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Abstract. The input and loss of plant available nitrogen (re- matches the sum of all individual,Mompounds measured
active nitrogen: N from/to the atmosphere can be an im- by the different single techniques. The TRANC features a
portant factor for the productivity of ecosystems and thusspecific design with very short distance between the sample
for its carbon and greenhouse gas exchange. We presentadr inlet and the place where the thermal and catalytic con-
novel converter for reactive nitrogen (TRANC: Total Reac- versions to NO occur. This assures a short residence time
tive Atmospheric Nitrogen Converter), which offers the op- of the sample air inside the instrument, and minimises wall
portunity to quantify the sum of all airborne reactive ni- sorption problems of water soluble compounds. The fast re-
trogen compoundsd(N;) in high time resolution. The ba- sponse time (e-folding times of 0.30 to 0.35s were found
sic concept of the TRANC is the full conversion of all N during concentration step changes) and high accuracy in cap-
to nitrogen monoxide (NO) within two reaction steps. Ini- turing the dominant Nspecies enables the converter to be
tially, reduced N compounds are being oxidised, and oxi- used in an eddy covariance setup. Although a source attribu-
dised N compounds are thermally converted to lower oxida- tion of specific N compounds is not possible, the TRANC
tion states. Particulate;Ns being sublimated and oxidised is a new reliable tool for permanent measurements of the net
or reduced afterwards. In a second step, remaining highep N, flux between ecosystem and atmosphere at a relatively
nitrogen oxides or those generated in the first step are catow maintenance and reasonable cost level allowing for diur-
alytically converted to NO with carbon monoxide used as re-nal, seasonal and annual investigations.

duction gas. The converter is combined with a fast response
chemiluminescence detector (CLD) for NO analysis and its
performance was tested for the most relevant gaseous and

particulate N species under both laboratory and field con- 1  Introduction

ditions. Recovery rates during laboratory tests forsNid

NO, were found to be 95 and 99 %, respectively, and 97 %1.1 Reactive nitrogen

when the two gases were combined. In-field longterm sta-

bility over an 11-month period was approved by a value of Nitrogen is an essential nutrient for all living organisms. Be-
91 % for NO. Effective conversion was also found for am- side dinitrogen (1Y), being practically inert and constitut-
monium and nitrate containing particles. The recovery rateNd 78% of the earth’s atmosphere (Seinfeld and Pandis,
of total ambient N was tested against the sum of individ- 2006), the important nitrogen-containing trace species are ni-
ual measurements of N\AHNOg, HONO, NI—E{, NO3, and tric oxide (NO, also nitrogen monoxide), nitrogen dioxide
NOy using a combination of different well-established de- (NO2), nitric acid (HNG), ammonia (NH), and nitrous ox-
vices. The results show that the TRANC-CLD system pre-ide (N20) (Sutton et al., 2011). The sum of NO and N@he

cisely captures fluctuations J'N; concentrations and also former emitted by both natural and anthropogenic sources,
the latter formed in the atmosphere by oxidation of NO and
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emitted in small quantities from combustion processes along Additionally, reliable, robust, interference-free, fast and
with NO, is usually designated as NOReactive odd ni- precise detectors suitable for long-term micrometeorologi-
trogen, denoted N is defined as the sum of NGand alll cal flux measurements are available only for fewdgm-
products of the atmospheric oxidation of NOThese in-  pounds. They are, however, essential for permanent moni-
clude among others HN§) nitrous acid (HONO), and per- toring of the N exchange between ecosystems and the at-
oxyacetyl nitrate (PAN). HN@is rapidly deposited on sur- mosphere within an eddy-covariance (EC) setup. EC is the
faces and in water droplets and — in the presence of NH currently preferred method to measure continuously the ex-
can form ammonium nitrate (N4 O3) aerosols. Significant change of CQ, water vapour and sensible heat over time
sources of NH are animal waste, ammonification of humus scales of hours to decades, thus enabling the evaluation of
followed by emission from soils, losses of M#ased fertil-  seasonal and interannual variability in these exchanges and
izers, and industrial emissions. In this paper, we define rethe elucidation of their climatic controls (Baldocchi et al.,
active nitrogen (N as all nitrogen-containing trace species 2001; Coursolle et al., 2006; Bmmer et al., 2012a). In the
except for N and NbO with the latter being inert in the tro- last decade, substantial progress has been made in the use of
posphere (Seinfeld and Pandis, 2006). The oxidation statefinable diode laser absorption spectroscopy (TDLAS) and
of the main N compounds range from +5 for HNQo —3 guantum cascade lasers (QCL) as well as devices originating
for NHs. from individual applications such as Fourier transform in-
The input of N into an ecosystem through atmospheric dry frared (FTIR) spectrometers. The precision and fast response
deposition is an important factor for its productivity and thus of these approaches has allowed first EC measurements of
for its exchange of carbon dioxide (GDand other green- field scale NO and CH fluxes (Rinne et al., 2005; Denmead
house gases. The dry deposition gftipically contributes et al., 2010; Kroon et al., 2010; Neftel et al., 2010; Tuzson
between one third and two thirds to the total atmospheric Net al., 2010) as well as first NCluxes (Horii et al., 2004),
deposition (Simpson et al., 2006). The environmental effectsvhereas measurements of plHuxes by EC have been ex-
of excess atmospheric,eposition to ecosystems may in- tremely limited (Famulari et al., 2004; Sutton et al., 2007;
clude soil acidification, eutrophication of water bodies, nu- Sintermann et al., 2011), and are subject to substantial uncer-
trient imbalances, leaching of base cation and nitrate, loss ofainty (e.g. Shaw et al., 1998). Further problems in measuring
biodiversity, direct toxicity to plants, increased® emis- N, compounds are the lack of capable techniques for fast-

