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The Convective and Orographically-induced Precipitation Study (COPS) campaign
was conducted during the summer of 2007. A suite of instruments housed at
the top of the Hornisgrinde Mountain (1156 m) in the Black Forest region of
south-west Germany provided datasets that allow an investigation into the physical,
chemical and hygroscopic properties of the aerosol particles sampled during COPS.
Organic mass loadings were found to dominate the aerosol composition for the
majority of the project, exceeding 8 ug m—> during a period of high pressure,
high temperature, and low wind speed. The ratio of organic:sulphate sub-micron
mass concentration exceeds 10:1 during the same time period. Back trajectories
show air from this time-frame passing slowly over the local forest and not passing
over any local anthropogenic sources. Occasional peaks in nitrate mass loadings
were associated with changes in the typical wind direction from south-westerly to
north-westerly where air had passed over the Stuttgart region. Size distribution data
shows a dominant accumulation-mode when the measurement site was free from
precipitation events. A sharp increase in ultrafine particle number concentration
was seen during most days commencing around noon. The apparent growth of
these particles is associated with an increase in organic mass loading, suggesting
condensational growth. For the most part, with the exception of the high pressure
period, the aerosol properties recorded during COPS were comparable to previous
studies of continental aerosol properties. Copyright (©) 2010 Royal Meteorological
Society
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cloud base is important in determining the extent and
onset of warm rain produced by collision coalescence.

1. Introduction

The number, size and composition of the local aerosol
particle population are important in determining the cloud
droplet number and size and consequently, the optical
properties and precipitation behaviour of the cloud. The
population of cloud condensation nuclei (CCN) entering
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Khain and Pokrovsky (2004) suggested that the cloud
response to increased CCN may be ambiguous and
nonlinear, and depend on the atmospheric stability, initial
aerosol distribution and humidity. Several satellite-based
investigations indicate a possible link between input aerosol
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particles, microphysical evolution of convective clouds and
resulting precipitation (e.g. Ramanathan et al., 2001). While
the aerosol indirect effect on warm clouds is recognised as
having the largest quantified uncertainty in climate forcing,
the climatic effect of aerosol particles on mixed-phase/ice
clouds is largely unknown (Denman et al., 2007).

Convective cloud formation, particularly where orogra-
phy plays a role, is important because of the potential for
intense precipitation. Convection plays an important part in
many flood situations, especially flash floods. Unfortunately
current forecast models are unable to accurately predict
heavy convective showers and thunderstorms over orogra-
phy. This is in part due to a poor understanding of the
thermally driven orographic flow of moisture and aerosols
that enter the storms, and also the details of the aerosols,
cloud microphysics and cloud dynamics, all of which have
a controlling factor in the resultant precipitation (e.g. Lynn
et al., 2007; Muhlbauer and Lohmann, 2008).

The Convective and Orographically-induced Precipita-
tion Study (COPS) field project was carried out during
the summer months of 2007 over the northern Black For-
est region of south-western Germany (Figure 1). For an
overview of the experiment and a summary of the key
findings the reader is referred to Wulfmeyer et al. (2008).
Intensive observation periods (IOPs) were designated for
days where convection was expected in the COPS region
(Table I). IOPs during the time-frame of the ground-based
aerosol measurements are indicated on Figure 2.

Previous work in the COPS region has shown that the
boundary layer is characterized by channelling effects in
the Rhine Valley (e.g. Kalthoft and Vogel, 1992), thermally
induced circulations above the slopes and in the valleys of
the Black Forest (e.g. Hauf and Witte, 1985) and strong
wind speed over the top and flow separation in the lee
of the Hornisgrinde mountains (e.g. Kossmann, 1992).
Others (e.g. Vogtlin et al., 1996; Kossmann et al., 1999)
have shown updraughts from the valley by measuring trace
gases at key points up the slope of the valley towards
the Hornisgrinde Mountain site. It was found that when
the boundary layer top in the valley was well below the
mountaintop, then upslope winds were able to act as an
effective transport process of the valley air pollutants to the
upper levels (Whiteman and McKee, 1978). The presence
of such elevated pollution layers are important, especially
during high pressure weather periods, as subsidence can
transport these layers to lower levels on subsequent days
(Millén et al., 1997), thus increasing aerosol concentrations
in the boundary layer.

Observed physical and chemical aerosol properties vary
greatly for different locations and times (e.g. O’Dowd
et al, 2004; Putaud et al, 2004, 2010). The fine-
mode aerosol (diameter <1 micron) in the background
planetary boundary layer is generally composed of secondary
components such as sulphate, nitrate, ammonium and
organic compounds in addition to primary components
such as elemental carbon and some types of organic carbon
(e.g. Seinfeld and Pandis, 1998). A large number of studies in
the Northern Hemisphere using an on-line Aerodyne aerosol
mass spectrometer (AMS: see Canagaratna et al. (2007)
for details) have shown a major component of the sub-
micron aerosol composition is organic matter (OM) (Zhang
et al., 2007). European studies have also shown a significant
contribution of ammonium nitrate to the sub-micron
particulate, particularly during highly polluted conditions,
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where OM and ammonium nitrate contributed 20—50%
each to the non-refractory mass (Putaud et al., 2004; Morgan
et al., 2009). OM concentrations were found to be typically
1.5-2.0 times greater than that of sulphate, where sulphate
contributed 10-30% of the non-refractory particulate
mass. Sub-micron mass loadings from AMS measurements
exceeded 15 ug m~> downwind of major source regions
where significant amounts of anthropogenically influenced
aerosol built up (Morgan et al., 2009). Information on
the broad chemical characteristics of the organics can be
obtained by inspecting the mass spectra once inorganic
contributions have been removed (Lanz et al., 2007; Ulbrich
et al., 2009; Allan et al., 2010).

Organic compounds represent an important yet poorly
understood aerosol component compared with inorganic
compounds such as nitrate and sulphate (Jacobson
et al., 2000). Organic aerosol particles are composed
of a highly complex mixture of many organic species
(e.g. Hamilton et al, 2004). Organic carbon is found
in primary carbonaceous particles and also in particles
having originated from gas-to-particle conversion processes:
secondary organic aerosol (SOA), where aerosol is formed
by chemical transformation and condensation of volatile
and semi-volatile species (Jimenez et al., 2009). While there
is evidence from previous field studies performed in urban
areas that organic material is likely anthropogenic in origin
(e.g. Aiken et al., 2009; Hoyle et al., 2010), there is ample
evidence from field studies performed in background areas
to suggest that organic components may be biogenic in
nature, having their origins in forested regions (e.g. Himeri
et al., 2001; Kulmala et al., 2004b).

