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Abstract. Ammonium nitrate and several organic compounds such as dicarboxylic acids (e.g. succinic acid, glutaric acid), some Polycyclic Aromatic Hydrocarbon (PAHs)
or some n-alkanes are semi-volatile. The transition of
these compounds between the gas and particulate phase may
significantly change the aerosol particles radiative properties, the heterogeneous chemical properties, and, naturally,
the total particulate mass concentration. To better assess
these time-dependent effects, three intensive field experiments were conducted in 2008–2009 at the Central European
EMEP research station Melpitz (Germany) using an Aerodyne Aerosol Mass Spectrometer (AMS). Data from all seasons highlight organic matter as being the most important
particulate fraction of PM1 in summer (59 %) while in winter, the nitrate fraction was more prevalent (34.4 %). The
diurnal variation of nitrate always showed the lowest concentration during the day while its concentration increased
during the night. This night increase of nitrate concentration
−3
was higher in winter (1NO−
3 = 3.6 µg m ) than in sum−
−3
mer (1NO3 = 0.7 µg m ). The variation in particulate nitrate was inherently linked to the gas-to-particle-phase equilibrium of ammonium nitrate and the dynamics of the atmosphere during day. The results of this study suggest that
during summer nights, the condensation of HNO3 and NH3
on pre-existing particles represents the most prevalent source
of nitrate, whereas during winter, nighttime chemistry is the
predominant source of nitrate. During the summer 2008’s
campaign, a clear diurnal evolution in the oxidation state of
the organic matter became evident (Organic Mass to Organic
Carbon ratio (OM/OC) ranging from 1.65 during night to
1.80 during day and carbon oxidation state (OSc) from −0.66
to −0.4), which could be correlated to hydroxyl radical (OH)
and ozone concentrations, indicating a photochemical trans-
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formation process. In summer, the organic particulate matter
seemed to be heavily influenced by regional secondary formation and transformation processes, facilitated by photochemical production processes as well as a diurnal cycling of
the substances between the gas and particulate phase. In winter, these processes were obviously less pronounced (OM/OC
ranging from 1.60 to 1.67 and OSc from −0.8 to −0.7), so
that organic matter apparently originated mainly from aged
particles and long range transport.

1

Introduction

Due to their influence on cloud formation, visibility, light
scattering, and light absorption (IPCC, 2007), atmospheric
aerosol particles are known to have important direct and indirect effects on earth climate. Moreover, aerosol particles can
also affect ecosystems (e.g. Bohlmann et al., 2005; Jickells et
al., 2005) and – upon interaction with the respiratory and cardiovascular systems – human mortality and morbidity (e.g.
Pope, 2000; Ostro et al., 2007; Gurjar et al., 2010). In urban
areas, the main sources of atmospheric aerosol particles are
motor traffic, domestic heating, power generation, industrial
processes (e.g. Allan et al., 2010; Aiken et al., 2009), while
on a local scale additional sources such as cooking can come
into play. In rural environments, particles are more significantly affected by local biogenic sources (e.g. Sjostedt et al.,
2010; Slowik et al., 2010) but also long-range transport of
polluted air masses (e.g. Dall’Osto et al., 2010; Dunlea et al.,
2009; Healy et al., 2010; Singh et al., 2009; Hildebrandt et
al., 2010).
It is well established that particles chemical composition is
strongly depending on the gas-to-particle equilibrium. This
is particularly true for ammonium nitrate which is known
to be a semi-volatile compound. Moreover, organic aerosol
concentrations are also dependent on their gas-to-particle
equilibrium. For example, Bao et al. (2009) demonstrated
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that the gas-to-particle equilibrium of low-molecular-weight
dicarboxylic acids is not only dependent on the gas and
particulate concentrations but it can also be linked to the
temperature and relative humidity. Consequently, heterogeneous transfer and reaction processes have to be considered and might represent a source of secondary organic
aerosols (SOA) as previously reported for chamber experiment (Volkamer et al., 2009). The organic compounds within
the particles are mainly made of primary organic aerosol
(POA) and semi-volatile compounds for freshly generated
SOA and become less volatile through oxidative so-called
“aging” processes (Jimenez et al., 2009; Ng et al., 2010).
Consequently, a change in the gas-to-particle partitioning
may be expected with increasing air mass age. Morgan
et al. (2010) observed an important increase in nitrate and
organics concentrations with altitude during airborne measurements over Europe which was correlated to variations
in temperature and relative humidity. This underlines the
fact that particle mass concentration is linked to both semivolatile precursor’s concentrations and meteorological conditions. Moreover, the ammonium nitrate formation is not
solely dependent on its gas-to-particle equilibrium; it is also
directly depending on the available ammonia which competes with HNO3 and H2 SO4 to lead to the formation of ammonium nitrate and ammonium sulfate respectively. In case
of very low ammonia concentration, ammonia will preferentially react with H2 SO4 and ammonium nitrate formation
will be directly limited by ammonia. On the other hand, in
case of very high concentration, formation of ammonium nitrate will be limited by the available nitric acid. Finally, in
intermediate cases, reactivity of ammonia will be linked to
the concentration of both HNO3 and H2 SO4 . Thus, as a
consequence of the decrease in sulfur dioxide emissions observed over the last decades, a resulting increase in available
ammonia would lead to an enhancement of ammonium nitrate concentration in the particles (Pye et al., 2009; Bauer et
al., 2007). Such processes should become more important in
agricultural areas where ammonia sources are more abundant
by the use of soil fertilizers.
The presence of semi-volatile compounds in the particle
phase also has a direct influence on the aerosol light scattering and radiative forcing (e.g. Morgan et al., 2010; Li et al.,
2009); this might greatly affect the climate by increasing the
total particle mass due to the condensation of semi-volatile
compounds (Bauer et al., 2007). Regarding the legal regulation of the European Union for the PM10 mass concentration (European Directive 2008/50/EG), the question whether
nitrate and semi-volatile organics are present in the particle
phase or in the gas phase can be critical with respect to excess
of the daily average legal limit value of 50 µg m−3 (Putaud et
al., 2004).
The aim of this work is to perform a highly time-resolved
aerosol particle study to describe the diurnal variations of organics and nitrate over a year and the influence of the meteorological conditions as well as the regional photo-chemistry.
Atmos. Chem. Phys., 11, 12579–12599, 2011

L. Poulain et al.: Seasonal and diurnal variations
For this an Aerodyne Aerosol Mass Spectrometer (AMS)
was deployed during three intensive measurement campaigns
in Melpitz together with a variety of other offline instrumentation. The measurements were integrated in the intensive
measurement periods of the EU-Project EUCAARI (European Integrated Project on Aerosol Cloud Climate Air Quality Interactions, Kulmala et al., 2009), the programme EMEP
(Co-operative programme for monitoring and evaluation of
the long-range transmissions of air pollutants in Europe) and
the UBA (Umweltbundesamt, the German federal environment agency) providing for the first time, at Melpitz, high
time resolved aerosol chemical composition. These measurements covered different seasons: summer (May–June 2008),
autumn (September–November 2008) and winter (February–
March 2009).

