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HIGHLIGHTS

e Excess reactive nitrogen (N,) in precipi-
tation is a major global air pollutant.

e N, in Vienna precipitation events were
investigated in hourly in wet deposition
for a year.

e N; was controlled by local motor traffic
and by distal sources associated with
rainout processes.

e HYSPLIT analysis revealed that N,
sources coincided with well-known NOx
hotspots in Europe.
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ABSTRACT

Reactive nitrogen (N,: nitrate and ammonium) washout in Vienna (Austria) precipitation events were investi-
gated in 2019. A total of 958 samples from 61 rain events representing >90% of annual precipitation were
collected at 5-30 min intervals for nitrate (NO3~) and ammonium (NH,4") analyses and meteorological infor-
mation. The data revealed systematic seasonal concentration variations for all N;-species and a clear influence of
rush-hour traffic on the kinetics of N-scavenging processes. The monthly nitrate and ammonium deposition was
0.69 + 0.21 kg ha~! month ™! and 1.02 + 0.30 kg ha~! month ™!, respectively. Around 30% of nitrate and 20% of
ammonium was dry deposition, and ~30% of each N-species was from distal sources associated with rainout
processes. The half-life of below-cloud N-species were similar in the warmer seasons (1.7 + 0.2hand 2.3 + 0.4 h
for nitrate and ammonium). In winter, the ammonium half-life was significantly lower (1.4 h). N, removal by
wet-only in-cloud scavenging was slower than predicted by empirical models. HYSPLIT trajectory analysis
revealed that N, rainout from distal sources in spring had no prevailing direction, but higher N; contributions
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were from N and W. In summer and winter, air masses from W, SW and SE were related to intense, medium, and
low N; contributions, respectively. The origin and path of these trajectories coincided with known NOx hotspots

in Europe.

1. Introduction

The steady rise of excess anthropogenic reactive nitrogen (N;) and its
and impacts on the environment (e.g. acid rain, water pollution), human
health, and corresponding economic impacts is a major global concern,
and particularly for highly industrialized parts of the world (Feng et al.,
2021; Malago and Bouraoui, 2021; Reis et al., 2009). This has led to
various policy regulations regarding air and water quality at regional
and national scales with the goal to reduce overall N emissions to air and
water (UNEP, 2007). Reactive nitrogen deposition (N;; NO3~ and NH4 ")
has been studied in highly urbanized areas (Li et al, 2016, 2020, 2016;
Stevenazzi et al., 2020; Ye et al., 2019), industrialized regions (Porfirio
etal., 2020; Xiao, 2016), and in remote or pristine areas (Bhattarai et al.,
2019; Holtgrieve et al., 2011; Keene et al., 2015; Zhang et al., 2017).

Wet deposition is the predominant sink of N; from anthropogenic
aerosols and an important pathway for nitrogen and other teleconnected
contaminant contributions to terrestrial and aquatic ecosystems.
Therefore, a better understanding of wet deposition N dynamics is
essential to assess air pollutant dispersion at global level (Malago and
Bouraoui, 2021; Vet et al., 2014). Consequently, continuous long-term
monitoring records for N, species are available for some countries
(Cheng and Zhang, 2016; Feng et al., 2021; Roy et al., 2019; Wen et al.,
2020). In Austria, N; monitoring is done by the Federal Environment
Agency — Umweltbundesamt (Leder et al., 2003; H. Puxbaum et al.,
2002; Smidt, 2008, 2007), to model the atmospheric deposition of N and
other pollutants (Vizcaino and Lavalle, 2018) and to improve predictive
air quality multivariate models (European Environment Agency, 2021).
However, scavenging through wet deposition is currently assessed by
comparing concentrations of N; species against source variables, such as
land use, traffic patterns and physical environmental variables as the
predictors. Often, local, and distal N, contributions are mixed and daily
or event-based sampling. Therefore, the 24 h or event-based sampling
performed in most of the precipitation monitoring stations do not allow
for N; source identification (See Figure S1 in the supplementary mate-
rial). So far, most studies use integrated daily events by aggregating 24 h
to 2 weeks’ time spans of precipitation events. In most studies, high
frequency sequential sampling is difficult and restricted to short periods
of few weeks at a time (Aikawa et al., 2014; Aikawa and Hiraki, 2009;
Celle-Jeanton et al., 2009a; Karadeniz and Yenisoy-Karakas, 2020). In
the absence of high-frequency measurements of local data, these studies
need to apply empirical estimates of residence times based on other
radionuclides (Sportisse, 2007) or different chemical species under the
assumption that most N pollutants behave similarly (Sportisse and Bois,
2002). By using high-frequency precipitation collections, the event
evolution and the N; deposition kinetics can be observed and more
effectively modeled. Kinetic modeling allows for estimation of the
scavenging coefficients (SCs), a variable that explains where and how
fast these chemical species are removed from the atmosphere (Ervens,
2015).

