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Abstract. Secondary inorganic aerosol, most notably ammo-tion of these measurements may prove to be very useful in
nium nitrate and ammonium sulphate, is an important con<future model evaluation and improvement studies. Based on
tributor to ambient particulate mass and provides a meansur findings we propose to implement a monitoring strategy
for long range transport of acidifying components. The mod-using three levels of detail within the Netherlands.

elling of the formation and fate of these components is chal-
lenging. Especially, the formation of the semi-volatile am-
monium nitrate is strongly dependent on ambient conditions

and the precursor concentrations. For the first time an hourlyl  Introduction

artefact free data set from the MARGA instrument is avail-

able for the period of a full year (1 August 2007 to 1 August Secondary inorganic aerosol (SIA) contributes a large part
2008) at Cabauw, the Netherlands. This data set is used tof the particulate mass in Europe (e.g. Putaud et al., 2004).
verify the results of the LOTOS-EUROS model. The com- While in other regions sulphate might be more important,
parison showed that the model underestimates the SIA levhitrate is the dominant component in western and central Eu-
els. Closer inspection revealed that base line values appedppe (Schaap et al., 2002). Moreover, during episodes with
well estimated for ammonium and sulphate and that the unelevated levels of particulate matter nitrate concentrations are
derestimation predominantly takes place at the peak concerparticularly high compared to other components (e.g. Putaud
trations. For nitrate the variability towards high concentra- et al., 2004; Weijers et al., 2011). In western and central
tions is much better captured, however, a systematic relativécurope nitrate is mostly in the form of the semi-volatile am-
underestimation was found. The model is able to reproduceénonium nitrate (ten Brink et al., 1997; Schaap et al., 2002),
many features of the intra-day variability observed for SIA. whereas sodium nitrate may dominate in northern and south-
Although the model captures the seasonal and average diugrn Europe (e.g. Pakkanen et al., 1999). As such, particulate
nal variation of the SIA components, the modelled variability nitrate may be an important contributor to the aerosol direct
for the nitrate precursor gas nitric acid is much too large. Iteffect over western and central Europe (Schaap et al., 2007).
was found that the thermodynamic equilibrium module pro- Furthermore, ammonium nitrate and its gaseous counterparts
duces a too stable ammonium nitrate in winter and duringammonia and nitric acid play a key role in acidifying and
night time in summer, whereas during the daytime in sum-eutrophying deposition over Europe (Simpson et al., 2006).
mer it is too unstable. We recommend to improve the modelThe understanding of the formation, transport and fate of
by verification of the equilibrium module, inclusion of coarse these components is crucial to assess their role in air qual-
mode nitrate and to address the processes concerning Slity and climate change and to reduce their effects.

formation combined with a detailed analysis of the data set Within the EMEP programme the concentrations of sec-
at hand. The benefit of the hourly data with both particulateondary inorganic aerosol is monitored to assess the ambi-
and gas phase concentrations is illustrated and a continu@a@nt concentrations and their trend in Europe (Aas et al.,
2010). Furthermore, the data are used for evaluation pur-
poses of the regional modelling work performed under the

Correspondence tdvl. Schaap convention and within the member states (e.g. Simpson et
BY (martijn.schaap@tno.nl) al., 2003; Schaap et al., 2004b; Stern et al., 2008). Although
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observations are required on the partitioning of the nitrogenulate the study period at hand (Sect. 3). The model results
species between the gas and aerosol phase, only a limiteate confronted with the measurement data (Sect. 4) to pro-
number of sites provide this information. Instead, a largevide insight in the model performance. In Sect. 4 results on

set of daily total nitrate and ammonium data is available.daily and seasonal variation are presented and implications
Hence, the evaluation of a regional model is hampered asliscussed. Finally, we discuss a combination of instruments
the partitioning between the gas and aerosol phase is harsuitable to monitor the SIA components at different levels of

to verify (Schaap et al., 2004b). The partitioning informa- detail for the purpose of model evaluation.

tion is highly relevant as the non-linear nature of ammonium

nitrate formation and the resulting uncertainties associated

with the modelling affect the source receptor matrices which2 Experimental

are used to develop cost effective mitigation strategies for .
Europe (Fagerli and Aas, 2008). A MARGA instrument was operated between the 1 August,

