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Ambient measurements of PM1 aerosol chemical composition at Cabauw, the

Netherlands, implicate higher ammonium concentrations than explained by the

formation of inorganic ammonium salts. This additional particulate ammonium is

called excess ammonium (eNH4
). Height profiles over the Cabauw Experimental Site

for Atmospheric Research (CESAR) tower, of combined ground based and airborne

aerosol mass spectrometric (AMS) measurements on a Zeppelin airship show higher

concentrations of eNH4
at higher altitudes compared to the ground. Through flights

across the Netherlands, the Zeppelin based measurements furthermore substantiate

eNH4
as a regional phenomenon in the planetary boundary layer. The excess

ammonium correlates with mass spectral signatures of (di-)carboxylic acids, making

a heterogeneous acid–base reaction the likely process of NH3 uptake. We show that

this excess ammonium was neutralized by the organic fraction forming particulate

organic ammonium salts. We discuss the significance of such organic ammonium

salts for atmospheric aerosols and suggest that NH3 emission control will have

benefits for particulate matter control beyond the reduction of inorganic ammonium

salts.
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Introduction

Ammonia (NH3) is the most abundant volatile base in the atmosphere and plays
a central role in the formation of particulate inorganic salts such as ammonium
sulfate ((NH4)2SO4), ammonium nitrate (NH4NO3) and ammonium chloride
(NH4Cl) with the respective inorganic acid (sulfuric acid, nitric acid and hydro-
chloric acid). NH3 sources are dominated by agricultural activities such as
fertilizer use and livestock.1 The aforementioned acid–base reactions are the
dominant loss process for NH3. Ambient concentrations of NH3 depend strongly
on the environment and can reach several ppm in the vicinity of large agricultural
areas.2 In recent years urban NH3 concentrations have increased due to the use of
selective catalytic reduction to remove nitrogen oxides from car emissions and
stacks.3,4 At the same time signicant reductions have been achieved in the
emissions of SO2 in Europe,5,6 which diminishes the role of sulfate aerosol but
increases the availability of NH3 to form other salts such as NH4NO3.7 NH4NO3 is
therefore observed to be the dominant inorganic PM1 species in many parts of
Europe.8

Dicarboxylic acids (DCA) are a prominent class of oxidation products of
atmospheric VOC and have been observed in atmospheric aerosol in urban,9–14

rural,9,11 as well as marine environments.15,16 Oxalic acid is oen the most
abundant DCA and has been shown to easily uptake NH3 in laboratory condi-
tions.17,18 Previous eld measurements and model studies suggest that ammo-
nium salts of organic acids have to be accounted for in aerosol ion balances.19–21

While the properties of inorganic ammonium salts are well characterized,22 little
is known about the physical properties of organic ammonium salts in particles.
Uptake of ammonia on organic aerosol was suggested to change the hygroscopic
properties23 and volatility18 of organic aerosol. It is also suspected to have an effect
on the optical properties of aerosol, possibly accounting for brown carbon
formation in aged organic aerosol (ref. 24 and references therein).

North-Western Europe is characterized as a polluted region affected by
substantial agricultural emissions. The Cabauw Experimental Site for Atmo-
spheric Research (CESAR) can be considered representative of rural North-
Western Europe.25 It has been shown recently that the aerosol concentration at
this site regularly exceeds WHO limits.26 The composition of PM1 at this site is
dominated by organics and NH4NO3.26,27 Here we show observations from ground
site and airborne measurements with a Time-of-Flight Aerosol Mass Spectrometer
(ToF-AMS) from Cabauw, the Netherlands, indicating an efficient uptake of
ammonia by the organic fraction in PM1. The level of neutralization of organic
acids is discussed in the context of laboratory reference measurements and an
interpretation of the overall functionality of the organic responsible for ammonia
uptake is provided. It is discussed that ammonia reduction strategies will reduce
PM1 exposure beyond the reduction of inorganic ammonium salts in this
environment.
Experimental materials and methods

The CESAR Observatory is located in the western part of the Netherlands (51.971�

N, 4.927� E) and provides measurement platforms at heights up to 213 m above
332 | Faraday Discuss., 2017, 200, 331–351 This journal is © The Royal Society of Chemistry 2017
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the surface. The site was established in 1972 and is used for long term atmo-
spheric composition monitoring and surface-atmosphere exchange studies.
Meteorological data and gaseous compounds, including greenhouse gases, are
monitored routinely at the tower.25,28,29

A ToF-AMS30–32 was used to measure PM1 non-refractory chemical composi-
tion, including the organic fraction (Org), ammonium (NH4), nitrate (NO3),
sulfate (SO4), and chloride (Chl), at the CESAR tower from May 12th to July 17th

2012 with a time resolution of 7 minutes. The ToF-AMS was sampling at ambient
RH from an aerosol inlet installed at a 5 m inlet height, keeping a laminar ow
regime. The total residence time of the sample air in the inlet was approximately
20 seconds. The contribution to the CO2

+ signal from gas phase CO2 was sub-
tracted by using data from periodically performed measurements with a HEPA
lter inline the AMS inlet. The CO2

+ signal derived from the particulate organic
fraction is referred to as Org-CO2.

