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Abstract. Ammonium nitrate and several organic com- formation process. In summer, the organic particulate matter
pounds such as dicarboxylic acids (e.g. succinic acid, gluseemed to be heavily influenced by regional secondary for-
taric acid), some Polycyclic Aromatic Hydrocarbon (PAHs) mation and transformation processes, facilitated by photo-
or somen-alkanes are semi-volatile. The transition of chemical production processes as well as a diurnal cycling of
these compounds between the gas and particulate phase mthe substances between the gas and particulate phase. In win-
significantly change the aerosol particles radiative properter, these processes were obviously less pronouri2ied@C

ties, the heterogeneous chemical properties, and, naturallyanging from 1.60 to 1.67 and OSc fror0.8 to—0.7), so

the total particulate mass concentration. To better assedhat organic matter apparently originated mainly from aged
these time-dependent effects, three intensive field experiparticles and long range transport.

ments were conducted in 2008—2009 at the Central European
EMEP research station Melpitz (Germany) using an Aero-
dyne Aerosol Mass Spectrometer (AMS). Data from all sea-q
sons highlight organic matter as being the most important
particulate fraction of Pin summer (59 %) while in win-  pye to their influence on cloud formation, visibility, light
ter, the nitrate fraction was more prevalent (34.4%). Thescattering, and light absorption (IPCC, 2007), atmospheric
diurnal variation of nitrate always showed the lowest con- aerosol particles are known to have important direct and indi-
centration during the day while its concentration increasedrect effects on earth climate. Moreover, aerosol particles can
during the nlght This nlght increase of nitrate Concentrationa|so affect ecosystems (eg Bohlmann et a|_, 2005; Jickells et
was higher in winter {NO3 = 3.6 pgnt3) than in sum- 4| 2005) and — upon interaction with the respiratory and car-
mer (ANO; = 0.7 ug n73). The variation in particulate ni- diovascular systems — human mortality and morbidity (e.qg.
trate was inherently linked to the gas-to-particle-phase equiPope, 2000; Ostro et al., 2007; Gurjar et al., 2010). In urban
librium of ammonium nitrate and the dynamics of the at- areas, the main sources of atmospheric aerosol particles are
mosphere during day. The results of this study suggest thaiotor traffic, domestic heating, power generation, industrial
during summer nights, the condensation of H\&hd NH;  processes (e.g. Allan et al., 2010; Aiken et al., 2009), while
on pre-existing particles represents the most prevalent sourcen a local scale additional sources such as cooking can come
of nitrate, whereas during winter, nighttime chemistry is theinto play. In rural environments, particles are more signifi-
predominant source of nitrate. During the summer 2008'scantly affected by local biogenic sources (e.g. Sjostedt et al.,
campaign, a clear diurnal evolution in the oxidation state 0f2010; Slowik et al., 2010) but also long-range transport of
the organic matter became evident (Organic Mass to Organigolluted air masses (e.g. Dall'Osto et al., 2010; Dunlea et al.,
Carbon ratio QM/OC) ranging from 1.65 during night to  2009; Healy et al., 2010; Singh et al., 2009; Hildebrandt et
1.80 during day and carbon oxidation state (OSc) fredn66  al., 2010).

to —0.4), which could be correlated to hydroxyl radical (OH)  |tis well established that particles chemical composition is
and ozone concentrations, indicating a photochemical transstrongly 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

Correspondence tad. Herrmann concentrations are also dependent on their gas-to-particle
BY

(herrmann@tropos.de) equilibrium. For example, Bao et al. (2009) demonstrated
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that the gas-to-particle equilibrium of low-molecular-weight For this an Aerodyne Aerosol Mass Spectrometer (AMS)
dicarboxylic acids is not only dependent on the gas andwas deployed during three intensive measurement campaigns
particulate concentrations but it can also be linked to thein Melpitz together with a variety of other offline instrumen-
temperature and relative humidity. Consequently, heterotation. The measurements were integrated in the intensive
geneous transfer and reaction processes have to be comeasurement periods of the EU-Project EUCAARI (Euro-
sidered and might represent a source of secondary organigean Integrated Project on Aerosol Cloud Climate Air Qual-
aerosols (SOA) as previously reported for chamber experiity Interactions, Kulmala et al., 2009), the programme EMEP
ment (Volkamer et al., 2009). The organic compounds within(Co-operative programme for monitoring and evaluation of
the particles are mainly made of primary organic aerosolthe long-range transmissions of air pollutants in Europe) and
(POA) and semi-volatile compounds for freshly generatedthe UBA (Umweltbundesamt, the German federal environ-
SOA and become less volatile through oxidative so-calledment agency) providing for the first time, at Melpitz, high
“aging” processes (Jimenez et al., 2009; Ng et al., 2010)time resolved aerosol chemical composition. These measure-
Consequently, a change in the gas-to-particle partitioningnents covered different seasons: summer (May—June 2008),
may be expected with increasing air mass age. Morgarautumn (September—November 2008) and winter (February—
et al. (2010) observed an important increase in nitrate andliarch 2009).
organics concentrations with altitude during airborne mea-
surements over Europe which was correlated to variations
in temperature and relative humidity. This underlines the2 Experimental
fact that particle mass concentration is linked to both semi-
volatile precursor’s concentrations and meteorological con2.1 The research station Melpitz (Germany)
ditions. Moreover, the ammonium nitrate formation is not
solely dependent on its gas-to-particle equilibrium; it is also All measurements were made at the IfT research station Mel-
directly depending on the available ammonia which com-pitz (12.93 E, 51.54 N), 50 km east of Leipzig, Germany.
petes with HN@ and H:SO; to lead to the formation of am-  The station has been used since 1992 to examine the effect of
monium nitrate and ammonium sulfate respectively. In caseatmospheric long range transport on local air quality. Since
of very low ammonia concentration, ammonia will prefer- 2004, the station is part of the EMEP-level 3 network under
entially react with HSQO4 and ammonium nitrate formation the reference DE44. The site itself is mainly surrounded by
will be directly limited by ammonia. On the other hand, in agricultural pastures and forests. The atmospheric aerosol
case of very high concentration, formation of ammonium ni- observed at Melpitz can be regarded as representative of
trate will be limited by the available nitric acid. Finally, in Central European background conditions, as confirmed by
intermediate cases, reactivity of ammonia will be linked to multiple site comparisons within EUSAAR (European Su-
the concentration of both HNOand HSOs. Thus, as a  persites for Atmospheric Aerosol Research) and the Ger-
consequence of the decrease in sulfur dioxide emissions olman Ultrafine Aerosol Network (GUAN, Birmili et al., 2009
served over the last decades, a resulting increase in availabRnd Asmi et al., 2011). For a basic overview of the physi-
ammonia would lead to an enhancement of ammonium ni<cal and chemical aerosol characterization methods, see e.g.
trate concentration in the particles (Pye et al., 2009; Bauer eBirmili et al. (2008), Spindler et al. (2010) and Spindler et
al., 2007). Such processes should become more important ial. (2004). Atmospheric aerosols observed at Melpitz range
agricultural areas where ammonia sources are more abundahetween two extremes: Atlantic (westerly) air masses with
by the use of soil fertilizers. low particulate mass concentrations and continental (east-
The presence of semi-volatile compounds in the particleerly) air masses with high particle mass concentrations (Bir-
phase also has a direct influence on the aerosol light scatterili et al., 2001; Spindler et al., 2010). Differences between
ing and radiative forcing (e.g. Morgan et al., 2010; Li et al., these air mass extremes are also manifested in their partic-
2009); this might greatly affect the climate by increasing theulate chemical composition. The measurements were con-
total particle mass due to the condensation of semi-volatileducted during three field experiments, which covered differ-
compounds (Bauer et al., 2007). Regarding the legal reguent parts of the seasonal cycle. Table 1 provides an overview
lation of the European Union for the Rlyimass concentra- of these three campaigns.
tion (European Directive 2008/50/EG), the question whether Aerosol measurements were performed using both on-line
nitrate and semi-volatile organics are present in the particleand off-line instruments. All on-line instruments were set up
phase or in the gas phase can be critical with respect to exceds the same container laboratory and utilized the same air in-
of the daily average legal limit value of 50 pgFh(Putaud et let. This inlet line consisted of a P Anderson impactor
al., 2004). located approximately 6 m above ground level. It was fol-
The aim of this work is to perform a highly time-resolved lowed directly by an automatic aerosol diffusion dryer that
aerosol particle study to describe the diurnal variations of or-maintained the relative humidity (RH) in the sampling line
ganics and nitrate over a year and the influence of the metedselow 30 % all the time (Tuch et al., 2009). After entering the
rological conditions as well as the regional photo-chemistry.container laboratory, the sampling flow was divided among
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the various on-line instruments. The off-line measurementBriiggemann and Rolle (1998), the filters were then analyzed
are based on filter samples that are described in Sect. 2.3. using lon Chromatography (Metrohm System 690, Switzer-
land) for the main water soluble ions (Cl SOE[, NO3,

