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In a boreal forest environment at Hyytidld (SMEAR II station), Finland, from 21 June 2010
to 31 April 2011, concentrations of gases (HCI, HNO,, HONO, NH,, SO,) and inorganic
ions (CI-, NO,~, SO,*, NH,*, Na*, K*, Mg**, Ca**) in PM, and PM, _ particles were meas-
ured with an on-line ion chromatograph MARGA 2S. The MARGA data were compared
with those of the filter samples and the Aerosol Mass Spectrometer. The linear-regression
slopes derived from MARGA against the filter data were 0.98, 1.08, 0.50 and 1.31 for
SO,, SO 42’, HNO, and NO,", respectively. The respective coefficients of determination (r2)
were 0.89, 0.90, 0.70 and 0.93. After installing a concentration column, improved values
of cation slopes of 1.00, 1.19,0.88, 1.00, 0.73 and 0.89 for NH,, NH,*, Na*, K*, Mg?*, and
Ca?*, respectively, were obtained. The corresponding coefficients of determination (r?)
were: 0.79,0.83,0.95,0.90, 0.85 and 0.62. According to these results, traditional filter col-
lection can be replaced with the MARGA instrument at background sites, if a concentration
column is used at least for the cations. This would improve the temporal resolution of the
observations. The average concentrations of nitrogen-containing gases were highest in the
summer (NH,: 0.47 ppb, HNO,: 0.10 ppb and HONO: 0.11 ppb), which can be explained
by the higher temperatures and increased amounts of sunlight followed by stronger agri-
cultural and soil-related sources. In the summer, clear diurnal cycles were found in all
N-containing gases, but in the winter the concentrations remained low most of the time
and no diurnal cycles were observed. The concentration of ammonia was found to depend
exponentially on the prevailing temperature, the increase with temperature being strongest
in dry conditions.
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Introduction

Nitrogen-containing gases are important contribu-
tors to atmospheric processes and to the formation
and growth of new particles. The concentrations
of aerosol species, such as ammonium nitrate
(NH,NO,), ammonium sulphate [(NH,),SO,],
ammonium bisulphate (NH,HSO,) and ammo-
nium chloride (NH,Cl), are strongly dependent
on their gas-phase precursors, NH,, HNO,, SO,
and HCI (Finlayson-Pitts and Pitts 2000, Kirkby
et al.2011). Ammonia (NH,) is the most abundant
gaseous base in the atmosphere and has a major
role in neutralizing acids and in the formation
of new particles (Kirkby et al. 2011, Kulmala
et al. 2000). In the atmosphere, ammonia can
also react slowly with the hydroxyl radical (OH),
forming the amidogen radical (NH,) which in
turn reacts with nitrogen dioxide (NO,) to form
nitrous oxide (N,O) (Park and Lin 1997), one
of the main warming components in the atmos-
phere (Butterbach-Bahl 2011). Furthermore, nitric
acid interacts with crustal and sea salt aerosol,
forming calcium and sodium nitrate [Ca(NO,),
and NaNO3]. The nitrogen-containing aerosols, as
well as the sulphates, have a cooling effect on the
climate through direct scattering of sunlight and
through contribution to cloud formation (Sutton
2011). Nitrogen compounds participate both in
the production and loss of the most important day-
time atmospheric oxidant, the hydroxyl radical
(OH). The dissociation of HONO contributes to
the production of OH radicals (e.g. Kulmala and
Petdjid 2011, Su et al. 2011). During the daytime
OH radicals are consumed to form nitric acid
in the reaction: NO, + OHe + M - HNO, + M
(Finlayson-Pitts and Pitts 2000).

There is still a lack of knowledge of the con-
centration of nitrogen-containing gases and their
cycle in the ambient atmosphere (e.g., Su et al.
2011, Kulmala and Petdji 2011), and until now no
reliable semi-continuous measurements of ammo-
nia have been performed in background areas
of the Nordic countries. In this study, we meas-
ured gases and inorganic compounds in airborne
particles with a I-hour time-resolution using a
commercially-available on-line ion chromato-
graph, MARGA 2S (The instrument for Measur-
ing AeRosols and Gases in ambient Air; ten Brink
et al. 2007), in a boreal forest. In the MARGA
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instrument, gases are collected by diffusion in a
wet rotating denuder (WRD) and for collecting
aerosols this instrument takes the advantage of
the principle of the Steam-Jet Aerosol Collector
(SJAC) (e.g. Khlystov et al. 1995). In an ear-
lier publication, the performance of the MARGA
2S instrument was evaluated in an urban envi-
ronment (Makkonen et al. 2012, Rumsey et al.
2013). In a clean background environment in
Europe, MARGA has previously been used at
an EMEP (European Monitoring and Evaluation
Programme) supersite in Scotland (Cape 2009).
At the Finnish background stations, particles and
inorganic gaseous compounds had earlier been
measured with the EMEP filter-pack with a time
resolution varying from 24 hours to several days
(EMEP 2001, Ruoho-Airola et al. 2010). Using
a semi-continuous instrument makes it possible
to obtain data with short enough time resolution
to characterize chemical processes, to evaluate
models and to study sources, which would not
be possible by using the traditional filter methods
(Schaap et al. 2011, Aan de Brugh et al. 2012).

