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Abstract. Observations of aerosol chemical composition in
Cabauw, the Netherlands, are presented 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 com-
pared to observations from aerosol size distribution measure-
ments as well as composition measurements with a Mon-
itor 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 pre-
sented and the data quality is discussed. In May 2008 en-
hanced pollution was observed with organics contributing
40 % to the PM1 mass. In contrast the observed average
mass loading was lower in March 2009 and a dominance of
ammonium nitrate (42 %) was observed. The semi-volatile
nature of ammonium nitrate is evident in the diurnal cy-
cles 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
measurements are presented and show a dominance of or-
ganics in the size range below 200 nm. A higher O:C ratio of
the organics is observed for May 2008 than for March 2009.
Together with the time series of individual tracer ions this
shows the dominance of OOA over HOA in May 2008.

1 Introduction

Aerosol particles directly and indirectly affect the global cli-
mate. Depending on their optical 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 the radiation balance of the Earth (e.g.
global dimming, Nazarenko and Menon, 2005; Ramanathan
et al., 2007; Romanou et al., 2007). Aerosol particles also
exhibit a range of indirect effects in acting as cloud con-
densation nuclei (CCN). Changes in particle number con-
centration 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; Phillips et al.,
2002). The IPCC report 2007 identifies aerosol particles as
the major uncertainty in the prediction of future climatic
conditions (IPCC, 2007). Aerosol particles are providing the
surface for heterogeneous reactions, thus affect the atmo-
spheric 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 (Pope et al., 2002). Apart from water,
the major constituents found in atmospheric aerosol particles
are sulfate, nitrate, ammonium, minerals, black carbon (BC)
and organic components often referred to as organic matter
(OM) (Rogge et al., 1993). The fractional abundance of the
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individual constituents is strongly dependent on the particles
origin and processing during their atmospheric lifetime.

Ammonium nitrate is a major component of the PM1
mass in polluted regions of Europe where reductions in sul-
fur dioxide emissions have reduced the occurrence of am-
monium 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 or-
ganic aerosol volatility and thus enhances the persistence of
the particulate organic aerosol fraction and their hygroscopic
properties (Jimenez et al., 2009; Morgan et al., 2010b). The
inorganic particulate aerosol is well characterized in Central
Europe in general and especially at the measurement location
of the campaigns presented in this paper (Schaap et al., 2011;
Weijers et al., 2011; ten Brink et al., 2007, 2009).

Here we present an overview of the aerosol composi-
tion as measured in two intensive observation periods at
Cabauw, the Netherlands. The measurements were linked
to the intensive observation periods of the European Inte-
grated Project on Aerosol Cloud Climate and Air Quality
interactions (EUCAARI) (Kulmala et al., 2009) and activi-
ties 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 frac-
tion of ammonium nitrate observed in May 2008 largely im-
pacts the aerosol optical thickness (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 modelling the aerosol
direct effects. We focus on the comparison of different in-
struments that measured the inorganic aerosol components in
May 2008. Aerosol particle mass spectrometric data is com-
pared to the results obtained by Monitor for AeRosol and
GAses (MARGA) and Thermal-Desorption Proton-Transfer-
Reaction Mass-Spectrometry (TD-PTR-MS) measurements.
We show that the inorganic particulate aerosol mass con-
centrations derived by the different approaches are in good
agreement with each other. Diurnal patterns of particulate in-
organic and organic aerosol are discussed and an overview
of the concentrations observed in the two campaigns is pre-
sented. Beside analysis of the inorganic particulate matter,
we extend the analysis by investigating the composition of
the organic particulate phase by high resolution time of flight
mass spectrometry. In particular the O/C ratio and individual
tracer ions are used to track OOA and HOA in both obser-
vation periods. To our knowledge, this is the first time that
online analysis of the organic particulate aerosol phase is re-
ported for that measurement location.

2 Experimental

2.1 CESAR Tower

As part of EMEP and the EUCAARI project, several in-
tensive observations periods were defined during which the
aerosol particles chemical composition was characterized
by aerosol mass spectrometry (AMS) at a number of field
sites throughout Europe (Kulmala et al., 2011). An Aero-
dyne 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 intensive observation pe-
riods. The first campaign (Intensive Measurement Period
At Cabauw Tower, IMPACT) took place in May 2008, the
second in March 2009. The CESAR observatory (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 repre-
sentative for North-West Europe and features continental 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 con-
vection and turbulences. The CESAR observatory is run by
the Royal Netherlands Meteorological Institute (KNMI), De
Bilt, The Netherlands. The site features a 213 m high tower
equipped with standard measurement devices for outside
and dew point temperature, and wind direction and speed at
200 m, 140 m, 80 m, 40 m, 20 m, 10 m, and 2 m height. Be-
side this, precipitation, cloud cover and height, radiation and
a range of remote sensing, flux and concentration measure-
ments of Green House Gases (GHG) are continuously per-
formed (Russchenberg et al., 2005).

2.2 AMS

The AMS was located in the tower basement, sampling
from an aerosol sampling line, 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 % rela-
tive humidity, (c) a 60 m stainless steel pipe, and d) a man-
ifold that splits the flow to a variable suite of instruments.
Instruments sampled their flow from the manifold using sep-
arate pumps to adjust the required flow for 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 instruments used less. Whenever an instru-
ment was added or removed from the manifold, the excess
air and flows to the other instruments were checked and ad-
justed when needed. The entire distance between tower inlet
at 60 m height and AMS inlet was about 70 m. The AMS
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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 an Ultrafine Condensational Particle Counter (UCPC,
TSI 3786, 600 ml min−1).

The working principles of the Aerodyne Aerosol Mass
Spectrometer (AMS) were described in detail elsewhere
(Canagaratna et al., 2007; Jayne et al., 2000; Jimenez et al.,
2003). A brief summary of the modes of operation and cali-
brations performed during the campaigns follows here.