2.2 AMS measurements NHZ, Nat, K+, C&+ and M¢"). Because filter samples

) ) ] ) were performed daily, an artefact due to the evaporation of
An Aerodyne High Resolution Time-of-Flight Aerosol Mass  the most volatile compounds (e.g. ammonium nitrate) during
Spectrometer (HR-ToF-AMS, here simply referred to asyarm period cannot be completely excluded (Eatough et al.,

AMS, DeCarlo et al., 2006) was typically operated at 5 min 1983: Keck and Wittmaack, 2005: Schaap et al., 2004).
time resolution. Due to the 60C surface temperature of

the vaporizer, the AMS can only measure the non-refractory2 4 Other measurements
(NR) part of the particles. Soot, crustal material and sea-salt
cannot be detected. Therefore, based on the aerodynamithe soot mass concentration was measured by a Multi-Angle
lenses transmission efficiency and the detected compoundgbsorption Photometer (MAAP, Model 5012, Thermo-
AMS results are commonly considered to correspond to thescientific, Petzold and Schonlinner, 2004). To use MAAP
non-refractory PM aerosol (NR-PM) (Canagaratna et al., data in conjunction with the AMS, which has an upper size
2007). cut-off around 1 um, soot concentration for P&te required.
The calculation of the particles mass concentration fromTemporary but concurrent measurements using two MAAPS
AMS data requires knowledge of the collection efficiency in parallel, one connected to the Rpinlet, and a second
(CE) of the instrument. The CE value is known to depend onone to a PM inlet demonstrated that the soot concentra-
several parameters such as the nitrate content, particle acidgion in PM; is around 90 % of that in PM, with this ra-
ity and relative humidity (RH) in the sampling line (Huffman tio being only weakly time-dependent. For our study here,
et al., 2005; Matthew et al., 2008). It is considered that inwe consequently estimated soot in PRl multiplying the
most cases, a CE of 0.5 represents a good assumption (e.goot concentration on PM by a constant factor of 0.90. By
Canagaratna et al., 2007). The contribution of relative hu-combining the MAAP measurements and the AMS NR1PM
midity (RH) to the CE was removed using a dried aerosolchemical composition, a relatively comprehensive picture of
with RH < 30 % as previously mentioned. The CE was esti- chemical particle composition is provided. The particle size
mated by comparing the daily mean AMS sulfate concentra-distribution was measured by a Twin Differential Mobility
tions against the daily PMfilter concentrations (see Fig. SI Particle Sizer (TDMPS, Birmili et al., 1999) in the range 3—
1 in Supplement). This evaluation yielded a CE of 0.38 and800 nm.
0.5 for the autumn and winter campaigns, respectively. As Standard meteorological parameters (temperature, RH, at-
no PM; filter samples were performed during the summer mospheric pressure, solar radiation, precipitation, wind di-
campaign, a CE value of 0.5 was assumed, in line with therection and wind velocity) were also continuously measured.
dried inlet, neutralized particles (see below) and the low ni-During the summer campaign, gas phase measurements of
trate content, during this measurement period. SOy, NOy and G were complemented by measurements of
High resolution analysis of the V-mode mass spec-sulfuric acid and ammonia concentrations, OH radical con-
tra was performed using the PIKA v1.08 software centration and photolysis rates of h@nd OtD). Gaseous
tools, downloaded from the ToF-AMS-Ressources sulfuric acid and OH-radicals were measured by CIMS as
webpage fittp://cires.colorado.edu/jimenez-group/ previously described by Berresheim et al. (2000); Rohrer and
ToFAMSResources/ToFSoftware/index.hxml Apply- Berresheim (2006) and Schlosser et al., 2009). The instru-
ing the method developed by Aiken et al. (2007) and Aikenment was set up in a container located closed to the con-
et al. (2008), the obtained high resolution organic masstainer laboratory previously described and sampled air from a
spectra were used to determine the elemental compositioheight of 3m above ground, 0.5 m above the container. From

and theOM/OC, O/C andH/C ratios. a continuous inlet air flow, a sample gas flow is split off in
which OH is chemically titrated by addition 8tSO; to yield
2.3 Filter samples H3*SOy. H3%SOy is then selectively ionized by Npions at

atmospheric pressure, and the resulting ions are transferred
Parallel to the AMS, PM particles were sampled using a into a vacuum chamber through a counter flow of pure ni-
Digitel DHA-80 high volume sampler (Digitel Elektronic trogen gas by electrical fields. Here, ion-molecule clusters
AG, Hegnau, Switzerland). Sampling was performed everyare broken up and the%og ions are analyzed by mass
day during 24h from midnight to midnight. Each RPidam-  spectrometry.
ple was collected on pre-backed quartz fiber filters (24h at The OH concentration is obtained after correction for
105°C) (Munktell Filter AB, Falun, Sweden). After sam- background HSO; and inlet chemistry, the latter taken
pling, the filters were conditioned for 48h at 22°C and  into consideration the recycling of OH from NO +HQO
50 % RH before being weighed by a microbalance Mettler-and OH-losses by CO, NMHC, and NO As clean ru-
Toledo (AT 261). According to the analytical method of ral to moderately polluted conditions were encountered in
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Table 1. Summary of the meteorological conditions for the three measurement periods.
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Summer Autumn Winter
Measurement period 23 May— 16 Sep— 24 Feb—

9 Jun 2008 3 Nov 2008 27 Mar 2009
Temperature9C) mean 195 10 5.3
(min.—max.) (5.2-31.7) (—2.0-22.5) (—3.3-14.2)
Atmospheric pressure (hPa) 100%£2.4 1010.4£9.6 1004.3: 11.6
Relative Humidity (%) mean  69.7 88.6 87.1
(min.—max.) (29.8-100) (44.4-100) (38.7-100)
Wind speed (msl) 22+14 2.2+1.7 3.2+1.7
Cumulative precipitation (mm)  11.1 66.2 35.5
Ozone (ug m3) 85 39.8 60.5
mean (min.—max.) (5.1-164) (4.9-108.4) (6.1-103.2)
Solar radiation (W M%) mean 264.1 81.4 76.8
(min.—max.) (0-914) (0-688) (0-687)

Melpitz, the correction factors to compensate for chemically The second measurement period was performed in au-
induced changes of OH in the inlet were typically 10 % with tumn (from mid-September to the beginning of November).
a variability of £6%. The system has a detection limit This period covered the transition from summer to win-
of 2 x 10° molecules cm® and an estimated uncertainty of ter time. The temperature slowly decreased from a mean
30 %. value of about 10.4C at the beginning to a mean value of

The photo|ysis frequencies of NCand ozone to y|e|d about 6.6C at the end. Slmllarly, solar radiation also de-
J(O'D) were measured by sets of up- and downward look-creased from a maximum slightly below 700 W fnduring
ing actinic filter radiometers (MetCon), thus providing ¢ the first week to 400 W m? during clear sky days and only

photolysis rates. They were characterized and calibrated verl00 W nT2 during cloudy days at the end of the campaign. In
sus a reference spectral radiometer at Blichi (Bohn etal.,  parallel, RH increased and reached values close to saturation

2008). during the last week. Atmospheric pressure was less stable

For the tropospheric ammonia measurements, an autg?nd alternate periods of low and higher pressure were ob-
matic photo-acoustic monitor TGA 310 (Omnisens, Switzer- served. The ozone concentration was half of that during the

land) was used. The performance of this device was checkegUMmer campaign. On some days, ozone presented however
using NIST NH; standard (type 40F3). a similar diurnal variation as in the summer campaign, espe-

cially during the first part of the campaign when photochem-
istry 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
The measurements presented here cover most of the seaso@mpaign. According to the air mass influence discrimina-
weather conditions that are typical for Melpitz (Table 1). The tion made by Spindler et al. (2010), the sampling station was
first campaign, performed in summertime (from end-May to mainly influenced by eastern air masses (until beginning of
mid-June 2008), was representative for the summer condiOctober) and by western air masses (from October on).
tions. It was characterized by a stable high pressure system, The last campaign performed in wintertime (from mid-
sunny days and almost without precipitation. Ozone con-February to mid-March 2009) was characterized by low tem-
centration presented a clear diurnal profile with higher con-peratures, very low solar radiation and high RH close to sat-
centration during the day and lower concentration during theuration during the first half of the measurement period. The
night. Alarge variation in temperature was observed betweemmean ozone concentration was higher than observed during
day and night times with amplitudes close to°20 Simi- the autumn with a marginal diurnal profile. Due to the low
lar diurnal changes were observed for the relative humidity.solar radiation, we conclude of a limited ozone formation.
Most of the time, the wind-velocity was low and came from The winter period was also characterized by a slightly higher
the eastern sector. wind velocity, mainly coming from western directions.