Concentrations of a suite of gases and aero-
sols were measured at a boreal forest measure-
ment site in a large campaign, the “Hyytidld
United Measurements of Photochemistry and
Particles in Air — Comprehensive Organic Pre-
cursor Emission Concentration 2010 (HUMPPA
— COPEC-10)”, in July—August 2010 (Wil-
liams et al. 2011). The general goal of the cam-
paign was to study the links between gas-phase
oxidation chemistry and particle properties and
processes. During the campaign, the MARGA
instrument was used to measure water-soluble
gases and inorganic compounds in particles, and
it was left running at Hyytidld to study seasonal
variations and possible sources or sinks of nitro-
gen-containing gases.

The first goal of this study was to evalu-
ate whether the MARGA instrument could be
used to replace the EMEP filter method at the
background stations with low concentrations.
In addition, we compared the MARGA results
with those from an Aerosol Mass Spectrometer
(AMS) (Jayne et al. 2000, Jimenez et al. 2003)
that provides the concentrations of the major
aerosol constituents (organics, sulphate, nitrate,
ammonium, and chloride) of submicron aerosols
with a high time resolution.
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The second goal of this work was to analyse
the seasonal and diurnal cycles of nitrogen-con-
taining trace gases NH,, HNO, and HONO. As
explained above, these gases play an important
role in atmospheric chemistry, yet their seasonal
and diurnal cycles measured at our site with a
high time resolution have not been presented
before. The temperature dependence of ammonia
will be compared with that found in other studies.

Material and methods
Measurement site

The measurements were carried out in Hyytidld
at the boreal forest research station SMEAR II
(Station for Measuring Ecosystem—Atmosphere
Relationships) from 21 June 2010 until 30 April
2011. The station (61°51°N, 24°17E) is situated
in southern Finland, about 60 km NE of the city of
Tampere. The station is surrounded by a conifer-
ous Scots pine-dominated forest. A more detailed
site description can be found in Hari and Kul-
mala (2005). The container in which the MARGA
instrument was installed was air-conditioned and
kept at a constant temperature of 20 °C. The
container was located in a small clearing about 5
m from the nearest trees. The inlet of the instru-
ment was situated on the roof of the container at a
height of 2.5 m above the ground. The time used
in this study is local winter time (UTC + 2 hours).

MARGA

MARGA 2S ADI 2080 (Applikon Analytical BV,
Netherlands) with two sample boxes was used in
this study, in the same configuration as used in
an earlier study in Helsinki (Makkonen 2012).
Ambient air was drawn through a PM -inlet
(Teflon coated impactor, URG-2000-30DBN-TC,
2 m? h™') followed by a 50-cm-long polyethylene
(PE) tube (& 1.0”") and divided into two flows,
one going to the PM,  sample box through a
40-cm-long PE tubing (& 0.57"), while the other
was directed through a 70-cm-long PE tube (&
0.5”) and PM, , cyclone (1 m® h™' Teflon coated,
URG-2000-30ENB) into the PM, , sample box.
In both compartments, the air was led through
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a Wet Rotating Denuder (WRD) where water-
soluble gases diffuse to the absorption solution
(10 ppm hydrogen peroxide). Subsequently the
ambient particles were collected in a Steam Jet
Aerosol Collector (SJAC) (Slanina et al. 2001).
Hourly samples collected in syringes were ana-
lyzed with a Metrohm cation and anion chroma-
tograph using an internal standard (LiBr). The
sample-stream was directed through the cation
side to the anion IC and samples were injected
simultaneously to both ICs. At the beginning of
the measurements, cations were separated in a
Metrosep C4 (100/4.0) cation column using 3.2
mmol 1™ HNO, eluent. On 18 August 2010, the
cation loop was replaced with a concentration
column (Metrosep C PCC 1 VHC) and the HNO,
eluent was replaced with a methane sulfonic acid
eluent (2.1 ml MSA in 10 1 water) to get a better
baseline for nitrate. For anions a Metrosep A
Supp 10 (75/4.0) column and a Na,CO,/NaHCO,
(7 mmol I"'/8 mmol 1") eluent was used. Gases
(HCI, HNO,, HONO, NH,, SO,) and inorganic
ions (CI',NO,, SO,*,NH,*, Na*, K*, Mg**, Ca*)
in the PM,, and in PM, | particles were measured
with the MARGA 2S. The instrument is described
in more detail by Makkonen et al. (2012). For
the data before 18 August 2010, field blanks of
nitrate were subtracted from the initial NO,” and
HNO, values, but other field blanks were close
to the DLs. Approximately every three weeks the
inlet tubes, WRDs and SJACs were replaced with
clean ones or cleaned. The SJAC was cleaned in
diluted HNO, in an ultrasonic bath, rinsed with
ethanol and well rinsed with ultrapure water
(Milli-Q conductivity < 18 uS cm™). The outer
glass cylinder of WRD was detached and all the
parts were washed with hot water, rinsed with
ethanol and rinsed several times with ultrapure
water to prevent any biological growth.

