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1/CNRS, UMR5183, Grenoble, France

33229

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33229/2011/acpd-11-33229-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33229/2011/acpd-11-33229-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 33229–33271, 2011

Impact of cloud
processes on aerosol

particle properties

S. Crumeyrolle et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Received: 8 November 2011 – Accepted: 24 November 2011 – Published: 19 December 2011

Correspondence to: S. Crumeyrolle (suzanne.crumeyrolle@gmail.com)

Published by Copernicus Publications on behalf of the European Geosciences Union.

33230

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/33229/2011/acpd-11-33229-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/33229/2011/acpd-11-33229-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
11, 33229–33271, 2011

Impact of cloud
processes on aerosol

particle properties

S. Crumeyrolle et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Within the European Aerosol Cloud Climate and Air Quality Interactions (EUCAARI)
project, the Meteo France research aircraft ATR-42 was operated from Rotterdam air-
port during May 2008, to perform scientific flights dedicated to the investigation of
aerosol-cloud interactions. Therein, the objective of this study is to illustrate the im-5

pact of cloud processing on the aerosol particles physical and chemical properties.
The presented results are retrieved from measurements during a double-flight mis-
sion from Rotterdam (Netherlands) to Newcastle (UK) and back using data measured
with compact Time of Flight Aerosol Mass Spectrometer (cToF-AMS) and Scanning
Mobility Particle Sizer (SMPS). Cloud-related measurements during these flights were10

performed over the North Sea within as well as in close vicinity of a marine stratocu-
mulus cloud layer. Particle physical and chemical properties observed in the close
vicinity (V), below and above the stratocumulus cloud show strong differences. Firstly,
measurements at constant altitude above the cloud layer show decreasing mass con-
centrations with decreasing horizontal distance (210–0 km) to the cloud layer by a factor15

up to 7, whereas below the cloud and by same means of distance, the mass concen-
trations merely decrease by a factor of 2 on average. Secondly, the averaged aerosol
size distributions, observed above and below the cloud layer, are of bimodal character
with pronounced minima between Aitken and accumulation mode which is potentially
the consequence of cloud processing. Finally, the chemical composition of aerosol20

particles is strongly dependent on the location relative to the cloud layer (vicinity or
below/above cloud). In general, the nitrate and organic fractions decrease with de-
creasing distance to the cloud, in the transit from cloud–free conditions towards the
cloud boundaries. The decrease of nitrate and organic compounds ranges at a factor
of three to ten, affecting sulfate and ammonium compounds to be increasingly abun-25

dant in the aerosol chemical composition while approaching the cloud layer. Finally, the
chemical composition of non-refractory evaporated cloud droplets measured within the
cloud shows increased fractions of nitrate and organics (with respect to concentrations
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found below clouds), but also large amounts of sulfate, thus, related to activation of
particles, made up of soluble compounds.

1 Introduction

Aerosols originate either from natural sources (e.g. mineral dust, sea salt, ash, bio-
genic aerosol or ablation material of meteorites) or from emissions by anthropogenic5

activities (e.g. soot, smoke, and other traffic or industrial emissions, e.g. lead or mer-
cury particles, Murphy et al., 1998). Those aerosol particles which undergo long range
transport may have a particularly strong influence on the climate directly by absorb-
ing and reflecting shortwave solar radiation (Haywood et al., 2003; Intergovernmental
Panel on Climate Change, 2007) and indirectly by modification of cloud structure as10

well as their microphysical properties (Lohmann et al., 2004).
Aerosol activation to form cloud droplets is the direct microphysical link between

aerosols and clouds, and is at the origin of the indirect effect (Nenes and Seinfeld,
2003). The Köhler theory (Köhler, 1936) considers curvature and solute effects on
the equilibrium vapor pressure of a growing droplet. This equilibrium curve shows15

supersaturation maxima, known as critical supersaturation (sc), at a critical droplet
diameter (Dc). When this equilibrium becomes unstable, i.e. particles are exposed
to supersaturation above sc for the time needed to reach Dc, particles act as cloud
condensation nuclei (CCN) and become cloud droplets (Nenes et al., 2001; Chuang
et al., 1997).20

Aerosol-cloud interactions depend on aerosol particle properties such as number
concentration, size, chemical composition, hygroscopic properties and mixing state
(Roberts et al., 2001; Sellegri et al., 2003; Cubison et al., 2008; Wang et al., 2010). In
addition, the interaction depends on the type of involved clouds, including continental
or maritime, convective or stratiform, and liquid or ice phase clouds (Reutter et al.,25

2009, Andrejczuk et al., 2010). Atmospheric aerosol particles affect cloud formation by
acting as CCN and ice nuclei (IN) (Harrison, 2000).
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In return, aerosol properties are modified by in-cloud processes (Hoppel et al.,
1994; Levin et al., 1996). Cloud processing affects aerosol particle number concen-
tration, particle size and chemical composition due to particle dissolution and subse-
quent transformation processes which may cause chemical reactions in the cloud liquid
phase. Heterogeneous reactions in the liquid phase and uptake of gases into droplets5

lead to further processing of CCN particulate matter.
Prominent studies related to the impact of cloud processing on the evolution of

aerosol properties have been performed previously and include field observations, lab-
oratory measurements, and modelling studies. Levin et al. (1996) studied effects of
cloud processing of mineral dust and sulfate and found that dust particles may be10

coated with sulfate due to in-cloud processing. Results obtained from modelling stud-
ies also highlight the role of clouds in modifying aerosols. For example, Yin et al. (2002)
used a numerical model to show that even insoluble particles like mineral dust may be-
come effective CCN after in-cloud processing in a convective cloud. Furthermore, this
study showed that the uptake of gases into droplets and subsequent oxidation of gases15

in the liquid phase could add considerable amounts of soluble material (sulfate, nitrate)
to the dust particles. Wurzler et al. (2000) showed that cloud processing is an effective
pathway to form soluble coatings on dust particles. Even without cloud processing,
aerosol particles may become more active CCN- through oxidation of organic species
or due to heterogeneous chemical processes (George and Abbatt, 2010; Sullivan et al.,20

