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Abstract. Long-term dry deposition flux measurements of reactive nitrogen based on the eddy-covariance or the aerodynamic

gradient method are scarce. Due to the large diversity of reactive nitrogen compounds and high technical requirements for

the measuring devices, simultaneous measurements of individual reactive nitrogen compounds are not affordable. Hence, we

examined the exchange patterns of total reactive nitrogen (ΣNr) and determined annual dry deposition budgets based on

measured data at a mixed forest exposed to low air pollution levels located in the Bavarian Forest National Park (NPBW),5

Germany. Flux measurements of ΣNr were carried out with a Total Reactive Atmospheric Nitrogen Converter (TRANC)

coupled to a chemiluminescence dectector (CLD) for 2.5 years.

The average ΣNr concentration was 3.1 µg N m−3. Denuder measurements with DELTA samplers and chemiluminescence

measurements of nitrogen oxides (NOx) have shown that NOx has the highest contribution to ΣNr (∼ 51.4%), followed by

ammonia (NH3) (∼ 20.0%), ammonium (NH+
4 ) (∼ 15.3%), nitrate NO−

3 (∼ 7.0%), and nitric acid (HNO3) (∼ 6.3%). Only10

slight seasonal changes were found in the ΣNr concentration level whereas a seasonal pattern was observed for the contribution

of NH3 and NOx. NH3 showed highest contributions to ΣNr in spring and summer, NOx in autumn and winter.

We observed deposition fluxes at the measurement site with median fluxes ranging from -15 to -5 ng N m−2 s−1 (negative

fluxes indicate deposition). Median deposition velocities ranged from 0.2 to 0.5 cm s−1. In general, highest deposition velocities

were recorded during high solar radiation, in particular from May to September. Our results suggest that seasonal changes in15

composition of ΣNr, global radiation (Rg) and other drivers correlated with Rg were most likely influencing the deposition

velocity (vd). We found that from May to September higher temperatures, lower relative humidity, and dry leaf surfaces increase

vd of ΣNr. At the measurement site, ΣNr concentration did not emerge as a driver for the ΣNr vd.

No significant influence of temperature, humidity, friction velocity, or wind speed on ΣNr fluxes when using the Mean-

Diurnal-Variation (MDV) approach for filling gaps of up to five days was found. Remaining gaps were replaced by a monthly20

average of the specific half-hourly value. From June 2016 to May 2017 and June 2017 to May 2018, we estimated dry deposition

sums of 3.8 and 4.0 kg N ha−1 a−1, respectively. Adding results from the wet deposition measurements, we determined 12.2

and 10.9 kg N ha−1 a−1 as total nitrogen deposition in the two years of observation.

This work encompasses (one of) the first long-term flux measurements of ΣNr using novel measurements techniques for

estimating annual nitrogen dry deposition to a remote forest ecosystem.25
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1 Introduction

Reactive nitrogen (Nr) compounds are essential nutrients for plants. However, an intensive supply of nitrogen by fertilisation

or atmospheric deposition is harmful for natural ecosystems and leads to a loss of biodiversity through soil acidification

and eutrophication (Krupa, 2003; Galloway et al., 2003) and may also threaten human health by acting as precoursors for

ozone (O3) and PM2.5 (Erisman et al., 2013). Atmospheric nitrogen load increased significantly during the last century due to30

intensive crop production and livestock farming (Sutton et al., 2011; Flechard et al., 2011, 2013; Sutton et al., 2013) (mainly

through ammonia) and fossil fuel combustion by traffic and industry (mainly through nitrogen dioxide and nitric oxide). The

additional amount of Nr enhances biosphere-atmosphere exchange of Nr (Flechard et al., 2011), affects plant health (Sutton

et al., 2011) and influences the carbon sequestration of ecosystems such as forests (Magnani et al., 2007; Högberg, 2007; Sutton

et al., 2008; Flechard et al., 2020), although the impact of increasing nitrogen deposition on forests carbon sequestration is still35

under investigation.

For estimating the biosphere-atmosphere exchange of Nr compounds such as nitrogen dioxide (NO2), nitric oxide (NO),

ammonia (NH3), nitrous acid (HONO), nitric acid (HNO3) and particulate ammonium (NH+
4 ) and nitrate (NO−

3 ), micromete-

orological methods such as the eddy-covariance (EC) and the aerodynamic gradient method (AGM) have proven their applica-

bility on various ecosystems. The sum of these compounds is called total reactive nitrogen (ΣNr) throughout this manuscript.40

The EC method is the common method for estimating greenhouse gas fluxes (Aubinet et al., 1999; Baldocchi, 2003) in flux

monitoring networks (FLUXNET (Baldocchi et al., 2001), ICOS (Heiskanen et al., 2021)) and also suitable for measuring the

exchange of Nr compounds. However, the EC method requires fast-response analyzers. For evaluating fluxes of NO and NO2

the EC technique has been tested in earlier studies (Delany et al., 1986; Eugster and Hesterberg, 1996; Civerolo and Dickerson,

1998; Li et al., 1997; Rummel et al., 2002; Horii et al., 2004; Stella et al., 2013; Min et al., 2014). In recent years, progress has45

been made in EC measurements of NH3 (Famulari et al., 2004; Whitehead et al., 2008; Ferrara et al., 2012; Zöll et al., 2016;

Moravek et al., 2019). First attempts in applying EC had been made on HNO3, organic nitrogen molecules, nitrate (NO3
−), and

ammonium aerosols (NH4
+) (Farmer et al., 2006; Nemitz et al., 2008; Farmer and Cohen, 2008; Farmer et al., 2011). Due to

typically low concentrations, high reactivity, and water solubility, measuring fluxes of Nr compounds is still challenging since

instruments need a low detection limit and a response time of < 1s (Ammann et al., 2012). Thus, fast-response instruments for50

measuring Nr compounds like HNO3 or NH3 are equipped with a special inlet and short heated tubes to prevent interaction

with tube walls (see Farmer et al., 2006; Zöll et al., 2016). However, these instruments need regular maintenance, have a high

power consumption, and need a temperature controlled environment for a stable performance. Considering the high technical

requirements of these instruments, measuring fluxes of HNO3 or NH3 with these instrument is still challenging.

The Total Reactive Atmospheric Nitrogen Converter (TRANC) (Marx et al., 2012) converts all above mentioned Nr com-55

pounds to NO. In combination with a fast-response chemiluminescence detector (CLD), the system allows measurements of

ΣNr with a high sampling frequency. Due to a low detection limit and a response time of about 0.3 s, the TRANC-CLD sys-

tem can be used for flux calculation based on the eddy-covariance (EC) technique. The key advantage of the TRANC is that

only one device is needed for a quantification of the nitrogen dry deposition instead of running several instruments for each
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compound individually. The TRANC-CLD system has been shown to be suitable for EC measurements above a number of60

different ecosystems (see Ammann et al., 2012; Brümmer et al., 2013; Zöll et al., 2019; Wintjen et al., 2020).

Only a few long-term studies have been conducted to derive annual inputs with micrometeorological methods at (remote)

forest ecosystems. Munger et al. (1996) conducted EC measurements of NOy, which refers to the sum of all oxidized Nr

compounds, e.g., NO2, NO, HNO3, dinitrogen pentoxide (N2O5), peroxyacyl nitrates (PAN), aerosol nitrates, above a mixed

deciduous forest for five years. Averaged NOx concentrations were at 0.62 and 4.26 ppb (0.36 and 2.44 µg N m−3) during65

summer and winter, respectively, if wind was blowing from Northwest. During southwesterly winds, mean NOx concentrations

were 1.25 and 9.48 ppb (0.72 and 5.43 µg N m−3) during summer and winter, respectively, indicating a varying pollution

climate. The authors reported an annual net dry deposition of NOy covering 1990 to 1994 of 2.49 kg N ha−1 a−1. Munger

et al. (1998) reported an annual reactive N deposition of wet + dry deposition measurements of 6.4 kg N ha−1 a−1 for the

period 1990 to 1996 at the same site. Dry deposition of NOy contributed 34% to total deposition. Wet deposition of NH+
470

was comparatively low estimated to 1.1 kg N ha−1 a−1. Neirynck et al. (2007) and Erisman et al. (1996) conducted AGM

measurements in order to estimate dry deposition of NOx and NH3. Neirynck et al. (2007) published AGM measurements

from July 1999 to November 2001 above mixed coniferous/deciduous forest, which was in close proximity of a highway

and the city of Antwerp leading to mean NO2 and NH3 concentrations of 8.7 and 3.0 µg N m−3, respectively. The authors

determined an annual NH3 dry deposition of 19.6 kg N ha−1 a−1 and NOx emission of 2.7 kg N ha−1 a−1. NOx emissions75

were probably related to a strong contribution of soil-emitted NO. Erisman et al. (1996) reported NOx and NH3 fluxes above

a Douglas Fir stand of 2.5 ha surrounded by a larger forested area of 50 km2 for 1995. Mean NH3 concentration was 4.5 µg

N m−3 possibly related to livestock farming in the surroundings of the site. They estimated annual dry depositions of 17.9 kg

N ha−1 a−1 and 2.8 kg N ha−1 a−1 for NH3 and NOx, respectively. These long-term micrometeorological measurements of

Nr species above forests were made more than 20 years ago and no recent reports on long-term flux measurements of Nr are80

currently available. Since several Nr compounds contribute to ΣNr each with different chemical and physical properties, a

complex arrangement of different, highly specialized measurement devices would be needed for quantifying ΣNr exchange.

To our knowledge, there is no publication available reporting annual ΣNr deposition at (remote) forest ecosystems using

micrometeorological methods. As stated above, the outstanding benefit of the TRANC is that the most relevant Nr species are

converted, and a single instrument is sufficient for deriving dry nitrogen deposition.85

During a measurement campaign instrumental performance issues and/or periods of insufficient turbulence arise, which

require a quality flagging of processed fluxes. Afterwards, the resulting gaps in the measured time-series need to be filled

in order to properly estimate long-term deposition budgets. Known gap-filling strategies include the Mean-Diurnal-Variation

(MDV) method, look-up tables (LUT), non-linear regression (NLR) (Falge et al., 2001), marginal distribution sampling (MDS)

(Reichstein et al., 2005), and artificial neural networks (Moffat et al., 2007). However, most of these methods have in common90

that they were originally designed for carbon dioxide (CO2) or other inert gases. MDS requires a short-term stability of

fluxes and micrometeorological parameters. This condition is not necessarily fulfilled for ΣNr and its components. Their

exchange patterns are characterized by a higher variability for different time scales leading to a lower autocorrelation and non-

stationarities in flux time series compared to inert gases like CO2. It is, on the other hand, possible to use statistical methods
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like MDV or linear interpolation to fill short gaps in flux time series. This was done by Brümmer et al. (2013), but filling long95

gaps with this technique is not recommended. Since exchange patterns of ΣNr can substantially vary each day depending on

the composition of ΣNr and micrometeorology, it is questionable if statistical methods are suitable for ΣNr considering the

high reactivity and chemical properties of its compounds.