In urbanized environments, fossil fuel emissions (vehicular traffic
and power generation) and other industrial activities are the primary
sources of below-cloud N-deposition. Conversely, emissions from natu-
ral N-sources stem from natural and agricultural soil emissions or
lightning and are linked to in-cloud formation processes after long-
distance advection (Lee et al., 2000). Therefore, enabling a clear
distinction between local versus distal N sources, or anthropogenic
versus natural N; contributions is important but complex (Chen et al.,
2017). Some studies use stable isotopes, particularly °N and 80 of
NOs3~ and NH, " that have proven useful (Beyn et al., 2014; Cigzka et al.,
2016; Villalobos-Forbes et al., 2021). Regarding the 2019 Vienna

precipitation events, the use of stable isotopes to identify the source
apportionment is underway separately (Matiatos et al., 2021). Consid-
ering the chemical components, many studies focus on the major and
minor ion concentrations to characterize local conditions and to detect
changes between rain events (Celle-Jeanton et al., 2009b; Xiao, 2016).
However, the balance between in-cloud and below-cloud contributions
gives valuable insight on wet deposition removal processes, relevant to
atmospheric chemistry, air quality and climate studies (Gong et al.,
2003; Laakso et al., 2003; Tost et al., 2006). The distinction between
rainout (in-cloud) and washout (below-cloud) is key to understand how
fast and efficient the sink of N, species occur. The large variability in
precipitation sources and N; concentrations mandates a higher temporal
(intra-event) sampling resolution on a seasonal basis (Montoya-Mayor
et al., 2011; Spanos et al., 2002). One recommended approach to
quantify N; washout/rainout contributions uses 0.5-1 mm rainfall
collection steps within each precipitation event (Aikawa and Hiraki,
2009). However, such assessments are seldomly performed at the high
temporal resolution needed over year-long or seasonal sampling
campaigns.

Here we present results from a high frequency sampling covering
>90% precipitation across all seasons for Vienna. This experimental
design allowed us to obtain estimates of the rainout and washout frac-
tions of N; species and better (a) disentangle local and distal N, fractions
and (b) assess the SC of N; species that describe its removal from the air.
The sampling was complemented by comparative conventional 24 h
integrated collections and meteorological recordings and air mass back
trajectory analysis. Our findings help to improve NOy and NHy emission/
deposition inventories and spatiotemporal atmospheric dispersion
models as well as validation of remote sensing measurements of the air
gas column that assist the study of global pollutant transport models
(Schreier et al., 2020).

2. Material and methods
2.1. Study area

Rainwater sampling and meteorological monitoring was conducted
at a metropolitan study site in the city of Vienna (Austria) at the Vienna
International Centre (VIC, Fig. 1). The site was a rooftop station at 48°
14’ 10” N 16° 24’ 57" E at an elevation of ca. 170 meters. The pre-
dominant wind direction was N and NE during day and night seasonal
sampling. The highest wind speeds were from the S in all seasons except
for summer when NNE predominated. All seasons but winter exhibited
stronger winds during the daytime versus night. Land-use of site sur-
rounding is mainly urban with adjacent motorways and road traffic and
a large urban greenspace.

The energy mix in Vienna is considered clean, with contributions
from hydroelectric (45.2%) wind (11.6%), biomass (2.8%), solar (1.6%)
and other clean energy sources (1.0%) surpassing fossil fuels/gas
burning (37.93%) (Wien Energie, 2020). Major point based N, air
pollution sources include three municipal incinerators at 4 km W, 10 km
WSW and 7.5 km SE from the sampling site and a municipal wastewater
treatment plant with a capacity for three million population volume
around 8 km SE (Fig. 1). In 2018, the incinerators produced 5,581 GWh
as electrical energy and 4,768 GWh as thermal energy, also 2.734 t of
COo, 893 t of NOy, 10 t SO and 3 t of dust were emitted (Wien Energie,
2018). The wastewater treatment plant declared a reference load of
38-tonnes of nitrogen with 70% removal efficiency. A major oil refinery
(9.6 Mt a~! crude oil capacity) is located 12 km to the SE.

The metropolitan area of Vienna is 414.9 km? with 1.9 million
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inhabitants (City of Vienna, 2019). The high traffic hours near the site
(distance of 337 m) peak between 7 and 9 am and from 4 p.m. to 8 p.m.
(City of Vienna, 2016). Municipal air quality monitoring covers PM;,
PM; 5, O3, NOy, NOy and SO; (Spangl, 2019; Stadt Wien, 2020), with a
focus on NO; emissions from utility companies (public transportation,
communal heating and energy conversion). We used 2018 Vienna air
quality data as reference values for below-cloud conditions (City of
Vienna, 2019).

2.2.1. Climatology

The reference station for Vienna was the Hohe Warte meteorological
observatory (WMO ID 11035) located 4.5 km WNW from the collection
site. The climate is temperate and fully humid (Koppen-Geiger type Cfb)
with a mean annual precipitation (MAP) of 651 mm slightly biased to-
wards summer (32.5% occur during June to August with a mean annual
temperature (MAT) of 10.4 °C for the 1981-2010 reference period
(Zentralanstalt fiir Meteorologie und Geodynamik, 2019). Noteworthy is
the microscale distribution of precipitation over Vienna over a W-E
gradient with a reference MAP of 516 mm at GroB-Enzersdorf 10.5 km
ESE. Assuming a linear gradient, we estimate an average MAP of ca. 610
mm for the site. The year 2019 was exceptionally warm (3rd-warmest on
record) with a MAT of 13.0 °C and MAP ranging from 472 to 675 mm, as
recorded at GroB-Enzersdorf and Hohe Warte, respectively (Zentralan-
stalt fiir Meteorologie und Geodynamik, 2019).