2
2.1

Experimental
The research station Melpitz (Germany)

All measurements were made at the IfT research station Melpitz (12.93◦ E, 51.54◦ N), 50 km east of Leipzig, Germany.
The station has been used since 1992 to examine the effect of
atmospheric long range transport on local air quality. Since
2004, the station is part of the EMEP-level 3 network under
the reference DE44. The site itself is mainly surrounded by
agricultural pastures and forests. The atmospheric aerosol
observed at Melpitz can be regarded as representative of
Central European background conditions, as confirmed by
multiple site comparisons within EUSAAR (European Supersites for Atmospheric Aerosol Research) and the German Ultrafine Aerosol Network (GUAN, Birmili et al., 2009
and Asmi et al., 2011). For a basic overview of the physical and chemical aerosol characterization methods, see e.g.
Birmili et al. (2008), Spindler et al. (2010) and Spindler et
al. (2004). Atmospheric aerosols observed at Melpitz range
between two extremes: Atlantic (westerly) air masses with
low particulate mass concentrations and continental (easterly) air masses with high particle mass concentrations (Birmili et al., 2001; Spindler et al., 2010). Differences between
these air mass extremes are also manifested in their particulate chemical composition. The measurements were conducted during three field experiments, which covered different parts of the seasonal cycle. Table 1 provides an overview
of these three campaigns.
Aerosol measurements were performed using both on-line
and off-line instruments. All on-line instruments were set up
in the same container laboratory and utilized the same air inlet. This inlet line consisted of a PM10 Anderson impactor
located approximately 6 m above ground level. It was followed directly by an automatic aerosol diffusion dryer that
maintained the relative humidity (RH) in the sampling line
below 30 % all the time (Tuch et al., 2009). After entering the
container laboratory, the sampling flow was divided among
www.atmos-chem-phys.net/11/12579/2011/
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the various on-line instruments. The off-line measurements
are based on filter samples that are described in Sect. 2.3.
2.2

AMS measurements

An Aerodyne High Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS, here simply referred to as
AMS, DeCarlo et al., 2006) was typically operated at 5 min
time resolution. Due to the 600 ◦ C surface temperature of
the vaporizer, the AMS can only measure the non-refractory
(NR) part of the particles. Soot, crustal material and sea-salt
cannot be detected. Therefore, based on the aerodynamic
lenses transmission efficiency and the detected compounds,
AMS results are commonly considered to correspond to the
non-refractory PM1 aerosol (NR-PM1 ) (Canagaratna et al.,
2007).
The calculation of the particles mass concentration from
AMS data requires knowledge of the collection efficiency
(CE) of the instrument. The CE value is known to depend on
several parameters such as the nitrate content, particle acidity and relative humidity (RH) in the sampling line (Huffman
et al., 2005; Matthew et al., 2008). It is considered that in
most cases, a CE of 0.5 represents a good assumption (e.g.
Canagaratna et al., 2007). The contribution of relative humidity (RH) to the CE was removed using a dried aerosol
with RH < 30 % as previously mentioned. The CE was estimated by comparing the daily mean AMS sulfate concentrations against the daily PM1 filter concentrations (see Fig. SI
1 in Supplement). This evaluation yielded a CE of 0.38 and
0.5 for the autumn and winter campaigns, respectively. As
no PM1 filter samples were performed during the summer
campaign, a CE value of 0.5 was assumed, in line with the
dried inlet, neutralized particles (see below) and the low nitrate content, during this measurement period.
High resolution analysis of the V-mode mass spectra was performed using the PIKA v1.08 software
tools, downloaded from the ToF-AMS-Ressources
webpage
(http://cires.colorado.edu/jimenez-group/
ToFAMSResources/ToFSoftware/index.html).
Applying the method developed by Aiken et al. (2007) and Aiken
et al. (2008), the obtained high resolution organic mass
spectra were used to determine the elemental composition
and the OM/OC, O/C and H/C ratios.
2.3

Filter samples

Parallel to the AMS, PM1 particles were sampled using a
Digitel DHA-80 high volume sampler (Digitel Elektronic
AG, Hegnau, Switzerland). Sampling was performed every
day during 24h from midnight to midnight. Each PM1 sample was collected on pre-backed quartz fiber filters (24 h at
105 ◦ C) (Munktell Filter AB, Falun, Sweden). After sampling, the filters were conditioned for 48h at 20 ± 2 ◦ C and
50 % RH before being weighed by a microbalance MettlerToledo (AT 261). According to the analytical method of
www.atmos-chem-phys.net/11/12579/2011/
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Brüggemann and Rolle (1998), the filters were then analyzed
using Ion Chromatography (Metrohm System 690, Switzer−
land) for the main water soluble ions (Cl− , SO2−
4 , NO3 ,
+
+
NH4 , Na+ , K+ , Ca2+ and Mg2 ). Because filter samples
were performed daily, an artefact due to the evaporation of
the most volatile compounds (e.g. ammonium nitrate) during
warm period cannot be completely excluded (Eatough et al.,
1988; Keck and Wittmaack, 2005; Schaap et al., 2004).
2.4

Other measurements

The soot mass concentration was measured by a Multi-Angle
Absorption Photometer (MAAP, Model 5012, Thermoscientific, Petzold and Schonlinner, 2004). To use MAAP
data in conjunction with the AMS, which has an upper size
cut-off around 1 µm, soot concentration for PM1 are required.
Temporary but concurrent measurements using two MAAPs
in parallel, one connected to the PM10 inlet, and a second
one to a PM1 inlet demonstrated that the soot concentration in PM1 is around 90 % of that in PM10 , with this ratio being only weakly time-dependent. For our study here,
we consequently estimated soot in PM1 by multiplying the
soot concentration on PM10 by a constant factor of 0.90. By
combining the MAAP measurements and the AMS NR-PM1
chemical composition, a relatively comprehensive picture of
chemical particle composition is provided. The particle size
distribution was measured by a Twin Differential Mobility
Particle Sizer (TDMPS, Birmili et al., 1999) in the range 3–
800 nm.
Standard meteorological parameters (temperature, RH, atmospheric pressure, solar radiation, precipitation, wind direction and wind velocity) were also continuously measured.
During the summer campaign, gas phase measurements of
SO2 , NOx and O3 were complemented by measurements of
sulfuric acid and ammonia concentrations, OH radical concentration and photolysis rates of NO2 and O(1 D). Gaseous
sulfuric acid and OH-radicals were measured by CIMS as
previously described by Berresheim et al. (2000); Rohrer and
Berresheim (2006) and Schlosser et al., 2009). The instrument was set up in a container located closed to the container laboratory previously described and sampled air from a
height of 3 m above ground, 0.5 m above the container. From
a continuous inlet air flow, a sample gas flow is split off in
which OH is chemically titrated by addition of 34 SO2 to yield
−
34
H34
2 SO4 . H2 SO4 is then selectively ionized by NO3 ions at
atmospheric pressure, and the resulting ions are transferred
into a vacuum chamber through a counter flow of pure nitrogen gas by electrical fields. Here, ion-molecule clusters
are broken up and the H34 SO−
4 ions are analyzed by mass
spectrometry.
The OH concentration is obtained after correction for
background H2 SO4 and inlet chemistry, the latter taken
into consideration the recycling of OH from NO + HO2 ,
and OH-losses by CO, NMHC, and NO2 . As clean rural to moderately polluted conditions were encountered in
Atmos. Chem. Phys., 11, 12579–12599, 2011
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Table 1. Summary of the meteorological conditions for the three measurement periods.
Summer

Autumn

Winter

Measurement period

23 May–
9 Jun 2008

16 Sep–
3 Nov 2008

24 Feb–
27 Mar 2009

Temperature (◦ C) mean
(min.–max.)

19.5
(5.2–31.7)

10
(−2.0–22.5)

5.3
(−3.3–14.2)

Atmospheric pressure (hPa)

1007.7 ± 2.4

1010.4 ± 9.6

1004.3 ± 11.6

Relative Humidity (%) mean
(min.–max.)

69.7
(29.8–100)

88.6
(44.4–100)

87.1
(38.7–100)

Wind speed (m s−1 )

2.2 ± 1.4

2.2 ± 1.7

3.2 ± 1.7

Cumulative precipitation (mm)

11.1

66.2

35.5

Ozone (µg m−3 )
mean (min.–max.)

85
(5.1–164)

39.8
(4.9–108.4)

60.5
(6.1–103.2)

Solar radiation (W m−2 ) mean
(min.–max.)

264.1
(0–914)

81.4
(0–688)

76.8
(0–687)

Melpitz, the correction factors to compensate for chemically
induced changes of OH in the inlet were typically 10 % with
a variability of ±6 %. The system has a detection limit
of 2 × 105 molecules cm−3 and an estimated uncertainty of
30 %.
The photolysis frequencies of NO2 and ozone to yield
J(O1 D) were measured by sets of up- and downward looking actinic filter radiometers (MetCon), thus providing 4π sr
photolysis rates. They were characterized and calibrated versus a reference spectral radiometer at FZ-Jülich (Bohn et al.,
2008).
For the tropospheric ammonia measurements, an automatic photo-acoustic monitor TGA 310 (Omnisens, Switzerland) was used. The performance of this device was checked
using NIST NH3 standard (type 40F3).

