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Abstract

Observations of aerosol chemical composition in Cabauw, the Netherlands, are pre-
sented for two intensive measurement periods in May 2008 and March 2009. Sub-
micron aerosol chemical composition was measured by an Aerodyne Aerosol Mass
Spectrometer (AMS) and is compared to observations from aerosol size distribution5

measurements as well as composition measurements with a Monitor for AeRosol and
GAses (MARGA) based instrument and a Thermal-desorption Proton-transfer-reaction
Mass-spectrometer (TD-PTR-MS). An overview of the data is presented and the data
quality is discussed. In May 2008 enhanced pollution was observed with organics
contributing 40 % to the PM1 mass. In contrast the observed average mass loading10

was lower in March 2009 and a dominance of ammonium nitrate (42 %) was observed.
The semi-volatile nature of ammonium nitrate is evidenced in the diurnal cycles with
maximum concentrations observed in the morning hours in May 2008 and little diurnal
variation observed in March 2009. Size dependent composition data from AMS mea-
surements are presented and show a dominance of organics in the size range below15

200 nm.

1 Introduction

Aerosol particles directly and indirectly affect the global climate. Depending on their op-
tical properties, particles can scatter or absorb long and short wave radiation. This can
have cooling or heating effects on the atmosphere and has thus a direct impact on the20

radiation balance of the Earth (e.g. global dimming, Nazarenko and Menon, 2005; Ra-
manathan et al., 2007; Romanou et al., 2007). Aerosol particles also exhibit a range of
indirect effects in acting as cloud condensation nuclei (CCN). Changes in particle num-
ber concentration and size distribution alter cloud albedo (Norris and Wild, 2007) and
can cause suppression or enhancement of rain (Nober et al., 2003; Tao et al., 2007;25

Phillips et al., 2002). The IPCC report 2007 identifies aerosol particles as the major
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uncertainty in the prediction of future climatic conditions (IPCC, 2007). Aerosol parti-
cles are providing the surface for heterogeneous reactions, thus affect the atmospheric
lifetime of atmospheric trace constituents (Dentener and Crutzen, 1993). Furthermore,
aerosol particles control the visibility and are associated with health hazards such as
increased cardiopulmonary (Moolgavkar et al., 1994) or lung cancer mortality (Pope5

et al., 2002). Apart from water, the major constituents found in atmospheric aerosol
particles are sulfate, nitrate, ammonium, minerals, black carbon (BC) and organic com-
ponents often referred to as organic matter (OM) (Rogge et al., 1993). The fractional
abundance of the individual constituents is strongly dependent on the particles origin
and processing during their atmospheric lifetime.10

Ammonium nitrate is a major component of the PM1 mass in polluted regions of
Europe where reductions in sulfur dioxide emissions have reduced the occurrence of
ammonium sulfate (Monks et al., 2009). Also the ubiquity of organic components in
boundary layer aerosol particles is well documented (Zhang et al., 2007). Recently
Jimenez et al. (2009) pointed out that atmospheric aging lowers the organic aerosol15

volatility and thus enhances the persistence of the particulate organic aerosol fraction
and their hygroscopic properties (Jimenez et al., 2009; Morgan et al., 2010b).

Here we present an overview of the aerosol composition as measured in two in-
tensive observation periods at Cabauw, the Netherlands. The measurements were
linked to the intensive observation periods of the European Integrated Project on20

Aerosol Cloud Climate and Air Quality interactions (EUCAARI) (Kulmala et al., 2009)
and activities of the European Monitoring and Evaluation Programme (EMEP, http:
//www.emep.int/). Previous work on this data set has focused on the aerosol direct
effect (Roelofs et al., 2010; Morgan et al., 2010a) and showed that the high fraction of
ammonium nitrate observed in May 2008 largely impacts the aerosol optical thickness25

(Roelofs et al., 2010). It was shown that due to its semi-volatile nature maximum con-
centrations of ammonium nitrate are observed at the top of the boundary layer (Morgan
et al., 2010a). The height profile needs to be taken into account when modeling the
aerosol direct effects. Here we focus on the comparison of different instruments that
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measured the inorganic aerosol components in May 2008. Aerosol particle mass spec-
trometric data is compared to the results obtained by MARGA and Thermal-Desorption
Proton-Transfer-Reaction Mass-Spectrometry (TD-PTR-MS) measurements. We show
that the inorganic particulate aerosol mass concentrations derived by the different ap-
proaches are in good agreement with each other. Diurnal patterns of inorganic and5

organic aerosol are discussed and an overview of the concentrations observed in the
two campaigns is presented.

2 Experimental

2.1 CESAR tower

As part of EMEP and the EUCAARI project, several intensive observations periods10

were defined during which the aerosol particles chemical composition was charac-
terized by aerosol mass spectrometry (AMS) at a number of field sites throughout
Europe (Kulmala et al., 2011). An Aerodyne High Resolution Time of Flight AMS (HR-
ToF AMS, hereafter referred to as AMS) was operated at the Cabauw Experimental Site
for Atmospheric Research (CESAR), The Netherlands, during two of these intensive15

observation periods. The first campaign (Intensive Measurement Period At Cabauw
Tower, IMPACT) took place in May 2008, the second in March 2009. The CESAR ob-
servatory (51◦ 57′ N, 4◦ 54′ E, −0.7 m a.s.l.) is located at a rural site in the center of
the Netherlands, about 20 km south-west of Utrecht and 50 km south of Amsterdam.
The measurement site is representative for North-West Europe and features continen-20

tal and maritime conditions, depending on the wind direction. The plain geography of
the Netherlands and especially in the area of Cabauw reduces ambiguities in terms
of air parcel convection and turbulences. The CESAR observatory is run by the Royal
Netherlands Meteorological Institute (KNMI), De Bilt, The Netherlands. The site fea-
tures a 213 m high tower equipped with standard measurement devices for outside25

and dew point temperature, and wind direction and speed at 200 m, 140 m, 80 m, 40 m,
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20 m, 10 m, and 2 m height. Beside this, precipitation, cloud cover and height, radiation
and a range of remote sensing, flux and concentration measurements of Green House
Gases (GHG) are continuously performed (Russchenberg et al., 2005).