2.2. Site instrumentation

Meteorological information at the site was recorded at 5-min reso-
lution using a Davis Vantage Pro 2 weather station (Davis Instruments,
Hayward CA, United States). The tipping-bucket rain gauge had a 0.2
mm resolution. A wet-only automated sequential time-integrated rain
collector (Coplen et al., 2015) was used for automated wet-only pre-
cipitation sampling by recording initial and final timestamps, air tem-
perature, tipping bucket counts, and ID automatically assigned to each

i P i -—~ B
: Hamburg )
United o Bolan 3}
Kingdom Eerlm} oland (}
Germany %;
o 2 \
b 7l
[ Y Czechia

U
Patis 7 \‘)\ I Vienna™” Slovakia 7
, - vy Austria o o
. Seolliat Hungary
Switzerland-j..~

France 7b :
1 im . ’Jw\“fvﬁ
‘@ &1 Mapbox © OpenStreetMap S

S
Stovenia;”
3

-«

Legend
Trafficdensity ~ NOx (ug/m?)
[ Light of 7 100
[ Moderate
M Heavy

™  Precipitation monitoring station
Air monitoring station
District heating plant (oil/gas)
Greenhouse

Harbour

Hydro power plant
Metereological Station
Natural gas/oil facilities
Power plant mixed matrix
Tank farm, oil harbour

Waste incinerator
Wastewater treatment plant

o DRe Pz kK «o

Atmospheric Environment 266 (2021) 118740

collected sample. By default, the collection intervals were every 15 min
from July 2019, after which the programming was modified to accom-
modate flexible intervals of 5-30 min, or once a minimum of 3 bucket
tips were recorded (equaling 0.6 mm of rain or ~ 20 mL sample volume)
to better capture intense storm events. The rain sampler returned to a
closed-lid sleep mode if no bucket tip was registered for more than 60
min. Not all rain events could be sampled for wet-only precipitation due
to small precipitation amounts (the first 0.2 mm of any rain event are
lost in the function as the trigger for the autosampler initiation, Coplen
etal., 2015). Instead, a rain event bulk sample was collected in these low
precipitation events.

The integrated bulk precipitation sampler was custom-made at IAEA
and based on the concept of a ball-in-funnel rain sampler (Michelsen
et al., 2018). The precipitation collection surface area was 2,500 cm?.
Both samplers were positioned 1.5 m above the roof surface. Bulk
sample collection was at 7-9 am daily, with intermediate samplings as
needed for synoptic weather or excessive rains. The integrated bulk
samples were weighed and filtered through 0.45 pm membranes and
stored at 5 °C.

2.3. Precipitation sampling

We collected eighty-one integrated bulk rainwater events (Jan-Dec
2019) and sixty-one wet-only (May-Dec 2019). The precipitation
amounts recorded were compared with the meteorological reference
stations to assess our sampling coverage. The 61 wet-only events were
collected at high-resolution time intervals ranging from 5 to 30 min. The
sampler was time- and volume constrained. Sampling was triggered if
either the volume reached 20 mL (0.6 mm) or a maximum 30 min in-
terval had elapsed. However, the sample intervals were delayed having
multiples of 5 min (the recording interval of our meteorological equip-
ment). A total of 958 fractions of 61 wet-only events were collected for
analysis, representing >90% of annual precipitation. The wet-only
samples corresponded to ca. 60% of the total precipitation volume

Fig. 1. Precipitation monitoring station (IHL-VIC) including Vienna traffic density (City of Vienna, 2016), air NOy yearly average (Spangl, 2019), main NOy point
source facilities and green areas (Open Data Osterreich, 2020). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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collected by the bulk collector. For most rain events, more than ten
sequential wet-only samples were collected, but three intensive precip-
itation events generated more than forty samples each. The samples
remained inside the collector until the end of the event up to 24 h on
weekdays and 48 h on weekends.

2.4. Nitrate and ammonia analysis

The high-resolution wet-only samples fraction typically resulted in
collection volumes up to 20 mL for chemical analysis. Nitrate analysis
followed the ISO/DIS 15923-1 method Nitrate (NO3™ -N) was reduced to
nitrite with a Cd coil to react with N-(1-naphtyl)-ethylenediamine
dihydrochloride to produce a red color compound (ISO/DIS, 2013).
Absorbance was measured at 546 nm. Ammonium (NH;"-N) was
measured according to the Standard Methods 4500-NH3 G at 660 nm of
absorbance (APHA, 2005). Both measurements were done using a
discrete analyzer (AQ1, Seal Analytical, Germany). For NO3 -N and
NH4*-N the analytical ranges were 0.01-5 and 0.001 to 1 mgL™*
respectively, both with ca. 5% short term repeatability.

