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Abstract The isotopic composition of atmospheric nitrous oxide (N,0) was measured semicontinuously,
at ~35 min frequency in intermittent periods of 1-6 days over one and a half years, using preconcentration
coupled to a quantum cascade laser spectrometer at the suburban site of Diibendorf, Switzerland. The
achieved measurement repeatability was 0.08%o, 0.11%o, and 0.10%o for 5'80, site preference, and 5'5NPulk
respectively, which is better than or equal to standard flask sampling-based isotope ratio mass spectrometry
performance. The observed mean diurnal cycle reflected the buildup of N,O from isotopically light sources
on an isotopically heavy tropospheric background. The measurements were used to determine the source
isotopic composition, which varied significantly compared to chemical and meteorological parameters
monitored at the site. FLEXPART-COSMO transport modeling in combination with modified Emissions
Database for Global Atmospheric Research inventory emissions was used to model N,O mole fractions at
the site. Additionally, isotopic signatures were estimated for different source categories using literature
data and used to simulate N,O isotopic composition over the measurement period. The model was able

to capture variability in N,O mole fraction well, but simulations of isotopic composition showed little
agreement with observations. In particular, measured source isotopic composition exhibited one magnitude
larger variability than simulated, clearly indicating that the range of isotopic source signatures estimated
from literature significantly underestimates true variability of source signatures. Source §'80 signature

was found to be the most sensitive tracer for urban/industry versus agricultural N,0. §'°NPUk and site
preference may provide more insight into microbial and chemical emission processes than partitioning

of anthropogenic source categories.

1. Introduction

Nitrous oxide (N,O) is the most important contributor to stratospheric ozone destruction emitted in the
21st century and one of the dominant anthropogenic greenhouse gases, with a global warming potential
nearly 300 times higher than CO, [Ravishankara et al., 2009; Intergovernmental Panel on Climate Change (IPCC),
2013]. The mole fraction of tropospheric N,O has increased from 270 ppb in preindustrial times to the current
level of nearly 330 ppb, with an average growth rate of ~0.3% over the past decades [Prinn et al., 2000, 2013;
Park et al., 2012; Toyoda et al., 2013]. N,O is long lived, with an estimated lifetime of around 116 + 9 years
[Pratheretal., 2015], and it is emitted from highly variable, disperse sources, which complicates efforts to quan-
tify emission processes. Thus, novel techniques and approaches are needed to constrain the N,O budget and
facilitate the development of targeted mitigation strategies.

Monitoring the isotopic composition of N,O, in addition to its mole fraction, may provide a useful con-
straint to quantify N,O sources and improve our understanding of the N,O budget [Kim and Craig, 1993;
Rahn and Wahlen, 1997; Toyoda et al., 2013]. The N,O molecule has four common stable isotopic variants,
also known as “isotopocules”: "*N'N'60, N'#N'8Q, N'>N'60 (a), and ">N'*N'®0 (). Therefore, not only
the bulk isotopic composition (6'°NPUk and §'80) but also the site-specific isotopic composition (site pref-
erence = §'"°N* — §"°N”) can be considered (see Toyoda et al. [2013] for a detailed description of notation
and terminology). Previous studies indicate that the site preference (SP) is independent of substrate isotopic
composition, and may be particularly useful to distinguish between microbial pathways at the laboratory
and site scales [Perez et al., 2001; Sutka et al., 2006; Wunderlin et al., 2012; Harris et al., 2015a]. For example,
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Figure 1. N,O source contributions at the Diibendorf site. The left panel shows the annual mean source contribution

in ppb for June 2014 to June 2015, calculated from FLEXPART-COSMO simulations multiplied by the total N,O emission
strength from Emissions Database for Global Atmospheric Research (EDGAR). The measurement site is indicated

with a red star and the city of Ziirich with a white star. The pie chart shows a breakdown of the annual mean N,O
above background at Diibendorf (2.5 ppb total) into EDGAR/Intergovernmental Panel on Climate Change (IPCC) source
categories—these data are taken from the FLEXPART-COSMO + EDGAR simulations as described in sections 2.4 and 2.5.

the microbial N,0-generating processes of NH,OH oxidation and denitrification exhibit distinct SP values of
29 to 36 and —10 to 0%o, respectively [Sutka et al., 2006; Heil et al., 2014].

Recent developments in measurement techniques have allowed high-resolution time series of N,O isotopic
composition to be recorded using preconcentration coupled to a Quantum Cascade Laser Absorption Spec-
trometer (P-QCLAS) [Mohn et al., 2012; Harris et al., 2014; Wolf et al., 2015]. QCLAS takes advantage of inherent
differences in the fundamental rovibrational bands of N,O isotopomers to directly measure the mole fractions
of all four isotopecules of N, O. In contrast to the more established technique of isotope ratio mass spectrom-
etry (IRMS), P-QCLAS is cryogen-free and allows automated, online monitoring and field deployability, while
maintaining high analytical precision [Mohn et al., 2014].

N, O isotope analysis with P-QCLAS opens new avenues of scientific enquiry regarding the N,O budget. Similar
analytical setups have been developed to measure in situ CH, isotopic composition [Eyer et al., 2016; Réckmann
etal., 2016] and distinguish between different sources such as fossil fuel, biomass burning, and landfill based
on unique isotopic signatures [Snover et al., 2000; Whiticar and Schaefer, 2007; Rigby et al., 2012]. The use of
N,O isotopocules to distinguish between anthropogenic source categories, such as soil, wastewater, and
energy emissions, is, however, not well established, and isotopic ranges for source categories are poorly known
[Toyoda et al., 2013]. Compared to CH,, the long atmospheric lifetime as well as the disperse and low-source-
strength emission processes result in tiny variations in isotopic composition in ambient air, necessitating very
high analytical precision and stability.

This study presents the first long-term, semicontinuous time series of N,O isotopic composition, measured
with P-QCLAS at a suburban site. Background and source isotopic composition are determined based on the
measurement data. Auxiliary air quality and meteorological data are used to understand the factors con-
trolling source isotopic composition and to consider the impact of different anthropogenic source types.
Additionally, transport simulations are used to further investigate regional variability in N,O sources, and to
simulate N,O isotopic composition using literature estimates of source isotopic signatures.