2.2 AMS

The AMS was located in the tower basement, sampling from an aerosol sampling line,5

which was shared with other aerosol instrumentation. The inlet system consisted of
four parts: (a) 4 PM10 size selective inlets, (b) a Nafion drying system that dried the
aerosol stream to or below 40 % relative humidity, (c) a 60 m stainless steel pipe, and
(d) a manifold that splits the flow to a variable suite of instruments. Instruments sam-
pled their flow from the manifold using separate pumps to adjust the required flow for10

proper operation. The total flow sustained in the 60 m inlet pipe was kept at about
60 l min−1, which was the highest flow that warranted laminar flow (Re≈2000). Excess
air was drawn through the sampling heads and the pipe to assure optimal operation of
the PM10 inlets and to keep the flow in the pipe at 60 l min−1 even if the suit of instru-
ments used less. Whenever an instrument was added or removed from the manifold,15

the excess air and flows to the other instruments were checked and adjusted when
needed. The entire distance between tower inlet at 60 m height and AMS inlet was
about 70 m. The AMS was connected to the sampling manifold by 3 m stainless steel
tubing with an inner diameter of 4 mm. The flow of 680 ml min−1 between the manifold
and the AMS inlet was achieved by parallel sampling of the AMS (80 ml min−1) and an20

Ultrafine Condensational Particle Counter (UCPC, TSI 3786, 600 ml min−1).
The working principles of the Aerodyne Aerosol Mass Spectrometer AMS were de-

scribed in detail elsewhere (Canagaratna et al., 2007; Jayne et al., 2000; Jimenez
et al., 2003). A brief summary of the modes of operation and calibrations performed
during the campaigns follows here.25

The AMS allows the mass spectrometric online investigation of aerosol particle com-
position after substantial reduction of the gas phase. The AMS can be separated into
four sections: an aerodynamic lens as inlet, a differentially pumped vacuum particle
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sizing chamber, a vaporization/ionization region and a mass spectrometer (MS). An
aerosol stream of 80 ml min−1 passes through a Liu type aerodynamic lens (Liu et al.,
1995a,b). The lens reduces the gas phase to particle phase concentration by a fac-
tor of 107. This gas phase reduction is a key feature since gaseous nitrogen alone
has a concentration of 950×106 µg m−3 in the air and particulate aerosol concentra-5

tions range from a few micrograms per meters cubed in remote areas like Hyytiälä, FI
(Zhang et al., 2007) to about 100 µg m−3 in polluted areas like Mexico City, MX (Aiken
et al., 2009). The lens has an almost 100 % transmission efficiency for particles be-
tween 70 nm and 500 nm. Particles in the size ranges of 30 nm to 70 nm and 500 nm
to 2500 nm are still substantially transmitted, with a 50 % transmission efficiency for10

particles of 1 µm (Jayne et al., 2000; Zhang et al., 2004). Hence, the AMS is referred
to as PM1 instrument (Canagaratna et al., 2007). The particle sizing is achieved in
a differentially pumped particle sizing chamber by measuring the particles time of flight
(PToF) between entering the chamber and detection. After passing through the PToF
chamber the particle beam strikes the vaporizer. In general, the vaporizer is operated15

at approximately 600 ◦C causing the non-refractory components of the particles to flash
evaporate on the surface (Jayne et al., 2000). The evaporated molecules are ionized
by 70 eV electron impact (EI) and are then extracted into the MS for compositional
analysis. The HR-ToF mass spectrometer acquires a full mass spectrum in one ion
extraction, which occurs every 30 µs in V-mode and every 50 µs in W-mode. V- and20

W-mode refer to the flight path of the ions within the MS. V-mode is a single reflection
flight path (1.3 m) and W-mode is a triple reflection flight path (2.9 m) with resolving
powers of about 2000 and 4000, respectively (DeCarlo et al., 2006). This allows for
a clear separation of different ions of the same nominal mass such as C2H3O+ and
C3H+

7 on m/z 43. In the so called MS mode of operation mass spectral information is25

collected over the integral aerosol size distribution. In the PToF mode of operation size
dependent compositional data is acquired.