The precipitation volume values (in grams) were used later to
calculate the precipitation-weighted mean (Cpy) ion concentrations.
Data quality control followed World Meteorological Organization
(WMO) Global Atmosphere Watch (GAW) manual for the GAW precip-
itation chemistry programme (World Meteorological Organization,
2004) recommendations concerning laboratory data verification,
reporting and acceptance criteria (see supplement material QC/QA).
Simulated rainwater (ERM-CA408, European Reference Materials) was
used to check methods performances. Recovery values of the ions pre-
sent in the reference material ranged from 90 to 110%.

2.5. Local or distal classification criteria

Figure S1 (Supplement Materials) presents the sampling scheme and
data treatment to estimate washout and rainout contributions. Figure S2
and S3 present the NO3™-N and NH;"-N hourly values by season that
helped identify traffic rush hour contributions. Our criteria to classify
the N; deposition as distal were:

1) the sum of event fractions had >1 mm precipitation (e.g., significant
rainfall);

2) the event fractions collected in the second hour of the event were
consistent; and

3) the event fractions collected outside of traffic rush hour (6-9 a.m.
and 5-8pm).

The event fractions that met these criteria were considered to be
distal contributions. Therefore, for these fractions, the NO;~ and NH, "
as N; concentrations were aggregated to the backward trajectories. The
remainding fractions that failed to meet the above criteria were
considered as local. Thus, no long distance trajectory was associated
with these local event fractions.

2.6. Backward trajectories

To assess the distal origin of N; deposition, we isolated the timings of
the rain events from meteorological data and computed backward tra-
jectories for every hour when precipitation occurred and to account for
changes in synoptic weather patterns. Using Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT with GDAS 0.5° or GFS
0.25° input data (Stein et al., 2015)) we computed 24 h backward tra-
jectories for each timestamp identified in a two-step process (Fleming
et al., 2012): First, we used fixed endpoint heights between 500 and 4,
000 m above ground and established a linear model of their vertical
levels against air temperature to interpolate the 0 °C isotherm at which
we expected precipitation to form, and which we considered as “arrival
levels” of incoming precipitation-forming air masses. In the second step,

Atmospheric Environment 266 (2021) 118740

we incorporated a trajectory specifically for this level (Stein et al.,
2015). We validated our method against radiosonde ascent data from
the Hohe Warte reference observatory (available from University of
Wyoming until October 2019) and we found both approaches agreed
within +£10%, and which we considered as sufficient for our purposes.
While the 0 °C isotherm was located <1,000 m in winter, summer
heights were beyond 2,000 m and often exceeding 3000 m. We associ-
ated these trajectories with the wet-only sequentially sampled data.
When there were several samples taken per hour, the trajectory closest
to the sampling interval midpoint time was used. We coupled the
NO3~-N and NH,4"-N concentrations from wet-only sequential samples
with hourly backward trajectories to identify the source regions of N,
components. To minimize computational error associated with data
integration, the shortest possible integration timestep was used (1 h)
even though the rain event could have produced more than one sample
during this time interval. In that case, each sample was aggregated to the
same backward trajectory.

2.7. Data treatment

We aggregated all sample information (date/time, meteorological
information, N; chemical composition, and trajectory aggregates) into a
database. As dry deposition was not collected, the bulk deposition (24 h
bulk collection) was used to estimate dry deposition using:

Depbulk :Depdry + Depwel only — Z CBqu x P (1)
i=1

where Depyk is the bulk deposition in mg ha’l, Cauik is the nitrate or
ammonium concentration in mg L1 (as N), measured in bulk samples in
each of n rain events (n = 81), and P is the precipitation amount
measured in bulk collection in mm.

Wet deposition was obtained by integration of sequentially collected
data, as shown in equations (1)-(3):

n

Depwer only = Z nz CSeq X p X 100 (2)

=1 j=1

where Depyet oniy is the bulk wet deposition in mg ha™!, Cseq is the nitrate
or ammonium concentration in mg L~} measured in each m fraction of
each of n rain events sampled by the wet only sequential sampler (n =
61), p is the precipitation amount estimated by the number of tipping
bucket counts registered by the sequential collector (1 tipping bucket =
0.2 mm).

q m
Deplien = ((Z Cp X p> + ( e x p> > x100  (3)
i=1 washout i=q+1 rainout

where Cy is the concentration of the N-species from the rainout. Cp is the
concentration of the N-species from washout, q is the fraction when the
washout process ended, and m is the total number of fractions in an
individual event numbered as n.

Typically Cg and C4 correspond to the N; concentration at the
beginning and at end of the rain event respectively (Aikawa et al., 2014;
Aikawa and Hiraki, 2009; Ervens, 2015; Pan et al., 2017). We considered
that wet deposition contained washout and rainout contributions (eq.
(3)) since washout occurs at the beginning of each rain event (fractions 1
to q) and removes gas and small particles originating from below-cloud
local sources. The scavenging of distal N-sources occurs throughout the
rain event but can be traced towards the end of each rain event when the
local contribution is removed by washout. Therefore, the rainout process
was estimated by the late fractions (g+1 up to m) of the in-cloud
contribution of long-distance sources. The q fraction associated with
the end of the washout was identified graphically per event when the N,
depositions were constant. The general procedure of the sampling and
data treatment to estimate dry and wet deposition (washout and
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rainout) is presented in Figure S1.

