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Abstract. Cloud water samples were taken in Septem-

ber/October 2010 at Mt. Schmücke in a rural, forested

area in Germany during the Lagrange-type Hill Cap Cloud

Thuringia 2010 (HCCT-2010) cloud experiment. Besides

bulk collectors, a three-stage and a five-stage collector

were applied and samples were analysed for inorganic ions

(SO2−
4 ,NO−3 , NH+4 , Cl−, Na+, Mg2+, Ca2+, K+), H2O2

(aq), S(IV), and dissolved organic carbon (DOC). Campaign

volume-weighted mean concentrations were 191, 142, and

39 µmol L−1 for ammonium, nitrate, and sulfate respectively,

between 4 and 27 µmol L−1 for minor ions, 5.4 µmol L−1

for H2O2 (aq), 1.9 µmol L−1 for S(IV), and 3.9 mgC L−1 for

DOC. The concentrations compare well to more recent Eu-

ropean cloud water data from similar sites. On a mass basis,

organic material (as DOC× 1.8) contributed 20–40 % (event

means) to total solute concentrations and was found to have

non-negligible impact on cloud water acidity. Relative stan-

dard deviations of major ions were 60–66 % for solute con-

centrations and 52–80 % for cloud water loadings (CWLs).

The similar variability of solute concentrations and CWLs

together with the results of back-trajectory analysis and prin-

cipal component analysis, suggests that concentrations in in-

coming air masses (i.e. air mass history), rather than cloud

liquid water content (LWC), were the main factor control-

ling bulk solute concentrations for the cloud studied. Droplet

effective radius was found to be a somewhat better predic-

tor for cloud water total ionic content (TIC) than LWC, even

though no single explanatory variable can fully describe TIC

(or solute concentration) variations in a simple functional re-

lation due to the complex processes involved. Bulk concen-

trations typically agreed within a factor of 2 with co-located

measurements of residual particle concentrations sampled by

a counterflow virtual impactor (CVI) and analysed by an

aerosol mass spectrometer (AMS), with the deviations being

mainly caused by systematic differences and limitations of

the approaches (such as outgassing of dissolved gases during

residual particle sampling). Scavenging efficiencies (SEs)

of aerosol constituents were 0.56–0.94, 0.79–0.99, 0.71–98,

and 0.67–0.92 for SO2−
4 , NO−3 , NH+4 , and DOC respectively

when calculated as event means with in-cloud data only. SEs

estimated using data from an upwind site were substantially

different in many cases, revealing the impact of gas-phase

uptake (for volatile constituents) and mass losses across Mt.

Schmücke likely due to physical processes such as droplet

scavenging by trees and/or entrainment. Drop size-resolved

cloud water concentrations of major ions SO2−
4 , NO−3 , and

NH+4 revealed two main profiles: decreasing concentrations

with increasing droplet size and “U” shapes. In contrast, pro-

files of typical coarse particle mode minor ions were often

increasing with increasing drop size, highlighting the impor-

tance of a species’ particle concentration size distribution for

the development of size-resolved solute concentration pat-

terns. Concentration differences between droplet size classes

were typically < 2 for major ions from the three-stage col-
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lector and somewhat more pronounced from the five-stage

collector, while they were much larger for minor ions. Due

to a better separation of droplet populations, the five-stage

collector was capable of resolving some features of solute

size dependencies not seen in the three-stage data, especially

sharp concentration increases (up to a factor of 5–10) in the

smallest droplets for many solutes.

1 Introduction

Clouds represent an important part of the atmospheric mul-

tiphase system. Uptake of gases, dissolution of cloud con-

densation nuclei (CCN) constituents, and chemical reac-

tions lead to complex compositions of their aqueous phase,

which are highly variable in time and space and droplet

size. Knowledge of these compositions and their variabil-

ity is crucial for understanding a number of important pro-

cesses in the atmosphere, including droplet activation and

growth (e.g. Taraniuk et al., 2008; Facchini et al., 1999), for-

mation and transformation of compounds (e.g. Herrmann et

al., 2015; Fahey et al., 2005), production and consumption

of important oxidants (e.g. Whalley et al., 2015; Marinoni et

al., 2011), or transport and deposition of pollutants (e.g. Vet

et al., 2014; Fowler et al., 2009). The present contribution

presents results of cloud water chemical composition and

related measurements during the Hill Cap Cloud Thuringia

2010 (HCCT-2010) experiment, performed in autumn 2010

at Mt. Schmücke, Germany. It focuses on the aspects of

(i) main drivers of bulk cloud water solute concentrations,

(ii) scavenging efficiencies (SEs) of aerosol constituents, and

(iii) size-resolved droplet composition, which will be intro-

duced here.

Whether and to what extent solute concentrations are con-

trolled by liquid water content (LWC) has been debated in the

literature. Both Möller et al. (1996) and Elbert et al. (2000)

concluded from their studies that LWC was the main pa-

rameter in controlling cloud water total ionic content (TIC)

and that this relationship could be described by a power law

function. From a comprehensive literature survey, Elbert et

al. (2000) concluded that at any given site the cloud wa-

ter loading (CWL, the product of solute concentrations and

LWC) would be a fairly constant value (with “fairly con-

stant” being interpreted as max / mean ratio < 5). In a dis-

cussion of this proposition (Kasper-Giebl, 2002; Elbert et

al., 2002), Kasper-Giebl (2002) demonstrated that a con-

stant CWL would imply either constant scavenging efficien-

cies and substance concentrations in air or opposite trends

of these two parameters, neither of which can be generally

regarded as true. More recently, Aleksic and Dukett (2010)

showed for a very large data set that the relationship of TIC–

LWC can be described not by a simple function but rather

by a series of exponential distributions of TIC whose means

values decrease with increasing LWC. These authors as well

conclude that CWL is a stochastic quantity and thus cannot

be a constant. In Sect. 3.3.2 of this work the parameters con-

trolling bulk cloud water solute concentrations are studied

for the comparatively uniform conditions during HCCT-2010

(with its identical site, season, and wind sector during sam-

pling).

SEs indicate how much of a compounds’ total concentra-

tion is recovered in the cloud liquid phase after cloud forma-

tion. Different approaches for its calculation exist. Cloud wa-

ter concentrations and interstitial particulate and/or gaseous

concentrations have been used to derive in-cloud scaveng-

ing efficiencies of non-volatile or (semi-)volatile compounds

(Sellegri et al., 2003; Acker et al., 2002; Hitzenberger et al.,

2000; Kasper-Giebl et al., 2000; Daum et al., 1984). Alter-

natively, cloud concentrations can be related to total particu-

late (and/or gaseous) concentrations upwind of a cloud (van

Pinxteren et al., 2005; Svenningsson et al., 1997; Leaitch et

al., 1986; Hegg et al., 1984) or before cloud/fog onset (Gilar-

doni et al., 2014; Collett et al., 2008; Noone et al., 1992). In

the ideal case of a “closed system” with conserved masses,

all approaches would lead to the same scavenging efficien-

cies. However, as real clouds and fogs are open and dynamic

systems, heavily interacting with their physical and chemi-

cal environment, the different approaches might lead to dif-

ferent results and comparing these might allow for insights

into important processes taking place in the cloud/fog sys-

tem. In the present study, many (though not all) of the phases

relevant for the concentrations of major cloud constituents

(sulfate, nitrate, ammonium, DOC) have been measured both

upwind and inside of clouds at the Schmücke and are used to

calculate and compare scavenging efficiencies derived from

different approaches (Sect. 3.3.4).

In clouds, solute concentrations typically vary across

droplet size (Bator and Collett, 1997; Rao and Collett, 1995),

which has significant implications for chemical reactions in

droplets (Fahey et al., 2005; Reilly et al., 2001; Hoag et al.,

1999; Gurciullo and Pandis, 1997) and deposition behaviour

of solutes (Moore et al., 2004b; Collett et al., 2001; Bator

and Collett, 1997). A conceptual model developed by Ogren

et al. (1992) qualitatively describes the variation of non-

volatile solute concentrations with cloud drop size in three

different drop size regions. Region I ranges from < 1 µm to

approx. 5 µm drop diameter (exact size range strongly de-

pends on cloud properties) and contains freshly activated

(or non-activated) droplets close to their equilibrium size

at the prevailing supersaturation. In this so-called “equilib-

rium growth” region, solute concentrations sharply decrease

with increasing drop size, because at their critical diameter,

larger droplets are more dilute than smaller ones as a re-

sult of the interactions between the Kelvin and the Raoult

effect (Pruppacher and Klett, 2010; Ogren and Charlson,

1992). Region II, ranging from approx. 5 to 50 µm, represents

droplets which have freely grown by water condensation be-

yond their critical size. In this “condensation growth” region,

solute concentrations increase with increasing drop size, be-
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cause small drops grow faster than large drops (r−1 growth

law), i.e. large drops experience less dilution as compared to

smaller ones. In region III, above approx. 50 µm in diame-

ter, coalescence of drops becomes important. As larger drops

collide more efficiently with smaller (i.e. more diluted) ones,

solute concentrations decrease with increasing drop size in

this “coalescence growth” region.

