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Abstract

Atmospheric concentrations of gaseous NH3 and HNO3 and of particulate NHþ
4 and NO3 were measured during
various seasons at a forest ecosystem research site in the ‘‘Fichtelgebirge’’ mountains in Central Europe. Air masses
arriving at this site were highly variable with respect to trace compound concentration levels and their concentration

ratios. However, the distributions of NHþ
4 and NO3 within the aerosol particle size spectra exhibited some very
consistent patterns, with the former dominating the ﬁne particle concentrations, and the latter dominating the coarse

particles range, respectively. Overall, the particulate phase (NHþ
4 þ NO3 ) dominated the atmospheric nitrogen budget

þ
(particulate and gas phase, NH4 þ NO3 þ NH3 þ HNO3 ) by more than 90% of the median total mixing ratio in winter,
and by more than 60% in summer. The phase partitioning varied signiﬁcantly between the winter and summer seasons,
with higher relative importance of the gaseous species during summer, when air temperatures were higher and relative
humidities lower as compared to the winter season. Reduced nitrogen dominated over oxidized nitrogen, indicating the
prevailing inﬂuence of emissions from agricultural activity as compared to traﬃc emissions at this mountainous site. A
model has been successfully applied in order to test the hypothesis of thermodynamic equilibrium between the particulate and gas phases.
Ó 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Oxidized and reduced atmospheric nitrogen plays a
crucial role in various biogeochemical processes such as
the nutritional balance of terrestrial ecosystems (Matzner et al., 2001), and acid deposition (Schulze et al.,
1989). The atmosphere acts as the major source of nitrogen input into ecosystems by three main pathways:
(1) dry deposition of gases and particles, not associated
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with precipitation water, (2) wet deposition of substances with precipitation, and (3) occult deposition,
which is the deposition of fog droplets on vegetation due
to gravitational settling and turbulent transport. Depending on their state of aggregation, their water solubility, as well as depending on the amount of available
precipitation, and the physical and chemical characteristics of the receiving surfaces, various atmospheric trace
substances are preferentially deposited through dry or
wet deposition, respectively (Seinfeld and Pandis, 1998).
Fig. 1 gives a schematic overview of processes involved in the gas/particle partitioning and deposition of
atmospheric nitrogen species. The main sources of atmospheric ammonia are agricultural emissions from
domestic animal excreta and fertilizer usage. Nitric acid
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Fig. 1. Schematics of the processes and pathways that lead to

reduced (NH3 and NHþ
4 ) and oxidized (HNO3 and NO3 ) nitrogen in the atmospheric boundary layer. The circle in the
center represents an (solid or liquid) aerosol particle, gases are
drawn as dotted boxes, arrows represent ﬂuxes, and doublearrows show bidirectional ﬂuxes that tend to establish thermodynamic equilibrium.

is produced in the atmosphere through oxidation of
NOx , primarily by OH radicals. To a large extent, the
particulate species of oxidized and reduced nitrogen are
formed by gas-to-particle conversion reactions, such as
the reaction of NH3 and HNO3 leading to ammonium
þ
nitrate. Thus, both NO
3 and NH4 are primarily secondary compounds of atmospheric particles (i.e., they
are not directly emitted into, but are formed within the
atmosphere). During fog episodes, the transfer of gaseous species to the aqueous phase is enhanced for substances with higher water solubilities, such as NH3 and
HNO3 . This may lead to elevated amounts of particulate
species during and after fog events as compared to dry
weather conditions. The deposition mechanisms of gaseous and particulate compounds are quite diﬀerent from
each other. Particles may be removed from the atmosphere as wet deposition through rainout, washout or
nucleation scavenging processes. Moreover, particles
may be removed from the atmosphere by dry deposition,
with particle size being the most important single factor
determining the deposition velocity (e.g. Friedlander,
2000). Particles in the size range from 0.1 to 1.0 lm
aerodynamic particle diameter exhibit the longest atmospheric residence times. Therefore, they are called
‘‘accumulation range’’ particles. Smaller particles act
similar to gas molecules, which leads to eﬀective deposition by Brownian diﬀusion, while deposition of larger
particles is enhanced by gravitational settling. Accumulation range particles, however, are capable of travelling long distances through advective atmospheric
transport before deposition.
In contrast, the deposition of gases is governed by
their solubility, their reactivity, as well as the properties
of the deposition surface. Nitric acid is highly water
soluble, reacts readily with many gases and particles,
and may be adsorbed on most surfaces. Therefore,
HNO3 is removed from the atmosphere very eﬀectively

