5

tialised. Experiments performed by Choi et al. (2005) indicate that local electric fields

present on the particle surface could also act as active sites. However, different active

site properties not stated here are also possible as the nature of active sites is still

not identified. Sullivan et al. (2010b) showed that the ATD IN-efficiency is irreversibly

altered by the processing with sulphuric acid. We believe that through reaction with sul-10

phuric acid, active sites are destroyed by etching, leaving a particle surface which no

longer reduces the ice nucleation energy barrier efficiently, for example because it re-

sembles the ice lattice structure less. This hypothesis implies that the material forming

the active sites can react with sulphuric acid, which reduces the possible compounds

or mixtures of compounds responsible for the ATD IN-behaviour. The substances ad-15

ditionally formed when the water bath or the thermodenuder was used were likely to

contain calcium and aluminium. In future laboratory studies it would therefore be inter-

esting to analyse pure aluminium and calcium containing minerals which can be etched

by sulphuric acid. As we found that carbonates have been destroyed by the sulphuric

acid, it is possible that carbonates are involved in the ice formation as suggested by20

Klein et al. (2010); Zimmermann et al. (2008); Mason and Maybank (1958), and Man-

son (1957). The comparison of the AMS non refractory mass at 600
◦
C to the soluble

mass from the CCNC, indicates that the destruction of aluminium and phosphates or

hydroxide containing minerals could also be involved in the chemical processes on the

particle surface. Whether the destruction of such substances is linked to the destruc-25

tion of the IN ability of ATD or not cannot be determined from these experiments and

other compounds which we were unable to identify may also be responsible for the

observed effect.
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The humidification of the particle transforms the sulphuric acid on the surface to a

highly concentrated sulphuric acid solution with the particle core immersed. This allows

for two possible explanation for the effect of the water bath. First, the sulphuric acid

could have been spread over the whole particle and thus became able to etch all active

sites on the ATD surface, including those that were not in contact with the sulphuric5

acid if the particle surface was not completely covered after the condensation process.

A second possibility is that the particles were already completely covered after the

condensation of the sulphuric acid and the humidification only accelerated the reaction

kinetics and/or changed the reaction equilibrium. However, the thermodenuder is only

capable of changing the reaction equilibrium or the kinetics and no spreading of the10

sulphuric acid over the particle surface is expected. Nevertheless, the thermodenuder

had a similar and even stronger effect to the IN-efficiency than the humidification. This

indicates that the particle surfaces were already completely covered after the sulphuric

acid condensation process as otherwise the thermodenuder would not have improved

etching of the surface as efficiently. We therefore conclude that the reduction of the15

IN-fraction by the humidification is also due to reaction equilibrium or kinetics change

as the whole surface must already have been covered by sulphuric acid prior to the

humidification.

4 Summary and conclusions

It has been shown that condensing sulphuric acid on the ATD surface does not only20

coat the particles but also leads to surface reactions. The compounds produced on

the surface were metal sulphate salts, ammonium metal sulphate salts as well as am-

monium sulphate. The formation of metal sulphate salts was indirectly detected via

the fragmentation pattern of the AMS sulphate signal. A direct detection was not pos-

sible as the metal oxides produced during the vaporisation process in the AMS are25

refractory. In our experiments the source of the ammonium was the intrinsic ammonia

contained in the compressed air, a possible contamination of the water bath section
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as well as ammonia that was on purpose added to the system to get full neutralisa-

tion. The amount of ammonium produced could not be quantified by the AMS, as the

addition of ammonia together with nitrogen perturbed the ratio between oxygen and

nitrogen in the compressed air, making it impossible to accurately correct for interfer-

ences between ammonium, water and oxygen. These problems can be avoided in5

future studies by the use of synthetic air and addition of ammonia mixed with this same

composition of synthetic air.

Comparing the AMS data to the CCNC data for particles humidified or treated ther-

mally after the coating with sulphuric acid yields evidence for the formation of an in-

creased amount of substances which were evaporated by the AMS vaporiser at 820
◦
C10

but not at the lower temperature of 600
◦
C. However, the solubility of the surface ma-

terial is altered only weakly. Possible compounds would be aluminium sulphate and

calcium sulphate. The comparison of the AMS sulphate signal and the sulphate frag-

mentation to the IN fractions measured with the CFDC and LACIS show that the IN

ability is reduced by the coating with sulphuric acid through reaction with the surface15

for the condensation/immersion freezing mode.