At present, available long-term monitoring data on SIA 2007, and 1 August, 2008, at the Cabauw Experimental Site

components are obtained with the standard 24 h sampling oo" Atmospheric Research (CESAR). CESAR (Russchen-
aerosol by filtration and subsequent chemical analysis. Thi®erg et al., 2003http://www.cesar-observatory)ris the fo-
is a straightforward procedure; however, the volatile charac-al point of experimental atmospheric research in the Nether-
ter of ammonium nitrate and the reactivity of gaseous nitriclands. The site is located in a rural area in the central part
acid make these filtration methods prone to artefacts (Slanin&f Netherlands (51.9M, 4.93 E). It hosts a comprehensive
et al., 2001). The volatilisation artefact depends on the filterSet of instruments for meteorology, radiation as well as at-
material and ambient meteorological conditions like temper-mospheric chemistry, providing an excellent basis to perform
ature and relative humidity (Chow, 1995; Hering and Cass,additional detailed measurements.
1999). The evaporation artefact leads to serious underestima- The MARGA (Monitor for AeRosols and Gases, Applikon
tion of the ambient concentrations, especially during sum-Analytical BV) was used to obtain a full year data set of
mer (Schaap et al., 2004a; Vecchi et al., 2009). Despite ohourly integrated data of both inorganic aerosol composition
the evaporation artefact the actual nitrate concentration ca@nd the precursor gas concentrations. MARGA is the com-
also be overestimated depending on the filter type. Cellumercialized version of the GRAEGOR system (Thomas et
lose type aerosol filters, commonly used in Europe, retain ni@l-, 2009). Measured were the gasessNHNOs, HONO,
tric acid which is thus assigned to aerosol nitrate (Schaap €ffiCl, SO as well as the inorganic P)d components NQ,
al., 2004a; Keck and Wittmaak, 2006). Denuder filter packsSOﬁ‘, NH;", Na*, CI~ (see Table 1). The sampling part of
can be used to overcome these artefacts but their use is rédARGA comprises a wet rotating annular denuder (WAD)
stricted to few sites in Europe as they are costly to operate offor the collection of the precursor gases (Keuken et al., 1988)
a daily basis. To overcome these problems two systems havand subsequently a steam jet aerosol collector (SJAC) for the
been developed recently in Europe, the DELTA (Tang et al.,collection of the particulate matter (Khlystov et al., 1995).
2009) and the MARGA (Ten Brink et al., 2007; Thomas et The resulting sample solutions were collected in multi chan-
al., 2009). The DELTA is a low cost sampler to monitor SIA nel syringe pump and per hourly cycle on line analyzed by an
components and its gaseous counterparts at a low (monthlygnion- and a cation chromatograph by direct injectior Li
temporal resolution. On the other hand, the online but moreand Br~ were added as internal standard. This distinguishes
labour intensive MARGA system is able to provide data for the MARGA from the GRAEGOR instrument, which mea-
secondary inorganic aerosol and its gaseous counterparts qures NIjL as the only cation, by means of a selective diffu-
an hourly time resolution. Consequently, the interpretation ofsion membrane.
long term data sets obtained with the MARGA system may The MARGA was located indoor while a Teflon coated
provide new insight in the variability and behaviour of the PMjg (URG) inlet was mounted on the edge of the roof. The
components. Our goal here is to illustrate the added value ofampled air was drawn through a 2 m PE (polyethylené, 1/4
hourly concentration data on ammonium nitrate and its pre-0.d.) tube towards the inlet of the WAD. A shielding PVC
cursors for model validation. We also propose a new moni-tube was used to maintain the sample tube wall temperature
toring strategy using a combination of the traditional and newat ambient conditions by means of fan driven airflow in the
instrumentation for the Netherlands for the purpose of modelPVC tube annulus preventing condensational losses towards
evaluation. Note that an in-depth evaluation of the model andhe inner wall of the PE tube. The sampling height was 4m.
consequent model improvement is outside the scope of thiFhe site was visited once a week for service purposes. Note
paper and will be reported in the future. that in this study the MARGA was used for Riybnly and no

As part of the Netherlands Research Program on PMPM, s data were obtained. The reason was to keep the pre-
(BOP; Matthijsen et al., 2009) and continued within EMEP cision of the instrument as high as possible and, considering
intensive campaigns (UNECE, 2009; Aas et al., 2010) athe long operation time, to reduce the amount of data gaps
MARGA instrument was operated at Cabauw for a full year as the two available sampling boxes would function as each
(Sect. 2). The LOTOS-EUROS model was applied to sim-others back-up. After validation data coverage of 84 % was
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Table 1. Statistical summary of the measured concentrations between 1 August, 2007, and 1 August, 2008, at Cabauw. The mean, standar
deviation as well as median and quartiles are preseneddicated the number of (hourly) measurements.