sions, and inhibition of soil methane (GHoxidation (Gal-  response detection, issues regarding inlet design, sampling
loway et al., 2003; Erisman et al., 2007; Flechard et al.,losses and air column chemical reactions for highly reactive
2011). and soluble Nspecies (Horii et al., 2004, 2006). Hence, the
establishment of large-scale dry deposition monitoring net-
1.2 Exchange measurements of reactive works of total N remains nearly impracticable.
nitrogen compounds Chemiluminescence detectors (CLD) allow fast and reli-

able measurements of NO and — in combination with com-
Unlike wet deposition, which is widely monitored in regional mercially available converters — of NONOy and NQ,, re-
networks of wet-only or bulk precipitation collectors, mea- spectively. These instruments are either using a graphite, a
surements of overall dry (turbulent) xchange fluxes have molybdenum oxide (MoO) or a gold (Au) converter oper-
largely remained experimental and were limited to selectedating at temperatures between 275 and 3®0whereas Au
research sites and to measurement campaigns of typically eonverters need a reducing agent like CO er Early work
few days to a few months due to technical complexity and toby Sigsby et al. (1973) and Winer et al. (1974) describe
the large equipment and operational costs involved (Flecharé chemiluminescent method for analysis of nitrogen con-
et al., 2011) except for multi-year NGeddy flux measure- taining compounds in mobile source emissions (NO,NO
ments at Harvard forest presented in Munger et al. (1996NH3) and the response of chemiluminescent NO NfDa-
1998) and in Horii et al. (2006). This is due to the fact that lyzers to other nitrogen-containing compounds while stress-
dry N, exchange constitutes a variety of compounds withing the importance of correcting for interferences, e.g. under
different exchange patterns and that in general, concentrahigh PAN levels, respectively. Using fast-response NO detec-
tion and flux measurements of; $pecies are challenging tion by CLD, some approaches of long-term N@easure-
from a metrological point of view (e.g. von Bobrutzki et ments using EC have been conducted. For example, Munger
al., 2010; Wolff et al., 2010a). Well-established measure-et al. (1996), report on five years of N@ddy flux data mea-
ment techniques (e.g. using chemiluminescence detectorsured at Harvard forest, where M@as determined follow-
CLD, molybdenum converter, denuder/impinger/filter sam-ing reduction to NO by Kl on a Au catalyst.
pling with ion chromatography analysis) are usually limited EC-based measurements gfddmpounds other than NO
to single compounds (e.g. Sutton et al., 2007) or provide conare extremely limited. Day et al. (2002) and Farmer et
centration values and flux rates in poor time resolution andal. (2006) present the application of a thermal dissociation
require labour and cost-intensive lab analyseningen laser-induced fluorescence (TD-LIF) instrument suitable for
and Zimmerling, 2002; Zimmerling et al., 1997). the measurement of NOHNO3, alkyl (3>_AN) and peroxy
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nitrates § "PN). In this approach, each class of compoundsl.3 Motivation and objectives of present study
thermally dissociates to NOand an accompanying radical
(ROz, RO, OH) in separately thermostatted ovens at tem-In this study, we present a novel converter named TRANC
peratures of 180, 330, and 530 for 3PN, Y AN, and  (Total Reactive Atmospheric Nitrogen Converter), which, in
HNOs3, respectively. Sintermann et al. (2011) use a systenfombination with a fast-response analyser (CLD), offers the
for fast NH; measurements with chemical ionisation massOpportunity to quantify the sum of all airborne Bbmpounds
spectrometry (CIMS) based on a commercial Proton Trans{denoted here g5 N;) in high time resolution. The design of
fer Reaction-Mass Spectrometer (PTR_MS) within an ECthe TRANC is SUppOSBd to fulfil the requirements needed for
setup over two agricultural fields in Oensingen, Switzer-an operation within an EC setup. These requirements are an
|and, whereas the EC fluxes of |\j|-fhea5ured by Famulari instantaneous oxidation and reduction of aJIcMmpounds
et al. (2004) during a two-month field campaign were con-in the sample air to NO with the conversion occurring close
ducted by the use of a TDLAS system. to the air inlet, thereby reducing errors due to chemical re-
In the absence of fast-response instruments suitable foactions, particularly of Nb, in the sampling tube. To our
EC measurements, the aerodynamic gradient method is fré<nowledge, this is the first approach that is on the one hand
guently applied for N compounds such as NHHNO3, not limited to a single or a few Ncompounds, but provides
HONO, and aerosol particles. It infers the flux from the quantification of the sum of all;Ntompounds, and that
concentration measurements at several heights and meés on the other hand fast enough to be used for EC measure-
sured turbulence characteristics. Concentration measurdnents if combined with a fast-response NO analyser, thus
ments are frequently performed by denuder or filter-packPresenting a new methodology for permanent exchange mea-
sampling in combination with on- or offline analysis by ion- surements op N at a relatively low maintenance level. The
chromatography and/or flow injection analysis, e.g. fors;NH purpose of this paper is the presentation of the converter, its
in the AMANDA system (Wyers et al., 1993), or for HNO ~ Characteristics and results of performance tests. Validation
and aerosol particles in the GRAEGOR system (Thomas e@nd long-term application of the converter for EC flux mea-
al., 2009; Twigg et al., 2011). However, this method hassurements is presented in companion papers by Ammann et
proved to be relatively labour and cost intensive, often showsl. (2012) and Bimmer et al. (2012b).
limited time resolution and brings along method-linked limi-
tations. Only very few long term measurements are publishe
(Flechard and Fowler, 1998; Flechard et al., 2010).
Measurements of totalNhave been reported by McCalley 5 1 converter principle and design
and Sparks (2009) using selective thermal and chemical de-