3 Weather conditions overview
The measurements presented here cover most of the seasonal
weather conditions that are typical for Melpitz (Table 1). The
first campaign, performed in summertime (from end-May to
mid-June 2008), was representative for the summer conditions. It was characterized by a stable high pressure system,
sunny days and almost without precipitation. Ozone concentration presented a clear diurnal profile with higher concentration during the day and lower concentration during the
night. A large variation in temperature was observed between
day and night times with amplitudes close to 20 ◦ C. Similar diurnal changes were observed for the relative humidity.
Most of the time, the wind-velocity was low and came from
the eastern sector.
Atmos. Chem. Phys., 11, 12579–12599, 2011

The second measurement period was performed in autumn (from mid-September to the beginning of November).
This period covered the transition from summer to winter time. The temperature slowly decreased from a mean
value of about 10.4 ◦ C at the beginning to a mean value of
about 6.6 ◦ C at the end. Similarly, solar radiation also decreased from a maximum slightly below 700 W m−2 during
the first week to 400 W m−2 during clear sky days and only
100 W m−2 during cloudy days at the end of the campaign. In
parallel, RH increased and reached values close to saturation
during the last week. Atmospheric pressure was less stable
and alternate periods of low and higher pressure were observed. The ozone concentration was half of that during the
summer campaign. On some days, ozone presented however
a similar diurnal variation as in the summer campaign, especially during the first part of the campaign when photochemistry activities were still high and during most of the time
we observed a relatively stable ozone concentration rather
corresponding to a limited local production. Additionally,
many precipitation events were observed during the whole
campaign. According to the air mass influence discrimination made by Spindler et al. (2010), the sampling station was
mainly influenced by eastern air masses (until beginning of
October) and by western air masses (from October on).
The last campaign performed in wintertime (from midFebruary to mid-March 2009) was characterized by low temperatures, very low solar radiation and high RH close to saturation during the first half of the measurement period. The
mean ozone concentration was higher than observed during
the autumn with a marginal diurnal profile. Due to the low
solar radiation, we conclude of a limited ozone formation.
The winter period was also characterized by a slightly higher
wind velocity, mainly coming from western directions.
www.atmos-chem-phys.net/11/12579/2011/
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Table 2. Summary of the particle mass composition for the three measurement periods. The reported mass concentrations correspond to the
mean value and the errors to the standard deviation calculated over each entire measurement period.
Mass concentration (µg m−3 )

Mass fraction (%)

Summer

Autumn

Winter

Summer

Autumn

Winter

Organics
Nitrate
Sulfate
Ammonium
Chloride
Soot

6.89 ± 3.02
0.66 ± 0.57
2.44 ± 1.17
0.94 ± 0.45
0.02 ± 0.01
0.62 ± 0.26

3.87 ± 2.62
2.97 ± 2.92
1.67 ± 1.01
1.37 ± 1.01
0.09 ± 0.14
0.99 ± 0.73

2.08 ± 1.6
3.62 ± 3.27
1.46 ± 1.00
1.69 ± 1.21
0.13 ± 0.11
0.59 ± 0.48

59.0 ± 9.1
5.4 ± 3.3
21.5 ± 6.9
8.2 ± 2.3
0.2 ± 0.1
5.6 ± 1.9

36.6 ± 10.9
23.2± 11.9
17.5 ± 6.8
12.3 ± 2.9
0.7 ± 0.7
9.6 ± 3.8

22.6 ± 9.8
34.4 ± 12.5
17.6 ± 8.3
17.2 ± 3.4
1.6 ± 1.1
6.5 ± 3.3

Total

11.58 ± 4.45 11.03 ± 7.2

9.59 ± 6.5

Table 3. Comparison of inorganic composition of the daily PM1 and PM2.5 high volume sampler filters for autumn and winter (mean ± 1σ
standard deviation in µg m−3 ).
Autumn

Nitrate
Sulfate
Chloride
Ammonium
Sodium
Calcium
Potassium
Magnesium

4
4.1

Winter

PM1

PM2.5

PM1

PM2.5

1.67 ± 1.38
1.53 ± 0.55
0.05 ± 0.04
1.10 ± 0.61
0.02 ± 0.02
0.05 ± 0.04
0.09 ± 0.04
0.01 ± 0.004

3.31 ± 2.49
1.93 ± 0.82
0.09 ± 0.07
1.59 ± 0.81
0.04 ± 0.07
0.06 ± 0.02
0.11 ± 0.05
0.010 ± 0.01

3.29 ± 1.72
1.50 ± 0.70
0.09 ± 0.06
1.47 ± 0.79
0.03 ± 0.04
0.03 ± 0.02
0.10 ± 0.06
0.005 ± 0.003

4.73 ± 2.50
2.18 ± 1.51
0.19 ± 0.15
2.17 ± 1.36
0.14 ± 0.16
0.03 ± 0.03
0.12 ± 0.07
0.02 ± 0.02

Results
Seasonal changes of particle chemical composition

The mean particle mass concentration (NR-PM1 from AMS
plus soot from MAAP) for the three measurement periods was relatively constant, ranging from 9.65 µg m−3 to
11.63 µg m−3 (details values can be found in Table 2). This
is in agreement with the mean PM1 filter samples mass
concentration measured simultaneously during the autumn
(11.91 ± 4.67 µg m−3 ) and winter (11.39 ± 5.57 µg m−3 )
campaigns as well as the annual mean concentration of
12 µg m−3 reported by Spindler et al. (2010) for the period
from 2004 to 2006. The summer period was characterized by
a large fraction of organic matter (OM) and sulfate. Throughout the year, the mass fraction of OM decreased and reached
a minimum mass fraction in winter time. The mass fraction
of sulfate to total PM1 appeared to be relatively stable during autumn and winter (around 17 %), while the mass fraction of nitrate strongly increased from a minimum value in
summer and reached a maximum in winter. In a lower proportion, an increase of the mass fraction of ammonium and
chloride was also observed from summer (8.2 % and 0.2 %,
respectively) to winter (17.2 % and 1.6 %, respectively). The
observed seasonal changes are in good agreement with longwww.atmos-chem-phys.net/11/12579/2011/

term measurements of particle chemical composition made
at Melpitz using high volume PM1 Digitel filter samples by
Spindler et al. (2010).
The neutralization state of the particles for each season
was estimated using the same approach as described by Sun
et al. (2010); Zhang et al. (2005a, 2007b) and based on the
following equation:
2−
−
−
NH+
4pred = 18×(2×(SO4 )/96+(NO3 )/62+(Cl )/35.5)(1)
−
−
where SO2−
4 , NO3 and Cl represent the mass concentrations (in µg m−3 ) of the species divided by their molecular
weight. The number 18 is the ammonium molecular weight.
It is important to note that this equation by default builds on
a full neutralization of the anions by ammonium and consequently that the inorganic species are present in the form of
ammonium nitrate, ammonium sulfate and ammonium chloride. Moreover, Eq. (1) considers the contribution of metal
ions, organic acids and bases to be negligible (Zhang et al.,
2007b). Results of PM1 filter samples demonstrated (for autumn and winter campaigns, Table 3) that the contribution of
Na+ , Ca2+ , K+ and Mg2+ was in fact negligible due to their
2−
−
low concentrations compared to NH+
4 , SO4 and NO3 . Depending on the ratio between predicted and measured NH4
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the location of the sampling station which is surrounding by
agriculture fields and land. Evaporation of the NH3 -based
fertilizer present on the fields, especially during warm day
time, can be expected.
Complementary to the long-term filter samples measurements; the AMS with its high time resolution gave the opportunity to investigate the diurnal variations of the particle’s
chemical composition. In the following, results on the seasonal changes of aerosol organic matter and nitrate are presented and discussed.
4.2
4.2.1