The influence of the organic fraction has been postulated
to be important via the suppression of surface tension (e.g.
Facchini et al., 1999, 2000; Kiss et al., 2005) and the change
in the Raoult effect. More recently, coupling of the Kelvin
and Raoult terms by partitioning of surface active organic
molecules from the bulk of an activating particle to the
surface layer has been postulated to largely offset surface
tension effects of organic compounds (Sorjamaa et al.,
2004; Kokkola et al., 2006; Sorjamaa and Laaksonen, 2006;
Topping et al., 2007; Good et al., 2010a). Whilst investigated
and demonstrated convincingly in the laboratory (e.g.
Hanford et al., 2008; Prisle et al., 2008), field assessment
of any of these effects is very limited.

Processes governing the formation and growth of
atmospheric aerosol particles are important, and require
quantification if they are to be considered and included in
regional and global climate models (Spracklen ef al., 2006).
Under anthropogenically influenced conditions, primary
emissions control the particle number (e.g. Raes et al.,
2000; Monkkonen et al., 2005) whereas away from pollution
plumes, nucleation may determine the ambient number
concentration of small (<100 nm) particles (e.g. Kulmala
et al., 2004a; Allan et al., 2006; Kazil et al., 2010). The study
of freshly nucleated particles is difficult due to instrument
limitations regarding measurements of very small particles
<2.5 nm. Composition of smaller particles is also limited,
due to the small amount of mass involved. Newly formed
particles are particularly susceptible to changes due to
physical and chemical processes e.g. dilution, condensation,
coagulation and chemical reactions (e.g. Seinfeld and Pandis,
1998). Particles must grow to significant sizes if they are to
affect the optical properties of the atmosphere and clouds
(e.g. Kirkevag and Iversen, 2002; Forster et al., 2007). Global
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Figure 1. Map of the COPS area. Hornisgrinde Mountain ground site is marked by an ‘H’. ‘K> shows the position of Karlsruhe, Germany. ‘M’ shows the
position of Mannheim, Germany. ‘SG” shows the position of Stuttgart, Germany. ‘SF” shows the position of Strasbourg, France.
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Figure 2. Time series from 0000 UTC 1 July 2007 to 0000 UTC 27 July 2007 showing (a) wind direction (degrees), from the AWS, (b) wind speed (m/s),
from the AWS, (c) potential temperature (K), red line, and pressure (hPa), black line, from the AWS, (d) L-DMPS size distribution, (e) N-DMPS size
distribution, (f) relative humidity (%), grey line, from the AWS; precipitation rate (mm/day), from the disdrometer, black line; precipitation (mm), from
the rain-gauge at Raumunzach, red line; camera data (purple = darkness, cyan = blue sky visible, green = complete cloud cover, red = site above cloud
base), (g) AMS mass concentration (j4g m~>) for nitrate, sulphate, ammonium and organics; MAAP black carbon mass concentration (ug m~?) along
with total mass (ug m~?). Shaded regions indicate designated COPS IOPS, from IOP5 to IOP11, where IOPs longer than a day are subcategorised into

e.g. IOP5a, IOP5b, for each day of the period.

CCN concentrations have been computed to be dominated
by the secondary aerosol formed by nucleation (Merikanto
etal., 2009).

An investigation into ultrafine particle formation and
growth at Hyytidld, Finland (Scandinavian forest region)
pointed to local biogenic volatile organic compounds
(VOCs) and oxidation products contributing to the growth
of particles initially formed by the nucleation of sulphuric
acid with water and/or ammonia (Kulmala et al., 2000).
Work by Zhang et al. (2004) carried out in Pittsburgh,
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USA showed that the composition of ultrafine particles at
the earliest stages of growth was predominantly sulphuric
acid. During the more advanced stages of growth, results
showed an increase in ammonium sulphate, with organic
matter recorded when aerosol particles reached larger sizes
(30-60 nm diameter). Measurements from Atlanta, USA
concluded that ammonium sulphate was the principal
condensing species (Smith et al., 2005).

Atmospheric aerosols are typically hygroscopic such that
water becomes the dominant component at modest to high
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Table I. Back-trajectory data

Date(s) I0P Wind Description

1-3 July IOP5 SW Air gradually coming from further away over this period
4-7 July IOP6 w Passing over the southern tip of England

8 July IOP7a SW Slow winds i.e. short BT

9 July I0P7b W Air masses originated from closer to the site
10-12 July - NW Air coming over northern France

13 July - W Longer BT passing over southern England
14 July IOP8a w Air approaching from over France

15 July IOP8b - Very localised

16-17 July - SW -

18 July 1I0P9a W Slow winds i.e. short BT

19 July IOP9b NW Slow winds i.e. short BT

20 July I0P9c SW -

21-22 July - SwW BT passing over France

23 July IOP10 SW BT passing over northern Spain

24 July - NwW BT passing over the North Sea

25 July IOP11a NW BT passing over central England

26 July IOP11b SW Slow BT passing over France

Includes general direction of incoming wind to the measurement site and the location where the air mass passed 24 hours previous to its arrival at

the site.

relative humidity (RH). This uptake of water affects the
direct and indirect climate effects of particles. The ability of
a particle to absorb water is dependent on its composition
(e.g. McFiggans et al, 2006). Particles that are more
hygroscopic also make more efficient cloud condensation
nuclei (Weingartner et al., 1997); as such, the ageing of
particles also influences the aerosol indirect effect. If aerosol
particles are internally mixed, it is the inorganic:organic
ratio that determines the overall hygroscopicity of the
aerosol particles (McFiggans et al., 2005). Ageing of an
aerosol population could decrease the inorganic to organic
ratio (condensation of organic vapours) or increase it
(condensation of inorganic vapours) depending on the
nature of the vapours available; either of these effects would
affect the overall hygroscopicity and CCN activity (e.g.
Rudich et al., 2007).