composition converters to reduce or oxidise altfdce gases  The basic concept of the TRANC is the full conversion of
to NO. However, their setup was applied for relatively slow all N, compounds in the sample air to NO in two reaction
enclosure measurements over short experimental periods &eps. Initially, reduced Ncompounds are being oxidised,
determine the soil-atmosphere exchange of NOyNid  whereas oxidised Ncompounds are thermally converted to
NHs differentially by switching between different converter compounds of lower oxidation states. Particulateis\be-
configurations. No information is given on the influence of ing sublimated and oxidised or reduced afterwards. The con-
the enclosures and sampling tubes in the field configuratiowersions in the first reaction step, i.e. the thermal conver-
on the performance of the system. sions, occur at temperatures870°C. In a second step, i.e.
Although the knowledge of total Nexchange is of ma-  the catalytic conversion, remaining higher nitrogen oxides in
jor importance for the compilation of matter flux balances onthe sample air or those originated in the first reaction step
ecosystem level, none of the above-mentioned methods is care converted on a Au surface 00°C) to NO with car-
pable of determining total Nin high time resolution within  hon monoxide (CO) used as reduction gas and by installing a
longterm monitoring setups. The reasons for this limitation platinum (Pt) gauze ensuring a complete catalytic conversion
are (a) the wide range ofidontaining compounds, their dif-  of NH3 to NO. The main conversions resulting under these
ferent molecular and exchange characteristics and thus difeonditions are as follows:
ferent sampling and measuring approaches, (b) the interac-

% Experimental setup

tions between different Ncompounds due to gas phase re- NH4NOs 2L NH3 t +HNOz 1 (R1)
actions (e.g. Meixner, 1994) and gas-aerosol particle interac-
tions (e.g. Wolff et al., 2010b), and therefore the necessity to2 HNOs 2L 2NOy +H0+ 1/20, (R2)
measure several parameters simultaneously, and (c) the com- AT
plexity and labour-intensity of flux measurements of the in- HONO — NO + OH (R3)
dividual compounds. AT.Pt
4NH3+50, — 4NO+6 HO (R4)
NO, + CO LS NO + CO, (R5)
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Fig. 1. Design of the total reactive atmospheric nitrogen converter (TRANC) (not true to scales).

Finally, the NO concentration in the gas sample leaving theof electricity is effected by a switch-mode power supply with
converter towards a CLD represents the iniiaN; concen-  the temperature of the tube being regulated by a universal
tration that entered the converter through the sample air inletmodulator and controlled by a thermocouple (see Fig. 1). The
Regarding decomposition temperatures of the most abundamtu tube is indirectly warmed up to approximately 3@ by
N, compounds being significantly lower than 870 and 3D0  the waste heat of the FeNiCr tube. The tube lead-throughs of
during the thermal and catalytic reaction steps, respectivelyboth the inner and outer housing are electrically insulated by
we assume a full conversion of al} kh the sample airto NO. ceramic material except for two small additional inlets that
The conversion efficiency of single Mompounds was tested are connected over flexible tubes with two pumps assuring
in several laboratory and field experiments and is describeghermanent ventilation and removal of hot air between the in-
in Sects. 3.1 and 3.2. ner and the outer housing at a flux rate of 5| mirach (not

A schematic overview of the TRANC is presented in shown in Fig. 1).
Fig. 1. Core piece of the converter is a high-temperature Figure 2 shows the temperature distribution inside the
resistant metal tube (length=780mm, outer diameter FeNiCr and the Au tube during different experimental runs.
OD=6.35mm, inner diameter ID=4.57 mm) consisting of The target temperature of the heating modulator was set to
an iron-nickel-chrome (FeNiCr) alloy. The tube is encapsu-895°C to ensure temperatures above the desired values of
lated in a double-walled, weather-sealed aluminium hous-870 and 300C over a significant part of the FeNiCr and the
ing ({ =705 mm, OD =120 mm of outer box). The inner box Au tube, respectively. The direct heating of the FeNiCr tube
(I=650 mm, OD =90 mm) is filled with high-temperature re- ensures temperatures above 1Gfrom the first millimetre
sistant concrete granulate assuring effective heat insulatiorof the inlet, although the target temperature is only reached
Outside the outer housing, the FeNiCr tube is connected to & the heat-insulated part of the converter. The generally hot
Pt gauze followed by a tee junction serving as gas inlet forinner surfaces are supposed to minimise wall interaction ef-
CO and a stainless steel loop leading the sample air back téects for the sampled Neompounds.
the inside of the TRANC. Here, the Au tube=490 mm,
OD=6mm, ID=4mm), i.e. the location where the catalytic 2.2 Combination of TRANC with fast-response
conversion occurs, is mounted. Another loop at the back end NO analysis
of the Au tube leads the stainless steel pipe outside the con-
verter, where a 4 um filter and a critical orifice assure theThe TRANC is the key part of a comprehensive measur-
desired pressure drop (see Sect. 2.2) before the sample dirg system consisting of a CLD connected to a dry vacuum
passes through lightproof tubing and enters the CLD for NOscroll pump (BOC Edwards XDS10, Sussex, UK) and a cal-
analysis. Residence time in the converter at a flow rate ofbration unit (see Sect. 3.1) with a multi-gas calibrator and
2.71min"1is~0.73s. specific reference gases. In our setup, we used a commer-