1
2
3
4

Changes in organic aerosol
Comparison of the organic aerosol mass spectra

The averaged high resolution organic mass spectrum
(HRMS) of each campaign is presented in Fig. 2. According
to their composition, the organic fragments were divided in
+
+
+
different ion categories (C+
x , Cx Hy , Cx Hy O and Cx Hy Oz ).
The contribution of each category to the total organic signal
as well as the corresponding elemental composition of C, H
and O atoms is also presented in Fig. 2. The contribution
of Cx H+
y was rather constant during the three campaigns and
represented almost 50 % of organic aerosol (OA). The oxygenated categories, Cx Hy O+ and Cx Hy O+
z , represented the
remaining 50 % of OA and a small change of the respective
contribution of Cx Hy O+ and Cx Hy O+
z has been observed between summer and the two other seasons. However, the average elemental composition did not show a pronounced seasonal variation.
The structure of the HRMS for each season was very similar. The most important peak was m/z 44 which is characterFigure 1. Comparison of the measured ammonium with the predicted ammonium
istic of highly oxidized OA (e.g. Alfarra et al., 2004; Zhang
Fig. 1. Comparison of the measured ammonium with the predicted
concentration
assuming
a
fully
neutralization
by
nitrate,
sulfate
and
chloride
for
the
etthree
al., 2005a). The CO+
ammonium concentration assuming a fully neutralization by nitrate,
2 fragment was the most important
contributor
to
m/z
44
and
represented more than 95 % of the
different
campaigns.
sulfate and chloride for the three different campaigns.
total m/z 44 signal. The presence of CO+
2 can be attributed
to multifunctional organic acids (Takegawa et al., 2007).
concentrations, particles are considered to be fully neutralThe second most important peak was m/z 43. However, the
ized according to Eq. (1) if the estimated ammonium concencontribution of m/z 43 to total HRMS decreased from sumtration predicts is similar to the measured ammonium conmer43to winter. The fragment m/z 43 was basically made of
centration and to be more acidic if the estimated ammonium
two fragments, C2 H3 O+ and C3 H+
7 (Fig. SI 2). The fragment
concentration is significantly lower than predicted ammoC2 H3 O+ was the most important fragment of m/z 43 during
nium (slope below 0.75 according to Zhang et al., 2007b).
the three campaigns. However, the contribution of C2 H3 O+
was slightly higher in summer (92 %), than in autumn (84 %)
The results presented in Fig. 1 show that the particles can
and winter (80 %) due to a slightly higher contribution of
be considered to be fully neutralized during the different
C3 H+
seasons allowing for to the instrumental uncertainties and
7 in these seasons.
a minor contribution of the organic nitrate and organic sulThe fragment m/z 57 which is commonly considered as a
fate to the nitrate and sulfate signals (Farmer et al., 2010).
tracer for primary organic emissions of fossil fuel combusThe lower slope value of the summer cannot completely extion (Zhang et al., 2005b; Canagaratna et al., 2004; Aiken et
clude the presence of a limited amount of ammonium bisulal., 2008) had a low contribution to total HRMS. The m/z 57
fate once in a while, especially not during events of intensive
was made of two fragments, C3 H5 O+ and C4 H+
9 . The connew particle formation (see discussion in Sect. 4.3.2). This
tribution of each fragment to the total m/z 57 signal changed
also indicates that there is enough ammonia in the gas phase
during the three campaigns (Fig. SI 2). While in summer,
to fully neutralize particle nitrate and sulfate. The origin of
m/z 57 was principally made of C3 H5 O+ (68 % of total
the ammonia in the gas phase can be partially explained by
m/z 57 signal), the contribution of C4 H+
9 increased in autumn
Atmos. Chem. Phys., 11, 12579–12599, 2011

www.atmos-chem-phys.net/11/12579/2011/

L. Poulain et al.: Seasonal and diurnal variations

12585
Another important organic fragment is the m/z 55 which
like m/z 57 is often associated to primary organic emission
(Alfarra et al., 2004; Canagaratna et al., 2004). The fragment m/z 55 was made of C3 H3 O+ and C4 H+
7 . Similarly
to m/z 57, m/z 55 was basically made of the oxygenated
fragment, C3 H3 O+ . However, a slight increase of the nonoxygenated fragment could again be observed in autumn and
winter (Fig. SI 2). In addition, the diurnal variation of the
different seasons was very similar to m/z 57.
The composition of the main organic fragments (m/z 43,
55 and 57) indicated that in Melpitz, organic aerosol was
dominated by oxygenated organic aerosol, with a low contribution of primary organic aerosol during the different measurement campaigns. Because of a larger concentration of
+
+
C4 H+
9 and a clear peak of C4 H7 and C4 H9 early in the
morning during the autumn campaign, a small contribution
of POA might be expected during this period.
Finally, the presence of biomass burning organic aerosol is
generally linked to the m/z 60 (Alfarra et al., 2007; Schneider et al., 2006). During the different seasons, m/z 60 had
a small contribution to total OA (around 0.3 %). Such low
contribution of m/z 60 to total OA was considered as representative for a background level value of SOA dominated
ambient organic aerosol (Cubison et al., 2011). Based on the
m/z 60 contribution, it is concluded that there is only a minor influence of biomass burning aerosol on total OA, even
during winter. However, like for POA, a limited contribution
of biomass burning seems to be suggested during the autumn
campaign due to the small increase of m/z 60 contribution
to OA.
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4.2.2
Figure 2. Comparison of the average organic mass spectra for each season, color code stand

Changes on the organic oxidation states

Fig. 2. Comparison of the average organic mass spectra for each
for the main organic categories (top) and the main elements (C, H, and O) (bottom). The pie
season, color code stand for the main organic categories (top) and
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spectrum.
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pounds (e.g. volatility) related to the local temperature, aging
elemental composition of each mass spectrum.

(53 %) and winter (57 %). Comparing the diurnal profiles of
these two fragments during the different campaigns, a small
increase of C4 H+
9 early in the morning during summer and
autumn can be observed (Fig. SI 2). This might indicate a
possible increase of primary organic aerosol at this time. It
has been shown for a rural station in Canada that the ratios
of C3 H5 O+ to C4 H+
9 increased with photochemical aging
(Liggio et al., 2010). Therefore, these authors suggest that
the C3 H5 O+ might be associated with SOA and/or oxidized
POA. Following this, the largest contribution of the C3 H5 O+
during summer might be attributed to a larger photochemistry aging OA, while the high correlation between C3 H5 O+
2
and C4 H+
9 , observed during each campaign (r = 0.60, 0.65
and 0.65 in summer, autumn and winter, respectively), might
suggest a similar source for these two ions.
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processes of the organic aerosol and dynamics of the atmo44
sphere. All these possible influences will be discussed in
the following. Changes in organic oxidation levels were followed using three different approaches: (i) organic fragments
+
m/z 44 (CO+
2 ) and m/z 43 (mostly C2 H3 O as described
above), (ii) the OM/OC, O/C and H/C ratios calculated using the elemental analysis method developed by Aiken et
al. (2007) and Aiken et al. (2008) and (iii) the carbon oxidation state (OSc), a newly method developed by Kroll et
al. (2011). Their diurnal variations for each campaign are
presented in Fig. 3. Generally, a more or less pronounced
decrease of the organic fragments (m/z 44 and m/z 43) was
observed during day time compared to night time. Such diurnal variations can be attributed to both dynamics effects,
correlated with the increase of the mixed layer height, and
thermodynamic properties of the organic compounds (typically their volatility). For this reason, m/z 44 and m/z 43
were normalized to the total OM concentration according to
the respective notation f 44 and f 43. Moreover, it is known
Atmos. Chem. Phys., 11, 12579–12599, 2011
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Fig. 3. Diurnal variations of the organic aerosol tracers (m/z 44, m/z 43, f 44, f 43), OM/OC, O/C and H/C ratios and ozone concentration
for (a) summer, (b) autumn and (c) winter.
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that f 44 > f 43 generally characterizes highly oxygenated
and low volatile OA, while f 44 < f 43 generally characterizes less oxygenated and semi-volatile OA (Ng et al., 2010).
A comparison of the resulting diurnal profiles of f 44 and
f 43 revealed a similar trend for all measurement periods
with anti-correlated profiles. The seasonal variations of the
diurnal patterns are discussed below.
Mean OM/OC ratios of 1.73 ± 0.06, 1.74 ± 0.09 and
1.64 ± 0.14 were obtained for the summer, autumn and winter campaigns, respectively. These values are lower than the
value of 2.1, which has been recommended for non-urban
regimes by Turpin and Lim (2001). However, our values of
OM/OC ratios are still within the range of the values previously reported for similar sampling locations by Bae et
al. (2006), Chan et al. (2010) and references therein. In addition, a small seasonal variation was observed, OM/OC being
higher in summer than in winter, which could be explained
Atmos. Chem. Phys., 11, 12579–12599, 2011