The AMS allows the mass spectrometric online investi-
gation of aerosol particle composition after substantial re-
duction of the gas phase. The AMS can be separated into
four sections: an aerodynamic lens as inlet, a differen-
tially pumped vacuum particle sizing chamber, a vaporiza-
tion/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 factor of 107.
This gas phase reduction is a key feature since gaseous ni-
trogen alone has a concentration of 950× 106 µg m−3 in the
air and particulate aerosol concentrations 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 between
60 nm and 600 nm. Particles in the size ranges of 30 nm to
70 nm and 500 nm to 2500 nm are still substantially trans-
mitted, with a 50 % transmission efficiency for 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 operated at
approximately 600◦ 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 ac-
quires a full mass spectrum in one ion extraction, which oc-
curs every 30 µs in V-mode and every 50 µs in W-mode. V-
and 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 mass
to charge ratiom/z43. In the so called MS mode of opera-
tion mass spectral information is 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 ioniza-
tion efficiency (IE) needs to be determined by a calibra-
tion with ammonium nitrate particles (Drewnick et al., 2004;
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 condensational
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 sig-
nal of the mass spectrometer. A scaling factor is introduced
to link the amount of molecules introduced 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 ammonium nitrate calibration al-
lows for the determination of other aerosol compounds in
terms of nitrate equivalent mass. The actual mass of the com-
pound of interest can be determined, when the compounds
specific ionization efficiency is known. In practice, ioniza-
tion efficiencies relative to the ionization efficiency of nitrate
(IENO3) are used. These ionization efficiencies are called rel-
ative ionization efficiencies (RIE). E.g., the RIE of ammo-
nium (RIENH4), which is determined during the standard IE
calibration, is generally about 4.

Another quantity that needs to be determined for quantita-
tive 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 en-
tering the instrument and the detected mass. Since the CE
is composition dependent (Matthew et al., 2008; Crosier et
al., 2007), its determination will be explained in detail in the
upcoming section Aerosol Particle Composition (3.2.1).

In both observation periods, the aerosol stream was dried
by two Nafion dryers at the inlet at 60 m height. Therefore,
RH values measured in the sampling line do not reflect ambi-
ent RH. The RH time series were incorporated into the AMS
data analysis 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 wa-
ter (RIEH2O) of 2 as determined by Mensah et al. (2011) was
applied for determination of the residual particulate water.
Size calibrations were performed through measurements 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-mode (MS, and PToF mode) and W-
mode (MS mode only) regularly. The vaporizer temperature
was set to about 580◦ 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. Reg-
ular measurements with a High Efficiency Particulate Air
(HEPA) filter in line were performed to determine the gas
phase background signal. Data was collected with a time res-
olution of 5 min.

www.atmos-chem-phys.net/12/4723/2012/ Atmos. Chem. Phys., 12, 4723–4742, 2012



4726 A. A. Mensah et al.: Aerosol chemical composition at Cabauw

The data acquired with the AMS will be compared to data
acquired by several other collocated aerosol measurement in-
struments. In the following short descriptions of a Scanning
Mobility Particle Sizer (SMPS, TSI 3034), two Monitor for
AeRosol and GAses (MARGA, ten Brink et al., 2007) instru-
ments, 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 Scanning Mobility Particle Sizer
(SMPS) was located in the basement and sampled from the
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 mea-
sured with a log-equidistant resolution of 32 size bins per
decade in both campaigns.

The mobility size spectrometer (e.g. ten Brink et al., 1983)
consists of a sequential set-up of an impactor, neutralizer, dif-
ferential mobility analyzer (DMA) and a condensation parti-
cle counter (CPC). In the DMA, aerosol particles are classi-
fied according to their electrical mobility. The analyzer con-
sists of a cylinder with a negatively charged rod at the center.
Only aerosols in a narrow range of mobility exit through the
output slit, where they enter the CPC, which determines the
particle concentration of that size. Before entering the DMA,
aerosols are brought to a bipolar charge equilibrium using
a 85Kr bipolar charger (neutralizer). In charge equilibrium,
the fraction of particles with a single elementary charge is
known for all sizes (Wiedensohler, 1988). An impactor up-
stream of the DMA removes particles larger than the upper
size limit of the mobility spectrometer and allows for correc-
tion of multiple charged particles with same mobility as the
singly charged particles that are to be counted.

The operated SMPS is a modified version of a commer-
cially available instrument (TSI 3034). To ensure reliable
measurement data that is comparable to other European mea-
surement data, the technical standards for mobility size spec-
trometers developed within the EUSAAR project are fol-
lowed (Wiedensohler et al., 2012). Moreover, the SMPS
participated in a series of three intercomparison workshops
conducted between 2006 and 2009 at the WCCAP (World
Calibration Centre for Aerosol Physics) facilities in Leipzig
(Wiedensohler et al., 2012). At the workshops the particle
counting efficiency of the CPC used here was experimentally
determined and the inversion routine, necessary for convert-
ing measured mobility distributions into final particle num-
ber size distributions taking into account the bipolar charge
distribution as well as the DMA transfer function, was com-
pared to different commercial and custom-programmed in-
version routines to insure optimal performance of the SMPS
system.

2.4 MARGA

The two MARGA instruments sampled at a separate inlet
at 4 m height and collected aerosol at ambient RH and tem-
perature. The MARGA is a combination of a Wet Annular
Denuder (WAD) followed by a Steam Jet Aerosol Collec-
tor (SJAC, Slanina et al., 2001) to facilitate the chemical on-
line analysis of water soluble gases and particulate aerosol
components at the same time (Trebs et al., 2004). Details
of the calibrations, quality assurance and data analysis pro-
cedures routinely performed for MARGA are described in
Trebs et al. (2004). Here we give only a summary of the
specific sampling strategy for the Cabauw site. The instru-
ment can be run with different inlets to confine the parti-
cle size range. The MARGA-2S was deployed as the stan-
dard Applikon instrument (http://www.metrohm-applikon.
com/Products/MARGA.html). The MARGA-2S was in op-
eration at the Cabauw site as part of the Dutch Beleid Onder-
steunend Project (BOP) program for over a year (Septem-
ber 2007–October 2008). It measured both the PM10 and
PM2.5 fraction. This was accomplished by sampling the am-
bient air with a Teflon coated PM10 impactor at 2 m3 h−1.
A polyethene tube carried the sample air to an indoor split-
ter. The outdoor length of 2 m was surrounded by a fan
driven outdoor airflow to prevent wall interactions. Indoors,
the sample lines were insulated for the same purpose. After
the iso-kinetic split 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 an-
alytical part, the anion and cation ion chromatography (IC),
was continuously calibrated by a traceable internal LiBr stan-
dard solution. Generally the sum of the PM2.5 ions represents
50 % of the PM10 mass fraction. The measured ion concen-
trations compared well with filter measurements (Schaap et
al., 2011).