An operating temperature of800°C is needed to fully cial CLD (780 TR, ECO PHYSICS, @rnten, Switzerland)
oxidise the reduced N compounds (McCalley and Sparksfor NO analysis. The measurement principle of this instru-
2009, Supplement). Such high temperatures also convert oximent is based on gas phase titration, i.e. the reaction of NO
dised N compounds like HN§Xo lower oxidation states (Re-  with Os. It generates electronically excited §@olecules,
action 2; see e.g. Day et al., 2002). These conditions for thavhich rapidly decay to their ground state in a reduced pres-
thermal conversion are implemented by the resistance-heateglire regime by emitting photons. The total light intensity
FeNiCr tube. A current of 80 A at a voltage of 5V is fed to in the reaction chamber, detected by a photomultiplier tube
the tube over brass blocks at the two end fittings. Provision(PMT), is proportional to the NO mixing ratio (Fontijn et al.,

1970; Rummel et al., 2002). To minimise electrical noise, the
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3 Results of performance tests

1000 i T - -
| | — Target value FeNiCr pipe
M*‘m“:z. | ---Target value Au pipe
800 7 X *Eg“:g S:SZ X; 3.1 Calibration and conversion of individual N;
[ ~FeNiCr pipe, v3 compounds
600 Au pipe, v1
—Au pipe, v3 . . .
& 1 } R S 3.1.1 General calibration and NG conversion
400-A —
{&V/jf 2zt ‘*‘“'%\\ '''' During field application, the TRANC-CLD unit was cali-
200 4 xk brated by regularly feeding calibration gas with different
< NO and NG concentrations through the system (Fig. 3). In
% o0z o4 o6 08 1 our setup, we used a multi-gas calibrator (56100, Environ-
Distance from sample air inet (m) ics Inc., Tolland, USA) connected to two different reference

Fig. 2. Temperature distribution inside TRANC during different ex- gas cylinders Conta',nmg 10ppm NO and 10 ppma\ach
perimental runs with “v1”, “v2”, and “v3” indicating that the target &S well as a pure air generator (PAG 003, ECO PHYSICS,

temperature for the heating power modulator was set to 870, sgoPurnten, Switzerland). The calibrator mixed the desired gas
and 895°C, respectively. concentration by dilution of the cylinder standard with zero
air. Potential loss of NO in the TRANC converter, particu-
larly with respect to the usage of a Pt-gauze catalyst (see
temperature of the PMT is held constantdt8°C. Flushing  Kliner et al., 1997) could be excluded as no significant re-
with oxygen or dry air avoids condensation. An ozone gener-duction of NO concentration was found when adding NO
ator supplies the main chamber of the CLD witg-énriched  calibration gas upstream and downstream of the TRANC.
air, where it reacts with NO to NDand G. We used gas concentrations of 6, 10, 20, and 50 ppb NO
To reduce the probability of energy loss of Ki@olecules  as well as pure air to calibrate the TRANC-CLD system.
by collision with others, the gas phase titration in the main Additionally 50 ppb NQ and 50 ppb NO mixed with ©
chamber occurs under low pressure, k0 hPa. Thisis ef- (<50 ppb) was given into the system to determine the con-
fected by the critical orifice located at the back end of theversion efficiency of N@. During a typical calibration pro-
stainless steel tube that is leaving the TRANC towards thecedure, the calibrator started mixing the target concentration
CLD (Fig. 1) and restricts the flow to 2.7 Imif. In our 3.5h prior to the actual calibration run when the reference
setup, the instrument was running in a continuous mode, ingas was fed into the system. At this time, the calibration valve
tegrating the photons over 0.05s. In the standard operationear the TRANC inlet (Fig. 3) was still shut and the calibra-
procedure, the CLD 780TR uses so-called pre-chamber meaion gas was vented directly from the calibrator unit. After
surements in order to correct for interferences which mightactivating the TRANC valve, the system was calibrated for
be caused by e.g. hydrocarbons in the sample air that rea®0 min with one specific gas concentration. As the reference
with O3 in a similar way like NO and are therefore detected gas was fed into the tubes with a higher flow rate (approxi-
as NO in the main reaction chamber. For fast response meanately 51 mirr?) than that established by the vacuum pump
surements this option is disabled. Frequent calibration aimsnd the critical orifice (2.7 Imint), the excess gas was leav-
at minimising related errors. Furthermore we estimate thaing the system through the sample air inlet at the front side
the relative contribution of possible interferences is small inof the TRANC. After 30 min the TRANC valve was switched
comparison to thg "N, concentration. As @is completely  off to set the system back to the measurement mode for ambi-
destroyed in the TRANC (thermal decomposition and re-ent air. To assure a well conditioned calibration gas tube and
duction by CO), chemical NO loss by gas phase reactiontherefore a stable calibration gas concentration at the sample
(NO + 03 — NO2 + Oy) could also be neglected. Even if a air inlet of the TRANC, only data of the 10-min period from
small amount of @would pass the TRANC, the influence on 15 to 25 min after the initial switch were taken to calculate
concentration changes are expected to be lower than the déhe NO concentrations. If necessary, spikes were removed
tection limit of the CLD according to Rummel et al. (2002). and the 10-min window was shifted to the most stable inter-
A schematic overview of the TRANC-CLD system in an EC- val during the respective half-hour calibration period. Over
setup is given in Fig. 3. the field measurement period (see Fig. 4a), not a single cal-
ibration run was observed, where the 30-min interval had to
be extended and data were not discarded due to other system
instabilities.