For quantitative measurements with the AMS the ionization efficiency (IE) needs to
be determined by a calibration with ammonium nitrate particles (Drewnick et al., 2004;
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Jayne et al., 2000). In the standard calibration procedure as performed here dried and
size selected ammonium nitrate particles are measured with the AMS and a condensa-
tional particle counter (CPC) in parallel. Taking the bulk density of ammonium nitrate,
the size, and the number of the particles, the total mass of aerosol particles introduced
into the AMS is calculated. This value is compared to the detected ion signal of the5

mass spectrometer. A scaling factor is introduced to link the amount of molecules intro-
duced into the AMS with the ion count per molecule detected by the AMS. The scaling
factor, the so called IE, is in general at the order of 10−6 ions/molecule. The am-
monium nitrate calibration allows for the determination of other aerosol compounds in
terms of nitrate equivalent mass. The actual mass of the compound of interest can be10

determined, when the compounds specific ionization efficiency is known. In practice,
ionization efficiencies relative to the ionization efficiency of nitrate (IENO3

) are used.
These ionization efficiencies are called relative ionization efficiencies (RIE). E.g., the
RIE of ammonium (RIENH4

), which is determined during the standard IE calibration, is
generally about 4.15

Another quantity that needs to be determined for quantitative measurements with
the AMS is the Collection Efficiency (CE, Huffman et al., 2005). The CE is a unit
less quantity, which accounts for the difference between aerosol mass entering the
instrument and the detected mass. Dry and solid particles, e.g. particles with a high
sulfate mass fraction, tend to bounce off the vaporizer without being evaporated i.e.,20

substantial amounts of the introduced particulate mass will not be detected in the MS.
That means in reverse, the ratio of introduced to detected amount is favored for wet or
waxy particles, e.g. particles with a high nitrate mass fraction. The CE determination
will be explained in detail in an upcoming section.

In both observation periods, the aerosol stream was dried by two Nafion dryers at25

the inlet at 60 m height. Therefore, RH values measured in the sampling line do not
reflect ambient RH. The RH time series were incorporated into the AMS data analy-
sis to apply a time dependent correction for the contribution of gas phase water (RH)
to the total water signal detected by the AMS. A relative ionization efficiency of water
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(RIEH2O) of 2 as determined by Mensah et al. (2011) was applied for determinations
of the residual particulate water. Size calibrations were performed through measure-
ments of the particle time of flight of polystyrene latex particles (PSL, Duke Scientific
Corporation, Palo Alto CA) of defined sizes.

At Cabauw, the AMS was operated in alternation mode, switching between V-mode5

(MS, and PToF mode) and W-mode (MS mode only) regularly. The vaporizer temper-
ature was set to about 580 ◦C throughout both sampling periods. The AMS was run
on remote control to enable permanent control of the instrument performance. Particle
size and ionization efficiency calibrations were performed once a week. Regular mea-
surements with a High Efficiency Particulate Air (HEPA) filter in line were performed to10

determine the gas phase background signal. Data was collected with a time resolution
of 5 min.

The data acquired with the AMS will be compared to data acquired by several other
collocated aerosol measurement instruments. In the following short descriptions of
a Scanning Mobility Particle Sizer (SMPS, TSI 3034), two Monitor for AeRosol and15

GAses (MARGA, ten Brink et al., 2007) instruments, and a Thermal-Desorption Proton-
Transfer-Reaction Mass-Spectrometer (TD-PTR-MS, Holzinger et al., 2010b) will be
given.

2.3 SMPS

Likewise the AMS, the SMPS was located in the basement and sampled from the20

common aerosol inlet line. It was operated with 5 min time resolution and the particle
number size distributions covering the diameter range from about 10 nm to 470 nm
were measured with a log-equidistant resolution of 32 size bins per decade in both
campaigns.
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2.4 MARGA

The two MARGA instruments sampled at a separate inlet at 4 m height and collected
aerosol at ambient RH and temperature. The MARGA is a combination of a Wet
Annular Denuder (WAD) followed by a Steam Jet Aerosol Collector (SJAC, Slanina
et al., 2001) to facilitate the chemical online analysis of water soluble gases and par-5

ticulate aerosol components at the same time (Trebs et al., 2004). The instrument
can be run with different inlets to confine the particle size range. The MARGA-2S
was deployed as the standard Applikon instrument (http://misp.metrohm.com/gaseous/
MARGA catalogue.html). The MARGA-2S was in operation at the Cabauw site as part
of the Dutch Beleid Ondersteunend Project (BOP) program for over a year (Septem-10

ber 2007–October 2008). It measured both the PM10 and PM2.5 fraction. This was ac-
complished by sampling the ambient air with a Teflon coated PM10 impactor at 2 m3 h−1.
A polyethene tube carried the sample air to an indoor splitter. The outdoor length of
2 m was surrounded by a fan driven outdoor airflow to prevent wall interactions. In-
doors, the sample lines were insulated for the same purpose. After the iso-kinetic split15

the two lines were connected to the two MARGA sampling boxes. In one of the lines
a Teflon coated PM2.5 cyclone was inserted. The Marga-2S was serviced on a weekly
basis. Both sample flows were calibrated. The analytical part, the anion and cation
ion chromatography (IC), was continuously calibrated by a traceable internal LiBr stan-
dard solution. Generally the sum of the PM10 ions represents 50 % of the PM10 mass20

fraction. The measured ion concentrations compared well with filter measurements
(Schaap et al., 2010).