HNO3 NH3 NO; NHf SO SO, Na CI~ HCl HONO

Mean 0.63 9.0 5.9 2.4 3.1 1.3 0.83 1.2 0.33 0.86
Stdev 0.36 7.5 5.2 2.4 2.6 14 0.86 1.3 051 0.64
25th percentile 0.41 4.0 2.2 0.7 15 044 025 033 0.12 0.47
Median 0.56 6.8 4.2 1.6 24 084 055 075 0.19 0.70
75th percentile 0.74 119 8.2 3.3 3.8 1.6 1.1 1.7 034 11
N 7589 7603 7565 7472 7500 7539 6933 7482 6911 7601

acquired as an average over the total suite of component&M (e.g. Schaap et al., 2004c; Stern et al., 2008; Manders et
varying from 79 % for HCI to 87 % for NEl The detection al., 2009) and its secondary inorganic components (Schaap
limit was about 50 ng m3 for each component. etal., 2004b; Erisman and Schaap, 2004; Barbu et al., 2008).

The quality of the method depends on the inaccuracy ofThe model has participated frequently in international model
the instrument itself €10 %) (Erisman et al., 2001; Slan- comparisons addressing ozone (e.g. van Loon et al., 2007)
ina et al., 2001; Weber et al., 2003) and the effect of theand particulate matter (Cuvelier et al., 2007; Hass et al.,
inlet system. The wall loss on a similar PE tube was inves-2003; Stern et al., 2008). For a detailed description of the
tigated. A set of 3 used inlet tubes of the Dutch Automatedmodel we refer to these studies. Here, we describe the most
Ammonia network were internally rinsed and the effluents relevant model characteristics and model simulation used in
were analyzed. Compared to the annual averaged conceithis study.

tration losses for 2m length were calculated varying from  Secondary inorganic aerosol formation in the model is rep-
1to 2% for SG~, HNOz+NO;, HCI+CI~, and N&. For  resented through different pathways. The oxidation of 80
NH3,+NHjlr a loss less than 0.1 % was found. sulphate and NQto nitric acid is described in the CBM-IV
Another way to perform quality control is through com- gas phase chemistry routine. Heterogeneog®g\ydroly-
parison with independent co-located data. At CabauwdM sis on fine mode aerosols is described according to Schaap et
samples were taken and analyzed at a regular interval of twal. (2004b). Besides the oxidation of sulphur dioxide by the
days a week (Weijers et al., 2010). In Fig. 1 we compare theOH radical, another important oxidation pathway, in partic-
results of the filter samples to the corresponding daily mearular in winter, is the formation of sulphate in clouds. Due
value of the MARGA for nitrate, ammonium and sulfate. The to insufficient data on clouds in the meteorological input,
results of the two methodologies for these components comthis process is difficult to explicitly represent in the current
pared reasonably well with regression coefficients varyingmodel. Therefore, it is represented with a first order reac-
from 0.9 to 1.1, offsets less than 1 pgfand correlation tion constant that varies with cloud cover and relative hu-
coefficients £2) between 0.8 and 0.9. The differences are midity, similar to the approach followed by Matthijsen et
well within the uncertainty ranges of the methods applied andal. (2002). The sulphuric acid formed is assumed to condense
we concluded that the MARGA system functioned correctly directly and is neutralised by ammonia. When sulphuric acid
throughout the measurement period. The volatilization arti-is completely neutralised excess ammonia (further denoted
fact from the quartz filters is not obviously seen, because th&s free ammonia) can react with nitric acid under formation
majority of the filters were sampled at temperatures belowof semi-volatile ammonium nitrate. This equilibrium is very
20°C. The artifact becomes significant above’@)(Schaap  sensitive to ambient conditions and the precursor concentra-
et al., 2004a). tions (Ansari and Pandis, 1998) and is calculated in LOTOS-
EUROS using ISORROPIA (Nenes et al., 1999). Note that
the model does not include the formation of coarse mode ni-
3 Model simulation trate and sulphate through e.g. reaction of nitric acid with sea
salt or dust.

We used the regional air quality model LOTOS-EUROS v1.3 The model was run for the full campaign period using
(Schaap et al., 2008) to simulate the secondary inorgani€CMWF meteorology. Emissions are taken from the GEMS
aerosol distribution over Europe and the Netherlands in paremission database (Visschedijk et al., 2007). Seasonal and
ticular. The LOTOS-EUROS model is a 3-D chemistry trans- diurnal patterns were used to downscale the annual emission
port model aimed at simulating air pollution in the lower tro- totals to hourly emissions for all primary components includ-
posphere. The model has been used for the assessment iafj ammonia as discussed in Schaap et al. (2004b, 2008). In
particulate air pollution in a number of studies directed atthe vertical the domain extends to 5km above sea level and
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Nitrate of the mixing layer is part of the meteorological input data.
20 ‘ The height of the reservoir layers is determined by the dif-
ference between 3.5 km and mixing layer height. Both layers
are equally thick with a minimum of 50 m. Within the mixing
15 * . layer a surface layer with a fixed depth of 25m is included
. in the model. The model was first run for the full European
. model domain on the 0290n x 0.25’ lat grid. Next, a nested

0r . 1 run over the Netherlands, from 3 t6 B and 49 to 55N, on
LR a 0.125 lon x 0.0625 lat resolution, about % 7 kn?, was

S performed. We have used the results of the nested simulation
5r s 7 to compare to the detailed measurement data on both the SIA
components and its gaseous counterparts.

