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Abstract. We describe the first high precision real-time anal-
ysis of the N2O site-specific isotopic composition at ambient
mixing ratios. Our technique is based on mid-infrared quan-
tum cascade laser absorption spectroscopy (QCLAS) com-
bined with an automated preconcentration unit. The QCLAS
allows for simultaneous and specific analysis of the three
main stable N2O isotopic species,14N15N16O, 15N14N16O,
14N14N16O, and the respective site-specific relative isotope
ratio differencesδ15Nα andδ15Nβ . Continuous, stand-alone
operation is achieved by using liquid nitrogen free N2O pre-
concentration, a quasi-room-temperature quantum cascade
laser (QCL), quantitative sample transfer to the QCLAS and
an optimized calibration algorithm. The N2O site-specific
isotopic composition (δ15Nα and δ15Nβ) can be analysed
with a long-term precision of 0.2 ‰. The potential of this
analytical tool is illustrated by continuous N2O isotopomer
measurements above a grassland plot over a three week pe-
riod, which allowed identification of microbial source and
sink processes.

1 Introduction

Nitrous oxide (N2O) is the most important anthropogenic
emitted ozone depleting substance and also a significant
greenhouse gas (Ravishankara et al., 2009). N2O mixing ra-
tios in the troposphere increased from 270 ppb to the cur-
rent level of 321.6 ppb at 0.8 ppb yr−1 (2005 to 2008) with
more than one third of N2O emissions being anthropogenic
(Montzka et al., 2011; Solomon et al., 2007). For a better
understanding of source and sink processes, however, the

information obtained from measuring the intramolecular dis-
tribution of 15N on the central (α) and the end (β) position
of the linear N2O molecule is crucial (Yoshida and Toyoda,
2000).

Abundances of the different isotopic species (14N14N16O,
14N15N16O, 15N14N16O, etc.) are usually reported in theδ-
notation, whereδ15N denotes the relative difference in the
amount of15N versus14N (abbreviated herein as15N/14N) in
N2O in comparison to atmospheric N2 as the reference mate-
rial (Coplen, 2011). Similarly,δ15Nβ denotes the relative dif-
ference of isotope ratios for15N14N16O versus14N14N16O.

The bulk nitrogenδ value (δ15Nbulk = (δ15Nα
+ δ15Nβ)/2)

of tropospheric N2O is enriched by 6.3± 0.3 ‰ to 6.72±

0.12 ‰, depending on the sampling location and time (Kaiser
et al., 2003; Park et al., 2004; Röckmann and Levin,
2005; Toyoda et al., 2004), with a strong site preference
(SP =δ15Nα

− δ15Nβ) of 18.7± 2.2 ‰ for the central ni-
trogen atom (Yoshida and Toyoda, 2000). Temporal trends
in the N2O isotopic composition from firn air, ice core and
archived air sample measurements indicate a year to year
decrease inδ15Nbulk of 0.04 ‰ yr−1, confirming substantial
emissions of isotopically depleted N2O (Bernard et al., 2006;
Ishijima et al., 2007; R̈ockmann and Levin, 2005). Accord-
ing to isotopic budgetary calculations based on a simple two-
box model, this could be due to increased anthropogenic N2O
emission from agricultural soils, as well as a to a change in
their average isotopic signature (Ishijima et al., 2007).

On a local scale, the N2O isotopic composition can be
applied to disentangle or even quantitatively apportion N2O
production and destruction pathways. For example, the15N
depletion in N2O produced by autotrophic nitrification was
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found to be considerably higher as compared to heterotrophic
denitrification (Koba et al., 2009; Sutka et al., 2006; Toy-
oda et al., 2005; Yoshida, 1988). On the other hand, process-
specific effects onδ15Nbulk might be masked by shifts in the
precursor signature (Well et al., 2008), and theoretical con-
siderations indicate a major impact of the involved bacterial
species (Schmidt et al., 2004). In contrast toδ15Nbulk, the
site preference is considered to be independent of the iso-
topic composition of the precursor and, thus, supplies clear
process information even if the isotopic signature of the sub-
strate for N2O production is lacking (Frame and Casciotti,
2010; Ostrom et al., 2007; Sutka et al., 2006; Toyoda et al.,
2002; Yamagishi et al., 2007; Well and Flessa, 2009).