The hygroscopic growth factor is defined as GFp gy, =
Dygo, /Dy, where Dggo, is the diameter at 90% RH and D
is the dry size. Multiple growth factor modes may exist
for any given aerosol population of variable composition,
dependent on distance from source. Previous studies have
revealed that fresh aerosol at source (e.g. vehicle exhaust)
exhibits a GFgy around 1 (hygrophobic). These aerosol
particles are typically smaller particles that are composed
of primarily carbonaceous material. Urban aerosol growth
factor distributions typically exhibit growth factors between
1.1 and 1.3, though on occasion can also have a secondary
peak in the hygrophobic range. This slightly hygroscopic
mode generally consists of small particles with a high
organic mass fraction. This mode has been attributed to
freshly emitted particles by a number of urban studies (e.g.
Cockeretal.,2001; Vikevi et al., 2002). Urban environments
typically show an externally mixed aerosol, displaying the
two separate modes (Swietlicki ef al., 1999). Measurements
of aged background aerosol show aerosol exhibiting GFy
of 1.4-1.8, sometimes referred to as the more-hygroscopic
mode and observed in varying environments, e.g. urban
sites (Cocker et al.,, 2001), continental background sites
(Zhou et al, 2002), and marine sites (Maflling et al.,
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2003). These aerosol particles typically consist of a higher
inorganic mass fraction with a secondary organic aerosol
component (e.g. McMurry et al., 1996). It is important to
know the hygroscopic behaviour of aerosol particles as this
will determine how they interact with clouds (King et al.,
2009; Petters et al., 2009a).

This paper presents measurements of the physical and
chemical properties of aerosol during July 2007 as part of
COPS. Aerosol measurements from a suite of instruments
at a ground site situated at the top of the Hornisgrinde
Mountain within the Black Forest region are used here
to identify the physical and chemical attributes of aerosol
particles in the COPS region.

2. Methodology

The Hornisgrinde ground site is located at 48.604°N and
8.204°E, 1156 m above sea level (ASL). This is the highest
elevation in the northern Black Forest region of Germany,
with the Murg Valley situated to the north, Kinzig Valley
to the south and Rhine Valley to the west (Figure 1). This
hilltop location is an ideal site to represent the inflow
to the convection developing in the region. A suite of
instruments was housed inside a temperature-controlled
container located in an open space with the only traffic
being those cars visiting the science site. The Rhine Valley
is ~35 km wide near the ground site, with inhomogeneous
land use (industrialised and agricultural areas, settlements
and deciduous forest); in contrast, the Black Forest is mostly
pines and firs with some open areas due to deforestation and
storm damage.

Local aerosol was sampled through a common inlet
3 m above the ground through a cyclone impactor with
a 4 pm cut-off. During periods when cloud was present
at the site, the instruments would only be able to sample
particles below 4 um in size, and therefore would likely
represent the inactivated or evaporating fraction of the
particles. Aerosol composition was measured on-line using
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an Aerodyne High-Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS: DeCarlo et al., 2008) which
provided mass loadings of organic, nitrate, sulphate and
ammonium sub-micron aerosol (40—700 nm), with a Multi-
Angle Absorption Photometer (MAAP) providing a measure
of the total black carbon (BC) loading by converting the
measured absorption to mass, as described by Petzold
et al. (2002). A mass specific absorption of 6.67 m? g~! is
used to derive the BC concentration. Details of the operation
of the AMS can be found in Canagaratna et al. (2007). The
data were analyzed following Allan et al. (2003, 2004) and
Jimenez et al. (2003). All masses are reported at ambient
pressure and temperature. Size distribution data of the local
aerosol were provided by a Differential Mobility Particle
Sizer (DMPS) in the range 5—650 nm dry mobility diameter.
The instrument comprised two Vienna-type Differential
Mobility Analyzers (DMAs) that stepped over size ranges of
5-30 nm (N-DMPS) and 20—650 nm (L-DMPS) (Williams
et al., 2007). An optical particle counter (GRIMM-1.108 -
OPC) measured particles in the scattering diameter range
0.3-20 pum.

A Cloud Condensation Nucleus counter (CCNc, Droplet
Measurement Technologies: Roberts and Nenes, 2005) was
used to measure the activated particle number concentration
of the local aerosol across the DMPS size distribution at five
different supersaturation values (0.11, 0.17, 0.32, 0.5 and
0.8). This allows an activated fraction of the total aerosol to be
calculated by dividing it by the total number concentration
given by a Condensation Particle Counter (CPC, TSI 3010)
which measures aerosol particle total concentration in the
size range 10— 1000 nm. A Hygroscopic Tandem Differential
Mobility Analyzer (HTDMA: Cubison et al., 2005) gave the
hygroscopic growth factor probability distribution (GF) at
a set RH level (86%) for seven dry particle diameters (26,
43, 85, 127,169, 211 and 254 nm). The hygroscopic growth
factor is defined as GFpgey = Dseon/Do, where Dggop is
the diameter at 86% RH and Dy is the dry size. HTDMA
and CCNc set-up, calibration details and in-depth analysis
for the COPS project can be found in Irwin et al. (2010).
An Automatic Weather Station (AWS), provided by the
University of Innsbruck, recorded pressure (45 cm above
ground level (AGL)), temperature (187 cm AGL), relative
humidity (187 cm AGL), and wind speed and direction
(300 cm AGL) at one-minute intervals.

The ground-based aerosol measurements commenced
on 26 June 2007, and ended 27 July 2007, with the
exception of the CCNc and HTDMA measurements which
were completed on 20 July 2007. Datasets for the above
instruments are mostly continuous with breaks in data due
mainly to set-up and calibration, but occasionally due to
low number concentrations when sampling within clouds.
For this paper, the aerosol measurement period is defined
as 0000 UTC 1 July 2007 to 0000 UTC 27 July 2007.
The L-DMPS operated in two different modes, alternating
every hour. One mode was optimized to provide the CCNc
with mono-disperse ambient aerosol at sizes of interest for
greater periods of time, increasing signal to noise. The other
mode of operation was that used for standard L-DMPS
operation (scanning from ~23 nm to 650 nm) when the
CCNc was sampling poly-disperse ambient aerosol. Both
modes had a 10-minute scan time. The data from both
of these modes were merged after processing to provide
a continuous measurement of the aerosol size distribution,
with the data subsequently re-binned (34 bins equally spaced
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in log-space from 10 to 750 nm) to provide continuity
between the two modes of operation.