MARGA

0 5 10 15 20
Quartz filter 4 Results

Sulfate L.
8 ‘ ‘ ‘ 4.1 Seasonal variation

.t The observed and modelled seasonal variation is compared
6 8 in Fig. 2. Note that the panels show a year from January to
. December meaning that the 2008 data are put before those of
. 2007 to arrive at a figure that is easier to interpret. For ni-
4r . trate, ammonium and to a lesser extent sulphate the month to
ot month variability is captured, albeit the levels being underes-
timated. The underestimation is on average 35 % for nitrate
.. 7 and sulphate, and 25 % for ammonium. Nitric acid shows a
o modelled distribution with a pronounced summer maximum,
which is to our surprise not found in the measured data. Such
O . s 4 5 o 7 s a summer time maximum is observed in other countries (e.g.
Quartz filter www.emep.intZimmerling et al., 2000; Perrino et al., 2001)
) so the different observed behaviour in the Netherlands needs
Ammonium . . .
8 1 further consideration. Furthermore, the observed ammonia
R levels are higher than those modelled. As Cabauw is located
.. in an agricultural area with stables nearby, local contributions
61 . may affect the analysis. The assumption in the model is that
. the grid cells including the mixing layer are well mixed. Itis
. * therefore difficult to resolve contributions from sources with
4r 8 significant plumes at shorter transport distances than the hor-
izontal grid size and/or the mixing time scale of the mixing
. layer (~10-15min). Unfortunately, several stables are lo-
21, . i cates at less than one kilometer away from Cabauw, resulting
in a significant local contribution. In short, the scale at which
e LOTOS-EUROS is aimed is too coarse to properly account
0 — for the variation of ammonia in dense source regions. Hence,
the comparison for ammonia should be interpreted with care
(see discussion).

Fig. 1. Comparison between daily average concentrations (F)m The comparison between the modelled and measured daily

of nitrate, sulfate and ammonium as obtained by the MARGA andValues for SIA (Fig. 3) shows that the model is able to cap-
co-located quartz filter samples at Cabauw. ture a large part of the day to day variability in the observed

concentrations. The correlation coefficients values are about

0.6 for NGy and NHj and around 0.40 for SP. Closer in-
follows the dynamic mixing layer approach. There are threespection reveals that low and moderately high concentrations
dynamic layers up to 3.5km on top of which a fixed layer and variability appear well estimated for ammonium and sul-
of 1.5km depth is located. The lowest dynamic layer is thephate and that the underestimation predominantly takes place
mixing layer, followed by two reservoir layers. The height at the peak concentrations. For example, the four periods

MARGA

MARGA

Quartz filter
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Fig. 2. Comparison of the measured seasonal cycle for nitrate, sulphate, ammonium, nitric acid and ammonia at Cabauw with 7 km grid
resolution estimates of the LOTOS-EUROS model for this location. Note that for easy interpretation the data have been organised as if it
was a year from January—December. Hence, the monthly means of January—July 2008, are put before the period August-December 2007.

with continental air masses containing sulphate concentray . o Comparison of the correlatior®] between the SIA com-

tions above 10ugm’ are not captured by the model and ponents in the LOTOS-EUROS model and in the MARGA data.
cause the lower correlation compared to nitrate. Hence, the

formathn of sulphate during these episodes that occur m_ostly Model SQ  NOs MARGA SO, NOs

in the winter/spring needs to be addressed further. For nitrate

the variability towards high concentrations is much better NHs 088 0.98 NH 0.75 0.93

captured and a systematic relative underestimation remains. NGz~ 0.75 NGy 0.59

We have calculated the correlation between the SIA com-

ponents in the model and the observations, see Table 2. In

the model the anions are strongly correlated with ammonium

with coefficients of 0.98 for nitrate and 0.88 for sulphate. 4.2 Diurnal variation