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. The 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 the MARGA-2S. Key differ-
ence between the MARGA-2S and MARGA-Sizer is a pre-
separator of parallel mounted impactors for size classifica-
tion defining the measurement range of the particles by dif-
ferent cut off sizes. During May 2008 the MARGA- Sizer
was operated with 5 Moudi impactor stages of the follow-
ing 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 stages
were checked with mono disperse Latex spheres prior to
the May 2008 IMPACT campaign. Additionally to the five
impactor inlets, an inlet equipped with a particle filter was
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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 distribution 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 to 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 servicing 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 build-
ing next to the MARGA instruments. 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 diam-
eter of 4 mm. The system consists of a modified commer-
cial 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, b) only a brief de-
scription follows. The centerpiece of the aerosol inlet is a
Collection-Thermal-Desorption (CTD) cell (Williams et al.,
2006, Aerosol Dynamics, Berkeley, CA, USA), which col-
lects ambient particles in the 0.07 µm to 2.00 µm size range
at an air sample flow rate of 1 l min−1, and allows for grad-
ual 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 us-
ing a sonic jet impactor. Humidification was needed to re-
duce particle rebound. Additionally, the CTD cell contains an
auxiliary injection port for the manual introduction of liquid
standards by means of a syringe. The transfer lines and the
PTR-MS drift tube were operated at elevated temperatures
of 200◦ 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 the 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 chan-
nel 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 di-
rectly into the PTR-MS. The temperature of the CTD cell
is ramped from ambient temperatures to 350◦, which takes

about 15 min at a ramping rate of 25◦ min−1. After a cool
down period of 10 min to 15 min a new collection cycle can
be started. The operation including valve switching and heat-
ing/cooling is automated and therefore the system is capable
of continuous measurements over extended periods of time.

The instrument was equipped with a quadrupole mass fil-
ter 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, 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) pointed out that in principle all desorbable
organic aerosol compounds should be detectable with this
method, reservations hold with respect to possible fragmen-
tation during 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 other-
wise mentioned, concentrations of individual aerosol species
have been calculated according to the procedure outlined in
Holzinger et al. (2010b).

3 Results and discussion

3.1 Measurement conditions

Key meteorological parameters are shown in Fig. 1. The top
graph (Fig. 1a) presents data from May 2008 and the bot-
tom graph (Fig. 1b) data from March 2009. The top pan-
els 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 humid-
ity (RH) at 40 m height are given in the second upper panel.
Further, the aerosol composition as observed with the AMS is
shown in the lower parts of the graphs. Particle mass loadings
of organics (Org, green), nitrate (NO3, blue), sulfate (SO4,
red), ammonium (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 instrument
maintenance, calibrations, filter measurements, or instrument
failure.

The 2008 measurement period was dominated by east-
erly 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 to 20 May northerly winds from
the North Sea prevailed, transporting low mass loadings of
aerosol particles (< 5 µg m−3) due to precipitation scaveng-
ing. This time period is referred to as scavenged background
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situation from here on. Though not reflected in the local wind
profile, the meteorological background was dominated by
long range transport of Sahara dust from North Africa from
23 May on (Roelofs et al., 2010), from here on referred to
as Sahara dust period. The particulate aerosol mass loading
reached maximum concentrations of more than 30 µg m−3

during this period. As opposed to 2008, the measurement pe-
riod 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 to 21 March easterly winds, predominantly from north-
easterly directions, were present.

As mentioned above, the aerosol stream was dried by two
Nafion driers in both campaigns. Since the temperature in
the basement was generally higher than the ambient temper-
ature, the positive temperature gradient caused a further re-
duction of the RH within the sampling line. In May 2008,
the ambient temperature and RH ranged from 6.5◦ to 25.2◦

and 24.5 % to 99.8 %, respectively, with average values of
15.5◦ and 62.8 %, respectively. In the same time period, the
temperature at the AMS inlet ranged from 22.7◦ to 29.4◦

with an average of 26.5◦ 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 reduced spread
in the values. Since the measurement period in 2009 took
place in early 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◦

(0.7 ≤ T [◦] ≤ 11.2) and the average RH as high as 77.6 %
(31.9≤ RH [%] ≤ 99.2). As opposed to 2008, RH and tem-
perature data were not available at the AMS inlet.

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 loading of
10.21 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 % of the to-
tal mass averaged over the measurement period (Fig. 2a).
The second dominant contributor to the particles composi-
tion was nitrate (26 %), which was distinctly anti-correlated
to sulfate (18 %). The scavenged background situation dur-
ing mid of May was characterized by an average mass load-
ing of only 3.69 µg m−3 accompanied by a high fractional
abundance of sulfate and a very low fractional abundance of
nitrate. In contrast to that, the Sahara dust period had an av-
erage mass loading of 14.35 µg m−3 with maximum concen-
trations of almost 40 µg m−3. This period, especially from 25
to 28 May was characterized by decreasing organic and in-
creasing nitrate contributions. In March 2009, the dominance
of nitrate (42 %) and organics (22 %) contribution to the av-
erage non-refractory particulate aerosol composition (bottom
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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.

panel in Figs. 1b and Fig. 2b), is interchanged compared to
May 2008. Furthermore, an average mass loading of only
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aerosol chemical composition is dominated by organics (41%) in May 2008, the main fraction 4 
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Fig. 2. Mean aerosol composition in May 2008 (left) and March 2009 (right). While the aerosol chemical composition is dominated by
organics (40 %) in May 2008, the main fraction is composed of nitrate (42 %) in March 2009. The average mass loading was 10.21 µg m−3

in May 2008 and 6.86 µg m−3 in March 2009.

6.86 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 limited time to take
up organic species. This fact in combination with the gener-
ally reduced biogenic activity and reduced photochemistry in
winter time can explain the reduced organic contribution to
the average particle composition in March 2009 compared to
May 2008. The average fractional abundances of sulfate, am-
monium and chloride show only minor differences between
2008 and 2009. To calculate the residual particulate water
content detected by the AMS the RIEH2O (Mensah et al.,
2010) and the RH in the basement in 2008 and in the pipe in
2009, respectively, was taken into consideration in data anal-
ysis. The average residual particulate water was 0.67 µg m−3

in 2008 and 0.37 µg m−3 in 2009 corresponding to 6.6 % and
5.5 % of the average particulate mass reported for 2008 and
2009, respectively.

In 2008 the AMS measured ammonium concentration ex-
ceeded the mass needed for neutralization of nitrate and sul-
fate up to 20 %. Artifacts from data analysis are unlikely
since special attention was paid in terms of possible interfer-
ences from gas phase ammonia and relative ionization effi-
ciency of ammonium determined by repeated ionization effi-
ciency calibrations. Unusually high ammonia concentrations
measured at CESAR tower in previous campaigns were as-
signed to agricultural activities nearby (Schaap et al., 2011;
Weijers et al., 2011). We speculate that our observed excess
ammonium has agricultural sources, since high concentra-
tions of nitrogen containing compounds such as ammonia
and amines are known not only to be in the manure but also
to evaporate in significantly amounts (Rotz, 2004). Particles
containing oxalic acid can take up significant amounts of am-
monia from the gas phase under laboratory conditions, which
then can be detected as particulate ammonium by the AMS
(Mensah et al., 2011). As discussed below, there is evidence

of substantial contribution of highly oxidized organic com-
pounds, such as organic acids to the particulate aerosol mass
in May 2008. 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 north west
of the CESAR tower.