In more detailed numerical simulations, Schell et

al. (1997) studied parameters determining non-volatile so-

lute concentrations in different droplet sizes. Their results

show size dependencies which are in principle consistent

with the three regions in the conceptual model of Ogren et

al. (1992). However, the exact shape of the curve strongly

depends on several parameters like the droplet growth time

(cloud age), the width of the CCN number distribution (e.g.

presence of coarse particles), and the soluble fraction of input

aerosol particles. In some cases, the concentration increase

in the Ogren et al. region II can diminish to the point of

constantly decreasing solute concentrations with increasing

droplet sizes nearly over the full droplet size range.

These model results illustrate the complexity of solute

concentration drop size dependencies, which is even in-

creased in reality by many factors such as gas-phase up-

take of soluble material, chemical reactions in droplets,

size-dependent composition and variable mixing state of

input aerosol, entrainment processes, and inhomogeneous

fields of supersaturation, i.e. different histories of individual

droplets (Flossmann and Wobrock, 2010; Ogren and Charl-

son, 1992). In addition, available instrumentation for size-

resolved droplet sampling usually integrates both over ex-

tended droplet size ranges with mostly two size fractions

only and time periods of typically hours, yielding volume-

weighted sample concentrations which can significantly blur

existing concentration gradients (Moore et al., 2004a, and

references therein; Ogren and Charlson, 1992). Despite such

difficulties, observations of size-dependent solute concen-

trations are still important as available measurements espe-

cially for more than two size fractions are very sparse. In the

present study, a three-stage and a five-stage collector were

applied and the observed solute concentration size dependen-

cies are discussed in Sect. 3.4 in view of the above described

existing knowledge.

2 Materials and methods

2.1 Cloud water sampling

Cloud water sampling took place on top of a 20 m high tower

at Mt. Schmücke (Thuringia, Germany; 50◦39′16.5′′ N,

10◦46′8.5′′ E; 937 m a.s.l.) with several collectors. Bulk

cloud water samples were collected into pre-cleaned plastic

bottles using the Caltech Active Strand Cloud Water Collec-

tor Version 2 (CASCC2, Demoz et al., 1996), which has a

50 % collection efficiency cut-off diameter (D50) of 3.5 µm

and collects droplets by inertial impaction on Teflon strands

within the airflow through the instrument. To increase the

collected volume of cloud water for chemical analyses, four

individual instruments were run in parallel with a time reso-

lution of 1 h. After weighing for volume determination, the

samples were pooled, aliquots for different chemical analy-

ses were taken and aliquots as well as leftover samples were

stored at −20 ◦C until analysis. For size-resolved droplet

sampling a three-stage collector (Raja et al., 2008) with nom-

inal D50 of 22, 16, and 4 µm for stages 1, 2, and 3 respectively

was used. This collector is basically a size-fractionating ver-

sion of the CASCC, using Teflon strands/banks with different

diameters and different spacing in the three stages. In addi-

tion, the CSU five-stage collector (Moore et al., 2002) with

nominal D50 of 30, 25, 15, 10, and 4 µm for stages 1–5 was

operated. In contrast to the three-stage, the five-stage collec-

tor impacts droplets on flat surfaces downstream of jets with

decreasing diameters for air acceleration (cascade impactor

design). It has to be noted that experimentally determined

D50s for this sampler differ somewhat from the nominal val-

ues and that, even though droplet separating characteristics

have been improved over other existing multistage collectors,

there is still considerable mixing of droplets of different sizes

within each stage (Straub and Collett, 2002). Due to limita-

tions of the lateral channel blower applied in this study, the

five-stage collector was operated about 10 % below its nom-

inal air flow rate of 2.0 m3 min−1, which likely had a modest

effect on its collection characteristics and adds some uncer-

tainty to the real cut-off diameters. Sample handling from

the multistage collectors was the same as described for the

bulk collectors. Before each cloud event, the samplers were

cleaned by spraying deionised water into the inlet (bulk col-

lectors) or taking apart the individual stages and rinsing all

surfaces with deionised water (multistage collectors). Con-

trol samples were taken after the cleaning procedures by

spraying deionised water into the samplers and handling the

collected water in the same way as the real samples.

2.2 Interstitial and residual particle sampling

To complement the liquid cloud water samples, droplet resid-

uals and interstitial particles were sampled downstream of a

counterflow virtual impactor (CVI) and an interstitial inlet

(INT). The CVI/INT system was set up in a building next

to the measurement tower with the inlets installed through a

window at 15 m height, facing south-west direction (215◦).

Details of the setup can be found elsewhere (Mertes et al.,

2005; Schwarzenböck et al., 2000). In brief, interstitial parti-

cles and gases are separated from cloud droplets in the CVI

by a counterflow air stream which allows only droplets larger

5 µm in diameter to enter the system. Inside the CVI the

droplets are evaporated in particle-free and dry carrier air,

resulting in the formation of dry residual particles consist-

ing of non-volatile cloud water components. Volatile compo-

nents can be expected to evaporate during the drying process.
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The INT inlet samples interstitial particles and gases by seg-

regating droplets larger 5 µm. Downstream of INT and CVI,

particles were sampled on quartz filters (MK 360, Munktell,

Bärenstein, Germany, 47 mm for CVI, 24 mm for INT) with

sampling durations typically varying between ca. 4 and 8 h

(some shorter and longer sampling events existed as well).

Filters were stored at −20 ◦C for later offline analysis. On-

line measurements of submicron particle composition were

performed by two aerosol mass spectrometers (AMSs; Aero-

dyne Research Inc., USA): a C-TOF-AMS for droplet resid-

uals (CVI, 5 min time resolution) and a HR-TOF-AMS for

non-activated particles (INT, 2.5 min time resolution). De-

tails of the AMS measurements will be given in a forthcom-

ing companion paper of this special issue (Schneider et al.,

2016).

2.3 Valley sites aerosol sampling

Next to the Schmücke in-cloud site, two more valley sites

upwind and downwind of the Schmücke were installed dur-

ing HCCT-2010 to characterise air masses before and after

their passage through the clouds. Characterisation of incom-

ing aerosol was performed at the upwind measurement site

close to the village of Goldlauter (50◦38′15′′ N, 10◦45′14′′ E;

605 m a.s.l.). A full description of the instrumental setup will

be given in a forthcoming companion paper of this special

issue (Poulain et al., 2016). In brief, a commercial moni-

tor for aerosols and gases (MARGA 1S, Metrohm Applikon,

the Netherlands) was used for continuous (1 h time resolu-

tion) determination of water-soluble inorganic trace gases

and particulate ions. The MARGA operated at a sampling

rate of 1 m3 h−1 and consisted of a PM10 inlet, a wet rotating

denuder absorbing water-soluble gases into deionised water

(10 ppm H2O2 added as biocide), a steam jet aerosol collec-

tor to grow and collect aerosol particles, and two ion chro-

matography (IC) systems for online cation and anion anal-

ysis. Size-resolved particle sampling was performed using a

five-stage Berner impactor with D50s of 0.05, 0.14, 0.42, 1.2,

3.5, and 10 µm and a sampling flow rate of 75 L min−1. Data

from the downwind site have not been used in the present

contribution.

2.4 Cloud microphysical and meteorological

parameters

Cloud LWC, droplet surface area, and effective droplet ra-

dius (Reff) were measured continuously by a particle vol-

ume monitor (PVM-100, Gerber Scientific, USA), which

was mounted on the roof of a building next to the mea-

surement tower. Droplet number distributions were obtained

from a forward-scattering spectrometer probe (FSSP-100,

PMS Inc., Boulder, CO, USA), sitting on the top platform

of the measurement tower. A ceilometer (CHM15k, Jenoptik,

Jena, Germany) was installed at the upwind site Goldlauter to

derive cloud base heights. Standard meteorological parame-

ters (temperature, air pressure, relative humidity, wind direc-

tion, wind speed, global radiation, precipitation) were deter-

mined by automatic weather stations (Vantage Pro2, Davis

Instruments Corp., Hayward, CA, USA) both at the upwind

site (ca. 3 m above ground) and on the Schmücke measure-

ment tower (ca. 22 m above ground).

2.5 Chemical analyses

Cloud water from the different samplers was filtered through

0.45 µm syringe filters (IC Acrodisc 13, Polyethersulfone

membrane, Pall, Dreieich, Germany) and analysed for in-

organic ions Cl−, NO−3 , SO2−
4 ,Na+, NH+4 , K+, Mg2+, and

Ca2+ by IC with conductivity detection (ICS3000, Dionex,

Dreieich, Germany). Cation separation was performed in a

CS16 column (3 mm) applying a methanesulfonic acid elu-

ent, while anions were separated using a KOH eluent in an

AS18 column (2 mm). Inorganic ions from CVI and INT fil-

ters were determined by the same method after extraction in

deionised water (Milli-Q, Millipore, Schwalbach, Germany)

and filtration through a 0.45 µm syringe filter. Blank correc-

tion of filter data took place by subtracting mean concentra-

tions from three unloaded field blank filters.