Filter sampling

The results from MARGA were compared with
those of the EMEP filter-pack (EMEP 2001),
which consists of three filters: the first is a
Teflon filter for collecting particles, the second is
a NaOH-impregnated cellulose filter (Whatman
40) for collecting SO, and HNO,, and the third
is an oxalic-acid-impregnated cellulose filter
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(Whatman 40) for collecting NH,. The sampling
time (flow 1 m?® h™') was 2-3 days. The filters
were extracted in ultrapure water (Milli-Q) and
analysed by ion chromatographs (Waters and
Dionex). The procedure is described in detail in
the EMEP Manual (EMEP 2001). The averages
of the corresponding time periods were calcu-
lated from the MARGA data and compared with
the filter data.

AMS

The Aerodyne Aerosol Mass Spectrometer (AMS)
measures aerosol particle chemical composition
directly and quantitatively, using time-of-flight
mass spectrometry (Jayne et al. 2000, Jimenez et
al. 2003). An aerodynamic lens is used to focus
aerosol particles of around 40—600 nm size (Liu
et al. 2007) into a beam, and a thermal vaporiza-
tion element at the temperature of 600 °C is used
to flash-vaporize all non-refractory compounds in
the sample, and electron impact ionization (EI) of
70 eV ionizes the formed sample gas. Finally, a
time-of-flight mass spectrometer is used to pro-
duce a mass spectrum of the sampled aerosol
particles and remaining carrier gas. The ambient
aerosol concentration and composition is obtained
using data inversion and analysis. The data is cor-
rected for instrument collection efficiency (CE),
which was unaffected by aerosol acidity related
effects for most of the measurement period and
was determined to be around 0.43.

The specific AMS used in this study features
a compact time-of-flight (C-ToF) mass analyzer,
the specifics of which are described by Drewnick
et al. (2005). The particle time-of-flight (PToF)
chamber was shorter than on a normal AMS,
increasing ion signals at the expense of size-
segregated chemistry measurements.

Results and discussion

Comparison of MARGA with independent
methods

MARGA versus EMEP filter pack

The EMEP filter-pack samples were collected in
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Hyytidld with a sampling time of 2-3 days. Aver-
ages of the MARGA data were calculated for the
same periods. Before the averaging, the zero-
values found in the online data were replaced
with 0.005 pg m=. A linear regression (Fig. 1)
MARGA vs. filter yielded slopes of 0.98 (r* =
0.89) and 1.08 (r* = 0.90) for SO, and SO,* con-
centrations, respectively. For these compounds
MARGA compared well also in the earlier stud-
ies in Helsinki, where the concentrations were
higher, yielding slopes of 0.90 (MARGA vs. TEI
43iTL monitor) for SO, and 0.85 for SO >~ (Mak-
konen et al. 2012).

The concentrations of HNO, were clearly
lower in MARGA than in the filter pack (slope
0.50, r* = 0.70), while the concentrations of
NO, were higher in MARGA than with the filter
method (slope 1.31, 72 =0.93), yielding a regres-
sion slope of 0.97 (#* = 0.89) for the sum HNO,+
NO,". Based on this result and because of the
sticky nature of HNO,, it is likely that a signifi-
cant fraction of HNO, had been attached to the
walls of the PE-tubing. This hypothesis is sup-
ported by the study of Rumsey et al. (2013): the
regression analysis of HNO, concentrations of
MARGA and the results of the denuder yielded
slopes of 0.73 (#* = 0.88) and 0.57 (r*> = 0.88). A
better tubing material for collecting HNO, would
have been perfluoroalkoxy Teflon, as recom-
mended by Neuman et al. (1999). However, this
is not a suitable material for collecting particles
which are retained on Teflon walls by electro-
static forces. Furthermore, it is likely, especially
on warm summer days, that the HNO, measured
by Teflon filter was also underestimated: part
of the NH,NO, may have been volatilized from
the Teflon front filters and moved to the next
filters used for collecting gases. Because of these
artifacts in the filter sampling, only the sums of
HNO, + NO, and NH, + NH,* are reported to
the EMEP database (EMEP 2001).