The standard technique for N2O isotopic measurements
is laboratory-based isotope-ratio mass-spectrometry (IRMS)
in combination with flask-sampling (Brenninkmeijer and
Röckmann, 1999; Toyoda and Yoshida, 1999). It is a well-
known method with excellent precision of up to 0.05 ‰ for
δ15Nbulk, 0.1 ‰ for δ18O, and 0.3 ‰ forδ15Nα and δ15Nβ

(Bernard et al., 2006; Toyoda et al., 2011a, b). Neverthe-
less, it also has some disadvantages such as the large size
of the instrument, which hinders in situ field measurements.
Laser spectroscopy is a valuable alternative because it is in-
herently selective, even for molecules with the same mass
(Janssen and Tuzson, 2006; Gagliardi et al., 2005; Nakayama
et al., 2007; Uehara et al., 2001, 2003; Wächter and Sigrist,
2007), and field-deployable instruments for unattended mea-
surements can be designed. A significant improvement was
obtained in recent years by the implementation of quantum
cascade laser absorption spectroscopy (QCLAS) to reach a
precision of 0.5 ‰ forδ15Nα andδ15Nβ at N2O mixing ra-
tios of 90 ppm (Ẅachter et al., 2008). Other important tech-
niques for isotope ratio measurements include cavity ring-
down spectroscopy (CRDS) (Crosson, 2008) and off-axis in-
tegrated cavity output spectroscopy (OA-ICOS) (Baer et al.,
2002). These methods have been widely used in the near
infrared spectral region. Recently, commercial CRDS and
OA-ICOS instruments with mid-IR QC lasers have been an-
nounced, taking advantage of the fact that the absorption of
N2O is more than 4 orders of magnitude stronger in the MIR
as compared to the NIR.

In the present project, we describe the first instrumentation
to perform real-time analysis of N2O site-specific isotopic
composition at atmospheric mixing ratios. This is achieved
combining a liquid nitrogen-free fully-automated preconcen-
tration unit optimized and validated for N2O isotopomer
analysis by Mohn et al. (2010) with an improved version of
the QCLAS published by Ẅachter et al. (2008). The poten-
tial of this approach is demonstrated by a three week mea-
surement campaign of atmospheric N2O to identify distinct
soil microbial N2O source and sink processes.

2 Materials and methods

A schematic diagram of the measurement setup is shown in
Fig. 1. Details on the development, optimization and valida-
tion of the N2O preconcentration unit and the QC laser spec-
trometer have been described previously (Mohn et al., 2010;
Wächter et al., 2008). Thus, their basic principles and recent
modifications are only briefly presented, while analytical im-
provements, procedures of air sampling, automation and the
applied calibration procedure are discussed in more detail.

2.1 Sampling site and setup

Field experiments were conducted in Dübendorf at
430 m a.s.l. (47◦24′10′′ N/8◦36′43′′ E). The observation area
is located in an industrial and densely populated region
near Zurich. A main road passes 100 m south and a high-
way around 750 m north of the sampling site. Measurements
were executed from 8 to 31 September 2010 on a grass-
land plot (5 m× 20 m) which was fertilized on 22 September
(220 kg N ha−1 NH4NO3, 400 kg C ha−1 sucrose). Air was
continuously sampled at a flow rate of about one standard
litre per minute (slpm) through a 15 m long unheated PTFE
tubing (ID 4 mm) using a diaphragm vacuum pump (KNF
Neuberger, Switzerland). The air intake was first mounted
at 1.5 m above ground (8 to 24 September), and then (24 to
31 September) 10 cm above the surface to be more represen-
tative for soil N2O production. At the pump outlet, the pres-
sure was adjusted to 4 bar by means of a pressure relief valve.
Water and CO2 were quantitatively removed by permeation
drying (PD-100T-48, PermaPure Inc., USA) and by chemical
trapping with Ascarite (30 g, 10–35 mesh, Fluka, Switzer-
land) bracketed by Mg(ClO4)2 (2× 13 g, Fluka, Switzer-
land). Finally, the sample was passed through a sintered
metal filter (SS-6F-MM-2, Swagelok, USA) and directed to
the preconcentration unit. An alternative sample input con-
sisted of pressurized air (Messer, Switzerland) employed as
target gas which was treated as described above by a second
permeation dryer and a chemical trap (20 g Ascarite, 2× 8 g
Mg(ClO4)2). This setup allows determining the long-term
stability and precision of the complete analytical procedure,
including preconcentration, laser spectroscopic analysis and
calibration. The chemical traps were exchanged every 3 to
4 days before reaching their maximal load. To detect any po-
tential breakthrough, the CO2 concentration was monitored
by QCLAS after preconcentration together with the N2O iso-
topomers (CO2 line at 2188.0 cm−1).