3 Weather conditions overview
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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 (ugTﬁ’) Mass fraction (%)

Summer Autumn Winter Summer Autumn Winter
Organics 6.8%3.02 3.8A42.62 2.08:-1.6 59.0+:9.1 36.6:-10.9 22.6-9.8
Nitrate 0.66+:0.57 294292 3.6243.27 5.4+-3.3 23.2211.9 34.4-125
Sulfate 244117 167H1.01 1.46+1.00 21.5+6.9 17.5+-6.8 17.6+8.3
Ammonium 0.94-0.45 1.37A1.01 1.69-1.21 8.2+-2.3 12.3:2.9 17.2£3.4
Chloride 0.02-0.01 0.09+0.14 0.13:0.11 0.2+-0.1 0.7£0.7 1.6+1.1
Soot 0.62-0.26 0.99-0.73 0.59-0.48 5.6-1.9 9.6+ 3.8 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 Plshd PM 5 high volume sampler filters for autumn and winter (meato
standard deviation in ugTﬁ’).

Autumn Winter

PM PMs 5 PMy PMs 5
Nitrate 1.67+1.38 3.312.49 3.29:1.72 4.73:2.50
Sulfate 1.53+0.55 1.93+0.82 1.50+0.70 2.18:1.51
Chloride 0.05+:0.04 0.09+0.07 0.09+-0.06 0.19-0.15
Ammonium 1.16:0.61 1.59+0.81 144079 2.141.36
Sodium 0.02:0.02 0.04+0.07 0.03:0.04 0.14+0.16
Calcium 0.05+:0.04 0.06+0.02 0.03:0.02 0.03+0.03
Potassium 0.02:0.04 0.114-0.05 0.1+ 0.06 0.12+0.07

Magnesium  0.0%0.004 0.01Gt0.01 0.005:0.003 0.02:£0.02

4 Results term measurements of particle chemical composition made
at Melpitz using high volume PMDigitel filter samples by
4.1 Seasonal changes of particle chemical composition  Spindler et al. (2010).
h ol ion (NRH AMS The neutralization state of the particles for each season
e mean particle mass concentration (NR1Fkm was estimated using the same approach as described by Sun

plus soot from MAAP) for the three measurement peri- o4 5 (2010); Zhang et al. (2005a, 2007b) and based on the
ods was relatively constant, ranging from 9.65 pgfno following equation:

11.63 ug M3 (details values can be found in Table 2). This
is in agreement with the mean RMilter samples mass _ _ _
concentration measured simultaneously during the autumr’?lHIPfed: 18X(2X(SO‘2‘ )/96+(NO3)/62+(CI7)/355)(1)
(11.91+4.67pgm3) and winter (11.3%5.57 ugnt3)

campaigns as well as the annual mean concentration ofvhere S(ﬁ_, NO; and CI” represent the mass concentra-
12 pg n3 reported by Spindler et al. (2010) for the period tions (in ug m3) of the species divided by their molecular
from 2004 to 2006. The summer period was characterized byveight. The number 18 is the ammonium molecular weight.
a large fraction of organic matter (OM) and sulfate. Through-It is important to note that this equation by default builds on
out the year, the mass fraction of OM decreased and reachedl full neutralization of the anions by ammonium and conse-
a minimum mass fraction in winter time. The mass fraction quently that the inorganic species are present in the form of
of sulfate to total PM appeared to be relatively stable dur- ammonium nitrate, ammonium sulfate and ammonium chlo-
ing autumn and winter (around 17 %), while the mass frac-ride. Moreover, Eg. (1) considers the contribution of metal
tion of nitrate strongly increased from a minimum value in ions, organic acids and bases to be negligible (Zhang et al.,
summer and reached a maximum in winter. In a lower pro-2007b). Results of PMfilter samples demonstrated (for au-
portion, an increase of the mass fraction of ammonium andumn and winter campaigns, Table 3) that the contribution of
chloride was also observed from summer (8.2% and 0.2 %Na', C&*, KT and Mg+ was in fact negligible due to their
respectively) to winter (17.2 % and 1.6 %, respectively). Thelow concentrations compared to IerSOfl‘ and NG;. De-
observed seasonal changes are in good agreement with longending on the ratio between predicted and measuregl NH

www.atmos-chem-phys.net/11/12579/2011/ Atmos. Chem. Phys., 11, 1P25%8-2011
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the location of the sampling station which is surrounding by

N 6_- e f:;qrqer ........... agriculture fields and land. Evaporation of the Nbased
= fertilizer present on the fields, especially during warm day
e time, can be expected.
o 47 T ;
s | Complementary to the long-term filter samples measure-
§ 5 ments; the AMS with its high time resolution gave the op-
= | ) portunity to investigate the diurnal variations of the particle’s
:.ZE' 0= (Slfpe = 0|-8623 li 0-00?7, r =|0-98)I chemical composition. In the following, results on the sea-
0 1 2 3 4 5, 6 7 sonal change_s of aerosol organic matter and nitrate are pre-
NH, Predicted (ug m") sented and discussed.
S T ¢ Autumn -
E, 6 linet:1 4.2 Changes in organic aerosol
= i
g 4 4.2.1 Comparison of the organic aerosol mass spectra
7 . j .
S o The averaged high resolution organic mass spectrum
JE? (slope = 0.9059 £ 0.0003, (= 0.98 (HRM'S) of each pampaign is presented in Fig. 2. Apgordiqg
Z 0 | | | , | | : to their composition, the organic fragments were divided in
0 2 3 4 5, 6 7 different ion categories (€ C«Hy , CxHyO™ and GHyO}).
NH, Predicted (ug m ) The contribution of each category to the total organic signal
as well as the corresponding elemental composition of C, H
o . and O atoms is also presented in Fig. 2. The contribution
E gl O Ve 7 of CxH; was rather constant during the three campaigns and
E i e represented almost 50 % of organic aerosol (OA). The oxy-
2 4 genated categories,x8yO" and GHyO;5, represented the
§ - remaining 50 % of OA and a small change of the respective
S 24 contribution of GH,O* and GHyO; has been observed be-
:EE’ (slope. = 1.0396 + 0.0004, 12 = 0.98) tween summer and the t\_/v_o other seasons. However, the av-
Z 0 T T I T T T 1 erage elemental composition did not show a pronounced sea-
0 1 2 3 4 5, 6 7 sonal variation.
NH, Predicted (ug m ) The structure of the HRMS for each season was very sim-

ilar. The most important peak waw'z44 which is character-

Fig. 1. Comparison of the measured ammonium with the predictediStic Of highly oxidized OA (e.g. Alfarra et al., 2004; Zhang

ammonium concentration assuming a fully neutralization by nitrate €t al., 2005a). The CPfragment was the most important
sulfate and chloride for the three different campaigns. contributor tom/z44 and represented more than 95 % of the

total m/z44 signal. The presence of C;Q:an be attributed

to multifunctional organic acids (Takegawa et al., 2007).
concentrations, particles are considered to be fully neutral- The second mostimportant peak wa&43. However, the
ized according to Eq. (1) if the estimated ammonium concen-contribution ofm/z43 to total HRMS decreased from sum-
tration predicts is similar to the measured ammonium con-mer to winter. The fragment/z43 was basically made of
centration and to be more acidic if the estimated ammoniumwo fragments, gH3O* and Q;H;r (Fig. SI 2). The fragment
concentration is significantly lower than predicted ammo- C;H3O" was the most important fragment wfiz43 during
nium (slope below 0.75 according to Zhang et al., 2007b). the three campaigns. However, the contribution efgD™