2. Methods

2.1. Site Description

Semicontinuous, online measurements of N,O mole fraction and isotopic composition are conducted at the
Empa campus in Dibendorf (432 m above sea level, 47°24’9"N, 8°36/43"E) from a rooftop air inlet located
on the top of a five-storey building at a height of 13 m (Figure 1). Air is continuously sampled through a 25 m
long unheated tube (Synflex 1300, ID 9 mm) at a flow rate of ~25 L min~'. Measurements were made every
1-2 weeks over a 19 month period between July 2014 and February 2016, with data covering around 20%
of the total time range (Figures 2 and S1 in the supporting information); during each intensive 2-6 day long
sampling period, measurement time resolution is <1 h~'. Additionally, measurements of air pollutants and
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Figure 2. Time series of N,O mole fraction and isotopic composition measurements made at Diibendorf using
P-QCLAS. Ambient air measurements are shown in red and target gas measurements are shown in grey. Shaded red
areas indicate the 16 standard deviation of target gas measurements over 3 days, which offers the best approximation
of the uncertainty of ambient air measurements. Right panels show the average diurnal cycle (3 h bins) over the entire
measurement period with error bars indicating the 1o standard deviation.

meteorology run continuously at the Dibendorf NABEL (National Air Pollution Monitoring Network) station,
located on the Empa campus 110 m from the sampling inlet [NABEL, 2015].

Dibendorf lies within the Zirich agglomeration area, which has over 1.2 million inhabitants. The site is
surrounded by a mix of suburban commercial, traffic, small-scale agricultural, and residential zones, with a
significant number of busy roads and motorways in the immediate vicinity of the sampling site. The city of
Zirich (population 380,000) is 7 km from Dibendorf toward the west/south west, and intensive agricultural
land is located less than 10 km from the site, particularly toward the east [Hotz and Weibel, 2005].

2.2. Preconcentration of N,0 and Measurement of Isotopic Composition With QCLAS

The four most abundant N,O isotopocules (*N'N'0, 99.03%; '“N'>N'60, 0.36%; ">N'¥N'60O, 0.36%;
4N#N'80, 0.20%) are measured using a preconcentration system followed by a Quantum Cascade Laser
Absorption Spectrometer (QCLAS; Aerodyne Research, Inc.,, USA). The setup has been described previously
[Mohn et al., 2010, 2012; Wolf et al., 2015] and only a brief overview will be given here. Ambient air is sampled
at a rate of 500 mL min~" using a membrane pump (PM25032-022, KNF Neuberger, Switzerland). Upstream
of the pump, sample air is dried using a permeation drier (PermaPure Inc., USA). Downstream of the pump,
the air is passed through a second permeation drier, as well as Ascarite and Sofnocat 423 traps to remove CO,
and CO respectively, before entering the preconcentration unit. A volume of 5.9 L of ambient air is collected
on a HayeSep D trap at ~128 K (-145°C). During trapping, the temperature was always kept below 133 K,
because N,O desorption was measured to begin at temperatures > 135 K. Trapped N,O is released into the
2.7 L absorption cell of the QCLAS by warming the trap to 0°C and flushing with synthetic air at a flow rate of
25 mL min~" to a final cell pressure of 16.05 + 0.04 hPa, resulting in a mole fraction of ~45 ppm N,O.

Sampling is semicontinuous: Trapping takes 12 min, and a trapped sample is measured approximately every
35 min. The mole fractions of the four isotopocules are measured for 245 and 210 s, respectively, for trapped
(sample and target) and standard gases. Potential fractionation introduced by trapping was determined
by diluting a concentrated standard and passing it through the preconcentration unit to reconcentrate
and comparing to the same standard measured directly. The fractionation effect was calculated before the
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measurement period began, and no changes were made to the trapping procedure throughout the measure-
ment period. The fractionation effect was found to be negligible compared to the measurement uncertainty
(<0.1%o) for all isotopocules and is not corrected.

2.3. Calibration Strategy and Data Processing

To ensure the required accuracy and repeatability, several corrections and a two-point calibration are applied
to all data. Additionally, repeated measurements of a tank of pressurized air, used as a target gas, are made to
monitor repeatability and long-term instrumental drift, as described in Mohn et al. [2012] and Wolfet al. [2015].
Data processing is carried out using Matlab (MathWorks, Inc., USA). For all data processing as well as analyses
and discussion throughout this paper, a threshold of p < 0.05 is used to test for significance unless stated
otherwise. Data are collected, processed and corrected in intermittent periods of semicontinuous mea-
surements spanning 1-6 days, within which time no changes were made to the instrumental set up or
operation.

An anchor standard, S1, is used with isotopic composition close to ambient N, O. The first step of data process-
ing involves correcting all data according to the drift in ST, smoothed to a two-point moving average. Drift is
due to numerous factors, including fluctuations in laboratory temperature and drift in laser emission power
and frequency. Linear regression corrections for laser emission frequency drift, cell pressure, and N,O mole
fraction are then calculated based on S1 isotopic ratios. If the correlations for S1 are significant, the corrections
are applied to all data. The correction for mole fraction is largest, averaging 0.07, 0.09, and —0.02%o ppm™’
for §7°N®, §'°N#, and 6'80, respectively, applied on an average standard deviation of 1.6 ppm for target gas
in-cell N,O mole fraction over the 19 month measurement period. Corrections for emission frequency drift
and cell pressure are generally <0.05%o.

A second standard, S2, is used for two point calibration, with isotopic composition significantly lower than
S1in 6N, §'°N? and 6'80 (>35, 40, and 10%o lower respectively). The two-point calibration is calculated
based on S1 and S2 isotopic composition and applied to all data. As there is no international primary iso-
topic standard available for N,O, we use standards calibrated by the Tokyo Institute of Technology [Mohn
et al., 2014], using their analytical technique as a link to the international scales [Toyoda and Yoshida, 1999].
An extensive intercomparison campaign conducted in 2013-2014 showed excellent agreement between
Empa and Tokyo Tech N,O isotope measurements [Mohn et al., 2014]. A further intercomparison of four com-
pressed air tanks conducted between November 2015 and January 2016 confirmed the ongoing close linkage
between the isotope scales of the two laboratories (unpublished data).

The repeatability of isotopic data was considered based on the repeated measurements of target gas made
over the 19 month measurement period. Four different target gases were used, for 4, 3, 9, and 3 months,
respectively, through the 19 month measurement period. A total of 1778 target gas measurements were
made, and these were split into two data sets: Two of every three measurements were designated as “target
gas standards” (hereafter “T1"), while every third target gas was not used to calculate any corrections and
therefore considered a robust measure of repeatability (hereafter “target gas”). T1 was used to calculate and
correct for longterm drift in target gas and samples, following the principles of identical treatment [Werner and
Brand, 2001]. A gradual decrease of 0.5%o, 0.5%o, and 0.4%o was seen in T15'80, SP and 6'*NPUk over the entire
19 month period (Figure S1 in the supporting information) —this drift is despite the fact that measurements
were anchored using the two-point calibration described above. Reasons for the gradual shift might be instru-
mental changes, variations in gas matrix (e.g., oxygen content) of T1 caused by different cylinders of synthetic
air used for desorption or incomplete separation of oxygen during N,O preconcentration. Gravitational sepa-
ration of isotopocules in high-pressure tanks could potentially occur; however, correlation between long-term
drift in T1 and drift in samples suggests an instrumental cause. All data were therefore corrected using a
10 day smoothed difference of each T1 measurement from the mean T1 value—a 10 day window was chosen
to gain a balance between the level of drift and the standard error of repeated target gas measurements.
To allow comparison of repeatability between the four different target gases, the target gas results were also
normalized to the most recent target gas. The raw and the corrected and normalized results are shown in
Figure S1.