2009; Roberts et al., 2010).
Experimental evidences of cloud processing of aerosol particles are rare and were

often limited to ground-based studies on orographic clouds (Bower et al., 1997). Hill-top
clouds are specific clouds that form when supersaturation is driven by orography and
which are often very large comparedwith respect to other type of clouds, in particular25

marine stratocumulus clouds. Marine boundary layer clouds cover a large fraction of
the planetary ocean (∼30 % according to Warren et al., 1988) and their albedo is about
10 times larger than the one of the underlying dark ocean surface. This means that
they are a crucial component of the Earth’s radiation budget (Hartmann et al., 1992).
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The study of clouds impacting aerosol properties presented here is based on airborne
measurements that were conducted in the framework of the European Aerosol Cloud
Climate and Air Quality Interactions (EUCAARI; Kulmala et al., 2009, 2011) project.

2 Experimental strategy and instrumentation

The EUCAARI project was designed to improve our knowledge on processes related5

to atmospheric aerosol physics and chemistry, from the nanometer scale to the overall
aerosol-cloud-climate scale. Within the project an intensive measurement campaign
dedicated to aerosol and cloud studies was carried out between the 1 and 31 May
2008 in the Netherlands including both airborne and ground measurements. The ATR-
42 research aircraft, operated by SAFIRE (Service des Avions Français Instrumenté10

pour la Recherche en Environnement), was based at the Rotterdam airport and was
equipped with comprehensive scientific instrumentation to perform aerosol-cloud stud-
ies (Crumeyrolle et al., 2008; Matsuki et al., 2010). A total of 22 research flights were
performed between 2 May and 30 May 2008 (Crumeyrolle et al., 2010). In this study,
we will focus on two cloud research flights performed on 15 May 2008 over the North15

Sea from Rotterdam to Newcastle during the morning (06:19–09:50 UTC) and the re-
turn flight from Newcastle to Rotterdam during the afternoon (11:49–15:06 UTC). The
rather similar flight trajectories of these two flights are presented in Fig. 1.

In the same figure the brightness temperature, from MODIS satellite documents,
indicates the presence of the stratocumulus field that was studied in the northern20

part of the domain. Furthermore, the presence of cirrus in the southern part is in-
dicated. Remote sensing observations, performed by the nadir-looking RASTA radar
(Protat et al., 2004) on board the ATR-42, were used to specify the precipitating or
non-precipitating character of this stratocumulus. The radar reflectivities were similar
(about −20 dBZ) during the morning and afternoon flights and the associated mean25

Doppler velocity was between −2 and −4 m s−1. The reflectivities are characteristic for
drizzle regime. Nevertheless, drizzle drops reached lower altitudes during the morning
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(down to 300 m a.s.l.) than during the afternoon (down to 500 m a.s.l.) before they
evaporated.

The ATR-42 was equipped with the Community Aerosol Inlet (CAI) for aerosol mea-
surements in cloud-free conditions and a Counterflow Virtual Impactor (CVI, Ogren
et al., 1985; Schwarzenboeck et al., 2000) that was used during in-cloud measure-5

ments. The CVI is designed to exclusively collect cloud elements (cloud droplets and
ice crystals; D> 5 µm of aerodynamic particle diameter), while essentially rejecting in-
terstitial aerosol particles. As shown in Sellegri et al. (2003), the efficiency coefficient
was obtained by comparing in cloud concentrations, cloud-free concentrations, and
whole air concentrations. As these concentrations were not observed simultaneously10

in our study, the efficiency of the CVI probe could not be calculated. The isokinetic CAI
is based on the University of Hawaı̈ shrouded solid diffuser inlet designed by A. Clarke
(personal communication) and modified by Meteo France. The CAI inlet allows for
sampling submicron and partly supermicron particles with an upper 50 % sampling
efficiency for particle sizes at D∼5 µm (McNaughton et al., 2007). Thus, switching be-15

tween the CVI during in-cloud conditions and the CAI in cloud-free conditions allowed
for direct sampling of either the cloud residual or cloud free total aerosol particles.

Two Scanning Mobility Particle Sizers (SMPS) measured size distributions between
20–500 nm diameter of particles entering the CAI probe: one SMPS was operated at
ambient conditions and the second SMPS measured downstream of a denuder heating20

the aerosol up to 280 ◦C. The SMPS systems consisted of a Krypton aerosol neutralizer
(Kr-85), a DMA (Differential Mobility Analyzer) as described by Villani et al. (2007) and
a TSI model 3010 condensation particle counter. Typically, the time span for the SMPS
to scan over the complete detectable size range from 20–500 nm was set to 90 s.