For optimal data coverage during long-term measurement
campaigns, the system was configured to calibrate for 30 min
with only one gas concentration once a night, in this case
from 03:30 to 04:00 a.m LT. The data obtained in these eight
consecutive nights were used for the calibration regression of

www.atmos-meas-tech.net/5/1045/2012/ Atmos. Meas. Tech., 5, 104857, 2012
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Calibration gas inlet
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Fig. 3. Schematic overview of the TRANC-CLD system (blue) in an eddy-covariance setup. Elements of the calibration unit are shown in
red. Bold lines indicate tubing. The photo shows the field-setup at the Oensingen site.

this time period. With a new calibration interval starting on 4
day nine, the regression was updated with the data recordec  |A
from day 9 to 16, accordingly. These steps with the respec- 3} ° ,. ".. % .
tive regression update were repeated for all following 8-day _ [, - e
periods. ’
A low positive NO signal slightly different from zero with
a mean offset of 0.05540.028) (Fig. 4b) was found while
calibrating with pure air. Beside the interference with hy-

Signal (V)
N
<
4
Signal (V)
N (o8] N

=
<
[=y

0
.
voe o setter g0 .

drocarbons in the sample air (see Sect. 2.2) or impurities in -~ | . ... ... . of¢ ¥ = 005100031+ 0.73:0.00)
f[he added CO (Heggll_n et al., 2006), this could have bee_n 0 50 100 10 200 0 0 10 20 30 40 50 60
induced by the pure air generator through a small contami- Days since start of campaign Nominal concentration (ppb)

nation with any other Ncompound. The overall calibration _. . .
. . Lo . _Fig. 4. Left panel: long-term stability of mean signal response of
performance of a multi-month observation period is given in o L
. . e CLD coupled to the TRANC after calibrating with different

Fig. 4 (panels a and b). Thesg data Wer.e tgken from a fiel oncentrations. Black squares: 0 ppb NO; red diamonds: 6 ppb NO;
campaign conducted at an agricultural site in Gebesee, Gelg||ow triangles: 10 ppb NO: green triangles: 20 ppb NO; blue trian-
many, Wh|Ch W|” be deSCI’Ibed IN Mmore deta'l N anmeI’ g|es: 50 ppb NO’ blue open squares: 50 pptét\m.]e open circles:
et al. (2012b).R? values from the correlation between the 50 ppb NO + Q. DOY 0 represents 15 December 2007. Right panel:
given calibration gas concentration and the correspondingiveraged signal response of left panel data plotted against nominal
CLD signals of single 8-day periods were ranging betweenconcentration. Data were taken from an 11-month field campaign
0.81 and 0.99 withR2=0.98 for the averaged fit & 30 for conducted at an agricultural site in Gebesee, Germany. Each data
each gas concentration). In most cases, intercepts were fourRPint represents the mean of those calibration runs shown in the left
to be slightly positive (Fig. 4b). panel. Error barg |nd|9ate the standard error of the mean. Filled sym-

Over the same 11-month observation period, we found 'S aré NO calibrations, open square and open triangle age NO
mean conversion efficiency for NGof 91 % (Fig. 5) with and NO +@ calibration runs, respectively.

a standard deviation a£9 %. It has to be considered that

Atmos. Meas. Tech., 5, 1045057, 2012 www.atmos-meas-tech.net/5/1045/2012/



O. Marx et al.: TRANC 1051
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field tests, long term l OTDMPS BTRANC-CLD
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T estim. error

+

140 | |Dapplied cal. gas

120

@ recovered Nr (by TRANC-CLD)

120 100

100

80

80

60 1
60

N, concentration (ppb)

40

40

99%

particulate N concentration (nmoly mol,; %)

20

20 -

NO2 NO+03 -> NO2 NO2 NH3 NH3+NO2 NaNO, NH,NO; (NH,),SO,

. . L. . . . . Fig. 6. Conversion tests of particulatgfdompounds. Columns give
Fig. 5. Conversion efficiency tests with applied calibration gas ¢ nean Nconcentrations as estimated from particle number size
concentrations and resulting measurements (recoveredithe distribution (TDMPS) and TRANC-CLD measurements. Error bars

TRANC-CLD system under field and laboratory conditions. ErTor e egtimated from instrument error, signal stability, background N
bars (&) were estimated from uncertam_ue; in calibration (gqs Stan'concentration, and (only for NHNOs) particle evaporation.
dards, mass flow controllers used for dilution, etc.) of the different

instruments and signal noise.

cylinder calibration standards for NQre generally less ac- Making use of a N@specific photolytic converter (blue light
curate than for NO, because of possible non-ideal mixingconverter BLC, Air Quality Design Inc., Wheatridge, USA;
in the gas cylinder over longer periods. The conversion rate>€€ €-9- Pollack et al., 2010) was calibrated with a NO stan-
for in-situ produced N@, resulting from 50 ppb NO mixed dard parallel to the CLD. Both instruments thus agreed in
with Os, was found to be 105 %. We observed no correlationNO concentrations. The conversion efficiency of the build-in
between any of the conversion efficiencies and meteorologNO2 converter of the TEI was determined during an instru-

ical parameters like air temperature, relative humidity, wind Ment service just after the conversion tests. _
speed and direction, or precipitation events as an effect of Conversion tests for Niiwere performed by comparing

possibly poor heat insulation. the TRANC-CLD signal to NH concentrations as deter-
mined by the NH analyser. Both instruments sampled at
3.1.2 Recovery rates of NH and mixed sample gas the overflow of the same calibration tube which was flushed
(NO2 and NH3) with the calibration gas for 48 h to ensure a stablesNEIn-