2.7.1. Scavenging coefficients (k) and scavenging ratios (SR)

The washout mass transfer process was expressed by a first-order
reaction (eq. (4)), which allows determination of the deposition rate
(inmgN L! h’l) and SC (k, in h’l) for each rain event (Ervens, 2015;
Vallero, 2014; Xu et al., 2017). Half-life (t; 2) of below-cloud N-species
is the time required until the N concentration is reduced to 50% of the
initial value (Novak, 1998).

In <g> = —k.t.Ca=Cy.e™ (€)]
Cs

As most studies operate on 24 h or event based, the time component
is not available and the SCs cannot be estimated. Therefore, we used
another option that can describe the wet removal efficiency corresponds
to the scavenging ratio (SR) calculated using eq. (5) (Pan et al., 2017):

Ca

SR= G 100 5)

Due to the high temporal resolution of sampling, the N; concentra-
tion evolution from the start to the end of each event, the time of the day
and the precipitation amount of each individual sample were used for
the k and SR calculations. Later these results were compared with
literature values. Rain rate variations or rain event interruptions, wind
speed and direction changes were registered and associated with each
sample fraction. These variations were expected to influence the
washout process. For some events, the rain rate changed, and these in-
terruptions were also considered in k and SR calculation. The Supple-
mentary material presents Ca, Cp, k, SR, and t;,» calculations for all
events. A one-way ANOVA was applied by season to identify statistical
differences at the 0.05 confidence level.

3. Results and discussion
3.1. Precipitation coverage

Table 1 presents the completeness of rain/snow gauge measurements
of precipitation depth (%PCL) at IHL-VIC and Hohe Warte meteoro-
logical stations and the completeness of precipitation depth associated
with valid chemical analysis and valid sample collection (%TP), calcu-
lated in accordance with Manual for the Global Atmospheric Watch
Precipitation Chemistry Programme. We compared the precipitation
volumes collected to instrumental precipitation amount readings at the
sampling site to nearby meteorological reference sites. The collected
precipitation amounts at IHL-VIC station fell between the reported
values at Hohe Warte (675 mm) and at GroB-Enzersdorf (472 mm)
(Zentralanstalt fiir Meteorologie und Geodynamik, 2019). Wet only TP%
was below the GAW acceptable annual data completeness measures
when the reference station for the precipitation was Hohe Warte.
However, wet only TP% fell under the acceptable annual and seasonal
data completeness when IHL-VIC precipitation gauge measurements are
considered.

During the period of May to December, the bulk sampler deviated ca.
—20 mm from the wet-only sampler, which was attributed to a heavy 60

Table 1
Study site precipitation amount (in mm) and data completeness (in %), by time
interval and by sample type for 2019.

Station Yearly precipitation Yearly Yearly wet- May to Dec
depth mm bulk TP only TP wet only TP
% % %
IHL-VIC 610 94.1 73.3 92.4
Hohe 677 90.1 66.0 88.0
Warte”

# Values compared with Hohe Warte reference station during the same sam-
pling interval.
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mm rain event in June 2019, which was not possible to capture fully due
to overflow of the sampling vessel. Nonetheless, >90% of the total
annual precipitation in Vienna measured at the Hohe Warte station was
collected and analyzed. Other wet vs bulk discrepancies could be
explained by (1) small precipitation events that did not trigger a wet-
only collection and (2) the “loss” of the first bucket tip as the trigger
signal for the wet-deposition sampler, which typically resulted in an
under catch of 5-8% compared to the passive bulk sampler.

3.2. Monthly concentrations of inorganic nitrogen

Mean and precipitation-amount weighted concentrations (Cpy) of
monthly NH4"-N and NO3™-N on bulk and wet-only samples and pre-
cipitation depths are presented in Fig. 2. A marked difference between
the dry and wet-only N distribution was observed between spring/
summer and autumn/winter. Bulk and wet depositions from May till
August were similar, whereas from September till December an increase
in dry deposition of NO3™-N and NH;"-N was observed. This was an
expected pattern typically seen in changes from wet to dry periods, as
also observed by precipitation reduction from May till December.

Although in August the wet-only samples were fewer than other
times of the year, they showed higher N; concentration than the bulk
samples, which yielded higher precipitation weighted concentrations of
NH4"-N and NO3™-N. In October, more light drizzle and fog bulk events
were collected which explained the differences in Cy,, for both species.
Two bulk precipitation events yielded the highest C,,. In June, the
higher precipitation volumes of wet-only samples (97 mm) against bulk
samples (67 mm) were attributed to intensive rain showers, which
reduced the dry deposition estimate. This error propagates in the
calculation of N-deposition, which is partially corrected by disregarding
the sample volume and considering mass values instead. By this way, no
significant amount of N species was lost nor was any sample contami-
nation observed during the monitoring period.