An Aerodyne compact Time of Flight Aerosol Mass Spectrometer (cToF-AMS;25

Drewnick et al., 2005; Canagaratna et al., 2007) was applied for the EUCAARI mission
to analyse in quasi-real time the chemical composition of the non-refractory aerosol
particles entering the CAI and CVI probes. The notation non-refractory includes all
species that evaporate in a few milliseconds at a temperature of ∼ 600 ◦C. In practice,
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cToF-AMS measurements exclude the detection of black carbon, crustal materials,
and sea salt/sodium chloride. Thus, even a fraction of non-refractory species inter-
nally mixed with refractory species (e.g., organics internally mixed with black carbon)
can be quantitatively detected with the AMS (Katrib et al., 2005; Slowik et al., 2004).
The non-refractory particle species that are vaporized are then subjected to electron5

impact (EI) ionization, which forms positive ions that are analyzed using a Time-of-
Flight mass spectrometer. For typical accumulation mode particles, the sampling ef-
ficiency (predominantly limited by the aerodynamic lens; Zhang et al., 2004) is close
to 100 % and the AMS quantitatively measures mass loadings (Liu et al., 2007). Lab-
oratory measurements showed that particle diameters larger than 800 nm are not de-10

tected anymore with our cToF-AMS, whereas particles with 600 nm in diameter are
assumed to be detected with efficiency close to 100 %. The cToF-AMS used during
EUCAARI/IMPACT was additionally equipped with a Pressure Controlled Inlet (PCI),
similarly to the system described by Bahreini et al. (2008). The temporal resolution
of the ToF-AMS measurement throughout the EUCAARI mission was set to ∼ 23 s.15

Generally, ToF-AMS measurements deliver size segregated aerosol chemical compo-
sition with alternating operation modes, the Particle Time of Flight (PToF) and the Mass
Spectrometer (MS) mode. Due to a not further identified instrumental malfunction in the
particle sizing PToF mode of our cToF-AMS this study focuses on the measurement in
the MS mode (10 s sampling time, 23 s temporal resolution) delivering exclusively the20

non-refractory aerosol chemical composition over the entire AMS measurement size
range.

Thus, the aerosol size distribution (SMPS), as well as the non-refractory aerosol
chemical composition (cToF-AMS), is measured simultaneously during cloud-free pe-
riods while only aerosol chemical composition is measured during “in-cloud” periods.25

This latter fact is due to the SMPS scan durations that are not adapted for use in het-
erogeneous cloud fields with the CVI inlet. In order to validate the data set, mass con-
centrations derived from the size distribution measurements (SMPS and PCASP) and
AMS measured mass concentrations were compared and found to be in appropriate
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agreement (Weigel et al., 2012).

3 Results

For this study, we selected two research flights (RF51 and RF52) where measurements
were performed in- and outside a stratocumulus cloud layer on 15 May 2008, thus
particularly dedicated to the study of aerosol-cloud interactions. The vertical extension5

of the stratocumulus clouds was between 300 and 1100 m a.s.l. During both flights the
ATR-42 performed ascents and descents during clear sky periods over the North Sea
which provided a rapid characterization of the inversion level and of the vertical profile
of the thermodynamical and microphysical parameters. The inversion level was found
to be on average around 900 m in altitude during the morning and around 1000 m in10

the afternoon. In order to characterize the interaction of aerosol particles with clouds,
we start with comparing particle physico-chemical properties observed inside the cloud
layer with those observed outside the cloud at corresponding flight altitudes.

The different flight segments related to the stratocumulus (sc) cloud layer are repre-
sented in Fig. 2: green segments correspond to cloud-free periods named sc-vicinity,15

black segments to measurements below/above cloud layer, whereas purple segments
correspond to “in-cloud” measurements sampling the cloud residual aerosol via the
CVI inlet. For each flight segment, respective time period, segment position relative to
the cloud layer, flight altitude as well as the equivalent potential temperature are listed
in Table 1 (morning flight, RF51) and Table 2 (afternoon flight, RF52).20

In order to determine the transport pathways of the sampled air masses we used
the FLEXPART model (Stohl et al., 1998, 2005). The model revealed that air masses
sampled with the ATR-42 on 15 May 2008 approached the air sector of measurements
across the North Sea during the morning (RF51) and also the afternoon flight (RF52,
Fig. 3). The wind direction and wind speed observed on board the ATR-42 within25

specific flight segments are illustrated in Fig. 4. The prevailing wind directions for both
flights were between North and East, as derived from FLEXPART calculated air mass
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pathways. Exceptional is one afternoon flight segment (V2) during which the wind
direction was inverted (direction between South and West). This probably caused the
advection of aerosol of changed properties as it was locally most likely influenced by
anthropogenic emissions. Therefore, the flight segment V2 cannot be used to study
interactions between aerosol and clouds in the main North-East flow. As these wind5

conditions during V2 are locally very limited (i.e. ∼ 10 km of flight distance) and as
these correspond to a very short time period, this is not captured by these micro-scale
features resolved by the FLEXPART tool.

Two air masses are assumed to be almost similarly composed, if their equivalent
potential temperatures (θe) – the natural logarithm of θe is proportional to the entropy10

of moist air, thus θe is a measure of instability of air at p, T , q and RH – are within
a few kelvin. Hence, θe is a conservative parameter for an air parcel moving along
moist isentropic surfaces. This allows evaluating air masses with respect to their state
of mixture. An identical θe indicates air masses with almost identical origin, identical
strength of processing and particularly often homogeneously mixed conditions inside15

the air parcel. In our study, the comparison of θe at different altitudes (θe below 600 m
and above 1000 m), shows significant differences (> 5 K in average), suggesting dif-
ferences in air mass history and possibly in their gaseous and aerosol concentrations
and composition. Two principal aerosol layers are distinguished here, as there are the
boundary layer and the free troposphere. In the boundary layer, a rather stable θe is20

observed, consistent with a well-mixed layer, thus, demonstrating that the analyzed air
masses have similar recent history. Therefore, they are most likely of similar gaseous
and aerosol composition. At higher levels (> 1000 m), excluding south-west wind pe-
riods (V2) (cf. previous section) the horizontal variability of θe is large (25 K and 14 K
for RF51 and RF52, respectively) due to a range of values of θe observed during two25