centration. The TRANC-CLD system found 112:®.7 ppb
Since the preparation of reliable and accurate calibratiorN,, which corresponds to a conversion efficiency of 95 %
gas mixtures for reactive nitrogenous gases is generally difcompared to N concentrations of 11848 0.6 ppb. Using
ficult, we concentrated the conversion efficiency tests forthe same setup for NQthe conversion efficiency was ob-
the TRANC on NQ and NHs, the most abundant oxidized served to be larger than 99 % with 45:3.4 ppb detected
and reduced Ncompounds, respectively, in central Europe by the TRANC-CLD system in comparison to 45:%.3 ppb
(see e.g. Hesterberg et al.,, 1996; Flechard et al., 2011)NO». Finally, a mixture of NH and NG calibration gas was
The conversion of NB, NO, and a mixture of both gases fed to the analysers (see Fig. 5). To ensure excellent con-
was tested by parallel sampling of calibration gases by theditioning of the calibration tube, it was flushed with BH
TRANC-CLD system and specific NHand NQ analysers.  calibration gas for 3 days, adding the N@alibration gas
The NH; analyser (Picarro G1103, Sunnyvale, CA, USA) after 2 days. The calibration gas mixture showed apoNO
was calibrated prior to the measurements using a permeatioconcentration of 88.& 0.4 ppb and an Nkl concentration
oven manufactured by LN Industries (Geneva, Switzerland)of 69.7+ 0.4 ppb (mean values standard deviation after 1
equipped with a N5 permeation tube (VICI, Metronics Inc., and 3 days of tube conditioning). The TRANC-CLD system
Poulsbo, WA, USA). The permeation system was calibratedfound 154.Gt 0.9 ppb corresponding to a recovery rate of
by directing the gas mixture through an impinger containing97 %. The uncertainty of the TRANC conversion efficiency
acidic solution (HSQy, 0.01 m 1) and subsequent analysis not only depends on the precision of the individual measure-
by ion chromatography. The N@nalyser (Thermo Environ- ments (indicated by the standard deviations) but also on the
ment chemiluminescence NO-NE@NOy analyser, 42C Trace absolute accuracy of the independent measurement systems.
Level, called TEI hereafter), a chemiluminescence detectorThe latter is limited by the absolute uncertainty of the cali-
in principle operating identical to the CLD described earlier bration gas source and dilution leading to total absolut (2
but containing an additional channel for N@easurements errors in the order of 10 % (see error bars in Fig. 5).
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Fig. 7. Time series ofA) global radiation and precipitation af) concentrations of individual Ncompounds (cumulative) at the Oensingen
site and of the)_N concentration detected by the fast response TRANC-CLD system. All values were aggregated to 30 min means. For the
minor compounds Nﬁ%, HNOg3, NO3, and HONO, few data gaps of 0.5 to 4 h length have been filled by linear interpolation.

3.1.3 Aerosol particle conversion tests NH4NOs is semi-volatile under ambient conditions, forming
a thermodynamic equilibrium with gaseous flahd HNG
Aerosol particle conversion efficiency of the TRANC was (Stelson etal., 1979; Mozurkewich, 1993; Seinfeld and Pan-
tested in cooperation with the Institute for Tropospheric diS, 2006). For normal chamber air conditions (temperature
Research (IfT), Leipzig, Germany. Aerosol particles were©f about 20C and relative humidity of about 50%), the
generated using a collision-type atomizer (TSI, St. Paul, 92s€ous Niland HNG; fraction may be significant. While
USA) with a 0.3mm nozzle from aqueous solutions of ei- th® TRANC-CLD system would detect both, the gas and the
ther NaNQ@, NH4NOs, or (NH4)>SO; (0.5g1L, 1gIL, agrgs.ol phase, the evaporation of gaseous dirtt HNG
0.5g L, respectively), the three most common nitrogen Con_dlmlnllsh the particle mass, measured by the TDMPS. Fur-
taining aerosol compounds (e.g. Wexler and Seinfeld, 1991ther differences between TDMPS and TRANC-CLD system
Nemitz et al., 2009). The aerosol particles were dried andn@ Pe caused by the use of ambient air to flush the cham-
flushed into a stainless steel chamber ofLwhich was kept per anq to transpo.rt the generated aerosol. This led Fo arela-
at ambient pressure. From this chamber, samples were takdfy!y high and variable Nbackground (20 to 39 ppb) in the
in parallel by the TRANC-CLD system and a twin differ- TRANQ-CLD measqrements,forwmch only an approximate
ential mobility particle sizer (TDMPS, Birmili et al., 1999), Ccorrection was possible.
consisting of a differential mobility analyser combined with
a condensational particle counter (UCPC3025 and CPC301@.2 Field test with ambient N composition
TSI, St. Paul, USA). The recorded particle size and num-
ber distribution were used in combination with the known In summer 2006, an intensive field campaign within the Ni-
salt solid state densities to derive salt mixing ratios and controEurope project allowed an in-field comparison between
sequently particle-bound Nmixing ratios in the chamber the concentrations of a variety of,dompounds and the
air. The latter were compared to theN, measured by the Y N, concentration measured by the TRANC-CLD system.
TRANC-CLD system (Fig. 6). The results indicate mean ap-The study took place in Central Switzerland, close to the
parent conversion efficiencies of 78 %, 142 % and 91 %, re-illage of Oensingen at an intensively managed grassland
spectively. While the results show reasonably quantitativesite. A detailed site description can be found in Ammann et
conversion of NaN@and (NH;)2SOy, NH4NO3 seemstobe  al. (2009).
either overestimated by the TRANC-CLD or underestimated During this study NO and N®were measured by a TEI
by the TDMPS. In contrast to the other two aerosol specieschemiluminescence analyser in combination with a BLC
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_ _ _ rapid step concentration changes. The course of the curve can be
Fig. 8. Comparison betweeh Nr concentrations detected by the pest approximated by exponential decay functions in the form of
TRANC-CLD system and as the sum of measured individual c(t):Ac-e—f/’+Cfina| with response (e-folding) times e©=0.30's

species (acc. to Table 1) at the Oensingen field site during Aufor NO, NO, and NO + Q.
gust 2006. Only those cases were included, for which measurements