by both incorporation into wet particles and dry deposition. The latter process is limited primarily by atmospheric turbulence. The deposition processes for
particulate nitrate (NO
3 ) are considerably slower,
though being strongly dependent on particle size as
mentioned above. The quantiﬁcation of NH3 deposition
is complicated by the fact that, under certain circumstances, NH3 may be emitted by vegetation or from soil
surfaces. The possible emission of NH3 is explained by
the existence of a so-called compensation point concentration of NH3 in the atmosphere (Sutton et al.,
1995). At this concentration, an equilibrium between the
atmospheric NH3 concentration and the substomatal
intercellular NHþ
4 concentration of the vegetation is established. For atmospheric NH3 concentrations below
the compensation point, ammonia is emitted from the
canopy or soil surface. The compensation point itself is
not a constant concentration but rather depends on
various parameters such as air temperature, humidity,
the type and nutritional state of the vegetation, and
further factors. In general, ammonia is deposited rather
brieﬂy after emission near its source, whereas particulate
ammonium (NHþ
4 ) may be carried thousands of kilometers through atmospheric long-range transport.

The distribution of NH3 /NHþ
4 and HNO3 /NO3 in
the gas and particulate phases aﬀects the chemical reactivity of the atmosphere in various ways. NH3 is the
most important alkaline substance in the atmosphere
(e.g. Seinfeld and Pandis, 1998) and of great relevance in
all three phases for the neutralization of atmospheric
acids such as HNO3 or H2 SO4 . HNO3 may react with
many gases and particles, thereby contributing to secondary particle formation and enrichment of nitrate in
already existing aerosol particles. As HNO3 is removed
very eﬀectively from the atmosphere, the formation of
HNO3 is a major sink for reactive atmospheric nitrogen
compounds.
The above considerations reveal the importance of
the phase distribution of oxidized and reduced nitrogen
in the atmosphere. Its knowledge is a crucial prerequisite
for a reliable quantiﬁcation of deposition ﬂuxes to determine atmospheric nitrogen input into ecosystems. For
our site in the ‘‘Fichtelgebirge’’ mountains in Northeastern Bavaria, Matzner et al. (2001) applied the canopy balance method and arrived at estimates of the
lower limit of nitrogen deposition of 1.5 kmol ha1 yr1
(21 kg N ha1 yr1 ). For estimating the total deposition
ﬂux, however, canopy uptake of nitrogen must be taken
into account as well. This contribution is largely unknown and may be as high as 2 kmol ha1 yr1 .
In this paper, we report results from measurements of

reduced (NH3 /NHþ
4 ) and oxidized (HNO3 /NO3 ) nitrogen species in the gas and particulate phases conducted
at our ecosystem research site during various seasons
throughout the year. The atmospheric phase distribution of these species is studied with regard to microme-
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teorological parameters, and ﬁnally, a thermodynamic
model is applied to calculate the theoretical phase distribution of oxidized and reduced nitrogen according
to a possible thermodynamic equilibrium. We consider
these studies as an important step towards a better understanding of nitrogen cycling in terrestrial ecosystems.