Nitrate is more strongly correlated with ammonium than sul-

phate is. Also, nitrate and sulphate are less strongly correfor the first time the LOTOS-EUROS model can be evalu-

lated than each of them with ammonium. This pattern is alsoated on an hourly resolution with both the particulate compo-

found for the MARGA data adding to the conclusion that the nents as well as their gas phase counterparts which together

model is able to reproduce many features of the SIA compodetermine the equilibrium for ammonium nitrate. The com-

nents. However, it appears that the correlations are strongejarison of the hourly data is illustrated in the form of time

in the model than in reality, which is explainable with the series in Figs. 4 and 5. A limited statistical comparison is

role of other cat-ions than ammonium in the atmosphere thagiven in Table 3. These time series show the general features

are not accounted for in LOTOS-EUROS. as described above. In other words, they show the underesti-
mation but good correlation for nitrate as well as the sulphate
episodes not captured in spring. On the other hand, much
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Fig. 4. Comparison of the measured (grey) hourly concentrations of
Fig. 3. Comparison of the measured (grey) day to day variabil- nitrate and sulphate at Cabauw with 7 km grid resolution estimates
ity for nitrate, sulphate and ammonium at Cabauw with 7 km grid (black) of the LOTOS-EUROS model for February-March-April,
resolution estimates (black) of the LOTOS-EUROS model for this 2008.
location and the full year.

Nitrate
40 T

7‘ —— Modelled

Table 3. Statistical comparison between modelled and measured ”535
concentrations. Modelled average and standard deviation are given 2 *°
for each component as well as the correlati®), (bias and root 825 g

(o]

mean squared error (RMSE) in comparison to the measurements. % 20 - R
§15 - 3 4
HNO3 NH3 NO; NHf SOi- g 10
5
Mean 0.70 3.1 3.7 1.8 2.0 o
Stdev 1.3 3.0 35 1.4 1.2 2007/Aug 2007/Sep 2007/Oct
Bias 007 -59 -—22 -060 -1.1 Time
Correlaton ~ 0.44 030 069 071 057 15 Sulphate
RMSE 1.2 9.3 4.3 1.8 2.5 _ —— Modelled
£
210 - —
more detail is visible in the time series and we notice that the § 51 |
model is able to reproduce many features, also at the intra- 3
day scale. As a consequence, the correlation on an hourly § !W
basis is better than at a daily basis. 0 w
. . . 2007/Aug 2007/Sep 2007/Oct
To further investigate the behaviour of the model on an Time

hourly basis we have compared the (annual) average diurnal

variation against that in the measurements, see Fig. 6. ThEig. 5. Comparison of the measured (grey) hourly concentrations of
measured Sulphate Vana“on over the day |S rela‘“vely ﬂat’nnrate and Sulphate at Cabauw with 7 km gr|d resolution estimates
with a tendency to a daytime maximum. LOTOS-EUROS (black) of the LOTOS-EUROS model for August—September 2007.
yields a flat distribution as well but has a tendency to a slight

daytime minimum. We conclude that the formation of sul-
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Fig. 6. Comparison of the measured (grey) diurnal cycle for nitrate, sulphate, ammonium, nitric acid and ammonia at Cabauw with 7 km
grid resolution estimates (black) of the LOTOS-EUROS model for this location.

phate as well as the sinks should be investigated to improvevhereas in reality it may be characterised by a more rapid
the absolute level and especially the peak values rather thamixing layer growth that occurs later in the morning.

investigating the diurnal variability. The comparison for nitric acid and ammonia reveals an

Although the absolute level of nitrate is underestimated theinteresting picture. The model predicts a strong diurnal vari-
diurnal variation is rather well captured. Maximum concen- ation of nitric acid. In summer a strong daytime maximum is
trations occur in the early morning after a night time build modelled up to an average concentration of about 3.5 m
up. Both the model and the observations show a daytimeéDuring winter, the model simulates much lower values than
minimum, which is driven in the model by the increase in in summer with a daytime minimum, which is associated
mixing layer height and the higher instability of ammonium with a daytime maximum in ammonia. The measurements
nitrate at high temperatures. It appears that the decrease on the other hand yield a much lower dependency on sea-
nitrate (and also ammonium) in the early morning starts 1-2son. The measured concentrations in summer are only little
earlier than in the observations. This may be due to the thredigher than in winter (Fig. 2). Moreover, the measurements
hourly meteorological data used by the model which are in-indicate a flat diurnal variation in winter and only a slight
terpolated to acquire hourly values. Hence, the timing of thedaytime maximum in summer. For ammonia the diurnal vari-
rise of the mixing layer is not well represented and occursation is roughly in line with observations despite the abso-
gradually between 06:00 and 09:00a.m. GMT in summer,lute concentrations being too low as discussed above. The

www.atmos-chem-phys.net/11/11041/2011/ Atmos. Chem. Phys., 11, 1MTBH3-2011
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discrepancies between modelled and measured variability on ‘ ——
the seasonal and the diurnal scale need to be addressed taking ¢ - December --@=--NO3a predicted
into account several (interacting) processes that influence the & g A P

[ J ~

concentrations and their dependencies. Below, we addressg2 6 ~s. .