by a higher efficiency of particle photooxidation and SOA
formation in summer than in winter. This is in agreement
with conclusions drawn by Chan et al. (2010). As for f 44
and f 43, the diurnal profiles of the OM/OC, O/C and H/C ratios are represented in Fig. 3 (right panel). Typically, OM/OC
ratio showed the highest value during day time and a lower
value during the night. A similar diurnal variation with a
lower OM/OC ratio during night compared to day time has
also been reported by Yu et al. (2005a) at the rural station of
Great Smoky Mountains National Park (Tennessee, USA).
The diurnal variations of m/z 44 and m/z 43 for the summer period show a strong decrease during day time, while
f 44, OM/OC and O/C increase at the same time. These
differences can be directly linked to the dynamics of the atmosphere, e.g. the increase of the mixed layer, which contributes to a dilution process by mixing the lower layer of
the atmosphere with cleaner air from aloft. However, the
www.atmos-chem-phys.net/11/12579/2011/
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Figure 4. Comparison of the f44 and OM/OC time series with the OH radical concentration
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on 7 June 2008. Night referred from midnight to 04:00 and day from noon to 18:00.

Figure 5. An example of a typical summer night and day particle size distribution as measured
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Fig. 4. Comparison of the f 44 and OM/OC time series with the
OH radical concentration and NO2 photolysis rate for the summer
campaign.

Fig. 5. An example of a typical summer night and day particle
size distribution as measured on 7 June 2008. Night referred from
midnight to 04:00 and day from noon to 18:00.

increase of f 44, O/C and OM/OC reveals an important
change of the oxidation level of OA. In parallel to these
changes in the OA oxidation state, an increase of OH radical concentration was measured during day time with a maximum around 8 × 106 molecules cm−3 in agreement with
OH concentrations observed by Hock et al. (2008) and Holland et al. (2003) at different rural places in Germany during similar periods of the year. The time series of the OH
concentration were compared to the time series of f 44 and
OM/OC (Fig. 4). With the exception of 27 May 2008, the
increase of OH concentration is correlated to an increase of
f 44 and OM/OC, which indicates that a change in OA oxidation state can be linked to photochemical aging. This is
illustrated in Fig. 3, which presents similar profiles of organic tracers (f 44, O/C, OM/OC) and ozone concentrations
while f43 and H/C profiles anti-correlate with ozone concentration (correlation plots are available in Fig. SI 3; f 44
vs. O3 r 2 = 0.96, f 43 vs. O3 r 2 = 0.96 and OM/OC vs. O3
r 2 = 0.98) indicating that photochemical aging of particles
www.atmos-chem-phys.net/11/12579/2011/
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during day time leads to the formation of more oxidized
OA. This was also shown in previous studies (e.g. Hildebrandt et al., 2010 and Sjostedt et al., 2010). Furthermore,
the condensation of low volatile compounds produced during VOCs ozonolysis on pre-existing particles cannot be excluded and should therefore be taken into consideration, additionally to the OA aging process. When f 44 increased,
f 43 decreased which might be explained by the presence of
more low-volatile compounds in the OA as well as by the oxidation of the OA, leading to conversion of m/z 43 to m/z 44
(Ng et al., 2010). However, during the night, f43 strongly
increased and consequently f 44 decreased, indicating the
presence of more semi-volatile compounds. Due to the previously mentioned large difference of temperature between
day and night time (up to 20 ◦ C), evaporation of the more
volatile organic fraction during day time and its condensation in the evening have to be taken into account. The semivolatile OA has a lower OM/OC ratio than a low volatile OA
(Aiken et al., 2008; Jimenez et al., 2009). This could then
explain the observed diurnal variation of the OM/OC ratio.
A typical night and day size distribution of organic mass
m/z 43 and m/z 44 during summer are presented in Fig. 5.
The night size distribution corresponded to the averaged size
distribution measured from midnight to 04:00; and the day
size distribution corresponded to the average size distribution measured from noon to 18:00. Although the size distribution of m/z 44 and m/z 43 during the day presented a maximum around 300 nm, the night size distribution exhibited a
clear double mode, with a first maximum at 120 nm and a
second one around 300 nm, similar to the maxima observed
during day. The night size distribution of sulfate, which is
known to be a low volatile compound, did not show any double mode. The lower sulfate concentration observed during
the night may be attributed to the absence of sulfate formation and a lower mixed layer height. At the same time, the
particle size distribution measured by the TDMPS (Fig. SI.
4), presents a clear increase in both volume and surface size
distributions at similar diameter than the reported increase
of organic tracer and nitrate (see discussion above for this
last compound) during the night compare to day time. Such
differences in the particle size distribution during day and
night is in accordance with the already suggested condensation of semi-volatile organic compounds on pre-existing
particle during the night. This phenomenon is certainly emphasized by the large diurnal difference of temperature, as
mentioned above. On the other hand, Bessagnet et al. (2010)
demonstrated that deposition of semi-volatile organic compounds may be an important factor especially during nighttime. Therefore, such process should contribute to limit the
observed nighttime condensation on pre-existing particles.
During the autumn campaign, the decrease of the total OA
during day time was less pronounced, suggesting a lower
contribution of the dynamics of the atmosphere to the total
particle concentration. Regarding the oxidation state of the
OA, the changes of f43 during the day were less pronounced,
Atmos. Chem. Phys., 11, 12579–12599, 2011
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Figure 6. Diurnal cycle of the carbon oxidation state for each season.

The OSc diurnal profiles for each campaign are shown in
Fig. 6. The resulting OSc values are in the range of previously reported values for remote/biogenic aerosol (−0.9 to
−0.2) and in the lower range of the reported values for aged
OA (−0.6 to +0.6) (Kroll et al., 2011). Summer and autumn
periods presented similar OSc diurnal profiles. In line with
the discussion above, this corresponds to an increase of the
oxidation state during day time and can be attributed to aging processes. The lowest values of OSc and the absence of
well pronounce diurnal variations in winter confirm the presence of less processed OA and only a small amount of aging
during day.
4.3
4.3.1
Fig. 6. Diurnal cycle of the carbon oxidation state for each season.

which might be explained by a lower aging process and/or
a lower impact of the temperature variation between day
and night times compared to summertime. However, as already observed during summertime, an increase of f 44 and
OM/OC ratio during day time was observed, which again
– based on the similarity with the ozone pattern (Fig. SI-3;
OM/OC vs. O3 : r 2 = 0.96 and f 44 vs. O3 : r 2 0.96) – could
be related to photooxidation processes.
During the winter campaign, contrary to the other seasons
(summer and autumn) organic fragments (m/z 44 and m/z 43)
did not show pronounced diurnal variations. A small peak
was observed at night and a limited dip during day time. This
might be explained by the limited impact of the dynamics of
the atmosphere as well as by the thermodynamic properties
of the OA, because of the lowest temperature at this period.
As described in Sect. 3, ozone had only a small diurnal variation in winter and only f 44 seemed to be slightly correlated
to the ozone variation (Fig. SI 3, f 44 vs. O3 : r 2 = 0.94)
while f 43 still anticorrelated to ozone (Fig. SI 3, f 43 vs.
O3: r 2 = 0.75). It is known that during winter time, photolysis rates are lower, which limits consequently the ozone
formation and photo-aging process. Therefore, these factors
should only have a small impact on the diurnal variation of
OM/OC. Moreover, due to low biogenic emissions during
winter time, local sources of OA and SOA formation should
also be limited. Thus, particles measured during winter time
could – when compared with other seasons – mainly have
been subject to long-range transport in agreement with long
term measurements (Spindler et al., 2010).
Kroll et al. (2011) developed another approach to follow
and compare changes of OA oxidation state. The authors
determined the carbon oxidation state (OSc) from the O/C
and H/C ratios, as follows:
OSc ≈ 2O/C − H/C
Atmos. Chem. Phys., 11, 12579–12599, 2011