3.3. Nitrogen bulk and wet-only deposition

Mean bulk NH4"-N and NO3 -N deposition at the site from
May-December was 13.71 + 0.33 kg ha~!. These values were higher
than yearly N-depositions recorded at stations near Vienna (e.g., Lobau
4.3-6.5 kg ha! y_l, from 1984 to 1999)(H Puxbaum et al., 2002).
However, the data agreed with assessments that reported N throughfall
between 15 and 20 kg ha™! y~! (NH4"-N + NO3-N) on forest and
nearby open field sites (Waldner et al., 2014). The site bulk deposition
values for NH4*-N and NO3 -N were 8.18 + 0.30 kg ha ! and 5.34 +
0.21 kg ha™!, respectively. Ammonium (NH4*-N) was the predominant
N form accounting for 59.6% of bulk N-deposition, which agreed with
previous ranges (53-66%)(H Puxbaum et al., 2002). The wet deposition
for NH4"-N and NO3™-N corresponded to 79% and 70%, respectively.
Similar N-depositions to our site were observed (around 7 kg ha™ ! y™1)
in forested areas of Austria, but unexposed to local anthropogenic
pollution emissions (Smidt, 2007, 2008). Although these studies re-
ported NO3™-N as the predominant N-species compared to NH;-N, they
confirmed highest N depositions occurred in spring (Smidt, 2008). A
strong correlation between NH4"-N and NO3 ™ -N was observed in both
wet and dry deposition estimates (Depnos.n = 0.823 Depypysn +0.11,
R? = 0.921 for wet-only and Depyos.y = 0.662 Depypain.+0.015, R =
0.863 for dry deposition). For wet-only deposition, May and December
showed significantly different NH4"/NO3 ™ ratios, which was attributed
to a reduction in NH4 " volatilization (Section 3.5). November, October,
and December showed highest removal of NO3 -N versus NH;"-N via
dry deposition (See Fig. 3). In other European cities, like Kavala in
Greece, NH;"-N is mostly removed through summer dry deposition
(Beyn et al., 2014; Spanos et al., 2002). A strong correlation between
NH4'-N and NO3™-N in particulate matter was reported in Venice, Italy
(Masiol et al., 2012), with the largest deposition amounts recorded in
winter. The secondary inorganic aerosol (SIA) formation of NH4NOs,



L.R. Monteiro et al.

b
=3
=]

Atmospheric Environment 266 (2021) 118740

0.00

6.00

4.00

CpwNH4 [mg/L]

2.00

0.00

2.00

1.00
0.56

Avg.NH4-N [mg/L]
o
wn
o
©
o
N
o
@
w
(-
N
©
o
©
o
o
©
=Y
s ¢
o
sy
o
«n
~
o
B
nN

Sampler B
M Bulk
M Wet-only

Avg.NO3-N [mg/L]

0.46 0.51
0.00

4.00

CpwNO3 [mg/L]

0.00

100 103

50

Precipitation [mm]

4 5 6 7 8

—
0.44 0.54

0 30

0.36
0.40 0.34

40 a3

9 10 11 12

Month of Collection

Fig. 2. Ammonium (A and B) and nitrate (C and D) concentrations in mg LN and precipitation amount variations (E) in bulk (in red) and wet-only (in blue)
precipitation samples from May-December 2019. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

produced by homogeneous and heterogeneous reactions increases dur-
ing summer, but is quickly removed from air with larger wet deposition.
In winter, the NH4NO3 production is reduced, but the amount produced
was nearly constant under lower air temperatures and solar radiation
conditions and not promptly removed by smaller precipitation (Vallero,
2014).

3.4. Evolution through a precipitation event

For both NO3™-N and NH,4*-N, the concentrations were higher at the
beginning of the rain event or for low precipitation amounts (Fig. 4).
This effect was more significant in summertime due to heavy showers
with short duration. In summer and spring, the NO3;™-N and NH;"-N
concentrations were low and constant by the end of each heavy rain
event. For NO3 ™ -N, this was true in all seasons except for winter. At the
end of the rain events, the NH;"-N concentration was higher in summer
and spring and lower in autumn and winter, when the application of
fertilizers was reduced, and temperatures were lower (Wonaschiitz
et al., 2015). This was attributed to strong below-cloud scavenging of
airborne contaminants by first rainfall fractions (Aikawa and Hiraki,
2009; Gong et al., 2003; Xu et al., 2017). The N deposition that occurred
after the first 3 mm of rain, or later were attributed to rainout only, and
like results from other studies.

Long-duration rain events in the autumn and winter with constant
and low rainfall rates showed distinctive oscillations in the NO3™-N and
NH,4"-N concentrations over time (Figure S5). These oscillations were

investigated by examining hourly variations of NOs -N and NH;"-N in
autumn and winter (Figures S2, S3). Clear peaks in the mornings (3-9
UTC) and in the afternoons (17-21 UTC) were thereby identified.
Accordingly, these peaks in concentration could be attributed to vehicle
emissions during rush hour traffic. Similar hourly trends were observed
for atmospheric NOy ™ -N in Vienna in 2017 and 2018 (Schreier et al.,
2020).