During mass calibrations (see below), using concentrations of ammonium
nitrate of up to 30 mg m�3, no signicant CO2

+ signals were observed for all AMS
instruments reported here. Therefore, a potential CO2

+ interference caused by
ammonium nitrate as shown by ref. 33 can be excluded. Equivalent black carbon
(eBC) in PM10 was measured in parallel with a Multi-Angle Absorption Photom-
eter (MAAP, Thermo Scientic Model 5012) at 60 m height. Although the MAAP
has no size selective inlet beside the PM10 heads, it can be assumed that eBC-
containing aerosols generally fall into the submicron size range.34 Thus, eBC
concentrations obtained from the MAAP can be added to the AMS measured NR-
PM1 mass for completeness.

The vertical and horizontal extent of the local ground site measurements was
explored in two ights of the Zeppelin NT on May 21st and May 22nd during the
Pan-European gas-aerosols-climate interaction study (PEGASOS) campaign. The
Zeppelin NT is a semi-rigid airship of 75 m length and a maximum hull diameter
of 14 m. Different to fast moving aircra oen used to characterize chemical
processes at different altitudes, the Zeppelin is able to operate at low velocities
throughout the lowest kilometer of the atmosphere.35 Thus it is an ideal platform
for performing height proles over a conned area. Instruments measuring the
highly reactive OH and HO2 radicals, and the total reactivity of OH radicals, were
permanently mounted at the platform on top of the airship.36 All other instru-
ments described here were installed inside the cabin, sampling ambient air with
inlet lines either from the nose-boom at the tip of the gondola, from below the
bottom hatch, or from a window in the front door of the gondola.

For the two ights on May 21st and May 22nd the Zeppelin NT cabin congu-
ration was the so called SOA layout. It was equipped with a ToF-AMS trimmed to
save weight (hereaer termed ZAMS, Aerodyne Inc35), an aethalometer for eBC,
a CPC and a SMPS for particle number concentration and particle size
measurements, as well as instruments to measure gas phase tracers NO, NO2, O3,
CO and VOC.35–38 A comprehensive description of the ZAMS, including its
mechanical and electronic adaption to on board conditions on the Zeppelin NT is
given elsewhere.35 Note that the ZAMS was operated with a pressure dependent
inlet39 to compensate for ambient pressure changes during ights. The ight on
May 21st was conducted from Rotterdam Airport to a forest in the Putten
municipality, Gelderland, Netherlands, and includedmeasurements at 3 different
heights at Putten, later at Wageningen, Netherlands, and nally Cabauw, before
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 331–351 | 333
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the Zeppelin ew back to the airport. The altitude changes were performed with
ascend or descend rates of around 3 m s�1. Height prole measurements at the
CESAR tower onboard the Zeppelin were performed at 3 ight levels between 50
and 375 m, each probed for 5–6 min. The ZAMS was operated with a time reso-
lution of 30 seconds, thus providing at least 9 data points at each height. We
included one data point at approximately 150 m in our vertical proles, which was
acquired during a height transition. The overall ight duration over Cabauw was
57 minutes between 12:47 and 13:44 local time.35 The second ight on May 22nd

did not include height proles but represents a transect ight from Rotterdam
Airport to Cabauw, from there via Rotterdam to the North Sea and back to the
airport. Over the sea, the Zeppelin switched to a higher altitude and the ight
back to the airport was continued at a higher altitude than the ight to the sea.
Map overviews of the ight tracks are shown in Fig. S3 and S4.†

Mass concentrations from the ToF-AMS were determined using a composition
dependent collection efficiency (CDCE) correction.40 For the ZAMS data set a CE of
1 was applied based on statistical analysis of mass concentrations derived from
the SMPS measurements and from the combined data of the aethalometer and
ZAMS.37 The ionization efficiency (IE) of nitrate was calibrated for the ToF-AMS at
least weekly, using the mass based method described in ref. 31 while the so-called
brute force single particle method (for AMS single particle measurements see ref.
41) was applied for the calibration of the ZAMS. The relative ionization efficiency
of NH4 (RIENH4

) was determined directly from each IE calibration and resulted in
an averaged value of 4.24 � 0.14 for the ground based measurements. A RIENH4

of
4.00 was calculated from an IE calibration of the ZAMS directly before the ights
investigated here. RIEs for particulate organics, sulfate, and chloride (1.4, 1.2, and
1.3, respectively) were taken from the literature.17,42,43

Elemental ratios such as O/C, H/C, N/C of high resolution mass spectra were
determined by implementing the correction factors established by ref. 44 and 45.
As it was not possible to t the CHO+ ion within the ZAMS data due to high
interferences with the 15N14N+ signal, the elemental analysis method given by ref.
46 could not be used here. Consequently, ToF-AMS ground based data was
analyzed similarly to ensure comparability of the two datasets.