(2)

Changes in particulate nitrate concentrations
Nitrate diurnal profiles

As discussed previously (see Sect. 4.1), the nitrate concentrations vary strongly with different seasons. The highest
concentrations of ammonium nitrate were observed during
winter, which is in agreement with the long-term measurements made in Melpitz (Spindler et al., 2010). However, the
high time resolution of the AMS provides an access to the
diurnal variation of the nitrate concentration for the different
seasons, as shown for the organics in the preceding section.
The diurnal variation of the nitrate aerosol mass concentration is presented in Fig. 7. A relatively similar pattern can be
observed in all three campaigns: a decrease of nitrate concentration during the day, reaching a minimum at the end
of the afternoon followed by an increase during the night.
As discussed in Sect. 4.1, the measured nitrate can principally be attributed to ammonium nitrate during the different
campaigns. Nevertheless, it is not possible to exclude a limited contribution of the organic nitrate to our nitrate signal
(Farmer et al., 2010).
The particulate ammonium nitrate is a semi-volatile compound in equilibrium with its gas phase precursors (HNO3
and NH3 ). Therefore in the following discussion, we will
only consider a simplified system only consisting of ammonium nitrate in equilibrium with its gas phase precursors
(NH3 and HNO3 ). The gas-to-particle phase partitioning
of ammonium nitrate is well described in the literature and
strongly depends on the gas phase precursors concentrations,
temperature, relative humidity (RH) and aerosol chemical
composition (e.g. Seinfeld and Pandis, 2006; Mozurkewich,
1993; Ansari and Pandis, 2000; Nenes et al., 1998). In Fig. 7,
the relationship between nitrate concentration, temperature
and RH can clearly be observed. The nitrate concentrations
were basically anticorrelated with temperature and correlated
with RH. This is in agreement with results reported by Rupakheti et al. (2005) who also related the nitrate diurnal profile to temperature and RH variations.
The gas-to-particle equilibrium of ammonium nitrate can
be described by the following reactions:
NH3 (g) + HNO3 (g)

NH4 NO3 (s)

(R1)
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Figure 7. Diurnal variations of the nitrate concentration and its thermodynamic constants
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(R2)

Reaction (R1) corresponds to the gas-to-particle partitioning of dry ammonium nitrate particle. The dissociation equilibrium constant of ammonium nitrate into HNO3
and NH3 (Kp ) was described by the following equation
(Mozurkewich, 1993):
ln(Kp ) = 118.87 +

24080
−6.025ln(T )
T

(3)

50

Kp∗ = (P1−P2(1−aw )+P3(1−aw )2 ×(1−aw )1.75 ×Kp (4)

Figure 7. (continued)

For deliquescent particles, the influence of RH should be
considered. Therefore, for RH < 99.7 %, Reaction (R2)
can be described by the following equation (Mozurkewich,
1993):

with
ln(P 1)=−135.94 +

8763
+ 19.12ln(T )
T

(5)

ln(P 2) = −122.65 +

9962
+ 16.22ln(T )
T

(6)

ln(P 3) = −182.61 +

13875
+ 24.46ln(T )
T

(7)
1

2

3

Figure 7. (continued)
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and aw = RH/100 water activity approximation in the range 0
to 1 (Topping et al., 2005; Kreidenweis et al., 2008).
Moreover, in the ideal system considered here, when RH
increases, the transition from solid phase equilibrium (R1)
to aqueous phase (R2) directly depends on the ambient RH
value compared to the Deliquescence Relative Humidity
(DRH) of the particle. When RH decreases, the transition
from R2 to R1 depends on the ambient RH value compared
to the Efflorescence Relative Humidity (ERH). For example,
at 298 K, pure ammonium sulfate particles have a DRH of
80 % and an ERH of 35 % while pure ammonium nitrate particles have a DRH of 62 % and no ERH is observed (Seinfeld
and Pandis, 2006; Martin et al., 2003). For RH values lying
between the values of DRH and ERH, particles are in a socalled metastable state; and in this condition, the prediction
whether particles are in solid or liquid phase does not depend
on the chemical composition of the particle only, but also on
the RH history of the particles (Martin et al., 2003). Particles
containing a significant fraction of ammonium nitrate have
the tendency to remain liquid, even for quite low ambient RH
(Shaw and Rood, 1990). Similarly, Martin et al. (2003) draw
the conclusion that in Europe, due to their RH history, particles with chemical composition far from pure ammonium
sulfate should remain liquid at 293 K. Consequently, regarding the RH values and the diurnal variations of RH during
the different seasons, most of the aerosol is considered to be
in the aqueous phase. Therefore, R2 and equation Eq. (4)
can be considered to describe the dissociation equilibrium of
52
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Fig. 7. Diurnal variations of the nitrate concentration and its thermodynamic constants for (a) summer, (b) autumn and (c) winter.

ammonium nitrate in an ideal system made of NH3 , HNO3
and H2 O.
Still considering the ideal system, Kp∗ was calculated for
each season (with RH < 99.7 %) and its time series and diurnal variations are presented in Figs. 7 and 8. Even if the
absolute values of Kp∗ correspond to equilibrium of pure ammonium nitrate, it is noticeable that the nitrate concentrations
Atmos. Chem. Phys., 11, 12579–12599, 2011
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(b) autumn and (c) Winter). The insert scatter plots is the relation between Kp*(T) and the

(Kp*(T) and Kdeliq(T)) for pure ammonium during the three measurement periods ((a) summer,
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Figure 8. (continued)
Figure 8. Time series of the nitrate concentration and the theoretical equilibrium constants

The equilibrium constant of Reaction (R2) could also be
expressed as describing the formation of ammonium nitrate
on deliquescent particles (Kdeliq ) instead of describing its
dissociation (Kp∗ ). Kdeliq can be calculated as follows (Sun
et al., 2011):




 
298
298
298
−1 + b 1 + ln
−
Kdeliq (T ) = K(298)exp a
T
T
T
×10−18

1

4

particulate ammonium to sulfate ratio colored by the nitrate concentration.
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With K(298) = 3.35×1016 atm−2 , a = 75.11, b = −13.5 and,
10−18 a conversion factor that provides the same unit as Kp∗ .
A similar approach is used to describe nitrate concentration
in the ISORROPIA model by Fountoukis and Nenes (2007)
and Nenes et al. (1998).
As for Kp∗ , the time series and the diurnal variations of
Kdeliq are presented in Figs. 7 and 8. Because Kdeliq describes the reverse mechanism of Kp∗ , the diurnal variation of
Kdeliq correlates with diurnal changes on nitrate concentrations during day. The same observations was made by Zhang
et al. (2005a) and Sun et al. (2011) who also considered the
presence of deliquescent particles only.
The fact that diurnal profiles of nitrate follow very well
their thermodynamic properties (Kp∗ and/or Kdeliq ) suggests
an important evaporation of ammonium nitrate during the
day and a condensation process on pre-existing particles during the night. As previously shown for the organic fragment
m/z 43, the nitrate size distribution between the summers’s
day and night is presented in Fig. 5. As m/z 43, a typical
nitrate size distribution peaks around 300 nm during day and
shows a double mode with a first maximum at 120 nm and
a second one around 300 nm during night. The similarity of
the m/z 43 and the nitrate size distribution is consistent with
a nighttime condensation of nitrate on pre-existing particles.
4.3.2

Fig. 8. Time series of the nitrate concentration and the theoretical
equilibrium constants (Kp∗ (T ) and Kdeliq (T )) for pure ammonium
nitrate during the three measurement periods ((a) summer, (b) autumn and (c) Winter). The insert scatter plots is the relation between
Kp∗ (T ) and the particulate ammonium to sulfate ratio colored by the
nitrate concentration.

anti-correlate to Kp∗ for all seasons. The decrease of nitrate concentration when Kp∗ increases agrees with an increased conversion of particle phase ammonium nitrate into
gas phase HNO3 and NH3 during daytime.