3.2.1 Determination of CE and comparison of
AMS with SMPS

The determination of the absolute mass loading in the AMS
requires the knowledge of the CE. Dry and solid particles,
e.g. particles with a high sulfate mass fraction, tend to bounce
off the vaporizer without being evaporated, i.e., substantial
amounts of the introduced particulate mass will not be de-
tected in the MS. That means in reverse, the ratio of intro-
duced to detected amount is favored for wet or waxy parti-
cles, e.g. particles with a high nitrate mass fraction. Labo-
ratory studies show that the CE can range from 0.3 for am-
monium sulfate dominated to 1.0 for nitrate dominated in-
ternally mixed particles (Matthew et al., 2008). A CE value
of 0.5 was determined in numerous field campaigns (Cana-
garatna et al., 2007 and references therein). To evaluate if
this value is also appropriate for these specific measurements,
the mass loadings determined by the AMS are compared to
other measurements. Comparisons are generally performed
for the total particle mass loading (Quinn et al., 2006) or
specific components, e.g. sulfate (Drewnick et al., 2004).
The upper panel of Fig. 3 shows the ratio of AMS nitrate
to the particulate MARGA-Sizer nitrate of the 1 µm channel
(AMSNO3/MARGANO3,1.00) in blue and the according ratio
for sulfate (AMSSO4/MARGASO4,1.00) in red. In both panels
an inflection of the mass ratios at a particulate nitrate mass
fraction MFNO3 of about 0.3 can be seen. MFNO3 is defined
as the particulate nitrate mass divided by the total particu-
late mass. This inflection is mass and time independent and
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is controlled mainly by the nitrate mass fraction. 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) versus the (MFNO3). The in-
flection at MFNO3 = 0.3 can also be seen in this comparison.
This seems to be a general behavior across Europe based
on other AMS measurements performed at other locations
during that campaign (Nemitz et al., 2012). The particulate
aerosol mass was determined from the measured SMPS num-
ber distributions. To compare the mass loading of the AMS
to measurements of the SMPS two things need to be consid-
ered concerning the different size cut offs of AMS and SMPS
(Kleinman et al., 2008). First, the AMS has an almost 100 %
transmission efficiency of particles only between∼60 nm to
∼600 nm. There is a steep decrease in transmission efficiency
for particles smaller and larger than this size range. Already
particles of 700 nm show significantly decreased transmis-
sion efficiency of only 67 % in laboratory experiments (Jayne
et al., 2000). Second, the size range of the AMS is given
as aerodynamic diameter (dva). To compare to the geomet-
ric diameter (dgeo) reported by the SMPS, the particle den-
sity needs to be taken into account. In a rough calculation
assuming spherical particles and an average particle density
of 1.5 g cm−3, adva of 600 nm corresponds to adgeo of only
400 nm. In the actual calculation, the following steps were
performed. Each number distribution was transferred into a
volume distribution under the assumption of spherical parti-
cles. In each measurement interval the fractional abundance
of the individual species determined by the AMS was used
to calculate the 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 temperature of about 600◦. 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 expect only a minor impact on the average
particle density in view of the low fractional abundance of
1 % and 3 %, respectively, in the two measurement periods.
The mass was then calculated by combination of the volume
and the density information.

To account for the known fact of a composition dependent
CE of the AMS (Crosier et al., 2007), especially the depen-
dence on MFNO3, an empirical function was generated. A
constant CE of 0.5 was applied to all measurements with a
MFNO3 below 0.3 (Eq. 1a), which corresponds to the value
found in other field campaigns with dry, sulfate dominated
aerosol particles (Allan et al., 2004). Atmospheric nitrate
is dominated by ammonium nitrate and laboratory experi-
ments show a CE of 1.0 for pure ammonium nitrate particles
(Matthew et al., 2008), in which the MFNO3 is 0.78. This fact
is reflected in equation 1b. To account for the increasing CE
of particles with increasing nitrate fraction, the CE of parti-
cles with a MFNO3 above 0.3 and below 0.78 was calculated
according to Eq. (1c):
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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 a function of nitrate mass fraction (MFNO3)

in the particles. Top panel: raw AMS/MARGA-Sizer (1.00 µm) ni-
trate (blue) and sulfate (red) mass ratios. Note that the CE of the
AMS shows a dependence on the aerosol nitrate fraction with in-
creasing nitrate fraction leading to increasing collection efficiency.

CE=0.5 for MFNO3 < 0.3 (1a)

CE=1.0 for MFNO3 = 0.78 (1b)

CE=0.1875+ 1.0417× MFNO3 for 0.3 ≤ MFNO3 < 0.78 (1c)

These equations reflect the general behavior of the CE across
Europe and is also given by Nemitz et al. (2012). 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 1.06± 0.20 after application of the CE to the
AMS data.

For further comparison time series of the total particulate
mass loading of the AMS (black) and the mass loading de-
rived from these SMPS measurements (red) are shown in
Fig. 4. from 14 May 2008 to End of May 2008. The mea-
surements show very good quantitative and qualitative agree-
ment, since even small temporal loading variations are visi-
ble in both time series. Correlating the SMPS derived mass
to the total AMS mass results in a slope of 0.89 (R2

= 0.86)
even when the Sahara dust event is included. High mass load-
ings of more than 30 µg m−3 were measured during the Sa-
hara dust event.
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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 1.03± 0.02 (0.70) 1.12± 0.03 (0.22) 0.73± 0.02 (0.37) 0.72± 0.03 (0.49)
1.00 µm 1.91± 0.03 (0.82) 1.81± 0.03 (0.69) 1.32± 0.02 (0.72) 1.30± 0.04 (0.68)

Middlebrook et al. (2011) evaluated the impact of com-
position of the particle on the CE in greater detail. Similar
to our results they found a constant CE for particles with a
MFNO3 ≤ 0.31 and an increasing CE with higher MFNO3.
The constant CE was determined to be 0.45, which can be
considered relatively low compared to the minimum/average
value found in other field measurements (Canagaratna et
al., 2007). Overall, the application of Eq. (6) in Middle-
brook (2011) to our data would result in higher AMS mass
loadings, which would increase the discrepancy to the SMPS
derived mass loading.