Ambient N,O mole fractions are calculated from analyzed preconcentrated N,O mole fractions by applying a
one-point calibration using S1, as well as a correction based on measurements of T1. The one-point calibration
using the measured mole fraction and the known dilution factor for S1 is first applied to the data, to account for
slight sensitivity changes of the spectrometer. Then approximate atmospheric equivalent mole fractions of T1,
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target gas, and sample gas are calculated from measured data using the trapped volume (5937 + 77 mL), gas
pressure (16.05 + 0.04 hPa) and cell volume (~2.7 L). Finally, the results are calibrated to the National Oceanic
and Atmospheric Administration/Global Monitoring Division (NOAA/GMD) scale (WMO-N20-X2006A) using
the known mole fractions for T1, which are measured in the Global Atmospheric Watch World Calibration
Centre (GAW-WCC) laboratory at Empa against a set of three NOAA/GMD reference standards on an Aerodyne
QCLAS instrument (CO and N,O monitor, Aerodyne Research, Inc., USA).

2.4. Modeling With FLEXPART-COSMO

The Lagrangian Particle Dispersion Model (LPDM) FLEXPART [Stohl et al., 2005] was coupled to the numerical
weather forecast model COSMO [Baldauf et al., 2011] to provide emission sensitivities (“footprints”) based on
the residence time of virtual particles in a surface layer [Seibert and Frank, 2004]. These emission or source
sensitivities illustrate the direct influence emissions from a source location would have on the mole fraction
at the receptor site. The FLEXPART model setup is identical to that described by Henne et al. [2016]. The model
has a resolution of ~7 x 7 km over Europe (36.06-57.42°N, —11.92-21.04°E). Four-day backward trajectories
were calculated for 50,000 particles released every 3 h from 12 m height at the Dibendorf site.

The Emissions Database for Global Atmospheric Research (EDGAR) [Olivier et al., 1994; JRC/PBL, 2009] provides
greenhouse gas emissions on a 0.1° grid. The EDGAR emission inventory v4.2_FT2010 was used as an emis-
sion estimate, to calculate N,O source contributions (in ppb) at Dibendorf, by multiplying with the FLEXPART
source sensitivities. Therefore, we use the three hourly emission sensitivities from FLEXPART-COSMO, multiply
with the EDGAR emission estimates, and integrate over space and time, to simulate the total N,O source
contributions to Diibendorf (i.e., the N, O picked up in the 4 days prior to arrival at Diibendorf), and the contri-
bution of individual EDGAR source categories to total emissions. The mean source contribution and the mean
contribution from each category for the Diibendorf site are shown in Figure 1.

Four collocated category groups were defined from the 13 categories included in the EDGAR database for
N,O. These groups were selected to account for roughly equal fractions of the total source contribution and
to reflect similar source distributions (e.g., point versus disperse and urban versus rural) and emission types:
waste (IPCC emission categories 4B +6), energy/industry (hereafter “Energy” 1 + 2 + 3 + 4F), direct soil emis-
sions (4D), and indirect soil emissions (4D3 + 7). These four groupings are used throughout this manuscript
to simplify data analysis and visualization compared to considering all 13 categories.

2.5. EDGAR Emission Estimates: Temporal Variability and Isotopic Composition of Different

Source Categories

EDGAR country total emissions for Switzerland are generally in agreement with the Swiss emissions reported
to United Nations Framework Convention on Climate Change (UNFCCC) although certain categories deviate,
e.g., agricultural emissions are higher in the Swiss inventory [Federal Office for the Environment (FOEN), 2016]
(Figure S2 in the supporting information). Bottom-up studies show natural emissions in Switzerland are neg-
ligible compared to indirect anthropogenic emissions induced by increased N deposition, which are covered
under categories 4D3 and 7 in the EDGAR inventory [BiihImann et al., 2014, 2015; Vitousek et al., 2013; Carter
et al., 2012]. In agreement, top-down inversion studies, utilizing atmospheric N,O observations and trans-
port simulations, have found that natural sources across Europe contribute very little N,O compared to direct
and indirect anthropogenic sources [Bergamaschi et al., 2015]. In addition to their small magnitude, natural
sources exhibit high spatial and temporal variability which is difficult to represent without a complex land
model [Bouwman et al., 1995; Stehfest and Bouwman, 2006]. Natural sources were therefore not considered in
this study.

Previous inverse modeling studies have found that the EDGAR database is relatively accurate for total N,O
emissions in Europe with no large biases evident [Bergamaschi et al., 2015; Thompson et al., 2014b]. However,
the partitioning between source categories is highly uncertain; in addition, N,O emissions can be expected to
exhibit significant temporal variability which is not included in EDGAR. Therefore, seasonal variability of the
major source categories was defined using data and statistics for Switzerland, as north-east Switzerland was
found to be the main origin of transport footprints for Diibendorf (Figure 1). Isotopic composition ranges for
the different EDGAR source categories were estimated based on published literature data, to allow construc-
tion of a simulated a priori time series of mole fraction and isotopic composition covering the measurement
period. Categories are discussed using the category names from the EDGAR inventory; a detailed description
is given in the supporting information (Text S1), and the results are summarized in Table 1.
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Table 2. N, 0 Mole Fraction and Isotopic Composition in Diibendorf, Switzerland?®

Mixing Ratio (ppm) 5180 (%o) SP (%o) 515Nbulk (950)
This Study
Mean 3280+3.6 4437 +0.18 17.92 +0.45 6.47 +0.23
Mean background 3258+3.3 4441 +£0.13 17.95 + 0.40 6.53 +0.14
Trend (year‘1) 0.73+0.3 0.17 + 0.02 0.35 + 0.04 —0.03 + 0.02
Diurnal Cycle 1.39+0.28 —0.09 + 0.01 —0.07 £ 0.03 —0.12 +£0.02
Hateruma Island, Japan

Mean 4421 18.44 6.65
Trend (year’1) 0.72 0.016 +£0.007 —-0.050+0.027 —0.023 + 0.006

aSummary of N,O mole fraction and isotope composition from measurements made between
July 2014 and February 2016 at the Empa campus in Diibendorf, Switzerland. Errors are the 16 stan-
dard deviation. Diurnal cycle refers to the difference between nighttime (maximum mole fraction;
01:00-06:00) and daytime (minimum mole fraction; 13:00-18:00) average values. Mean values and
trends from Toyoda et al. [2013] for a decadal time series measured in flask samples between 1999
and 2010 at a background site (Hateruma Island, Japan) are shown for comparison. The trends from
Dibendorf should be regarded with caution, since the shortness of the time series, interannual
meteorological variability, and the location of the site close to considerable emissions may have
strongly influenced the estimate.