In order to explore the vertical distribution of individual sources contributing
to the organic aerosol, common organic factor proles had to be established for
the ground based ToF-AMS and the airborne ZAMS data. Accounting for the
amount of data available (11 582 data points with 7 min time resolution for ToF-
AMS and 33 data points with 0.5 min time resolution for ZAMS) the following
approach was chosen for combined factor analysis of the organic aerosol
component. For the ground based AMS data, factor analysis of the organic frac-
tion of the aerosol was performed using Positive Matrix Factorization (PMF)
analysis,47,48 applying the PMF2-solver soware PMF Evaluation Tool (PET49),
version 2.06 beta, within Igor Pro 6.2.3. PMF is a bilinear model and assumes that
the original data set, containing variable mass spectra over time, is a linear
combination of a given number of factors, each with a constant mass spectrum
and varying contribution over time. The strategy to perform factor analysis and
explore PMF solutions for the ground base data was taken from ref. 50 and has
been successfully used in ambient studies apportioning the measured organic
mass spectra in terms of source/process-related components. The organic fraction
measured by the ZAMS was investigated via the ME-2 solver version 4.8,51
334 | Faraday Discuss., 2017, 200, 331–351 This journal is © The Royal Society of Chemistry 2017
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implemented within the Igor Pro based Source Finder (SoFi52). With the ME-2
solver it is possible to introduce a priori mass spectral information and hence
to reduce the rotational ambiguity, i.e., similar PMF results with the same
goodness of t, of PMF solutions.53 In this work, PMF factors derived from
exploration of the ground base data set as described above were used as
constraints without any freedom given to the model (a-value ¼ 0, see ref. 52) for
PMF calculations of the ZAMS data set.

An important aerosol property is the acidity, i.e. the concentration of H+ ions in
the aqueous phase. When the majority of inorganic species (>95%) are accounted
for, alkaline particles can be distinguished from acidic particles with good reli-
ability by the molar ratio of cations and anions.54 The sensitivity of the AMS for
salts containing alkali metals or alkaline earth metal cations is very low due to the
600 �C oven temperature in the AMS and the high temperature of evaporation of
these salts. At the CESAR tower measurements with a Monitor for Aerosol and
Gases (MARGA, Applikon Analytical BV, see ref. 55) were performed to determine
PM1 ion composition. These show only low concentrations of Mg2+, Na+, K+, and
Ca2+ (average sum over the entire campaign: 0.08 mg m�3). Thus the main inor-
ganic aerosol anions NO3

�, SO4
2�, and Cl� and the cation NH4

+ are used in the
following to determine the ion balance.

Because of charge neutrality a decit of NH4
+ required to fully neutralize

anions to NH4NO3, (NH4)2SO4, and NH4Cl is assumed to be balanced by
a respective amount of H+ ions. On the contrary, a higher abundance of NH4

+ than
is needed for neutralization of the particulate anions is considered as excess NH4

(eNH4
). As discussed below in this work we will assume that eNH4

is neutralized by
organic acids. The mass concentration of eNH4

can be calculated from eqn (1),
where MWNH4

represents the molecular weight of NH4 and ni is the molar
concentration of species i in the aerosol.

eNH4
¼ MWNH4

� [nNH4
� (nNO3

+ 2 � nSO4
+ nCl)] (1)

Only the inorganic nitrate (InNO3
) is used for the ion balance, since organic

nitrates are already neutralized by their organic fragments. In this work organic
nitrate was determined based on the relative abundance of NO2

+/NO+ ions as
described in ref. 56 and 57. The NO2

+/NO+ ratio for pure inorganic nitrate was
determined from the respective ratio of the weekly calibrations using pure
NH4NO3 and found to be relatively constant for the ToF-AMS during the entire
campaign (0.39 � 0.02). The ZAMS showed higher values, on average 0.65 and
higher variations between 0.6 and 0.78. The highest value of 0.78 was determined
on May 20th, i.e. closest to the ights reported here. Nevertheless, the campaign
average value for pure ammonium nitrate (0.65) was applied for the calculation of
the organic and inorganic nitrate fractions, as it reduces the uncertainty of
a single calibration and provides a lower limit of OrgNO3 and thus of eNH4

concentration (see eqn (1)). An upper limit of the eNH4
concentration was calcu-

lated using the maximum NO2
+/NO+ ratio of 0.78. The results of this are reported

as maximum eNH4
below.

The limit of detection of eNH4
was derived in laboratory experiments. For this

purpose, eNH4
was determined for pure NH4NO3 and (NH4)2SO4 particles as

function of inorganic mass concentration. It was shown that at mass concentra-
tions larger than 10 times the detection limit of NH4, a reliable ion balance and
This journal is © The Royal Society of Chemistry 2017 Faraday Discuss., 2017, 200, 331–351 | 335
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thus eNH4
determination is provided. The detection limit of NH4 was determined

in NH4NO3 calibrations during the eld campaigns for the ToF-AMS and ZAMS
instruments and found to be 0.06 mg m�3 and 0.01 mg m�3, respectively. For all
but 16 data points (out of 11 582) of ToF-AMS data shown in this work, NH4

concentrations were above this value. The ZAMS measured NH4 concentrations
were above 1 mg m�3 throughout the ights reported here. We therefore consider
the full data set as applicable to eNH4

analysis.
We propose that the anions of organic acids counterbalance the excess

ammonium. Therefore, laboratory experiments were performed to test the
hypothesis that uptake of NH3 via acid–base reactions on condensed phase
organic acids can lead to eNH4