Dissolved organic carbon (DOC) was determined from

filtered cloud water samples using a TOC-VCPH analyser

(Shimadzu, Japan) in the NPOC (non-purgeable organic car-

bon) mode (van Pinxteren et al., 2009). Hydrogen peroxide

(H2O2) in solution was determined (in sum with organic per-

oxides) by fluorescence spectroscopy (Shimadzu RF-1501)

following the method of Lazrus et al. (1985). To stabilise per-

oxides during sample storage, p-hydroxyphenylacetic acid

solution (POPHA) was added to aliquots of cloud water

immediately after sampling to form a stable dimer (Rao

and Collett, 1995). S(IV) and its reservoir species hydrox-

ymethanesulfonate (HMS) were determined spectrophoto-

metrically (Lambda 900, Perkin Elmer, Waltham, MA, USA)

by the pararosaniline method (Dasgupta et al., 1980). Preser-

vation of total S(IV) and HMS took place following the pro-

cedure described by Rao and Collett (1995). Concentrations

of reactive compounds at the time of sample preservation can

be biased due to reactions during the collection period. The

extent of such artefacts will depend on reactant concentra-

tions and cloud water pH and cannot easily be estimated.

Cloud water pH was measured immediately after sampling

using an MI-410 combination micro-electrode (Microelec-

trodes, Inc., USA) regularly calibrated at pH 4 and 7.

2.6 Data processing and back-trajectory analysis

Cloud water data are presented either as solute concentra-

tion (µmol L−1 or mg L−1) or as CWLs (sometimes also re-

ferred to as equivalent air concentrations) in µg m−3. CWLs

are derived from the solute concentrations by multiplication

with the cloud LWC (in g m−3) and the molar mass of the

compound (in g mol−1), where necessary. For comparison of
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CWLs between different instruments and/or sites, concentra-

tions were normalised to standard temperature and pressure

(STP: 273 K, 1013 mbar). Ambient temperature during the

time of sampling was used for normalising cloud water col-

lector data, while room temperature was used for CVI/INT,

MARGA, and AMS data (room temperature at time of cali-

bration for the ladder one). The open-source statistical soft-

ware R (R Core Team, 2015) including the ggplot2 package

(Wickham, 2009) was used for data processing and plotting.

Back trajectories were calculated using the PC version of

the HYSPLIT model (Draxler and Rolph, 2003) with GDAS

1◦ resolution data from NOAA’s Air Resource Laboratory

(http://ready.arl.noaa.gov/archives.php). Residence times in-

dices (RTIs) for different land cover classes (water, natural

vegetation, agriculture, urban areas, bare areas) were derived

as proxies for the impacts of typical emissions over these ar-

eas on the sampled air masses following the methodology

described by van Pinxteren et al. (2010).

3 Results and discussion

3.1 Cloud events

Within about one-third of the 6-week HCCT-2010 cam-

paign, Mt. Schmücke was covered in clouds. Based on the

project philosophy of studying aerosol cloud interactions in a

Lagrange-type approach, only those clouds were sampled for

which local meteorological parameters (mainly wind direc-

tion) indicated a good possibility of sampling representative

air masses at all three campaign sites (“connected” air flow,

see Tilgner et al., 2014) without substantial loss of material

between the sites (non-precipitating clouds only). After the

campaign, these events were thoroughly evaluated regarding

the hypothesis of a connected air flow (Tilgner et al., 2014),

leading to the so-called “full cloud events” (FCEs) with con-

ditions appropriate to compare data from the different sites

in a meaningful way. In Table 1 a list of the FCEs with

cloud water samples available is given together with some

additional information on meteorological and cloud micro-

physical conditions. Note that the numbering of the events is

based on all clouds occurring during HCCT-2010 and is thus

non-consecutive. A total of eight FCEs were sampled, out of

which some belonged to the same cloud appearance at Mt.

Schmücke but were interrupted either by rain or wind direc-

tion out of a predefined south-west corridor (FCE11.2+3 and

FCE26.1+2). Two relatively long FCEs occurred with dura-

tions of 15 h, while the other events were shorter with 2–7 h

durations. Mean LWCs ranged between 0.15 and 0.37 g m−3

and were a function of the in-cloud height of the measure-

ment site (i.e. Schmücke above cloud base, derived from

upwind site cloud base height measurements). Droplet sur-

face areas were 700–1400 cm2 m−3 on average with effec-

tive droplet radii of about 6–9 µm. Mean event temperatures

decreased from about 9 ◦C for the first FCE to 1–2 ◦C for

the last events at the end of the campaign. The numbers of

samples for the different instruments are given in Table 1 ac-

cording to the time resolutions of the samplers. Overall, me-

teorological and cloud microphysical conditions were typi-

cal for clouds at Mt. Schmücke during this time of the year.

Many more details on meteorology are given in Tilgner et

al. (2014).

3.2 Control samples and collector intercomparison

To check for possible contamination, control samples were

taken from the cloud water collectors in between cloud

events (Sect. 2.1), indicating a “field blank” value for the

species determined. Concentration levels in these blanks

showed clear differences among the three samplers with

highest values from the CASCC2 bulk sampler (Fig. S1 in

the Supplement). In contrast to the two multistage collec-

tors, the CASCC2 was not disassembled for cleaning, which

indicates that the cleaning procedure applied here (spraying

deionised water through the sampler) is less effective in re-

moving leftover traces from previously sampled cloud wa-

ter (or its dried residuals if cleaning was not performed di-

rectly after the end of the event). Mean concentration levels

in the controls are usually < 10 % of cloud water concentra-

tions for more abundant ions (ammonium, nitrate, sulfate)

but can make up significant fractions (up to 100 % or even

more in individual samples with low concentration) for trace

ions (Fig. S2). Mean blank levels of H2O2 and DOC are 25

and 15 % of cloud water concentrations on average respec-

tively (Fig. S2). The amount of carry-over contamination in

the controls depends on concentration levels in the previ-

ous sample as well as on the effectiveness of the cleaning

procedure (water volume applied, dried surfaces, etc.) and

will likely vary from one event to another, which hampers

a correction of cloud water concentrations by the available

blank data. Carry-over contamination will likely affect the

first sample of a new cloud event mainly, as the inside sur-

faces of the CASCC2 are continuously washed by cloud wa-

ter during operation and any contamination can be expected

to be removed after the first hour of sampling. In addition,

a fraction of the control sample concentrations can be sus-

pected to form by uptake of gases during control sampling for

species like ammonium (from ammonia), nitrate (from nitric

acid), DOC (from water-soluble volatile organic compounds,

VOCs), and especially H2O2. Cloud water concentrations are

thus reported as measured in the following.

Comparisons of volume-weighted mean concentrations

from the multistage collectors with bulk concentrations from

the CASCC2 for main cloud water constituents (sulfate, ni-

trate, ammonium, DOC) are shown in Figs. S3 and S4. They

reveal generally similar data between the samplers with a

tendency of sometimes higher concentrations from the mul-

tistage collectors, which was, however, not consistently ob-

served for all constituents and/or cloud events.
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Table 1. Sampling times of cloud water collectors during full cloud events with mean liquid water content (LWC), droplet surface area

(PSA), effective droplet radius (Reff), Schmücke above cloud base (SACB), temperature (T), wind speed (WS), and global radiation (GR) at

Mt. Schmücke, as well as the number of samples for the different collectors.

Event Start Stop Duration LWC SACB PSA Reff T WS GR No. No. No.