3. Results

3.1. Repeatability and Accuracy

The repeatability of target gas measurements (Figure S1) improved throughout the measurement period
as various advances were made with the instrumentation, such as the installation of a new laser source
(28 October 2015) and a temperature control system on the QCLAS electronics (20 January 2016). Thus, the
3 day standard deviation of repeated target gas measurements improved from 0.13%o, 0.33%o, and 0.22%o
in the first month of measurements to 0.08%o, 0.11%o, and 0.10%o for §'80, site preference, and §'°NPUk,
respectively, in the final month. The long-term drift correction from T1 (see section 2.3) was less than 0.10%o0
for all delta values in the final months.

The repeatability of N,O mole fraction data ranges from 0.2 to 1.6 ppb (3 day standard deviation of target gas)
over the 19 months of measurement, due to changes and random variability in the trapping procedure and
theinstrumentation that were not captured in the calibration. The repeatability generally improved, averaging
around 1.1 ppb at the start and 0.6 ppb at the end of the measurement period. The added complexity of the
trapping and correction back to atmospheric mole fraction means the precision is lower than conventional
online gas chromatography with electron capture detector (GC-ECD), Fourier transform infrared, or QCLAS
analysis (<0.1-0.3 ppb precision [Rapson and Dacres, 2014]). To investigate linearity and accuracy of mole frac-
tion measurements, we ran a 5 day intercomparison between the P-QCLAS technique and a QCLAS without
preconcentration in the Empa GAW-WCC lab (CO and N,O monitor, Aerodyne Research, Inc., USA). The aver-
age difference between the two techniques was 0.44 + 0.42 ppb; thus, the two instruments agreed very well,
particularly considering a slight time offset because the conventional QCLAS measures continuously while
the P-QCLAS set up integrates over the trapping time. Both instruments reproduced the diurnal cycle over
5 days—which ranged in magnitude between 2 and 6 ppb—with a slope of 0.89 and R? of 0.88 between the
two analytical techniques (Figure S3).

3.2. Variability in Measured N,0 Mixing Ratio and Isotopic Composition

The time series of mole fraction and isotopic composition of N,O measured at Diibendorf is shown in Figure 2
and summarized in Table 2. The mean mole fraction (328.9 + 3.6 ppb) is above the mean Northern Hemisphere
(NH) background value of 327.6 + 0.2 ppb for the same time period (Advanced Global Atmospheric Gases
Experiment network data [Prinn et al., 2013, 2000; Thompson et al., 2014al), as Dibendorf is a suburban site.
The observed trend for all data of 0.73 + 0.3 ppb yr~' in N,O mole fraction is in good agreement with the
result of 0.72 ppb yr~' for Hateruma Island, Japan [Toyoda et al., 2013], as well as the Northern Hemisphere
mean trend for the last 5 years of 0.94 + 0.02 ppb yr~' [Prinn et al., 2013, 2000; Thompson et al., 2014a].
The isotopic trends are much larger than observed previously [Toyoda et al., 2013], which may be due to
seasonality and/or interannual variability in isotopic composition and magnitude of the regional source.
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However, the mole fraction and isotopic trends from Dibendorf should be regarded with caution, since
the shortness of the time series, interannual meteorological variability, and the location of the site close to
considerable emissions may have strongly influenced the estimate.

The data show significant diurnal cycles in N,O mole fraction, §'80, SP, and §">NP"k (Figure 2), corresponding
to the nighttime buildup of isotopically depleted N, O emitted into the boundary layer on top of the isotopi-
cally enriched tropospheric background. The mean source isotopic signature at Diibendorf was estimated
with a Keeling plot approach using a weighted fit to the mean diurnal data [Keeling, 1958, 1960] to be
26.0 =+ 8.5%o, 5.4 + 13.0%o, and —21.6 + 10.1%so for 680, SP, and 6'°NbU, respectively, (R? = 0.91, 0.71, and
0.94). Variability in source isotopic composition will be discussed in detail in sections 3.4 and 3.5.

The mean diurnal cycle of N,O mole fraction at Dibendorf is 1.4 ppb, and changes of >5 ppb within 24 hours
are common. The diurnal cycle in isotopic composition, however, is rarely more than ~0.5-0.8%o0 and aver-
ages ~0.1%o (Table 2) for all isotopocules. In contrast, at a near-surface managed grassland site, Wolf et al.
[2015] only determined source isotopic composition when the overnight build up of N,O was >12 ppb -
changes of this magnitude are rarely seen at Dibendorf. Measurement precision of ~0.1%o is therefore clearly
needed to observe changes in isotopic composition at urban and suburban sites; it can be expected that even
higher precision is required for the more remote sites and towers typically used in inversion modeling studies
considering regional-scale sources.

3.3. Determining N, 0 Background From Measurement Data

The measurements at Dibendorf can be considered as a combination of regional to local scale sources
imposed upon a slow-moving background. An estimate of the background is therefore needed in order to
determine the source isotopic composition contributing above background N,O (as described in the next
section). Furthermore, in order to compare the measurements to the FLEXPART-COSMO/EDGAR model results,
the larger-scale background mole fraction which is not accounted for by the model is required —this corre-
sponds to N, O in the air parcel before it enters the spatiotemporal model domain. We therefore attempted
to estimate the background from the observations, assuming that at times the sampled air was not signif-
icantly influenced by recent emissions. The minimum 5% of mole fraction data points in a moving 10 day
window were flagged to represent this background. The isotopic baseline was determined by averaging the
isotopic values of the flagged background points and smoothing over a 10 day window. The flagged and
final smoothed backgrounds are shown in Figure S4. Varying the cutoff value to between 5 and 20% of mole
fraction data, or the size of the window between 5 and 15 days, did not affect the background within the uncer-
tainty limits (+0.5 ppb or 0.15%o). Uncertainty in the background mole fraction and isotopic composition,
defined as a running standard deviation, is propagated into all following calculations.

The mean background isotopic values are 44.41 + 0.13%o, 17.95 + 0.40%o0 and 6.53 + 0.14%o for 5’80, SP, and
81°NPUk respectively. These results agree well with background air measurements at Hateruma Island [Toyoda
et al, 2013] when the results from Toyoda et al. [2013] are extrapolated to 2015 (Table 2; no published
background site measurements are available for 2015). Isotopic composition moved both above and below
the background; however, the mean and median shifts from baseline were negative for all isotopocules,
corresponding to isotopically light sources. The distributions of shifts from the baseline were not normal but
skewed toward negative values for all isotopocules (Figure S4), because the tropospheric background is iso-
topically heavier than the mean source to balance the backflux of isotopically heavy N,O from the stratosphere
[Rahn and Wahlen, 1997; Kaiser et al., 2002; Toyoda et al., 2004].