periods (V1 and C4) for the morning flight and one period (C13) for the afternoon flight.
These results suggest that air masses for the three periods (i.e. V1, C4 and C13) have
encountered particularly different types of air masses concerning their aerosol compo-
sition, state of aerosol processing or grade of aging.
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The most important measurements for this study were those of particle number size
distributions and aerosol chemical composition. Subsequently aerosol particle size
spectra and chemical composition were analysed at different locations, with respect
to the cloud layer, to estimate the impact of cloud processing on the phase partition-
ing of aerosol particles and aerosol activation by comparing aerosol properties in the5

sc-vicinity, in the boundary layer and inside clouds. The influence of precipitation scav-
enging of drizzle clouds on aerosol particles as well as cloud processing is assessed
by comparing aerosol properties in the sc-vicinity at lower level (BL) and below the
cloud layer at comparable altitude.

3.1 Aerosol particle size distributions10

SMPS submicron aerosol size distributions were processed, taking into account the
particles electrical charging probabilities, the CPC counting efficiencies and the DMA
transfer functions. The number size distributions that were measured continuously
during each flight were averaged over specific periods (see Tables 1 and 2 as well
as Fig. 2 for the predefined periods), in order to produce a mean particle number15

size distribution for each period. Subsequently mean volume size distributions were
calculated from the mean number size distributions. The mean (number and volume)
size distributions were fitted by using multi-modal log-normal distributions that best
represent the measured distributions. Herein, a maximum of four modes was employed
to describe the number distributions with sufficient detail. The parameters of each20

mode of the log-normal fit (number concentration, median diameter and geometric
standard deviation) are shown in Table 3 (RF51) and in the Table 4 (RF52), respectively.
These fitted number size distributions are graphically presented in Fig. 5.

Aitken (Particule Diameter (Dp) < 0.1 µm) and accumulation (0.1 < Dp < 0.5 µm)
modes were identified in the boundary layer and in the free troposphere. The size25

distribution characteristics varied significantly as a function of sampling period and
sampling altitude.

Looking first at research flight RF51 (Fig. 5a), a comparison of the averaged number
33239
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size distributions for each period reveals significant differences, consistent with the
presence of two distinct air mass layers (also seen from differences in the equivalent
potential temperature):

a) Boundary layer (all segments below the temperature inversion altitude) in the
vicinity of clouds, the size distribution is clearly bimodal with distinct Aitken and5

accumulation particle modes. Inbetween these two modes there is a pronounced
minimum, known as the “Hoppel minimum” (Hoppel et al., 1994, 1986) and poten-
tially related to in-cloud aerosol processing and activation processes, principalis
observed between 70 and 90 nm. This diameter range corresponds to an effective
maximum supersaturation (Fitzgerald et al., 1998; Feingold et al., 1996) achieved10

in this stratocumulus. The Hoppel minimum is more apparent during the “below-
cloud” cases compared to corresponding altitudes of sc-vicinity periods.

Moreover, the mean diameter of the accumulation mode of aerosol particles be-
low the cloud layer reached 223 nm while the mean diameter at corresponding
altitudes within sc-vicinity periods was ranged at about 177 nm. The geometric15

standard deviations of the fitted accumulation mode are small (< 1.44) and de-
crease below the cloud layer. This narrow accumulation mode may be a result of
below-cloud scanvenging of larger particles. The increase of the mean diameter
with decreasing distance to the cloud might be due to cloud processing including
drizzle evaporation below the cloud. In contrast, the concentration of particles20

in the accumulation mode size range decreases above the cloud layer as com-
pared to corresponding altitudes of sc-vicinity periods, indicating that particles
are entrained from above (Clarke et al., 1999) and may even contribute to the
below-cloud aerosol after drizzle droplet evaporation.

b) Free troposphere (all segments above the temperature inversion altitude): Com-25

pared to the boundary layer, in the free troposphere the size distribution modes
move from 147 nm and 234 nm (periods V1 and V2) during sc-vicinity periods to
a single mode distribution at 88.3 nm at corresponding above-cloud altitudes. The
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entrainment of air masses into the cloud layer seems to have an effective impact
within a layer of 200 m above the cloud top. Thus, entrainment of dry air into the
cloud might lead to the trapping of larger particles. Indeed, larger particles from
the layer just above the cloud could be trapped in the cloud layer due to activa-
tion, rain out and collision process (Jiang et al., 2002). Puygrenier et al. (2012)5

showed that a considerable variability of thermodynamic parameters, such as
temperature and humidity, observed in the layer 200 m above this stratiform cloud
is due to the mixing of moist and cold air from the cloud layer with dry and warm
air from the free troposphere. Therefore the measurements immediately above
the cloud layer are not representative for the free troposphere but rather for the10

inversion layer above cloud top – a kind of transition region which is influenced by
cloud related processes.

The observations which were made during the second research flight RF52 (Fig. 5b)
were similar. The measurement results show less accumulation mode particles above
the cloud layer and enhanced number and larger sizes of accumulation mode parti-15

cles below the cloud layer as compared to the cloud free conditions (sc-vicinity). With
respect to cloud processes (activation, cloud processing, entrainment, precipitation),
as already observed for RF51, a minimum between Aitken and accumulation mode is
observed in the proximity to the cloud (V periods), as well as an increase of the mean
diameter of the accumulation mode with decreasing distance to the cloud. An addi-20

tional nucleation mode appears to be present in the aerosol size distribution at lower
level below the cloud base.