Our study is the first one presenting long-term EC flux measurements of ΣNr above a remote forest. Based on the successful

implementation of the TRANC methodology, our objectives are:100

1. A discussion of observed concentration and flux patterns of ΣNr in the context of different temporal scales

2. An investigation of the influence of micrometeorology on deposition velocities

3. An assessment of annual N deposition using both gap-filling for the dry deposition eddy flux data and complementary

wet deposition estimates from local samplers

A follow-up paper will investigate the usage of the acquired dataset in a modeling framework to estimate annual N budgets.105

2 Materials and Methods

2.1 Site and meteorological conditions

Measurements were made in the Bavarian Forest National Park (NPBW) (48◦56’N 13◦25’E, 807m a.s.l) in southeast Germany.

The unmanaged site is located in the Forellenbach catchment (∼ 0.69 km2 (Beudert and Breit, 2010)), is surrounded by a

natural, mixed forest, and is about 3 km away from the Czech border. Due to the absence of emission sources of Nr in the110

surroundings of the measurement site, mean annual concentrations of NO2 (2.1-4.8 ppb (1.2-2.8 µg N m−3)), NO (0.4-1.6 ppb

(0.2-0.9 µg N m−3)) and NH3 (1.4 ppb (0.8 µg N m−3)) are low (Beudert and Breit, 2010). The site is characterized by low

annual temperatures (6.1◦C) and high annual precipitation (1327 mm) measured at 945m a.s.l. Annual temperature in 2016,

2017, and 2018 was 6.8◦C, 6.9◦C, and 8.0◦C and precipitation was 1208 mm, 1345 mm, and 1114 mm, respectively. There are

no industries or power plants nearby, only small villages with moderate animal housing and farming (Beudert et al., 2018).115

Due to these site characteristics, measurements of the ΣNr background deposition are possible. For monitoring air quality and

micrometeorology a 50 m tower was installed in the 1980s. Measurements of ozone, sulphur dioxide, and NOx, the sum of

NO and NO2, have been conducted since 1990 (Beudert and Breit, 2010). The Forellenbach site is part of the International

Cooperative Program on Integrated Monitoring of Air pollution Effects on Ecosystems (ICP IM) within the framework of the

Geneva Convention on Long-Range Transboundary Air Pollution (UNECE, 2021) and belongs to the Long Term Ecological120

Research (LTER) network (LTER, 2021). The Federal Environment Agency (UBA) and NPBW Administration have been

carrying out this monitoring program in the Forellenbach catchment. The flux footprint consists of Norway spruce (Picea

abies) and European beech (Fagus sylvatica) covering approximately 80% and 20% of the footprint, respectively (Zöll et al.,

2019). During the study period, maximum stand height was less than 20 m since the dominating Norway spruce is recovering

from a complete dieback by bark beetle in the mid-1990s and 2000s (Beudert and Breit, 2014).125
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2.2 Experimental setup

Flux measurements of ΣNr were made from January 2016 until end of June 2018 at a height of 30 m above ground. A custom-

built ΣNr converter (total reactive atmospheric nitrogen converter, TRANC) after Marx et al. (2012) and a 3-D ultrasonic

anemometer (GILL-R3, Gill Instruments, Lymington, UK) were attached on different booms close to each other at 30 m

height. The horizontal and vertical sensor separations were 32 cm and 20 cm, respectively (Wintjen et al., 2020). The TRANC130

was connected via a 45 m opaque PTFE tube to a fast-response chemiluminescence detector (CLD 780 TR, ECO PHYSICS

AG, Dürnten, Switzerland), which was housed in an air-conditioned box at the bottom of the tower. The CLD was coupled

to a dry vacuum scroll pump (BOC Edwards XDS10, Sussex, UK), which was placed at ground level, too. The inlet of the

TRANC is designed after Marx et al. (2012) and Ammann et al. (2012). The conversion of ΣNr to NO is split in two steps.

First, a thermal conversion occurs in an iron-nickel-chrome tube at 870◦C leading to a split up of NH+
4 and NO−

3 aerosols135

such as ammonium sulfate, ammonium nitrate, sodium and calcium nitrate into their subcomponents. In case of NH4NO3, it is

thermally converted to NH3 and HNO3 (Marx et al., 2012). The latter is split up into to NO2, H2O, and O2. NH3 is oxidized

by O2 at a platinum gauze to NO. HONO is split up to NO and a hydroxyl radical (OH). In a second step, a gold tube passively

heated to 300◦C catalytically converts the remaining oxidized Nr species to NO. In this process, carbon monoxide (CO) is

acting as a reducing agent. More details about the chemical conversion steps can be found in Marx et al. (2012). A critical140

orifice was mounted at the TRANC’s outlet and restricted the mass flow to 2.1Lmin−1 after the critical orifice assuring low

pressure along the tube. The pressure gradient from the critical orifice to the CLD was not measured. Thus, only assumptions

about the turbulent flow regime can be made. Considering tube length and lag time minus residence time in the converter, the

latter assumed to 2 sec at maximum due to tube length and platinum mesh as an additional flow resistance, flow speed was

at 2.7 ms−1 at maximum. Using an inner diameter of 4.4 mm and a kinematic viscosity at 15◦C (1.485·10−5 m2 s−1), we145

calculated a Reynolds number of 800 indicating an overall laminar flow. We cannot provide a reasonable explanation to the

low Reynolds number since pressure gradient was not measured. Generally, the flow type inside the tube affects high-frequency

attenuation (Massman, 1991; Lenshow and Raupach, 1991; Moncrieff et al., 1997). High-frequency attenuation was corrected

with an empirical method based fully on measured cospectra (Wintjen et al., 2020). Since an empirical approach was used

to estimate the high-frequency damping, effects originating from the low Reynolds number and from physical and chemical150

processes occurred after the critical orifice were considered in the flux analysis.

The conversion efficiency of the TRANC had been investigated by Marx et al. (2012). They found 99% for NO2, 95% for

NH3, and 97% for a gas mixture of NO2 and NH3. Conversion efficiencies for sodium nitrate (NaNO3), ammonium nitrate

(NH4NO3), and ammonium sulfate ((NH4)2SO4) were 78%, 142%, and 91%, respectively. Overall, the results indicate that

the TRANC is able to convert aerosols and gases efficiently to NO. For further details we refer to the publication of Marx et al.155

(2012).

For determining local turbulence - wind speed, wind direction, friction velocity (u∗) - measurements of the wind components

(u, v, and w) were conducted using the sonic anemometer. Close to the sonic, an open-path LI-7500 infrared gas analyzer

(IRGA) for measuring CO2 and H2O concentrations was installed.
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For investigating the local meteorology, air temperature and relative humidity sensors (HC2S3, Campbell Scientific, Logan,160

Utah, USA) were mounted at four different heights (10, 20, 40, and 50m above ground). At the same levels, wind propeller

anemometers (R.M. Young, Wind Monitor Model 05103VM-45, Traverse City, Michigan, USA) were mounted on booms. Leaf

wetness sensors designed after the shape of a leaf (Decagon, LWS, n=6, Pullman, Washington, USA) were attached to branches

of a spruce and a beech tree near the tower. Sensors of the beech tree were at heights of approximately 2.1 m, 5.6 m, and 6.1 m,

sensors of the spruce tree were at heights of 2.1 m, 4.6 m, and 6.9 m. These measurements started in April 2016. Due to a165

wetting of the sensor’s surface, the electric conductivity of the material changes. This signal, the leaf wetness, was converted

by the instrument to dimensionless counts. Based on the number and range of counts, different wetness states could be defined.

Half-hourly leaf wetness values were in the range from 0 to 270. In this study, we defined the wetness states “dry” and “wet”.

The condition wet can be induced by the accumulation of hygroscopic particles extending the duration of the wetness state or

water droplets. In order to classify a leaf as dry or wet, we determined a threshold value based on the medians of leaf wetness170

values. During daylight (global radiation > 20 W m−2), medians ranged from 1.1 to 2.0 and were between 4.1 and 9.4 during

nighttime. During nighttime, medians are higher due to dew formation. According to the values determined during daylight,

we set the threshold value to 1.5 for all sensors. If the leave wetness value was lower than 1.5, the leaf was considered as

dry. Otherwise, the leaf surface was considered as wet. To take differences between the sensors into account, all sensors were

used to derive a common wetness Boolean. Therefore, the number of dry sensors were counted for each half-hour: If at least175

three sensors were considered as dry, the corresponding half-hour was considered as mostly dry. A cleaning of sensors was not

conducted because contamination effects could be corrected by implemented algorithms. The derived wetness Boolean was

used in the analysis of deposition velocities (Sec. 3.3).

Ambient NH3 was collected by passive samplers at ground level (1.5), 10, 20, 30, and 50m from January 2016 to June

2018. Measurements at 40 m started in July 2016. The collector at ground level was moved to 40 m. Passive samplers of180

the IVL type (Ferm, 1991) were used for NH3, and the exposure duration was approximately one month at a time. DELTA

measurements (DEnuder for Long-Term Atmospheric sampling (e.g., Sutton et al., 2001; Tang et al., 2009)) of NH3, HNO3,

SO2, NO3
−, and NH4

+ were taken at the 30-m platform. The DELTA measurements had the same sampling duration as the

passive samplers. The denuder preparation and subsequent analyzing of the samples was identical to the procedure for KAPS

denuders (Kananaskis Atmospheric Pollutant Sampler, (Peake, 1985; Peake and Legge, 1987)) given in Dämmgen et al. (2010)185

and Hurkuck et al. (2014). Basic denuders were coated with sodium carbonate to collect HNO3, SO2, and HCl. Citric acid

was applied to acid denuders for removing NH3. Two cellulose filter papers (Whatman No. 1, 25 mm diameter) were used for

collecting aerosols. The first filter was prepared with potassium carbonate in glycerol, the second filter with citric acid. During

operation, we controlled the pump to keep flow at a constant level and checked the pipes for contamination effects before

analyzing. Blank values were used as additional quality control.190

Additionally, fast-response measurements of NH3 were performed with a NH3 Quantum Cascade Laser (QCL) (model mini

QC-TILDAS-76 from Aerodyne Research, Inc. (ARI, Billerica, MA, USA)) at 30 m height. The setup of the QCL was the

same as described in Zöll et al. (2016). In contrast to Zöll et al. (2016), we were not able to calculate NH3 fluxes with the QCL
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using the EC method (see Sec. 2.3). Further details about the location and specifications of the installed instruments can be

found in Zöll et al. (2019) and Wintjen et al. (2020).195

At the top of the tower (50-m platform), measurements of NO2 and NO were conducted by the NPBW using a chemilumines-

cence detector (APNA - 360, HORIBA, Tokyo, Japan). The instrument was equipped with a thermal NOx converter resulting in

cross-sensitivity to higher oxidized nitrogen compounds. Measurements of global radiation and atmospheric pressure were also

conducted at 50 m. Above the canopy, the concentration gradients of NO2 and NO were probably not significant. Seok et al.