The MARGA-Sizer (ten Brink et al., 2007) was located beside the MARGA-2S and
sampled through the same inlet. It was operated throughout the year 2008 as part
of the Dutch Besluit Subsidies Investeringen Kennisinfrastructuur BSIK program. The25

MARGA-Sizer sampled ambient air through a 1 m3 h−1 Teflon coated PM2.5 impactor
at 30 l min−1, which represents about the particle fraction with diameters smaller than
2 µm. The outdoor inlet was surrounded by the same outdoor airflow as used for
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the MARGA-2S. Key difference between the MARGA-2S and MARGA-Sizer is a pre-
separator of parallel mounted impactors for size classification defining the measure-
ment range of the particles by different cut off sizes. During May 2008 the MARGA-
Sizer was operated with 5 Moudi impactor stages of the following cut off sizes: 0.18 µm,
0.32 µm, 0.56 µm, 1.00 µm, and 2.00 µm. The cut off characteristics of the Moudi stages5

were checked with mono disperse Latex spheres prior to the May 2008 IMPACT cam-
paign. Additionally to the five impactor inlets, an inlet equipped with a particle filter was
used to perform blank measurements and determine the background concentration
of the compounds. Measurements through the different size classes were alternated,
resulting in a semi-continuous measurement but gaining insights to the size distribu-10

tion of the individual species. In the standard 2 h cycle the blank was analyzed twice,
while each impactor stage, the direct connection and the denuder (gas phase mea-
surements) only once. The time coverage per fraction was thus 12.5 %. Due the low
concentrations in the sample solutions for the smallest fractions the ICs were equipped
with concentrator columns instead of the standard injection loops. Calibration and ser-15

vicing of the MARGA-Sizer was the same as for the MARGA-2S. The MARGA-Sizer
output was normalized by a factor 1.8 to match with the MARGA-2S results. The cause
of deviation remained unexplained and implications will be discussed below.

2.5 TD-PTR-MS

The TD-PTR-MS instrument was located inside the building next to the MARGA instru-20

ments. Aerosol was sampled from the roof at a height of 5 m above the ground through
a 10 m long non-insulated copper tube with an inner diameter of 4 mm. The system
consists of a modified commercial PTR-MS (Ionicon Inc., Innsbruck, Austria, Hansel
et al., 1995; Lindinger et al., 1998) which is equipped with both a gas and an aerosol
inlet. Since detailed descriptions can be found in Holzinger et al. (2010a) and Holzinger25

et al. (2010b) only a brief description follows. The centerpiece of the aerosol inlet is
a Collection-Thermal-Desorption (CTD) cell (Williams et al., 2006, Aerosol Dynamics,
Berkeley, CA, USA), which collects ambient particles in the 0.07 µm to 2.00 µm size
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range at an air sample flow rate of 1 l min−1, and allows for gradual thermal desorption
of the collected sample into the PTR-MS system. Particle collection is achieved by
humidification-aided impaction onto the stainless steel collection surface using a sonic
jet impactor. Humidification was needed to reduce particle rebound. Additionally, the
CTD cell contains an auxiliary injection port for the manual introduction of liquid stan-5

dards by means of a syringe. The transfer lines and the PTR-MS drift tube were
operated at elevated temperatures of 200 ◦C to avoid re-condensation of evaporated
particulate aerosol compounds. A measurement cycle of the TD-PTR-MS system is as
follows: while the PTR-MS is connected to the gas phase inlet, ambient air is pulled
through the CTD cell and the aerosol particles are collected on a sharp point in the10

CTD cell. Due to the high operating temperature of the PTR-MS drift tube and inlet
lines a significant fraction of the aerosol particles evaporate, so that in the gas-phase
channel the combined signal of gas phase and condensed-phase organics is detected.
After aerosol collection a small flow of 10 ml min−1 to 12 ml min−1 of nitrogen carrier
gas transports 100 % of the compounds evaporating from the CTD cell directly into the15

PTR-MS. The temperature of the CTD cell is ramped from ambient temperatures to
350 ◦C, which takes about 15 min at a ramping rate of 25 ◦C min−1. After a cool down
period of 10 min to 15 min a new collection cycle can be started. The operation in-
cluding valve switching and heating/cooling is automated and therefore the system is
capable of continuous measurements over extended periods of time.20

The instrument was equipped with a quadrupole mass filter which recorded full mass
spectra in the mass range of 20 Da to 219 Da at a scanning speed of 0.2 s mass unit−1,
so a full mass scan was completed every 40 s. The TD-PTR-MS detects all species
with the same sensitivity and signals of the measured aerosol species can be directly
related to a mass concentration without calibration. While Holzinger et al. (2010a)25

pointed out that in principle all desorbable organic aerosol compounds should be de-
tectable with this method, reservations hold with respect to possible fragmentation dur-
ing proton transfer or thermal dissociation on the CTD cell which can produce simple
structures such as CO2, CO or NO2 that are not detected by PTR-MS. If not otherwise
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mentioned, concentrations of individual aerosol species have been calculated accord-
ing to the procedure outlined in Holzinger et al. (2010b).

3 Results and discussion

3.1 Measurement conditions

The aerosol composition as observed with the AMS is shown in Fig. 1. The top graph5

(Fig. 1a) presents data from May 2008 and the bottom graph (Fig. 1b) data from
March 2009. The most upper panels in both graphs show the wind direction. As
a guidance of the eye, northerly wind directions are colored in blue, southerlies in red,
and easterly and westerly wind directions in green. Ambient temperature (T ) and the
relative humidity (RH) at 40 m height are given in the second upper panel. Particle10

mass loadings of organics (Org, green), nitrate (NO3, blue), sulfate (SO4, red), ammo-
nium (NH4, orange), and chloride (Cl, pink) are shown in the second lowest panels, as
well as the total non-refractory mass loading (black), i.e. the sum of these species. The
contributions of the individual species to the total mass are shown as a function of time
in the bottom panels of Fig. 1a and b. Gaps in the time series are due to instrument15

failure, instrument maintenance, calibrations, or filter measurements.
The 2008 measurement period was dominated by easterly and south-easterly wind

directions (top panel in Fig. 1a) transporting air masses from Eastern and Central
Europe to the measurement site. An overview of the synoptic situation over Europe
through the campaign is given by Hamburger et al. (2011). From 17–20 May northerly20

winds from the North Sea prevailed, transporting low mass loadings of aerosol par-
ticles (< 5 µg m−3) due to precipitation scavenging. This time period is referred to as
scavenged background situation from here on. Though not reflected in the local wind
profile, the meteorological background was dominated by long range transport of Sa-
hara dust from North Africa from 23 May on (Roelofs et al., 2010), from here on referred25

to as Sahara dust period. The particulate aerosol mass loading reached maximum
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concentrations of more than 30 µg m−3 during this period. As opposed to 2008, the
measurement period in 2009 was dominated by westerly winds (top panel in Fig. 1b),
almost uniformly covering the entire range from South to North. Only on 29 February
and in the period from 17 March 2009 to 21 March 2009 easterly winds, predominantly
from north-easterly directions, were present.5