3.2 Mass concentrations

3.2.1 “Near-cloud” measurements

Figure 6 show the aerosol mass concentrations measured by the cToF-AMS for the25

morning flight (RF51) and the afternoon flight (RF52). The mass concentrations of
non-refractory particles are presented for the different segments of sc-vicinity and
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above/below the stratocumulus layer for both layers (BL, FT). Concentration tenden-
cies observed on the aerosol size distributions (SMPS) are coherent with the tenden-
cies observed on the aerosol mass concentrations (cToF-AMS).

In the boundary layer (< 1000 m), the median mass concentrations are less than
12.1 µg m−3. During the morning flight (RF51), the observed mass concentrations de-5

creased as the aircraft approaches the cloud with (i): 11.66±0.3 µg m−3 in sc-vicinity
and 6.57±0.3 µg m−3 below cloud base. The effect of decreasing mass concentrations
was even more pronounced during the afternoon flight (RF52), probably due to an in-
creased wash out below the cloud. Indeed, the averaged mass concentrations during
RF52 are about 12.08 µg m−3 in sc-vicinity and about 5.12±0.2 µg m−3 below cloud10

base (both measurements were performed at similar altitudes). Associated observa-
tions with a mesoscale simulation study demonstrate in a companion paper (Puygre-
nier et al., 2012), that the precipitation rates associated with this particular stratocu-
mulus system were similar during the whole day. The differences in below-cloud mass
concentration decreases (25 and 58 % of aerosol mass during the RF51 and RF52,15

respectively) can then be explained by the duration of precipitation when comparing
morning and afternoon flights. Wash out is expected to be more important for the
afternoon flight since the airmass has been exposed to the system for a longer time.

In the free troposphere, the mass concentrations observed above the cloud layer are
low (< 1.16 and < 2.62 µg m−3 during the morning and the afternoon flights, respec-20

tively). As described before, the layer immediately above the cloud layer corresponds
to the inversion layer. Thus, the low mass concentration values and the presence
of finer particles above the cloud layer seem to be due to the entrainment of dry air
in the cloud layer which trapped activated particles in cloud droplets and dilution of
the aerosol concentration. Moreover, the decreasing aerosol mass concentrations be-25

tween sc-vicinity and above cloud segments for both research flights are consistent
with previous airborne observations (Hoppel et al., 1994).
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3.2.2 “In cloud” measurements

To investigate the characteristics of aerosol particle activation into cloud droplets, cToF-
AMS analyses of the aerosol material incorporated in cloud elements were performed.
To study the aerosol incorporated in cloud droplets, the CVI sampling technology was
utilised. The CVI (Ogren et al., 1985) inlet has been designed to exclusively collect5

cloud elements (cloud droplets and ice crystals), while rejecting interstitial aerosol par-
ticles. After sampling, the individual hydrometeors are evaporated, thus extracting the
residual material from the liquid phase. Subsequently the chemical composition of
residual aerosol particles that were incorporated in the cloud droplets can be analyzed.

The average mass concentrations of aerosol particulate matter incorporated in the10

liquid phase of the stratocumulus cloud layer were found to be 3.92± 1.09 µg m−3

and 2.78±1.15 µg m−3 (one standard deviation) during the morning and the afternoon
flights, respectively. A very rough estimation of the activation diameter could be inferred
from the aerosol particle size distributions measured in the vicinity of the cloud in the
boundary layer, an assumed particle density of 1.8 g cm−3, and mass concentrations15

measured downstream the CVI inlet. The above values of 3.92 and 2.78 µg m−3 would
lead to mean diameters of activated particles of 166 nm for the morning flight and of
233 nm for the afternoon flight. These activation diameters are larger than the Hop-
pel minimum observed in Fig. 5 may be due to the limits that are given by converting
mass-based into numbers-based measurements. Additionally, the losses of particu-20

late matter in the CVI inlet would decrease the in-cloud mass concentration and thus
increase the activation diameter estimation.

3.3 Chemical composition

3.3.1 “Cloud-free” measurements

Averages of the fractional chemical composition of aerosol particles measured with25

the cToF-AMS for all flight segments are presented in Fig. 7 for the morning flight
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(RF51) and in Fig. 8 for the afternoon flight (RF52), respectively. In both figures, the
top panel corresponds to the relative chemical composition of measurements in the
free troposphere (corresponding to altitudes above the cloud top, namely beyond the
cloud and in sc-vicinity), whereas the bottom figure corresponds to measurements in
the boundary layer (corresponding to below-cloud and sc-vicinity altitudes). For both5

layers, the exact measurement positions of sc-vicinity and below/above cloud segments
are colour coded in the figures.

During the morning flight (RF51) in the FT, the fraction of organic aerosol material
decreased with decreasing distance to the cloud (comparison between sc-vicinity and
above/below cloud layer periods), while the fractions of sulfate and ammonium became10

more important. The low fraction of organic components above the cloud system may
be related to the change of air mass types, as shown with the equivalent potential
temperatures, and may be supported by the entrainment of dry air into the cloud layer.
In general, the fraction of sulfate species in the aerosol is dominant (> 45 %) except
for the V2 segment when the organic fraction was ba a factor of two larger compared15

to sulphate (anthropogenic sources of the aerosol in this flight segment were found).
Significant amounts of sulfate aerosol can form via aqueous-phase reactions in cloud
droplets (Kerminen and Wexler, 1995; Hegg and Hobbs, 1982; Seigneur and Saxena,
1988; Joos and Baltensperger, 1991; Pandis et al., 1992), leading to higher sulfate
concentrations in the residual particles of cloud droplets.20

In comparison to the morning flight, in the afternoon the aerosol chemical com-
position shows significant differences. For example, the mass concentration of non-
refractory aerosol material in the sc-vicinity segment in the FT was 2.6 times lower
during the afternoon flight; yet in the BL, it was 1.3 times higher compared to the morn-
ing flight (Fig. 6).25

Below the cloud layer, the organic and sulfate relative fractions, in the morning as
well as in the afternoon, are clearly different from the relative fractions observed within
sc-vicinity segments of corresponding altitudes. That is to say that below cloud the
relative fractions of organics are small (< 15 %), while the fractions of ammonium and
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sulfate are high (Figs. 7 and 8), as compared to sc-vicinity. The change in composition
can be due to the cloud processing of some of the remaining particles after drizzle
evaporation, leading to high fractions of sulfate compared to organics.