3.4. Mixing Model to Determine the Integrated Source Isotopic Signature

The isotopic composition of the integrated total sources contributing N,O above background was esti-
mated from the observations at Dilbendorf (hereafter referred to as “measured source” isotopic composition).
Typically, a Keeling plot approach is used to find source isotopic composition [Keeling, 1958, 1960; Wolf et al.,
2015; Réckmann et al., 2016; Vardag et al., 2016]. However, for N,O in ambient air, changes in mole fraction
are very small, and thus, extrapolation to the intercept of (mole fraction)™! results in large uncertainties. The
Keeling plot method assumes both the source and background remain constant through the time window
over which the fit is calculated; an assumption that cannot be easily justified [Vardag et al., 2016]. Additionally,
the background uncertainty cannot be explicitly considered in the Keeling plot approach. Therefore, a
different method was used to find the source isotopic composition.
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Figure 3. One day (dark) and 5 day (pale points) moving mean .
source isotopic composition calculated from measured data using where C,, is the measured mole frac-
equation (2); data are only shown where the regression was significant,  tion and C, is the N,O mole fraction in
as described in section 3.4. The error bars (for 5 day values) show the background air; similar to the approach
16 uncertainty. The mean seasonal cycles are shown with black lines. detailed by Miller and Tans [2003]. This
The measured data points and mean seasonal cycle in above

background N, O is also shown for comparison. method assumes that the source isotopic

composition remains constant over the

time window of the calculation, while

the background is allowed to vary, and
the uncertainty in the background can be explicitly considered. This assumption is difficult to test; however,
the simulation indicates that there are no significant diurnal changes in the fraction of N,O from different
source types reaching Diibendorf over the measurement period (comparison of mean values for 04:00 to
07:00 and 16:00 to 19:00; p<0.01).

The measured source isotopic composition was determined for moving windows of 1 or 5 days, starting at
16:00 each day to coincide with the minimum N,O mole fraction. Only windows with at least five data points
and a fit significance for equation (2) of p < 0.05 were used. The individual error in mole fraction and isotopic
composition for each measurement and background point was assumed to follow a normal distribution and
used to find the error in the measured source isotopic composition following 200 iterations of equation (2)
for a Monte Carlo uncertainty approximation; as covariance was not considered the uncertainty estimates
may be at the lower limit. Both 1 and 5 day windows were considered to give a balance between temporal
resolution, number of data points in each fit, and uncertainty in the measured source isotopic composition:
With time windows shorter than 1 day, the uncertainty is too high for useful results, and for windows longer
than 5 days, the uncertainty improves very little and true temporal variability is lost. As stated in the previous
subsection, the background estimation method (i.e., time frame, cutoff between 5% and 20%) did not affect
the calculated background outside the uncertainty limits—as the background uncertainty is propagated in
equation (2), the background estimation method also has no significant impact on resultant source isotopic
composition. The mean uncertainties in the source isotopic compositions were 7.9%o, 4.1%o, and 1.9%o for
5 day and 14.2%e, 7.3%o, and 3.5%o for 1 day fits 6'80, SP, and 6'°NPUk, respectively, with an average buildup
of N,O above background of 3.3 ppb (~1% of the total N,0). In terms of uncertainty, the method performs
significantly better than the Keeling plot approach to determine source isotopic composition, where >12 ppb
N, O above background was needed to determine source isotopic composition with similar uncertainty [Wolf
etal.,, 2015].
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Figure 4. Isotopic composition of N,O sources. Literature estimates of the range of isotopic signatures for different
source categories are shown in the colors indicated in the legend; see Table 1 for details on the different categories.
The ambient isotopic composition measured at Dibendorf is shown in orange, while the measured source isotopic
composition calculated using equation (2) is shown in red. The simulated source isotopic composition, calculated using
the literature source signatures, is shown in green. For the different data sets, individual values are shown as small dots
and means are shown as large colored circles.

A time series of measured source isotopic composition is shown in Figure 3, with the mean seasonal cycle
shown as a spline fit. Seasonal cycles (summer-winter difference) are significant at p < 0.01 for all isotopes.
It can be seen that the 1 day and 5 day source isotopic compositions generally agree well and show the same
seasonal cycle, whereby 680 and SP show a peak in winter and a smaller peak in summer. The seasonal cycle
for 8"°NbUk is similar, but the winter peak is much less pronounced. Two-isotope plots of 5 day source iso-
topic composition are shown in Figure 4, for comparison with the measured ambient isotopic composition
and the isotopic signatures for sources estimated from literature. Both the literature estimated and measured
source signatures are isotopically depleted compared to the ambient measurements; however, the range in
measured source isotopic signatures is larger than the full range of previously estimated signatures including
uncertainty. Causes of variability in source isotopic composition will be investigated further in the following
sections.

3.5. Causes of Variability in Source Isotopic Composition

The relationships between measurements, 1 day mean measured source isotopic composition from
equation (2) and 1 day binned values for various air quality and meteorological parameters measured at the
Diubendorf NABEL station were investigated. Cross correlations are shown in Figure S5. As expected, strong
positive correlations (p < 0.01 and R? > 0.1) can be seen between all the indicators of “energy/industry” pollu-
tion such as SO,, NO,, black carbon, and PM10. Considering the descriptive power of these pollution tracers,
a “pollution index” was created from the normalized values for NO, and CO:

PI —( NOwe , SO >/2 3)
‘ Nox’max Comax

The pollution index can range between 0 and 1 with the highest values indicating the measurement points
with the greatest impact from urban/industrial pollution. Strong negative correlations are seen between
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Two-isotope plots illustrating the relationship of measured source isotopiccomposition to pollution index are
shown in Figure 5—these values are 5 day means and reflect local-/regional-scale transport and emissions,
and not diurnal cycles. Isotopic composition of sources exhibits varying relationships to urban pollution, as
indicated by the pollution index, for the different delta values. 5'80 shows a strong positive relationship with
urban pollution (p < 0.01) while SP shows a weak positive trend (not significant at p = 0.05). 5'°Nt"k shows
a weak but significant negative correlation (p < 0.05). These correlations are robust for almost all pollution
tracers (Figure S5). The results therefore show that urban emissions from the city of Zirich are characterized
by high-source §'80 and low-source §'5NPUk, For 6180, this is in agreement with the previously estimated
isotopic signature of the different source classes (Table 1 and Figure 4), whereby energy sources generally
show relatively high 6’80 values. A low influence of local urban/industrial pollution implies a higher propor-
tion of agricultural/soil emissions, as these are the major sources of N,O globally and in Switzerland [IPCC,
2013; FOEN, 2016]. Thus, greater influence from soil emissions leads to depleted source isotopic composition
for §'80 and enriched source isotopic composition for §'>NPUk, SP of emitted N,O does not correlate sig-
nificantly with pollution index, although a weak positive trend may be present (Figure 5). This suggests SP
does not respond strongly to the importance of urban/agricultural sources, and other factors such as season-
ally varying microbiological or abiotic emission pathways, or the proportion of biotic/abiotic N,O reduction,
may be of greater importance in determining SP than emission category. 6'*N°U shows a weak but signifi-
cant negative correlation (p < 0.05). These correlations are robust for almost all pollution tracers (Figure S5).