2.2 Instrumentation

2.2.1 N2O preconcentration

The technology of our preconcentration unit is based on a
previously developed system called “Medusa” (Miller et al.,
2008), re-designed and optimized for the preconcentration of
N2O isotopic species and their subsequent quantification by
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Fig. 1. Experimental setup for online N2O isotopomer analysis in
ambient air. Vi are solenoid valves and MFC mass flow controllers.

laser spectroscopy (Mohn et al., 2010). During standard op-
eration, 10 l of ambient air are preconcentrated on a porous
polymer adsorption trap (HayeSep D 100–120 mesh, Hayes
Separations Inc., USA) at a flow rate of 500 sccm (standard
cubic centimetre per minute) within 20 min. Desorption is
accomplished by 10 sccm of synthetic air, within approxi-
mately 5 min, yielding a concentration increase from ambient
mixing ratios to>71 ppm N2O. The system offers quantita-
tive (>99 %) N2O recovery without any significant isotopic
fractionation or relevant spectral interferences from other at-
mospheric constituents. Modifications to the previous proce-
dure (Mohn et al., 2010) are mainly related to the desorption
phase, where the N2O concentration profile was further op-
timized by increasing the trap temperature to 10◦C and de-
creasing the flow rate of high purity synthetic air to 10 sccm.

2.2.2 Laser spectrometer

The employed QCLAS is based on the instrument described
by Wächter et al. (2008). It consists of a single-mode, pulsed
QCL emitting at 2188 cm−1, a multipass absorption cell (op-
tical path length 56 m, volume 0.5 l; Aerodyne Research
Inc., USA) and a detection system with pulse normalization.
Laser control, data acquisition and simultaneous quantifica-
tion of the three main N2O isotopic species (14N14N16O,
15N14N16O, 14N15N16O) is accomplished by the TDLWin-
tel software (Aerodyne Research Inc., USA), taking into
account path length, gas temperature (∼ 305 K), pressure
(8 kPa) and laser line width (0.0068 cm−1). Gas temperature
was stabilized to 0.05 K and additionally monitored by a cal-
ibrated 10 k� thermistor (TCS-610, Wavelength Electronics
Inc., USA). Employing a new generation thermo-electrically
cooled detector (PVI-3TE-5, Vigo System, PL), a new quasi-
room temperature QCL (Alpes Lasers SA, Switzerland) and
redesigned electronics led to a considerably improved per-
formance of the laser spectrometer, compared to the results
of Wächter et al. (2008).

Applying the Allan variance approach (Werle, 2011) for
the site-specific relative difference of isotope ratiosδ15Nα

andδ15Nβ , a short-term precision of 1 ‰ Hz−1/2 is achieved
at mixing ratios of 70 ppm N2O, as typically obtained by pre-
concentration of atmospheric N2O. For six minutes spectral

averaging a precision below 0.1 ‰ is obtained, which is al-
most one order of magnitude lower than previously published
(Wächter et al., 2008). The maximum precision at 30 min av-
eraging corresponds to 0.04 ‰, for bothδ15Nα andδ15Nβ .
The minimum equivalent absorbance of 4.1× 10−6 was cal-
culated based on the absorption spectrum and Allan variance
plot.

The laser spectrometer was operated in a batch mode,
where the gas cell was first evacuated by a scroll pump
(TriScroll 300, Varian, USA), then purged for 4 min with
10 sccm of purge gas at reduced pressure (1 kPa), before the
downstream on-off valve (V3 in Fig. 1) (2-way, 009-0089-
900, Parker Hannifin Corp., USA) was closed. The purge gas
was either synthetic air (prior to analysis of preconcentrated
ambient or pressurized air) or calibration gas (prior to cali-
bration). Subsequently, the multipass cell was filled with pre-
concentrated air or calibration gas to a cell pressure of 8 kPa
(±0.02 kPa) monitored by means of a capacitance manome-
ter (722A, MKS Instruments, USA). Finally, the multipass
cell was closed by switching the 3-way valve V2 or V4 (009-
0933-900, Parker Hannifin Corp., USA) before the gas sam-
ple was analysed.