of all species (30 min means) were available. The solid line indi-
cates the calculated linear regression (with corresponding equation

and the dashed line indicates the 1-1 line. }0 the 1:1 line indicating an overall good agreement with

slightly higher values by TRANC-CLD method (linear re-

gression slope of 1.0¥% 0.013). The small systematic devia-

tion can either result from missing.dompounds in the in-
photolytic converter (see Sect. 3.1.2), and gaseous,NH dividual measurements (organic nitrogenous compounds like
HNOs, and HONO as well as particulate Ifiiand NG e.g. PAN, MPAN, acetonitrile etc.) or combined calibration
were measured using the GRadient of AErosol and Gasegrrors for the various analyser systems. Yet, there is no in-
Online Registrator (GRAEGOR, Thomas etal., 2009) — a wetgication of a significant lack of conversion efficiency in the
chemical inStI’ument, Sampling with a wet annular denuder —“TRANC System under the Varying field conditions.
steam jet aerosol collector combination, coupled to online
analysis by ion-chromatography (HNCHONO, NGy) and 3.3 Time response
flow injection analysis (NH, NHZ{). Furthermore, NH was
measured additionally by a wet chemical AiRRmonia instru- An important feature for a converter designed for EC mea-
ment (Erisman et al., 2001; Spirig et al., 2010; Flechard etsurements is the fast detection of rapidly changing gas con-
al., 2010) (Table 1). Time series of NHneasured by the centrations. Thus, we checked the TRANC-CLD system for
AiRRmonia system, gap-filled HN§) HONO, NH;{, NO3 time response characteristics during the calibration periods
data of the GRAEGOR, and NO, NQlata of the TEl are (Sect. 3.1.1) to make sure that even fast variations are clearly
shown in Fig. 7. The exemplary time series reveal distinctdetermined by the CLD without major attenuation effects.
fluctuations of the different Ncompounds as well as the Figure 9a shows the time response of the NO signal in ppb
large dominance of Nkland NG, accounting for more than recorded at a rate of 20 Hz after switching the TRANC valve
75 % of the site’s ambier}i_N; concentration. The observed from the calibration mode back to ambient air, which in that
variability is related to the weather conditions with gener- case was about 5ppb. The course of the curve can be best
ally low concentrations in the rainy periods and also to theapproximated by an exponential decay function in the form
diurnal cycle with e.g. peak NO concentrations in the morn-of c¢(r) = Ac - e™"/™ + cinas With a response (e-folding) time
ing hours (due to the traffic source, limited vertical mixing of t =0.30s. The full step change was completed within
and low ozone concentrations). The TRANC-CLD results about 1 s after switching the valve. Figure 9b and ¢ show the
compare very well to the sum of the individual measure-time response of the NO signal recorded after switching the
ments, capturing its fluctuations independently of the con-TRANC valve from the N@ and the NO plus @ calibra-
tribution of the different N species. A quantitative compar- tion mode, respectively, back to ambient air. Here/alues
ison between the two approaches for thiN, concentra- of 0.30s were found as well. These numbers demonstrate
tion is shown in Fig. 8. The data points are generally closethe fast conversion and time response of the TRANC-CLD
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Table 1. Overview of the instruments used for concentration measurements of nitrogenous compounds during the field inter-comparison in
Oensingen, August 2006.

Quantity Oxidation Instruments Detection principle Observed.
level concentration range
NO +2 ThermoElectron 42C  Chemiluminescence 0-28 ppb
NO» +4 ThermoElectron 42C  Photolytic conversion  1-22 ppb
+blue light converter ~ + chemiluminescence

NH3 -3 AiRRmonia Membrane scrubber 1-19ppb
+ conductivity cell

pNH; -3 GRAEGOR Mist chamber + flow  0-1.9 ppb
injection/conductivity

HNO3 +5 GRAEGOR Rotating denuder 0-0.8 ppb
+ ion chromatography

pPNO; +5 GRAEGOR Mist chamber 0-1.7 ppb
+ ion chromatography

HONO +3 GRAEGOR Rotating denuder 0-0.8 ppb
+ ion chromatogrphy

>Ny —-3to+5 TRANC-CLD Thermal and catalytic ~ 0—69 ppb

conversion +
chemiluminescence

system. In another experiment (data not shown), two differ-the absence of N9and Q) it permits the use of long tub-
ent NO concentrations were prepared and alternately fed inting between the TRANC and the analyser system and thus an
the system, one by the multi-gas calibrator and the other diinstallation of the TRANC on masts and towers for microme-
rectly from the gas cylinder. In this test, we found e-folding teorological measurements. Other arising problems when us-
times of 0.35 s. Given the fact, that the average residence timing long tubing such as the correct determination of the lag
of air in the CLD reaction chambeV(=0.7 | at a pressure of time (to maximise the covariance), i.e. the time the air sample
20 mbar and a flowrate of 3 slnif) is 0.28s, the reaction needs from entering the converter until it reaches the anal-
time is largely limited by the flushing of the CLD reaction yser, or possible high-frequency damping will be addressed
chamber with probably some additional longitudinal mixing in Ammann et al. (2012).
due to the flow velocity profile within the tube. Testing recovery rates for single Bompounds during lab-
oratory tests, we found values of 95 and 99 % for3\ihd
NOy, respectively, and 97 % when the two gases were com-
bined. In-field longterm stability was approved by repeated
High-frequency measurements of; Npecies have been CONVersion tests for NDwith an average value of 91%.
Td*lese conversion efficiency results were not significantly dif-

rarely conducted in land-atmosphere exchange research a . 3
y p g r¥erent from 100 %. For particulate mineral N, the laboratory

were usually limited to selected sites and short field cam- ) ) )
paigns. Neither a robust measurement technique for the |0ng[c_onver3|on tests showed a less clear picture with more uncer-

term monitoring of} "N, nor a technique that is fast enough ain conversion eff|C|e_n_c_|es. Howeyer, Wh_'le too many un-
to be applicable for EC measurements has been engineerdfloVns limit the possibility to explain all differences in the
and field-tested up to now. With the development of the Measurements, the overall qualitative picture (cf. Fig. 6) in-