The regression slopes of all the cations
improved remarkably after removing the cation
loop (500 pl) and installing the concentration
column on 18 August 2010 (Fig. 2). The regres-
sion slopes with the ordinary loop and with
the concentration column were 1.50 and 0.88,
respectively, for Na*, 1.51 and 1.00 for K*,
3.39 and 0.73 for Mg**, 2.95 and 0.89 for Ca*
and 1.23 and 1.19 for NH,*. The coefficients
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of determination were also improved with the
concentration column (> = 0.83-0.95), except
for Mg* (r* = 0.85) and Ca* (r> = 0.62) that had
very low concentrations throughout the winter.
Although the time resolution increases when an
online instrument was used, we must also take
into account that the measurement uncertainty
increases at low concentrations. It must be noted
that especially the cation peaks were often close
or even under the official detection limits of
MARGA.

MARGA versus AMS

The hourly-averaged AMS data were compared
with the PM,  data of MARGA (Fig. 3). The
sulphate concentrations measured with MARGA
were in good agreement with those measured
with AMS. The slope for the MARGA vs. AMS
linear regression was 1.01 (intercept —0.25, r* =
0.92), which indicates that sulphate was mainly
in submicron particles. The MARGA ammo-
nium data values were in general higher than
those measured with AMS (slope 0.66, inter-
cept —0.02), indicating that a considerable frac-
tion of the ammonium was in particles larger

than 1 pgm. For nitrate, there was not such a
good an agreement between MARGA and AMS.
The concentrations measured with AMS were
often higher than those measured with MARGA.
However, during the same period, the nitrate
concentrations measured with MARGA were in
good agreement with the EMEP filter data (r* =
0.87 and 0.93 for PM, ; and PM , respectively).
Nitrate concentrations were relatively low during
the AMS measurement periods, which caused
additional scatter. It is also possible that a slight
offset may have arisen if the response to organic
nitrates was lower in the MARGA and filter data
compared with the AMS data. It should also be
noted that the NO, blank which was subtracted
from all the MARGA results may have not been
constant during the whole measurement period
and may have caused further inaccuracy.

Seasonal variations

The measurement data were divided into four
classes by the season (Table 1). The season
division was made according to prevailing tem-
peratures (thermal seasons). On 15 August the
temperature decreased from 19 °C to 14 °C and
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on 24 August it was already below 10 °C.In this  winter period. On 4 March the daily average
analysis the autumn period was therefore defined  temperature rose above 0 °C for the first time,
as starting on 16 August. On 6 November the starting the spring period, although the tempera-
temperature dropped below 0 °C, starting the ture remained close to O °C for the rest of March
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(Fig. 4). The ground was covered with snow
(up to 0.75 m) from 8 November 2010 until late
April 2011. Gaps in the measurement data were
caused mainly by technical problems and main-
tenance operations.

In the winter, sulphur dioxide was the domi-
nating trace gas (average 0.49 ppb; Table 2),
whereas concentrations of all the nitrogen-
containing gases were low (averages 0.05-0.07
ppb). The SO, concentration was elevated during
a short, cold period (14-24 February 2011) when
the daily average temperature remained below
—20 °C (Fig. 4). The highest SO, concentration
was measured during this period, 20 ppb on 18
February at 12:00. The simultaneously measured
sulfate concentration in PM,, was 0.13 ug m~,
which is less than the median concentration of
0.70 pg m= throughout the whole period dis-
cussed in this paper, which suggests that the
origin of the observed high SO, concentrations
was not a large-scale industrial source. In addi-
tion, back trajectories calculated with HYSPLIT
(Draxler and Rolph 2013, Rolph 2013) show that
air masses had come from the east-north-east
and not over some of the largest SO, emitters
in the Kola Peninsula. A possible source of SO,
was the domestic heating with wood-burning
stoves and oil burners — the period was cold, a
situation which is often associated with strong
inversions. Further meteorological analyses are
omitted in this paper, however. Another indica-
tor for domestic burning would be black carbon,
which was also measured at SMEAR II. How-
ever, during February 2011 the black carbon
instrument was out of order so it could not be
used for confirming the source either.

The average HNO, concentration measured
at Hyytidld was at the same level (0.07 ppb)
as the average concentration measured with
MARGA in southeastern Scotland in 2007 (0.05
ppb; Cape 2009), but much lower than those
measured at urban sites in Helsinki (0.13 ppb
in winter and 0.22 ppb in spring; Makkonen et
al. 2012). The highest seasonal average HNO,
concentration, 0.10 ppb, occurred in summer,
confirming that the formation of nitric acid
requires nitrogen dioxide and solar radiation.
High concentrations were occasionally observed
also at the darkest time of the year. For instance,
during an episode when winds blew over a
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local sawmill about 5 km to the south-southeast
of SMEAR 1II on 17-22 December, short NO,
peaks as high as 25 ppb and HNO, peaks up to
0.38 ppb were detected, in addition to elevated
monoterpene and aromatic hydrocarbon concen-
trations (Hakola ef al. 2012).