2. Site and methods
Since 1990, the Bayreuth Institute for Terrestrial
€ K) has been studying forEcosystem Research (BITO
est ecosystems in the ‘‘Fichtelgebirge’’ mountain range
in Northeastern Bavaria, Germany. Our measuring
site ‘‘Waldstein/Pﬂanzgarten’’ is situated in a 100 m 
200 m forest clearing at 765 m a.s.l. (50° 080 4000 N, 11°
510 5500 E), surrounded by a forest with Norway spruce
(Picea abies (L.) Karst.) as the dominant tree species.
Especially in summer, westerly winds are prevailing,
advecting marine air masses over Western and Central
Europe to our site. In wintertime, however, easterly
wind conditions occur more frequently and with longer
duration, advecting dry continental air masses from
Eastern Europe. Air quality measurements indicate that
our site is a rural site in Central Europe (Klemm and
Lange, 1999). It is situated quite remotely from large
direct emission sources. The Halle-Leipzig industrial
area is about 140 km to the North, and the lignite-ﬁred
power plants of Northern Bohemia are about 50 km to
the East. A few, small farms exist nearby.
For size-resolved particle collection, a ﬁve-stage Berner
low-pressure impactor (LPI80/0.05/2.88) with polyvinyl
ﬂuoride (Tedlar, DuPont) impaction surfaces was used.
Table 1 lists the characteristics of our impactor.
The air ﬂow rate is restricted to 75.4 l min1 (STP)
through a critical oriﬁce. From 1998 through 2000, a
total of 86 sample sets was taken. Sampling intervals
normally lasted from approximately 10 a.m. to 4 p.m.
(CET), for a total of 6 h. These sampling intervals were
selected as the best approximation to stationary atmospheric conditions, which is crucial for the investigation

Table 1
Characteristics of the Berner impactor LPI80/0.05/2.88: 50%
cut-oﬀ diameter and geometric mean diameter of the ﬁve
sampling stages
Stage

5
4
3
2
1

50% cut-oﬀ
diameter (lm)

Geometric mean
diameter (lm)

10
3.5
1.2
0.42
0.14
0.05

5.9
2
0.71
0.25
0.085
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of a possible thermodynamic equilibrium between the
gas and particulate phases. In addition, 22 measurements were performed overnight and under variable
meteorological conditions. Each impaction surface was
extracted by shaking in double-demineralized water for
24 h overnight. After extraction, the samples were analyzed for ammonium by ﬂow injection analysis, and for
nitrate and sulfate by ion chromatography, respectively.
To ensure high-quality chemical analysis, these mea€ K ansurements were performed by the certiﬁed BITO
alytical laboratory. The reduced pressure conditions of
the Berner impactor may lead to evaporation of semivolatile ammonium nitrate and ammonium chloride.
Therefore, the presented concentrations of particulate
ammonium and nitrate should be taken as lower-limit
values. However, we do not expect our measurements to
be severely aﬀected by the evaporation of ammonium
nitrate. Blank samples were obtained brieﬂy before each
sampling interval and for each impactor stage by inserting impaction surfaces and starting the sampling
process for a few seconds. Directly afterwards, the substrates were removed from the impactor and the 6 h
sampling was prepared and started. The blank samples
were analyzed analogously to all other samples. Because
of the 6 h sampling intervals, and due to the selected
analytical methods, the sample concentrations of the
ions Naþ , Ca2þ , Mg2þ , Kþ , and Cl , were below their
respective detection limits. However, previous studies
in the ‘‘Fichtelgebirge’’ mountains revealed that NO
3,
þ
SO2
,
and
NH
dominate
the
ion
balance
in
the
atmo4
4
spheric aerosol at our site (Ludwig and Klemm, 1990;
Peters and Bruckner-Schatt, 1995). In addition, Wrzesinsky and Klemm (2000) showed that these three ions
represent about 85% of the total ion charge in fog.
Therefore, the error arising from the exclusion of all ions
2
þ
other than NO
3 , SO4 , and NH4 from further considerations is regarded to be minor.
We used the LAS-X laser particle spectrometer
(PMS, Boulder, CO, USA) for the measurement of particle number concentrations. The optical particle counter detects and sizes aerosol particles through light
scattering and the evaluation of the scattering intensity
in 15 size bins ranging from 0.1 to 3 lm particle diameter. This covers most of the size range sampled with the
Berner impactor.
Atmospheric concentrations of ammonia (NH3 ) were
determined by employing a horizontal continuous-ﬂow
wet denuder (AMANDA). For a detailed description of
the sampling system see Wyers et al. (1993). Ambient air
was sampled with a ﬂow rate of 26.5 l min1 through a
rotating annular ring covered by a thin ﬁlm of 3.6 mM
sodium hydrogen sulfate (NaHSO4 ). The stripping solution containing NHþ
4 was continuously sampled and
replaced. After adding 0.5 M NaOH, molecular NH3
was formed in the stripping solution which selectively
passed a PTFE membrane, and was taken up as NHþ
4
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in deionized water on the other side of the membrane.
Then, NHþ
4 concentrations were determined by conductivity measurements. Ammonia is measured continuously at the ‘‘Waldstein’’ site since July 1997 with
averaging intervals of 10 min. The system is calibrated
every week. The 10 min-samples were averaged over the
period of the impactor sampling intervals for comparison. Some short interruptions due to adverse weather
conditions and servicing caused minor data losses.
Nitric acid (HNO3 ) was measured using a modiﬁed
wet annular denuder system after Keuken et al. (1988).
In February, the measurement set up was periodically
heated to prevent icing. Through teﬂon tubing, ambient
air was pumped into the system, and through a rotating
annular ring with an air ﬂow rate of 32 l min1 . Both
walls of the ring were covered by double-demineralized
water used as stripping solution. After 52.75 min of
sampling, the stripping solution was pumped into an
auto-sampler container. Then, the denuder was reﬁlled
and a new sampling cycle was started for a total sampling resolution of 1 h. The samples were collected each
day and analyzed for nitrate by ion chromatography. On
several occasions, the stripping solution was sampled
without air ﬂowing through the denuder. These measurements were taken as an estimation of blank samples
and subtracted from all measurements. The HNO3 denuder was employed during two intensive sampling periods in February and May of 2000, which represented
typical wintertime and summertime conditions, respectively. The 1 h-resolved data were averaged over the
sampling intervals of the impactor for the comparisons
in this study.
For a theoretical estimation of the distribution of
chemical species between the gas and particulate phases,
a thermodynamic equilibrium model was used. We employed the Aerosol Inorganics Model AIM2 (Clegg et al.,
1998) to study possible thermodynamic equilibria of
reduced and oxidized nitrogen between the gas and the
particulate phases, respectively. The input parameters
for these calculations are air temperature, relative humidity, and the molar concentrations of Hþ , NHþ
4,