(CEST) (CEST) (h) (g m−3) (m) (cm2 m−3) (µm) (◦C) (m s−1) (W m−2) CASCC2 three-stage five-stage

FCE1.1 14/09/2010 11:00 15/09/2010 02:00 15 0.24 167 1248 5.7 9.2 8.2 15 15 7 –*

FCE7.1 24/09/2010 23:45 25/09/2010 01:45 2 0.19 156 846 5.7 8.3 5.5 0 2 1 1

FCE11.2 01/10/2010 22:30 02/10/2010 05:30 7 0.37 237 1277 8.7 6.2 4.1 0 7 4 4

FCE11.3 02/10/2010 14:30 02/10/2010 19:30 5 0.33 225 1353 7.4 7.7 7.3 31 5 3 2

FCE13.3 06/10/2010 12:15 07/10/2010 03:15 15 0.34 185 1392 7.3 9.1 3.9 52 15 8 4

FCE22.1 19/10/2010 21:30 20/10/2010 03:30 6 0.30 222 1272 7.4 1.2 4.7 0 6 3 2

FCE26.1 24/10/2010 01:30 24/10/2010 08:30 7 0.20 174 961 7.6 2.3 8.9 0 7 3 –*

FCE26.2 24/10/2010 09:15 24/10/2010 11:45 2.5 0.14 141 701 7.3 1.4 9.1 43 3 1 –*

∗ Collector not operated

3.3 Bulk concentrations

3.3.1 Composition overview

In Table 2 concentrations of inorganic ions, H2O2 (aq),

S(IV), HMS, and DOC as well as cloud water pH are sum-

marised for the events given in Table 1. The observed range

of pH-values was from 3.6 to 5.3, with a mean of 4.3. Highest

ion concentrations (on a molar basis) were observed for am-

monium, followed by nitrate. Sulfate, chloride, and sodium

showed considerably lower concentrations, while potassium,

magnesium, and calcium were lowest. Arithmetic mean con-

centrations of this study are compared to literature data from

clouds/fogs at other European sites in Table 3. Note that some

authors report arithmetic means, while others report volume-

weighted mean concentrations, which are always lower for

a given data set (see Table 2). Comparability of literature

pH data is even more hampered as it is either reported as

arithmetic mean or derived from either arithmetic or volume-

weighted mean H+ concentrations (the first approach lead-

ing to higher values than the other ones). In general, how-

ever, concentration levels in the present study are often sim-

ilar to those observed in more recent campaigns at Puy de

Dôme (continental non-polluted regime; Deguillaume et al.,

2014), in the western Sudety Mountains (Blas et al., 2008),

and at the Schmücke site in a previous campaign (Brügge-

mann et al., 2005). In contrast, data from the 1980s and 1990s

often show much higher concentrations of sulfate and ni-

trate (Bridges et al., 2002; Herckes et al., 2002; Wrzesin-

sky and Klemm, 2000; Acker et al., 1998; Joos and Bal-

tensperger, 1991; Lammel and Metzig, 1991), presumably

due to the decline in European emissions of NOx and SO2

over the past decades (EEA, 2014). Concentrations of DOC

are more sparsely available in the literature for European

clouds. Mean values during HCCT-2010 compare well with

data from Puy de Dôme (continental non-polluted regime;

Deguillaume et al., 2014), Rax (Löflund et al., 2002), and

Schmücke (Brüggemann et al., 2005). Data for H2O2(aq) and

S(IV) are even more sparse. In the present study, H2O2(aq)

has been found to be within the same order of magnitude

as determined in similar environments (Deguillaume et al.,

Table 2. Summary of cloud water solute concentrations determined

during HCCT-2010.

Compound Unit No. Range median mean VWM

pH 60 3.6-5.3 4.56 4.29∗ 4.30∗

SO2−
4

µmol L−1 60 6.2–104 33 43 39

NO−
3

µmol L−1 60 46–479 151 164 142

Cl− µmol L−1 60 3.7–84 22 30 25

NH+
4

µmol L−1 60 64–523 182 216 191

Na+ µmol L−1 60 0.58–195 20 35 27

K+ µmol L−1 60 1.3–31 3.8 6.1 5.5

Mg2+ µmol L−1 60 0.63–26 3.1 5.1 4.1

Ca2+ µmol L−1 60 1.4–37 7 9.8 8.7

H2O2 µmol L−1 60 0.35–17 5 5.6 5.4

S(IV) µmol L−1 34 BDL-3.6 2.1 1.9 1.9

HMS µmol L−1 34 BDL-2.7 0.76 0.87 0.91

DOC mgC L−1 60 1.3–13 4 4.4 3.9

No. is the number of samples analysed; VWM is the volume-weighted mean concentration; BDL

is below detection limit; ∗ indicates derived from mean/VWM H+ concentration.

2014; Brüggemann et al., 2005; Löflund et al., 2002), while

S(IV) is at the lower end of reported concentrations.

Average relative compositions based on volume-weighted

mean concentrations (in mg L−1) are shown in Fig. 1 for the

main cloud events. DOC was converted to DOM (dissolved

organic matter) using a conversion factor of 1.8 as in pre-

vious studies (Giulianelli et al., 2014; Benedict et al., 2012;

Straub et al., 2012; Collett et al., 2008). Solute concentrations

are always dominated by the main ions sulfate, nitrate, and

ammonium, explaining approx. 60–70 % of total determined

concentrations (campaign average 62 %). Among them, ni-

trate represents the dominant species (approx. 30–50 % of

total concentrations, average 35 %), while sulfate and am-

monium comprise lower fractions of total solutes (averages

of 14 and 13 % respectively). Organic compounds contribute

approx. 20–40 % (average 28 %) and are thus another main

constituent of cloud water dissolved material. These fractions

are similar to what has been reported for background and

anthropogenic influenced conditions at Puy de Dôme (Mari-

noni et al., 2004) and are – despite the different environment

– strikingly similar to the 20-year mean composition of Po

valley fogs with 35, 15, 18, and 25 % contributions of nitrate,

Atmos. Chem. Phys., 16, 3185–3205, 2016 www.atmos-chem-phys.net/16/3185/2016/
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sulfate, ammonium, and DOM respectively (Giulianelli et al.,

2014).

The ion balance of inorganic anions versus cations (includ-

ing [H+]) is shown in Fig. 2. An anion deficit is observed

for nearly all samples, ranging up to 178 µeq L−1. Inorganic

anions missing from the calculation are unlikely to explain

the deficit, as they will have a small impact on the ion bal-

ance only (bicarbonate < 1 µM for given pH values, bisul-

fite < 3.2 µM based on S(IV) and HMS data). Concentrations

of a large number of organic acids were measured from the

bulk cloud water samples and will be presented elsewhere

(van Pinxteren et al., 2016). Summing up the equivalent con-

centrations of the most abundant determined acids (formic,

acetic, glycolic, oxalic, malonic, succinic, and malic acid)

with consideration of their respective dissociation states de-

pending on their pKa values and sample pH values gives

a range of 5–82 (average of 23) µeq L−1, which explains

6–100 % (average of 56 %) of the inorganic anion deficit.

In about 10 % of the samples organic acid equivalent con-

centrations significantly exceeded the anion deficit (up to

255 %), likely related to measurement uncertainties and/or

non-determined cations. Considering that the DOC fraction

likely contains many more than the analytically resolved or-

ganic acids, it can be assumed that the missing anions are

predominantly organic in nature and that organic acidic ma-

terial had a non-negligible impact on the cloud water acid-

ity during HCCT-2010. Similar observations have been made

before in other cloud/fog systems (Straub et al., 2012; Hegg

et al., 2002; Khwaja, 1995; Collett et al., 1989).

3.3.2 Factors controlling solute concentrations

In Fig. 3a the variability of observed solute concentrations

for selected ions is indicated in box plots. Variability was

high both within events (max / min ratios of up to 5–8 for

main ions during the longer events and up to 5–34 for mi-

nor ions), as well as in-between events (max / min ratios of

median concentrations between 3 and 6 for main ions, 6–

29 for minor ions). In general, cloud water solute concentra-

tion variability can be caused by (i) changes in microphysical

cloud conditions, e.g. supersaturation and LWC; (ii) changes

in CCN concentration, size distribution, and chemical com-

position; (iii) changes in gas-phase concentrations of solu-

ble gases and corresponding phase equilibria; and (iv) chem-

ical reactions in the cloud water. Distinctly different con-

centration patterns can be observed in Fig. 3a for three ion

groups from similar sources, i.e. secondary ions ammonium,

nitrate, and sulfate, sea-salt ions sodium and chloride, and

the biomass burning and/or soil marker potassium, indicat-

ing a dominant influence of air mass history and thus CCN

concentration and composition on cloud water solute con-

centrations. This is most obvious for sodium and chloride,

which show highest concentrations during FCEs 1.1, 22.1,

and 26.1+2. During these events, back-trajectory analysis re-

vealed a stronger influence of marine emissions (residence

www.atmos-chem-phys.net/16/3185/2016/ Atmos. Chem. Phys., 16, 3185–3205, 2016
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Figure 1. Volume-weighted mean composition of bulk cloud water during main events. Numbers represent percentage from total solute

concentration (in mg L−1). Trace solutes calcium, magnesium, potassium, H2O2 (aq), and S(IV) are summarised as “others”. DOM is

calculated as DOC× 1.8. Total solute concentrations and pH values derived from VWM H+ concentrations are indicated in the upper left

and right panel corners respectively.
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Figure 2. Ion balance on an equivalent basis for inorganic anions

and cations. Dashed line is 1 : 1.

time indices above water surfaces were between 0.3 and 0.5,

as compared to < 0.2 for the remaining events; cf. Fig. S5).