HARRIS ET AL.

SUBURBAN N, 0O ISOTOPIC COMPOSITION 1860



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025906

Wind speed 0 Mole fraction 0
3
2 All data
Summer (Jun-Sep)
270 R % 270 %0 Winter (Dec-Mar)
180 180
8'%0 0 SP 0 §715Nbulk 0
35 14 8
25 & 1
270 % 270 2 270 2
180 180 180

Figure 6. Dependence of wind speed, above background mole fraction and 1 day measured source isotopic
composition (from equation (2)) on wind direction at Diibendorf. Mean values for all data and for summer
(June-September) and winter (December-March) are shown for a moving 90° window.

For an in-depth understanding of temporal and spatial variability of soil N,O processes and isotopic
signatures, implementation of an isotope submodel in a biogeochemical soil model is required, which is
beyond the scope of this study.

To further examine the effect of spatially varying emission sources—and thus meteorology and
transport—on source isotopic composition, two approaches were considered: Using the local measured wind
direction at Dibendorf and using the modeled site footprint. Both wind speed and footprint were consid-
ered, as the inlet of the Diibendorf measurement site is only 13 m above ground and located near potential
emission sources; thus, the impact of subgrid cell processes could be significant. The influence of local wind
direction on mean wind speed, N,O mole fraction and measured source isotopic composition is shown in
Figure 6. The simulated site footprint was considered using a transport cluster analysis (analogous to that
presented by Pandey Deolal et al. [2014]); footprints were categorized into one of four clusters (Figure S6)
representing SW (1), local (L, 2), W (3), and NE (4) transport. Mean measured source isotopic composition, NO,,
CO, CH,, and wind speed for each cluster is shown in Figure 7.

The wind direction analysis shows that the strongest winds are from the southwest, particularly in winter,
due to a well-known flow channeling between the Alps and Jura mountains [Wanner and Furger, 1990].
Consequently, N,O mole fraction builds up to greater levels when slower northeasterly winds affect the site.
The cluster analysis similarly shows a clear distinction in winter between cluster 3 (W), which is dominated by
westerly flow and results in cleaner conditions (lower NO,, CO, and CH,), and the other clusters. In summer,
the influence on the site is more localized, and there is less difference between clusters and wind directions.
Both analyses show a significant dependence of measured source isotopic composition on the footprint of air
reaching the site; for example, particularly high §'0 for NE wind sector (0—90°) in winter can be clearly seen
in Figure 6. Source 580 is 5-15%o higher for clusters 1 (SW), 2 (L), and 4 (NE), and for wind directions between
270 and 180°, especially in winter. SP shows a similar but much weaker pattern in winter. §">N®U is highest
for clusters 3 (W) and 4 (NE) in both summer and winter and around 5%o higher in winter than in summer.

Considering the relationships between isotopic composition and urban pollution, as well as the wind direction
and footprint cluster analyses, three regimes can be considered for N,O at Diibendorf:

1. When the site is influenced by “clean” air (cluster 3 (W) or strong southwesterly winds), source §'80 is
low and " NPYk is high, and concentrations of pollution tracers are low. SP is low in winter and higher

HARRIS ET AL.

SUBURBAN N, 0O ISOTOPIC COMPOSITION 1861



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025906

All data
= \\/inter (Dec-Mar)
= Summer (Jun-Sep)

40
— 50
o) 35+
& p—
£ 4! o
2 | I g
g 34 I o
g I w0
X 20
=
1
°
—_ R
3 =
) E
a £
v 0
80 —— : : : 500
60| — 400}
3 Q. 300+
& 40t &
— O 200}
O 20t I
= i 100}
2300 —— : : : 4
g
2200} £ sl
2 2100} 2
) a
vq- 2000 [ w
I o
Y 1900t é;
1800

1 2 3 4
SW L W NE

Cluster

Figure 7. Mean values for different parameters for four footprint clusters over the whole measurement time period
and for summer (June-September) and winter (December—March). Isotopic values are the measured source isotopic
composition. Error bars are the 1o standard deviation. Cluster footprints are shown in Figure S6; in brief, clusters
represent transport from the southwest (SW), local (L), west (W), and northeast (NE) for 1-4, respectively.

in summer. The influence of clean air is particularly noticeable in winter, when wind speeds reach much
higher values.

2. Clusters 1/2 (SW/L) and low daytime wind speeds, especially in summer, characterize a local and southwest-
erly regional influence on N,0 measured at the site. Concentrations of pollution tracers are high, §'30 is
high, and §">NP"k js ow. Source 5'80, SP, and 6'>NPU are higher in winter than in summer.
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3. The site can be strongly affected by northeastern Swiss/European sources, described with cluster 4 (NE) and
wind direction between 0 and 90°. §'NbUk is highest in this regime in winter, while 5'80 is relatively low.
SP is higher and 6">NPY is much higher in winter than summer. Pollution tracer levels are moderate.

3.6. Modeling N,O0 Mole Fraction and Isotopic Composition

3.6.1. Modeling N, O Mole Fraction

The FLEXPART-COSMO transport model and modified EDGAR inventory as described in sections 2.4 and 2.5
were used to simulate above-background N,O mole fractions. The total source contribution at Diibendorf
and the contributions from different source categories are shown in Figures 1 (annual mean) and 8
(time series). The model results show that majority of above background N,O measured at the site is from the
city of Zurich and northeast Switzerland, with little transport across the Alps from Northern Italy. About 52%
of above background N,O is expected to be emitted by agriculture, with wastewater treatment (~22%) and
energy production (~16%) also contributing significantly.

The simulated time series (representing only N,O emissions picked up within the last 4 days prior to arrival
at Dubendorf) was compared to the observed above background N, O mole fractions (Figure 8). The simula-
tion and observations show moderate agreement with R? =0.34 considering the relatively high measurement
uncertainty and the small size of peaks (p < 0.01) using the seasonally adapted emissions (see Text S1), com-
pared to 0.28 for emissions without seasonality (“seasonality” and “no seasonality,” respectively, in Figure 8).
The agreement between the simulation and observations was significantly improved (p<<0.01) by adding
seasonality to the simulated emissions. The mean residual (observations — simulation) for no seasonality was
0.69 ppb and the mean residual with “seasonal” emissions was 0.56 ppb. The mean diurnal cycle was some-
what underestimated in the model, resulting in a slope of 0.55 between the simulation and the observations,
and reflecting the model’s difficulties in correctly representing the concentration buildup in the nighttime
stable boundary layer. The agreement is best between 15:00 and 21:00, with R =0.52 and a slope of 0.83
(Figure S7).