As mentioned above, the aerosol stream was dried by two Nafion driers in both
campaigns. Since the temperatures in the basement were generally higher than the
ambient temperature, the positive temperature gradient caused a further reduction of
the RH within the sampling line. In May 2008, the ambient temperature and RH ranged
from 6.5 ◦C to 25.2 ◦C and 24.5 % to 99.8 %, respectively, with average values of 15.5 ◦C10

and 62.8 %, respectively. In the same time period, the temperature at the AMS inlet
ranged from 22.7 ◦C to 29.4 ◦C with an average of 26.5 ◦C and the RH ranged from
12.7 % to 42.2 % with an average of 23.1 %. This indicates, that the temperature was
generally higher and the RH lower in the basement accompanied by a considerably re-
duced spread in the values. Since the measurement period in 2009 took place in early15

spring, recorded temperatures were lower and RH higher compared to the summer
campaign in 2008. In March 2009, the average ambient temperature was only 7.0 ◦C
(0.7≤ T [◦C] ≥11.2) and the average RH as high as 77.6 % (31.9≤RH [%] ≥99.2). As
opposed to 2008, RH and temperature data were not available at the AMS inlet, but
the average temperature and RH measured at 60 m height with in the sampling line20

was 18.5 ◦C (16.5≤ T [◦C] ≥ 22.4) and 37.3 % (23.2≤RH [%] ≥ 57.4), respectively. As
already mentioned in the experimental section, beside the RIEH2O, the RH in the base-
ment in 2008 and in the pipe in 2009, respectively, was taken into consideration in data
analysis to calculate the residual particulate water content detected by the AMS. The
average residual particulate water was 0.64 µg m−3 in 2008 and 0.31 µg m−3 in 200925

corresponding to 6.6 % and 5.5 % of the average particulate mass reported for 2008
and 2009, respectively.
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3.2 Aerosol particle composition

The temporal evolution of the total particle mass loading as well as the individual
species as shown in the middle panel in Fig. 1a resulted in an average mass load-
ing of 9.72 µg m−3 in spring 2008. The chemical composition of the aerosol particles
was generally dominated by organics (bottom panel in Fig. 1a), accounting for 40 %5

of the total mass averaged over the measurement period (Fig. 2a). The second dom-
inant contributor to the particles composition was nitrate (26 %), which was distinctly
anti-correlated to sulfate (18 %). The scavenged background situation during mid of
May was characterized by an average mass loading of only 3.56 µg m−3 accompa-
nied by a high fractional abundance of sulfate and a very low fractional abundance10

of nitrate. In contrast to that, the Sahara dust period had an average mass loading
of 13.80 µg m−3 with maximum concentrations of almost 35 µg m−3. This period, espe-
cially from 25 to 28 May was characterized by decreasing organic and increasing nitrate
contributions. In March 2009, the dominance of nitrate (42 %) and organics (22 %) con-
tribution to the average non-refractory particulate aerosol composition (bottom panel in15

Fig. 1b), is interchanged compared to May 2008. Furthermore, an average mass load-
ing of only 5.62 µg m−3 was measured. Since westerly winds dominated during March
2009 the aerosol particles had a significantly shorter time over land and therefore a lim-
ited time to take up organic species. This fact in combination with the generally reduced
biogenic activity in winter time and reduced photochemistry can explain the reduced or-20

ganic contribution to the average particle composition in March 2009 compared to May
2008. The average fractional abundances of sulfate, ammonium and chloride show
only minor differences between 2008 and 2009.

3.2.1 CE

The determination of the absolute mass loading in the AMS requires the knowledge25

of the CE. The lower panel of Fig. 3 shows the ratio of the total mass detected by
the AMS to the mass derived from SMPS measurements (AMS/SMPS, black squares)
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versus the particulate nitrate mass fraction (MFNO3
). The particulate aerosol mass was

determined from the measured SMPS number distributions according to the following
steps. Each number distribution was transferred into a volume distribution under the
assumption of spherical particles. In each measurement interval the fractional abun-
dance of the individual species determined by the AMS was used to calculate the5

particle density. Densities of dry NH4NO3 (1.72 g cm−3) and (NH4)2SO4 (1.77 g cm−3)
were used as well as a density of 1.40 g cm−3 for organics (Hallquist et al., 2009).
The chloride detected in the AMS needs to flash evaporate at the vaporizer temper-
ature of about 600 ◦C. The probability that this chloride origins from an inorganic salt
is very small. We set the density of the chloride fraction to 1.00 g cm−3 and expect10

only a minor impact on the average particle density in view of the low fractional abun-
dance of 1 % and 3 %, respectively, in the two measurement periods. The mass was
then calculated by combination of the volume and the density information. The upper
panel of Fig. 3 shows the ratio of AMS nitrate to the particulate MARGA-Sizer nitrate
of the 1 mm channel (AMSNO3