(2013) found highest NOx concentrations above the canopy but concentration gradients were negligible at this height. Since200

both measurement heights were above the canopy, no correction was applied to NO2 and NO concentration measurements.

Precipitation was measured at a location in 1 km southwest distance from the tower according to WMO (World Meteorological

Organization) guidelines (Jarraud, 2008). Wet deposition was collected as bulk and wet-only samples in weekly intervals in

close vicinity to the tower using four samplers, three bulk samplers and one wet-only sampler, at an open site. A detailed

description of the wet deposition measurements is given as supplemental material A1.205

2.3 Flux calculation and post processing

The software package EddyMeas, included in EddySoft (Kolle and Rebmann, 2007), was used to record the data with a time

resolution of 10Hz. Analog signals from CLD, LI-7500, and the sonic anemometer were collected at the interface of the

anemometer and joined to a common data stream. Flux determination covered the period from 1 January 2016 to 30 June 2018.

Half-hourly fluxes were calculated by the software EddyPro 7.0.4 (LI-COR Biosciences, 2019). For flux calculation a 2-D210

coordinate rotation of the wind vector was selected (Wilczak et al., 2001), spikes were detected and removed from time series

after Vickers and Mahrt (1997), and block averaging was applied. Due to the distance from the TRANC inlet to the CLD, a time

lag between concentration and sonic data was inevitable. The covariance maximization method allows to estimate the time lag

via shifting the time series of vertical wind and concentration against each other until the covariance is maximized (Aubinet

et al., 2012; Burba, 2013). The time lag was found to be approximately 20 s (see Fig. S1 of the Supplementary Material). We215

instructed EddyPro to compute the time lag after covariance maximization with default setting while using 20 s as default value

and set the range from 15 s to 25 s (for details see Wintjen et al., 2020). For correcting flux losses in the high-frequency range

we used an empirical method suggested by Wintjen et al. (2020), which uses measured cospectra of sensible heat (Co(w,T ))

and ΣNr flux (Co(w,ΣNr)) and an empirical transfer function. We followed their findings and used medians of the damping

factors calculated for correcting calculated fluxes since the chemical composition of ΣNr exhibits seasonal differences (see220

Fig. 3 and Brümmer et al., 2013). Each damping factor (median) refers to period of two month. On average, the damping

factor was 0.78, which corresponds to flux loss of 22% (Wintjen et al., 2020). The authors determined flux loss factors for two

different ecosystems, which are different, for example, in the composition of ΣNr. They assumed that the differences in flux

losses are also related to the chemical composition of ΣNr. The low-frequency flux loss correction was done with the method

of Moncrieff et al. (2004), and the random flux error was calculated after Finkelstein and Sims (2001).225

Previous measurements with the same CLD model by Ammann et al. (2012) and Brümmer et al. (2013) revealed that the

device is affected by ambient water vapour due to quantum mechanical quenching. Excited NO2 molecules can reach ground
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state without emitting a photon by colliding with a H2O molecule, thereby no photon is detected by the photo cell. It results

in a sensitivity reduction of 0.19% per 1mmolmol−1 water vapour increase. Thus, calculated fluxes were corrected after the

approach by Ammann et al. (2012) and Brümmer et al. (2013) using the following equation:230

FNO,int =−0.0019 · cΣNr
·FH2O (1)

The NO interference flux FNO,int has to be added to every estimated flux value. cΣNr
is the measured concentration of the CLD

and FH2O the estimated H2O flux from the LI-7500 eddy-covariance system. The correction contributed approximately 132 g

N ha−1 to two years of TRANC flux measurements if the Mean-Diurnal-Variation (MDV) approach was used as gap-filling

approach. Half-hourly interference fluxes were between -3 and +0.3 ng N m−2 s−1. Their random flux uncertainty ranged235

between 0.0 and 0.5 ng N m−2 s−1. Since we measured H2O fluxes with an open-path system and used them for correcting

ΣNr fluxes, density corrections following the Webb-Pearman-Leuning correction for H2O fluxes measured with closed-path

systems (Ibrom et al., 2007) were not accounted for. The impact on the correction is likely small, but the determined interference

flux correction should be seen as an upper estimate.

After flux calculation, we applied different criteria to identify low-quality fluxes. We removed fluxes, which were outside240

the predefined flux range of -520 ng N m−2 s−1 to 420 ng N m−2 s−1 (I), discarded periods with insufficient turbulence

(u∗ < 0.1m s−1) (see Zöll et al., 2019) (II), and fluxes with a quality flag of "2" (Mauder and Foken, 2006) (III). In order

to avoid uncertainties due to the washout process as it introduces an additional sink below the measurement height leading

to a height dependent flux, we applied a precipitation filter on ΣNr flux measurements (IV). These criteria ensure the quality

of the fluxes, but lead to systematic data gaps in flux time series. Flux data with applied u∗-filter were used for investigating245

the flux pattern of ΣNr. Figures 4, 5, 7, S5, S6, S9, S10, S12, S13, and associated descriptions are based on this flux data

set. Instrumental performance problems led to further gaps in the time series. Most of them were related to maintaining

and repairing of the TRANC and/or CLD, for example, heating and pump issues, broken tubes, empty O2 gas tanks (O2 is

required for CLD operation), power failure, or a reduced sensitivity of the CLD. The reduction in sensitivity may be caused

by reduced pump performance leading to an increase in sample cell pressure. If pressure in the sampling cell is outside the250

regular operating range, low pressure conditions needed for the detection of photons emitted by excited NO2 molecules may

not hold. We checked the pressure in the sample cell of the CLD during each, at least monthly, site visit. If the sample cell

pressure was outside the allowed range, tip seals of the pump were replaced. The sensitivity of the CLD could also be reduced

by changes in the O2 supply from gas tanks to ambient, dried box air if O2 gas tanks were empty. Issues in the air-conditioning

system of the box could also affect the sensitivity of the CLD. An influence of aging on the inlet, tubes, and filters may also255

affect the measurements. In order to minimize an impact on the measurements, half-hourly raw concentrations were carefully

checked for irregularities like spikes or drop-outs by visual screening. Considering the time period of ongoing measurements

from the beginning of January 2016 till June 2018, the quality flagging resulted in 58.6% missing data. The loss in flux data is

higher than values reported by Brümmer et al. (2013). They reported a flux loss of 24% caused by u∗ filtering. In this study,

the same u∗ threshold caused a flux loss of approximately 15.5%. 32.7% data loss from January 2016 to June 2018 was caused260

by instrumental performance problems showing that TRANC-CLD system was overall operating moderately stable. For gap-
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filling we applied the MDV approach to gaps in the ΣNr flux time series. The window for filling each gap was set to ±5 days.

Remaining, long-term gaps were filled by a monthly average of the specific half-hour value estimated from non-gap-filled

fluxes (Fig. 5) in order to estimate ΣNr dry deposition sums from June 2016 to May 2017 and from June 2017 to May 2018.

Uncertainties of the gap-filled fluxes are estimated by the standard error of the mean.265

Hereafter, we named this MDV approach "original" (OMDV). To examine the impact of the u∗-filter as it may remove

preferentially smaller fluxes occurring at low turbulent conditions, we compared dry deposition sums calculated with and

without u∗-filter while using OMDV. On both datasets, flux filters (I), (III), and (IV) were applied (see Fig. 8 and associated

text). Seasonal and annual ΣNr dry depositions shown in Table 1 referred to flux data with u∗-filter and were calculated by

using OMDV.270

In addition to u∗, other micrometeorological parameters may also bias annual dry deposition. Therefore, we examined the

impact of temperature, relative humidity, and wind speed on the dry deposition sums of ΣNr compared to the dry deposition

when using OMDV as gap-filling approach. We named this gap-filling approach as "conditional" MDV (CMDV) and applied

it to flux data with and without u∗-filter. For CMDV, we considered only fluxes in the time frame of ±5 days, at which

temperature agreed within ±3◦C, relative humidity by ±5%, or wind speed by ±1.5 m s−1. Remaining, long-term gaps were275

treated similar to OMDV.

As outlined in Sec. 2.2, measurements of NH3 were made with a QCL at high temporal resolution. In combination with the

sonic anemometer, it gives the opportunity to determine NH3 fluxes and to further investigate the non-NH3 component of

the ΣNr flux. However, a calculation of the NH3 fluxes with the EC method was not possible in this study. No consistent

NH3 time lag was found making flux evaluation impossible. Due to regular pump maintenance, cleaning of the inlet and280

absorption cell, issues related to the setup of the QCL were unlikely to be the cause. We suppose that the variability in the

measured NH3 concentrations was not sufficiently detectable by the instrument. Significant short-term variability in the ΣNr

raw concentrations were not found in the NH3 signal even in spring or summer. Thus, no robust time lag estimation could be

applied to the vertical wind component of the sonic anemometer and the NH3 concentration. Recently, Ferrara et al. (2021)

found large uncertainties for low NH3 fluxes measured with the same QCL model. Cross-covariance functions had a low285

signal-to noise ratio indicating that most of the fluxes were close to the detection limit.

2.4 Determining deposition velocity of ΣNr from measurements

In surface-atmosphere exchange models of Nr species like NO2, NO, NH3, HNO3, or related aerosol compounds, the flux

(Ft) is calculated by multiplying concentrations of a trace gas modeled or measured at a reference height (χa(z− d)) with a

so-called deposition velocity (vd(z−d)) where z is measurement height and d the zero-plane displacement height (van Zanten290

et al., 2010). The deposition velocity can be described by an electrical analogy and is defined as the inverse of the sum of three

resistances (Wesely, 1989; Erisman and Wyers, 1993). According to its definition a positive vd indicates deposition, a negative

vd emission. Note that, strictly speaking, for bidirectional exchange vd needs to be interpreted as an “exchange velocity”, i.e.
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it can technically become negative during emission phases. Equations are the same as for vd (van Zanten et al., 2010).