To remove any influence of LWC fluctuations, CWLs are

plotted in Fig. 3b. The CWL patterns resemble those of

solute concentrations to a large extent, suggesting that for

our data set CCN composition and concentrations of soluble

gases (i.e. air mass history) have a stronger impact on cloud

water solute concentrations than LWC variability. Relative

standard deviations (RSDs) of solute concentrations (whole

campaign) are 66, 60, and 60 % for sulfate, nitrate, and am-

monium respectively and 84–125 % for trace ions. RSDs of

CWLs are similar, sometimes even higher, with values of

80, 52, and 66 % for sulfate, nitrate, and ammonium respec-

tively and 62–96 % for trace ions. Removing LWC variabil-

ity, therefore, does not reduce concentration variability, at

least for the LWC range in this study. This is similar to ob-

servations of Aleksic and Dukett (2010) from a much larger

data set and indicates that LWC is obviously an important,

but not necessarily the primary control, factor of solute con-

centrations.

If at all, an inverse functional relationship between so-

lute concentration and LWC (Elbert et al., 2000; Möller et

al., 1996) can only be observed during single events (i.e.

when CCN concentration and composition as well as gas-

phase concentrations might be regarded comparably con-

stant) in our data set. This is shown in Fig. 4a for TIC ver-

sus LWC where the colour-coded single event data indicate

more or less constantly decreasing TIC with increasing LWC

for some events. Overall, however, the pattern approximates

those observed for larger data sets (Aleksic and Dukett, 2010;

Kasper-Giebl, 2002; Möller et al., 1996): maximum TICs

are decreasing, while minimum TICs stay relatively constant

Atmos. Chem. Phys., 16, 3185–3205, 2016 www.atmos-chem-phys.net/16/3185/2016/
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(a) 

(b) 

Figure 3. Variability of cloud water concentrations both within and between FCEs for selected inorganic ions. (a) Solute concentrations,

(b) Cloud water loadings. Boxes indicate 25th, 50th, and 75th percentile, whiskers extend to 1.5× IQR (interquartile range), and dots

indicate individual data points outside this range.

with increasing LWC, leading to a range of observed TICs

at any given LWC. As one and the same LWC value can re-

sult from different cloud microphysical conditions (e.g. few

large drops versus more small drops) and clouds with simi-

lar LWC can form in very different air masses, this is actu-

ally an expected observation. In several other cloud/fog stud-

ies relationships between TIC and/or solute concentrations

with LWC were reported to be non-existent (Giulianelli et

al., 2014; Straub et al., 2012; Marinoni et al., 2004; Kasper-

Giebl, 2002).

The reason for this ostensible contradiction to the conclu-

sions of the studies by Möller et al. (1996) and Elbert et

al. (2000) might lie in different assessments of the quality

of fitted models. Möller et al. (1996) and Elbert et al. (2000)

report power law fits with coefficients of determination (R2)

of 0.27 and 0.38 respectively. Even when considering these

values satisfactory (on the general usefulness of R2 espe-

cially for goodness-of-fit of nonlinear models see Spiess and

Neumeyer, 2010), the presented scatter plots leave room for

questioning the ability of the fitted functions to adequately

represent the data.

Instead of LWC, Marinoni et al. (2004) report TIC in cloud

water at Puy de Dôme to be a power function of effective

droplet radius (Reff), even though with similarly poor R2 of

0.29. In Fig. 4b, TIC during HCCT-2010 is plotted against

Reff, which was determined by the PVM as well. In contrast

to LWC, both maximum and minimum TIC values are de-

creasing with increasing Reff in this plot and the relation-

ship comes indeed closer to a functional one (best fit for

simple linear regression; R2 increases from 0.14 with LWC

to 0.52 with Reff as explanatory variable). There is, how-

ever, still substantial unexplained TIC variation, likely aris-

www.atmos-chem-phys.net/16/3185/2016/ Atmos. Chem. Phys., 16, 3185–3205, 2016
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Figure 4. Relationships of total ionic content (upper panels) and

dissolved organic carbon (lower panels) versus liquid water content

(a, c) and effective droplet radius (b, d) for bulk cloud water sam-

ples.

ing from different broadness and/or skewness of the droplet

size spectrum and from processes like phase equilibria and/or

aqueous-phase reactions.

In Fig. 4c and d the relationships of DOC with LWC and

Reff are shown, which are very similar to the ones observed

for TIC. Herckes et al. (2013) examine total organic carbon

concentrations against LWC for a number of different sites

worldwide. A simple relationship explaining the variation

across all locations could not be identified by the authors.

However, their plot looks remarkably similar to the plots of

TIC versus LWC from the larger data sets referenced above

(decreasing spread of concentrations with increasing LWC),

indicating that the main factors controlling the organic con-

tent of fog and cloud water are the same as the ones deter-

mining inorganic ion concentrations (likely nucleation scav-

enging and some additional gas-phase uptake).

As a further means to study the various influences on so-

lute concentrations, principal component analysis was per-

formed on cloud water solute concentrations and pH, back-

trajectory RTIs, LWC, and Reff. Factor loadings of four

extracted principal components after Varimax rotation are

shown in Table 4. The first factor is highly correlated to

air mass residence times above the oceans and cloud water

concentrations of sea-salt constituents sodium, magnesium,

and chloride. The second factor shows high loadings for all

four main cloud water solutes (sulfate, nitrate, ammonium,

DOC), representing typical main particulate components in

aged continental air masses. The third factor is highly corre-

lated to potassium and calcium concentrations and air mass

residence times above agricultural lands and likely represents

a mixed soil/biomass burning influence. The fourth factor

Table 4. Factor loadings of four principal components after Varimax

rotation. Loadings with absolute values < 0.2 are regarded insignif-

icant and omitted, while those > 0.6 are regarded highly significant

and printed bold.

F1 F2 F3 F4

pH 0.53 −0.26 −0.36

LWC −0.57 −0.32 0.47

Reff −0.45 -0.74

RTI Water 0.84 −0.48

RTI NaturalVegetation -0.92 0.28

RTI Agriculture −0.39 0.63 0.49

RTI Urban 0.22 0.91

Sulfate 0.93

Nitrate 0.73 0.54 0.24

Ammonium 0.97

Sodium 0.95

Magnesium 0.89 0.24 0.20

Chloride 0.95

Potassium 0.87

Calcium 0.26 0.34 0.72 0.34

DOC −0.24 0.77 0.50

mainly includes the variability of air mass residence times

above urban areas, with no strong correlation to cloud water

constituents. pH shows a weak anticorrelation to this factor,

which could indicate an impact of acidic pollutants in com-

parably fresh air masses.

LWC has a much smaller impact on the marine factor than

air mass residence time above water and its loading on factor

2 is weak as well (in contrast to Reff, which has a significant

impact on this factor). This further supports the conclusion of

LWC variability impacting solute concentrations to a lesser

extent when several clouds with different air mass histories

are considered.

In summary, the discussion in this section shows that no

single factor is available to adequately describe the complex

processes controlling solute concentrations of both inorganic

and organic material in bulk cloud water. If a simple func-

tional relationship is needed, Reff might be a somewhat bet-

ter choice than LWC. The probabilistic approach of Aleksic,

however, seems more appropriate: for any given LWC (and

probably Reff as well), solute concentrations exhibit a (non-

linear) distribution, as they depend on several other variables

at the same time.

3.3.3 Comparison of bulk versus CVI concentrations

In parallel to the bulk cloud water sampling, a CVI sep-

arated droplets from the interstitial phase and enabled the

chemical characterisation of residual particles from filters

and online with an AMS (Sect. 2.2). The resulting CWLs

of main solutes (normalised to standard conditions) are com-

pared to the ones obtained from bulk cloud water samples in

Fig. 5. As can be seen, the temporal trends are often sim-
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Figure 5. Comparison of cloud water loadings (normalised to standard temperature and pressure) from bulk cloud water collector (blue),

quartz filter downstream CVI inlet (red), and AMS downstream CVI (green) for cloud water main constituents (a) ammonium, (b) nitrate,

(c) sulfate, and (d) DOC (AMS organics/1.8).

ilar from both time-resolving samplers (CASCC2 and CVI-

AMS), while absolute values can differ. During FCEs 11.3,

22.1, and 26.1+2, the ratios between CASCC2 and CVI-

AMS CWLs are close to 1, especially for ammonium and sul-

fate (see Fig. S6 for ranges of CWL ratios). During FCEs 1.1,

11.2, and 13.3, this ratio is close to 2 (median), while it can

be even higher for nitrate. Time-integrated mean CWLs from

CVI filters are mostly close to the values from the CVI-AMS

for sulfate and nitrate (with the exception of FCE1.1), while

for ammonium, they are substantially lower during four out

of the six events shown. CWL deviations for DOC (for resid-

ual particle data calculated as AMS organics divided by a

conversion factor of 1.8 as above) tend to be lower than for

the ions and CASCC2/CVI-AMS ratios are even below 1 dur-

ing FCEs 1.1, 11.2, and 26.1+2 (Fig. S6). DOC CWLs from

CVI filters are not given due to unreliable data from the small

masses sampled on the filters.