the evaluation of the equilibrium assumption incorporated in :§

the model in more detail. g af 4
3

4.3 Testing the equilibrium module 2 b .

We have identified that the model does not reproduce the sea-
sonal and diurnal cycle of nitric acid. The lower modelled

nitric acid concentrations than those measured indicate that,
even with an underestimation of ammonia levels, the ammo- ——
nium nitrate in the model is significantly more stable than in g July --@--NO3a predicted
reality in winter. For the summer, it is difficult to draw con-
clusions on this aspect as the concentration product of the un-
derestimated ammonia and the overestimated nitric acid may
be more inline with the measured values. Hence, we have
addressed the partitioning module in the model separately by
confronting the predicted partitioning based on the measured 2 -
total nitrate, total ammonium, sulphate and meteorological
data to the observed partitioning. We include only data with o Lt i w w w
a total ammonium to sulphate ratio above 3 to ensure the
presence of free ammonia and ammonium nitrate formation.

In Fig. 7 we compare the modelled and measured diurrjy 7 comparison between the measured partitioning of nitrate
nal cycle of nitrate and nitric acid for December and July. petween the aerosol and gas phase at Cabauw for December (up-
For December, the predicted nitric acid concentration by theper panel) and July (lower panel) with that predicted using ISOR-
equilibrium module is much lower than observed throughoutROPIA. For both months the average diurnal cycle is given. All
the day, whereas nitrate is (by definition) overestimated byhourly averages consist of at least 23 data points.
the same amount. This behaviour is observed for all months
from October to April. In the other (summer) months, how-
ever, a different picture arises. During the night the predictedcycle with a tendency to be higher in the late afternoon and
stability is too high, as for the winter period. During daytime, evening. The potential contribution of sodium nitrate is in
on the other hand, the predicted nitric acid concentration ighe range of 1-1.5pgn?. In comparison to the observed
much higher than measured. The same underestimation dlifference between predicted and observed day time nitrate
nitrate indicates that the ammonium nitrate is too unstableconcentrations the potential amount of sodium nitrate may
in the equilibrium module. This interpretation is valid under explain half of the difference. Note, that in case of an impor-
the assumption that the ammonium nitrate in the atmospher&nt contribution of sodium nitrate the observation that the
is in equilibrium with its gaseous counterparts. Thus, ourPredictions during the night and in winter are not in line is
results indicate that the equilibrium assumption is not validamplified. To investigate whether the potential sodium ni-
and/or that the equilibrium module is not able to describe thefrate is realistic the molar balance between ammonium and

partitioning correctly under the conditions encountered in thethe sum of nitrate and sulfate (MH2- S04 +NO3) is ad-
Netherlands. dressed in Fig. 8b. In case of ammonium nitrate and ammo-

Another potential explanation of the summer time undernium sulfate the ratio should theoretically be 1. Based on the

prediction of day time aerosol nitrate may be associated witfneasurements the average ratio ranges between 0.93-1.07
the role of sea salt. Formation of sodium nitrate through re-2nd shows a slight minimum during day time. Assuming the
action of nitric acid and sea salt results in a stable aerosoPOtential sodium nitrate to be present in reality the ratio in-
component as well as a depletion of chloride. On average, th&'€ases S|gn|f|cantly to 1.06 and 1.21 resulting in a net excess
measurement data show a chloride depletion of about 15 %Pf ammonium. Based on these results we feel that some ni-
In fact, the absolute amount of chloride depletion is highertrate will be present in the form of sodium nitrate, but not

in marine and nitrate poor air masses compared to continenf© the full potential extend as estimated above and we con-
tal, nitrate rich air masses. In Fig. 8a we show the averag&'“de that the difference between day time observed and pre-

diurnal cycle of sodium and chloride for July. Moreover, we dicted_nitrat_e can not be largely explained by the formation
show the diurnal cycle of the chloride depletion expressed irf Sodium nitrate.
potential nitrate mass. The depletion shows a minor diurnal

0 5 10 15 20
Hour of the day

Concentration (pg/m3)

Hour of the day
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4 _ ways been evaluated. Hence, the higher than expected levels
July e cone | of SIA combined with the possibility to evaluate the perfor-
mance on a diurnal basis calls for a renewed attention to the
modelling of SIA in the Netherlands.