SO2
4 , and NO3 ions to be distributed between the gas
and particle phases. We calculated the initial NHþ
4 and
NO
3 concentrations from our impactor and denuder
measurements as the sums of the gaseous and particulate species, respectively. For SO2
4 , we only used the
particulate fraction, and ﬁnally, we calculated Hþ to
balance anion and cation concentrations, which is
mandatory to run the model. Temperature and humidity
data were taken from routine measurements of micrometeorological parameters at our site and were averaged
over the respective sampling periods.
It is common practice to present mixing ratios of
atmospheric trace gases, however, particulate matter is
often given in mass per volume concentration. In this
work, we compare mixing ratios of both gaseous and

particulate compounds for the sake of direct intercomparability of molar units in both phases. Mixing ratios
n of particulate matter may be calculated from mass
concentration c using the ideal gas law through
n¼

c RT
M p

with c, the mass concentration of the particulate substance in lg m3 , M, the molar mass of the particulate
substance in g mol1 , R, the universal gas constant 8.3
J mol1 K1 , T, the ambient temperature in K, and p, the
air pressure in kPa, yielding the molar fraction in nmol
mol1 (or ppbv). We used a constant value of 24.4
l mol1 for the ideal gas law term, representing the
standard temperature (25 °C) and pressure (101.3 kPa)
conditions.