2.3 Automation and measurement procedure

The complete experimental setup including preconcentration
unit, solenoid valves (V1–V6, Parker Hannifin Corp., USA)
and thermal mass flow controllers (MFCs, Redy Smart se-
ries, Vögtlin Instruments, Switzerland) was controlled and
monitored by a LabVIEW programme (National Instruments
Corp., USA). All peripherals were connected through a 16-
port serial to Ethernet connector (EL-160, Digi International
Inc., USA). For ambient air monitoring, a 460 min measur-
ing cycle was repeated which consists of the following steps
(Fig. 2): (A) analysis of preconcentrated N2O from com-
pressed air (target gas, one sample) and ambient air (three gas
samples), (B) analysis of standard II (two replicates) dynam-
ically diluted to 71 ppm N2O with synthetic air to calibrate
the δ scale, (C) identical to (A), (D) analysis of standard I
(88 ppm N2O, two replicates) to calibrate N2O mixing ra-
tios and determine their influence onδ values. Between gas
samples (A)–(D), standard I (71 ppm N2O) was analysed as
a reference point and to correct for drift effects.

2.4 Analysis of N2O mixing ratios and isotopomer ratios

The N2O mixing ratios of ambient air were determined based
on the concentration of the main isotopic species14N14N16O
and calibrated against laboratory standard I dynamically di-
luted to different concentration levels (see Fig. 2 step D). The
preconcentration step was taken into account via the ratio
of the gas volume in the multipass cell (Vcell) and the gas
volume applied for N2O preconcentration (Vprecon). While
Vpreconcan be accurately computed based on the adsorption
time and flow, forVcell this is not possible. Therefore, the
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exact value forVcell under standard conditions was deter-
mined analysing preconcentrated N2O from a highly accu-
rate standard (319.91± 0.12 ppb) provided by the World Me-
teorological Organization (WMO) Central Calibration Lab-
oratory (CCL) (Hall et al., 2007). N2O concentrations of
the laboratory standards were quantified by QCLAS against
commercial calibration gases (90.5± 0.1 ppm N2O, Messer,
Switzerland) and are indicated in Table 1.

Relative differences of isotopic ratiosδ15Nα and δ15Nβ

were determined employing a set of standard gases pro-
duced in our laboratory based on gravimetric and dynamic
dilution methods from pure medical N2O (Messer, Switzer-
land) supplemented with distinct amounts of isotopically
pure (>98 %) 15N14N16O and14N15N16O (Cambridge Iso-
tope Laboratories, USA). Primary laboratory standards were
analysed forδ15Nα, δ15Nβ and δ15Nbulk by IRMS at the
Tokyo Institute of Technology. The IRMS reference values
for δ15Nbulk was determined by mass analysis of molecu-
lar ion (N2O+) whereas site-specificδ15Nα (central N) was
determined by mass analysis of fragment ion (NO+). The
δ15Nβ was computed fromδ15Nbulk andδ15Nα. Details are
described in Toyoda and Yoshida (1999). Table 1 indicates
the isotopic composition of the secondary laboratory stan-
dards applied in the current project and analysed against
primary standards by QCLAS. Theδ15Nbulk of pure med-
ical N2O was additionally analysed by mass spectrometry
at the IsoLab of the Max-Planck Institute for Biogeochem-
istry (MPI-BGC, Jena, Germany) using an EA/IRMS setup
(Werner et al., 1999). N2O was introduced in between the
combustion and the reduction tube of the EA using the loop
(250 µl) of a manually operated 6-port valve. This setup en-
abled a direct comparison of N2 produced from combus-
tion of IAEA-N1 to N2 obtained from the medical N2O
by reduction in the 2nd EA reactor. Quantitative N2O con-
version reaction yield was verified by the absence of any
m/z 44 ion current response following N2O introduction. Us-
ing a δ15N value of +0.43 ‰ for IAEA-N1 as the scale an-
chor, aδ15Nbulk value of 1.64± 0.10 ‰ (n = 4) was obtained

Table 1. N2O mixing ratios and relative differences of isotopic ra-
tiosδ15Nα andδ15Nβ of secondary laboratory standards applied in
the current project (the precision indicated is the standard error of
the mean). Standard Ia was replaced by standard Ib 22 September.