Atmos. Chem. Phys., 11, 12579–12599, 2011
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Discussion of the factors influencing the nitrate
diurnal profiles

The philosophy of our approach was based on a comparison between measured nitrate concentration and theoretical
equilibrium constants for pure ammonium nitrate (Kp∗ and
Kdeliq ). This is a simple theoretical approach, considering
only that ammonium nitrate is externally mixed, which is
generally not the case, and that the gas-to-particle equilibrium is reached instantaneously. While Pio et al. (1992) observed a kinetic effect on the ammonium nitrate formation,
other studies about fine particles have shown that the instantaneous equilibrium assumption is applicable (Takahama et
al., 2004; Yu et al., 2005b) in agreement with our estimation.
However, this does not seem to be the case for larger particles (Meng and Seinfeld, 1996). Regarding the different diurnal profiles (Fig. 7), a systematic discrepancy between nitrate
concentration and equilibrium constants Kp∗ and Kdeliq profiles can be observed early in the morning directly after dawn.
This may suggest a possible kinetic effect on the ammonium
www.atmos-chem-phys.net/11/12579/2011/
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nitrate formation (Pio et al., 1992). However, due to the limiting number of gas phase species measurements available
in this study, it is highly speculative to clearly conclude on
such effect. Indeed, the influences of gas phase reactivity at
the transition time between night and day, like HONO photolysis for example, and/or influence of the dynamics of the
atmosphere have also to be considered.
The formation of ammonium nitrate also depends on the
aerosol chemical composition as well as on the available ammonia in the gas phase. Indeed, ammonia is preferentially
scavenged by sulfuric acid. Only when sulfate is neutralized,
the excess of ammonia leads to the formation of ammonium
nitrate (Seinfeld and Pandis, 2006). For all sampling periods, the ratio of total ammonium (TA = NH3 + NH+
4 ) to total
2−
sulfate (TS = SO2 + SO4 ) was calculated. Most of the time,
the ratio was larger than 2 corresponding to an excess of ammonia. At this level, the formation of ammonium nitrate is
therefore possible. Moreover, the particulate ammonium to
sulfate ratio was also estimated and the resulting averaged
ratio of each campaign was larger than 2 which is interpreted
as corresponding to ammonium sulfate formation (inserts in
Fig. 8). The ammonium to sulfate ratio is in agreement with
the neutralization state of the particles previously discussed
(see Sect. 4.1). However, during a few afternoons in summer,
the ammonium to sulfate ratio was slightly below 2 (down to
1.6). This may indicate a possible small amount of ammonium bisulfate. These periods also coincided with important
new particle formation events. Figure 8 shows the relationship between Kp∗ and the ammonium to sulfate ratio. The
highest Kp∗ values happened during a low ammonium to sulfate ratio and a lower nitrate concentration. The relationship
between nitrate formation and the ammonium to sulfate ratio was very well pronounced during the summer campaign,
a period of strong photochemistry and sulfuric acid formation. This suggests a possible enhancement of nitrate depletion during day by larger ammonia consumption to sulfuric
acid neutralization during summer. The time series of nitrate,
Kp∗ and Kdeliq for the different seasons are also presented in
Fig. 8. Most of the time nitrate concentrations followed Kp∗
and Kdeliq as previously described in Fig. 7. However, during
some few events, nitrate concentration appears to not be connected to its equilibrium rate constants. For example, during
these periods, an increase of the nitrate concentration can be
observed while its thermodynamic equilibrium rate constant
predicts a lower concentration (e.g. on 14 October 2008 and
25 February 2009). These periods have to be related to short
influence of local sources and/or fast changes in air mass origin.
In Europe, the formation of ammonium nitrate is considered to be limited by the formation of HNO3 (Sartelet et al.,
2007). Unfortunately, no measurements of HNO3 were performed here. However, we can note that HNO3 does not react
with NH3 only; it can also directly interact with the inorganic
fraction of the aerosol, e.g. calcium carbonate, magnesium
www.atmos-chem-phys.net/11/12579/2011/
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carbonate, and sodium chloride, leading to the formation of
calcium nitrate, magnesium nitrate, and sodium nitrate, respectively. As previously mentioned in Sect. 4.1, contribution of Na+ , Ca2+, K+ and Mg2+ was negligible due to their
2−
−
low concentrations compare to NH+
4 , SO4 and NO3 . Moreover, the presence of these cations on the coarse mode will
limit the formation of ammonium nitrate in the fine mode.
The comparison of the daily PM1 and PM2.5 inorganic composition during autumn and winter is presented in Table 3.
Larger differences between fine and coarse modes are observed for sodium, chloride and nitrate. This is in agreement with the western air masses influence, reported during the autumn and winter campaigns, which included a certain maritime influence. Nevertheless, as Melpitz is located
far away from the sea coast (minimum distance of approximately 400 km); the sampling place is influenced by aged
marine air masses rather than fresh ones. However, aging degree and for example conversion rate of NaCl to NaNO3 depends on the history of the air mass over the continent (crossing or not polluted area, RH . . . ). Hence, in some specific situations (e.g. marine air mass with little processing), coarse
mode may contribute to trap HNO3 and therefore limit the
ammonium nitrate formation. Additionally, gaseous HNO3
can also react with mineral dust particles (especially with calcium) as well as soil-derived particles (Metzger et al., 2006;
Pakkanen et al., 1996). With only a daily time resolution,
however, it is difficult to estimate the real contribution of the
coarse mode on the nitrate equilibrium.
The importance of the dynamics of the atmosphere on
the particulate nitrate concentration was demonstrated by
Morino et al. (2006). However, no direct measurements of
the mixed layer height were performed during these campaigns, except for 3 days at the end of the summer campaign,
which is not enough to draw global conclusions. Considering
only these 3 days, the decrease of nitrate concentration early
in the morning goes together with the increase of the mixed
layer height. Therefore, the mixed layer development should
contribute to the observed decrease of nitrate concentration,
while the stratification during night should support the increased concentration. Because of the low value of the dissociation equilibrium, the influence of the mixed layer height
should be an important factor during winter.
Up to now, particulate ammonium nitrate formation has
only been considered as resulting from the gas-to-particle
partitioning. The reactivity of NO2 and O3 as well as N2 O5
hydrolysis are more important during night and will be favored by the high RH (R3 to R5). In wet particles, N2 O5
leads to the formation of HNO3 (R5) which can then be neutralized to ammonium nitrate by uptake of NH3 (R6).
NO2 + O3 −→ NO3 + O2

(R3)

NO3 + NO2 −→ N2 O5

(R4)

N2 O5 (g) + H2 O(aq) −→ 2HNO3 (aq)

(R5)
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Figure 9. Maximum nitrate formation rate and concentration 2expected from nighttime
chemistry simulation for each season (left) and the comparison between the measured (line)
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Fig. 9. Maximum nitrate formation rate and concentration expected from nighttime chemistry simulation for each season (left) and the
comparison between the measured (line) and the simulated (dots) ozone and NO2 concentrations (right). The colored surface area on the
right side corresponds to the solar radiation and can be used to distinguish nighttime from daytime chemistry.