3. Results and discussion
A wide variety of air masses diﬀering in chemical
composition arrive at our ecosystem research site, depending on various factors such as season, time of day,
regional emissions, and meteorological conditions. The
following section is intended to give an overview of these
variations, presenting data of particulate and gaseous
nitrogen compounds.
Table 2 displays typical mixing ratios of particulate
nitrate, ammonium and sulfate as well as characteristic
mixing ratios of ammonia during the measuring period
from 1998 through 2000. The given range of HNO3
mixing ratios was obtained during the mentioned two
intensive periods in 2000.
The wide range of mixing ratios indicates large
variations in the chemical composition of air masses
arriving at the ‘‘Waldstein’’ site. However, taking a
closer look at the particulate compounds, we ﬁnd typical
patterns of the chemical composition of aerosol particles
depending on particle size. In Fig. 2, we present the
median mixing ratio composition of aerosol particles in

Table 2
Range of mixing ratios of the three main inorganic ions NO
3,
2
NHþ
as well as gaseous HNO3 and NH3 in the
4 , and SO4
‘‘Fichtelgebirge’’ mountains. Displayed are median mixing ratios and the minimum and maximum mixing ratios for all
species
Median
(ppbv)
NHþ
4
NH3

NO3
HNO3
SO2
4

1.70
0.36
0.62
0.15
0.45

Minimum
(ppbv)
0.25
0
0.02
0.05
0.11

Maximum
(ppbv)
6.34
2.79
2.02
0.71
2.96
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Fig. 2. (a) Median mixing ratios of ammonium, nitrate and
sulfate in ﬁve particle size ranges as obtained by 86 impactor
measurements. (b) Particle mass distribution of ammonium,
nitrate and sulfate and total mass distribution calculated from
particle number distributions measured with a LAS-X particle
spectrometer, both for February 4, 2000. For the largest particles, no total particle mass (LAS-X) was calculated due to
experimental limitations.

ﬁve size ranges (Fig. 2a), and the mass distribution of
ammonium, nitrate and sulfate (Fig. 2b) as determined
on a speciﬁc day.
Obviously, the highest abundance of particulate
compounds resides within a size range with a mean
particle diameter of 0.71 lm. This leads to the conclusion that we collected the atmospheric ammonium,
nitrate and sulfate almost completely. The distribution
mode corresponds very well with the theoretically expected accumulation mode in the range from 0.1 to 1.0
lm particle diameter. Looking at the median distribution in more detail, we can observe distinctive chemical
compositions in ﬁne and coarse atmospheric particles,
respectively. In small particles, the ammonium ion
dominates, contributing more than 65% of the molar
concentration. However, with increasing particle size,
the ammonium fraction decreases sharply. In contrast,
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the nitrate fraction rises with increasing particle size
from less than 10% to more than 50% over the studied size range, thus dominating the large particles.
This dominance might be explained by condensation of
HNO3 on large sea salt particles, found principally in the
coarse mode. H2 SO4 can react with sea salt as well to
form sodium sulfate. However, this reaction selectively
takes place on smaller particles. Ten Brink (1998) assumes that this discrepancy might be explained by distinct kinetics of these two reactions, respectively. The
sulfate fraction remains small over all size ranges, decreasing from about 20% in the smallest particles to less
than 10% in the largest ones. This relatively small fraction of sulfate ions contrasts previous results for the
‘‘Fichtelgebirge’’ mountains. Eiden et al. (1989) and
Peters and Bruckner-Schatt (1995) found sulfate to be
the most important inorganic ion in the atmospheric
aerosol in this area. However, emissions of SO2 leading
to particulate sulfate have decreased dramatically over
the last 15 years in most parts of Europe, whereas a
decrease in atmospheric nitrogen concentrations could
not be observed (Klemm and Lange, 1999). It is important to point out once again that only ammonium,
nitrate and sulfate were investigated in this study. These
inorganic ions dominate the total particulate mass
in the size range of the accumulation mode, whereas
for smaller and larger particles, additional compounds
might become relevant. In Fig. 2b, a comparison of the
mass distribution of these three inorganic ions and the
mass distribution as calculated from particle size distributions is shown for February 4, 2000, as an example.
Assuming spherical particles and a particle density of 1.3
g cm3 , the particle mass distribution was calculated
from particle number measurements using a laser particle spectrometer (LAS-X, PMS). Apparently, the mass
distribution of ammonium, nitrate and sulfate always
stays below the calculated mass distribution, which takes
into account additional particle compounds. The relative deviations are large for ﬁne particles (<0.25 lm),
where organic compounds may contribute considerably
to the aerosol mass. In the accumulation range, however, the three investigated inorganic ions constitute
more than 60% of the particle mass. For coarse particles
again, we expect large deviations accounting for additional compounds such as Ca2þ , Mg2þ , and Kþ (Ansari
and Pandis, 2000), yet no particle mass was calculated
from size distributions for the largest particles due to
experimental limitations.
In Fig. 3, median concentrations of both the gaseous
and particulate species of reduced and oxidized nitrogen
are displayed for measurements conducted in February
2000 (top panel) and in May 2000 (bottom panel).
These pie charts represent typical compositions of the
atmospheric nitrogen budget during wintertime and
summertime, respectively. The ﬁrst obvious ﬁnding is
the much lower concentration of total reactive nitrogen
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Fig. 4. Seasonal pattern of ammonia mixing ratios (in ppbv) at
our site. Diamonds represent monthly median mixing ratios,
triangles represent monthly 95% percentiles. Both curves were
obtained from 1 h-averages of NH3 from the years 1998
through 2000.