Ft =−vd(z− d) ·χa(z− d) with vd = (Ra(z− d)+Rb +Rc)
−1 (2)295

Ra is the aerodynamic resistance, Rb is the quasi-laminar boundary layer resistance, and Rc is the canopy resistance. Ra

is influenced by turbulent characteristics (Paulson, 1970; Webb, 1970; Garland, 1977) and Rb (Jensen and Hummelshøj,

1995, 1997) depends on surface characteristics and chemical properties of the gas or particle of interest. Both have in common

that they are proportional to the inverse of u∗. Rc consists of several parallel connected resistances describing the exchange

with the vegetated surface (van Zanten et al., 2010).300

3 Results

3.1 Measured concentrations of ΣNr and individual Nr compounds

Figure 1 shows ambient concentrations of ΣNr (black), NH3 (red) and NOx (blue) as half-hourly averages for the entire mea-

surement campaign. Data gaps were related to instrumental performance problems. No ΣNr measurements were possible until

end of May 2016 due to heating problems of the TRANC. The contribution of individual compounds to the ΣNr concentration305

pattern is shown in Fig. 2, which illustrates a comparison of ΣNr concentrations with DELTA denuder and NOx measurements

on monthly basis.
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Figure 1. Half-hourly averaged concentrations of ΣNr (black), NH3 (red) and NOx (blue) in µg N m−3 from 1 January 2016 to 30 June

2018 displayed in (a) and (b). Box plots (box frame = 25 % to 75 % interquartile range (IQR), bold line = median, whisker = 1.5· IQR) with

average values (dots) shown in (c) and (d) refer to the entire campaign. Error bars represent one standard deviation. Y-axis is capped at 15 µg

N m−3.

ΣNr concentrations exhibited highest values during the winter months. For example, values were higher than 10 µg N m−3

during January 2017 and February 2018. NOx also showed a relatively high concentration level during winter. During spring

and summer, NOx values were lower than 2 µg N m−3 and hence, their contribution to ΣNr decreased. However, ΣNr values310

remained around 3 µg N m−3 and reached values of up to 6 µg N m−3, which was related to higher NH3 concentrations during

these periods. The ΣNr concentration was 3.1 µg N m−3 on average, NH3 was 1.0 µg N m−3, and NOx was 1.4 µg N m−3 on

average with the latter values being in agreement with concentrations reported by Beudert and Breit (2010). Averaged NH3

concentrations of the QCL agreed well with NH3 from passive samplers and DELTA measurements (Fig. S2). Overall, the

agreement in the annual pattern was reasonable, but a bias between the QCL and the diffusion samplers was found. From315

passive sampler measurements, an increase in the NH3 concentration with measurement height was observed. At 10 m (in

the canopy), the lowest NH3 concentrations were measured. No systematic difference was found between 20 m and 30 m. At

50 m, the NH3 concentration exceeded that at 30 m by 0.1 µg N m−3. During winter, the difference in measurement heights

diminished.

The seasonal variations of the half-hourly ΣNr concentrations are represented by box-and-whisker plots including monthly320

medians in Fig. S3. In general, median concentrations were comparable for the entire campaign with slight differences between

the years. Medians ranged between 2 and 3.5 µg N m−3. From July to September, concentrations were slightly higher in 2016

than in 2017. During this period, IQRs and whiskers were the smallest for the entire year showing less variability in ΣNr
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concentrations. In spring and winter, median concentrations were higher, and concentrations covered a wider range compared

to the summer month. Figure S4 shows the corresponding diurnal patterns for each month. During the entire day, ΣNr con-325

centrations exhibited variations of less than 1 µg N m−3. If concentrations were averaged for each season (not shown), higher

concentrations were observed from 9:00 to 15:00 LT and lower values during the night.

Figure 2 shows absolute concentrations of individually measured Nr compounds as stacked bars and ΣNr from the TRANC

from January 2016 to June 2018. TRANC and NOx measurements were averaged to exposure periods of DELTA measurements.

DELTA measurements recorded at an insufficient pump flow were excluded from the analysis. Missing NH3 values in the330

DELTA time series were filled by NH3 data determined from the passive sampler mounted at 30 m. Remaining data gaps in the

DELTA time series of NH3, HNO3, NH+
4 , and NO−

3 were replaced by monthly averages from other years.

The comparison of the TRANC with DELTA+NOx revealed overestimations by the latter from August 2016 to October 2016

and from January to March 2017. On average, an underestimation by DELTA+NOx of approximately 0.41 µg N m−3 with a

standard deviation of 0.93 µg N m−3 was observed. The median value was about 0.4 µg N m−3.335

Figure 2. Monthly stacked concentration of TRANC, DELTA, and NOx in µg N m−3 for the entire measurement campaign. Missing NH3

values from the DELTA measurements caused by a low pump flow were filled with passive sampler values from 30 m. This procedure was

done for December 2016 and 2017, March 2018, and April 2018. Remaining gaps in the time series of HNO3, NH+
4 , and NO−

3 were replaced

by monthly averages estimated from other years if possible. In case of NH3, the procedure was applied to January 2017. For the other

compounds, the gap-filling was done for December 2017, March 2018, and April 2018. Gap-filled bars are hatched. NOx and ΣNr were

averaged to the exposure periods of the DELTA samplers. Numbers above the bars indicate the relative coverage of TRANC measurements

during each exposure period.

HNO3, NH+
4 , and NO−

3 concentrations were nearly equal through the entire measurement campaign. Seasonal differences

existed mainly for NH3 and NOx. We measured average concentrations of 0.55, 0.17, 0.42, 0.19, and 1.40 µg N m−3 for NH3,

HNO3, NH+
4 , NO−

3 , and NOx for the entire campaign, respectively. On average, the relative contribution of NH3, HNO3,

NH+
4 , and NO−

3 to ΣNr was less than 50% for the entire measurement campaign as visualized by Fig. 3. We further observed
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a low particle contribution to the ΣNr concentrations (∼ 22% on average) showing that the ΣNr concentration pattern was340

significantly influenced by gaseous Nr compounds.

Figure 3. Pie charts showing the relative contribution of concentrations for NOx, NH3, NO−
3 , NH+

4 , and HNO3 to ΣNr based on DELTA

samplers and NOx measurements for different seasons of the year. NOx measurements are averaged to exposure periods of the DELTA

samplers. (a) to (d) refer to spring, summer, autumn, and winter, respectively. (e) shows the average relative contribution to ΣNr for the

entire measurement period.

In general, NOx showed the highest contribution to ΣNr and followed seasonal changes with highest values during winter

and lowest values in summer. NH3 also featured seasonal variations with concentrations lowest in winter and highest values

in spring and summer. Seasonal contributions of HNO3 varied by less than 2% compared to the average. The highest relative

contribution of HNO3 was found for summer. NO−
3 and NH+

4 exhibited highest values for spring. The excess of NH+
4 over345

NO−
3 is obvious. Similar to HNO3, the seasonal contribution of NO−

3 and NH+
4 deviated only by ±2% from their averages.

Only small seasonal changes in the overall ΣNr concentration were observed. As shown in Fig. 2, ΣNr concentrations were

between 2 and 4.5 µg N m−3 excluding February 2018. We measured 3.3, 2.6, 2.5, and 3.0 µg N m−3 with the TRANC system

for spring, summer, autumn, and winter, respectively.

3.2 Measured exchange fluxes and deposition velocities of ΣNr350

Figure 4 shows the non-gapfilled ΣNr fluxes depicted as box plots on a monthly time scale. The convention is as follows:

negative fluxes represent deposition, positive fluxes emission.
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Figure 4. Time series of measured high-quality (flags "0" and "1") ΣNr fluxes depicted as box-and-whisker plots on monthly basis (box

frame = 25% to 75% interquartile ranges (IQR), bold line = median, whisker = 1.5· IQR) in ng N m−2 s−1. Colors indicate different years.

The whiskers in February 2018 cover the range from -191 to 105 ng N m−2 s−1, the upper whisker of December 2017 was at 69 ng N m−2

s−1.

Except for February 2018, all ΣNr flux medians were between -15 and -5 ng N m−2 s−1 indicating that deposition of ΣNr

predominated at our measurement site. Quality assured half-hourly fluxes showed 80% deposition and 20% emission fluxes. On

a half-hourly basis, fluxes were in the range from -516 to 399 ng N m−2 s−1. On a monthly basis, random flux error medians355

were between 3 and 6 ng N m−2 s−1. According to Langford et al. (2015), the limit of detection (LOD) is calculated by

multiplying the random flux error (95% confidence limit) with 1.96. The comparison of half-hourly fluxes with their individual

LOD revealed that 79% of the measured fluxes were above their detection limits. Deposition fluxes contributed with 84% to

fluxes above the LOD. The fraction of emission was estimated to 16%. The relative contribution of emission fluxes to measured

fluxes decreased under the consideration of the LOD. This indicates that emission fluxes were closer to the flux detection limit360

of the instrument.

In general, median deposition was within the same range for the entire campaign with only small seasonal differences. For

instance, median deposition was higher during spring and summer than during winter for 2016. However, median deposition

during winter 2017 was comparable to median deposition in summer 2017. Median deposition was significantly increased from

June 2016 till September 2016 than for the same period in 2017 and IQR and whisker also covered a wider range in 2016. The365

pattern changed for the time period from October to December. In December 2017, the IQR expanded in the positive range

indicating emission events for a significant time period. The largest median deposition with 25 ng N m−2 s−1 and the widest

range in IQR reaching approximately -80 ng N m−2 s−1 were registered in February 2018 indicating strong deposition phases

during that month with sporadic emission events. Such phenomenona were not observed in the years before. In the following
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month, the deposition was higher from March to April 2017 than for the same period in 2018. Fig. 5 shows averaged diurnal370

cycles of measured ΣNr fluxes for every month.

Figure 5. Mean diurnal cycle of ΣNr fluxes (ng N m−2 s−1) based on half-hourly measurements for every month from June 2016 to June

2018. The shaded area represents the standard error of the mean. Colors indicate different years.

In general, the ΣNr diurnal cycle exhibited low deposition or fluxes close to zero during nighttime/evening and increasing

deposition during daytime. Deposition fluxes were similar during the night for the entire campaign except for February 2018.