In addition to the above measurements, a back-trajectory
analysis of the origins of the air masses arriving at the
Hornisgrinde Mountain site was carried out; details are
given in the results section. The back trajectories were
provided by the British Atmospheric Data Centre (BADC)
using 1.125 degree resolution wind-field archive data from
the European Centre for Medium-range Weather Forecasts
(ECMWE).

3. Results

3.1. Meteorological overview

The weather conditions during the UK-COPS period have
been examined via the construction of an animation showing
the key meteorological factors. This animation is available
in the on-line Supplementary Material provided with this
paper. It shows the following products: the geopotential
height of the 850 hPa surface in metres (main plot); Met
Office NIMROD radar rainfall rate (stippling over the United
Kingdom, France, the Benelux nations and Germany), where
lighter stipple shading indicates higher rainfall rate; a cluster
of 24-hour back trajectories (red and white tracks) initiated
above the Hornisgrinde location + 250 m north, south, east
and west from a height of 850 hPa 4 10 hPa at 1200 UTC
each day; wind speed and direction from an AWS located at
the top of the Hornisgrinde (top left, the four rings relate
to winds of 2, 4, 6 and 8 m s~!); and the aerosol mass
concentration and size distribution data (bottom left, see
Figure 2 for more details).

For the early part of the UK-COPS period (1-8 July
2007), a large region of low pressure and high pressure were
situated to the north and to the south of the COPS region
respectively. The COPS region was therefore characterized
by relatively strong westerly or west-south-westerly winds
and regular frontal precipitation events. Between 3 and 5
July, the site was above cloud base for most of this time,
with conditions clearing around noon on 6 July. COPS
IOP 5 (1-2 July 2007) and IOP 6 (4 July 2007) occurred
in this period. Table I shows information regarding the
back-trajectory analysis (trajectory direction and origin of
1-day-old air) for this period and the following period.

During 8—13 July 2007, the high pressure region pushed
northwards, though only to the west of the COPS region,
which resulted in a slowing of the westerlies during this
period. Precipitation was still seen on most days, though
notably not on 7 or 8 July 2007. Clouds were seen frequently
over the site during this period, with the site above cloud
base during the mornings of 9, 10 and 12 July. COPS IOP
7 (8=9 July 2007; see Russell et al. (2010), for an in-depth
investigation) occurred in this period.

The high pressure region eventually developed into a ridge
that was aligned over the COPS region for 14—17 July 2007.
In this period, the winds were light and changeable with little
precipitation or cloud cover observed in the COPS region.
COPS IOP 8 (14—15 July 2007) occurred in this period. By
18 July 2007 the ridge had moved further to the east and the
winds picked up again although the conditions on 19-20
July 2007 were similar to the 14—17 July 2007 phase when a
smaller ridge moved over the COPS region — this coincided
with COPS IOP 9 (18-20 July 2007).

Q. J. R. Meteorol. Soc. (2010)
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From 21 to 26 July 2007 the situation was quite similar
to that during the first period, with a high situated to the
south and a low positioned to the north, but the winds were
generally lighter. Extensive cloud covered the region during
21 and 22 July, and again for 24 July. COPS IOP 10 (23 July
2007) and IOP 11 (25-26 July 2007) occurred in this final
phase.

For the purposes of this paper, and the following aerosol
overview, the period 0000 1 July 2007-0000 8 July 2007
shall be referred to as Westerly Flow period 1 (WF1), 0000
8 July 2007-1200 13 July 2007 as High Pressure to the
West (HPW), 1200 13 July 2007—-0000 21 July 2007 as High
Pressure period (HP), 0000 21 July 2007—-0000 27 July 2007
as Westerly Flow period 2 (WF2).

3.2.  Aerosol overview

During WF1 and WF2 when advective conditions were
experienced across the COPS region, widespread cloud cover
and precipitation at the measurement site led to low aerosol
mass (Figure 2(g)). At times when aerosol is not removed
by cloud processes, aerosol particles are found to consist of
nitrate, sulphate, organic compounds, ammonium and black
carbon. The major component to the mass loadings was
typically organic matter, though during WF2 sulphate mass
loadings increased such that sulphate was the major mass
component around midnight of 23/24 July. Ammonium
mass loadings at the Hornisgrinde site were consistently
low for the COPS period. During WF2, the organic:sulphate
ratio reached 3:1, whereas during WF1 it reached 4:1. During
WFI1, mass composition was 40—60% organic, 15-30%
sulphate, 5-20% nitrate, 10—20% ammonium and 5-40%
black carbon material (Figure 3). Total measured mass
ranged from 0 g m~—> during within cloud periods, to up to
6 ug m~> on 1 July. During the short breaks in cloudiness,
the total measured sub-micron mass reaches ~1 g m=>.
During WF2, mass composition is only slightly different:
30—60% organic, 10—40% sulphate, 5—30% nitrate, 5-20%
ammonium and 5-30% black carbon by mass, with total
mass loadings around 4 g m~3. For both these periods,
the peak diameter in the measured aerosol particle number
size distribution was <50 nm, with the exception of 1 July
(IOP5a), when peak aerosol size was in the accumulation-
mode size range. Additional number size distribution
information can be seen in Figure 4, where the median,
25™ and 75" percentile of the size distribution data from
each of the designated meteorological periods are shown.
The WF1 and WEF2 number size distribution plots show the
constant presence of an Aitken mode (~40 nm) for both
of these periods, along with an accumulation-mode whose
strength varies across the periods. It is worth remembering
that the size distribution measurements sampled were from
an inlet which only sampled interstitial particles during
periods of cloud. The reduced accumulation-mode number
of the 25 percentile shows the presence of cloud activating
the bulk of accumulation-mode particles. The similarity
between the median and 75" percentile accumulation-mode
number distributions during WF1 indicates that the site was
enveloped in cloud less than 50% of the time, a finding that
is supported by the weather sensor measurements. Clouds
were frequently present above the site, particularly during
the WF1 period, and as such a strong Hoppel dip (Hoppel
et al., 1994) can be seen for this case in both the median and
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75 percentile size distributions due to the resulting cloud
processing.