The concentration of ammonium nitrate is sensitive to the
sulphate concentration, concentrations of the precursor gases
as well as the meteorological conditioris RH). This makes
the diagnosis of the origin of an underestimation difficult as
WW | one needs to verify the source strengths of precursors, chemi-

o ‘ i cal production of sulphate and nitric acid, the equilibrium be-
0 5 10 15 20 tween ammonium nitrate and its gaseous counterparts as well
Hour of the day as the sinks for all components involved. We have illustrated
that the experimental data obtained within the campaign are
14 very useful to evaluate the cycles of these components in the
July e suming sodium i model. Evaluation of the seasonal and diurnal cycles showed
13 ® - - Molar balance assuming sodium nitrate — y
that they are generally captured by the model for the particu-

It e Pt lates. On the other hand, the seasonal and diurnal variability

1M F o, “o. g-e-4 i

. - of nitric acid in the model is much higher than in reality. The
' %—»‘ ] results hint at shortcomings in the equilibrium approach in
09 |- q combination with well known uncertainties associated with
08 |- g among others: meteorological parameters such as boundary
07 L i layer height and stability, spatial and temporal emission pat-
0 L ‘ ‘ ‘ ‘ terns, cloud or multi-phase chemistry, particle dry deposi-
0 5 10 1 20 tion, ammonia compensation point and the effective emission
Hour of the day height of large point sources. Though, an in-depth evalua-
tion of the model and consequent model improvement is out-

Fig. 8. (2)Measured diurnal cycle OT sodlu'm anq chloride CONCEN- gide the scope of this paper, we have touched upon the mod-
trations as well as that of the potential sodium nitrate concentration

during July at Cabauw. The potential sodium nitrate was calculateqe"Ing of the thermodynamic equilibrium in more detall as the

under assumption that all sodium derives from sea salt and all chlo_lvIARGA instrument provides a unique potential to evaluate

ride depletion is caused by reaction with nitric acid) observed It. .
diurnal cycle of the molar balance between ammonium and the sum The MARGA observations were used to evaluate the cal-

of nitrate and sulfate and the change in the balance by assuming theulated equilibrium between particulate ammonium nitrate
potential sodium nitrate (see main text). and gaseous nitric acid and ammonia. We have found that
the thermodynamic equilibrium module produces a too stable
ammonium nitrate in winter and during night time in sum-
5 Discussion and conclusions mer, whereas during the daytime in summer it is too unsta-
ble. Earlier studies have also identified an underestimation
The one-year MARGA data set acquired at Cabauw provide®f the particulate nitrate concentrations during summer and
a unique case for model validation. The detailed and highlydaytime (Moya et al., 2001; Fisseha et al., 2006; Morino et
resolved data provide new insights in the intra-day variabil-al., 2006). In contrast, a number of studies have shown that
ity of the inorganic aerosol and its precursors. Thereforethe predicted equilibrium is generally in accordance with ob-
they are highly useful for model evaluation. We have identi- servations (Zhang et al., 2003; Takahama et al., 2004; Yu et
fied that the LOTOS-EUROS model underestimates the conal., 2005), though also in these studies significant discrepan-
centrations of secondary inorganic aerosols at Cabauw. Theies between measured and predicted partitioning have been
same finding was obtained comparing the model results tmbserved. The reported results have been obtained over a
one year data sets with filter measurements obtained at Eange of pollution and climatic regimes. The contradicting
sites, including Cabauw, throughout the Netherlands (Wei-results indicate that it is necessary to further test thermody-
jers et al., 2011). Note that this is not consistent with earliernamic gas-aerosol partitioning modules using experimental
comparisons against Dutch monitoring data (e.g. Manderslata for a wide range of climatic and pollution conditions.
et al.,, 2009). This is explained by the consistently higher The equilibrium module can be tested directly only when
SIA concentrations measured in this study using both thehe equilibrium assumption is valid. Our results indicate
MARGA and the filter based PM samples compared to that the equilibrium assumption is not valid and/or that the
those obtained with dedicated LVS devices in use in the naequilibrium module is not able to describe the partitioning
tional network up to 2008 (Weijers et al., 2010; Hafkenscheidcorrectly under the conditions encountered in the Nether-
et al.,, 2010) against which our and other models have aldands. In the first case, the equilibrium should be calculated