N2O [ppm] δ15Nα [‰] δ15Nβ [‰]

Standard Ia 246.9± 0.1 2.1± 0.1 2.0± 0.2
Standard Ib 250.1± 0.05 15.2± 0.1 2.0± 0.1
Standard II 249.1± 0.1 25.0± 0.1 24.8± 0.2

which was different by 0.39 ‰ from the Tokyo Tech result.
A similar difference of 0.3 ‰ was observed by Toyoda and
Yoshida (1999) forδ15Nbulk of a laboratory standard calcu-
lated fromδ15Nα and δ15Nβ (calibration via NH4NO3 de-
composition) and determined after N2O to N2 reduction. Dis-
crepancies were attributed to fractionation during incomplete
NH4NO3 decomposition (Toyoda and Yoshida, 1999).

Relative differences of site – selective isotope ratiosδ15Nα

and δ15Nβ of preconcentrated N2O were corrected for de-
pendency of the isotope ratios on the N2O mixing ratio (be-
fore preconcentration). These corrections were small, about
0.004 ‰ ppb−1 and 0.016 ‰ ppb−1 for δ15Nα andδ15Nβ , re-
spectively. Besides, sudden changes in the laser intensity sig-
nificantly influenced individual measurements, which were
discarded. These light intensity changes affected less than
2 % of the data, and the laser driver that was identified as the
source of instability was recently replaced by a different unit
(PWS4323, Tektronix Inc., USA).

To confirm the accuracy of our measurements, we anal-
ysed background air in a cylinder filled in 2006 by the
Earth System Research Laboratory (Global Monitoring Di-
vision) of the National Oceanic & Atmospheric Admin-
istration (NOAA). The trace gas mixing ratios analysed
by the WMO CCL are typical for natural air: 384.40±

0.02 ppm CO2, 319.91± 0.12 ppb N2O, 1838.5± 0.4 ppb
CH4, 143.9± 1.0 ppb CO. The QCLAS analysis of the N2O
site-selective isotopic composition, withδ15Nα = 15.62±

0.06 ‰, δ15Nβ =−2.84± 0.04 ‰, δ15Nbulk = 6.39± 0.03 ‰
and SP = 18.45±0.08 ‰ (the precision indicated is the stan-
dard error of the mean), is in perfect agreement with pub-
lished data for unpolluted tropospheric N2O.

3 Results and discussion

3.1 Continuous analysis of N2O isotopomers in
ambient air

To our knowledge, Fig. 3 presents the first example of real-
time analysis of N2O site-selective isotopic composition.
Measurements were conducted for three weeks between 8
and 31 September 2010, corresponding to almost 550 air
samples (408 samples of ambient air, 136 target gas samples)
that were analysed in a stand-alone operation. During the first
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two weeks of the measuring campaign (up to 22 Septem-
ber), N2O mixing ratios display tiny but typical diurnal vari-
ations with night-time increases up to 334.2 ppb, i.e., 10 ppb
above background concentrations (Fig. 3). Even though these
changes in N2O mixing ratios were small in the beginning,
the δ15Nbulk values display a detectable inverse trend indi-
cating emissions of15N depleted nitrous oxide. Substantially
higher N2O mixing ratios accompanied byδ15Nbulk changes
up to 10 ‰ were observed after the fertiliser addition on
22 September.