. For that, dry and wet monodisperse particles of
pure organic acids were generated and directed to a ow tubemade of borosilicate
glass. There, the aerosols were exposed either to a pure or to a NH3 containing N2

gas ow for a total of� six minutes residence time. The NH3 concentration during
the uptake experiments was kept to around 10 ppb as monitored by a Cavity Ring-
Down Spectrometer (CRDS, Picarro Model G2103). The aerosol chemical
composition was measured by a Quadrupole Aerosol Mass Spectrometer (QAMS).
The particle concentrations were adjusted so that the molar concentrations of
particulate acid groups were in the same range as the molar concentrations of the
gaseous NH3 in the ow tube. This was done to ensure a potential complete
neutralization of the acid groups by ammonia at atmospherically relevant
concentrations of both reagents. Like for the ambient AMS data gas phase
background, measurements were done for all experiments by acquiring data with
a particle lter in front of the QAMS inlet to ensure that signals on e.g. m/z 44
solely derived from sampled particles. Note that carboxylic acid groups are
considered to be detected as equal amounts of CO+ and CO2

+ ions by the AMS.45

This is due to the fact that even in high mass resolution (ambient) AMS
measurements the N2

+ signal on m/z 28 is too high, so that the signal of the CO+

ion can usually not be determined directly from the mass spectra. As summarized
Table 1 Overview of the results from lab experiments on the uptake of NH3 on pure
organic substances: organic acids (black), ascorbic acid (blue), and sugars (green). The
relative humidities were in the range of 75–85%, if not otherwise specified

Substance f44
a

Molar ratio
NH3/acid

eNH4

[mg m�3]
Yieldneutr

[%]
Penetration
depth [nm]

Adipic acid 0.13 13 : 1 0.05 1 1
Succinic acid 0.18 2 : 1 0.10 2 1
Glutaric acid 0.11 2 : 1 0.3 4 2
Citric acid 0.24 9 : 1 0.56 19 9
DL-Malic acid 0.21 8 : 1 0.96 21 11
L-Tartaric acid; RH > 75% 0.24 2 : 1 1.6 24 12
L-Tartaric acid; RH > 75% 0.21 7 : 1 2.0 36 19
L-Tartaric acid; RH > 75% 0.22 17 : 1 3.1 36 19
L-Tartaric acid; RH ¼ 30% 0.22 6 : 1 6.0 31 16
Ascorbic acid 0.19 4 : 1 0.9 25 13
Glucose 0.05 — — — —
Sucrose 0.03 — — — —

a Determined directly from QAMS data during the respective experiment.
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in Table 1 ve dicarboxylic acids, a tricarboxylic (citric acid) and an acid with no
carboxylic acid groups but an acidic OH group (ascorbic acid) were investigated.
In addition, sucrose and glucose were studied as reference substances for which
no NH3 uptake was expected.
Results

The bottom graph in Fig. 1 shows the temporal evolution of PM1 mass concen-
trations (stacked) of equivalent black carbon (eBC, black), organics (Org, green),
nitrate (NO3, blue), sulfate (SO4, red), ammonium (NH4, orange), and chloride
(Chl, pink) as measured by the MAAP and AMS, from May to July 2012. The
average total mass concentration was 6.40 mg m�3. NO3 and organics were the
dominant species throughout the whole campaign, which was also observed in
previous campaigns at the CESAR tower.26,27 Several periods with high aerosol
mass loadings were observed. Between May 20th and May 23rd in the aernoon,
the total mass concentration increased continuously up to 35.0 mg m�3 with an
average of 19.0 mg m�3. During this time, northerly and north westerly wind
directions prevailed and NO3 and organics were still the dominant species.

The top graph of Fig. 1 displays the mass concentration of excess ammonium
(eNH4

, brown). Peak values of up to 0.5 mg m�3 were determined during the
indicated high mass periods including the time at which the Zeppelin ew over
the CESAR tower (black vertical line) and where height proles shown in this work
were acquired. An average eNH4

concentration of 0.05 mg m�3 was determined,
resulting in average mass fractions of 5% and 1% with respect to total NH4 and
total aerosol mass. Periods with negative values of eNH4

, indicating acidic aerosols,
Fig. 1 Aerosol composition from ground based measurements. Top panel: Excess
ammonium mass concentrations calculated according to eqn (1). Bottom panel: Stacked
time series of mass concentrations of aerosol components. High mass periods are indi-
cated by light green backgrounds. The time period with easterly wind directions and high
relative organic contribution is highlighted in red. The black vertical line marks the
Zeppelin flight at the CESAR tower on May 21st 2012.
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Fig. 2 Time series of PMF factors from AMS ground based data and tracers. High mass
periods are indicated by light green backgrounds. The time period with an easterly wind
direction and high organic contribution is highlighted in red. The black line marks the
Zeppelin flight at the CESAR tower on May 21st 2012. The bottom of all tracer axes is set to
zero.
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are rarely observed and are of very short duration (maximum 6 hours of contin-
uous signicant acidity).
Statistical analysis of organic aerosols – ground data

The unconstrained PMF analysis of the AMS ground based organic fraction ob-
tained six factors (FPEAK¼ 0). Their time series andmass spectra are displayed in
Fig. 2 and S1,† respectively. Fig. 2 contains also the time series of important
external tracers, which are commonly used to identify specic organic factors.50