3.3.2 “In cloud” measurements

The average fractional contribution of cloud residual aerosol chemical compounds for5

each in-cloud flight segment (700–1000 m altitude), are presented (a) in Fig. 9 for the
morning and (b) in Fig. 10 for the afternoon flight, respectively. More than 68 % of
the mass concentration of non-refractory aerosol is composed of sulfate and organic
components for all samples. The third most important compound is nitrate with relative
abundance of more than 8 %.10

A comparison of the chemical composition of the total non-refractory particulate mat-
ter with the material incorporated in the liquid phase yields some interesting results
(Table 4). The sulfate fractions, observed during “in-cloud” conditions, are 44 and 51 %
during the morning and the afternoon flight, respectively. Moreover, the absolute con-
centration of sulfate, during the afternoon flight, is two times larger during the sc-vicinity15

period in the BL (2.67±0.8 µg cm−3) than during in cloud period (1.45±0.58 µg cm−3).
The ratio of “in-cloud” concentration to “vicinity” concentration is a measure of yields the
Efficiency of Activation and in-cloud Production (EAP). The sulfate EAP is low (24 %)
compared to measurements shown in the literature (Hinds, 1998; Vocourt, 2002; Sell-
egri et al., 2003), which is likely due to losses in the CVI inlet.20

The cloud residual concentrations of nitrate compounds (0.55±0.10 µg cm−3) are
slightly larger than those measured within sc-vicinity segments in the BL (0.32±
0.05 µg cm−3) during the morning flight. The higher nitrate concentrations that are
found in cloud residual as compared to sc-vicinity period in the BL suggest that some
nitrate is also produced in cloud droplets. If we hypothesise that nitrate is activated as25

efficiently as sulfate, then the excess, compared to sulfate, of nitrate in cloud produc-
tion could be estimated at a minimum of 0.477 µg cm−3. This in-cloud production of
nitrate is thus corresponding to a large part (86 %) of the in-cloud mass concentration.
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To determine whether the nitrate is produced in clouds as ammonium nitrate, the same
reasoning has been applied to the ammonium concentration. The in-cloud production
of ammonium is about 0.281 µg cm−3 (57 % of the in-cloud mass concentration) cor-
responding to 0.016 mol. Thus, the in-cloud production of nitrate (0.008 mol) could be
entirely emitted as ammonium nitrate.5

The organics absolute mass concentrations are higher in the dry phase (3.355±
0.14 µg cm−3 during the morning flight and 1.820±0.3 µg cm−3 during the afternoon
flight) than in the liquid phase (0.938±0.4 µg cm−3 during the morning flight and 0.825±
0.4 µg cm−3 during the afternoon flight). Similarly to the nitrate, the organics efficiency
of activation and in-cloud production should be at most the same as for sulfate. The10

in-cloud production of organics is estimated at 0.124 µg cm−3 (13 % of the total mass
concentration).

The morning and afternoon flights comparison highlights different tendencies (Ta-
ble 4). Assuming that the activation efficiency for each compound is the same during
both flights (i.e. at most 24 %), the in-cloud production of organic and sulfate is larger15

(by a factor of 4 for the organics) in the afternoon while the in-cloud production of ni-
trate and ammonium is similar. However, it appears to be quite speculative as we can
not quantify the aerosol activation process for respective measurement.

Another major difference of absolute and relative concentrations is observed for
chloride, as we compare cloud-free and in-cloud concentrations. Indeed, during sc-20

vicinity periods, the chloride fraction remains on average smaller than 1 % (morning:
0.100±0.06 µg cm−3, afternoon: 0.020±0.01 µg cm−3). During “in-cloud” periods, the
chloride fractions are on average between 1–10 % (morning: 0.233±0.1 µg cm−3, after-
noon: 0.065±0.04 µg cm−3). Thus, the chloride fractions are larger in cloud residuals
than in dry aerosol particles, suggesting that most of the chloride mass is found in the25

largest (thus potentially cloud forming) particles.
Although it cannot be proven, the assumption that salt aerosol and gaseous organic-

chloride species emitted from the sea surface, are present in the BL over the North
Sea appears to be plausible. These species are per-se hardly or not detectable by
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a cToF-AMS. Sodium chloride itself is an excellent CCN due to its strongly hygroscopic
character and organic chloride compounds (e.g. methyl chloride) are most likely incor-
porated by cloud elements as well. It is also conceivable that in the cloud element
residuals, e.g., inorganic chloride aerosol species such as hydrogen chloride (HCl) or
ammonium chloride (NH4Cl) are present, or that complex organic chloride compounds5

are bonded to other vaporizable cloud element residuals.