Long-term precision and repeatability including precon-
centration and calibration was assessed analysing a pressur-
ized air cylinder (target gas) at every fourth preconcentra-
tion run (open symbols Fig. 3). Figure 4 displays histogram
plots of repeated measurements (n = 136) with average N2O
mixing ratios of 326.47± 0.36 ppb and site-specific rela-
tive isotope ratio differences ofδ15Nα = 15.28± 0.24 ‰ and
δ15Nβ =−2.91±0.17 ‰ (the precision indicated is the stan-
dard deviation). These values are consistent with background
air with minor contributions from a15N depleted N2O emis-
sion source. The achieved long-term precision forδ15Nα and
δ15Nβ is superior to state-of-the-art IRMS (Bernard et al.,
2006; Toyoda et al., 2011a, b). Additionally, precision for
N2O mixing ratios determined by QCLAS is comparable to
gas chromatography with electron capture detection (GC-
ECD), the standard technique applied in global monitoring
networks (Corazza et al., 2011). Besides that, as our tech-
nique has temporal averaging capabilities, the statistical un-
certainty for repeated measurements (standard error of the
mean) is considerably lower.

As more sensitive laser spectrometers become available,
the time requirement for the adsorption step, which limits
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the temporal resolution of the complete analytical approach,
might be significantly reduced. Another option to enhance
the temporal resolving power is the less frequent determina-
tion of calibration factors forδ15Nα, δ15Nβ and N2O mixing
ratios. This could be compensated by the preparation and use
of standard gases which correspond more closely to ambi-
ent composition. Thus, timescales for N2O preconcentration
and site-specific isotopic analysis could be reduced to around
15 min.

3.2 Source appointment by N2O isotopomer analysis

The isotopic signature of a source process can be estimated
by the Keeling-plot approach where the variations in the
isotopic composition are plotted against the inverse of con-
centration values. This technique was originally developed
for carbon dioxide and its isotopologues and has been em-
ployed in numerous studies, recently also in combination
with field-deployable instrumentation for continuous CO2
isotopic analysis (McManus et al., 2010; Mohn et al., 2008;
Tuzson et al., 2011). For N2O, up to date all process studies
on N2O isotopic species had to rely on grab sampling fol-
lowed by IRMS laboratory analysis because real-time anal-
ysis was not available with the required precision. Conse-
quently, current research is based on short-term investiga-
tions with limited temporal and spatial averaging capabilities
(Ostrom et al., 2010; Toyoda et al., 2011a; Yamagishi et al.,
2007).

In Fig. 5, data obtained in a 24 h time interval (e.g., from
23 September noon to 24 September noon) was analysed us-
ing the Keeling plot approach. Individual data points repre-
sent the average N2O mixing ratio and isotopic composition
over 20 min of N2O sampling during preconcentration. As-
suming a two source mixing with unpolluted background
air, the intercept of the linear regression line corresponds
to the isotopic signature of the N2O emitting processes for
δ15Nbulk

s and SPs. This approach implies the assumptions that
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responds to the isotopic signature of the main N2O emitting process
(δ15Nbulk

s , SPs) and is given together with its 1σ uncertainty.

the background air N2O mixing ratio and isotopic composi-
tion and the soil microbial N2O production pathways with
their isotopic signatures are basically constant for one diur-
nal cycle. Although these parameters were not monitored in
depth, the low scatter in the Keeling plots (i.e., Fig. 5) indi-
cates that the model is at least adequate in demonstrating the
performance of our instrumentation in capturing natural and
fertiliser-induced changes in N2O mixing ratios. The appro-
priateness of the above mentioned assumptions is also sup-
ported by the moderate uncertainties in the linear regression
parameters (Fig. 6).

Before fertiliser addition, the diurnal variability in N2O
mixing ratios was small, in the range of 3.0 to 10.5 ppb, ac-
companied by only a slight shift to lower relative isotope ra-
tio differences at higher N2O mixing ratios. It was, neverthe-
less, possible to resolve these small changes and calculate
daily (24 h time intervals, noon to noon) N2O source sig-
natures (δ15Nbulk

s , SPs), assuming steady background N2O
mixing ratios and isotopic composition. These varied be-
tween−5±7 ‰ to−26±6 ‰ for δ15Nbulk

s and 3±13 ‰ to
29± 5 ‰ for SPs with a temporal trend (9 to 22 September)
from low to highδ15Nbulk

s and high to low SPs values (Fig. 6).
Periods with changes in N2O mixing ratios below 6.5 ppb
(2 %) were not considered. To estimate the net isotope effect
(1δ15Nbulk