The seasonal cycle of nitrous acid, HONO,
was also very clear (Fig. 4). The highest con-
centrations were recorded in summer, which
conforms with the observation that soil nitrite
is a strong source of atmospheric HONO (Su
et al. 2011). NO_ emitted by road traffic has
been shown to be another important source of
HONO. Kurtenbach et al. (2001) investigated
the emissions and heterogeneous formation of
HONO in a road traffic tunnel and found that the
mean HONO-to-NO_ ratio was 0.008 + 0.001.
We operated the same MARGA instrument at
the urban background SMEAR III site in Hel-
sinki in 2009-2010 and found that most of the
time there was at least as much HONO as the
Kurtenbach et al. (2001) HONO-to-NO_ ratio
predicts (Makkonen et al. 2012). From the meas-
ured ratios it was also deduced that traffic was
not the only source of HONO at the urban site.
The same approach is used here for the SMEAR
IT data. The HONO vs. NO_ concentrations, the
latter obtained from the SMEAR II mast at the
altitude of 8.4 m, clearly form two groups: in
summer the ratio deviates by up to two orders of
magnitude from the traffic ratio of Kurtenbach et
al (2001), suggesting possible HONO emissions
from the boreal soil in line with the observations
by Su et al. (2011). In the other seasons, the ratio
was closer to the traffic ratio (Fig. 5). As in the
urban data, HONO concentrations were very
rarely smaller than those predicted by the NO_
concentration using the ratio by Kurtenback et
al. (2001).

There was a clear seasonal cycle in the ammo-
nia and ammonium concentrations: they were

Table 1. Dates determining the four seasons.

Season Period

Summer 22 June 2010-15 August 2010
Autumn 16 August 2010-5 November 2010
Winter 6 November 2010-3 March 2011
Spring 4 March 2011-30 April 2011
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highest in summer and decreased towards winter, and 0.13 ppb, respectively) than concentrations
increasing again in spring (Fig. 4), following the  of the acidic gases SO, (0.18 and 0.08 ppb),
temperature profile of the same period. During  HONO (0.11 and 0.07 ppb) and HNO, (0.10 and
the coldest months when temperature was below  0.06 ppb). Due to lower acid concentrations and
0 °C and the land was covered with snow, ammo-  warmer weather, ammonia was partitioned more
nia concentrations remained near the detection to the gas phase in summer than in winter when
limit (the winter NH, average 0.05 ppb, NH,*  there was an excess of acidic gases. A similar sea-
0.38 g m™). In summer and autumn, the aver-  sonal variation can be seen at all northern EMEP-
age ammonia concentrations were higher (0.47  stations where NH, is being measured using the



BOREAL ENV. RES. Vol. 19 (suppl. B) -

filter method, as well as in Canada (Zbieranowski
and Aherne 2012). The main reason for the sea-
sonal variation is that the agricultural sources of
NH, are lower during the cold period. In Finland,
agricultural outdoor activities normally start in
May, leading to increased ammonia concentra-
tions (Ruoho-Airola er al. 2010). In addition, at
lower temperatures ammonia and nitric acid are
usually in the form of ammonium nitrate, while at
higher temperatures ammonium nitrate particles
are easily volatilized according to NH, + HNO,
<> NH,NO,.

In the aerosol phase, ammonium sulfate and
nitrate, which are typical long-range transported
species, were the most abundant compounds,
and NH,* concentration followed the profiles of
SO,* and NO, (Fig. 6). Because the vapor pres-
sure of ammonia over an acidic ammonium sul-
phate is much lower than that over ammonium
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Table 2. Statistical summary of the trace gas data measured with MARGA at SMEAR Il on 22 June 2010-30 April

2011. n = number of valid hourly results, n,

ot

= total number of hours in the period. Hydrochloric acid concentrations

were not included as they were below the detection limit for most of the time and even 95% of values were below

0.04 ppb.
Mean = SD Percentiles (ppb) nin,,
(ppb)
5 50 95
All data
HONO 0.07 +0.06 0.02 0.05 0.19 4396/7422
SO, 0.25 +0.58 0.03 0.10 0.95 4736/7422
HNO, 0.07 +0.06 0.02 0.06 0.19 4665/7422
NH, 0.18 +0.24 0.02 0.08 0.63 4323/7422
Summer
HONO 0.11 +0.09 0.02 0.07 0.31 1145/1331
SO, 0.18 +0.24 0.04 0.11 0.50 1159/1331
HNO, 0.10 £0.07 0.03 0.08 0.25 1156/1331
NH, 0.47 +0.36 0.15 0.36 1.18 942/1331
Autumn
HONO 0.07 £0.05 0.02 0.06 0.19 844/1967
8O, 0.08 +0.09 0.02 0.06 0.18 1083/1967
HNO, 0.06 +0.03 0.02 0.05 0.10 1085/1967
NH, 0.13 +£0.09 0.04 0.11 0.33 1063/1967
Winter
HONO 0.06 +0.03 0.02 0.05 0.11 1457/2832
SO, 0.49 £0.94 0.03 0.24 1.69 1483/2832
HNO, 0.07 +£0.05 0.02 0.05 0.17 1433/2832
NH, 0.05 +0.03 0.02 0.05 0.10 1394/2832
Spring
HONO 0.05 +0.03 0.01 0.04 0.10 950/1392
SO, 0.16 +0.26 0.03 0.09 0.58 1011/1392
HNO, 0.06 +0.06 0.02 0.05 0.16 991/1392
NH, 0.11 +0.11 0.02 0.07 0.33 924/1392
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Fig. 6. Hourly-averaged concentrations of inorganic ions in PM, (red) and PM, (blue) at Hyytiala from 22 June
2010 to 30 April 2011. AMS data (cut-off ~1 ym) are presented in green.