Maximum deposition was reached between 9:00 and 15:00 LT. Deposition is enhanced from May until September showing

fluxes between -40 and -20 ng N m−2 s−1. From October to November and from December to February, the diurnal cycle375

weakened with near-zero or small negative fluxes, which were lower than -10 ng N m−2 s−1. The diurnal cycles of the re-

spective same months were comparable. However, during certain months, which differ in their micrometeorology and/or in

the composition of ΣNr, differences can be significant. For example, the diurnal cycles of March and April 2017 were clearly

different to the diurnal cycles of March and April 2018. During spring 2017, deposition fluxes were found whereas the ΣNr

exchange was close to zero one year later. The median deposition was also larger in March and April 2017 than in the year after380

(Fig. 4). In December 2017, the diurnal cycle was close to the zero line and positive fluxes were observed, although standard

errors were relatively large (± 11.5 ng N m−2 s−1 on average). In December 2016, small deposition fluxes were observed for

the entire diurnal cycle. The diurnal cycle of February 2018 showed highest deposition values during the entire day, even the

highest values during the measurement campaign. Again, the average standard error was relatively large (± 19.9 ng N m−2

s−1) for February 2018 compared to February 2017.385
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Figure S5 shows the median vd for the corresponding fluxes. Values ranged between 0.2 and 0.5 cm s−1 for the entire

campaign. In general, median vd followed closely the seasonality of their corresponding fluxes (Fig. 4). During autumn and

winter, vd remained stable. From May to September, a continuous increase in vd was observed from 6:00 a.m. until noon.

A decrease in vd followed in the late afternoon (15:00 to 18:00 LT). Similar to the diurnal fluxes, maximum vd values were

reached between 9:00 and 15:00 LT. During that time, values of vd were close to 1 cm s−1 or even higher (Fig. S6).390

3.3 Controlling factors of measured ΣNr deposition velocities

From May to September, a clear diurnal pattern was found for vd and their corresponding fluxes (Fig. 5 and Fig. S6). It was

characterized by lower deposition during the night and highest values around noon (Fig. S9). During winter, deposition fluxes

were close to zero and showed no diurnal variation leading to a constantly low vd except for midday (Fig. S10). During that

time, a strong decrease in vd was found with near-zero or even small negative values around 12:00 LT. Micrometeorological395

parameters such as global radiation (Rg) (Zöll et al., 2019), temperature and turbulence (Wolff et al., 2010), humidity (Wyers

and Erisman, 1998; Milford et al., 2001), dry/wet leaf surfaces (Wyers and Erisman, 1998; Wentworth et al., 2016), and the

concentration of ΣNr, especially changes in the concentration of the individual nitrogen compounds, (Brümmer et al., 2013;

Zöll et al., 2016) were reported to control the deposition of ΣNr.

In order to investigate the influence of u∗ on the ΣNr exchange, Fig. S7 illustrates the dependency of vd on u∗ for deposition400

and emission fluxes during day and night. The Rg threshold for day and nighttime fluxes was set to 10 W m−2. For better

visibility, we binned data in 0.1 m s−1 increments of u∗. Since bins are not equal in size, we added corresponding half-hourly

fluxes to the plots. Red dots represent averages of each bin and error bars correspond to their standard error. We found that vd

increased slightly with u∗ due to dependency of vd on Ra and Rb. The latter are proportional to the inverse of u∗ suggesting

that the increase with u∗ should follow a power law. In case of particles, linear relationships between u∗ and vd were found405

by Gallagher et al. (1997); Lavi et al. (2013); Donateo and Contini (2014). Although uncertainties of the binned averages were

large, a relationship between vd and u∗ seems to exist as suggested by the correlations (r), but no clear functional relationship

could be identified due to the large scattering of half-hourly vd.

For visualizing the impact of the concentration on vd (Fig. 6), we plotted the ΣNr concentration against the ratio vd/u∗ in

order to reduce the influence of Ra and Rb on vd. The threshold for Rg was set to 10 W m−2, and we binned data in 0.5 µg N410

m−3 increments of the ΣNr concentration.
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Figure 6. Relationships between measured ΣNr concentrations and corresponding ratios vd/u∗ separated in emission and deposition during

day ((a) and (c)) and night ((b) and (d)) . Half-hourly data is displayed in black, red dots represents averages binned in increments of 0.5 µg

N m−3. Error bars indicate the standard error of the averages. The threshold for identifying day and nighttime vd was set to 10 W m−2. r

represents the measure of correlation evaluated for the binned data.

It is obvious that vd/u∗ exhibited no significant dependence on the ΣNr concentration as shown by the low values for r.

The ratio appeared to be constant across the (entire) concentration range. It demonstrates that the ΣNr concentration had no

significant influence on their vd. In case of particles, the ratio vd/u∗ depends on Obukov-Length (L) and particle size according

to Gallagher et al. (1997) and Lavi et al. (2013). In case of deposition fluxes measured during daytime, we found that the415

ratio decreased for −0.2> L−1 < 0 up to a minimum if L−1 reaches zero (neutral stratification) (Fig. S8). This relationship

was observed by Gallagher et al. (1997) and Lavi et al. (2013). Although the scattering of half-hourly ratios is large, the

decrease of the ratio with increasing L−1 as well as the dependence of vd on u∗ demonstrate that vd was more influenced by

micrometeorological variables than by the ΣNr concentration.

From the analysis of Figs. 6, S7, and S8, it is impossible to state u∗ or L as the controlling variable of the ΣNr exchange420

since turbulence, stratification, Rg, sensible heat flux, air temperature, and relative humidity are highly correlated with each

other. Figure S9 shows the diurnal cycle of concentration, Rg, u∗, air temperature (Tair), and vd for the period from May to

September. During that period, a clear diurnal pattern in vd was observed with largest values around noon and lowest values

during the night. During winter (December, January, and February) (Fig. S10), vd was almost equal and even lower during the

day, which resulted in a lower deposition of ΣNr during winter. The different shapes of the diurnal variations of vd could be425

induced by micrometeorological variables, which change the composition of available ΣNr compounds during the day (e.g.,

Munger et al., 1996; Horii et al., 2004, 2006; Wyers and Duyzer, 1997; Van Oss et al., 1998) and promote photosynthesis (e.g.

stomatal uptake or release of NO2 (Thoene et al., 1996) and NH3 (Wyers and Erisman, 1998)).
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Within the period of enhanced ΣNr exchange, in particular from May to September, we investigated the dependency of

the ΣNr deposition velocities on Tair, relative humidity (RH), dry/wet leaf surface, and ΣNr concentration. We separated430

half-hourly vd into groups of low and high Tair, RH , and concentration according to their median. In case of separating vd

into groups of dry and wet leaf surfaces, we used the proposed calculation scheme of a leaf wetness boolean (see Sec. 2.2).

No significant influence of the different installation heights on leaf surface wetness was found (see Fig. S11 and corresponding

description in the supplement). Figure 7 shows the results for vd.

Figure 7. Mean diurnal cycle of vd from May to September for low and high temperature (a), relative humidity (b), and concentration (c).

Median values of temperature, humidity, and concentration, which are derived for the same time period, are used as threshold values for

separating vd. In panel (d), the mean diurnal cycle of vd for dry and wet leaf surfaces is shown. For classifying leaf surfaces as dry or wet,

the scheme proposed in Sec. 2.2 is applied. The shaded areas represent the standard error of the mean.

In general, higher air temperatures, lower relative humidity, and dry leaf surfaces were associated with enhanced deposition435

of ΣNr, and a clear diurnal pattern was observed for vd with high values around noon and low, non-zero values in the night.

During dawn/nighttime, deposition velocities exhibited no significant difference between the applied temperature and humidity

thresholds. In the presence of dry leaf surfaces, vd was higher by approximately 0.2 cm s−1 compared to wet leaf surfaces

during the night. During the entire day, no difference was found for low and high concentration regimes. During other times of

the year, no diurnal pattern was observed. In those periods, vd was almost constant and exhibited lower values during daylight440

compared to the May to September period. Occasionally, negative deposition velocities referring to emission of ΣNr were

recorded during times of lower radiation.
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3.4 Dependence of ΣNr dry deposition sums on micrometeorological variables

We found that preferentially micrometeorological variables enhance deposition velocities and fluxes. The application of data-

driven gap-filling methods like MDV (Falge et al., 2001) for estimating dry deposition could lead to biased results if micromete-445

orological conditions of the certain gap are different to fluxes used for filling the gap. Therefore, we determined dry deposition

budgets with and without u∗-filter and conducted gap-filling with additional conditions for temperature, relative humidity, and

wind speed.

Figure 8 shows the non gap-filled ΣNr fluxes depicted as box plots and their cumulative sums with and without a u∗-filter if

OMDV is used as gap-filling approach. For details to the implementation of OMDV, we refer to see Sec 2.3.450

Figure 8. Panel (a) shows the non-gap filled ΣNr fluxes represented by box-and-whisker plots with (red) and without (black) u∗-filter in ng

N m−2 s−1 (box frame = 25% to 75% interquartile ranges (IQR), bold line = median, whisker = 1.5· IQR). The threshold for u∗ was set to

0.1 m s−1. In panel (b), the cumulative dry deposition of ΣNr is plotted for both cases in kg N ha−1. For determining the cumulative curves,

OMDV was used as gap-filling method, and gaps were filled with fluxes being in a range of ±5 days. Remaining gaps were not filled. In

the legend of panel (b), cumulative ΣNr deposition and the total uncertainty of the gap-filled fluxes according to Eq. (3) (see Sec. 4.3) are

shown.

The difference in dry deposition was approximately 400 g N ha−1 after 2 years and corresponds to 6% of the cumulative sum

with u∗-filter. Panel (a) of Fig. 8 shows that median deposition of ΣNr with u∗-filter was equal to or larger than the median

deposition without u∗-filter. Thus, the applied u∗ threshold removed not only small fluxes resulting in a consistent bias between
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the median deposition. The contribution of the water vapor correction (Eq. 1) to the estimated dry deposition was very low.

ΣNr interference fluxes were between -3 and -0.3 ng N m−2s−1. The uncertainty ranged between 0.0 and 0.5 ng N m−2s−1.455

Considering two years of TRANC flux measurements with OMDV as gap-filling approach, the correction contributed with

131 g ha−1 to the estimated dry deposition of 6.7 kg ha−1.

In order to evaluate the influence of micrometeorological variables such as temperature (T ), RH , and wind speed (wsp) on

annual ΣNr dry deposition, we compared the deposition estimates of OMDV with CMDV in regard to the measurement years

from the beginning of June to end of May (Fig. 9). Details about the implementation of CMDV are given in Sec. 2.3.460

Figure 9. Annual ΣNr dry deposition shown as bar graphs from June to May in kg N ha−1 a−1. For the orange bar, short-term gaps were

filled with the OMDV approach while using only fluxes in the time frame of ±5 days. In case of the red, green, and blue bar, the CMDV

approach is applied for temperature (T ), relative humidity (RH), and wind speed (wsp). Fluxes used for CMDV have to additionally be

in a range for T (±3◦C), RH (±5%), or wsp (±1.5ms−1). For OMDV and CMDV, remaining gaps were replaced by monthly averages

estimated for each half-hour calculated from the non-gap-filled fluxes. (a) and (b) were made for fluxes with u∗-filter, (c) and (d) without it.

The hatched area of the bars represent the dry deposition for T , RH , and wsp values higher than the annual median shown in the legend.