3.2.2 Comparison of inorganic composition from AMS
and MARGA-Sizer

The AMS data are further compared to measurements
obtained with a MARGA-Sizer, which was available in
May 2008 (Fig. 5). Here, we only present the compari-
son to data acquired with the 560 nm sampling inlet of the
MARGA-Sizer. Figure 5 is separated into four panels pre-
senting from top to bottom the particulate chloride (Cl), am-
monium (NH4), sulfate (SO4) and nitrate (NO3) concentra-
tions measured by AMS (colored lines) and MARGA-Sizer
(black lines). The respective time series follow each other
very well and good quantitative agreement is achieved. Since
the AMS is considered 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 channel are on average a factor of 1.6 higher than
the AMS results, which is in the range of the scaling fac-
tor 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 0.73 and 0.72 for ammo-
nium and chloride, respectively, to 1.03 and 1.12 for nitrate
and sulfate, respectively. It should be noted that 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 varia-
tion of the concentrations observed by the AMS was bet-
ter fetched by the 1 µm channel. The difference in absolute
mass concentration between the AMS and the 1 µm channel
of the MARGA-Sizer could be due to different sample po-
sitions for the AMS (60 m) and MARGA-Sizer (4 m), since
the observed mass will depend on the vertical distribution of
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Figure 4:  Time series of AMS total mass and mass derived from SMPS measurements in 3 

2008.4 

Fig. 4.Time series of AMS total mass and mass derived from SMPS
measurements in 2008.

 46

 1 

 2 

Figure 5: Comparison of AMS chemical composition with MARGA sizer data for the 3 

May 2008 intensive campaign. AMS data are compared to MARGA 0.56 µm channel with 4 

good agreement in terms of both absolute mass concentration and relative trends. 5 
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Fig. 5. Comparison of AMS chemical composition with MARGA
sizer data for the May 2008 intensive campaign. AMS data are com-
pared to MARGA 0.56 µm channel with good agreement in terms
of both absolute mass concentration and relative trends.

species as well as on the losses within the sampling line. Con-
sidering the instrumental accuracies and limitations due to
different sampling locations AMS and MARGA-Sizer show
a qualitatively good agreement.
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3.2.3 Comparison of nitrate and organics from AMS
and TD-PTR-MS

During May 2008, the TD-PTR-MS was applied for mea-
surements of individual components in the PM2 range. The
single highest signal was detected atm/z46, which is at-
tributed to NO+

2 . Note that unambiguous ion composition
assignment is hindered here by the use of a Quadurpole MS.
Concentrations were calculated using a molecular weight of
62 g mole−1 (NO3) and a default reaction rate constant for
proton transfer of 0.85× 10−9 cm3 s−1molecule1. The detec-
tion of ammonium nitrate and the accuracy of the parameters
were confirmed in laboratory experiments. Figure 6 (lower
panel) shows that the TD-PTR-MS derived nitrate corre-
sponds quite well to the AMS nitrate (R2

= 0.60). It is in-
teresting to note that the built-up of high night time concen-
trations 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 top panel in Figure 6 compares the total organic signal
measured with the TD-PTR-MS (all aerosol species except
m/z46) and the particulate 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 concen-
tration. This fraction is lower than previously published val-
ues of comparisons to other AMS measurements, however,
in the period 17 May to 20 May the TD-PTR-MS total or-
ganic signal was about 85 % of AMS organic concentration.
During this period very clean conditions prevailed and the
high fraction detected with the TD-PTR-MS is in agreement
with data from the Mt. Sonnblick observatory (Holzinger et
al., 2010a). The increase in detection sensitivity of the TD-
PTR-MS might be due to changes in the composition of
the aerosol particles. The fractional contribution of organics
is significantly decreased at that time, which is most prob-
ably accompanied by an increase in the hygroscopicity of
the aerosol particles. Since particle collection is achieved by
humidification-aided impaction, an increased hygroscopicity
of the particles could result in an increased collection effi-
ciency. The organic contribution increases again after the 21
May. Unfortunately, no TD-PTR-MS data is available after
that time to investigate this hypothesis in greater detail. A rel-
atively high correlation of the TD-PTR-MS signal atm/z149
with AMS chloride is achieved in the time from 15 May mid-
night to 17 May midnight (R2

= 0.75) as shown in Fig. 7
(lower panel). This time period includes a distinct peak in
chloride concentration that was not only captured by AMS
and TD-PTR-MS but also by the water soluble chloride de-
tecting MARGA-Sizer (compare top panel in Fig. 5). The
ratio of signals detected atm/z149,m/z150 andm/z151 sug-
gests 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
to the signal detected atm/z149. Utilizing the high resolu-
tion capabilities of the AMS, we could identify a mass peak
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Figure 6: Comparison of AMS to TD-PTR-MS results. Lower panel: AMS nitrate (blue, left 3 

axis) and TD-PTR-MS nitrate (m/z 46, black, right axis). Upper panel: AMS organic (green, 4 
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Fig. 6. Comparison of AMS to TD-PTR-MS results. Lower panel:
AMS nitrate (blue, left axis) and TD-PTR-MS nitrate (m/z46, black,
right axis). Upper panel: AMS organic (green, left axis) and TD-
PTR-MS total organic (black, right axis).

at m/z148.029 (C6H9ClO2) that is indicative of an organic
chloride source (red line in upper panel of Fig. 7). The same
temporal behavior of the corresponding isotope (C6H37

9 ClO2,
m/z150.026) can be found. The ratio of these two signal re-
flects the isotopic ratio of35Cl/37Cl when no constrains are
applied within the analysis software. Therefore, these peaks
can be considered real, even though they account for only a
minor fraction of the total chloride containing high resolu-
tion signal (< 1 %). On the one hand, this time trace does not
show high correlation to the time trace of the TD-PTR-MS
signal onm/z149. On the other hand, peaks simultaneous in
time for aliphatic organic ions detected on mass to charge
ratios m/z43, m/z55, andm/z57 can be found, which will
be discussed in further detail in Sect. 3.5.1. These findings
support the expectation that AMS chloride originates from
organic compounds as discussed earlier.