Coating the particle with sulphuric acid without further treatment slightly lowered the

fraction of IN in the immersion/condensation freezing mode, while humidification after

the coating and thermal treatment caused the IN-fraction to further decrease. The re-

duction of the IN fraction was attributed to the destruction of surface active sites as20

already proposed by Sullivan et al. (2010b). The condensation of sulphuric acid on the

particle surfaces and the resulting reaction decreased the IN ability. The substances

formed were vaporised at 600
◦
C in the AMS. The use of the water bath further de-

creased the number of IN and produced substances with lower volatility and lower

solubility. The newly formed substances could only be evaporated at 820
◦
C. A similar25

but stronger effect was produced by the use of the thermodenuder if it was not pre-

ceded by the water bath. If the water bath was used before the thermodenuder, the

thermodenuder effect was reduced to the removal of the volatile fraction of the parti-

cle. Aluminium and calcium containing minerals are likely part of the active sites. We
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observed that the sulphuric acid reduced the amount of carbonates on the particles,

indicating that they could be involved in the active site compounds (Klein et al., 2010;

Zimmermann et al., 2008; Mason and Maybank, 1958; Manson, 1957). However fur-

ther research is needed to clearly identify the chemical nature of the active sites.
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Table 1. Transmission correction factors: The errors have been estimated by varying the mode

diameter and the geometric width in the range of the fitting parameter uncertainties.

particle type correction factor

BCR 300 nm

BCR 400 nm

ATD 300 nm

ATD 400 nm

1.45 ± 0.08

2.31 ± 0.20

1.50 ± 0.041

3.0 ± 0.21
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Table 2. Correction factors for the FROST campaigns in order to correct for systematic errors

arising from the CPC accuracy, the CPC dilution stage and the AMS calibration accuracy.

campaign correction factor

FROST1

FROST2

0.459 ± 0.016

2.18 ± 0.32
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Table 3. Relative ionisation efficiencies (RIE) for the species sulphate and ammonium for the

FROST1 and FROST2 campaign.

campaign sulphate ammonium

FROST1

FROST2

0.615 ± 0.011

0.694 ± 0.024

4.739 ± 0.079

6.08 ± 0.13
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Table 4. Compilation of the percentage of particles showing a clear sulphate signal in the

ATOFMS spectra after passing the sulphuric acid coating section. The temperature indicated is

the temperature of the sulphuric acid coating bath. TD indicates the use of the thermodenuder

which, if applied, was set to 250
◦

C for all experiments. WB marks experiments with the water

bath in use and NH3 refers to experiments during which ammonia was added to the aerosol.

Experiment 45
◦

C 70
◦

C 70
◦

C 70
◦

C 70
◦

C 85
◦

C

TD WB WB

NH3 NH3

TD

Conservative threshold [%] 97 92 96 84 93 89

Less conservative threshold [%] 100 95 100 93 95 94
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Table 5. ATD surface elemental composition from XPS as found by Vlasenko et al. (2005) and

possible compounds formed with these substances. Mg is expected to be on the particle sur-

face as it is found in the bulk material, but the XPS data was recorded with an Mg anticathode,

masking the Mg of the sample. The list shown below is only a proposal for possible reac-

tion products based on the availability of the respective material. We were not able to directly

identify these compounds. The numbers in the two last columns indicate the decomposition

temperature Td in
◦

C and the solubility S20 at 20
◦

C in g l
−1

(IFA, 2010).

element fraction at ATD surface [%] possible compounds Td S20

Na 2 Na2SO4 890 170

NaHSO4 315 1080

Mg – MgSO4 1124 300

Al 24 Al2(SO4)3 770 364

AlNH4(SO4)2 190
1

150

Si 63 no information – –

K 3 K2SO4 1069
1

111.1
KHSO4 195 490

Fe 3 Fe(II)SO4 400 256

Fe(III)2(SO4)3 480 4400

NH4Fe(III)(SO4)2 41
1,2

1240
3

Ca 5 CaSO4 700 2

1
Melting temperature,

2
source: AlfaAeser (2010),

3
source: Sitzmann (2004) at 25

◦
C.
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Fluidized bed 

generator with 

impactor 

Sulphuric acid 

bath 

Water bath 

Dryer 

Thermodenuder 

DMA 

AMS 

CPC 

CCNC 

IN-counter 

Additional 

instrumentation 

Possible NH3 addition 

LACIS 

ATOFMS 

Fig. 1. Experimental set-up of the FROST campaigns. The sections between the Fluidized bed

generator and the DMA can be bypassed.
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Fig. 2. Collection efficiency (CE) for all experiments using coated BCR particles.
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Fig. 3. Silicone size distributions for 200 nm mobility diameter particles with log normal fit.

Upper graph: BCR, averaged over 1 h and 20 min; lower graph: ATD, averaged over 5 h and

39 min.
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Fig. 4. Transmission correction for BCR and ATD particles. The figures show the projected

transmission curves as calculated from the fits in Fig. 3 as well as the projected size distribution

when the transmission of the aerodynamic lens is taken into account.
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Fig. 5a. Average AMS mass spectrum for unprocessed ATD during the FROST1 campaign.