An overview of the correlation coefficients between the most important tracers
and the six factors is given in Table S1.† Besides the primary organic aerosol (POA)
factors HOA (hydrocarbon-like organic aerosol) and BBOA (biomass burning
factor), three more oxidized organic proles were found with increasing O/C
ratios: a semi-volatile oxygenated organic aerosol (SVOOA), a low-volatile OOA
(LVOOA) and a HULIS factor (see below). All SOA factors (SVOOA, LVOOA, and
HULIS) together contribute 77% to the total organic fraction. The sixth factor was
attributed to methanesulfonic acid (CH3SO3H, MSA), and thus is called MSA-OA.
The HOA, BBOA, SVOOA and LVOOA factors have been commonly seen in
a number of AMS campaigns (e.g. ref. 50), including campaigns at the CESAR
tower.17,58 The MSA-OA factor showed only a few high mass concentration events,
e.g. from 23rd to 24th May. That is why this factor contributes little (4%) to total
organics over the entire campaign. This event is also accompanied by a high mass
peak of particulate chloride. The high fraction of organic sulfate ions to the MSA-
OA prole attributes this factor to marine sources. This factor class was not only
observed in marine environments,59,60 but also in the continental megacity of
Paris.61
338 | Faraday Discuss., 2017, 200, 331–351 This journal is © The Royal Society of Chemistry 2017
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The so called HULIS factor showed the highest O/C ratio of all factors, mainly
resulting from a higher contribution of the CO2

+ ion than, e.g., the LVOOA factor.
The HULIS factor class was rst observed by the authors of ref. 62 in previous AMS
campaigns at the CESAR tower in May 2008 and March 2009. These ndings were
conrmed for 2008 by a re-analysis using the ME-2 solver, published in ref. 58.
The identication and characterization of this factor class was achieved by
comparison with data from an ion-exchange chromatographic method for the
direct quantication of humic-like substances (HULIS) and from water-soluble
organic carbon (WSOC) analyzed offline on a set of lters collected in parallel.63

Such measurements were not available in the campaign reported here. A high
correlation was found between the HULIS prole observed in this study and the
reference HULIS spectra (R2 ¼ 0.91 and 0.88, compared to ref. 58 and 62,
Fig. 3 Zeppelin flight tracks on May 21st, color coded with the (a) total PM1 mass
concentrations and (b) the eNH4

concentration.
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respectively). Similar to the results reported there, no signicant time series
correlation was found for the HULIS factor in 2012.
Zeppelin data

Fig. 3a and b show the Zeppelin ight track fromMay 21st, color coded by the total
PM1 mass concentrations and the excess ammonium concentration. Similar to
the ToF-AMS data, organics and nitrate are found to be the dominant species over
the entire ight. The air above Wageningen contained the lowest nitrate
concentrations, resulting in an increase of the organic fraction at that location. As
for the AMS data set at the CESAR tower, high eNH4

abundances occurred at times
with high total aerosol masses, which are mainly observed around Cabauw, but
also between Cabauw and the two cities, Putten and Wageningen. The highest
values of eNH4

were determined at Cabauw, which reach up to 0.53 mg m�3 and
represent 1% and 7% of the total particle mass and total NH4 concentration,
respectively. A rather low total mass and eNH4

were determined over the two cities.
As mentioned in the Experimental section, a lower and an upper limit of the
inorganic nitrate fraction was used for the ion balance to determine excess
ammonium. Concentrations for lower limits of eNH4

in this analysis derived from
the used campaign average of the NO2

+/NO+ ratio. In Fig. 3 we show the lower
limit of eNH4

, for comparison the upper limit of eNH4
is shown in Fig. S3.† Fig. S3†

in the Supplementary Information also displays the respective ight tracks for
eNH4

during the transect ight on May 22nd with higher concentrations of up to
0.67 mg m�3 at low altitudes (below 200 m) over the sea, 6 km past the shore.
Fig. 4 Height profiles of individual species from AMS measurements (left) and vertical
distribution of organic factors and residuals (right). The concentrations at 5 m height were
measured by the ground based ToF-AMS. Note that excess ammonium is displayed here
as part of total ammonium. Height profiles of organic factors were obtained using the ME-
2 solver on both AMS data sets. All factors, as found from unconstrained PMF explorations
of the ground based organic fraction as described in the Experimental section, were fully
constrained (a-value¼ 0). Note also that the MAAP at the CESAR tower was sampling at 60
m height, thus only eBC data from the Zeppelin is shown.
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Both ZAMS and ground based AMS data sets were combined to height proles
shown in Fig. 4.
Statistical analysis of organic aerosols – height proles during Zeppelin ights

As the number of data points from the height proles acquired by the ZAMS (33
points) is not sufficient to perform unconstrained PMF explorations and regres-
sion analyses with tracers, a calculation using the ME-2 solver with fully con-
strained factors was done using the six PMF factors found from the ToF-AMS
organic fraction as described above. This procedure assumes that organic factors
observed at the ground are present at higher altitudes as well. As a consequence,
this approach will assign organic aerosol that does not match any of the factors
found at the ground to the residuum. Also chemical aging of organic aerosol that
results in a change in its mass spectral pattern will also be considered as
a residual signal in this approach. To ensure that the ME-2 solver is consistent
with the unconstrained PMF solution, we also performed constrained PMF
analysis of the ToF-AMS data using the ME-2 solver. There, the residuals were
consistent with the results from unconstrained PMF.