/MARGANO3,1.00) in blue and the according ratio for sul-15

fate (AMSSO4
/MARGASO4,1.00) in red. In both panels an inflection of the mass ratios at

a MFNO3
of about 0.3 can be seen. This inflection is mass and time independent and

is controlled mainly by the nitrate mass fraction. Comparisons to results of other AMS
measurements performed at other locations during that campaign indicate a general
behavior across Europe (D. Worsnop, personal communication, 2010). This finding20

further supports the known fact of a composition dependent CE of the AMS (Matthew
et al., 2008; Crosier et al., 2007). Therefore, the CE applied for the two campaigns
presented here takes the MFNO3

dependent behavior into account. A constant CE of
0.5 was applied to all measurements with a MFNO3

below 0.3 (Eq. 1a) and the CE of
particles with higher nitrate fractions was calculated according to Eq. (1b):25

CE=0.5 for MFNO3
<0.3 (1a)

CE=0.26+0.94×MFNO3
for MFNO3

≥0.3 (1b)
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The change of the AMS/SMPS mass ratio after application of this CE is shown by
the grey dots in the lower panel of Fig. 3 (right axis). The magnitude of the standard
deviation of the AMS/SMPS ratio is reduced from 24 % to 18 % and the ratio has a value
of 1.03±0.18 after application of the CE to the AMS data.

In 2008 the AMS measured ammonium concentration exceeded the mass needed5

for neutralization of nitrate and sulfate by about 20 %. Artifacts from data analysis can
be ruled out since special attention was paid in terms of possible interferences and
relative ionization efficiency of ammonium determined by repeated ionization efficiency
calibrations. Further characterization of the measurement location is needed for a final
explanation of this observation, since a chicken farm is located only about 600 m north10

west of the CESAR tower. We speculate that our observed excess ammonium has
agricultural sources, since high concentrations of nitrogen containing compounds such
as ammonia and amines are known not only to be in the manure but to evaporate in
significantly amounts (Rotz, 2004).

3.2.2 Diurnal cycles15

Figure 4 shows the diurnal averages of individual aerosol components for the episodes
defined above based on main meteorological conditions. In 2008 (left part of Fig. 4)
nitrate showed a night time maximum if the entire measurement period is taken into ac-
count (most upper panel). While this maximum is very pronounced for the two episodes
1 May to 16 May (easterly winds, lowest left panel) and 21 May to 28 May (Sahara dust20

episode, second upper left panel) it is barely recognizable for the scavenged back-
ground situation (second lowest left panel). Night time maxima of nitrate not only in the
fractional abundance but even in absolute mass concentration were found also at other
measurement sites during the EUCAARI campaign. Likely this is due to heterogeneous
N2O5 conversion in the night and to volatilization of (ammonium) nitrate during the day.25

In contrast to nitrate, sulfate is characterized by a daytime maximum during all periods
of the campaign, in accordance with its photochemical formation. Even a distinct peak
in sulfate concentration right before noon can be recognized during the scavenged
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background situation. On average, organics show a slightly higher concentration dur-
ing the night (most upper left panel). This night time maximum is most pronounced
during the first half of May 2008 (lowest left panel). The average diurnal circle of the
measurement campaign in March 2009 (most upper right panel) shows no pronounced
maxima or minima in any specie. In the first measurement period from 24 February5

to 3 March (lowest right panel) when southerly and westerly winds dominated, diurnal
cycles with a night time maximum in nitrate, a daytime maximum in sulfate but only
slight diurnal variations in organics and ammonium can be found. Though the second
period in 2009 from 9 March to 17 March is a low loading period similar to the scav-
enged background situation on 2008 the diurnal evolution of the individual species is10

similar to the first period. This is most probably due to the same wind situation, where
origins range from south to north but only passing westerly directions. As opposed to
the two periods just mentioned, the wind originated from easterly directions in the third
period from 17 March to 20 March. In this case, daytime maxima are observed not
only in sulfate and ammonium but also in nitrate. In general, ammonium diurnal cycles15

in 2008 and 2009 can be explained based on the sum contribution of ammonium to
ammonium nitrate and ammonium sulfate. The diurnal cycles of nitrate, sulfate and
ammonium observed during the two campaigns agree well with observations reported
by Schaap et al. (2010) for PM10 diurnal cycles measured with MARGA.

3.2.3 Chemical size distribution20

Campaign averages of chemically resolved size distributions as measured by the AMS
at CESAR tower in 2008 (dashed lines) and 2009 (solid lines) are shown in Fig. 5.
Before averaging, a boxcar smooth (box width= 3) was performed on each size dis-
tribution. The mode diameter of the total mass (black line) is about 500 nm in both
measurement periods. The inorganic species are predominately detected in the larger25

size fraction while organic show a much broader size distribution extending into size
fractions below 100 nm. Main differences between the two observation periods are
the larger modal size of nitrate in 2008 than 2009 and the larger fraction of organics
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that is observed at small sizes in 2009 compared to 2008. On average 30 % of the
observed organics are due to particles with diameters below 200 nm in March 2009.
In comparison only 20 % of the organics are found in the size range below 200 nm in
May 2008.