−
HNO3 (aq) + NH3 (g) −→ NH+
4 (aq) + NO3 (aq)

(R6)

In order to evaluate the role of the night time chemistry on
the nitrate formation, a simple zero-dimensional box model
was developed based on Reactions (R3) and (R4) only and
assuming a fully conversion of N2 O5 via its heterogeneous
reactivity R5 and R6. The model was run using GEPASI
3.30 downloaded from www.gepasi.org. The kinetic rate
constants for Reactions (R3) and (R4) were taken from Li
et al. (1993) and recalculated for each hour in order to considered changes of temperature over the nights. With this
simulation, the maximum of particulate nitrate that could be
expected from N2 O5 decomposition (R5 and R6) in one hour
was calculated. To do this, we used the averaged diurnal concentrations of ozone and NO2 for each season and for each
hour of the night and initialized our model to calculate the
maximal nitrate concentration out of these ozone and NO2
concentrations. We concede that this model simplifies the
nighttime chemistry mechanisms. For example, the reactivity of the nitrate radical with organic compounds and the wet
deposition of N2 O5 were not considered at this stage. The
Atmos. Chem. Phys., 11, 12579–12599, 2011

model simply assumed an instantaneous and complete transfer of N2 O5 on particle. Therefore, this approach provides
the maximum of particulate nitrate expected from nighttime
chemistry rather than the real nitrate formation. The hourly
production flux of particulate nitrate estimated during the
night time of each season is presented in Fig. 9. The maximum of nitrate concentration produced during night via this
pathway as well as the comparison of measured and calculated ozone and NO2 concentrations are also presented in
Fig. 9. First of all, it can be seen that the Reactions (R3)
and (R4) successfully reproduced the variations of ozone and
NO2 night concentrations for each season. As expected, our
simulated nitrate concentrations are higher than the measured
concentrations for each season. However, a linear relationship between measured and estimated nitrate concentrations
can be observed for each season (Fig. 10). This suggests that
nighttime chemistry may be a significant source of ammonium nitrate, especially during winter. The importance of
the nitrate radical and N2 O5 nighttime chemistry was previously reported by several authors (e.g. Brown et al., 2006,
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2003; Chang et al., 2011; Geyer et al., 2001; McLaren et al.,
2004). For example, Li et al. (1993) demonstrated that nitrate radical and N2 O5 nighttime chemistry can contribute as
much as 80 % and 10 % to the night time nitrate production
respectively, in a Canadian rural place. Therefore, the authors concluded that in their conditions, Reaction (R2) represented a minor source. The results of our simple model
shown that the maximum expected nitrate concentration is
slightly higher in winter than during summer nights while the
calculated nitrate formation rate is larger in summer (ranging from 1.1 to 0.6 µg h−1 ) than winter (0.7 to 0.5 µg h−1 ).
The increase of nitrate concentration measured during the
−3
night was lower in summer (1NO−
3 = 0.7 µg m ), increased
−
−3
in autumn (1NO3 = 1.6 µg m ) and reached a maximum
−3
in winter (1NO−
3 = 3.6 µg m ). Comparing the simulation results and the measured concentrations, the slope of
the relationship between measured and simulated nitrate concentrations increased from summer (0.11) to winter (0.47)
(Fig. 10). Regarding only the results model, these suggest
that even if nighttime chemistry has a larger theoretical contribution on the nitrate concentration during summer nighttime, the small increase of nitrate concentration can be interpreted as a limited contribution of the nighttime chemistry
during summer. On the other hand, the nighttime chemistry
seems to be more important during winter time which is in
agreement with Chang et al. (2011).
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Winter
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As discussed above, different factors directly contribute
3
to influence the particulate nitrate concentration and two of
them seemed to have a special importance during our mea2
Slope = 0.47 ± 0.02
2
surements at the research station Melpitz: the thermodyr
= 0.97
1
namic properties of ammonium nitrate and the nitrate forma0
tion by nighttime chemistry. Therefore these two parameters
0
2
4
6
8
10
have to be considered together. While the nighttime chem-3
estimated NO3 (µg m )
istry seems to represent a larger potential source of nitrate in
1
summer than winter, its direct contribution to the particulate
2
Figure 10. The comparison of measured and simulated nitrate concentrations for each season.
ammonium nitrate is limited by the low value of the Kdeliq
Fig. 10. The comparison of measured and simulated nitrate concen(approx. 10 times lower in summer than winter). Theretrations for each season.
58
fore, the produced nighttime nitrate should be released more
into the gas phase during summer than winter nights. Adsurements are needed to better quantify the real influence of
ditionally, due to the similar expected nitrate formation, the
these two parameters and their interactions.
differences in Kdeliq (factor 10) as well as 1NO−
(factor
5)
3
between winter and summer suggest a larger influence of the
thermodynamic equilibrium during warmer periods (summer) in agreement with the observed condensation of semi5 Conclusions
volatile organic compounds, and a larger influence of nightThe comparison of AMS measurements at the Central Eutime chemistry during dark and cold periods (winter). Our
ropean IfT research station Melpitz (Germany) throughout
results highlight the strong influence of the factor “season”
a year showed a large contribution of organics (59 %) and
on the particulate nitrate formation during the night for the
sulfate (17.5 %) to total particle mass concentration during
conditions of this study at Melpitz which are representative
the summer period, whereas the winter period was characterfor the central European aerosol. Nevertheless, these results
ized by a large contribution of nitrate (34.4 %). In addition,
are based on two simple and theoretical assumptions considthe OM/OC ratio was slightly influenced by the season with
ering pure ammonia, nitric acid and water system for the thervalues being higher during summer (1.73) than winter time
modynamic factors and a complete conversion of N2 O5 into
(1.64). Even if at first glance, diurnal variations of organic
ammonium nitrate for the nighttime chemistry. More meawww.atmos-chem-phys.net/11/12579/2011/
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and nitrate show similarities over the year, some important
changes and influences of local meteorology and chemical
reactivity could be observed.
The diminution of the total OA concentration during day
time, which was mainly observed during the warm seasons,
can be linked to the dilution effect of increasing mixed layer
height. Significant photochemical aging and/or a condensation of low volatile compounds, resulting from VOC ozonolysis, were observed during day time in the summer period,
corresponding to the increase of OM/OC (from 1.65 during
night time to 1.80 during day time) and OSc (from −0.66
to −0.4). The impact of photochemistry and temperature became less important during the cold seasons, therefore, only a
small increase of OM/OC (from 1.60 to 1.67) and OSc (from
−0.8 to −0.7) was observed in winter. It is thus possible
to conclude that the winter OA mainly corresponded to long
range transport of particles whereas summer OA was basically influenced by the regional photochemistry. Moreover,
the mixed layer height should also have a significant contribution to the diurnal profiles of the organics; however, due
to the lack of systematic measurements during the different
campaigns, it is relatively difficult to estimate its influence.
These results confirm the importance of the factor “season”
in order to compare the OA compositions in meta-analyses
of the worldwide particle composition (e.g. Ng et al., 2010;
Zhang et al., 2007a) and the contribution of local chemistry
to particle chemical composition.
During our measurements, the ratio TA/TS > 2 indicated
an excess of ammonia. Therefore, as already suggested by
Sartelet et al. (2007), the formation rate of HNO3 certainly
represents a very important limiting factor for the gas-toparticle phase equilibrium of ammonium nitrate. However,
due to the absence of HNO3 measurements, we cannot prove
this. Our results suggest that during daytime, nitrate concentrations systematically decrease because of ammonium nitrate dissociation. During the night, the increase of the nitrate concentration was more important in winter (1NO−
3 =
−
−3
−3
3.6 µg m ) than in summer (1NO3 = 0.7 µg m ). Although the condensation of HNO3 and NH3 on deliquescent particles, leading to the formation of ammonium nitrate,
seems to be important during nights of warmer seasons, the
influence of the nitrate radical and N2 O5 nighttime chemistry
becomes the dominant source of ammonium nitrate during
colder and darker seasons. Our results emphasize the strong
influence of the season on the factors driving the nitrate formation during night. Nevertheless, more investigations are
necessary to better quantify the real influence of these two
parameters. However, as for the organics, the influence of
the dynamics of the atmosphere on the nitrate concentration
has also to be considered and systematic measurements at the
station are required. Finally, consequently to the decrease
of SO2 emissions, and therefore particles sulfate mass concentration (Spindler et al., 2004), ammonium nitrate represents an important compound for local air quality (Silva et
Atmos. Chem. Phys., 11, 12579–12599, 2011
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al., 2007; Yin and Harrison, 2008). Our results confirm this
and underline the need for more systematic measurements
of particulate chemical composition and gas phase HONO,
HNO3 and NH3 in order to improve the knowledge of the nitrate chemistry and to evaluate its atmospheric impact. Further investigations on the particulate nitrate behavior will
be performed by combining the AMS measurements with
other on-line instrumentations like a Monitor for Aerosols
and Gases in ambient Air (MARGA, Applikon Analytical,
NL, ten Brink et al., 2007). This should help us to simultaneously investigate the gas-to-particle partitioning and the
particle size influence on the nitrate equilibrium.
Supplementary material related to this
article is available online at:
http://www.atmos-chem-phys.net/11/12579/2011/
acp-11-12579-2011-supplement.pdf.
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