Fig. 4, right panel, shows the height proles of mass concentrations of each
organic factor, together with the total residuals of the respective ME-2 explora-
tion. As expected, the residuum at the ground is negligible, while from the ZAMS
data high residuals corresponding to 2.3 mg m�3, or 33% of organics on average,
were seen. The mass spectrum of this residuum contains important diagnostic
information and is displayed in Fig. 5. It shows a high fraction of nitrogen con-
taining ions by means of nitrogen- and nitrate-containing ions, together with
a very high nitrogen-to-carbon (N/C) ratio of 0.11 compared to the other factors,
where N/C ratios do not exceed 0.02. Most of these ions were not detected in the
ToF-AMS data set at 5 m and therefore not tted. Important exceptions are two
ions of m/z 58, namely C4H10

+ and C3H8N
+, which were also tted for the ground

based data but showed amuch lower signal than seen in the ZAMS data. Both ions
together comprised 40% of the ZAMS residual signal. C3H8N

+ is considered as
Fig. 5 Mass spectrum of the residuum using the ME-2 solver on the ZAMS data set for the
height profile at the CESAR tower on May 21st, as shown in Fig. 4, right graph, and as
described in the text. The HRmass peaks are stacked at each unit massm/z and colored by
their chemical family (gt1 ¼ greater than 1).
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a tracer for reduced nitrogen compounds such as amines.50,64 These observations
indicate that aerosols at higher altitudes contain a much larger fraction of
particulate amines and/or organonitrates, which conrms the ndings of higher
concentrations of OrgNO3 and eNH4

as determined above.
Laboratory experiments on NH3 uptake

The laboratory experiments on the NH3 uptake on pure organic particles as
described in the Experimental section show that (dicarboxylic) acids are indeed
capable of binding gaseous ammonia via an acid–base reaction to become
particulate ammonium in the absence of inorganic anions (Table 1). The yield of
neutralization (Yieldneutr) represents the molar fraction of organic acid groups,
which is neutralized by measured excess ammonium, assuming that particles
consist of the pure respective substance free of signicant contamination. Note
that for none of the substances studied was full neutralization achieved on the
time scale of the experiment (� 6 minutes). This is likely due to the mixed
inuence of particle morphology of single compound organic acid particles and
particle size. The relative humidity within the experimental setup (usually
between 75% and 85%) did not always exceed the deliquescence points of those
compounds, especially in cases of succinic, glutaric and adipic acid. Hence the
aerosol consisted probably of more solid particles which may inhibit the uptake
and transport of NH3 within the particle volume. Taking this assumption into
account, the depth of a layer was calculated (from hereon called penetration
depth), within which full neutralization of the organic di-acids by ammonia was
theoretically achieved. Table 1 provides the results for each compound. As can be
seen, these depths range between 1 and 20 nm for particle diameters of 280 nm.

As expected the non-acidic test substances glucose and sucrose do not show
any uptake of NH3 at all even under very high ammonia levels of up to 61 ppb.
Note that compared to the investigated organic acids, only low f44 signals were
determined in the QAMS for both substances as seen in Table 1. For ascorbic acid
however, a behavior similar to (di-)carboxylic acids was observed, namely
a signicant uptake of ammonia and a relatively high f44 due to the intra-
molecular ester group which means that the signal on m/z 44 cannot be directly
taken as a proxy for the amount of carboxylic acid groups within ambient parti-
cles. It can be concluded that organic acids take up NH3 from the gas phase to
form particulate organic salts. The observed excess ammonium provides a lower
limit for quantifying organic acids in aerosols, as at least on the time scale of the
reported laboratory experiments, no full neutralization was achieved as shown by
penetration depths in the range of a few nm. For analysis we applied the
assumption that carboxylic acids equally fragment into CO+ and CO2

+ in the AMS.
Therefore, another uncertainty arises if specic organic acids show a deviating
fragmentation ratio. In addition, carboxylic acids can undergo intra- or inter-
molecular reactions, forming anhydrides,65,66 which may still contribute signi-
cantly to the AMS CO2

+ signal but will not react with NH3 in an acid base reaction.
Discussion

The results of both the ground based and airborne AMS data sets show high eNH4

concentrations especially during periods with high total aerosol abundances,
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where eNH4
represents up to 5% of total NH4 concentrations at ground and 7% at

higher altitudes above the CESAR tower. Those ndings were observed as well in
previous AMS campaigns at the CESAR site in May 2008, reported in ref. 27, with
a contribution of 4% to total mass and 2% in November 2011.67 For the latter
campaign, the time series of eNH4

is shown in Fig. S2.† Therefore, eNH4
, probably

bound to carboxylic groups (organic acids), contributes signicantly to aerosol
mass, and thus inuences air quality at the rural site of Cabauw. In addition, as
eNH4

was determined at several other locations in the Netherlands during the two
Zeppelin ights reported here and is clearly a regional phenomenon.