The results presented in Fig. 1 show that the particles camvas slightly higher in summer (92 %), than in autumn (84 %)

be considered to be fully neutralized during the differentand winter (80 %) due to a slightly higher contribution of
seasons allowing for to the instrumental uncertainties andCzH7 in these seasons.
a minor contribution of the organic nitrate and organic sul- The fragmenim/z57 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 combus-
The 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 bisul-al., 2008) had a low contribution to total HRMS. Thez57
fate once in a while, especially not during events of intensivewas made of two fragments zBsO0* and QH9+. The con-
new particle formation (see discussion in Sect. 4.3.2). Thigribution of each fragment to the total/z57 signal changed
also indicates that there is enough ammonia in the gas phasturing 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 §H50" (68 % of total
the ammonia in the gas phase can be partially explained byn/z57 signal), the contribution ofmg increased in autumn

Atmos. Chem. Phys., 11, 125702599 2011 www.atmos-chem-phys.net/11/12579/2011/
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Another important organic fragment is th&'z55 which
like m/z57 is often associated to primary organic emission
(Alfarra et al., 2004; Canagaratna et al., 2004). The frag-
ol mentm/z55 was made of §H30" and GHJ. Similarly
: ul de WL to m/z57, m/z55 was basically made of the oxygenated
fragment, GH3O". However, a slight increase of the non-
oxygenated fragment could again be observed in autumn and
winter (Fig. Sl 2). In addition, the diurnal variation of the
different seasons was very similarngz57.

The composition of the main organic fragment¥/Z43,

55 and 57) indicated that in Melpitz, organic aerosol was
dominated by oxygenated organic aerosol, with a low contri-
bution of primary organic aerosol during the different mea-
surement campaigns. Because of a larger concentration of
C4HJ and a clear peak of 17 and GHJ 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 then/z60 (Alfarra et al., 2007; Schnei-
der et al., 2006). During the different seasomgz 60 had
a small contribution to total OA (around 0.3%). Such low
contribution ofm/z 60 to total OA was considered as rep-
resentative for a background level value of SOA dominated

20— Summer  C," CH
15

y, CH,0 CHO0,

20 4 Autumn
15 -
10 -
5_
DO I Y M 1 1
20— Winter
15 -

percentage of organic signal

10 —

16 4 Summer Cc

0 ll J II T .I||||

16 Autumn

percentage of organic signal
©

4 il ”li _— ambient organic aerosol (Cubison et al., 2011). Based on the

T m/z60 contribution, it is concluded that there is only a mi-

15 nor influence of biomass burning aerosol on total OA, even
8 ‘ during winter. However, like for POA, a limited contribution
4 | 7 2724 of biomass burning seems to be suggested during the autumn
0 .!'! . !I ferrr :Iill l YT (TR NS , r campaign due to the small increasernofz 60 contribution

20 30 40 50 60 70 80 90 100 to OA.

m/z

4.2.2 Changes on the organic oxidation states
Fig. 2. Comparison of the average organic mass spectra for each
season, color code stand for the main organic categories (top) andeveral factors may influence the organic aerosol oxidation
the main elements (C, H, and O) (bottom). The pie charts represiates ike the thermodynamic properties of the organic com-
sent the average mass fraction of the different ion categories angounds (e.g. volatility) related to the local temperature, aging
elemental composition of each mass spectrum. processes of the organic aerosol and dynamics of the atmo-
sphere. All these possible influences will be discussed in

(53%) and winter (57 %). Comparing the diurnal profiles of the foIIovying. Chan.ges in organic oxidati.on Ieve!s were fol-
these two fragments during the different campaigns, a smallo¥ed using three different approaches: (|)+organ|c fragments
increase of GH;r early in the morning during summer and m/z 44 (9® and m/z 43 (mostly QH?O as described
autumn can be observed (Fig. Sl 2). This might indicate a2P0Ve): (ii) theOM/OC, O/C andH/C ratios calculated us-
possible increase of primary organic aerosol at this time. 1ing the elemente_ll analysis method deV(_e_I_oped by Aiken et
has been shown for a rural station in Canada that the ratio&- (2007) and Aiken et al. (2008) and (iii) the carbon ox-

of C3HsO" to C4H5r increased with photochemical aging idation state (OSc), a newly method developed by Kroll et

(Liggio et al., 2010). Therefore, these authors suggest tha?l' (2011). Their diurnal variations for each campaign are

the GHsO* might be associated with SOA and/or oxidized Presented in Fig. 3. Generally, a more or less pronounced
POA. Following this, the largest contribution of theig;0+  decrease of the organic fragments/¢44 andm/z43) was
observed during day time compared to night time. Such di-

during summer might be attributed to a larger photochem- o . .
istry aging OA, while the high correlation betweegHGO™ urnal variations can be attributed to both dynamics effects,

and GHZ, observed during each campaig & 0.60, 0.65 correlated with the increase of the mixed layer height, and

and 0.65 in summer, autumn and winter, respectively), mighfhermodynamic properties of the organic compounds (typi-

suggest a similar source for these two ions. cally their volatility). For this reasonn/z44 andm/z 43
were normalized to the total OM concentration according to

the respective notatiofi44 andf43. Moreover, it is known

www.atmos-chem-phys.net/11/12579/2011/ Atmos. Chem. Phys., 11, 1P25%8-2011
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(a) Summer — f44 — 43 - OM/OC —e— O/C
----- m/z44 === m/z43 == H/C ozone
0.16 — 1.0 1.50 7 0.60 1.85 — — 140
0147 % Lo sE 1 o055 1.80 — - 120
: 1.45 - _ L 1009
2012 ® 1 o050 1.75 - N 100§
5 m%83 o, Jo &1.70 80 3
£0.10 —| 3 4030453 = =
< LoaY T 3° 31.65 Ny 60 &
Fo.08 8 1 0403 7 oo | 40 2,
Lo Z‘E 1.35 — h -~
0.06 — £ ] 0.35 1.55 - 20
0.04 — L e e 0.0"“ 1.30 -1 0.30 1.50 B L e e 0
4 8 1216 20 24 0 10 20
hours hours
(b) Autumn = 44 —— 43 - OM/OC —e— O/C
----- miz44 - == m/z43 —— HiC S2he
0.16 — 1.0 5 1507 0.60 5 1.85— — 140
014‘,.\//\_08; 0.55 4 1.80 120
: 1.45 _ | 1002
© 042 . s§ 0.50 Q1.75 1oo§
bt = 0. 1.70 — 80 a
2040 e, 3 2140204538 ¢ =
§ 00 TR L oaN T S 21.65 S -60&E
F0.08 o . & 0.40 3
| ,E 1.35 1.60 — 40 "o
0.06 — “3 0.353 1.55 - 20
0.04 - T 0 Ovu 1.30 0.30 1.50 B L e 0
4 8 1216 20 24 0 10 20
hours hours
(c) Winter ~—— f44 — 43 —e— OM/OC —e— O/C
----- m/z44 === m/z43 == H/IC ozone
0.16 — 1.0 5 1.50 0.60 5 1.85 — — 140
0'14_~_,_/\—08E 055 1.80 120
ok 1.45 100 &
©20.12 — ] 0.50 )
b [~ 06 ; 3 o, 80 3
€0.10 3 3140 3045 | & 5
< 04 n
J008—.. . . ° 0.40 | 40 3.
& Phaiaman | 028 1.35 -
0.06 ~ ey, 3, 0.35 20
0.04 - T 0.0~ 1.30 0.30 —0

4 8 1216 20 24
hours

Fig. 3. Diurnal variations of the organic aerosol tracar§444, m/z43, f44, f43), OM/OC, O/C andH/C ratios and ozone concentration

for (a) summer(b) autumn andc) winter.