Error bars correspond to the total uncertainty of the gap-filled fluxes (see Eq. (3).

No significant difference could be found between the dry deposition sums and their cumulative uncertainties related to gap-

filling for both measurement years. Consequently, the applied selection criteria did not lead to biased sums compared to the

dry deposition calculated with OMDV. The relative contribution to dry deposition related to temperatures, relative humidity,

and wind speeds above their respective medians was at 60% and at 55% in the first and second measurement year, respectively.

20



As shown before, a difference in the application of a u∗-filter exists but is within the uncertainty range. Dry deposition was465

higher in 2017/2018, which was related to the large deposition fluxes observed in February 2018. Still, differences between the

years were within their uncertainty ranges. In total, we estimated 3.8 kg N ha−1 a−1 and 4.0 kg N ha−1 a−1 with the OMDV

approach (orange bar) and u∗-filter for 2016/2017 and 2017/2018, respectively.

3.5 Wet and total nitrogen deposition

Wet deposition was estimated from measurements of bulk and wet-only samplers. Table 1 shows estimated ΣNr dry deposi-470

tions, the deposition estimates of NH+
4 -N, NO−

3 -N, dissolved organic nitrogen (DON), and the resulting total nitrogen from

wet deposition (TWD) for all seasons and both measurement years. Please note that the sum of all seasons corresponds to the

sum of both measurement years.

Table 1. Annual and seasonal sums of dry deposition estimates (DD) and NH+
4 -N, NO−

3 -N, dissolved organic nitrogen (DON), and the

resulting total wet depostion (TWD) from wet deposition samplers (bulk (BD) and wet-only (WD)) in kg N ha−1 period−1.

Time DD [kg N ha−1

period−1]

WD [kg N ha−1 period−1] BD [kg N ha−1 period−1]

NO−
3 -N NH+

4 -N DON TWD NO−
3 -N NH+

4 -N DON TWD

Winter 2.0 1.5 0.9 0.4 2.8 1.7 1.3 0.5 3.5

Spring 2.2 1.8 2.3 0.1 4.2 1.9 2.4 0.1 4.4

Summer 2.0 1.9 2.6 0.2 4.7 1.6 2.2 0.6 4.4

Autumn 1.7 1.5 1.4 0.6 3.5 1.4 1.4 0.6 3.4

June 16 – May 17 3.8 3.8 4.2 0.4 8.4 3.5 4.2 1.0 8.7

June 17 – May 18 4.0 2.9 3.1 0.9 6.9 3.0 3.1 0.9 7.0

Small seasonal and annual differences in dry deposition were determined (approx. 200 g N ha−1 period−1). Total seasonal

and annual uncertainties related to gap-filling (Eq. (3)) were between 7 and 21 g N ha−1 period−1. Dry deposition contributed475

approximately one third to total deposition except for winter (Fig. S12). In the second year, the contribution of dry deposition

was higher than in the first year. Higher fractions of dry deposition were related to the large dry deposition occurring in late

February 2018. Thus, dry deposition and its uncertainty were remarkably high during winter. Total wet deposition (TWD) was

highest in spring and summer (Figs. 2 and S2). During those periods, NH+
4 -N contributed most to TWD, which was probably

related to high NH3 concentrations. Interseasonal differences for NO−
3 -N were found but were lower compared to changes480

in NH+
4 -N. DON deposition was lowest and was between 0.1 and 0.6 kg N ha−1 a−1. Overall, differences in TWD for both

sampler types were less than 300 g N ha−1 a−1 except for winter. Total wet + dry deposition was equivalent to 12.2 kg N ha−1

a−1 for 2016/2017 and 10.9 kg N ha−1 a−1 for 2017/2018.
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4 Discussion

4.1 Interpretation of measured concentrations and fluxes485

Measured half-hourly ΣNr concentrations were low relative to sites exposed to agricultural activities or urban environments.

On average, we measured 5.5 ppb (3.1 µg N m−3) ΣNr, 1.8 ppb (1.0 µg N m−3) NH3, and 2.5 ppb (1.4 µg N m−3) NOx. Wintjen

et al. (2020) determined an average ΣNr concentration level of 21 ppb (12 µg N m−3) for a seminatural peatland, Brümmer

et al. (2013) measured between 7 and 23 ppb (4 and 13 µg N m−3) as monthly averages above a cropland site, and Ammann

et al. (2012) measured half-hourly ΣNr concentrations ranging from less than 1 ppb to 350 ppb (0.6 to 201 µg N m−3) for490

a grassland site. Only for certain time periods, ΣNr concentrations reached significantly higher values. During winter, NOx

increased due to emission from heating with fossil fuels and from combustion processes, for example through traffic and power

plants. A generally lower mixing height, which is often observed during winter, also leads to higher ground-level concentrations

of air pollutants. In spring and autumn, higher ΣNr concentrations can be attributed to NH3 emission from the application of

fertilizer and livestock farming in the surrounding environment (Beudert and Breit, 2010). NH3 emissions from livestock495

farming in rural districts around the NPBW are approximately half of the emissions compared to rural districts located in the

Danube-Inn valley (Beudert and Breit, 2010). The authors measured concentrations of NO2 (2.1-4.8 ppb (1.2-2.8 µg N m−3)),

NO (0.4-1.6 ppb (0.2-0.9 µg N m−3)) and NH3 (1.4 ppb (0.8 µg N m−3)) at the same site. Those values for NO2 and NO refer to

1992 until the end of 2008, NH3 was measured from mid of 2003 to 2005. The low concentration level and seasonal variability

of the ΣNr compounds, in particular NH3 and NO2, are in agreement with Beudert and Breit (2010). Low concentration values500

of NH3 and NOx are reasonable for a site, which is some kilometers away from anthropogenic emission sources. Studies like

Wyers and Erisman (1998); Horii et al. (2004); Wolff et al. (2010) conducted measurements of NH3 and NO2 above remote

(mixed) forests and reported similar concentrations for those gases.

Our measurements further indicated that NOx made the highest contribution to the measured ΣNr concentrations. At the

measurement height, the contribution of NO to NOx was negligible. Median contribution of NO to NOx concentrations was505

approximately 10% at 50 m. NO exhibits higher concentrations and fluxes close to the forest floor as shown by Rummel et al.

(2002). Even if soil NO was converted to NO2 it could still contribute to the measured ΣNr flux except for the fraction that is

removed by the canopy. As mentioned in Sec. 2.2, NO2 concentrations had been measured at 50 m. Seok et al. (2013) reported

marginal differences in NO2 concentrations above the canopy at a remote site. Above the canopy, height differences in NO2

concentrations were probably not relevant for the measurement site. The NOx analyzer was equipped with a thermal converter510

and likely cross-sensitive to other NOy compounds. However, measured concentrations of HNO3 or NO−
3 were comparatively

low as seen in Fig. 2. Thus, their influence on NOx measurements was most likely small. In the context of height differences,

we found no systematic difference between NH3 concentrations within the canopy and just above the canopy. Only for short

time periods, for example in summer 2016 and 2017, differences in passive samplers were found indicating a small NH3 flux.

Considering the LOD of IVL passive samplers for NH3 of 0.4 µg N m−3 determined by Dämmgen et al. (2010), shows that515

passive sampler measurements were conducted close to their LOD. It suggests that the uncertainty of the passive samplers was

too large to resolve flux gradients. Still, NH3 had a strong presence in the ΣNr concentration within the growing period of the
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plants, in particular during spring and summer. DELTA measurements further suggested that the ΣNr concentration pattern

was mainly influenced by gaseous Nr.

The increase in the relative contributions of HNO3 from spring to summer compared to the decrease of NH+
4 and NO−

3520

(Fig. 3) can be related to the evaporation of NH4NO3 (Wyers and Duyzer, 1997; Van Oss et al., 1998; Schaap et al., 2002).

However, the findings of Tang et al. (2015) and Tang et al. (2021) revealed that HNO3 concentrations measured by the DELTA

system using carbonate coated denuders may be significantly overestimated (45% on average) since HONO sticks also at those

prepared surfaces. Thus, the measured HNO3 concentrations should be seen as an upper estimate. Due to the reaction of NH3

with HNO3 and sulphuric acid particulate NH+
4 is formed, available as (NH4)2SO4 or NH4NO3 (Trebs et al., 2005).525

These aerosols are mainly in the fine mode and associated with aerodynamic diameters less than 2.5 µm (PM2.5) (Kundu

et al., 2010; Putaud et al., 2010; Schwarz et al., 2016). Since the DELTA cut-off size is approximately 4.5 µm (Tang et al.,

2015), fine accumulated particles could be adequately detected. Coarse mode NO−
3 aerosols like sodium nitrate (NaNO3) are

formed in the presence of sea salt (Na+ and Cl−) or other geological minerals or biological particles like pollen (Lee et al.,

2008; Putaud et al., 2010). Generally, concentrations of Na+, Ca2+, and Mg2+ were close to zero during the entire campaign.530

On average, we measured 0.08 µg m−3 for Na+ and 0.01 µg m−3 for Ca2+ and Mg2+. Although these concentrations were

close to and lower than the LOD of DELTA (Tang et al., 2021) and partly underestimated by the filters of the DELTA system

due to the cut-off size of approximately 4.5 µm, it illustrates that coarse mode nitrate levels are not expected to be significant at

the measurement site. As noted in Sec. 2.2, cellulose filters were used for collecting NO−
3 and SO2−

4 . According to Tang et al.

(2015), cellulose filters underestimate NO−
3 and SO2−

4 ions, sulphate by 11% and nitrate by 37%. However, Schaap et al. (2004)535

found that cellulose filter are appropriate for capturing NO−
3 . Inside of the TRANC, high temperatures (≥870◦C) probably led

to a chemical decomposition of coarse aerosols (Yuvaraj et al., 2003). Marx et al. (2012) found that the TRANC is able to

convert NaNO3. Thus, we assume that the TRANC’s cut-off size was higher resulting in a higher sensitivity to aerosols in the

coarse mode. Still, we observed a clear excess of NH+
4 over NO−

3 . Presumably, the contribution of NO−
3 aerosols to TRANC

measurements was not significant. In addition, higher oxidized compounds like N2O5 or peroxy acteyl nitrates could not be540

collected by DELTA, but were probably converted by the TRANC. Issues in the temperature stability or CO supply leading to

instabilities in the conversion efficiency of the TRANC may be responsible for disagreements to the collection efficiency of the

denuders. A key uncertainty was the data coverage of the TRANC, which was 78% on average during the exposure periods. In

total, the comparison of the total N concentrations shows that the TRANC can adequately measure ΣNr concentration.