At the start of the HPW period, organic matter
dominated the aerosol composition before precipitation
reduced the aerosol population at the measurement site.
Mass composition was 40—60% organic, 10—30% sulphate,
5-20% nitrate, 10—20% ammonium and 10—15% black
carbon. Average total mass loading was ~2 j1g m~ for the
HPW period. During IOP7b, aerosol number concentration
increased during a break in precipitation with sulphate mass
loading dominating the composition (reaching 2 g m~2).
Comparison of the L-DMPS time series with the AMS
mass loading time series showed that reductions in the
accumulation-mode were strongly linked to reductions in
the organic mass loading signal; this is particularly evident
during the HP period. There is a gap in the AMS and
DMPS data for 10 July and the morning of 11 July, after
which organic mass was again the dominant species. Due
to the frequent precipitation events during this period,
aerosol number size distribution data show aerosol particles
were typically <50 nm in diameter. On 13 July there was
a transition to the HP period, when the appearance of
ultrafine (<10 nm diameter) aerosol particles was observed
along with apparent growth into larger sizes, and an increase
in measured peak aerosol size was seen overnight. Aerosol
mass increased around noon, with organic mass dominating
and the organic:sulphate ratio exceeded 10:1 at peak mass
(Figure 3).

The HP period featured a clear dominance of organic
material, with typical composition values of 50-80%
organic, 10—25% sulphate, 2—30% nitrate, 2—15% ammo-
nium and 5-20% black carbon. Total mass exceeds 3 jugm—>
at peak daily values for each day in this period. The highest
mass loadings for the COPS campaign were measured on
16 July, with organic mass loading exceeding 9 ug m=,
and total measured mass loadings exceeding 10 g m~>.
The organic to sulphate mass ratio also exceeded 10:1 on
15 (IOP8b) and 16 July. Peaks in the nitrate mass loading
(reaching 3 g m—3) can be seen on 19 July (IOP9b), when
back trajectories show air passed over a source of pollution
(urban areas surrounding Stuttgart) less than a day before
to the northwest of the measurement site. Number size
distribution data during this period typically peaked at sizes
>100 nm, whereas on the few days with no precipitation
during WF1 and HPW the peak was closer to 50 nm. The
size distribution plot for the HP period (Figure 4) shows a
broad and flat distribution. Little cloud was present during
the period and winds were light. Under such conditions
the predominant aerosol process is condensational growth,
and accumulation-mode aerosol lifetimes are long. It is also
noted that there is little variation between the 25" and 75"
percentile indicating a similar aerosol population is present
throughout this period. Comparison of this plot with the
other meteorological periods shows that during the HP
period, a larger number of aerosol particles were present
at the Hornisgrinde site, particularly at accumulation-mode
sizes, consistent with the enhanced aerosol mass observed
with the AMS (Figure 2(g)).

Growth factor data from the HTDMA are available for
the periods designated WF1, HPW and HP. Figure 5 shows
box and whisker plots for the data in each period, also
see Figure 1 in Irwin et al. (2010) for a breakdown of this
data. Small aerosol (26—43 nm) detected during WF1, HPW
and HP typically showed low growth factors, peaking at
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values of 1.1. For WF1 and HPW, 85-127 nm particles
were a predominantly external mixture with both a less-
hygroscopic mode (1.0) and more-hygroscopic mode (1.3).
Particles of size 254 nm were internally mixed aerosol with
a mean growth factor of 1.4. Increased external mixing was
observed during HPW compared to WF1, particularly at the
larger sizes.

For some of WF1, the number of larger-sized particles
was below the detection limit: they were removed by cloud
processing, particularly on 4 and 5 July. Data from 3 to
5 July are likely to represent inactivated aerosol particles
or the residue of evaporated small cloud droplets. During
within cloud periods, the dominant peak in the growth
factor probability distribution was at smaller values (~1.0),
whilst in out of cloud periods the dominant peak was at the
larger values (~1.3). On 6 to 7 July the growth factor peak

Copyright (© 2010 Royal Meteorological Society

can be seen to shift to larger values, reaching a peak at 1.4
for particles of size 254 nm.

Data solely from IOP7b (9 July 2007) during the HPW
period show a clear bimodal growth factor distribution, with
peaks centred at 1.0 and 1.4 evident at sizes 127 nm and
greater; a similar result is seen for 12 July. Data for 10 and
11 July are not available due to calibration. Data from 13
July show a change in peak growth factor from morning
until afternoon when the high concentrations of ultrafine
particles were detected and organic mass loading increased,
whereas growth factors at the larger sizes decreased to 1.2 in
the afternoon and from 1.3 in the morning.

HTDMA data for the HP period appear to show internally
mixed aerosol particles at all sizes, with the smallest sizes
showing mean growth factors peaking at 1.1, increasing
to 1.3 at the largest sizes. On 19 July (IOP9b) there was
a slightly higher mean growth factor of 1.15 at dry sizes

Q. J. R. Meteorol. Soc. (2010)
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Table II. Average « values from the CCNc and HTDMA
over the COPS project (Irwin et al., 2010)

Dry diameter (CCN/HTDMA) (nm) KCCN KHTDMA
26 - 0.13
43 0.43 0.12
85 0.31 0.13
121/127 0.23 0.17
161/169 0.17 0.2
211 - 0.22

of 26 and 43 nm. There was little cloud over the site
during the HP period and no occasion when the site was
within cloud. It is difficult to parametrize hygroscopicity
for the many organic species that exist or for complex,
multi-component aerosol. Petters and Kreidenweis (2007)
introduced the hygroscopicity parameter «, which captures
the contribution of the Raoult term to the hygroscopic
growth. k describes the relationship between dry particle
diameter and CCN activity. « values were derived from
CCN and HTDMA data; see Table II, which reports average
k values for the COPS project for each size measured. The
reader is referred to Irwin et al. (2010) for a more detailed
analysis of k values for COPS.