Possible reasons for these deviations are manifold and in-

clude (i) different sampling locations in the cloud (tower

versus inlet at house wall); (ii) different cut-off and de-

tection characteristics (all dissolved bulk material anal-

ysed from CASCC2, while AMS measures non-refractory

submicron residual particles only); (iii) different assump-

tions/corrections for sampling efficiency (assumption of con-

stant sampling efficiency across droplet size spectrum for

CASCC2, correction of CVI sampling efficiencies based on

particle number size distributions); (iv) measurement uncer-

tainties of analytical methods, AMS, and PVM for LWC

measurement; (v) (for DOC) uncertainty in the OM to OC

conversion factor (1.8) and inclusion of undissolved organic

matter in the AMS residual organics concentration; (vi) (for

filter samples) potential negative artifacts from evaporation

of semi-volatile particle constituents during sampling as well

as uncertainty from blank correction especially for short sam-

pling times and low sampled masses; and (vii) (very impor-
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tant for some species) different droplet “pretreatment”, i.e.

liquid collection in the bulk sampler versus evaporation of

water and volatile constituents such as ammonia, nitric acid,

and dissolved VOCs in the CVI. Given all these uncertain-

ties and systematic differences, a general agreement between

CWLs obtained from the different samplers within a factor

of 2 appears acceptable. A notable exception with much less

agreement is nitrate during FCE11.2, where bulk cloud water

CWLs are about a factor of 3.5 higher than CVI concentra-

tions. The reason for the large deviation during this event

is likely an enhanced concentration of nitric acid, which is

taken up as nitrate into the bulk cloud water, but can be

(partly) released back to the gas phase during droplet drying

in the CVI (see also the following section).

3.3.4 Scavenging efficiencies

SEs were calculated by two different approaches. “In-cloud”

SEs are based on cloud water loadings and interstitial par-

ticle concentrations (both being normalised to STP) and are

calculated as follows:

SEin-cloud =
CWL

CWL+ cint

, (1)

where SEin-cloud is in-cloud scavenging efficiency, CWL is

cloud water loading in µg m−3, either from bulk cloud wa-

ter (CASCC2) or from droplet residual concentrations (CVI-

AMS and CVI-Filter), and cint is interstitial particle concen-

tration in µg m−3 (INT-AMS or INT-Filter)

“Upwind” SEs, in contrast, are based on a comparison of

STP normalised CWLs and upwind concentrations, calcu-

lated as

SEupwind =
CWL

cupw

, (2)

where SEupwind is upwind scavenging efficiency, CWL is

cloud water loading in µg m−3 from bulk cloud water

(CASCC2), and cupw is upwind concentration from MARGA

measurements in µg m−3, either particulate only or total

aerosol (particulate+ gaseous concentration)

The results of these calculations are shown in Fig. 6. In-

cloud SEs calculated from the different samplers usually

agree well except for cases where sampler intercomparison

was poor (Sect. 3.3.3). Comparison with upwind SEs, how-

ever, reveals substantial differences, which are summarised

as event means in Table 5 (for residual in-cloud SEs only the

ones based on CVI/INT AMS data are given here to avoid re-

dundancy). Mean in-cloud SEs for sulfate are usually >= 0.9

except for FCE11.2 and FCE13.3, where substantial fractions

(21–44 %, depending on data used) of in-cloud sulfate reside

in interstitial particles. During these events particle activa-

tion curves obtained from comparing measured particle num-

ber size distributions upwind and in-cloud were comparably

shallow and the critical activation diameter was larger than

during other events (Fig. S7), consistent with larger fractions

Table 5. Event means of upwind and in-cloud scavenging efficien-

cies calculated from different approaches. Numbers in brackets in-

clude both particulate and gaseous upwind concentrations, where

available. See text for details.

Event CASCC2+ CASCC2+ CVI/INT

MARGA INT-AMS AMS

Ammonium

FCE1.1 0.85 (0.39) 0.92 0.83

FCE11.2 0.95 (0.52) 0.98 0.96

FCE11.3 1.04 (0.5) 0.97 0.97

FCE13.3 0.94 (0.65) 0.80 0.71

FCE22.1 0.85 (0.69) 0.96 0.96

FCE26.1+2 1.01 (0.51) 0.95 0.90

Nitrate

FCE1.1 0.87 (0.82) 0.95 0.86

FCE11.2 2.26 (1.86) 0.99 0.95

FCE11.3 1.16 (1.01) 0.96 0.96

FCE13.3 1.17 (1.1) 0.87 0.79

FCE22.1 1.25 (1.18) 0.98 0.96

FCE26.1+2 1.04 (0.94) 0.96 0.94

Sulfate

FCE1.1 0.66 0.88 0.79

FCE11.2 0.55 0.79 0.69

FCE11.3 0.79 0.89 0.88

FCE13.3 0.89 0.68 0.56

FCE22.1 0.82 0.94 0.94

FCE26.1+2 0.75 0.94 0.91

DOC

FCE1.1 1.09∗ 0.83 0.67

FCE11.2 3.42∗ 0.86 0.88

FCE11.3 1.86∗ 0.89 0.92

FCE13.3 1.11∗ 0.72 0.69

FCE22.1 1.72∗ 0.87 0.79

FCE26.1+2 1.45∗ 0.89 0.86

∗ DOC from MARGA not available. PM10 water-soluble organic carbon

from Berner impactor used instead.

of submicron sulfate not being activated to cloud droplets

due to cloud microphysical conditions. Consistent with our

data, in-cloud SEs of sulfate between 0.52 and 0.99 have

been reported for clouds at Puy de Dôme, Brocken, and Mt.

Sonnblick (Sellegri, 2003; Acker et al., 2002; Hitzenberger et

al., 2000; Kasper-Giebl et al., 2000), with larger values being

more typical.

In contrast to in-cloud SEs, sulfate upwind SEs were

mostly � 0.9, indicating incomplete mass conservation be-

tween the sites. From previous studies at the Schmücke

(Brüggemann et al., 2005; Herrmann et al., 2005) and results

on aerosol processing presented in a forthcoming companion

paper, it is known that various physical loss processes, such

as scavenging of cloud droplets by trees and/or entrainment
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Figure 6. Cloud scavenging efficiencies for (a) ammonium, (b) nitrate, (c) sulfate, and (d) DOC, calculated as “upwind SE” from bulk cloud

water loadings and upwind MARGA data (blue and red for MARGA particulate and total aerosol concentrations respectively) and “in-cloud

SEs” from bulk CWLs and interstitial AMS data (green), droplet residual and interstitial particle concentrations from filters (purple), and

droplet residual and interstitial particle concentrations from AMS (orange). See text for details.

of cleaner air masses from aloft can reduce observed concen-

trations of all particle constituents along the air path from up-

wind via Schmücke towards the downwind site. Upwind SEs

being smaller than in-cloud SEs support these conclusions of

physical particulate mass losses from the upwind to the in-

cloud site. Only during FCE13.3 are upwind SEs found to be

higher than in-cloud SEs, indicating additional sulfate mass

within the cloud, which could result from chemical produc-

tion, uptake of gaseous H2SO4 (Roth et al., 2016; Harris et

al., 2013, 2014), and/or other processes (e.g. entrainment).

Similar to sulfate, ammonium shows in-cloud SEs typically

> 0.9, except for FCE13.3 (large activation diameter). Up-

wind SEs are similarly large when only upwind particulate

ammonium concentrations are considered, but they drop to

mean values between 0.4 and 0.7 when gaseous upwind am-

monia – which is likely to be taken up by the cloud water at

least partially – is included in the balance. Consistent with

the conclusions from sulfate, the lower overall upwind SEs

thus likely reflect the impact of physical loss processes at the

sites.

For nitrate and DOC, these comparisons look different.

While in-cloud SEs are again > 0.9 in most cases, upwind

SEs are > 1 in most cases, indicating additional nitrate and

DOC at the in-cloud site (note that event mean DOC up-

wind SEs in Table 5 were calculated using water-soluble

organic carbon concentrations from impactor samples, as

the MARGA analyses inorganic ions only). For DOC, this

most likely results from uptake of water-soluble VOCs (e.g.

acids, aldehydes, ketones) into cloud droplets. The highest

value was observed for FCE11.2, where the inorganic anion

deficit was highest as well (Fig. 2), indicating that a signifi-

cant amount of organic material taken up from the gas-phase

must have been acidic or – alternatively – neutral compounds

were oxidised to organic acids upon dissolution in the cloud
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droplets. It is noted that the main organic acids mentioned

above explain only less than 10 % of the inorganic anion

deficit for this event.