Fig. 3. Median mixing ratios of oxidized and reduced nitrogen
species during winter (top) and summer (bottom) in ppbv. The
circle areas are representative of the total mixing ratios. Note:
NH3 median mixing ratio was below detection limit in wintertime.

(excluding NOx ) during winter. The median mixing

ratios of NH3 , NHþ
4 , HNO3 , and NO3 total 1.54 ppbv
in wintertime as compared to 4.42 ppbv during summer.
While gaseous ammonia is not relevant during winter
(note that the median mixing ratio of NH3 is below the
detection limit for the measuring period in February),
particulate ammonium dominates the distribution during both periods. Particulate nitrate mixing ratios
remain constant throughout the measurements, thus
contributing a much larger relative fraction of particulate oxidized nitrogen in wintertime. The particulate
species dominate the gaseous compounds with an overall
fraction of more than 90% in winter and still more than
60% in summer. This is due to the high water solubility
and reactivity of gaseous NH3 (Clegg and Brimblecombe, 1989) and HNO3 (Schwartz and White, 1981;
Lelieveld and Crutzen, 1991). The gaseous compounds
are very eﬀectively incorporated into deliquescent particles or droplets, thereby forming the particulate spe-

cies. Thus, we can expect particulate phases to dominate
even at low relative humidities. However, our measurements also reﬂect the increasing importance of the gaseous species during summertime. For example, nitric
acid mixing ratios are roughly double in summer as
compared to those in winter. Ammonia contributes
more than 30% of the investigated nitrogen species
in summertime, while in exactly 50% of the wintertime
measurements, NH3 is not observed at all. The variability of NH3 is reﬂected in a strong seasonal emission
pattern of ammonia as shown in Fig. 4.
Displayed are monthly median mixing ratios of NH3
(diamonds) and monthly 95% percentiles (triangles)
obtained from hourly averages of 1998 through 2000. In
summertime, large amounts of ammonia are emitted
from agricultural activity, whereas during winter (November 15–January 15), no liquid manure spreading is
allowed. This is consistent with high NH3 mixing ratios
in summer and low NH3 mixing ratios in winter. Overall, the site is clearly dominated by reduced nitrogen
species (NHþ
4 and NH3 ) constituting roughly 60% of
the total investigated nitrogen compounds in winter and
almost 85% in summer. These ﬁgures indicate the prevailing inﬂuence of agricultural emissions as compared
to photochemical oxidation processes at our site.
As we have found in the previous section, there is a
substantial diﬀerence in the distribution of reduced and
oxidized nitrogen between the particulate and gas phases
during summer and winter. Therefore, it might be interesting to take a closer look at the phase partitioning

of NH3 /NHþ
4 and HNO3 /NO3 with respect to ambient
temperature and humidity conditions, as displayed in
Fig. 5.
The fraction of material present in the gas phase is
shown on a molecular basis for reduced (circles) and
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Fig. 5. Gas phase fraction of reduced (circles) and oxidized (triangles) nitrogen versus temperature (left) and relative humidity (right).