The CCN concentration time series is shown in Figure 6
for 13—16 July, chosen as it is representative of the spread
of critical supersaturation and activated fraction across the
entire campaign, shown in detail by Irwin et al. (2010).
Concentrations were low until around noon on 13 July in
correspondence to the low mass concentration measured by
the AMS. HTDMA growth factor data shows a reduction
in peak growth factor at sizes larger than 85 nm in the
afternoon compared to the morning. The sharp increase
in CCN concentrations seen on 13 July coincided with
the sharp increase in ultrafine particles and organic mass
loading. Comparison with the DMPS plots (Figure 2(d)
and (e)) shows that during the afternoon of 13 July, all
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particles >100 nm are activated, as are many particles less
than this size. For a more detailed analysis of the measured
hygroscopic properties of aerosol particles during the COPS
project, the reader is referred to Irwin et al. (2010).
3.3.  Ultrafine particles
The appearance of ultrafine particles occurred around
noon on each day for the period shown in Figure 2(e),
although the strength of the signal varied in intensity. The
abrupt appearance of large numbers of ultrafine particles
on 13 July, and their apparent growth to larger sizes, was
associated with an increase in organic mass and an increase
in organic:sulphate mass ratio. Around 0300 UTC 14 July
2007, the size distribution peak shifts to larger sizes; during
this time the mass concentration of sulphate also increases.
During early July (3-5 July), the site was within cloud for
the majority of the time, yet even under these conditions
ultrafine particles were clearly observed. A cloud camera
at the site revealed short periods of time on 3 and 4 July
when clear sky was observed above the site, during which
times the increase in small particles was observed. On 5
July, no such break in cloud was seen by the cloud camera
(data every 5 minutes); however, cloud radar data at the
site revealed reductions in cloud top height to <150 m
(minimum data range). These times of lower cloud top
height coincided with the observed small increases (to no
greater than 9 cm™) in aerosol number at small sizes
(<30 nm), with no subsequent detected growth into larger
sizes. In contrast, the strongest event (9 July) saw total
N-DMPS concentration exceed 100000 cm~> where the
appearance of ultrafine particles occurs when clear sky
is observed immediately after an in cloud period. In the
case of 5 July, where the appearance of ultra-fine particles
appeared to be measured within cloud, we propose that
either the cloud top was low enough that entrainment of
small particles from the cloud top occurred, or that the
cloud was thin enough to allow sufficient transmission of
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solar radiation to allow photochemical formation of low-
volatility productions, which then nucleate new particles.

4. Discussion

Aerosol particles, for the most part, were found to be an
internal mixture of organic, sulphate, nitrate, ammonium
and black carbon, with the high-resolution AMS data
suggesting that the organic material was likely to be highly
oxidised.

In central Europe, away from the coast, any detected
sulphate is likely to be anthropogenic in origin (Schlesinger,
1997). If the detected organic material were of anthropogenic
source, there should be an expected association with either
anthropogenic primary (e.g. BC) or secondary (e.g. sulphate)
aerosol. As Figure 3 shows, there is no good association
between the AMS organic signal and the MAAP BC signal
and neither is there a good association with the AMS
sulphate signal; suggesting that the organic material is not
of anthropogenic origin. This suggests that the high mass
concentrations of organic material detected during COPS
were most likely of biogenic origin, though this cannot be
confirmed using the AMS dataset. Figure 3 also shows that
sulphate is correlated with BC for the majority of the project,
implying that the sulphate material is from an anthropogenic
source. The BC and sulphate mass loadings were low for
the entire measurement period, <1 ugm~> and <2 ugm—3
respectively.

Recent measurements across Europe using a compact
time-of-flight (cToF)-AMS on board the BAE-146 aircraft
(Morgan et al., 2009) have shown that aerosol particles
across Europe are dominated by organic and ammonium
nitrate mass, each accounting for 20—50% of the measured
mass. They also showed that concentrations of organic
material generally exceed sulphate by a factor of 1.5-2.0
and that organic mass was a significant component
during background and polluted conditions. Morgan
et al. (2009) reported sulphate mass loadings typically
of 1.0-3.5 g m~, accounting for 10-30% of the mass
fraction. They reported increases in nitrate concentration
associated with enhanced total mass loading, indicating
an association with highly polluted conditions. Zhang
et al. (2007) carried out a similar study for 37 field
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studies across the Northern Hemisphere where it was also
reported that organic aerosol represented a major fraction
(18—70%: 45% average) of the aerosol mass. Inorganic
species were reported as: sulphate 10-67% (32% average);
nitrate 1.2—28% (10% average); ammonium 6.9—19% (13%
average). Several locations close to the COPS region were
included in this study, where ~55% of aerosol mass was
organic material in Taunus, Germany, ~45% in Mainz,
Germany, ~50% in Hohenpeissenberg, Germany and ~30%
at Jungfraujoch, Switzerland. Comparison of the COPS data
with these figures shows that the concentration of organic
material measured during the COPS campaign is relatively
high. The data in this paper show that organic mass loadings
exceeded 9 ug m~> on 16 July during the HP period,
accounting for up to 80% of the mass composition. The
organic to sulphate mass ratio exceeded 10:1 on three days
during the first half of the HP period, then reduced to
around 3:1 for the second half of HP, much larger values
than those reported in Morgan et al. (2009). When the
organic:sulphate ratio was lower, it is possible that there
were increased contributions from anthropogenic sources
further afield, as the back trajectories suggest. This could
also result in increased contributions of anthropogenic
organic material to the total organic loadings. Organic:BC
mass ratio exceeded 12:1 on 15 July; this is also a very
high ratio, previous studies reveal values of 1.5-4 when
considering PM2.5 and PM10 measurements in and around
cities (Putaud et al., 2004).