nitrate, excess of ammonia leads to formation
of ammonium nitrate, while the excess of acid
sulphates leads to decomposition of ammonium
nitrate (Ferm et al. 2012).

Concentrations of potassium, magnesium
and calcium were very low in winter and spring
(averages 0.02-0.07 ug m=; Table 3). The high-
est concentration of potassium (2.6 yg m= in
PM, . and 3.6 ug m> in PM, ) occurred on 25
June 2010, caused by the traditional Midsum-
mer bonfires. Simultaneously, magnesium, cal-
cium, sulphate and nitrate concentrations were
elevated. On 1 January 2011, the fireworks of the
New Year celebration caused K*, Mg>*, Na*, CI-
and SO peaks (Fig. 6).

Diurnal cycles of nitrogen-containing
gases

Nitric acid (HNO,) is formed in the reaction NO,

+ OHe + M — HNO, + M, where the hydroxyl
radical OHe is formed in photochemical reac-
tions in sunlight (Finlayson-Pitts and Pitts 2000).
This is in agreement with our observations: in
summer there was a clear diurnal cycle, with the
maximum reached in the afternoon at 14:00—
18:00 (Fig. 7). However, the peak concentration
was observed several hours later than expected,
since OH-radicals producing HNO, from NO,
reached their highest concentrations at noon
(Petdjd et al. 2009).

Nitrous acid HONO is formed in the reaction
NO + OHe + M - HONO + M and dissociated
by solar radiation: HONO + hv — OHe + NO
(Finlayson-Pitts and Pitts 2000). Concentrations
of HONO are thus higher at night and lower in
sunlight. In Hyytidld, the diurnal variation of
the HONO concentrations was negligible during
winter and also very modest during spring. As
discussed above, the HONO-to-NO, ratios sug-
gest that a significant fraction of the recorded
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HONO had been emitted from the soil. These
data do not explain whether there was also a
diurnal cycle in the emission rate or whether the
cycle was only due to photochemistry.

In summer, the diurnal variation of the
ammonia concentration was large, with a maxi-
mum in the afternoon (Fig. 8). At the same time,
there was no diurnal cycle for particulate ammo-
nium. Therefore, the summertime diurnal cycle
of ammonia cannot be explained by the disso-
ciation of NH 4NO3 to NH3 and HNO3. In winter,
the ammonia concentration remained very low
for most of the time, mainly below 0.1 ppb. In
March there was no diurnal variation, but the
variation in the concentrations as a whole was
strong, with a maximum concentration of about
1 ppb. From the end of April the diurnal varia-
tion in ammonia began again.

Temperature dependence of ammonia
concentrations

The observed diurnal cycle of the ammonia
concentration suggests that ammonia previously
absorbed on the leaf surfaces of trees and vegeta-
tion during the nighttime may be re-emitted as
the temperature of the leaves rises again during
warm summer days. In addition, decomposition

Semi-continuous gas and inorganic aerosol measurements 321

of leaves and processes within the forest soil
releases ammonia. However, the simultaneous
increase in VOC concentrations at the same site
(Hakola et al. 2012) may indicate that biogenic
ammonia sources also contribute.

Vegetation emits ammonia when exposed to
air in which the ammonia concentrations are
lower than the compensation point (denoted gen-
erally by y), i.e., the ammonia partial pressure
in the substomatal cavities of the plants (e.g.
Farquhar et al. 1980). The reverse also occurs: if
the atmospheric concentration is higher than the
compensation point the plants act as a sink for
ammonia. The ambient concentrations approach
the compensation point when there are no addi-
tional ammonia sources or sinks (e.g. Langford
and Fehsenfeld 1992). The compensation point
depends on the temperature (e.g. Farquhar et al.
1980), ammonium concentration and pH in the
plant apoplast, and these things depend on other
factors such as the plant species and nitrogen
supply (e.g. Schjoerring et al. 1998, Kostner et
al. 2008).