The significant seasonality in mole fraction, with higher mole fractions above background measured in
winter, is primarily driven by meteorology and captured well by the model (R?> = 0.93, slope = 1.01 for mean
monthly mole fractions). The seasonality added to the EDGAR prior emissions affects only categories 1A3
and 1A4—which account for 15% of the total emissions measured at Diibendorf—while for the remaining
categories (primarily soils and wastewater treatment) no seasonal variability was assumed. This leads to an
overall seasonal variation of <5% in the total emissions. The good agreement between simulated and mea-
sured seasonal mole fractions (Figure 8) therefore suggests that there is little seasonality in the remaining
emission categories. It is possible that the model has a seasonal bias; however, there are no significant sea-
sonal differences evident in model performance (Figure S7), suggesting that the model captures summer and
winter conditions similarly well. In contrast to our results, Thompson et al. [2011] found significant seasonality
of ~50% in total N,O fluxes in southern Germany using an inversion approach with continuous tall tower
measurements made at Ochsenkopf, around 350 km northeast of Dlibendorf. Microbial process emissions
respond to seasonal factors such as temperature and soil moisture and also a range of other parameters, such
as pH, substrate availability, fertilizer application and type, grazing, tillage, crop type, and freeze-thaw cycles
[Bouwman et al., 1995; Bouwman, 1996; Smith et al., 1998; Six et al., 2002; Amon et al., 2006; Owen and Silver,
2014; Wolf et al., 2010] —therefore, it is not unexpected that seasonalities differ at different sites. Interannual
and/or spatial differences between N, O fluxes and flux seasonal cycles are likely larger in magnitude than the
seasonal cycles themselves. Long-term measurements are currently too sparse, and no emission/transport
models have been published with the required degree of detail and accuracy, to judge the significance of this
discrepancy.

3.6.2. Simulating N, O Isotopic Composition

N, O isotopic composition at Diibendorf was modeled by multiplying the contributions from each source to
the total simulated N, O at Diibendorf with the isotopic composition of the source:

o > C X RX+C, X RX
N0 2G+G,

(4

where R)h“ZO is the simulated change in isotopic composition of N,O from the background due to the sources
expressed as an isotope ratio (RX = % where X and Y are the heavy and light isotopic variants, respectively,
e.g., '80 and °0); C; is the mole fraction contribution of source i from the FLEXPART-COSMO + EDGAR
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Figure 8. Comparison between observed and simulated N,O mole fractions at Diibendorf. The top panel shows the cumulative modeled fraction of N,0O
(above background) from each of the four categories waste, energy, direct, and indirect soil emissions, summing to 1. The second panel shows the observations
(red) and 10 error (shaded red) and the simulation without added seasonality (dark green) and with seasonality (green) in emissions. The third panel shows the
residuals. The bottom left panel shows the direct comparison between simulated and observed mole fractions. A 1:1 line is shown in black, and the fits for no
seasonality/seasonality simulations as dashed lines. The bottom center and right panels show the daily and monthly deviations from the overall mean for the
observations and the model.
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simulation; and RIX is the isotopic signature of source i estimated from the literature as described in section 2.5
and Table 1. C, and R)g are the N,O mole fraction and isotopic composition of background air, respectively
(section 3.3). Delta values were calculated relating simulated isotope ratios to the international scales. The sim-
ulated source isotopic composition values for the whole experimental period are shown on the two-isotope
plot (Figure 4) for comparison with the estimated ranges for different source categories (Table 1) and the
measured source isotopic composition found with equation (2).

The simulation was able to capture the mean diurnal cycle in isotopic composition for 680, SP, and §'SNPuk
(data not shown), as both the estimated source signatures and the measured sources are isotopically lighter
than the background (Figure 4). However, when only results from a certain time period were considered
(e.g., 15:00 and 21:00 when agreement in mole fraction between simulation and observations was best), there
was no agreement between simulated and measured isotopic composition. Similarly, there was no correla-
tion between monthly mean simulated and measured values. To investigate only the effect of partitioning
between different source types, the isotopic composition was also simulated using the modeled fractions of
different sources together with the measured total N,O mole fraction above background. This did notimprove
agreement between simulated and measured isotopic composition, which still only showed correlation due
to the average diurnal cycle.

The mean simulated source isotopic compositions are significantly different from the mean measured values
for all three isotopocules (Figure 4). The difference is particularly striking for §'>N°“, where almost all mea-
sured source isotopic composition fall above the mean simulated source isotopic composition. In addition,
the measured source isotopic compositions show up to 20 times greater variability than the simulated source
isotopic compositions, as shown in the scatter of the two data sets in Figure 4. The poor capability of the model
to simulate isotopic composition at Dilbendorf is likely due to uncertainties in both the modeled fractions of
N,O from each source at the site and the estimated isotopic signatures for different sources types (Table 1).
The range of measured source isotopic composition is even larger than the total range of literature-estimated
source signatures. This is a strong indication that the true range of source isotopic signatures is likely to be
larger than estimated from the literature, particularly for SP. The lack of representative literature values for
source isotopic signatures appears to be the major limitation on the use of N, O isotopic data to refine emission
estimates with inverse models; the small signal to noise ratio for N,O mole fraction and isotopic composition
data will also be challenging for emission estimates on the regional scale.

4, Discussion

N,O isotopic composition was measured at Dibendorf for 19 months, between July 2014 and February
2016, to produce the first long-term semicontinuous data set with high time resolution (<1 h~" during inten-
sive measurement periods) at a suburban site. Total source isotopic composition was determined for 1 and
5 day moving windows and compared to online measurements of chemical and meteorological parameters.
Additionally, N,O mole fraction and isotopic composition were modeled using FLEXPART-COSMO transport
simulations, EDGAR inventory emissions, and literature estimates of isotopic signatures for different source
categories.

To improve simulated N,O mole fraction, seasonality was added to several of nonagricultural source cate-
gories within the EDGAR inventory; these categories represented ~15% of the total above background N,O
at Diibendorf, and the resulting seasonality of the total emissions was <5%. Simulations using emissions
modified with seasonality agreed better with the observed data than simulations with unmodified EDGAR
emissions. The model was able to capture the significant seasonality in observed N,O mole fraction, whereby
higher above background N,0 mole fractions were seen in winter due primarily to meteorology, even though
85% of emissions did not have seasonal variability. This suggests that N,O emissions from the remaining
sources (primarily soils and wastewater treatment) do not show strong seasonality in Switzerland. In contrast,
Thompson et al. [2011] found significant seasonality in total N,O emissions in many European regions using an
inversion approach. Our study site is particularly responsive to local-regional scale emissions, and our results
suggest that the temporal variability of N,O emissions shows high spatial and/or interannual variability —as
large in magnitude as possible seasonal cycles—in agreement with global model results from Saikawa et al.
[2013]. The major N, O sources at Diibendorf are expected to be soil and agriculture [FOEN, 2016] (Figures 1
and 8). N, O emissions from these sources have been shown to vary in response to many factors, such as animal
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stocks, fertilizer application, crop types, and tillage [Buckingham et al., 2014; Ruser et al., 2006; Six et al., 2002;
Smith et al., 1998], as well as climate and soil parameters [McDaniel et al., 2014; Stehfest and Bouwman, 2006;
Papen and Butterbach-Bahl, 1999; Bouwman, 1996]. Thus, it appears that temporal variability in N,O emissions
from soils and agricultural sources cannot be parameterized by a simple seasonality function but may require
a more complex process-based model [Kraus et al., 2014; Butterbach-Bahl et al., 2001].