that f44 > f43 generally characterizes highly oxygenated by a higher efficiency of particle photooxidation and SOA
formation in summer than in winter. This is in agreement

and low volatile OA, whilef44 < 43 generally character-

izes less oxygenated and semi-volatile OA (Ng et al., 2010)with conclusions drawn by Chan et al. (2010). As ftt4
A comparison of the resulting diurnal profiles ¢#4 and  andf43, the diurnal profiles of th@M/OC, O/C andH/C ra-
f43 revealed a similar trend for all measurement periodgtios are represented in Fig. 3 (right panel). Typicaiy/OC
with anti-correlated profiles. The seasonal variations of theratio showed the highest value during day time and a lower
diurnal patterns are discussed below. value during the night. A similar diurnal variation with a
Mean OM/OC ratios of 1.73:£0.06, 1.74-0.09 and lower OM/OC ratio during night compared to day time has
1.64+ 0.14 were obtained for the summer, autumn and win-2/S0 been reported by Yu et al. (2005a) at the rural station of
ter campaigns, respectively. These values are lower than thereat Smoky Mountains National Park (Tennessee, USA).
value of 2.1, which has been recommended for non-urban The diurnal variations om/z44 andm/z43 for the sum-
regimes by Turpin and Lim (2001). However, our values of mer period show a strong decrease during day time, while
OM/OC ratios are still within the range of the values pre- 44, OM/OC and O/C increase at the same time. These
viously reported for similar sampling locations by Bae et differences can be directly linked to the dynamics of the at-
al. (2006), Chan et al. (2010) and references therein. In addimosphere, e.g. the increase of the mixed layer, which con-
tion, a small seasonal variation was obsen@ill/OCbeing  tributes to a dilution process by mixing the lower layer of
higher in summer than in winter, which could be explained the atmosphere with cleaner air from aloft. However, the

Atmos. Chem. Phys., 11, 125702599 2011 www.atmos-chem-phys.net/11/12579/2011/
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44 e+ OMIOC - - - OH radical = JNO, during day time leads to the formation of more oxidized
12 E™ E* Eoue OA. This was also shown in previous studies (e.g. Hilde-
10 " brandt et al., 2010 and Sjostedt et al., 2010). Furthermore,
e <1 2l T the condensation of low volatile compounds produced dur-
t . TE o Rl ing VOCs ozonolysis on pre-existing particles cannot be ex-
s 11 z 5E o1k cluded and should therefore be taken into consideration, ad-
Zoa > 0.2 ditionally to the OA aging process. Whef¥4 increased,
02 ¥4 e s f43 decreased which might be explained by the presence of
o Fl'S BT RE TR EL B B o Eos B more low-volatile compounds in the OA as well as by the ox-
L AL DAL idation of the OA, leading to conversion of/z43 tom/z44
23.05.2008 25.05.2008 27.05.2008 29.05.2008 31.05.2008 . .
date and time (Ng et al., 2010). However, during the night, f43 strongly

increased and consequentfid4 decreased, indicating the
Fig. 4. Comparison of thef44 andOM/OC time series with the  presence of more semi-volatile compounds. Due to the pre-
OH radical concentration and N(hotolysis rate for the summer  viously mentioned large difference of temperature between
campaign. day and night time (up to 2TC), evaporation of the more
volatile organic fraction during day time and its condensa-
tion in the evening have to be taken into account. The semi-
s volatile OA has a lowe©M/OCratio than a low volatile OA
S (Aiken et al., 2008; Jimenez et al., 2009). This could then
explain the observed diurnal variation of tBd/OC ratio.
A typical night and day size distribution of organic mass
] m/z43 andm/z 44 during summer are presented in Fig. 5.
2 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 distribu-
tion measured from noon to 18:00. Although the size distri-
bution ofm/z44 andm/z43 during the day presented a max-
imum around 300 nm, the night size distribution exhibited a
clear double mode, with a first maximum at 120nm and a
second one around 300 nm, similar to the maxima observed
during day. The night size distribution of sulfate, which is
Fig. 5. An example of a typical summer night and day particle known to be a low volatile compound, did not show any dou-
size distribution as measured on 7 June 2008. nght referred frorrb|e mode. The lower sulfate concentration observed during
midnight to 04:00 and day from noon to 18:00. the night may be attributed to the absence of sulfate forma-
tion and a lower mixed layer height. At the same time, the
particle size distribution measured by the TDMPS (Fig. Sl.
increase of f44, O/C and OM/OC reveals an important 4), presents a clear increase in both volume and surface size
change of the oxidation level of OA. In parallel to these distributions at similar diameter than the reported increase
changes in the OA oxidation state, an increase of OH radi-of organic tracer and nitrate (see discussion above for this
cal concentration was measured during day time with a maxfast compound) during the night compare to day time. Such
imum around 8< 10° molecules cm?® in agreement with  differences in the particle size distribution during day and
OH concentrations observed by Hock et al. (2008) and Hol-night is in accordance with the already suggested conden-
land et al. (2003) at different rural places in Germany dur-sation of semi-volatile organic compounds on pre-existing
ing similar periods of the year. The time series of the OH particle during the night. This phenomenon is certainly em-
concentration were compared to the time serieg#4 and  phasized by the large diurnal difference of temperature, as
OM/OC (Fig. 4). With the exception of 27 May 2008, the mentioned above. On the other hand, Bessagnet et al. (2010)
increase of OH concentration is correlated to an increase oflemonstrated that deposition of semi-volatile organic com-
f44 andOM/OC, which indicates that a change in OA ox- pounds may be an important factor especially during night-
idation state can be linked to photochemical aging. This istime. Therefore, such process should contribute to limit the
illustrated in Fig. 3, which presents similar profiles of or- observed nighttime condensation on pre-existing particles.
ganic tracers f44, O/C, OM/OC) and ozone concentrations  During the autumn campaign, the decrease of the total OA
while f43 andH/C profiles anti-correlate with ozone con- during day time was less pronounced, suggesting a lower
centration (correlation plots are available in Fig. SIf34 contribution of the dynamics of the atmosphere to the total
vs. O3 r2=0.96, f43 vs. @ r2=0.96 andOM/OC vs. O3 particle concentration. Regarding the oxidation state of the
r? =0.98) indicating that photochemical aging of particles OA, the changes of f43 during the day were less pronounced,
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009 4 summer The OSc diurnal profiles for each campaign are shown in

% e Fig. 6. The resulting OSc values are in the range of previ-

ously reported values for remote/biogenic aerosd).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 ag-
ing processes. The lowest values of OSc and the absence of

T well pronounce diurnal variations in winter confirm the pres-
ence of less processed OA and only a small amount of aging

o
Y
1

S
S
1

Carbon Oxidation state (OS,
5 .
o
1

o
©
1

during day.
L 4.3 Changes in particulate nitrate concentrations
2 4 6 8 10 12 14 16 18 20 22 24
hours 4.3.1 Nitrate diurnal profiles

Fig. 6. Diurnal cycle of the carbon oxidation state for each season. As discussed previously (see Sect. 4.1), the nitrate concen-
trations vary strongly with different seasons. The highest
concentrations of ammonium nitrate were observed during

which might be explained by a lower aging process and/omwinter, which is in agreement with the long-term measure-

a lower impact of the temperature variation between dayments made in Melpitz (Spindler et al., 2010). However, the

and night times compared to summertime. However, as alhigh time resolution of the AMS provides an access to the

ready observed during summertime, an increasg4#f and  diurnal variation of the nitrate concentration for the different

OM/OC ratio during day time was observed, which again seasons, as shown for the organics in the preceding section.

— based on the similarity with the ozone pattern (Fig. SI-3; The diurnal variation of the nitrate aerosol mass concentra-

OM/OCvs. Os: r2=0.96 andf44 vs. Q: r20.96) — could tion is presented in Fig. 7. A relatively similar pattern can be

be related to photooxidation processes. observed in all three campaigns: a decrease of nitrate con-

During the winter campaign, contrary to the other seasonsentration during the day, reaching a minimum at the end

(summer and autumn) organic fragmemtg444 andm/z43) of the afternoon followed by an increase during the night.

did not show pronounced diurnal variations. A small peakAs discussed in Sect. 4.1, the measured nitrate can princi-

was observed at night and a limited dip during day time. Thispally be attributed to ammonium nitrate during the different

might be explained by the limited impact of the dynamics of campaigns. Nevertheless, it is not possible to exclude a lim-

the atmosphere as well as by the thermodynamic propertieed contribution of the organic nitrate to our nitrate signal

of the OA, because of the lowest temperature at this period(Farmer et al., 2010).