s = δ15N (substrate)− δ15Nbulk
s ) of the microbial

source process, the15N content of the substrate for N2O pro-
duction needs to be known. As the focus of the present study
was on method development for ambient air monitoring and
not on soil science, no supplementary soil parameters were
determined.δ15N of nitrate and ammonium in soils may vary
considerably, depending on the nitrogen source (e.g., soil ni-
trogen, atmospheric deposition, fertiliser, manure) and frac-
tionation during nitrogen transformation processes (Kendall
and Doctor, 2011). In the present study for inorganic soil ni-
trogen aδ15N content of 0 ‰ was assumed, which is in the
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Fig. 6. SPs versus1δ15Nbulk
s plot to interpret the biogeochem-

istry of soil emitted N2O. Isotopic source signatures indicate het-
erotrophic or nitrifier denitrification as the main N2O production
process, with1δ15Nbulk

s values between 5 and 42 ‰. Before fer-
tiliser application (closed symbols, 9 to 22 September, periods with
N2O concentration changes>6.5 ppb) a SPs/1δ15Nbulk

s ratio of
1.18± 0.32 indicates N2O reductase activity which ceased after
fertiliser addition (open symbols, 22 to 30 September) identified
by low SPs values between 0 and−5 ‰. For δ15N (substrate)
0 ‰ was assumed before fertiliser addition (before 22 Septem-
ber), afterwards the15N content of the applied NH4NO3 fertiliser
(1.3± 0.3 ‰) was used.

range of data observed in a number of field studies (Durka
et al., 1994; Wrage et al., 2004). This results in a net iso-
tope effect (1δ15Nbulk

s ) between 5 and 26 ‰. According to
pure culture studies, these values are characteristic for N2O
produced by heterotrophic denitrification or nitrifier denitri-
fication by ammonium oxidizing bacteria (Sutka et al., 2006,
2003, 2004; Toyoda et al., 2005; Yoshida, 1988) Recent field
studies confirm the importance of both processes for N2O
production in soils (Kool et al., 2011; Wrage et al., 2001).
In contrast, N2O produced by nitrifying bacteria leads to
a significantly higher15N depletion with a net isotope ef-
fect (1δ15Nbulk

s = δ15N (NH+

4 )−δ15Nbulk
s ) between 46.9 ‰

(Sutka et al., 2006) and 68 ‰ (Yoshida, 1988).
The observed co-variation of SPs and1δ15Nbulk

s (Fig. 6)
for N2O emitted before fertiliser application with a slope
of 1.18± 0.32 can be attributed to a partial consumption
by N2O reductase activity of denitrifying bacteria (Koba et
al., 2009; Yamagishi et al., 2007). Similar values between
1.0 and 1.2 for SPs/1δ15Nbulk

s were reported by Ostrom
et al. (2007) for N2O reduction by two denitrifier species.
The temporal trend from high to low SPs and low to high
1δ15Nbulk

s values (Fig. 6) can, thus, be interpreted as a de-
creasing share of N2O reduction versus N2O production.
The N2O versus (N2O + N2) ratio increase correlates with a
night-time air temperature decrease from 13◦C to 6◦C at the
nearby NABEL station (data not shown), which is consis-
tent with the temperature dependence observed in laboratory
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studies on soil samples (Avalakki et al., 1995; Bailey and
Beauchamp, 1973).

After fertiliser application larger diurnal changes in N2O
mixing ratios were observed (Fig. 6). These were used to al-
locate 24 h isotopic source signatures, assuming stable N2O
production processes and background conditions. Further-
more, much less variation was observed in the isotopic source
signatures with values between−0.1±0.8 ‰ to−5.1±1.3 ‰
for SPs and 41.8± 0.9 ‰ to 23.2± 0.7 ‰ for 1δ15Nbulk

s .
To calculate the net isotope effect (1δ15Nbulk

s = (δ15N (sub-
strate) –δ15Nbulk

s ), the 15N content of the fertiliser N anal-
ysed by IRMS (δ15N (NH4NO3) = 1.3±0.3 ‰) was applied.
The resulting SPs and 1δ15Nbulk

s values are indicative for
N2O production by heterotrophic or nitrifier denitrification
without or with only minor N2O to N2 reduction (Sutka et al.,
2003, 2004, 2006; Toyoda et al., 2005; Yoshida, 1988). The
observed low N2O consumption agrees with a recent publica-
tion assuming that the N2O/(N2O + N2) product ratio of den-
itrification is positively correlated with the NO−3 availability
in soils (Senbayram et al., 2011). The successive increase in
1δ15Nbulk

s suggests a shift in the isotope composition of the
soil nitrate pool due to fractionation during denitrification.