3.5. Scavenging ratios

The SR of NO3~ and NH4 " varied among seasons from 39 to 62% and
63-69%, respectively (Table 2). When the SR was examined by event or
fraction of events (Supplementary Material Table S1) the N-species
evolution in some events showed peaks and valleys, which could not be
attributed to washout or rainout processes. Therefore, we inferred those
washouts could also occur during intense traffic times when the N-spe-
cies concentration increases despite small precipitation amounts (lower
than 0.5 mm). Pure rainout contributions were detected only in large
precipitation amounts (>0.5 mm) outside of the main traffic times. Our
study combines the SR estimation by the precipitation amount along
with the high temporal resolution (Aikawa et al., 2014; Celle-Jeanton
et al., 2009b; Xu et al., 2017), and allowed for clearer identification of
washout and rainout contributions. Peaks and valleys in N, were found
in all seasons (Figures S2 and S3) but were particularly frequent during
the wintertime. We infer that an aerosol process, with increased emis-
sions in the lower boundary layer increases the local gas precursors
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during wintertime (Wonaschiitz et al., 2015).

The usual SR calculations consider the initial and final conditions;
however, it is well-known that this oversimplification disregards
advection or changes in the air gas concentration over time and assumes
a constant precipitation rate with no raindrop evaporation or change in
rain droplet size (Migliavacca et al., 2010). Based on our data it seemed
clear that any bias associated with the continuous supply of contami-
nants under the clouds cannot be corrected by using models that
consider only the final and initial rainwater N; concentrations (Xu et al.,
2017). Regardless of the season, the first order modeling approximation
was adequate to depict these gas-liquid effects (See supplementary
material, Table S1 and Figure S6). The seasonal monitoring at high
temporal resolution of a sizable number of events showed that the NH; "
and NO3~ removal is kinetically different by season and is reduced
during winter. This could be attributed to two factors: (a) higher sum-
mer temperatures favoring NH,4 " volatilization and reducing its removal
compared to NO3~ and (b) lower removal efficiency to the liquid phase
due the smaller precipitation amount and low cloud liquid water during
winter (Kasper-Giebl et al., 2000).

The nitrate SR (39-62%) at our site agreed with other locations, like
those in the Po Valley in Italy (40-70%)(Facchini et al., 1999; Gilardoni
et al., 2014) and in Japan (60-75%) (Aikawa et al., 2014) and China

(43-76%) (Xu et al., 2017). For NH4"-N, the SR (63-69%) fell within the
range observed in China (30-77%) (Xu et al., 2017), and Italy (68%), but
was below that reported at Puy Dome, France (86%)(Sellegri et al.,
2003). In Japan, the observed reduction in the concentration of these
two N-species from the beginning to the end of a rain event was asso-
ciated with larger scavenging efficiency of coarse particles and
water-soluble gases (Aikawa and Hiraki, 2009). In this study, the lowest
SR values for N; were found in wintertime, which had the lowest pre-
cipitation amount amongst the seasons. According to the Vienna City air
quality monitoring, winter had the highest NO, content (ug m >) in
particulate air matter in 2019 (Spangl, 2019). This finding agrees with
observations under conditions of low cloud liquid water content, under
which the SRs are reduced (Kasper-Giebl et al., 2000) as the scavenging
process requires the liquid phase to occur, and in presence of snow or ice
the scavenging capability is limited.

The N; decay after the rain started was modeled using a first order
reaction. The deposition rate and half-life of the N-species were calcu-
lated by event (Supplementary Material Figure S6 and Tables S1-52) and
by season (Table 2). Both species showed the lowest and highest depo-
sition rates in winter and summer, respectively. This was attributed to
the intensity and short duration of these seasonal rain events, especially
in summer, which enhanced the N-deposition rate. In general, large
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Table 2
Seasonal values of initial (Cp) and final (C4) concentrations, scavenging ratios
(SR), scavenging coefficient (k), half-life (t;,2), and N; rainout contribution in
Vienna.

Species Period Cp in Cya in SR k k ti/ Rainout
mg mg % h! s 2 %
L ! h
NO;3 - Spring 0.68 0.22 62 0.7 1.94 1.7 38
N X
1074
Summer 0.70 0.28 61 2.9" 8.06 1.5 39
X
1074
Autumn 0.55 0.21 61 0.7 1.94 1.9 39
X
1074
Winter 0.50 0.28 39 0.5 1.39 1.6 -
X
1074
Whole 0.63 0.24 59 1.6 4.44 1.7 41
season X
1074
NH,"- Spring 1.03 0.34 69 0.5 1.39 2.8 31
N X
1074

Summer 1.15 0.47 65 1.8 5.00 24 35

Autumn 0.86 0.28 66 0.8 2.22 24 34

107*
Winter 0.53 0.23 63 05 139 1.4 -
X
107*
Whole 0.97 0.36 65 1.1 3.06 23 35
season X
1074

# Statistically significant difference p = 0.03.

variances amongst the seasons were observed for other variables (Ca, Cs,
SR and t;/3). Therefore, even with a wide range of half-lives (from 1.4 h
in winter and 2.8 h in spring), no significant difference was found

between seasons due to large variability within and between the rain
events.