w
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dynamically in the model to account for the impact of other Recommendation for monitoring in the Netherlands
processes on the concentrations. For example, it has been
has been postulated that the relative abundant nitrate duringhe issue of the representativeness of the monitoring data
daytime in summer may partly be due to transport of nitratein combination with the different behaviour of pollutants as
richer air from the upper parts of the boundary layer to thefunction of conditions highlights the need of measurement
ground (Morino et al., 2006). locations in different environments. The latter is generally
Based on the observed sodium concentrations the estirecognised. We have shown the benefit of the hourly data
mates sea salt contribution to sulphate is estimated at 6 %yith both particulate as well as gas phase concentrations and
inline with the results for several stations in the Netherlandsa continuation of these measurements may prove to be very
(Weijers et al., 2011). This number is considerably lower useful in future model evaluation and improvement studies.
than the bias observed between the model and the measurttowever, the MARGA is labour intensive and its use is prob-
ments and will not lower the underestionation of sulfate peakably restricted to a number of sites of special interest. Hence,
values as sulfate and sea salt concentrations show an anti ca-monitoring strategy for SIA and its gaseous counterparts
relation. The filter measurements (Weijers et al., 2011) indi-needs to find an optimal balance between the required infor-
cate that coarse mode nitrate concentrations at Cabauw argation and the resources to obtain the data. Hence, a suite
on average 1.0 ugni. This number is in line with the po- of methodologies should be applied. We propose a general
tential coarse mode nitrate estimated in Fig. 8. However, theeombination of methodologies for the purpose of model eval-
comparison is complicated by the fact that the chloride de-uation for SIA, taking into account the requirements of mon-
pletion at the filters are in the order of 25% and thereforeitoring for Particulate Matter and acidification and eutrophi-
higher than that obtained from the MARGA. Hence, we cancation.
not rule out that part of the chloride depletion occurred atthe We propose to use a monitoring strategy within the Nether-
filter itself which means that the number should be regardedands employing a combination of the MARGA system, a fil-
as an upper limit. Also note that the sodium concentrations irter based approach used for the determination o £&hd
continental air masses may derive partially from non-marinePMio mass concentration and a modified DELTA sampler.
sources such as wood combustion (van Loon et al., 2005)The DELTA (Tang et al., 2009) could be used as a back-
Hence, the difference between day time observed and prebone of the network. It provides monthly mean concentra-
dicted nitrate by the thermodynamic module during summertions of the same species as the MARGA. However, Gehrig
can not be largely explained by the formation of sodium ni- et al. (2009) have shown that losses may occur in the orig-
trate. These considerations show that the matter at hand igal tubing of the sampler. Hence, we propose to use the
complex. Incorporation of the formation of coarse mode ni- modified DELTA sampler (Gehrig et al., 2009) in combina-
trate in the LOTOS-EUROS model appears to be needed aton with NaCl impregnations of the denuder and filter for
it may improve our understanding of the processes involvedhe collection of nitric acid and nitrate. The latter is to avoid
and contribute to the lowering of the underestimation of ni- possible artefacts from absorption and consequent oxidation
trate and (partly) the overestimation of nitric acid. of HNO, (Pakkanen et al., 1999; Tang et al., 2009). This
Regional models tend to underestimate the ammonia consystem is cost efficient and can be used at a significant num-
centrations at regional background sites. As Cabauw is lober of sites in different environments. In addition, dedicated
cated in an agricultural area local emission contributions forpassive sampling for ammonia is very valuable to resolve the
ammonia can not be excluded. Therefore, the presented coniigh gradients in this component over the country (Duyzer et
parison to the data is not representative due to the location iml., 2001). Daily concentration data on the particulate SIA
a “hotspot” area. Hence, for ammonia observations in natureeomponents can be derived from the analysis of the samples
areas should be used for validation. Due to the sensitivitytaken using the reference methodology for,PMthough
of the ammonium nitrate formation to the ambient ammoniathe reference methodology is prone to losses of ammonium
concentrations an hourly resolved MARGA dataset obtainedhitrate (Vecchi et al., 2009), the data are consistent with the
in a nature area would be very useful to verify our conclu- PM measurements adding to the assessment of the mass clo-
sions on the equilibrium module and the variability in nitric sure for PM. Finally, at a small number of sites the MARGA
acid. Note that new approaches to tackle long lasting chalsystem can be operated for detailed monitoring. These sites
lenges in ammonia modelling such as the incorporation of thecould also be used to test emerging measurement techniques
compensation point in the deposition routine are under develsuch as optical techniques for measuring ammonia (von Bo-
opment. MARGA data may prove very useful to evaluate thebrutski et al., 2010). Simultaneous monitoring at these cen-
impact of these approaches on ammonia concentrations dgal sites is necessary to benchmark the performance of the
well as the associated particulate concentrations. systems against each other and to interpret the data from the
full monitoring program.
Similar considerations would also apply to the monitoring
strategy within other countries or international monitoring
strategies. From this perspective it is worthwhile to mention
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that a network of DELTA samplers has been operational inGehrig, R.: Aerosol- und gasfmige Stickstoffverbindungen an
Europe with Nitro-Europe (Tang et al., 2009) and that long den NABELStationen Rigi, Payerne und Magadino — Weiteren-
term monitoring using the MARGA has commenced at loca- twicklung und Validierung der Minidenudermethode, Empa re-
tions such as Melpitz, Helsinki and Auchencorth (Twigg et POt Nr. 203'056/12, EMPA, Dbendorf, Switzerland, 2009 (in

German).
al., 2011). .
' ) Hafkenscheid, T. L., Hoogerbrugge. R., and Stefess, G.: Vergeli-
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