3.3 Chemical size distribution

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. 8. The mode
diameter of the total mass (black line, panel a) is about
500 nm in both measurement periods. The inorganic species
are predominately detected in the larger size fraction while
organic show a much broader size distribution extending into
size fractions below 100 nm. Similar behavior of organic and
inorganic species was found by Poulain et al. (2011) but with
generally smaller mode diameters. Main differences between
the two observation periods are the smaller modal diame-
ter of nitrate and the larger fraction of organics that is ob-
served at small sizes in 2009 compared to 2008. Maximum
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Figure 7: Comparison of AMS to TD-PTR-MS results. Lower panel: AMS chloride (purple, 3 

left axis) and TD-PTR-MS mass trace at m/z 149 (black, right axis). Upper panel: AMS high 4 
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Fig. 7. Comparison of AMS to TD-PTR-MS results. Lower panel:
AMS chloride (purple, left axis) and TD-PTR-MS mass trace at
m/z149 (black, right axis). Upper panel: AMS high resolution traces
of C6H9ClO2 (m/z148.029, red).
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Figure 8: Average size distribution for May 2008 (dashed lines) and March 2009 (solid lines) 3 
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Fig. 8. Average size distribution for May 2008 (dashed lines) and
March 2009 (solid lines) of the total mass (black, panela), ni-
trate, sulfate, and ammonium (blue, red, and orange, respectively,
panelb), organics, and chloride (green, and purple, respectively,
panelc). Paneld shows the average size distributions of organic
signal onm/z43,m/z44, andm/z57 (Org43 (green), Org44 (black),
and Org57 (purple), respectively). Note, that the signal of Org57 is
multiplied by a factor of 2 for better display.

average mass fractions of nitrate were observed in the size
range 500 nm–1000 nm in May 2008 and between 300 nm–
800 nm in March 2009. On average 30 % of the observed or-
ganics 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 Note that
the mass fraction of organics in particles smaller than 200 nm
was thus≥ 60 % in May 2008 and≥ 35 % in March 2009.

Additionally, we present in panel d of Fig. 8 the aver-
age size distribution of the organic signal onm/z43 (Org43,
green),m/z44 (Org44, black), andm/z55 (Org57, purple).
For better display, the signal of Org57 is multiplied by a fac-
tor of 2. Org44 shows a clear maximum at about 450 nm
to 500 nm Org43 shows especially in 2009 a much broader
size distribution. The size distribution of Org57 shows no
distinct peak and extends far into the small size range of
below 100 nm. While Org43 and Org44 are generally asso-
ciated with secondary organic aerosol, Org57 is associated
with primary organic aerosol (Zhang et al., 2005b). An ex-
tended discussion on organic tracer analysis will follow in
the upcoming section “Analysis of the organic phase”.

3.4 Diurnal cycles

Figure 9 shows the diurnal averages of individual aerosol
components for the episodes defined above based on main
meteorological conditions. In 2008 (left part of Fig. 9) nitrate
showed a night time maximum, if the entire measurement
period is taken into account (upper most 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 dust episode, second upper left panel) it
is barely recognizable for the scavenged background situa-
tion (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 (Poulain et al., 2011).
Likely this is due to heterogeneous N2O5 conversion in the
night and to volatilization of (ammonium) nitrate during the
day. In contrast to nitrate, sulfate is characterized by a day-
time maximum during all periods of the campaign, in accor-
dance with its photochemical formation. Even a distinct peak
in sulfate concentration right before noon can be recognized
during the scavenged background situation. On average, or-
ganics show a slightly higher concentration during the night
(upper most 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 cam-
paign in March 2009 (upper most right panel) shows no pro-
nounced maxima or minima in any specie. In the first mea-
surement period from 24 February–3 March (lowest right
panel) when southerly and westerly winds dominated, diur-
nal cycles with a night time maximum in nitrate, a daytime
maximum in sulfate but only slight diurnal variations in or-
ganics and ammonium can be found. Though the second pe-
riod in 2009 from 9 March to 17 March is a low loading pe-
riod similar to the scavenged background situation on 2008
the diurnal evolution of the individual species is similar to
the first period. This is most probably due to the same wind

www.atmos-chem-phys.net/12/4723/2012/ Atmos. Chem. Phys., 12, 4723–4742, 2012



4734 A. A. Mensah et al.: Aerosol chemical composition at Cabauw

situation, where origins range from south to north but only
passing westerly directions. As opposed to the two periods
just mentioned, the wind originates 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 ammo-
nium but also in nitrate. In general, ammonium diurnal cycles
in 2008 and 2009 can be explained based on the sum contri-
bution of ammonium to ammonium nitrate and ammonium
sulfate. The diurnal cycles of nitrate, sulfate and ammonium
observed during the two campaigns agree well with obser-
vations reported by Schaap et al. (2011) for PM10 diurnal
cycles measured with MARGA.

3.5 Analysis of the organic phase

3.5.1 Organic tracer analysis

Figure 10a and b show the time traces of different organic
ions at mass to charge ratiom/z43,m/z44,m/z55, andm/z57
from top to bottom. Please note, in 2008 the signals of
C2H3O+ on m/z43 and CO+2 on m/z44 are divided by a
factor of 10 to allow for parallel display on the same axis
as the other ions at the respectivem/z. In 2009 this is only
the case for CO+2 . Furthermore, the CO2 signal reported here
represents the particulate CO+

2 after correction for gas phase
CO+

2 interference. While the ions atm/z43 andm/z44 can
be considered as tracers for oxidized organic aerosol (OOA)
the signals atm/z55 andm/z57 are considered as tracers of
aliphatic/hydrocarbon-like organic aerosol (HOA, Zhang et
al., 2005a).

Due to the evaporation/ionization scheme of the AMS, al-
most all molecules are subject to substantial fragmentation.
Therefore, the mass spectrum consists mainly of ions which
are fragments of the mother ion. The high reproducibility of
the fragmentation allows for assigning the ion fragments to
specific molecular classes. That means for the ions presented
here, that the non-oxidized ions most probably originate from
aliphatic molecules or molecules which are dominated by
an aliphatic structure. The ions containing a single oxygen
atom most probably originate from molecules containing car-
bonyl groups such as aldehydes, ketones or ethers. Except
for the CO+

2 ion onm/z44, which represents carboxyl com-
pounds such as organic acids or esters, the concentration of
ions containing two oxygen atom is highly dependent on the
sample but generally and especially in these field campaigns
negligible. Since the signals atm/z43 andm/z44 are gener-
ally dominated by the oxidized ions, they are associated with
secondary organic aerosol (SOA). Opposite to this,m/z55
and m/z57 are dominated by aliphatic ions and are there-
fore associated with primary organic aerosol (POA, Zhang
et al., 2005b).