As seen in Table 2, the scavenging coefficients for NO3~ and NH,4"
were higher than the empirical value (8 x 107° s or 0.288 h™1)
typically used in in-cloud wet scavenging parametrization on HYSPLIT
trajectories (Stein, 2015; Tost et al., 2006; Sportisse, 2007). These
empirical values were based on radionuclides (Sportisse, 2007) with no
relationship to the aqueous phase chemistry of N, species. In this study,
the N; species removal was clearly slower than the usual empirical
model (Feng, 2007; Stein et al., 2015). For instance, Feng (2007) de-
scribes 73% of the coarse particles being removed in the first hour of
1-10 mm h™! rain events. While in our study, the precipitation event
needed to last from 1.4 to 2.8 h for a 50% reduction of N;.

3.6. Backward trajectories

The main transport patterns identified showed long range N, con-
tributions coming from the NW during the spring with intermediate
NO5™-N and NH,4"-N contributions (Fig. 5). Long-range trajectories from
the W and SW during summer and W, SW and SE during the autumn had
intense and intermediate contributions of NOs™-N and NH4™-N,
respectively. Some trajectories were consistent with studies from other
parts of Central Europe and could be described as fast travelling west-
erly, easterly polluted, and westerly continental air masses (Okada and
Hitzenberger, 2001; Wonaschiitz et al., 2015). The long-range fast
travelling trajectories yielded similar concentrations of NO3 -N and
NH,"-N like fast-travelling westerly air masses that were associated with
higher concentrations of both species during summertime, but low to
intermediate N concentrations during the winter.

The close-range trajectories had different concentrations of NO3 -N
and NH4"-N over all seasons. These trajectories showed mixed patterns
during spring, with higher NO3™-N contributions from the W and higher
NH,"-N from all directions (N, SE, W and S). The NO3™-N and NH4"-N
contributions were also high in summer and autumn. The easterly tra-
jectories had higher NH,"-N concentrations in all seasons. Due to the
light and long-rain events in winter, no significant long or close distance
air masses could be identified for that season. For wintertime, we
assumed that most NOs™-N and NH4"-N contributions were of local
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origin once no trajectory met the distal origin criteria.

The general understanding is that trajectories can model a source-
receptor system but that may not fully represent the actual turbulent
air mixing process (Stein, 2015). Several conditions can increase the
trajectories uncertainties and limit their use and interpretation, such as:
i)-one single trajectory may not represent accurately the NO origin, ii)-
any event can be a mixture of several air masses, iii)- the calculated
altitude of the trajectory may not represent the precipitation altitude,
and vi)- some below and above cloud mixing can affect the N, final
concentration (Baldini et al., 2010). The trajectories interpretation in
the present work adopted some measures to reduce these limitations and
the uncertainties over the long distance source of N; origin, such as
several trajectories during different rain events among all seasons were
calculated, backward and forward trajectories were calculated from the

hotspots (Amsterdam, Frankfurt and Milan) to the end point of Vienna
that confirmed the air mass origin, several altitudes were considered and
the meteorological sonde provided a more accurate information about
the 0° level and the precipitation height, and below and above cloud N;
contributions were isolated by the high frequency sampling and data
processing. We believe the uncertainty regarding long distance N;
sources were reduced with these measures, even considering the usual
HYSPLIT uncertainty increase with the traveled distance and mixing air
masses (Baldini et al., 2010; Stein et al., 2015). The N, trajectories were
also compared to the last available NOy EIONET air quality report (Eu-
ropean Environment Agency, 2021) in Fig. 5c. This comparison
confirmed that the HYSPLIT trajectories arriving in Vienna were from
areas around Amsterdam, Frankfurt and Milan were the most probable
source of long-range Ny, mainly from NW, SW, and W, respectively.
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4. Conclusions

High-resolution wet-only and bulk nitrate and ammonium deposi-
tion for precipitation in Vienna was assessed to derive mass balances
between bulk and wet-only samples to allow for estimates of dry and wet
local and distant N, contributions. Moreover, the rainout and washout
by event and season N; depositions were quantified and compared. The
nitrate SR was approximately 61% for all seasons and 39% in winter.
The ammonium SR averaged 65% for the entire year. In winter, rainout
contributions to N; were insignificant, and washout was less efficient,
which explains the higher NOy presence in wintertime. The N deposition
kinetic model was a first order process, and we found a shorter half-life
for nitrate (1.7 h) compared to ammonium (2.3 h). This deposition
difference was attributed to higher solubility for nitrate and higher
volatility for ammonium. In spring, nitrate and ammonium received
significant rainout contributions from N-NW origins, whereas in summer
and autumn the sources oscillated between East and Westerly sources.
Wintertime had no significant long-distance N, contribution to Vienna
precipitation. These patterns matched the origin of NOy hotspots (e.g.,
Amsterdam, Frankfurt, and Milan) reported for Europe. Our results
suggest that seasonal high-frequency studies of N, scavenging co-
efficients assessed with the drop size distribution and rain rates would
help improve the empirical parametrization/modeling of in-cloud wet
pollutant removal.
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