oxidized (triangles) nitrogen. Both the NH3 =ðNH3 þ

NHþ
4 Þ ratio and the HNO3 =ðHNO3 þ NO3 Þ ratio exhibit a dependence on temperature and relative humidity. The gas phase fraction increases with increasing
temperature (Fig. 5, left panel), and decreases with increasing relative humidity (Fig. 5, right panel). Hence,
the importance of the gas phases increases with increasing temperature and decreasing relative humidity.
Overall, we observe a strong dependence of the phase
partitioning of reduced and oxidized nitrogen on temperature and humidity conditions, even though the
chemical composition of the investigated air masses was
highly variable.
Taking into account the rural setting of our site, we
expect that arriving air masses have already undergone
signiﬁcant transformation processes during transport.
Using the same kind of reasoning, ambient aerosol
particles should be in a state of equilibrium with the
surrounding gas phase. This assumption is supported by
the fact that the measured aerosol size distributions
exhibit maxima in the accumulation size range (Fig. 2).
In order to further verify this hypothesis, we calculated
the theoretical thermodynamic equilibrium of reduced

(NH3 /NHþ
4 ) and oxidized (HNO3 /NO3 ) nitrogen species
between the particulate and gas phases and compared
the model results with our measurements. The prediction of gas–particle partitioning of volatile inorganic
species on the basis of thermodynamic relations has been
investigated for more than 20 years now (Stelson et al.,
1979). Since then, a variety of thermodynamic equilibrium models have been developed. In most cases, different equilibrium models, such as SEQUILIB (Pilinis
and Seinfeld, 1987), SCAPE/SCAPE2 (Kim et al.,
1993a,b; Kim and Seinfeld, 1995), MARS-A (Binkowski
and Shankar, 1995), AIM2 (Clegg et al., 1998), and
EQUISOLV II (Jacobson, 1999) yield comparable results for the partitioning of oxidized and reduced nitrogen (Zhang et al., 2000). We applied the Aerosol

Inorganics Model 2 (AIM2) assuming internal mixing
of aerosol particles, as interactions between the particulate and gas phase are not evaluated on the single
particle level in the model. Even though we found strong
indications of predominantly external mixing of the
atmospheric aerosol at our site (Held et al., 2002), we
compare model results to our original measurements in
the following paragraph.
Fig. 6 shows gas phase concentrations of NH3 and
HNO3 as determined by denuder measurements and by
thermodynamic model calculations, respectively. In both
cases, there is very good agreement between measurement and model results. Mixing ratios of NH3 (left panel)
were usually very low during the measuring period in
February 2000. From February 6 to 8, however, elevated
levels of NH3 could be observed reaching a maximum of
0.7 ppbv. For this period, the model underestimates the
NH3 mixing ratio to a small degree, whereas during low
NH3 level conditions, the model expects some more NH3
to be in the atmospheric gas phase. The pattern of HNO3
(right panel) is more variable as compared to NH3 , but
still, the model curve imitates the measurements very
well. For the ﬁrst three measurements, the model slightly
underestimates the HNO3 mixing ratio, whereas all other
measurements are overestimated by the model, especially
between February 10 and 12. In previous studies, several
authors found good agreement between theoretical calculations and their measurements (Doyle et al., 1979;
Harrison and Pio, 1983; Hildemann et al., 1984; Chang
et al., 1986; Lewin et al., 1986), especially under low relative humidities and high temperatures (Grosjean, 1982;
Allen et al., 1989). For relative humidities above 80% and
temperatures below 0 °C (like those measured during the
investigated period in February 2000), some authors
found higher measured concentrations as compared to
their model results (Erisman et al., 1988; Allen et al.,
1989). Our results correspond very well with these ﬁndings. To assess the combined inﬂuence of temperature

704

A. Held et al. / Chemosphere 48 (2002) 697–706

Fig. 6. Comparison of NH3 (left) and HNO3 (right) mixing ratios (in ppbv) as determined by denuder measurements and by model
calculations using the Aerosol Inorganics Model 2 (AIM2, Clegg et al., 1998).