High-resolution analysis of the organic mass spectra al-
lows for exact attribution of signal intensity to different ions
at the same nominal mass. While the CO+

2 ion is shown in
black, the other oxygenated ions are shown in green and the

Fig. 9. Average diurnal variation of the total mass (black), organics
(green), nitrate (blue), sulfate (red), ammonium (orange), and chlo-
ride (purple) as campaign averages (top panels) and for each of the
individual meteorological periods encountered in May 2008 (left)
and March 20009 (right).

aliphatic ions in gray. At the nominal mass ofm/z43 the
ions C3H+

7 and C2H3O+ are detected. The latter is generally
dominant and considered as a tracer of less oxidized/semi-
volatile organic aerosol (SV-OOA, Ng et al., 2010). C3H+

8
and C2H4O+ as well as CO+2 contribute to the signal at
m/z44. CO+

2 is by far the dominating ion, originating from
highly oxidized/low-volatile organic aerosol (LV-OOA) such
as organic acids (Ng et al., 2010). Except for a few instances,
the time traces of all ions are highly correlated. An inter-
esting phenomenon can be seen on the 15 May 2008. The
aliphatic ions onm/z43, m/z55, andm/z57 show a distinct
peak in the early hours which is simultaneous with a very
distinct peak in the chloride time trace. This supports the
assumption of an organic origin of that chloride. This chlo-
ride peak was not only detected by the AMS but also by the
collocated instruments MARGA-Sizer (Fig. 5) and TD-PRT-
MS (Fig. 7) The temporal correlation of the AMS chloride
peak with the TD-PTR-MSm/z149 and the aliphatic ion time
traces further supports the organic origin of AMS detected
chloride.

As already seen in other field campaigns (Zhang et al.,
2005a; Alfarra et al., 2004) and can be seen in the pie chart
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Fig. 10.Time traces of different organic ions at mass to charge ratiom/z43,m/z44,m/z55, andm/z57 from top to bottom in May 2008(a)
and March 2009(b), respectively. Please note, in 2008 the signals of C2H3O+ onm/z43 and CO+2 onm/z44 are divided by a factor of 10 to

allow for parallel display on the same axis as the other ions at the respectivem/z. In 2009 this is only the case for CO+2 .

insets,m/z43 andm/z44 are dominated by the oxidized com-
ponent andm/z55, andm/z57 are dominated by the aliphatic
components. The pie charts give the contribution of the dif-
ferent ions a the respectivem/z. The contribution of oxidized
to aliphatic ions differs significantly for the two measurement
periods. In general, the fraction of oxidized ions is higher in
May 2008. We interpret this as a result of the increases ox-
idative potential of the atmosphere in spring/summer com-
pared to winter. Higher intensity accompanied by longer du-
ration of sunlight increases the production of OH radicals,
which are the major oxidants in the atmosphere (Finlayson-
Pitts and Pitts, 2000) during day time. E.g. while C2H3O+

contributes 85 % of the signal atm/z43 in May 2008, the
contribution is lowered to only 60 % in March 2009. Similar
behavior can be observed onm/z55 andm/z57 where the sig-
nal is composed of contributions by C4H+

7 and C3H3O+, and
C4H+

9 and C3H5O+, respectively. As already stated, these
mass to charge ratios are generally dominated by the non-
oxidized ions and associated with fresh, primary and/or an-
thropogenic emissions (Zhang et al., 2005a). The dominance
of the aliphatic ion increases from summer to winter. The
contribution of C4H+

7 on m/z55 increases from slightly over
half to more than two thirds. This increase is even more
pronounced for C4H+

9 on m/z57, where the contribution in-

creases from slightly over half to more than three quarters.
The overall increase in the contribution of aliphatic ions is
rather due to the significant decrease of the oxygenated ions
than the moderate increase of the aliphatic ions from summer
to winter.

3.5.2 Diurnal cycles of O:C and H:C ratios

Further insight to the composition of the organic particulate
phase can be gained by investigating the oxygen to carbon
(O:C) and hydrogen to carbon ratio (H:C), respectively. The
O:C and H:C ratios can be determined from high resolution
analysis of the organic mass spectra (Aiken et al., 2007). Fig-
ure 11a and b show the diurnal cycles of the O:C ratio (green
dots, left axes) and H:C ratios (gray triangles, right axes) in
May 2008 and March 2009, respectively. The top panel in
each graph shows the diurnal average for the entire measure-
ment period and the three panels below show the average di-
urnal cycles for three specific time intervals. The O:C and
H:C ratios are highly anti-correlated in both measurement
periods. The average O:C ratio in May 2008 is significantly
higher than in March 2009. While the ratio reaches values
of almost 0.7 in May 2008, which corresponds to highly ox-
idized LV-OOA (Aiken et al., 2008), the O:C ratio did not
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Fig. 11.Diurnal cycles of the O:C ratio (green dots, left axes) and H:C ratios (gray triangles, right axes) in May 2008(a) and March 2009
(b), respectively. The top panel in each graph shows the diurnal average for the entire measurement period and the three panels below show
the average diurnal cycle for three specific time intervals.

exceed 0.4 in winter 2009. These low values are generally as-
sociated with less oxidized SV-OOA (Jimenez et al., 2009).

On a daily basis, the O:C ratios show a minimum in the
early morning hours and a maximum during the daytime.
This maximum is pronounced and extended in May 2008
compared to March 2009 which correlates with more hours
of sunshine in May and therefore longer time of photochem-
ical aging. This indicates local aging of organic compounds
by photochemical oxidation during the daytime. Interest-
ingly, the period P2 during scavenged background conditions
in May 2008 shows a reduced amplitude in O:C ratio accom-
panied by a high average value of 0.61. The combination of
these two facts indicates the detected aerosol particles were
aged and subject to long range transport in addition to the
absence of local sources for OOA (Hildebrandt et al., 2010).
In both measurement periods, the H:C ratios show a maxi-
mum in the morning hours. In May 2008 a moderate increase
between 04:00 h and 08:00 h can be seen. The ratio peaks
between 05:00 h and 06:00 h UTC, which corresponds to 2 h
later in the day in local time. Therefore, the peak on H:C ra-
tio appears at the time of morning traffic, which is generally
accompanied by an increased emission of compounds high in
H:C and low in O:C ratios from fossil fuel emissions (Aiken
et al., 2008). In March 2009, morning peak values in H:C

are found between 06:00 h and 07:00 h UTC which also cor-
responds to a local time of 07:00 h to 08:00 h due to reduced
time shift of only one hour in winter. The decrease in H:C
ratio during the daytime is not only due to the transforma-
tion from aliphatic to oxygenated compounds but also due
to temperature increase. Aliphatic compounds high in H:C
tend to have higher vapor pressures than oxygenated species,
causing the aliphatic compounds to evaporate from the par-
ticulate phase with increasing temperature. The temperature
dependence of O:C and H:C ratios was shown by Huffman et
al. (2009) by thermodenuder experiments on ambient aerosol
particles. Reduced photochemical ageing due to reduced sun-
light in addition to lower ambient temperatures can explain
the significantly higher H:C ratios in March 2009. As ex-
pected, elevated H:C ratios were measured in winter com-
pared to summer. While in March 2009, the H:C ratio fluc-
tuates around 1.5, it fluctuates around 1.3 in May 2008. The
increased H:C ratio corresponds to the finding of the tracer
analysis showing reduced aging of the aerosol particles due
to a lowered oxidative potential of the atmosphere in winter
time.
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Fig. 12. van Krevelen diagram presenting the H:C and O:C ratios for the two campaigns in May 2008 (left) and March 2008 (right),
respectively. The data is colored by time and the result of a linear regression (black solid line) is shown. Transformation from CH2 to CO
and CO2 is indicated by the left (A to B) and right (A to C) dashed grey line, respectively.