3.3 Comparisons5

3.3.1 SMPS

A Scanning Mobility Particle Sizer (SMPS TSI 3034) attached to the same sampling
line as the AMS was operated by TNO from 14 May 2008 to End of May 2008. The
time series of the mass loading derived from these SMPS measurements (red) and
the total particulate mass loading of the AMS (black) is shown in Fig. 6. The mea-10

surements show very good quantitative and qualitative agreement, since even small
temporal loading variations are visible in both time series. Correlating the SMPS de-
rived mass to the total AMS mass results in a slope of 0.93 (R2 = 0.87) even when
the Sahara dust event is included. High mass loadings of more than 20 µg m−3 were
measured during the Sahara dust event.15

3.3.2 MARGA

The AMS data are further compared to measurements obtained with a MARGA-Sizer,
which was available in May 2008 (Fig. 7). Here, we only present the comparison to data
acquired with the 560 nm sampling inlet of the MARGA-Sizer. Figure 7 is separated
into four panels presenting from top to bottom the particulate chloride (Cl), ammonium20

(NH4), sulfate (SO4) and nitrate (NO3) concentrations measured by AMS (colored lines)
and MARGA-Sizer (black lines). The respective time series follow each other very well
and very good quantitative agreement is achieved. Since the AMS is a PM1 instrument
best quantitative agreement was expected with the data obtained through the 1.00 µm
channel. However, the measurement results of the 1.00 µm MARGA-sizer channel are25
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on average a factor of two higher than the AMS results, which is in the range of the
scaling factor of 1.8 applied to the MARGA-Sizer data equivalence with the standard
MARGA-2S. Correlations of the individual species for AMS and the 560 nm channel of
the MARGA-Sizer show ratios ranging from 0.79 and 0.84 for ammonium and chloride,
respectively, to 1.18 and 1.16 for nitrate and sulfate, respectively. It should be noted that5

even though the quantitative agreement of AMS and MARGA-Sizer was best for the
560 nm channel, the coefficients of determination (R2) were higher for the comparison
of AMS with the 1 µm channel (see Table 1). This indicates that indeed the variation of
the concentrations observed by the AMS was better fetched by the 1 µm channel. The
difference in absolute mass concentration between the AMS and the 1 µm channel of10

the MARGA-Sizer could be due to different sample positions for the AMS (60 m) and
MARGA-Sizer (4 m), since the observed mass will depend on the vertical distribution of
species as well as on the losses within the sampling line. Considering the instrumental
accuracies and limitations due to different sampling locations AMS and MARGA-Sizer
show good agreement.15

3.3.3 TD-PTR-MS

During May 2008, the TD-PTR-MS was applied for measurements of individual com-
ponents in the PM2 range. The single highest signal was detected at m/z 46, which
is attributed to NO+

2 . Note that unambiguous ion composition assignment is hindered
here by the use of a Quadrupole MS. Concentrations were calculated using a molecular20

weight of 62 g mole−1 (NO3) and a default reaction rate constant for proton transfer of
0.85×10−9 cm3 s−1 molecule−1. The detection of ammonium nitrate and the accuracy
of the parameters were confirmed in laboratory experiments. Figure 8 (lower panel)
shows that the TD-PTR-MS derived nitrate corresponds quite well to the AMS nitrate
(R2 = 0.59). It is interesting to note that the built-up of high night time concentrations25

in the period 9–13 May was not observed with the TD-PTR-MS. The reason for this is
not known at this point. The middle panel in Fig. 8 compares the total organic signal
measured with the TD-PTR-MS (all aerosol species except m/z 46) and the particulate
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organic fraction detected in the AMS. In the period 9 May to 16 May the TD-PTR-MS
total organic signal was about 30 % of the AMS organic concentration. This fraction is
lower than previously published values of comparisons to other AMS measurements,
however, in the period 17 May to 20 May the TD-PTR-MS total organic signal was about
85 % of AMS organic concentration. During this period very clean conditions prevailed5

and the high fraction detected with the TD-PTR-MS is in agreement with data from the
Mt. Sonnblick observatory (Holzinger et al., 2010a). A relatively high correlation of the
TD-PTR-MS signal at m/z 149 with AMS chloride is achieved in the time from 15 May
midnight to 17 May midnight (R2 = 0.76) as shown in Fig. 9 (lower panel). This time
period includes a distinct peak in chloride concentration that was not only captured10

by AMS and TD-PTR-MS but also by the water soluble chloride detecting MARGA-
Sizer (compare top panel in Fig. 7). The ratio of signals detected at m/z 149, m/z 150
and m/z 151 suggests that organic species with one chloride atom such as C6H9ClO2
could cause the majority of the signal. However, since the TD-PTR-MS was operated
with a Quadrupole MS, we cannot exclude the contribution of several other species to15

the signal detected at m/z 149. Utilizing the high resolution capabilities of the AMS,
we could identify a mass peak at m/z 148.029 (C6H9ClO2) that is indicative of an or-
ganic chloride source (red line in upper panel of Fig. 9). Together the possible organic
sources of chloride determined by the AMS and the TD-PTR-MS results supports the
expectation that AMS chloride originates from organic compounds as discussed earlier.20