The measurements discussed in the present
paper are insufficient to determine the com-
pensation point; for that measurement of fluxes
would also be necessary. However, the observed
temperature dependence is compared with that
presented in the previous studies (Fig. 9). Lang-

Table 3. Statistical summary for the inorganic compounds measured in PM,  and PM, ; with the MARGA at SMEAR
Il on 22 June 2010-30 April 2011. Concentrations are given in yg m= at 20 °C and 1013 hPa.

All Summer

Autumn Winter Spring

mean+SD max mean+SD max

mean+SD  max

mean+SD max meanxSD max

Cl- PM 0.04+0.10 1.08
PM 0.08+0.16 1.94
NO,~ PM 026 +0.33 4.37
PM 0.41+045 4.19
SO PM 0.83+0.87 8.69
PM 1.08 +1.07 10.20
Na*  PM 0.06 +0.09 0.89
PM 0.13+0.15 1.13
NH,* PM 0.33+0.39 3.98
PM 0.37+0.43 417

0.02+0.02 0.13
0.05+0.10 0.58
0.17+0.11  0.76
0.33+0.23 1.37
1.42+096 7.97
1.34+1.02 864
0.02+0.04 0.26
0.05+0.09 0.57
0.60+0.45 3.04
0.55+0.47 3.17

K+ PM,, 0.04+008 263 005+0.14 263
o 0.06£010 356 007017 3.56
Mg* PM,, 0.02+0.03 024 0.05+0.04 0.24

PM 0.04+0.06 0.75
Ca* PM 0.06 +0.12 1.55
PM 0.13+0.38 8.14

0.10+0.09 0.75
0.18+0.20 1.55
0.47+0.68 8.14

0.05+0.10 0.60
0.09+0.17 1.17
0.31+0.38 3.33
0.38+0.53 4.19
0.71+£0.69 3.70
0.77+£0.76  3.91
0.06 +0.09 0.67
0.10+0.14 113
0.27+032 1.85
0.27+0.35 2.07
0.04+0.05 0.90
0.05+0.06 1.04
0.01+0.01  0.09
0.02+0.02 0.19
0.01+0.01 0.08
0.02+0.03 0.34

0.02+0.07 0.61
0.04+0.11  0.84
0.24+0.30 1.88
0.47+0.45 3.03
0.64+0.92 8.69
1.39+1.38 10.20
0.07+0.09 0.89
0.19+0.15 0.94
0.20+0.26 1.41
0.38+0.43 249
0.04+0.06 0.58
0.07+0.08 0.78
0.01+0.01  0.09
0.02+0.01 0.10
0.02+0.02 0.25
0.03+0.03 0.28

0.08 +0.14 1.08
0.14+021 1.94
0.34+0.44 437
0.44+0.54 3.89
0.57+0.40 256
0.70+0.49 3.30
0.20+0.12 0.72
0.25+0.16 0.91
0.23+0.37 3.98
0.28+0.41 417
0.04+0.05 0.48
0.04 +0.07 1.06
0.02+0.01 0.09
0.02+0.01 0.1
0.03+0.02 0.25
0.03+0.03 0.34
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averages of the hourly-averaged data for each hour.

ford and Fehsenfeld (1992) measured ammonia
concentrations in a forest in Colorado and found
that the compensation point was 0.8 ppb at
20 °C (cf. Fig. 9). The temperature-dependent
compensation point y was calculated from the
formula (Husted and Schjoerring 1996, Tarnay

et al.2001):

AH; +AH, (1 1 W

exp| —————| —-
X=X, exp R T T

where X " is the compensation point at the tem-
perature T , AH_ " is the enthalpy of NH dis-
sociation = 52 21 KJ mol! JAH  °is the enthalpy
of vaporization = 34.18 kJ mol‘ = 8314

J mol! K', and T is the absolute temperature
(cf. Fig. 9). Another approach is to measure the

compensation point of selected plant species.
Kostner et al. (2008) used the results of Hart-
mann (2005) to calculate the stomatal ammonia
compensation point of Norway spruce (Picea
abies) needles and used the temperature depend-
ence presented by Nemitz et al. (2000)

161500 ( 10380)[NH1]
= exp| ———— ,
T ) [H]

where [NH,*] and [H*] are the ammonium and

hydrogen ion concentrations, respectively, in the

apoplast of the needles. At 25 °C the range of the

compensation point was 0.11-0.27 ppb (Kostner
et al.2008; cf. Fig. 9).

These concentrations are higher than those

determined only from the needles but lower than

@

s
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the compensation point in the forest in Colorado.
A probable explanation is that the measured
ammonia is emitted not only by Norway spruce
but also by other vegetation around the measure-
ment site. Further studies would be needed to
determine the ammonia compensation points of
various species at SMEAR II.