3.5.3 O:C and H:C in the van Krevelen diagram

The H:C and O:C ratios of an ensemble of measurements
can be graphically illustrated in a van Krevelen diagram (van
Krevelen, 1950, Fig. 12). Here, the H:C ratio is plotted versus
the O:C ratio. Three distinct points in the graph are labeled
in the left part of Fig. 12 with the letters A, B, and C, respec-
tively. Label A is at a H:C ratio of 2.0 and an O:C ratio of
0.0. This corresponds to a theoretical hydrocarbon consisting
solely of (-CH2-)-segments. The H:C ratio of 0.0 at an O:C
ratio of 1.0 labeled B corresponds to a theoretical hydrocar-
bon consisting solely of (-C(=O)-)-segments. And the H:C
ratio of 0.0 at an O:C ratio of 2.0 corresponds to a theoret-
ical hydrocarbon consisting solely of (-C(=O)O-)-segments
is labeled C. The transition from point A to B corresponds
to the transformation of a (-CH2-)-segment into a (-C(=O)-)-
segment, i.e. a carbonyl group, is highlighted by the left grey
dashed line with a slope of−2. The transition from point A
to point C corresponds to the transformation of a (-CH2-)-
segment into a (-C(=O)O-)-segment, i.e. a carboxyl group, is
highlighted by the right grey dashed line with a slope of−1.
It is generally assumed that the final stage of atmospheric ox-
idation is reached, when all organic carbon is transformed to
CO2.

As can be seen in Fig. 12, the data acquired during the two
field campaigns in Cabauw in May 2008 and March 2009,
respectively lies within the two grey dashed lines. The data
of the campaign in May 2008 colored by time is presented
in the left part of Fig. 12. The data points are lumped be-
tween O:C = 0.25/H:C = 1.61 and O:C = 0.79/H:C = 0.91. A
linear regression to these data points yields a slope of−1.16

and an offset of 1.91 (R2
= 0.85). The linear regression to

the data points of the campaign in March 2009 presented in
the right part of Fig. 12 yields a slope of−0.95 and an off-
set of 1.80 (R2

= 0.80) and is focused to the region between
O:C = 0.16/H:C = 1.70 and O:C = 0.64/H:C = 1.26. As could
already be anticipated from the diurnal cycles of these two
ratios in Fig. 11, the data points of 2008 ratios span over
a broader range and are shifted to generally lower H:C and
higher O:C ratios compared to 2009. Though the slopes are
slightly different, they are close to a value of−1 in both
years. As described above, this slope is associated with the
transformation of a (−CH2−)-segment into a carboxylic-
segment. This can be achieved also by the transformation
of two (−CH2−)-segments into a hydroxycarbonyl-group
(−C(=O)−HCOH−).

Though the organic aerosol measured at Cabauw during
the two campaigns consisted of a multitude of different com-
pounds, the data points are focused into a fairly narrow range
within the van Krevelen diagram. This result was also found
by Heald et al. (2010), who investigated a large number of
different ambient and laboratory measurements, predomi-
nantly showing a slope of−1 in the van Krevelen diagram.
We agree to their conclusion that the differences in com-
pound composition and aging processes for individual cam-
paigns is rather reflected in the spread of the data points than
by a significantly different location within the diagram or sig-
nificantly different regression slopes. Even detailed analysis
of the van Krevelen diagram on a diurnal basis did not re-
veal any evidence of hydration/dehydration reactions which
would cause a slope of +1. Therefore, we conclude if at all
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oligomerization reactions play only a minimal role during the
two campaigns.

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 organ-
ics (40 %), nitrate was the dominant specie detected in 2009
(42 %). In both years, nitrate was the most abundant inor-
ganic specie detected in AMS and MARGA measurements.
The phenomenon of high nitrate fractional abundances is not
only typical for 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 solely
nitrate dependent CE was applied for quantifying ambient
AMS data. This allows for an easy and straight forward cor-
rection of the CE. The CE increased linearly for particulate
nitrate fractions exceeding 0.3. A possible explanation is the
reduced tendency of particles bouncing at elevated nitrate
content. This parameterization seems to be valid for all cen-
tral European measurement locations during the EUCAARI
measurement campaign (Nemitz et al., 2012). The average
aerosol particulate mass loading was 10.21 µg m−3 in 2008
and 6.85 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).

Size resolved mass distribution measurements of the indi-
vidual species detected in the AMS indicate a mode diameter
at 400 nm to 500 nm for the total mass as well as for the in-
organic species. The mass distribution of organics is much
broader and extents into the size range below 100 nm. Simi-
lar size distributions with inorganic species dominating in the
larger size fraction and a bimodal behavior of organics have
often 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 CE-
SAR tower and comparison of the various inlet channels to
AMS data show best correlation for the 1 µm channel. How-
ever, the mass concentrations of this channel were on aver-
age a factor of 1.6 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 cam-
paigns are needed to investigate the presented discrepancy.
For the first time, a comparison of AMS data to data ob-
tained 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 de-

tected by the TD-PTR-MS accounted for 30 % to 85 % of the
organic mass detected by the AMS depending on the mea-
surement period. Further intensive parallel measurements are
needed in the future for a deeper understanding of differences
in detected mass and temporal evolution.

High resolution analysis was performed to gain insight
into the composition of the organic particulate phase. The
examination of specific organic tracers onm/z43, m/z44,
m/z55, andm/z57 shows an increased contribution of oxy-
genated compounds in May 2008 compared to March 2009.
This is further supported by the investigation of the diur-
nal O:C and H:C ratios in both years. While the O:C ratio
reaches values of almost 0.7 associated with LV-OOA (Aiken
et al., 2008) in May 2008, the O:C ratio does not exceed
0.4, which is associated with SV-OOA. The reduced aging
of the organic particulate matter in combination with an in-
creased H:C ratio in winter/spring 2009 can be explained by
reduced photochemical activity and increased condensation
of aliphatic compounds due to the low average temperature.
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