Regression analyses of eNH4
with several aerosol and gas phase tracers are

summarized in Table S2† and show good correlation with the particulate organic
CO2 signal which is considered an indicator for organic acids in the AMS (ref. 68
and references therein). Scatter plots between the molar concentrations of eNH4

ðneNH4
Þ and Org-CO2 (nOrg-CO2

) for the entire ToF-AMS campaign and the two
Zeppelin ights are displayed in Fig. 6. Assuming that each available carboxylic
acid group combines with an eNH4

molecule via an acid–base reaction, a ratio of
neNH4

to nOrg-CO2
of 2 would be expected when carboxylic acid groups fragment

within the AMS to equal amounts of CO+ and CO2
+ ions. The Org-CO2 concen-

trations shown here consider the signal of CO2
+ only. For the ground based

observations, a slope of 0.71 is determined for the whole measurement period of
two months. However, using only ground based ToF-AMS data acquired during
both ights on May 21st and May 22nd resulted in a much higher slope of 1.30
(R2 ¼ 0.38) compared to the campaign average. This veries the higher slope from
the ZAMS data of 1.61 as averaged over the two entire ights. The correlation of
the maximum ZAMS neNH4

to nOrg-CO2
by the use of the single calibration NO2

+/NO+

ratio in determining ZAMS organic nitrate mass concentration would result in
a slope of 2.87 (R2 ¼ 0.75), which is higher than the theoretical value of 2.
Although the slopes of both correlations do not agree with the theoretical slope,
the high correlation coefficients indicate that carboxylic acid groups explain at
least part of the excess NH4 uptake.
Fig. 6 Correlation plots of neNH4 and nOrg-CO2
for the ToF-AMS (brown) and ZAMS (black)

data sets. The grey, dashed line represents the theoretical 2 : 1 regression line in case of full
neutralization of eNH4

by organic acid groups (see text). The red and black lines are derived
from the regression analyses from the ZAMS (combined entire flights on May 21st and May
22nd) and the ToF-AMS data (whole campaign), respectively.
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Reasons for a lower slope as observed for the ground based and airborne AMS
data may be (a) a kinetically limited uptake of ammonia, (b) the presence of
organic acids, with acid strengths lower than the one of NH4

+ (pKs(NH4
+)¼ 9.26)69

which are not able to bind ammonia via an acid–base reaction, but still contribute
to the Org-CO2 signal, and (c) the contribution of functional groups other than
organic acid groups to CO2

+ ions. However, in the latter case, a good correlation
between neNH4

and nOrg-CO2
would imply that particulate molecules with such

functional groups have similar time series, or in other words, a similar source like
particulate molecules with carboxylic acid groups, or that these molecules are
even identical. A potential low ambient NH3 concentration, which would limit the
NH3 uptake, would only explain the varying neNH4

concentration, but not the good
correlation to organic acid groups. In other words, the theory of the acid–base
reaction would not be refuted. The slightly higher slope derived from ZAMS data
is considered to be due to a more aged aerosol fraction found at higher altitudes,
resulting in a larger amount of acids and/or acids with higher pKs values strong
enough to undergo an acid–base reaction with gaseous ammonia.

To gainmore information about the nature of the organic fraction, which takes
up excess ammonium, correlation analyses between eNH4

and the organic PMF
factors for the ambient AMS data were performed. The results of this analysis are
shown in Table S2.† For the ToF-AMS data, eNH4

showed the highest correlation
with the LVOOA factor (R2 ¼ 0.66) and a moderate correlation with the BBOA
factor (R2 ¼ 0.49), averaged over the entire campaign. These results are compat-
ible with the relatively high contributions of CO2

+ to these proles, expressing
a signicant amount of carboxylic acid groups within the factors. An exception to
this systematic relationship was found by the low correlation between the time
series of eNH4

and the HULIS factor (R2 ¼ 0.36), although its mass spectral prole
was highly dominated by CO2

+.
As mentioned before, the limited number of data points of the ZAMS height

prole data (33 points) does not allow for proper regression analyses. However, for
fully constrained PMF explorations using the ZAMS data of the entire ights of May
21st and May 22nd in separate approaches (consisting of 187 and 85 data points,
respectively), good correlations were seen between ZAMS-eNH4

and the respective
HULIS factor time series, which is considered as not only local but regional back-
ground aerosol, with coefficients of R2 ¼ 0.54 and R2 ¼ 0.50, respectively. Such
correlations were not seen between for LVOOA factor neither with the ZAMS-eNH4

,
nor with themaximum ZAMS-eNH4

time series. Note that all factors were constrained
using the PMF mass spectra obtained from the two month measurements at the
CESAR tower. It was found before that HULIS can be considered a regional back-
ground factor at the site, implying that the mass spectrum and contribution to
organics is stable over time. This mass spectral invariance may be less pronounced
for LVOOA, which shows a stronger dependence on wind direction. For the ight on
May 21st a slight correlation of the ZAMS-eNH4

was seen with the residuum of the
PMF examination (R2 ¼ 0.44), consistent with the fact that the residual also in this
case mainly consists of amines and organonitrates (see Fig. S5†). The respective
correlation coefficient for the whole ight on May 22nd is rather low (R2 ¼ 0.19), but
regarding only the data points during the ight over the sea, where the highest eNH4

concentrations on this ight were seen, amuch better agreement was observed (R2¼
0.60). HULIS is characterized by a poly-acidity, similar to fulvic acid, conrming that
the agreement with eNH4

is due to acid–base reactions of ammonia with organic
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acids at least at higher altitudes. On the other hand, HULIS can also have a low
aromaticity, higher H/C molar ratios, and a weaker acidic nature than fulvic acid
(ref. 70 and references therein). This may explain the apparent disagreement
between its acidity and the low correlation with eNH4

as determined by the ToF-AMS
on ground.