For nitrate, upwind SEs stay similarly high or even higher

than in-cloud SEs even after considering any upwind HNO3

measured by the MARGA. Especially when considering that

nitrate likely experiences similar physical mass losses as am-

monium and sulfate (which typically were on the order of

10–40 % at the downwind site, data not shown here), this

would imply a nitrate budget at the cloud site substantially

larger than the sum of particulate and gaseous nitrate at the

upwind site. Given that aqueous-phase oxidation of NOx to

nitrate can be considered negligible (Seinfeld and Pandis,

2006) and a potential positive nitrate artefact from hydrol-

ysis of N2O5 in the cloud water can be assumed to be present

in similar magnitude in the wet rotating denuder samples of

the MARGA system (Phillips et al., 2013), such a large bud-

get increase of nitrate at the cloud site seems unrealistic. In

addition, a comprehensive data analysis focussing on aerosol

processing during FCEs (manuscript in preparation) does not

yield indications for increased nitrate at a site downwind of

the cloud either on average over all FCEs or specifically dur-

ing FCE11.2, where nitrate enrichment was highest. Any ad-

ditional nitrate in the cloud water thus needs to evaporate

back to the gas phase upon cloud dissipation.

The most likely explanation for the observed discrepancy

is a severe underestimation of nitric acid by the MARGA

system. Accurate nitric acid determination is known to be

challenging due to the “stickiness” of the molecule (Rumsey

et al., 2014) and adsorption in the inlet was reported to be

strongly increased when sampling air – as during FCE sam-

pling – is near 100 % RH (Neuman et al., 1999). As the in-

let HDPE tubing during HCCT-2010 was approx. 3.5 m long

(from PM10 head to denuder), significant losses of HNO3

before denuder sampling seem likely. In a (yet) unpublished

intercomparison of nitric acid between the MARGA unit

as used during HCCT-2010 and a separate batch denuder

with inlet tubing reduced to a minimum, concentration ra-

tios between the MARGA and the reference denuder were

typically between 0.17 and 0.98 (10th and 90th percentile;

G. Spindler and B. Stieger, personal communication, 2015).

Using a value of 0.25 (lower quartile of the intercomparison)

as a correction factor for nitric acid measured during HCCT-

2010 (i.e. multiplying measured apparent concentrations by

4) yields upwind SEs for total nitrate between 0.7 and 1.2

(as event means), which would be more consistent with the

values obtained for ammonium and sulfate.

An enrichment of cloud water nitrate has previously been

observed in several studies and has usually been related to

the uptake of nitric acid as the most probable explanation

(Prabhakar et al., 2014; Hayden et al., 2008; Brüggemann et

al., 2005; Sellegri et al., 2003; Cape et al., 1997), which is in

agreement with our considerations described above.

In conclusion, the comparison of upwind and in-cloud

scavenging efficiencies reveals that (i) nucleation scavenging

typically removed > 80 %, often close to 100 % of soluble

material from the particle phase upon cloud formation, (ii)

uptake of gaseous ammonia, nitric acid, and water-soluble

VOCs had an additional significant impact on observed cloud

water concentrations, and (iii) particulate material is clearly

lost or diluted to some extent between the upwind and the

in-cloud site, likely due to physical processes such as droplet

scavenging by trees and/or entrainment of cleaner air masses.

3.4 Size-resolved droplet compositions

3.4.1 Three-stage collector

In Fig. 7 volume-weighted mean (VWM) concentrations per

cloud event are shown for ions, H2O2, and DOC within the

droplet size classes of the three-stage collector. Even though

the nominal cut-off diameters of the three stages are given in

Fig. 7, it has to be noted that in reality significant mixing of

droplets between the nominal size classes occurs due to the

relatively broad collection efficiency curves (Straub and Col-

lett, 2002). Concentrations in a given droplet size class are

thus influenced by droplets from other size classes to a signif-

icant extent and the size distributions can only reflect an ap-

proximate picture of the real pattern. Volumes of cloud water

collected per stage were between 5.9 and 240 mL with typ-

ically lowest volumes on the intermediate stage (16–22 µm)

and highest volumes in the smaller or larger size class, de-

pending on the sample (see Fig. S8 for details).

Volume-weighted mean concentrations per event were cal-

culated to reduce the complexity of the data set, even though

information on the temporal evolution of size-resolved con-

centrations is lost by the averaging. Data for all individual

samples taken with the three-stage collector are given in the

Supplement (Fig. S9–S18). As can be seen there, concentra-

tions levels of individual cloud water constituents can vary

significantly within one cloud event while the general pat-

terns of concentrations in the three droplet size classes are of-

ten quite persistent during an event (exceptions will be noted

below). For the major ions sulfate, nitrate, and ammonium,

two main profiles of size-resolved cloud water concentrations

can be observed in the VWM data: (i) decreasing concen-

trations with increasing drop size for FCEs 1.1, 11.2, 11.3,

and 13.3 and (ii) profiles with minimum concentrations in

medium-sized droplets on stage 2 (“U”-shaped profiles) for

FCEs 22.1 and FCE26.1+2. Only for nitrate during FCE1.1 a

profile of increasing concentrations with increasing drop size

is observed. Concentration differences between highest and

lowest values are usually within a factor of 2 with the excep-

tion of FCE11.2, where concentrations of sulfate and ammo-

nium in large drops were a factor of 3–4 lower than in small

drops (on VWM basis). The two types of profiles reflect the

dominant profiles of major ions in the individual samples

(Fig. S9–S11) for most of the events. Only during FCE1.1

and mainly for sulfate and ammonium does the VWM profile

not adequately represent the individual profiles, which were
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Figure 7. Size-resolved cloud water concentrations from five-

stage collector. Volume-weighted mean concentrations per event are

given in µmol L−1.

rather variable during the first half of this 15 h event and sta-

bilised to a profile of increasing concentrations with increas-

ing drop size during the second half of the event. As sampled

water volumes were comparably low during the second half

of the event, however, their weight to the volume-weighted

mean profile is rather low. Literature data from three-stage

cloud water collectors is very sparse. Raja et al. (2008) re-

port decreasing concentrations of main ions with increasing

drop size for fog samples in the US Gulf Coast region, ob-

tained with the same collector as in the present study. Collett

et al. (1995) observed U-type, profiles in cloud samples ob-

tained with a different three-stage collector (different nomi-

nal cut-offs) from two sites in North Carolina and California,

USA.

The VWM profiles of low concentration ions (chloride,

sodium, magnesium, calcium, and – in part – potassium)

were found to be markedly different from the major ion pro-

files. Concentrations were usually increasing with increasing

drop size, especially for events with elevated concentrations

(FCE1.1, 22.1, and 26.1+2) due to elevated impact of marine

emissions on sampled air masses (cf. Sect. 3.3.2). Also, ob-

Figure 8. Mean pH values per event, calculated from volume-

weighted mean concentrations of H+ from (a) three-stage cloud

water collector and (b) five-stage collector.

served concentration differences in different drop size ranges

tended to be larger (up to a factor of 10) as compared to major

ion concentrations. Available literature data for minor ions in

three drop size ranges reveal diverse profiles, depending on

species and location (Raja et al., 2009; Collett et al., 1995).

In contrast to the ionic data, concentrations of H2O2 in dif-

ferent collector stages were comparably homogeneous, with

maximum differences of 25 % (or a factor of 1.3). This is

likely related to the different incorporation pathway (uptake

from gas phase as compared to nucleation scavenging for the

ions), which is expected to yield more similar concentrations

in differently sized cloud drops, at least if equilibrium condi-

tions are assumed (Hoag et al., 1999).

Both uptake pathways can in principle occur for DOC

(VOC uptake and/or dissolution of CCN organic material).

The size-resolved concentration pattern in Fig. 7, however,

resembles those of major ions, suggesting nucleation scav-

enging as the major path of DOC incorporation into cloud

water during this study.

Mean pH values per event (based on VWM concentrations

of H+) are shown in Fig. 8a. A similar pattern of slightly

(approx. 0.1 pH units per stage) increasing values with in-

creasing drop diameter can be observed for nearly all events

and collector stages. In individual samples (Fig. S19) differ-

ences between stages can be somewhat higher (up to approx.

0.5 pH units), but the general patterns look similar to the

VWM event averages. Qualitatively, increasing pH with drop

size is consistent with (i) coarse (and typically less acidic)

CCNs leading to larger droplets (cf. elevated concentrations

of coarse particle mode constituents) and (ii) reduced (di-

luted) concentrations of potentially acidic constituents (sul-

fate, nitrate, DOC) in larger drops (Collett et al., 1994).