As described in Sect. 3, ozone had only a small diurnal vari- The particulate ammonium nitrate is a semi-volatile com-

ation in winter and onlyf 44 seemed to be slightly correlated pound in equilibrium with its gas phase precursors (HNO

to the ozone variation (Fig. Sl 344 vs. Q: r2=0.94) and NHy). Therefore in the following discussion, we will
while 43 still anticorrelated to ozone (Fig. SI 343 vs.  only consider a simplified system only consisting of am-

03: r2=0.75). It is known that during winter time, pho- monium nitrate in equilibrium with its gas phase precursors

tolysis rates are lower, which limits consequently the ozone(NHz and HNG;). The gas-to-particle phase partitioning

formation and photo-aging process. Therefore, these factoref ammonium nitrate is well described in the literature and
should only have a small impact on the diurnal variation of strongly depends on the gas phase precursors concentrations,

OM/OC. Moreover, due to low biogenic emissions during temperature, relative humidity (RH) and aerosol chemical

winter time, local sources of OA and SOA formation should composition (e.g. Seinfeld and Pandis, 2006; Mozurkewich,

also be limited. Thus, particles measured during winter timel1993; Ansari and Pandis, 2000; Nenes et al., 1998). In Fig. 7,

could — when compared with other seasons — mainly havdhe relationship between nitrate concentration, temperature

been subject to long-range transport in agreement with longind RH can clearly be observed. The nitrate concentrations
term measurements (Spindler et al., 2010). were basically anticorrelated with temperature and correlated

Kroll et al. (2011) developed another approach to follow With RH. This is in agreement with results reported by Ru-
and compare changes of OA oxidation state. The author®akheti et al. (2005) who also related the nitrate diurnal pro-
determined the carbon oxidation state (OSc) from@i€ file to temperature and RH variations.

andH/C ratios, as follows: The gas-to-particle equilibrium of ammonium nitrate can
be described by the following reactions:
0S. ~ 20/C—HIC 2 NH3(g) +HNO3(g) = NH4NO3(s) (R1)

Atmos. Chem. Phys., 11, 125702599 2011 www.atmos-chem-phys.net/11/12579/2011/
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NH3(g) + HNOs(g) = NH (1) + NO; (1) (R2) (a) Summer

3

C)

b

Reaction (R1) corresponds to the gas-to-particle partition-
ing of dry ammonium nitrate particle. The dissocia-
tion equilibrium constant of ammonium nitrate into HRIO

(%) HY

solar radiation

temperature (’

and NH; (K,) was described by the following equation  — organics
(Mozurkewich, 1993): :%’J@i_
24080
In(K,)=11887+ T—6.025n(T) (3) oy 5
2 8

%: S a6
For deliquescent particles, the influence of RH should be % - 3 5«
considered. Therefore, for RH99.7 %, Reaction (R2) = '§ 2 i
can be described by the following equation (Mozurkewich, °~° °T T T T T T T 1T 1T 1T T T 1%

0 2 4 6 8 10 12 14 16 18 20 22 24

1993) hours

(b) Autumn

K% =(P1-P2A1—aw)+P31—aw)’ x (1—aw)" " x K ,(4)

g 16 § 800 —
- §udicm: i
with § e]% =200 B
£ 4-% 0
8763 g ° 10
In(P1)=—135944+ —— 4+19.12/n(T) (5) - 8%
T il o
— iulfate ) - 23 4§
9962 mmonium > L.5
In(P2) = —12265+ —— +16.22n(T) (6) g K 0 Lo
18 ] — [, =
13875 220787 ] —~ = B i
In(P3)=-18261+ — +24.46ln(T) (7) 10 & 22 — 2 3%
= s 1 Sl R
0.0 s L] 0
anday = RH/100 water activity approximation in the range 0O D 2 A 6 @ 40 2 % 46 18 o0 2 %
to 1 (Topping et al., 2005; Kreidenweis et al., 2008). (o) Winer hours

Moreover, in the ideal system considered here, when RH s
increases, the transition from solid phase equilibrium (R1) 519
to aqueous phase (R2) directly depends on the ambient R} gﬂ
value compared to the Deliquescence Relative Humidity € 2
(DRH) of the particle. When RH decreases, the transition — organis
from R2 to R1 depends on the ambient RH value comparec — \irate
to the Efflorescence Relative Humidity (ERH). For example, AmmRian 4
at 298 K, pure ammonium sulfate particles have a DRH of
80 % and an ERH of 35 % while pure ammonium nitrate par-
ticles have a DRH of 62 % and no ERH is observed (Seinfeld
and Pandis, 2006; Martin et al., 2003). For RH values lying o .
between the values of DRH and ERH, particles are in a so- e 2 4 6 b 10 12 14 16 18 20 22 24
called 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 Fig. 7. Diurnal variations of the nitrate concentration and its ther-
containing a significant fraction of ammonium nitrate have modynamic constants f¢a) summer(b) autumn andc) winter.
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, par-ammonium nitrate in an ideal system made ofJNHNO3
ticles with chemical composition far from pure ammonium and HO.
sulfate should remain liquid at 293 K. Consequently, regard-  Still considering the ideal systenk;’ was calculated for
ing the RH values and the diurnal variations of RH during each season (with RH 99.7 %) and its time series and di-
the different seasons, most of the aerosol is considered to bernal variations are presented in Figs. 7 and 8. Even if the
in the aqueous phase. Therefore, R2 and equation Eq. (4bsolute values ok ; correspond to equilibrium of pure am-
can be considered to describe the dissociation equilibrium omonium nitrate, it is noticeable that the nitrate concentrations

)
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L T The equilibrium constant of Reaction (R2) could also be
it Nostgm?) expressed as describing the formation of ammonium nitrate
& on deliquescent particleXfeiiq) instead of describing its
dissociation K;). Kdeliqg can be calculated as follows (Sun

s etal., 2011):

8 1.0 15 1.0‘ "';.5‘ - 3.0 35 4.0 2 2 2
. NH,50, 2 Kdeliq(T) = K(zgg)exp[a<$—l> +b<1+ln%8> —%8]

x10718 (8)

300 é

Kaaiiq (PPD’)
S

>
i
(,w Br) sy

IS
N

I Zf A With K (298)=3.3510%atm2, a=75.11, b=13.5 and,
0 MA;‘.%J\“/\ & Vm AL _/’pb 1018 3 conversion factor that provides the same uniKgs
20052008 o ‘:.ife“Zid..me s A similar approach is used to describe nitrate concentration

. in the ISORROPIA model by Fountoukis and Nenes (2007)

B p—— and Nenes et al. (1998).

E NO, (ug m) As for K;j, the time series and the diurnal variations of

Kdeliq are presented in Figs. 7 and 8. Becau&piiq de-

0 scribes the reverse mechanismidf, the diurnal variation of

2 Kdeliq correlates with diurnal changes on nitrate concentra-

tions 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.