4 Conclusions

This study presents to our knowledge the first real-time anal-
ysis of N2O site-selective isotopic composition at atmo-
spheric mixing ratios. Our approach is based on a cryogenic
free instrumentation which comprises a mid-IR QCL absorp-
tion spectrometer and a fully automated N2O preconcentra-
tion unit. During three weeks of continuous field measure-
ments nearly 550 air samples were analysed for N2O mixing
ratios and site-specific isotopic composition. Long-term pre-
cision forδ15Nα andδ15Nβ was found to be superior to state-
of-the-art IRMS. Additionally, precision for N2O mixing ra-
tios determined by QCLAS was comparable to the standard
technique applied in global monitoring networks (GC-ECD).

The excellent analytical precision allowed resolving even
small changes in N2O mixing ratios and isotope composi-
tion, δ15Nbulk and SP and calculating daily (24 h time in-
tervals, noon to noon) source signatures (δ15Nbulk

s , SPs) for
N2O emitted from a grassland plot. Before fertiliser appli-
cation,1δ15Nbulk

s indicates heterotrophic or nitrifier denitri-
fication as the main N2O production pathway. Co-variation
of SPs and 1δ15Nbulk

s can be attributed to a partial con-
sumption by N2O reductase activity of denitrifying bacte-
ria. Denitrification remained the main N2O production path-
way after fertilization. However, the N2O reductase activity
ceased due to increased NO−

3 availability. As demonstrated
in this feasibility study, continuous high precision analysis
of N2O isotopomers at atmospheric mixing ratios can be ap-
plied for identification of N2O source processes and open a
completely new field of applications.
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S., Sturges, W. T., Blake, D., Dorf, M., Fraser, P., Froidevaux,
L., Jucks, K., Kreher, K., Kurylo, M. J., Mellouki, A., Miller, J.,
Nielsen, O.-J., Orkin, V. L., Prinn, R. G., Rhew, R., Santee, M. L.,
Stohl, A., and Verdonik, D.: Ozone-depleting substances (ODSs)
and related chemicals, Chapter 1, in: Scientific Assessment of
Ozone Depletion: 2010, Global Ozone Research and Monitoring
Project, Report No. 52, edited by: Ennis, C. A., World Meteoro-
logical Organization, Geneva, 1.1–1.108, 2011.

Nakayama, T., Fukuda, H., Kamikawa, T., Sugita, A., Kawasaki,
M., Morino, I., and Inoue, G.: Measurements of the 3ν3 band
of 14N15N16O and15N14N16O using continuous-wave cavity
ring-down spectroscopy, Appl. Phys. B-Lasers O., 88, 137–140,
doi:10.1007/s00340-007-2653-3, 2007.

Ostrom, N. E., Pitt, A., Sutka, R., Ostrom, P. H., Grandy, A. S.,
Huizinga, K. M., and Robertson, G. P.: Isotopologue effects dur-
ing N2O reduction in soils and in pure cultures of denitrifiers, J.
Geophys. Res., 112, G02005,doi:10.1029/2006JG000287, 2007.

Ostrom, N. E., Sutka, R., Ostrom, P. H., Grandy, A. S., Huizinga,
K. M., Gandhi, H., von Fischer, J. C., and Robertson, G. P.:
Isotopologue data reveal bacterial denitrification as the primary
source of N2O during a high flux event following cultivation of
a native temperate grassland, Soil Biol. Biochem., 42, 499–506,
doi:10.1016/j.soilbio.2009.12.003, 2010.

Park, S., Atlas, E. L., and Boering, K. A.: Measurements of
N2O isotopologues in the stratosphere: Influence of trans-
port on the apparent enrichment factors and the isotopologue
fluxes to the troposphere, J. Geophys. Res., 109, D01305,
doi:10.1029/2003JD003731, 2004.

Ravishankara, A. R., Daniel, J. S., and Portmann, R. W.:
Nitrous oxide (N2O): The dominant ozone-depleting sub-
stance emitted in the 21st century, Science, 326, 123–125,
doi:10.1126/science.1176985, 2009.
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