Considering correlations with various pollution tracers as well as the source region of air reaching the
Dibendorf site, the factors affecting measured N,O source isotopic composition were considered. §'80 shows
a strong, consistent relationship to pollution index (Figure 5; correlation significant at p < 0.01); therefore, it
is clearly the best isotopic tracer of urban/industry-emitted N,O in Diibendorf. This is consistent with mea-
surements from the urban area of Boston, which showed much higher variability in 5’80 than in SP and
5'5NPUk [Harris et al., 2014]. Our results were able to distinguish between clean air influence with low §'80
and high 6'°NbUk and a local or southwest influenced, more polluted regime with high 680 and low §13NPulk,
In contrast to the trend over the majority of the measurements, air from the northeastern sector resulted in
source signatures with low 5'80 and very high §'°NbUk despite moderately high pollution index (cluster 4,
Figure 7). Seasonality in measured source isotopic composition is much higher for urban/industrially pol-
luted transport regimes, and source isotopic composition is higher in summer than winter. Low 50 and
high 6'°NPU* can be associated with agricultural and natural soil-derived N,O, based on correlations with
tracers and transport—in contrast to literature estimates of source isotopic signatures, which generally show
lower §'*NPUk for soil-derived N,O (Figure 4 and Table 1). Thus, cleaner air measured at Diibendorf (i.e., less
industrial/urban pollution) has a greater proportion of soil-derived N, O, while air from the local area and the
southwest region has more N, O emitted by nonsoil sources, such as energy and industry. Northeast transport
results in urban/industry-influenced air at the site, based on pollution tracers, but N,O which is isotopically
consistent with agriculture. This could be explained by low combustion efficiency in this region, resulting
in elevated pollution index, thus illustrating the advantages of the isotopic approach to distinguish source
classes compared to tracer-tracer and other approaches.

The variability in measured isotopic composition of the total source (Figures 3 and 4) was much larger than
the simulated source isotopic composition, which uses literature estimates of isotopic signatures for the dif-
ferent source categories combined with FLEXPART-COSMO transport modeling. The measured 80 and SP
values for the total source were relatively similar to the prior estimates; however, almost all measured values
for 6" NbUk were higher than the estimated signatures (Figure 4). The globally averaged anthropogenic source
isotopic composition has been estimated from long-term time series in several studies to be between —6 and
36%o for 6180 and —19 and —6%o for §'>NPUk [Sowers et al., 2002; Réckmann et al., 2003; Ishijima et al., 2007;
Toyoda et al., 2013]; results for SP are inconclusive. We calculate a mean anthropogenic source isotopic com-
position of 25.4 + 9.6%o, —0.3 + 6.4%o, and 9.2 + 8.3%. for 6180, §'*NPUk, and SP, respectively. Our measured
value for the total source 6'80 falls well within the range for global studies; however, "> NP is higher than
global values.

We conclude that the variability of isotopic composition within different source types is extremely high,
particularly for 6" NbUk and SP—similar to the differences between source types. Seasonality is complex:
Isotopic composition is higher for all isotopologues in winter than in summer (p < 0.01), which cannot be
explained by seasonally varying proportions of different source processes, as 6'°NP is decoupled from §'80
and SP spatially and across source types. For example, if seasonal variability in the magnitude of the soil source
caused the seasonal cycle in isotopic composition, we would expect 5'>NPU to be higher in summer and SP to
have the smallest magnitude in seasonal cycle. The consistency in the seasonal cycle for all three delta values
may therefore suggests that reduction of N,O by denitrifiers has a much greater influence in winter, causing
N, O from soils to have enriched isotopic composition, particularly evident in cluster 4 (NE) results (Figure 7).
In contrast to the measurements, the variability in simulated source isotopic signature is very low—1-2
orders of magnitude less than measured (Figure 4)—suggesting that the signatures in isotopic composition
from literature strongly underestimate the true variability in source isotopic composition.

Isotopic signatures have been used as “fingerprints” for different microbial processes or for the imprint of
agricultural and total anthropogenic N,O on the preindustrial background [Perez et al., 2001; R6ckmann et al.,
2003; Toyoda et al., 2011; Park et al., 2011; Well et al., 2012]. Similarly to CH,, it has been suggested that inter-
pretation of N,O isotopic composition could be extended to distinguish between different anthropogenic
source classes [Lowe et al., 1994; Conny and Currie, 1996; Rigby et al., 2012; R6ckmann et al., 2016]. However, the
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results of this study suggest that for §'*NPU' and SP the variability within N, O source classes, due to responses
to many climatological, natural, and agricultural parameters, is as large as the differences between classes.
8"°Nbuk and SP of N, O are likely to provide more insight into the microbial and chemical processes leading
to emission than the emission category, while §'80 may be a useful indicator of industrial/urban versus soil
N, O emissions.

5. Conclusions

Preconcentration coupled with quantum cascade laser spectroscopy offers the potential for semicontinuous,
online measurements of N, O isotopic composition with long-term stability and precision comparable to tra-
ditional IRMS measurements. Analysis of a 19 month time series from Dibendorf, Switzerland, revealed that
680 is the best isotopic indicator of industrial/urban versus agricultural N,O, while SP and §'>N°“* show no
consistent dependence on specific sources. Comparison to model simulations showed that literature esti-
mates of source isotopic signatures strongly underestimate the true variability of these values, and a large
number of additional direct measurements of source isotopic composition are needed before ambient N,O
isotopic composition can be successfully applied to inversely infer emission strengths by source type on the
regional scale.

Isotopic measurements of N, O are particularly challenging to interpret on a regional scale with a complex mix-
ture of sources. At the site scale, where only a small number of well-defined sources dominate—for example,
microbial N,O production from agriculture—isotopic measurements can be used to understand variability
in N,O production pathways. Similarly, on the global scale over longer time periods, isotopic composition
will reflect decadal changes in the mean anthropogenic source and improve our understanding of changing
anthropogenic N,O emissions. Between the site and global scales, significant further investigations are
needed, in particular, regarding a thorough knowledge of the factors affecting source isotopic signatures.
In combination with the development of complex process and transport models for N,O emissions, online
analysis of N,O isotopic composition with P-QCLAS could offer significant potential to improve our under-
standing of the N,O budget.
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