These observations highlight the complexity of solute con-

centration drop size dependencies. Even for the compara-

bly uniform conditions of the present study (same site, same

season, similar air mass origins, similar heights within the

cloud), different profiles can result for one and the same

ion. This becomes even more obvious from individual sam-

ples (e.g. sulfate during FCE1.1, Fig. S9), where – as stated
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above – a number of different profiles can occur during the

same cloud event. Considering that these individual samples

represent volume-weighted averages over 2 h, it is easy to

imagine that with a higher time resolution of sampling the

variability of observed profiles would even increase. Without

detailed numerical modelling (which is beyond the scope of

this study), a quantitative understanding of these profiles and

their variations seems impossible. In addition, the sampler

characteristics (few stages with broad collection efficiencies)

together with changing droplet size distributions in a cloud

might influence the observed size dependencies. Even though

drop volume size distributions were usually similar both

between events (Fig. S20) and between individual samples

within the events (Fig. S21), subtle changes, e.g. in the broad-

ness of the distribution or in the abundance of large (> 30 µm)

drops, can – together with the broad mixing of differently

sized drops – lead to artificial modifications in the observed

volume-weighted concentrations on the three stages (Moore

et al., 2004a). Despite these difficulties, two broad conclu-

sions from the three-stage sf-CASCC ion data can be drawn:

(i) main ions (sulfate, nitrate, ammonium) have similar so-

lute concentration drop size dependencies (consistent with

their presumed strong internal mixing in CCNs) and are of-

ten enriched in smaller sized droplets (even though other, es-

pecially U-type profiles do occur as well), and (ii) increasing

concentrations with increasing droplet sizes, which might be

expected based on the consideration of the simple Ogren et

al. (1992) model (see Sect. 1), are mainly observed if a strong

coarse mode in upwind particles is present for a given con-

stituent (e.g. for sodium, magnesium, chloride, and nitrate-

during FCE1.1; cf. Figs. S22 and S23 for size distributions

of inorganic ions at upwind site during FCEs). These find-

ings are consistent with the availability of coarse CCN being

an important prerequisite for such an inverse concentration

– size relationship to develop (Schell et al., 1997), although

other factors likely contribute to these observations as well.

3.4.2 Five-stage collector

Size-resolved concentrations of ions and H2O2 from the five-

stage collector are given in Fig. 9 in the same way as de-

scribed above for the three-stage data (event VWM and nor-

malised data). Collected cloud water volumes were from

0.55 to 15 mL, with smallest volumes typically in the 4–

10 µm droplet size range and largest ones mostly for droplets

> 30 µm (see also Fig. S24). Concentration profiles of in-

dividual samples are shown in Figs. S25–S33. The num-

ber of events is smaller, as this sampler was not operated

during FCE1.1 and FCE26.1+2. Due to the relatively low

volume of cloud water the five-stage collector is sampling,

DOC analysis could not be performed from these samples.

For major ions, the patterns are broadly consistent with the

profiles of decreasing concentrations with increasing drop

size observed from the three-stage collector for FCEs 11.2,

11.3, and 13.3, with FCE22.1 showing some similarity to

a U shape (even though the concentration increase towards

larger drops is observable on stage 2 only, not on stage 1

collecting the largest drops). Concentration differences be-

tween smallest and largest droplets are somewhat more pro-

nounced (typically a factor of about 2) as compared to the

three-stage collector (typically smaller than a factor of 2), il-

lustrating the higher efficiency of the five-stage collector in

separating small and large drop populations. Sharpest con-

centration differences are usually observed between stages 4

and 5 (small droplets). This is true for basically all of the

individual samples as well (Figs. S25–S33). Concentration

patterns on stages 1–4, however, can vary somewhat within

a single event, depending on the development of the cloud.

For example, nitrate shows constantly decreasing concen-

trations with increasing drop sizes during the first half of

FCE11.2 (Fig. S26), while during the second half concentra-

tions in larger drops tend to increase. Similarly, ammonium

concentrations develop from a maximum in medium-sized

drops for the first sample to notably homogeneous concentra-

tions across all five collector stages (difference of only about

30 % between smallest and largest drops) during FCE11.2

(Fig. S27). The observed profiles differ from those reported

from a hill cap cloud at Whiteface, NY, USA, using the same

five-stage collector (Moore et al., 2004a): U-type profiles

with highest concentrations in largest drops were observed

for ammonium and nitrate, while sulfate showed increas-

ing concentrations with increasing drop size through all five

stages. The same study reports five-stage concentration pro-

files from a fog event in Davis, CA, USA, which are more

similar to those in this study, with decreasing concentrations

with increasing drop size (Moore et al., 2004a).

The patterns of trace ions also show some similarity with

the ones observed from the three-stage collector, mainly

in that concentrations tend to increase from medium-sized

towards larger droplets for most ions and events as well.

There are, however, two distinct features in the five-stage

data which are not captured by the three-stage collector.

First, similar to the main ions, the concentration increase to-

wards larger droplets is often (though not always) observ-

able on stage 2 only, with decreasing concentrations on stage

1 (largest drops). Second, all trace ions show a very pro-

nounced concentration increase in smallest droplets (stage

5), with often a factor of 5–10 difference to stage 4 concen-

trations, which is usually not seen in the three-stage data,

where smallest droplets are mixed with much larger ones

on stage 3, leading to more diluted concentrations. Litera-

ture data on size-resolved trace ion concentrations from five-

stage collectors is available only for calcium, for which a pro-

nounced U-type profile with highest concentrations in largest

drops was reported (Moore et al., 2004a), while sodium,

potassium, and chloride ions were mentioned to have very

similar profiles.

Compared to ionic content, the concentrations of H2O2

are more homogeneously distributed between the collector

stages (maximum deviation < 50 %) – similar to what was
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Figure 9. Size-resolved cloud water concentrations from three-

stage collector. Volume-weighted mean concentrations per event are

given in µmol L−1 except for DOC (mgC L−1).

observed from the three-stage collector data – and a general

pattern cannot be observed from the (few) data available.

Event-averaged pH values from the five-stage collector are

given in Fig. 8b (for individual samples in Fig. S34). High-

est values were mostly observed in smallest droplets (stage

5) with a significant decrease towards the next droplet size

range (stage 4) at least during three out of the four events.

From collector stage 4 towards stage 2 (increasing drop sizes)

pH values tend to increase, similar to what is observed from

the three-stage collector (Fig. 8a), while in largest drops

(stage 1) they decrease again (to different extents). Overall,

pH variations between different drop size classes are not too

large for the sampled clouds with maximum differences of

about 0.6 pH units on event-averaged basis.

These observations are generally consistent with the find-

ings from the three-stage collector. However, they also high-

light the higher efficiency of drop population separation of

the five-stage collector as compared to the three-stage col-

lector, as ratios between minimum and maximum concentra-

tions are larger and the sharp concentration increase towards

the smallest droplets (especially for trace ions) is only ob-

served here (for volume size droplet distributions during five-

stage sampling see Fig. S35). In addition, the observation of

often decreasing concentrations from stage 2 (second-largest

drops) to stage 1 (largest drops) might reflect the transition

from region II (condensation growth) to region III (coales-

cence growth) in the Ogren et al. (1992) model (Sect. 1),

even though it must be noted that collection efficiency curves

of these two stages are overlapping to a comparatively large

extent (Straub and Collett, 2002). Compared to the study

of Moore et al. (2004a) stressing the importance of cloud

age (drop growth time) by comparing two different types of

clouds/fogs, our data from more similar cloud systems high-

light the impact of the size distributions of CCN constituents

on the development of size-resolved concentration patterns.

Both parameters were predicted to be relevant from detailed

model sensitivity studies (Sect. 1, Schell et al., 1997). In ad-

dition, despite the considerable mixing of droplets with dif-

ferent sizes occurring in the samplers, the data reveal the sub-

stantial differences which can exist in different droplet size

classes as well as the variability of observed solute concen-

tration profiles even under comparably similar cloud condi-

tions. As such differences impact both chemical reactions in

cloud drops and deposition efficiencies and can thus modify

atmospheric sink and/or source strengths of PM constituents

(Moore et al., 2004b), further observational and modelling

studies on size-resolved droplet compositions seem impor-

tant.

4 Conclusions

The analysis of bulk and size-resolved cloud water sam-

ples and related measurements of eight cloud events during

HCCT-2010 has led to the following main conclusions.

– Variability of solute concentrations in bulk samples was

high for the clouds studied and was caused mainly by

the variability of CCN concentrations and composi-

tions, i.e. air mass history, in contrast to earlier sugges-

tion of LWC generally being the main driver in solute

concentration variation.

– A simple functional relationship between LWC and so-

lute concentrations was observed only within single

cloud events with little variation in incoming air mass

concentrations and conditions. Across several events, no

single factor is available to adequately describe the com-

plex processes determining observed solute concentra-

tions in cloud water. If a simple function is needed, Reff

might be a somewhat better choice than LWC.

– Both nucleation scavenging and gas-phase uptake con-

tributed to observed cloud water concentrations of ma-

jor constituents, with the first one being especially im-

portant for sulfate and the second one for nitrate.
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– Losses of particulate mass occur from the upwind to

the in-cloud site, observed from different in-cloud ver-

sus upwind scavenging efficiencies and likely related

to physical loss processes such as droplet scavenging

and/or entrainment.

– Solute concentration droplet size profiles can be highly

variable even within single events and were only partly

consistent with considerations from a simple conceptual

model. The observations made highlight the importance

of CCN constituents’ size distributions on the develop-

ment of concentration profiles, consistent with earlier

numerical simulation results.

– The comprehensive data set obtained during HCCT-

2010 will serve as a reference for the further devel-

opment and evaluation of multiphase models in future

studies.

The Supplement related to this article is available online

at doi:10.5194/acp-16-3185-2016-supplement.
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