Knowing the fractional abundance of CO2
+ of the LVOOA and HULIS factor

proles, the time series of the LVOOA-CO2 and HULIS-CO2 molar concentrations
were determined and correlated to themolar concentration of excess ammonium in
Fig. 7a and b, respectively. The slope of the regression line in Fig. 7a of 0.90 is still
lower than the expected ratio neNH4

to nLVOOA-CO2
of 2, but higher than the slope

achieved by the correlation of eNH4
and the total Org-CO2 concentration. As low

volatile organic compounds, represented by the LVOOA factor, are considered to
contain a high amount of (di-)carboxylic acids, it can be taken as additional
conrmation that these compounds are most likely one of the main class of
molecules responsible for ammonia uptake, forming particulate ammonium via
acid–base reaction.

The slope of 1.9 between the ZAMS neNH4
to nHULIS-CO2

(Fig. 7b) achieved from both
Zeppelin ights combined (when ight data is separated: 2.1 and 1.6 on May 21st
Fig. 7 Correlation plots of neNH4 and (a) nLVOOA-CO2
and (b) nHULIS-CO2

found for the ToF-
AMS data set and for both entire Zeppelin flights combined, respectively. Note that by
definition, PMF factors only consist of positive data values. Similar to Fig. 6, the grey,
dashed lines represent the theoretical 2 : 1 regression line in the case of full neutralization
of eNH4

by respective organic acid groups (see text).
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and May 22nd, respectively) however, ts to the expected ratio, but the intercept is
high as well, pointing to a substantial other contribution to eNH4

. The regression
results using themaximum eNH4

are shown in Fig. S6† and give an even higher slope
and only a slightly lower intercept. Taking LVOOA into account, the slope between
the ZAMS-neNH4 and the sum of the molar CO2

+ concentrations from both highly
oxidized SOA factors, LVOOA and HULIS, reaches a value of 1.5 (R2 ¼ 0.59) with
a still substantial intercept of 5.2. But separate analyses of the two ights give a slope
of 1.9 (R2 ¼ 0.63) with a low intercept of 0.65 in the case of the ight on May 21st.
This may imply that the NH3 uptake cannot be exclusively explained by the
carboxylic groups of the HULIS factor, but combined with the respective acid groups
of both SOA factors. For the second ight onMay 22nd the same calculation leads to
a slope of 1.10 (R2¼ 0.54), but still a high intercept of 11.4. This might be due to the
uncertainties of the varying ZAMS calibration factors (RIE, NO2/NO ratio of pure
inorganic nitrate, etc.) and the above-mentioned temporal and spatial variance of
the LVOOA factor. Reasonably, also the slope of the regression line from neNH4

versus
the summedmolar CO2

+ concentrations from both SOA factors acquired by the ToF-
AMS for its entire campaign is lower (0.80) than the one shown in Fig. 7a, but the
regression has a better coefficient of R2 ¼ 0.70.

Conclusion

We show that in NH3 rich environments like the Netherlands, NH3 uptake by
acidic organic aerosol increases the total aerosol mass. As demonstrated by the
Zeppelin ights, excess ammonium is a regional phenomenon, extending several
100 m in height into the planetary boundary layer. It has been previously sug-
gested that reduction of ammonia emissions would enhance the mitigation of
aerosol mass regionally due to the reduction of ammonium nitrate or ammonium
sulphate in addition to effects achievable by reducing SO2 and NOx emissions
alone (ref. 71 for Europe and ref. 72 for southwestern United States). We suggest
that an additional benet in reduced NH3 emission can be achieved, as this
should also reduce the formation of particulate organic ammonium salts.

Ammonia sources are typically associated with agricultural sources. Through
the development and widespread application of selective catalytic reduction (SCR)
converters to reduce NOx emissions from fuel combustion, traffic is becoming an
increasingly important source of NH3.3,4 This includes emissions from ships,
diesel locomotives, or gas turbines, and of increasing importance are those from
heavy-duty vehicles and passenger cars using diesel engines.73 The ndings of this
work emphasize the need for control measures for traffic emission of NH3, to
reduce effects on aerosol mass through organic ammonium salt formation.

Furthermore, the uptake of NH3 on organics as investigated in this work may
alter important aerosol characteristics by enhancing the life time of aerosol due to
low vapor pressures of the formed salts74 and could change hygroscopic23 and
optical properties24 thus impacting on the climate effects of aerosol.
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38 J. Jäger, Dissertation, Universität zu Köln, 2014.
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