Drewnick et al. (2007), as part of a Swedish ground-site
study, reported consistently high organic mass loadings,
with large concentrations of organic material when back
trajectories had passed over southern Finland. It was
suggested that this could be the result of photochemistry
generating aerosol or increasing condensational growth of
existing particles from organic vapours emitted from the
forests on the Scandinavian peninsula, possibly by the
photo-oxidation of vapours known to be emitted in large
amounts by the Finnish forests (Kulmala et al, 2004a,
2004b). Drewnick et al. (2007) also reported that the detected
sulphate component was likely a more aged component, that
was mainly found when air masses passed over continental
Europe or Great Britain.
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Similar to the work carried out by Drewnick et al. (2007),
an investigation into the air mass history has been performed
for COPS. During COPS, the maximum sulphate loading
occurred on 9 July during a particularly strong ultrafine
particle event. Wind direction and speed does not change
much across this period, with wind coming from the west
at around 4 m s~'. A second sulphate peak is seen around
midnight of 23/24 July. The ultrafine particle event on
the days either side is not particularly strong compared to
other days. Sulphate decrease is associated with a change
in local wind speed from 2 to 4 m s~! and a change in
wind direction from ~270° to ~100°. Investigation of back
trajectories (BTs) initiated at the Hornisgrinde site and
50 m to the north, south, east and west, at five pressure
levels for the previous five days before arrival at the site
show BTs approaching the site from the west after passing
across France. BT's from 9 July show the air masses coming
from over the North Atlantic over the southern edges of
Ireland and England before reaching France, whereas on 23
July air masses come from over the Atlantic to approach
France from just north of mainland Spain. For both of these
cases, the sulphate could be marine in nature, either natural
(e.g. Seguin et al., 2010) or from shipping (e.g. Endresen
et al., 2010). On 9 July there could also have been some
urban influences from the air mass passing over the United
Kingdom.

BTs from nitrate days, e.g. 19 July, show air masses
approaching the site from a north or northwest direction
having looped around to the northwest of the site either
first passing over central Spain from the Atlantic, or passing
over central Italy from Scandinavia. The nitrate is believed
to have originated from the Stuttgart region, either from
agricultural or urban sources. The National Aeronautical
and Space Administration (NASA) Moderate resolution
Imaging Spectroradiometer (MODIS) database shows that
the city of Stuttgart is an urban/built-up area surrounded by
mixed forest and crop lands. Strong organic mass loadings
are seen when BTs show air masses spending a long time
over the Black Forest region. This is a potential source of
lots of biogenic emissions, particularly on sunny days as has
been noted in other studies (e.g. Slowik et al., 2010).

Aerosol water uptake in the sub- and supersaturated
regimes were measured simultaneously by an HTDMA
and CCNc respectively. Peak growth factor was found
to increase with particle dry diameter. Particles of size
26—85 nm are mostly classified as less hygroscopic according
to Swietlicki ef al. (2008). Particles of size 85 nm during
HPW had peak growth factors up to 1.5, definitely within
the more-hygroscopic classification range. The HP period
shows the smallest variability in peak growth factor,
probably due to the consistent composition throughout
this period. Comparison of the COPS growth factor values
with those reported in McFiggans et al. (2006) reveal
that aerosol particles measured at the Hornisgrinde site
could fit with previous measurements of urban, continental
polluted and/or biogenically dominated aerosol. McFiggans
et al. (2006) report that biogenically dominated aerosol
between 50 and 80 nm exhibit a primary peak between
1.15 and 1.20 and a potential secondary peak ~1.07. This
indicates that growth factor measurements are consistent
with the hypothesis that the organic aerosol is of biogenic
origin based on an analysis of air mass history. The higher
peaks in growth factors are therefore likely to be from urban
or continental polluted aerosol, which have their primary
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peaks at 1.15-1.43 and 1.32—1.53 respectively. A similar
situation is seen for 127—169 nm dry size diameter particles
when compared to 100—150 nm particles in McFiggans
et al. (2006). All particles measured during the HP period
were classified as less-hygroscopic using the scheme of
Swietlicki et al. (2008). The HPW period show the widest
spread in peak growth factors reaching the highest values.
At larger sizes during the WF1 period, aerosols are classified
as more-hygroscopic. It is important to remember that
the peak growth factor measurements during WF1 will be
related to when the site was out of cloud. Investigation into
the effect of inorganic:organic ratio on the growth factor by
Irwin et al. (2010) has revealed that there is no apparent
correlation.

A time series of modal growth factor from the
HTDMA-measured growth factor for 127 nm particles
was constructed. Modal growth factor was chosen over
mean growth factor, as for parts of the COPS project
the GF distribution was bimodal and the secondary peak
(usually GF = 1) brings the mean down. We then
fit the value of the GF(org) to match the predicted
GF from Zdanovskii-Stokes-Robinson (ZSR) calculations
(using non-size-resolved composition measurements from
the AMS) to the modal times series. A density of 1.4 g cm ™3
for bulk organic material (e.g. Alfarra et al., 2006) was
used for this calculation along with assumed GF for the
inorganic species as predicted by the Aerosol Diameter
Dependent Equilibrium Model (ADDEM: Topping et al.,
2005a, 2005b) at 86% RH, 20 °C, for 127 nm diameter
particles. The result of this calculation can be represented
as a probability distribution of the required GF(org) to
produce the modal GF(total). This distribution has a peak
at 1.1 (corresponding to a kappa(org,127 nm) of 0.267;
calculated using equation 11 in Petters and Kreidenweis
(2007)), with 66% of the required GF between 1.0 and
1.2, 29% between 0.6 and 0.95 and only 5% between 1.25
and 2.0. The predicted GF values <1.0 were found to be
from times when the nitrate signal from the AMS was
greater than 20% of the total composition, e.g. 19 July.
It has been reported in previous field studies (e.g. Gysel
et al., 2007) that the presence of ammonium nitrate can
cause the ZSR-predicted GF to be higher than the modal
GF measured by the HTDMA. This is suggested to be
due to evaporation of semi-volatiles in the HTDMA (e.g.
ammonium nitrate) resulting in the HTDMA measuring a
GF of a resultant composition that is different to what the
AMS records and the ZSR calculation is performed on. This
work must be treated with caution, as several assumptions
have been made. Firstly, the ZSR calculations were made
using bulk AMS compositional measurements, which are
perhaps not representative of the exact composition at
127 nm. However, the signal: noise ratio of the size-resolved
mass composition of the organics is not sufficient to allow
a more detailed calculation in this case. We also note that
the density of the organic material could vary over time.
We have no direct measurement of this, but we have used
1.4 here as is reported in the literature (e.g. Alfarra et al.,
2006).