In general, a comparison of ΣNr concentrations and fluxes to other studies is difficult due to the measurement of the total545

nitrogen. Most studies, which have been published so far, focused only on a single or a few compounds of ΣNr and are limited

to selected sites and time periods of a few days or months. Only a few studies had been focusing on ΣNr flux measurements

using the EC method (see Ammann et al., 2012; Brümmer et al., 2013; Zöll et al., 2019; Wintjen et al., 2020). Brümmer et al.

(2013) measured ΣNr exchange above an agricultural land. During unmanaged phases, fluxes were between -20 ng N m−2 s−1

and 20 ng N m−2 s−1. Apart from management events, fluxes above the arable field site were closer to zero compared to our550

unmanaged forest site, which is dominated by deposition fluxes and is therefore a larger sink for reactive nitrogen. Ammann

et al. (2012) measured ΣNr fluxes above a managed grassland. In the growing season, deposition fluxes of -40 ng N m−2 s−1
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were measured. The authors reported increased deposition due to weak NO emission during that period. Similar to Brümmer

et al. (2013), the flux pattern observed by Ammann et al. (2012) is influenced by fertilizer application and thus, varying

contributions of Nr compounds, for instance by bidirectionally exchange of NH3 leading to both periods of net emission and555

deposition of ΣNr. Despite the low signal-to-noise ratio of emission fluxes and data coverage of 50% from June 2016 to

June 2018 at the measurement site, we were able to investigate the exchange pattern of ΣNr and could estimate reliable dry

deposition sums. To our knowledge, flux measurements of ΣNr above mixed forests have not been carried out so far. We found

that the flux magnitude and diurnal flux pattern were similar to observations reported for individual Nr species above forests,

e.g. NH3 (Wyers and Erisman, 1998; Hansen et al., 2013, 2015), NO2 (Horii et al., 2004; Geddes and Murphy, 2014), HNO3560

(Munger et al., 1996; Horii et al., 2006), and total ammonium (tot-NH+
4 ) and total nitrate (tot-NO−

3 ) (Wolff et al., 2010). As

seen by the flux values and measurements of individual compounds, deposition prevails in the reported flux pattern, which

corresponds to our measurements.

However, under certain circumstances regarding micrometeorology or the availability of ΣNr compounds large deposition

or emission fluxes can be observed. In February 2018, remarkably high ΣNr concentrations and depositions were measured.565

During the exposure period of the DELTA samplers, we found 0.96, 0.17, 0.37, 0.27, and 1.70 µg N m−3 for NH+
4 , NH3, NO−

3 ,

HNO3, and NOx, respectively. The aerosol concentrations were exceptionally large in February 2018, which have affected

these averages considerably. Averaged NH+
4 concentration during winter excluding February 2018 was only 0.38 µg N m−3 in

comparison to 0.96 µg N m−3 for February 2018. The concentration in this month results in a NH+
4 concentration 2.5 times

higher than the average. Also, the SO2 concentration was much larger (1.54 µg N m−3) in this month compared to the other570

winter month (0.37 µg N m−3). Figure 10 shows the relative contributions of each Nr compound for February 2018 compared

to averaged fractions during winter excluding February 2018.

Figure 10. Relative contribution of concentrations for NOx, NH3, HNO3, NO−
3 , and NH+

4 to ΣNr estimated from DELTA and NOx mea-

surements for winter and separately for February 2018. NOx measurements are averaged to exposure periods of the DELTA samplers.
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During February 2018, NH+
4 made a significant contribution to the ΣNr concentration. The measured NH+

4 value is an

integrated value over approximately one month. Thus, daily contributions of NH+
4 could have been even higher. Earlier studies

by e.g. Wolff et al. (2010) report events with large aerosol deposition. During their campaign, wind speeds were relatively575

high. Largest aerosol deposition occurred during dry conditions, e.g. low RH, no rain, and high visibility. Figure S13 shows

micrometeorological parameters, deposition velocities, and gap-filled ΣNr fluxes from the 12 February to 6 March. Large

deposition fluxes were accompanied by high wsp and u∗ values, high Rg indicating high visibility, and low RH. The observed

conditions are typical for cold air streams with high aerosol loads coming from North east and led to a reduction in turbulent

resistances resulting in a high vd, which is due to efficient turbulent mixing. Hence, even at low concentrations of NH+
4580

significant aerosol deposition is possible if Ra and the surface resistance are reduced. In conclusion, particulate NH+
4 was

mainly responsible for the large ΣNr deposition due to its excess over aerosol NO−
3 . Since we had no high-resolution flux

measurements of any ΣNr compound, we have no evidence which aerosol predominated the ΣNr flux.

In December 2017, large emission fluxes were measured. Compared to 2016, significant difference in temperature and

snowdepth were observed. Figure 11 shows recorded temperature, snow fall, concentrations, and estimated fluxes of ΣNr from585

6 December to 15 December for 2016 and 2017. Here, ±3 days were chosen for filling the gaps in order to keep the short-term

variability of the fluxes.

Figure 11. ΣNr gap-filled fluxes (a), ΣNr concentrations (b), air temperature at 10 m height above ground (c), and snow fall (d) from 6

December to 15 December for 2016 (orange) and 2017 (blue). Gaps are filled with the OMDV approach with fluxes being in a range of ±3

days. Fluxes and concentrations of ΣNr were smoothed with a 3-h-running mean for better visualization.

In 2017, we observed substantial snow fall and a slower varying temperature compared to 2016 leading to significant snow

depths compared to 2016. On the 1st of December, 1 cm and 20 cm snow depth were measured in the fetch of the tower for
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2016 and 2017, respectively. Two weeks later, snow depth increased to 5 cm and 60 cm, respectively. In addition, temperatures590

alternated around 0◦C with minimum and maximum values close to ±10◦C in December 2016. In 2017, temperatures were

below 0◦C and only for one day above 0◦C, and global radiation was below 100 W m−2.

The decomposition of organic matter, e.g. leaves, occurring on the topsoil could be responsible for the observed ΣNr emis-

sion fluxes. Due to the large snow depth in December 2017, the snow pack could act as an isolator, inhibit soil frost penetration,

and therewith promote decomposition processes. In December 2016, decomposition rates were likely reduced compared to595

2017 since snow depth was smaller (e.g. Bokhorst et al., 2013; Kreyling et al., 2013; Saccone et al., 2013). The influence of

snow cover on soil emissions of Nr compounds, for example NO, is still under discussion (Medinets et al., 2016). As stated by

the authors, different results had been published about the origin of NO emissions from snow covered soils (see Medinets et al.,

2016, and references therein). Since we conducted no measurements of NO close to or at the forest floor, we were not able to

examine the influence NO emissions from soil or snow on the ΣNr measurements. Since soil emitted NO is rapidly converted600

to NO2 (Rummel et al., 2002), the measured ΣNr emissions were unlikely to be solely caused by NO. The low correlations

of the ΣNr fluxes to micrometeorological variables could be related to, for example, time-shifts between exchange processes

and micrometeorological variations, multiple (chemical) interactions between the Nr compounds, and feedback mechanisms,

which are difficult to quantify.

4.2 Influence of micrometeorology and nitrogen concentrations on deposition and emission605

Figure S9 and S10 show that the variability of vd and other micrometeorological variables were highly correlated with each

other. Thus, we could not examine the mechanistic micrometeorological driver of the ΣNr flux. The dependencies on u∗ or L

(Figs. S7 and S8) could also be related to effects of sensible heat flux, Rg or Tair. Surely, micrometeorological parameters such

as Rg and Tair promote photosynthesis of plants (Jarvis, 1976), i.e. lower the stomatal resistance, which is essential for the

stomatal uptake of ΣNr compounds such as NO2 (e.g., Thoene et al., 1996) and NH3 (e.g., Wyers and Erisman, 1998). Stomatal610

uptake of Nr compounds was possible during periods of photosynthetic activity, leading to high values of vd during the summer

month (Fig. S9). Fig. S10 reveals that a certain degree of ΣNr uptake still occurred in winter, but deposition decreased strongly

during midday, and even periods of emission were observed. These emissions may be due to the decomposition of leaves,

leading to a release NH3 in late autumn/early winter (Hansen et al., 2013), or from snow-covered soils (see Sec. 4.1).

The analysis of Fig. 6 revealed that deposition velocities were independent of the ΣNr concentration. However, the impact615

of increasing concentrations on nitrogen (deposition) fluxes is well documented, for example, by Ammann et al. (2012) and

Brümmer et al. (2013) for ΣNr above grassland and arable land, respectively, by Horii et al. (2006) for NOy and Horii et al.

(2004) for NOx above a mixed forest, and by Zöll et al. (2016) for NH3 above a seminatural peatland.

Since we had no possibility to determine the actual contribution of the individual compounds to the ΣNr flux, comparing

micrometeorological dependencies of vd to observations made for individual compounds is not possible. In case of NH3,620

surface wetness was identified as a controlling factor for the NH3 uptake in previous studies (Wyers and Erisman, 1998;

Milford et al., 2001; Wentworth et al., 2016). For total ammonium and total nitrate (tot-NH+
4 and tot-NO−

3 , respectively),

Wolff et al. (2010) found that tot-NO−
3 exchange was nearly zero and emission was observed for tot-NH+

4 during rain or fog.
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Highest deposition was observed during sunny days. For the actual compound mix at our measurement site, high temperatures

(> 14.6◦C), low relative humidity (< 74.0%), and dry leaf surfaces, were found to enhance the surface uptake of ΣNr from May625

to September. Since the actual composition of the ΣNr flux is not known, no arguments about an agreement or disagreement

to the cited publications can be made.

We further found that the ΣNr concentration did not change significantly through the year. The difference between lowest

and highest seasonal concentration means was only 0.8 µg N m−3. However, DELTA measurements demonstrated that the

contribution of individual compounds do show a seasonal cycle. Since the ΣNr compounds differ in their vd, the observed630

seasonality in the dry deposition flux is related to the availability of ΣNr compounds. For example, in spring and summer, NH3

had probably the largest contribution on the ΣNr flux. Elevated NH3 concentrations were likely caused by emissions from

agricultural management in the surrounding region (Ge et al., 2020). The concentration of NH3 was still lower than of NO2,

but the vd of NH3 is significantly higher than of NO2 for woodland. Deposition velocities of NH3 range between 1.1 and 2.2 cm

s−1 (see Schrader and Brümmer, 2014, and references therein), and values between 0.015 and 0.51 cm s−1 were reported for635

NO2 (e.g., Rondon et al., 1993; Horii et al., 2004; Breuninger et al., 2013; Delaria et al., 2018, 2020). However, variations in the

composition of ΣNr may correlate with micrometeorological parameters. For example, the formation of HNO3 is correlated

with Rg. The solar radiation responsible for the stomatal opening also promotes the formation hydroxyl radicals, which react

with NO2 to form HNO3 (e.g., Munger et al., 1996; Horii et al., 2004, 2006; Seinfeld and Pandis, 2006). Tair influences the

diurnal pattern of NH4NO3, which may also volatilize close to the surface due to the depletion of its precursors and in case the640

temperature gradient is large enough (Wyers and Duyzer, 1997; Van Oss et al., 1998). Thus, part of the NH+
4 and NO−

3 in the

aerosol phase may be converted to NH3 and HNO3, which deposits faster to surfaces than aerosols. For tot-NH+
4 and tot-NO−

3 ,

mean vd of 3.4 cm s−1 and 4.2 cm s−1 were determined by Wolff et al. (2010). In case of HNO3, mean values between 2 and

8 cm s−1 were published by Pryor and Klemm (2004); Horii et al. (2006); Farmer and Cohen (2008).