Notable are the clear peaks that can be attributed to methyl silicone contaminant.
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Fig. 5b. Average AMS mass spectrum for untreated ATD during the FROST2 campaign. Be-

side the silicone peaks already visible during FROST1, some new very distinct metal peaks

show up in this spectrum, due to the elevated vaporiser temperature of 820
◦

C:
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,
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,
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Fig. 5c. Average AMS mass spectrum of sulphuric acid processed ATD during the FROST2

campaign. The sulphuric acid bath temperature was 70
◦

C. Beside the sulphate peaks in red,

the metal peaks that were already visible in the unprocessed 820
◦

C data remain visible. The

silicone probably reacted with the sulphuric acid and is no longer visible.
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Fig. 6a. Summary of the mass per particle for the FROST1 campaign. First number of each

category→ particle diameter in nm, NSA→ no sulphuric acid, SA→ sulphuric acid and NH3 →

addition of ammonia. The temperature shown is the bath temperature for the respective coating

substance. Note that the silicone axis is enhanced by a factor of 10 for clarity.
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Fig. 6b. Summary of the mass per particle for the FROST2 campaigns’ thinnest coating ex-

periments. NSA→ no sulphuric acid, SA→ sulphuric acid, first number→ sulphuric acid bath

temperature and second number→ thermodenuder temperature. Note that the silicone axis is

enhanced by a factor of 10 for clarity. All particles had a mobility diameter of 300 nm.
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Fig. 6c. Summary of the mass per particle for the FROST2 campaign thicker coating experi-

ments. lr→ 10 l extra volume for longer residence time, SA→ sulphuric acid, first number→

sulphuric acid bath temperature, second number→ thermodenuder temperature, WB→ use of

the water bath and NH3 → addition of ammonia. Note that the silicone axis is enhanced by a

factor of 10 for clarity. All particles had a mobility diameter of 300 nm.
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Fig. 7. Comparison between the possible fragments attributed to sulphate depending on the

compound the sulphate is part of. For ammonium sulphate and sulphuric acid, hydrogen con-

taining fragments are produced in the vaporisation and ionisation process while metal sulphate

salts cannot produce such fragments.
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Fig. 8a. Intensity of the fragments SO
+

3 (m/z = 80), HSO
+

3 (m/z = 81) and H2SO
+

4 (m/z = 98)

normalised to the intensity of the fragment SO
+

2 (m/z = 64) for the FROST1 campaign. First

number→ particle mobility diameter, second number→ sulphuric acid temperature, WB→ use

of the water bath, NH3 → addition of ammonia and N2 → use of nitrogen as carrier gas in the

particle generation set-up before the DMA. AS is a pure ammonium sulphate measurement.
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Fig. 8b. Intensity of the fragments SO
+

3 (m/z = 80), HSO
+

3 (m/z = 81) and H2SO
+

4 (m/z = 98)

normalised to the intensity of the fragment SO
+

2 (m/z = 64) for the FROST2 campaign. lr→ 10 l

extra volume for longer residence time, first number→ sulphuric acid bath temperature, second

number→ thermodenuder temperature, WB→ use of the water bath and NH3 → addition of

ammonia.
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Fig. 9. Comparison of AMS sulphate mass per particle to CCNC soluble mass per particle for

the FROST1 campaign. The outlier was recorded with the water bath in use.
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Fig. 10. Comparison of AMS sulphate mass per particle to CCNC soluble mass per particle for

the FROST2 campaign.
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Fig. 11. Comparison of AMS sulphate mass per particle to CFDC ice nucleus counter at

−30
◦

C in the immersion-freezing regime. This graph was modified after Sullivan et al. (2010b).

Different coating temperatures are shown for the different particles classes. The particle class

pure includes those experiments with no treatment and no sulphuric acid condensation. The

particle class “SA only” includes particles which passed the sulphuric acid bath but no further

processing was performed and WB indicates the use of the water bath. The IN-activity of the

ATD is reduced if more sulphuric acid is condensed on the particle surface and the use of the

water bath decreases the number of IN even further.
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Fig. 12. Comparison of AMS sulphate mass per particle to the LACIS ice nucleus counts at

−35
◦

C during FROST2. Different sulphuric acid bath temperatures are shown for every particle

class. The particle class pure includes those experiments with no treatment and no sulphuric

acid condensation. The particle class “SA only” includes particles which passed the sulphuric

acid bath but no further processing was performed. WB indicates the use of the water bath and

TD the use of the thermodenuder after the treatment except for the blue point on the upper left

which passed the thermodenuder but was not coated.
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