Particle growth factors during COPS, as determined from
HTDMA measurements, were typically lower than those
seen during the marine experiment ‘RHaMBLe’ (primary
GF mode ~1.5-1.8, secondary GF mode ~2 (Good et al,
2010b)); which is most likely due to the continental origin
of the aerosol in this study. Critical supersaturations were
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typically higher for COPS than RHaMBLe; this can be seen
by comparing Figure 5 in Irwin et al. (2010) to the lower
panel of Figure 7 in Good et al. (2010b). The hygroscopic
measurements made at COPS are in keeping with those
from other continental studies. Good et al. (2010b) reported
Kk values between 0.3 and 0.7 for the RHaMBLe project.
Rose et al. (2008) reported « values derived from CCNc
measurements of 0.3 for continental aerosol. Kammermann
et al. (2009) reported « values derived from HTDMA
measurements of 0.17 to 0.31, where similar values at
all sizes were seen, indicating internally mixed aerosol.
Kreidenweis et al. (2006) reported highly CCN-active salts
to have a k value of 0.5—-2, organic aerosols to have «x values
of 0.01 to 0.5 and non-hygroscopic components to have
a k value of 0, using CCN measurements. Kappa values
from CCN measurements during the FLAME-II campaign
were reported to be between 0.02 and 0.8 for laboratory
biomass burning (Petters et al., 2009b). The values from
COPS are consistent with previous measurements of
organic material. A more in-depth study on the effects
of composition on particle water uptake for COPS, potential
cloud droplet number concentrations (CDNc) and closure
between the two saturation regimes are presented in Irwin
et al. (2010).

During high pressure periods, high concentrations of
SOA derived from organic photochemistry appear to drive
the substantial growth of the nucleation-mode aerosol to
accumulation-mode sizes; an indication of this can be seen
in Figure 7. During a period of ~12 hours on 14 July,
the peak in the number size distribution moves from 40
to 80 nm, and this can be seen to strongly link with the
increase in organic mass loadings from ~1 to ~4 ug m~=>.
During the HP period, starting on 13 July, there appears
to be a diurnal cycle of organic mass loadings linked to
the solar radiance over the site. Under these high pressure
conditions, clear skies and low wind speeds drive active
photochemistry, and the lack of advection will enhance the
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relative contribution near sources to the burden of precursor
material. In addition, the high temperature and increased
radiation will favour enhanced biogenic emissions. All these
variables favour the contribution of biogenic material to
the SOA burden. While none of this is direct evidence, it is
entirely consistent with a large number of other studies in
the literature (e.g. Kulmala et al., 2004b). This situation has
been observed in other studies, e.g. Ristovski et al. (2010)
in Tumbarumba, New South Wales, Australia and Allan
et al. (2006) in Hyytidld, Finland. Evidence for organic
material responsible for the majority of a particle’s growth
has also been reported in coastal environments, e.g. Modini
et al. (2009) in Agnes Water, Queensland, Australia. This
condensational growth onto pre-existing particles allows
particles to reach climatically relevant sizes and significantly
enhances the CCN activity of those particles (Figure 6); this
has also been shown in previous studies. Ehn et al. (2007)
reported an increase of 0.05 in the mean measured growth
factor at noon for days when new particle formation was
observed, compared to days when it was not. In addition a
positive correlation between H,SO4 and growth factor was
observed, more evident for smaller particles. At larger sizes,
it was suggested that additional soluble organic compounds
condensed onto the particles, reducing the correlation to
H,SO4. These numbers are also consistent with Gysel
et al. (2007), where it was reported that a growth factor
of 1.20 £ 0.1 was suitable for modelling organic material.
The conditions required for high organic mass loadings,
along with low wind speeds, are also conducive to the
production of convective available potential energy (CAPE)
in the region.

5. Conclusion

This paper presents the size and compositional and
hygroscopic properties of aerosol particles measured at
the Hornisgrinde Mountain site during the summer 2007
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COPS field campaign. The campaign was separated into four
periods, determined by meteorological conditions. The main
finding was the high fractional organic mass composition
(generally >40%) present throughout the project, and
increasing to provide over 70% (>8 ug m~>) of the
aerosol mass during the period of high pressure, when high
temperature and low wind speed were also observed. AMS
data reveal that the organic material was oxidised. Sulphate
and black carbon mass loading do not exceed 2 ug m—3;
ammonium mass loadings do not exceed 1 ug m~—>. Nitrate
mass loadings are mostly very low, with the exception of 19
July, when the peak was around 3 g m—>. Organic:sulphate
and organic:BC mass concentration ratios during this time
exceeds 10:1. Values are generally greater than 2:1 for the
entire COPS period. These measurements are for the most
part consistent with previous work (e.g. Drewnick et al.,
2007; Morgan et al., 2009). Back trajectories during the
high pressure period show the air mass track passing slowly
over the Black Forest close to the measurement site. As
such, we argue that the detected organic material during
this time-frame was photo-oxidised biogenic in nature,
although this cannot be confirmed with the current dataset.
Back trajectories and local wind measurements showed that,
for the most part, air approached the measurement site
from the southwest. Changes in the compositional trend are
associated with changes in the air mass track as shown by
back-trajectory analysis. Nitrate peaks are associated with
north-westerly air flow over the Stuttgart region. Sulphate
peaks are associated with aged air that passed over the
Republic of Ireland and southern England or mainland
Spain, in addition to a host of major shipping lanes in the
eastern Atlantic Ocean.

Aerosol particle size distribution data showed the dom-
ination of the accumulation-mode during times when the
site was unaffected by precipitation events. The appearance
of high numbers of ultrafine particles was detected on most
days, commencing around noon. These ultrafine aerosol
particles appear to grow due to the condensational growth
of organic material.

Hygroscopic properties (growth factor, kappa values
and critical supersaturation) of the particles measured
during COPS are similar to those measured in previous
continental field campaigns. Growth factor distributions
were typically bimodal, with a less-hygroscopic and more-
hygroscopic peak. During the HP period when organic
material dominated, only the peak at 1.2 was seen. This is
consistent with Gysel et al. (2007), where they reported that
a growth factor of 1.20 £ 0.1 was suitable for modelling
organic material. Derived kappa values from both the CCN
and HTDMA instruments are also consistent with previous
studies of continental air masses (e.g. Rose et al, 2008;
Kammermann et al., 2009).
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