TRANC, we present a unique methodology for both quan_glggteshanT(;fchté:ve conversion of the aerosol particle N to
tifying Y N and a device being robust and fast enough to be In the T
The conversion efficiencies of the TRANC are compa-

usable in an EC setup when combined with a fast response . X
NO detector (CLD). rable to values observed in other studies. McCalley and
The specific design of the TRANC which features fast and SParks (2009), for example, report on 86 % for Niiea-

strong heating of the sample gas and quick conversion of Nsured with their converter system a_nd 100% forZ.NBorii
compounds to NO allows the detection of polar, water solu-&t @l (2004) compared concentrations of Nabtained by

ble and sticky substances like NHavoiding e.g. water sur- TDLAS versus photolysis-chemiluminescence instruments

2
face effects (Kita et al., 2006; Sintermann et al., 2011). As2nd found aslope of 1.+ 0.2 with ak” of 0.91. The TD-LIF
the NO resulting from the conversion is relatively inert (in nStrument presented by Farmer et al. (2006) was tested by

4 Discussion and conclusions
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Thornton et al. (2003) and Rosen et al. (2004) with a conver-one of its biggest constraints, i.e. the fact, that it can only
sion efficiency of>95% for NGO and>94% for> PN us-  measure_N; (or net N exchange) and a differentiation into
ing photolysis-chemiluminescence and gas chromatographsingle N compounds is not possible with one converter sys-
equipped with electron capture detectors, respectively, fotem. But even for process studies and mechanistic modeling,
comparative measurements. McCalley and Sparks also founthe > N, measurement can provide important constraints and
a 100 % transformation for HONO, however only 78 to 99 % validation data in combination with additional selective con-
for NOy (PAN, alkyl nitrate, HNQ and other forms of N¢).  verters or detectors.
Kliner et al. (1997) also used a Au catalyst to convert,NO
compounds to NO and discovered a gas-phase process that
contributes to a more readily conversion of Hj\dan e.g.  AcknowledgementsThis work was supported by the EU project
NO.. Furthermore, they investigated some nonyl\@ecies NitroEurope-IP (Contract 017841) under the EC 6th Framework
(reduced N species) such as hydrogen cyanide (HCN) andProgram for Research and Technological Development and by
acetonitrile (CHCN) for potential interferences in the NO f:\rl]e i"(‘)’igs‘%osztg)te Sdecri;]ari?t for Ed‘licafti?r:‘ aggSRTese?rch A(Erg(;),i\em
- ; 0. . under the framework of the action
ﬁgilcg?]g Sacg;?ige\i ;T:\yel;gﬁorﬁgaon tﬁlrgg Os/fj)fl:)lll é?_?éﬂsell?n ° (ES0804). We would like to thank the Max Planck Institute (MPI)

o . - . for Biogeochemistry in Jena, Germany, the MPI for Chemistry in
300°C. In the TRANC with the additional 878 unit we ex- Mainz (esp. lvonne Trebs), Germany, the University of Bayreuth,

pect a full conversion of all organic;ompounds. InKliner  Germany, and the Institute for Tropospheric Research, Leipzig,
etal. (1997) and also in a similar study by Fahey et al. (1985) Germany for supporting lab and field tests during the development
N2O conversion was found to be negligible. In our tests, weof the TRANC within their experiments. We also gratefully
performed an in-field comparison between the sum of indi-acknowledge the technical support by Dirk Lempio and Catha-
vidually measured NO, N§ NHs, HNO3, HONO, NH/, rina Don.

NO3 by commercially available systems and théN; con- ) )

centration by TRANC-CLD. Excellent agreement was found Edited by: F. X. Meixner

in the temporal courser? =0.96) with the TRANC show-
ing on average slightly (7 %) higher values. This small sys-
tematic difference might be due to minof Bbmpounds not

measured individually (e.g. organic compounds like PAN) Ammann, C., Spirig, C., Leifeld, J., and Neftel, A.: Assessment of

or small errors in the_calibration of any of the use(_j anal- the nitrogen and carbon budget of two managed temperate grass-
ysers. The concentrations of HONO and Hi@r which land fields, Agr. Ecosyst. Environ., 133, 150-162, 2009.

we did not explicitly check the conversion efficiency, were Ammann, C., Wolff, V., Marx, O., Bimmer, C., and Neftel, A.:
very small during the field experiment and thus their contri-  Measuring the biosphere-atmosphere exchange of total reactive
bution to thed N, measurements by the TRANC was notsta-  nitrogen by eddy covariance, Biogeosciences Discuss., accepted,
tistically significant. However, based on previous reports in  2012.

the literature (e.g. Fahey et al., 1985; McCalley and SparksBaldocchi, D. D., Falge, E., Gu, L., Olson, R., Hollinger, D.,

2009) we assume that they were nearly fully converted under Running, S., Anthoni, P., Bernhofer, C., Davis, K., Evans, R.,
the conditions in the TRANC. Fuentes, J., Goldstein, A., Katul, G., Law, B. E., Lee, X., Malhi,

Y., Meyers, T., Munger, W., Oechel, W., Paw U, K. T., Pilegaard,
K., Schmid, H. P., Valentini, R., Verma, S., Vesala, T., Wilson,
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