(b) Autumn 30

&
(_w Brl) syenu

e 10 The fact that diurnal profiles of nitrate follow very well

PE . m‘ h A J H }\ MM J s their thermodynamic propertie&'{ and/orKgeliq) suggests

R QMWMIM Mr@ﬁ,fi'mm»ﬂ&mhﬁw‘w”;mm““ml \ an important evaporation of ammonium nitrate during the
2198.2008 oLiozom  attozws  dnzes 1102008 day and a condensation process on pre-existing particles dur-

oy winter ing the night. As previously shown for the organic fragment

90 s o osom 2 m/z43, the nitrate size distribution between the summers’s
. N, g m) day and night is presented in Fig. 5. A¥z43, 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
R s A them/z43 and the nitrate size distribution is consistent with
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4.3.2 Discussion of the factors influencing the nitrate

diurnal profiles
8 JJ, H ;“ u“ 3 .

id @ fhee! o The philosophy of our approach was based on a compari-
SR °°°“°°2¢elié’i.2m°:'° sz s 0320 son between measured nitrate concentration and theoretical
equilibrium constants for pure ammonium nitra#e;(and
Kdelig)- This is a simple theoretical approach, considering
Fig. 8. Time series of the nitrate concentration and the theoreticalon|y that ammonium nitrate is externally mixed, which is
equilibrium constantsK; (T) and K geli (7)) for pure ammonium  generally not the case, and that the gas-to-particle equilib-
nitrate during the three measurement periddj gummer,(b) au-  rjym is reached instantaneously. While Pio et al. (1992) ob-
tu[knn andc) Wlnter).. The insert scgtter plots is the rglatlon between served a kinetic effect on the ammonium nitrate formation,
Ky, (T) and the particulate ammonium to sulfate ratio colored by the o <1, dies about fine particles have shown that the instan-
nitrate concentration. e . . .
taneous equilibrium assumption is applicable (Takahama et
al., 2004; Yu et al., 2005b) in agreement with our estimation.
anti-correlate tok s for all seasons. The decrease of ni- However, this does not seem to be the case for larger parti-
trate concentration whei % increases agrees with an in- cles (Meng and Seinfeld, 1996). Regarding the different diur-
creased conversion of particle phase ammonium nitrate int&al profiles (Fig. 7), a systematic discrepancy between nitrate
gas phase HN@®and NH; during daytime. concentration and equilibrium constan'(% and K geliq pro-
files can be observed early in the morning directly after dawn.
This may suggest a possible kinetic effect on the ammonium

T
3

N
3
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nitrate formation (Pio et al., 1992). However, due to the lim- carbonate, and sodium chloride, leading to the formation of
iting number of gas phase species measurements availabt&lcium nitrate, magnesium nitrate, and sodium nitrate, re-
in this study, it is highly speculative to clearly conclude on spectively. As previously mentioned in Sect. 4.1, contribu-
such effect. Indeed, the influences of gas phase reactivity aion of Na*, C&+ K+ and Mg+ was negligible due to their
the transition time between night and day, like HONO pho- low concentrations compare to I)‘[HSO‘Z[ and NG;. More-
tolysis for example, and/or influence of the dynamics of theover, the presence of these cations on the coarse mode will
atmosphere have also to be considered. limit the formation of ammonium nitrate in the fine mode.

The formation of ammonium nitrate also depends on theThe't(.:omgar]son O]; the da”i; Pi\'/atnd !DMZ-5 mortga:jm.c c;?mbl 3
aerosol chemical composition as well as on the available amPosttion auring autumn and Winter 1S presented in 1avle: .
arger differences between fine and coarse modes are ob-

monia in the gas phase. Indeed, ammonia is preferentiall)}‘ ) : . N
scavenged by sulfuric acid. Only when sulfate is neutralized,served _for sodium, chlor!de and nlt_rate. This is in agree-
ent with the western air masses influence, reported dur-

the excess of ammonia leads to the formation of ammoniurr{n th ¢ d wint : hich included
nitrate (Seinfeld and Pandis, 2006). For all sampling peri-Ing € autumn and winter campaigns, which included a cer-

ods, the ratio of total ammonium (TA=NH NH;) to total tain maritime influence. Nevertheless, as Melpitz is located

_ _ ) far away from the sea coast (minimum distance of approx-
sulfate (TS =S@+ 80‘21 ) was calculated. Most of the time, imately 400 km); the sampling place is influenced by aged

the ratio was larger than 2 corresponding to an excess of aMnarine air masses rather than fresh ones. However, aging de-

monia. At this level, the formation of ammonium nitrate is gree and for example conversion rate of NaCl to NaNie-

therefore possible. Moreover, the particulate ammonium tc:Ewends on the history of the air mass over the continent (cross-

sutl_fatef ratlz was al_so estlmlated iﬂd tge f?‘ﬁ'?'”_g taveratge g or not polluted area, RH ...). Hence, in some specific sit-
ratio ot eac ((:jz_imptmgn was arger |fa? fW ICt' IS m_erprtee_ ations (e.g. marine air mass with little processing), coarse
as carresponding to ammonium sulfate formation (inserts | ode may contribute to trap HNCand therefore limit the

chIg. 8). tThﬁ a:pmortnutm t?tiulfatetraltlo ISIn agrelerggnt with mmonium nitrate formation. Additionally, gaseous HNO
€ neutralization state of the parlicies previously GISCUSSEQ, , 5154 react with mineral dust particles (especially with cal-

'Eﬁee Sect. 4'1)' tHOWﬁVter’ dltj.”ng a fel\_/v 2I|tertJn<)|on32|n(J|sumrr:ercium) as well as soil-derived particles (Metzger et al., 2006;
€ ammonium to sulfate ratio was slightly below 2 (down to Pakkanen et al., 1996). With only a daily time resolution,

1.’ 6). Jhlsl fmtay _:_r;]dlcate a. p355||ble S”.‘a”. dan;ou_rtlrt] pf amTO;however, it is difficult to estimate the real contribution of the
nium bisulfate. These periods also coincided with important, - .« 046 on the nitrate equilibrium,

new particle formation events. Figure 8 shows the relation- The importance of the dynamics of the atmosphere on

ship betweenk’;, and the ammonium to sulfate ratio. The the particulate nitrate concentration was demonstrated by

h|ghesth values happened during a low ammonium to sul Morino et al. (2006). However, no direct measurements of

fate ratio and a lower nitrate concentration. The relationship, * .. -4 layer height were performed during these cam-

petween nitrate formation and thg ammonium to sulfate. ra'paigns, except for 3 days at the end of the summer campaign,
tio was very well pronounced during the summer campaign

a period of strong photochemistry and sulfuric acid forma—Wh'Ch is not enough to draw global conclusions. Considering

tion. This sudgests a possible enhancement of nitrate de Ieo_nly these 3 days, the decrease of nitrate concentration early
T 99 P ) ) P& the morning goes together with the increase of the mixed
tion during day by larger ammonia consumption to sulfuric

acid neutralization during summer. The time series of nitrate layer height. Therefore, the mixed layer development should
; ng X .‘contribute to the observed decrease of nitrate concentration,
K3 and K geliq for the different seasons are also presented i

Mwhile th ratification during night shoul rt the in-
Fig. 8. Most of the time nitrate concentrations followkd e the stratification during night should support the

and Kyeiq as previously described in Fig. 7. However, durin creased concentration. Because of the low value of the dis-
eliq as p y 9. 7. ' 9 sociation equilibrium, the influence of the mixed layer height

some few events, nitrate concentration appears to not be CO%’hould be an important factor during winter

nected to its equilibrium rate constants. For example, during . . : .
. . i . Up to now, particulate ammonium nitrate formation has
these periods, an increase of the nitrate concentration can be

o . o only been considered as resulting from the gas-to-particle
observed while its thermodynamic equilibrium rate constant artitioning. The reactivity of N@and G as well as NO
predicts a lower concentration (e.g. on 14 October 2008 an(ﬁy 9 y S

. drolysis are more important during night and will be fa-
nfluence of local sources andlor fast changes i af mass or01ed bY the high RH (RS to RS). In wet partiles:
: 9 leads to the formation of HN§XR5) which can then be neu-

gin. tralized to ammonium nitrate by uptake of NKR6).

In Europe, the formation of ammonium nitrate is consid-
ered to be limited by the formation of HN(Sartelet et al., NOs+ 03 —> NO3+ 0> (R3)
2007). Unfortunately, no measurements of HiN&ere per-
formed here. However, we can note that Hi\Nf®es notreact NO3+NO, — NoOsg (R4)
with NH3 only; it can also directly interact with the inorganic
fraction of the aerosol, e.g. calcium carbonate, magnesiunN2Os(g) +H2O(ag) —> 2HNO3z(ag) (R5)
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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 armbht@ntrations (right). The colored surface area on the
right side corresponds to the solar radiation and can be used to distinguish nighttime from daytime chemistry.