4 Summary and conclusions

Within the frame of the EUCAARI intensive observation period, size distributions, mass
concentrations, and chemical composition of aerosol particles have been measured
during two research flights in order to study the aerosol-cloud interactions within an10

extended stratiform cloud system. On 15 May 2008, a stratocumulus cloud system
formed over the North Sea, between Rotterdam (Netherlands) and Newcastle (UK).
The ATR-42 performed two flights with an outgoing flight during the morning (RF51)
and a return flight during the afternoon (RF52). In order to characterize the evolution
of aerosol particles due to cloud processes we compared particle properties within sc-15

vicinity segments to below/above as well as in cloud segments. Figures 10 and 11
summarise the measured mass concentrations as well as the chemical composition
of particles observed during sc-vicinity, below/above stratocumulus layer, as well as in-
cloud for research flights RF51 and RF52, respectively. The analysis of thermodynamic
data highlights the presence of two distinct layers between 0–600 m (corresponding to20

the boundary layer) and 600–1200 m (corresponding to the free troposphere explored
by the ATR-42 during the two flights). The analysis of wind directions observed during
the morning and the afternoon flights reveals that observed air masses are originating
from European continental sources.

The number size distributions show that Aitken (Dp < 0.1 µm) and accumulation25

(0.1<Dp <0.5 µm) modes were present in both layers. The presence of particles from
a nucleation mode (Dp < 0.02 µm) was also observed below the cloud layer during the
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afternoon flight. The averaged size distributions observed below the cloud layer high-
light a pronounced minimum between the two principal modes, known as the “Hoppel
minimum” (Hoppel et al., 1994), of the bimodal aerosol size distribution observed dur-
ing stratocumulus-vicinity period. Since below cloud base, drizzle precipitation had
been observed, we can conclude that this pronounced bimodal shape is due to cloud5

processes (activation, addition of mass to cloud droplets, subsequent evaporation and
partly wash out of particles by precipitation).

Moreover, the concentration of particles in the accumulation mode size range de-
creases above and below the cloud layer as compared to sc-vicinity air masses, con-
sistent with the simultaneous decrease of mass concentrations shown in Figs. 10 and10

11. The loss of particulate mass above the cloud is related to entrainment of dry air
into the cloud layer and the loss below the cloud is due to precipitation wash out.

Finally, Figs. 10 and 11 highlight a strong dependence of the aerosol chemical com-
position on the observation location (sc-vicinity or below/above cloud). The fraction of
nitrate compounds increases in the cloud residual phase, while the fraction of sulfate15

decreases. Assuming that the activation efficiency is similar for organics, nitrates and
sulphate, the in-cloud production efficiency was estimated. The nitrate in-cloud pro-
duction is estimated at 90 % of the activated mass concentration on average, while the
organic in-cloud production is about 13 % in the morning and 52 % in the afternoon. In
order to improve our knowledge on complex aerosol-cloud processes, this case study20

could be used by the modeling community as a reference for the conditions related to
stratiform cloud.
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Table 1. Flight parameters during selected periods of interest of research flight RF51.

Period Time interval Altitude ATR-42 position θe
label in hh:mm (m) relative to the cloud in K

V1 07:04–07:07 1130 Sc-Vicinity 236.5
V2 07:12–07:14 1130 Sc-Vicinity 229.5
V3 07:17–07:21 310 Sc-Vicinity 297.6
V4 07:21–07:24 325 Sc-Vicinity 296.5
C1 08:33–08:36 400 Below Cloud 297.8
C2 08:42–08:44 1180 Above Cloud 280.1
C3 08:50–08:52 355 Below Cloud 295.3
C4 08:58–09:01 1175 Above Cloud 273.0
C5 09:07–09:13 330 Below Cloud 299.4
C6 09:21–09:25 390 Below Cloud 296.9
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Table 2. Flight parameters during selected period of interest of research flight RF52.

Period Time interval Altitude ATR-42 position θe
label in hh:mm (m) relative to the cloud in K

C1 11:56–12:08 1500 Above Cloud 265.4
C2 12:27–12:30 1190 Above Cloud 279.6
C3 12:35–12:38 350 Below Cloud 297.7
C4 12:43–12:45 1170 Above Cloud 276.7
C5 12:51–12:57 360 Below Cloud 297.1
C6 13:01–13:03 1160 Above Cloud 272.6
C7 13:07–13:12 345 Below Cloud 299.5
C8 13:16–13:19 1180 Above Cloud 273.4
C9 13:22–13:27 395 Below Cloud 296.6
C10 13:34–13:37 1190 Above Cloud 272.9
C11 13:41–13:44 385 Below Cloud 300.0
C12 13:54–14:01 380 Below Cloud 300.6
C13 14:04–14:08 1100 Above Cloud 236.5
C14 14:11–14:21 370 Below Cloud 299.3
V1 14:17–14:20 375 Sc-vicinity 299.9
V2 14:23–14:26 1220 Sc-vicinity 239.3
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Table 3. Log-normal characteristics of the number size distributions shown in Fig. 5a. C rep-
resents the concentration of the particle mode (cm−3), σ the standard deviation of the number
concentration (cm−3), and Dp is the median diameter (nm), NA stands for not applicable.

Sc-Vicinity Below/Above Sc
C (cm−3) σ Dp (nm) C (cm−3) σ Dp (nm)

Mode 1 104 1.3 35 275 1.29 38
BL Mode 2 224 1.24 47 33 1.14 120

Mode 3 443 1.44 176.9 223 1.32 223

Mode 1 392 1.34 48.3 316 1.16 26.9
FT Mode 2 451 1.4 146.6 107 2.0 88.3

Mode 3 96 1.47 234 NA NA NA
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Table 4. Log-normal characteristics of the number size distributions shown in Fig. 5b. C repre-
sents the concentration of the particle mode (cm−3), σ is the standard deviation of the number
concentration (cm−3) and Dp is the median diameter (nm), NA stands for not applicable.