and relative humidity on the equilibrium between the
gaseous and particulate compounds, we calculate the
phase partitioning of reduced nitrogen in thermodynamic equilibrium for varying temperature and relative
humidity starting with the median chemical composition
from all measurements. The temperature is varied between 5 and 30 °C, and relative humidity between 40%
and 100%.
The three-dimensional surface in Fig. 7 represents the
speciﬁc NH3 /NHþ
4 ratio for an established thermodynamic equilibrium at any given temperature and relative
humidity. The plane surface at high temperatures and

Fig. 7. Three-dimensional representation of the gas/particle
ratio of reduced nitrogen in a state of thermodynamic equilibrium for varying temperature and relative humidity (AIM2
model calculation). The spheres represent the NH3 /NHþ
4 ratios
as measured at the ‘‘Waldstein’’ site.

low relative humidities indicates the presence of solid
ammonium sulfate. In addition to ammonium sulfate,
we can expect solid ðNH4 NO3 Þ2  ðNH4 Þ2 SO4 to occur at
temperatures below 5 °C. Through evaporation of volatile ammonium nitrate, the NH3 mixing ratio is elevated with increasing temperature, thus also increasing
the NH3 /NHþ
4 ratio. At 5 °C, ammonium nitrate is
completely evaporated. Since ammonium sulfate is not
volatile, any further increase in temperature does not
aﬀect the mixing ratio of NH3 . Therefore, ammonia and
ammonium incorporated in non-volatile ammonium
sulfate exhibit a constant gas/particle ratio represented
by the plane surface. At relative humidities exceeding
70%, ammonium sulfate spontaneously absorbs water,
producing a saturated aqueous solution. Solid phases
cease to exist above this so-called deliquescence relative
humidity. The spheres in Fig. 7 represent the NH3 /NHþ
4
ratio as measured at our site. Apparently, our measurements match the theoretical surface quite well. Some
outliers at high relative humidities and low temperatures
may be explained by low absolute NH3 mixing ratios,
which inevitably reduces the accuracy of the measurement. At these concentrations, even slightly inaccurate
measurements of NH3 lead to rather large errors in the
gas/particle ratio. However, we conclude from the good
agreement between theoretical calculations and our
measurements that thermodynamic equilibrium models
are applicable at our site and useful for obtaining deeper
insight into the phase partitioning of oxidized and reduced nitrogen species.

4. Conclusions
We present ambient mixing ratios of ammonia, ammonium, nitric acid, and nitrate under various meteo-
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rological conditions. However, for a reliable estimation
of the atmospheric nitrogen input through gaseous and
particulate compounds, we need to combine the information about the concentration of these substances with
their respective deposition velocities. For deposition of
particulate compounds, particle size is the critical factor.
Our results endorse the establishment of an accumulation mode in the size range between 0.1 and 1 lm particle diameter. In this size range, particle deposition
velocities exhibit a minimum, and increase for smaller as
well as larger particles. In the next few years, the application of eddy correlation techniques for the determination of vertical particle ﬂuxes promises to deepen
our knowledge about particulate nitrogen deposition.
However, the estimation of atmospheric NH3 ﬂuxes remains highly complicated, in spite of the vast amount
of research focussing on vegetation-atmosphere interaction with regard to NH3 . Furthermore, the concept
of a NH3 compensation point governing the deposition
or emission of ammonia imposes great diﬃculties on a
comprehensive approach to determine ammonia ﬂuxes
between vegetation or soil surface and the atmosphere.
Yet the results in this study demonstrate the predominance of reduced nitrogen species at a rural, forested
site, making an accurate estimate of reduced nitrogen
deposition even more important. The dependence of the
gas/particle ratio of both oxidized and reduced nitrogen
on temperature and relative humidity together with the
good agreement between thermodynamic equilibrium
model results and our measurements encourages further
application of this model to obtain deeper insight into
the gas/particle partitioning of oxidized and reduced
nitrogen. Combining these results with further research
on deposition mechanisms of gaseous and particulate
species thus enhances our ability to estimate gaseous and
particulate input of atmospheric nitrogen into terrestrial
ecosystems.
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