4 Summary and conclusion

Extensive aerosol chemical composition measurements over the course of several
weeks were performed at the CESAR tower, The Netherlands, in May 2008 and
March 2009. While the measurement period in 2008 was dominated by organics
(40 %), nitrate was the dominant specie detected in 2009 (42 %). In both years, ni-25

trate was the most abundant inorganic specie detected in AMS and MARGA measure-
ments. The phenomenon of high nitrate fractional abundances is not only typical for
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the measurement location (ten Brink et al., 2009) but is known to occur all over Europe
(ten Brink et al., 1997; Putaud et al., 2004). For the first time, a nitrate dependent
CE was applied for quantifying AMS data. The CE increased linearly for particulate
nitrate fractions exceeding 0.3. A possible explanation is the reduced tendency of par-
ticles bouncing at elevated nitrate content. This parameterization seems to be valid5

for all Central European measurement locations during the EUCAARI measurement
campaign (D. Worsnop, personal communication, 2010). The average aerosol particu-
late mass loading was 9.72 µg m−3 in 2008 and 5.62 µg m−3 in 2009, which is in good
agreement with PM2.5 concentrations determined at different rural European locations
(Van Dingenen et al., 2004).10

Size resolved mass distribution measurements of the individual species detected in
the AMS indicate a mode diameter at 400 nm to 500 nm for the total mass as well as for
the inorganic species. The mass distribution of organics is much broader and extents
into the size range below 100 nm. Similar size distributions with inorganic species
dominating in the larger size fraction and a bimodal behavior of organics have often15

been observed in AMS measurements independent of location (Alfarra et al., 2004;
Allan et al., 2003).

Comparison of AMS total mass to the mass derived from SMPS measurements show
high qualitative and quantitative agreement. In 2008 a MARGA-Sizer was operated at
CESAR tower and comparison of the various inlet channels to AMS data show best20

correlation for the 1 µm channel. However, the mass concentrations of this channel
were on average a factor of 2 higher than the AMS total mass loading. Best quantitative
agreement between AMS and MARGA-Sizer was obtained through the PM0.56 channel.
Since this data present the first comparison of AMS and MARGA-Sizer of ambient
aerosol particles, further parallel sampling campaigns are needed to investigate the25

presented discrepancy. For the first time, a comparison of AMS data to data obtained
with the newly developed TD-PTR-MS is performed. Surprisingly, best qualitative and
quantitative agreement was achieved for the particulate nitrate concentration, which
is dominantly of inorganic origin. The total organic mass detected by the TD-PTR-
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MS accounted for 30 % to 85 % of the organic mass detected by the AMS depending
on the measurement period. Further intensive parallel measurements are needed in
the future for a deeper understanding of differences in detected mass and temporal
evolution.
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Table 1. Correlation of the 0.56 µm and the 1.00 µm channel of the MARGA-Sizer to AMS
loadings of NO3, SO4, NH4 and Cl. Presented are the slopes and one standard deviation
of a linear regression over the entire measurement period in May 2008. The coefficient of
determination (R2) is given in parenthesis.

NO3 SO4 NH4 Cl

0.56 µm 1.18±0.02 (0.73) 1.16±0.03 (0.24) 0.79±0.02 (0.40) 0.84±0.04 (0.49)
1.00 µm 2.16±0.04 (0.82) 1.67±0.03 (0.69) 1.43±0.02 (0.72) 1.43±0.04 (0.70)
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Fig. 1. Campaign overviews of aerosol chemical composition in May 2008 (a) and March 2009
(b). Mass concentrations (second lowest panel) and relative contributions (lowest panel) are
shown for total AMS measured mass (black), ammonium (orange), nitrate (blue), sulfate (red),
organics (green), and chloride (purple). The ambient temperature and RH in the second upper
panel as well as the wind direction in the most upper panel are given in both graphs. As
a guidance of the eye, northerly wind directions are colored in blue, southerlies in red, and
easterly and westerly wind directions in green.
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Fig. 2. Mean aerosol composition in May 2008 (a) and March 2009 (b). While the aerosol
chemical composition is dominated by organics (40 %) in May 2008, the main fraction is com-
posed of nitrate (42 %) in March 2009.
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Fig. 3. Lower panel: ratio of raw (black squares, left axis) and CE corrected (grey dots, right
axis) AMS total mass to SMPS derived aerosol particle mass as function of nitrate mass fraction
(MFNO3

) in the particles. Top panel: raw AMS/MARGA-Sizer (1.00 µm) nitrate (blue) and sulfate
(red) mass ratios. Note that the CE of the AMS shows a dependence on the aerosol nitrate
fraction with increasing nitrate fraction leading to increasing collection efficiency.
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Fig. 4. Average diurnal variation of the total mass (black), organics (green), nitrate (blue),
sulfate (red), ammonium (orange), and chloride (purple) as campaign averages (top panels)
and for each of the individual meteorological periods encountered in May 2008 (left) and March
2009 (right).
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Fig. 5. Average size distribution for May 2008 (dashed lines) and March 2009 (solid lines) of
the total mass (black, top panel), nitrate (blue), sulfate (red), and ammonium (orange, middle
panel), and organics (green) and Chloride (purple, bottom panel).
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Fig. 6. Time series of AMS total mass and mass derived from SMPS measurements in 2008.
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Fig. 7. Comparison of AMS chemical composition with MARGA-Sizer data for the May 2008
intensive campaign. AMS data are compared to MARGA 0.56 µm channel with good agreement
in terms of both absolute mass concentration and relative trends.
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Fig. 8. Comparison of AMS to TD-PTR-MS results. Lower panel: AMS nitrate (blue, left axis)
and TD-PTR-MS nitrate (m/z 46, black, right axis). Upper panel: AMS organic (green, left axis)
and TD-PTR-MS total organic (black, right axis).
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Fig. 9. Comparison of AMS to TD-PTR-MS results. Lower panel: AMS chloride (purple, left
axis) and TD-PTR-MS mass trace at m/z 149 (black, right axis). Upper panel: AMS high
resolution traces of C6H9ClO2 (m/z 148.029, red).
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