The data presented in Fig. 9 were further
used for deriving a function describing the tem-
perature dependence of ammonia. It is not called
the compensation point here, since the measure-
ments were insufficient to determine whether the
ammonia concentration was in equilibrium. An
exponential function of temperature fitted to all
the data yielded the function

[NH,](7) = [NH,], exp(kT)
=0.077(ppb)exp[0.071T(°C)]. (3)

Next, the data were grouped into relative
humidity ranges, and an exponential function
[NH,] = [NH,], exp(kT) was again fitted to the
data (Fig. 9). The factors k and [NH,], varied
almost linearly with the relative humidity, RH
(Fig. 10). These factors were combined, yielding
the function

[NH,] (RH, T) =
= [0.000739(ppb) RH(%) + 00891 (ppb)]
x exp[(<0.00118RH + 0.160)T(°C)]. (4

The concentrations modelled with the func-
tions given by Eqs. 3 and 4 were plotted against
the measurements (Fig. 11). The function given
by Eq. 3, which takes only temperature into
account, clearly agrees less with the data than the
function given by Eq. 4, which depends on RH
as well. Even though the coefficients of deter-
mination (72 = 0.631 and r* = 0.644) are approxi-
mately the same, the function given by Eq. 4
yields concentrations much closer to the 1:1 line,
especially at the higher concentrations. How-
ever, it is obvious from the scatter in the data
that even if both RH and temperature are taken
into account, the differences between the mod-
elled and observed concentrations are still large,
showing that ammonia concentrations depend
strongly on other factors too. This parameteri-
zation needs to be quantified and verified with
detailed emission measurements.
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The temperature dependence found in this
study is in agreement with earlier findings. Warm
weather leads to greater ammonia volatilization
(Monteny and Erisman 1998) and also increases
emissions from vegetation. An increase in the
temperature from 15 to 30 °C may cause a plant
to switch from being a strong sink for atmos-
pheric NH, to being a significant NH, source
(Schoerring et al. 1998). Husted and Schoer-
ring (1996) found that increasing the leaf tem-
peratures of oilseed rape plants from 10 to 35 °C
caused an exponential increase in NH, emission
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from plants exposed to low ambient NH, con-
centrations.

Conclusions

In this study, we presented for the first time,
concentrations of ionic compounds in particu-
late matter and ammonia measured with a 1-h
time resolution at a Nordic background site.
The results of this study suggest that the EMEP
filter method could indeed be replaced with a
MARGA instrument equipped with a concen-
tration column, at least for cations. This would
reduce the laboratory work, e.g. the pretreatment

of filters, but it would increase the maintenance
work in the field. On the other hand, there would
be several benefits from using data with 1-h
time resolution instead of daily-average results,
such as monitoring of diurnal profiles and their
seasonal cycles and other short-term variability,
which is not possible with the traditional filter
methods. Gas and aerosol data with a higher
time resolution could also be used for model
evaluations (Schaap 2011) and for various kinds
of atmospheric chemistry or aerosol studies, for
example for getting detailed information on the
gas-aerosol partitioning of semi-volatile species.
When compared with those produced by AMS,
satisfactory results were achieved for sulphate
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and ammonium, but for nitrate there was a large
variation because of the different cutoff.

All the compounds measured with MARGA
agreed quite well with the concentrations
obtained from the analyses of the EMEP filter
pack, except for nitric acid. The concentra-
tions of HNO, measured with MARGA were
only about 50% of those found on the impreg-
nated filter. For a better recovery of HNO, in
the MARGA system, short Teflon inlet-tubing
should be used, as recommended by Rumsay et
al. (2013), bearing in mind that it may also dis-
turb the collection of particulate matter. In paral-
lel measurements of cavity ring-down spectros-
copy (CRDS) and of the MARGA instrument in
Kleiner Feldberg in Germany, elevated nocturnal
concentrations of N,O, led to nighttime peaks in
the HNO, concentrations measured by MARGA
(Phillips et al. 2013). However, in Hyytidld we
could not find any nighttime HNO, peaks that
indicated the presence of N,O..

The average concentrations of all nitrogen-
containing gases were highest in summer when
both HONO and HNO, showed diurnal cycles
depending on the amount of sunlight. In summer,
the HONO concentrations were clearly higher
than those predicted by a ratio of HONO to
NO, concentrations in road traffic emissions
alone, suggesting that soil is a source of HONO
in summer. This is in line with the findings of
Su et al. (2011). Ammonia also showed a clear
diurnal cycle in the summer, with a maximum
at noon, but during cold periods (temperature
below 0 °C) ammonia concentrations were often
below the detection limit. In spring the diurnal
variation of ammonia started again.

Ammonia concentrations were exponentially
dependent on the prevailing temperature, in
line with published temperature dependence of
ammonia compensation points. The concentra-
tion was lower than that calculated from data
presented from a forest in Colorado, but higher
than that calculated from the compensation point
of Norway spruce needles. The increase with
temperature was greater during drier periods.
For particulate ammonium there was no diurnal
cycle, so the daily variation of ammonia was
most likely caused by emissions, something that
needs to be studied further.
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