HNOs(ag) + NH3(g) — NHj{(aq) +NO3 (ag) (R6) model simply assumed an instantaneous and complete trans-
. . ) fer of N2Os on particle. Therefore, this approach provides
In order to evaluate the role of the night time chemistry on e maximum of particulate nitrate expected from nighttime

the nitrate formation, a simple zero-dimensional box modelcpemistry rather than the real nitrate formation. The hourly
was developed based on Reactions (R3) and (R4) only anfoqyction flux of particulate nitrate estimated during the

assuming a fully conversion of D5 via its heterogeneous pight time of each season is presented in Fig. 9. The max-

reactivity RS and R6. The model was run using GEPASI i m of nitrate concentration produced during night via this

3.30 downloaded frpnwww.gepasi.org The kinetic rate ‘pathway as well as the comparison of measured and calcu-
constants for Reactions (R3) and (R4) were taken from Lijyteq ozone and Nconcentrations are also presented in
et al. (1993) and recalculated for each hour in order to CO”Fig. 9. First of all, it can be seen that the Reactions (R3)

sidered changes of temperature over the nights. With thig,n4 (R4) successfully reproduced the variations of 0zone and

simulation, the maximum of particulate nitrate that could be NO; night concentrations for each season. As expected, our
expected from hOs decomposition (RS and R6) in one hour g jated nitrate concentrations are higher than the measured

was calculated. To do this, we used the averaged diurnal consgcentrations for each season. However, a linear relation-
centrations of ozone and NQor each season and for each g hetween measured and estimated nitrate concentrations
hour of the night and initialized our model to calculate the .44 pe observed for each season (Fig. 10). This suggests that
maximal nitrate concentration out of these ozone angd NO nighttime chemistry may be a significant source of ammo-
concentrations. We concede that this model simplifies the,;;m nitrate, especially during winter. The importance of

nighttime chemistry mechanisms. For example, the reactiVihe nitrate radical and $Os nighttime chemistry was previ-
ity of the nitrate radical with organic compounds and the Wetously reported by several authors (e.g. Brown et al., 2006
deposition of NOs were not considered at this stage. The ’ ’
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2003; Chang et al., 2011; Geyer et al., 2001; McLaren et al., Summer

2004). For example, Li et al. (1993) demonstrated that ni- «— 125

trate radical and BOs nighttime chemistry can contribute as i 1.0

much as 80% and 10 % to the night time nitrate production % 0.8 -

respectively, in a Canadian rural place. Therefore, the au- 2 ;|

thors concluded that in their conditions, Reaction (R2) rep- 3

resented a minor source. The results of our simple model > 047 o szlope =0.11£0.01
shown that the maximum expected nitrate concentration is § 0.2 r =0.97
slightly higher in winter than during summer nights whilethe £ 0.0 T T T T T
calculated nitrate formation rate is larger in summer (rang- 0 2 4 6 8

ing from 1.1 to 0.6 ugh?) than winter (0.7 to 0.5 pgtt).
The increase of nitrate concentration measured during the
night was lower in summer\NO; = 0.7 pg nT3), increased 4-
in autumn ANO; = 1.6 ug n3) and reached a maximum
in winter (ANO3 =3.6 ug n3). Comparing the simula-
tion results and the measured concentrations, the slope of
the relationship between measured and simulated nitrate con-
centrations 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 con-

. . . . . - O I I I I I I I
tribution on the nitrate concentration during summer night-

. . . . . 0 1 2 3 4 5 6 7
time, the small increase of nitrate concentration can be in- A
terpreted as a limited contribution of the nighttime chemistry estimated NO; (ug m ')
during summer. On the other hand, the nighttime chemistry

estimated NO; (ug m>)

Autumn

Slope =0.36 + 0.02
¥ =096

Measured NO; (Hg m")
N
1

seems to be more important during winter time whichisin _~ ®7  winter °
agreement with Chang et al. (2011). i 5 -
=

As discussed above, different factors directly contribute gv 47
to influence the particulate nitrate concentration and two of fj 37
them seemed to have a special importance during our mea- £ 2+ e Slope = 0.47 + 0.02
surements at the research station Melpitz: the thermody- § 1 2 =097
namic properties of ammonium nitrate and the nitrate forma- €
tion by nighttime chemistry. Therefore these two parameters 0 ! ! ! ! !
have to be considered together. While the nighttime chem- 0 2 4 6 8 10
istry seems to represent a larger potential source of nitrate in estimated NO; (ug m*)

summer than winter, its direct contribution to the particulate

ammonium nitrate is limited by the low value of t#&eliq  Fig. 10. The comparison of measured and simulated nitrate concen-
(approx. 10 times lower in summer than winter). There- trations for each season.

fore, the produced nighttime nitrate should be released more

into the gas phase during summer than winter nights. Ad-

ditionally, due to the similar expected nitrate formation, the Surements are needed to better quantify the real influence of
differences inKqeliq (factor 10) as well a&NOj3 (factor 5) these two parameters and their interactions.

between winter and summer suggest a larger influence of the

thermodynamic equilibrium during warmer periods (sum-

mer) in agreement with the observed condensation of semi5 Conclusions

volatile organic compounds, and a larger influence of night-

time chemistry during dark and cold periods (winter). Our The comparison of AMS measurements at the Central Eu-
results highlight the strong influence of the factor “season”ropean IfT research station Melpitz (Germany) throughout
on the particulate nitrate formation during the night for the a year showed a large contribution of organics (59 %) and
conditions of this study at Melpitz which are representative sulfate (17.5 %) to total particle mass concentration during
for the central European aerosol. Nevertheless, these resultse summer period, whereas the winter period was character-
are based on two simple and theoretical assumptions considzed by a large contribution of nitrate (34.4 %). In addition,
ering pure ammonia, nitric acid and water system for the therthe OM/OC ratio was slightly influenced by the season with
modynamic factors and a complete conversion gDilinto values being higher during summer (1.73) than winter time
ammonium nitrate for the nighttime chemistry. More mea- (1.64). Even if at first glance, diurnal variations of organic

www.atmos-chem-phys.net/11/12579/2011/ Atmos. Chem. Phys., 11, 1P27%3-2011
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and nitrate show similarities over the year, some importantal., 2007; Yin and Harrison, 2008). Our results confirm this
changes and influences of local meteorology and chemicahnd underline the need for more systematic measurements
reactivity could be observed. of particulate chemical composition and gas phase HONO,
HNOs and NH; in order to improve the knowledge of the ni-
time, which was mainly observed during the warm seasonst&® _chem?stry and to evaluate_its atmo§pheric impa_ct. F_ur-
ther investigations on the particulate nitrate behavior will

can be linked to the dilution effect of increasing mixed layer . .
height. Significant photochemical aging and/or a condensape performed by combining the AMS measurements with

tion of low volatile compounds, resulting from VOC ozonol- other on-line instrumentations like a Monitor for Aerosols
ysis, were observed during day time in the summer periodand Gases in ambient Air (MARGA, Applikon Analytical,

corresponding to the increase ©M/OC (from 1.65 during 1\“" ten IBr_mk e:_ al.£ 2&)}07). TP'S sht(_)ulld helte[_us_ to sm;utl;]
night time to 1.80 during day time) and OSc (fron0.66 aneously investigate Ine gas-fo-particie partitioning and the

to —0.4). The impact of photochemistry and temperature peParticle size influence on the nitrate equilibrium.

came less important during the cold seasons, therefore, only
small increase o®M/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 http.qmsa;gn%%—frem—prys.nettlljf/ 12579/2011/
range transport of particles whereas summer OA was basi P+ ) -suppiement.p
cally influenced by the regional photochemistry. Moreover,

the mixed layer height should also have a significant contri-
bution to the diurnal profiles of the organics; however dueAcknowIedgementsNe gratefully acknowledge support from the

. ; o Umweltbundesamt (UBA) grants, no. 351 01 031 and no. 351 01
to the lack of systematic measurements during the differenbsg "yFopLAN contract 3703 43 200 (Title “Erfassung des Zahl
campaigns, it is relatively difficult to estimate its influence. feiner und ultrafeiner Partikel in der AuRenluft’) and the European
These results confirm the importance of the factor “season’jntegrated Project on Aerosol Cloud Climate and Air Quality
in order to compare the OA compositions in meta-analysegnteractions (EUCAARI). We appreciate extensive instrumental
of the worldwide particle composition (e.g. Ng et al., 2010; support by Joachim @ner and Thomas Tuch (IfT) at the Melpitz
Zhang et al., 2007a) and the contribution of local chemistryfield site.
to particle chemical composition.

The diminution of the total OA concentration during day

gupplementary material related to this
article is available online at:

. o Edited by: D. Simpson
During our measurements, the ralid/TS> 2 indicated
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