Sc-vicinity Below/Above Sc
C (cm−3) σ Dp (nm) C (cm−3) σ Dp (nm)

Mode 1 490 1.34 53 130 1.25 21.2

Mode 2 444 1.45 173.5 246 1.34 45.7
BL Mode 3 NA NA NA 37 1.19 131

Mode 4 NA NA NA 183 1.34 242.2

Mode 1 89 1.33 46.3 174 1.41 35.4
FT Mode 2 58 1.31 98.9 59 1.26 109.4

Mode 3 62 1.88 137 99 1.41 240
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Table 5. Averaged mass concentration of organic, nitrate, sulphate, ammonium, chloride in
the vicinity of the cloud and in the cloud during the morning (RF51) and the afternoon flight
(RF52). In cloud production (IC production) is the estimated concentration of each component
produced in the cloud (see text for more details).

Organics Nitrate Sulphate Ammonium Chloride
(µg m−3) (µg m−3) (µg m−3) (µg m−3) (µg m−3)

Vicinity BL 3.355 0.320 7.025 0.865 0.100
RF-51 In cloud 0.937 0.540 1.704 0.490 0.233

IC Production 0.123 0.477 0 0.280 0.208

Vicinity BL 1.624 0.070 2.074 0.658 0.027
RF-52 In cloud 0.817 0.268 1.371 0.251 0.071

IC Production 0.423 0.251 0.868 0.092 0.065
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Fig. 1. Flight tracks of the two EUCAARI/IMPACT research flights (RF51 and RF52) performed
on 15 May 2008 from Rotterdam (Netherlands) to Newcastle (UK) in the morning and subse-
quent return flight in the afternoon. The grayscale represents the brightness temperature from
the MODIS-AQUA data for 15 May 2008 at 13:00. The green arrow illustrates the prevailing
wind direction (see Figs. 3 and 4 for more details).
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Fig. 2. Flight pattern and altitudes as a function of time for RF51 and RF52 from (a) Rotterdam
to Newcastle and (b) the return flight on 15 May 2008. The blue colour corresponds to the in-
cloud periods. The measurements corresponding to in-cloud CVI measurements are illustrated
by pink colours (I1–I13, and I1–I15, respectively). Green colour represents flight segments
during sc-vicinity conditions, in the corresponding altitude range than measurements performed
above/below (black) the stratocumulus cloud.
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Fig. 3. Column integrated emission sensitivities obtained from the 3-day backward simulation
with FLEXPART along the ATR-42 flight track on 15 May, 2008 at 07:29 UTC at the altitude
of 403 m (a), 09:02 UTC at 901 m (b), 12:21 UTC at 349 m (c), and 14:08 UTC at 920 m (d).
Numbers represent the days backward in time.
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Fig. 4. Wind roses calculated for constant altitude legs for the morning flight (RF51, a) and the
afternoon flight (RF52, b). The colorscale indicates wind speed (i.e. between 0 and 10 m s−1).
The bar length correspond to the occurrence frequency of respective wind direction throughout
each episode.
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(a)

(b)

Fig. 5. Averaged number size distributions of particles observed during RF51 on 15 May in the
morning (a) and during RF52 in the afternoon of the same day (b). Solid (light) lines represent
measurements performed in the boundary layer (free troposphere). Green color corresponds to
sc-vicinity measurements and black colour corresponds to above and below the stratocumulus
cloud system.
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Fig. 6. Averaged particle mass concentrations from cToF-AMS measurements for RF51, during
sc-vicinity segments and below/above the stratocumulus cloud. The upper panel corresponds
to the free troposphere measurements (1150 m a.s.l. for RF51 and 1250 m a.s.l. for RF52);
the bottom panel corresponds to boundary layer measurements (330 m a.s.l. for RF51 and
350 m a.s.l. for RF52).
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Fig. 7. Averaged particle chemical composition from cToF-AMS measurements for RF51,
during sc-vicinity (V1–V4), and below/above the stratocumulus layer (C1–C6). Five chemi-
cal compounds are shown: Organics (Org), Nitrate (NO3), Sulfate (SO4), Ammonium (NH4)
and Chloride (Chl). The upper panel corresponds to 1150 m a.s.l. flight altitude, the bottom
panel corresponds to 350 m a.s.l. flight altitude.
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Fig. 8. Averaged particle chemical composition from cToF-AMS data for RF52, during sc-
vicinity (V1–V2), and below/above the stratocumulus layer (C1–C14). The upper panel cor-
responds to 1250 m a.s.l. flight altitude, the bottom panel corresponds to 350 m a.s.l. flight
altitude.
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Fig. 9. Averaged particle chemical composition during in cloud conditions (I1–I13 and I1–I15,
respectively) for research flights RF51 (a) and RF52 (b). The mass fraction figures correspond
to about 800 m flight altitude.
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Fig. 10. Summary of particle chemical composition from cToF-AMS measurements for re-
search flight RF51 during sc-vicinity, below/above stratocumulus layer, as well as in-cloud anal-
ysis from CVI inlet at different altitude levels (lower layer at 300–600 m, cloud level 600–1000 m,
and upper layer at 1000–1500 m).
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Fig. 11. Summary of particle chemical composition from cToF-AMS measurements for re-
search flight RF52 during sc-vicinity, below/above stratocumulus layer, as well as in-cloud anal-
ysis from CVI inlet at different altitude levels (lower layer at 300–600 m, cloud level 600–1000 m,
and upper layer at 1000–1500 m).
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