In conclusion, the variability in micrometeorological controls such as Rg, Tair, u∗, or RH in combination with changes in645

ambient concentration levels of the ΣNr compounds explain the observed variation in the ΣNr flux pattern.

4.3 Uncertainties in dry deposition estimates

Fluxes determined with the EC method are exposed to systematic and random errors. Systematic errors are related to the de-

sign of the measurement setup and the instruments, data processing steps including calibration, tilt correction, detrending, and

corrections due to low and high-frequency attenuation (Wintjen et al., 2020), and advection fluxes originating preferentially650

from non-homogeneous surfaces. Uncertainties from the measurement setup were likely caused by an insufficient pump per-

formance, issues in temperature stability of the TRANC and CLD, sensitivity loss of the CLD, and problems in the O2 and CO

supply. Therefore, regular maintenance and continuous observation of instrument performance parameters such as TRANC

temperature and flow rate were made. With manual screening of measured half-hourly values and the recording of these pa-

rameters, low-quality half-hourly values were effectively excluded from analysis. A basic assumption for the EC method is655

that the terrain needs to be flat, and the canopy height and density should be uniform (Burba, 2013). These site criteria are

not perfectly fulfilled at our measurement site. The site is located in a low mountain range and tree density is rather sparse
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south of the flux tower. Such diverse terrain characteristics could lead to unwanted turbulent fluctuations (non-stationarity of

time series), which introduce noise in the cross-covariance function. A 2D-footprint analysis exemplarily made for the year

2016 showed that the 70% isoline of the flux had an extension of approximately 300 m. In southwest direction of the tower660

(approx. distance 100 to 300 m), tree density and height were lower than to the northeast of the tower. Due to the high surface

roughness, the flux footprint is limited in its size but the footprint represents the typical forest structure of the NPBW. Thus,

we did not filter half-hourly fluxes from certain wind direction sectors.

Random errors are related to turbulence sampling errors (Finkelstein and Sims, 2001; Hollinger and Richardson, 2005;

Loescher et al., 2006). An inadequate sample size results in an incomplete sampling of large-scale eddies, which compromises665

the cross-covariance of the vertical wind and the scalar of interest. The method of Finkelstein and Sims (2001) allows to

quantify the random error of the measured fluxes (Func,meas). In order to determine the effect of the random flux error on the

estimated dry deposition sums, we used the method proposed by Pastorello et al. (2020):

Func,cumi =
√
Σn

i (Func,measi)
2 (3)

Using Eq. (3), we determined an uncertainty of 9 g N ha−1 a−1 for 2016/2017 and 21 g N ha−1 a−1 for 2017/2018 due670

to insufficient sampling of turbulent motions. The uncertainty related to u∗ filtering is difficult to quantify since common

approaches for estimating u∗ thresholds, i.e. Moving Point Threshold (Reichstein et al., 2005) or Change Point Detection (Barr

et al., 2013), are designed for CO2. Applying these threshold detection algorithms to Nr species is not suggested since their

exchange patterns are characterized by a higher variability for different time scales. The chosen u∗ threshold of 0.1 cm s−1

should be interpreted as minimal filter to exclude periods of insufficient turbulence (for details see Zöll et al., 2019, Sec. 2.4).675

In combination with the MDV approach as gap-filling method, the applied threshold may lead to biased dry deposition sums.

As shown in Fig. 8, the difference between dry deposition sums was small compared to estimated dry deposition after 2 years.

Presumably, not only small fluxes were removed from the analysis by the u∗-filter. We further showed that the contribution of

the water vapor correction was negligible. Brümmer et al. (2013) and Ammann et al. (2012) reported a low contribution of the

correction to their observed TRANC fluxes.680

The uncertainty related to gap-filling of a certain half-hourly value was determined by the standard error of the averaged flux,

and their annual and seasonal uncertainties were determined by Eq. (3). Both random errors, the random uncertainty of Finkel-

stein and Sims (2001) and the uncertainty due to the MDV approach, are negligible. Presumably, systematic errors affected

the TRANC measurements at most. However, estimating a total systematic uncertainty is not possible since the contribution of

individual systematic errors is not known and their quantification is difficult.685

Regarding the gap-filling technique, we showed that the results when applying the MDV method were independent of the

applied micrometeorological criteria. The differences in vd to micrometeorology were observed for a limited time period of

the year. During other months, we found no influence of micrometeorological variables such as temperature, humidity, and

wet/dry leaf surfaces on diurnal pattern of the ΣNr fluxes. Thus, the dry deposition sums exhibited no significant differences

for the applied micrometeorological criteria. The difference in the annual dry deposition estimates was likely related to the690

large deposition occurring in February 2018.
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Using the MDV approach is recommended for gaps spanning over not more than a few days. Using statistical gap-filling

approaches such as look-up tables, non-linear regression, or MDV (Falge et al., 2001) for longer gaps, is not suggested.

Statistical methods like MDV assume a periodic variability with high auto-correlation of fluxes. This assumption is valid for

CO2, which has a distinct diurnal cycle. Reactive gases do not exhibit a clearly predictable flux pattern. Their flux variability695

depends on micrometeorological conditions and their chemical and physical properties sometimes leading to instationarities

in data time series. Gap-filling methods based on inferential modeling or artificial neural networks may be a further valuable

option, especially for long-term gaps - if models would be available. Monthly averages estimated for each half-hour do not

account for short-term deposition or emission events. Since 80% of measured half-hourly fluxes were deposition fluxes at the

measurement site, the applied gap-filling method for long-term gaps is somewhat justified.700

The results of wet deposition have shown that dry deposition contributes approximately one third to the total deposition,

which is comparable to previous nitrogen deposition estimates obtained by canopy budget models at the same site (Beudert

and Breit, 2014). As shown in Table 1, differences between bulk and wet-only deposition were negligible. Small differences

between TWD from wet-only and bulk measurements were related to the sedimentation of inorganic and organic dust particles

or to dry deposition of NH3 and HNO3 (Staelens et al., 2005). The effects were not relevant for the annual nitrogen deposition705

at the measurement site. Estimated total N deposition was in the range of critical loads for Picea abies and Fagus sylvatica

reaching from 10 to 15 kg N ha−1 a−1 and 10 to 20 kg N ha−1 a−1, respectively (Bobbink and Hettelingh, 2011). Since the

forest stand consists to approximately 80% of Norway spruce in the footprint and the surrounding forest stand is predominated

by Norway spruce, the critical load for the forest stand is probably closer to the values of Picea abies. It suggests that the forest

is currently close to the limit of receiving too much nitrogen from the atmosphere assuming that the critical load of the forest710

site is at the upper end of the reported ranges.

5 Conclusions

Our study is the first one presenting 2.5 years of flux measurements of total reactive atmospheric nitrogen (ΣNr) measured

with a custom-built converter called Total Reative Atmospheric nitrogen converter (TRANC) coupled to fast-response chemi-

luminescence detector (CLD) above a protected temperate mixed forest, that is located in a remote area.715

A comparison of monthly averaged ΣNr concentrations from the TRANC and DELTA (DEnuder for Long-Term Atmo-

spheric sampling) and chemiluminescence measurements of nitric oxide (NO) and nitrogen dioxide (NO2) showed a reason-

able agreement in their seasonal patterns. On average, concentrations by the TRANC-CLD system were higher by ∼ 0.41 µg

N m−3 showing that the TRANC-CLD system can adequately measure ΣNr concentrations. Differences could be related to

higher oxidized nitrogen compounds, which are not detected by the DELTA system, an insufficient data coverage of TRANC720

measurements during the exposure periods, the presumably lower aerosol cut-off size of DELTA, issues in the conversion

efficiency of the TRANC, etc.. Only nitrogen oxides (NOx) and ammonia (NH3) showed distinct seasonal changes in their

concentrations whereas ΣNr concentration remained stable throughout the year. NOx exhibited highest concentrations dur-
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ing winter, NH3 during spring and summer. In total, the sum of both gases had a mean contribution of 71.0% to the ΣNr

concentrations highlighting their importance for the observed ΣNr exchange pattern.725

During 2.5 years of flux measurements, median deposition ranged from -15 to -5 ng N m−2 s−1. Deposition velocities

followed the diurnal pattern of the fluxes, and median values ranged between 0.2 and 0.5 cm s−1. Highest deposition was

observed during periods of high solar radiation, in particular from May to September. Our findings suggest that seasonal

changes in the contributions of the individually measured Nr compounds, global radiation (Rg), and micrometeorological

controls correlated with Rg were most likely responsible for the observed pattern of the deposition velocity (vd). From May to730

September, vd was elevated in presence of dry leaf surfaces, at a low humidity level, and at higher temperatures. No relationship

between ΣNr concentration and corresponding deposition velocities was found. These findings are exclusively related to the

composition of the ΣNr flux at the measurement site. Comparing results to other sites is challenging due to a different mixture

of compounds in the ΣNr flux.

From June 2016 to May 2017 and June 2017 to May 2018, we estimated dry deposition sums of 3.8 and 4.0 kg N ha−1735

a−1, respectively. No significant influence of micrometeorological parameters on ΣNr fluxes when using the Mean-Diurnal-

Variation approach for filling short-term gaps (up to five days) was found. Remaining half-hourly gaps were replaced by

monthly averages of the specific half-hour. In the first and second measurement year, we determined 12.2 and 10.9 kg N ha−1

a−1 as total nitrogen deposition, respectively. Thus, dry deposition contributed approximately 1/3 to the total N deposition. A

review of published critical loads show that estimated total deposition were at the upper end of the critical load range.740

The data set presented in this study provides an unique opportunity for a comparison to deposition models. In a follow-

up paper, a comparison of the acquired dataset to the performance of deposition models will be made. Modeled exchange

dynamics will be discussed in regard to their biophysical controlling factors. Annual N budgets from measurements, modeling

approaches using in-situ and modeled input parameters, and canopy outflow measurements will be shown.
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