
Development of a Spectroscopic Technique 
for Continuous Online Monitoring of 

Oxygen and Site-Specific Nitrogen Isotopic 
Composition of Atmospheric Nitrous Oxide*

Eliza Harris, David D. Nelson, William Olszewski, Mark Zahniser, Katherine E. Potter, 
Barry J. McManus, Andrew Whitehill, Ronald G. Prinn and Shuhei Ono

*Reprinted from 
Analytical Chemistry, 86(3): 1726–1734 
© 2014 with kind permission from the American Chemical Society.

Reprint 2014-6



The MIT Joint Program on the Science and Policy of Global Change combines cutting-edge scientific research with 
independent policy analysis to provide a solid foundation for the public and private decisions needed to mitigate and 
adapt to unavoidable global environmental changes. Being data-driven, the Program uses extensive Earth system 
and economic data and models to produce quantitative analysis and predictions of the risks of climate change and 
the challenges of limiting human influence on the environment—essential knowledge for the international dialogue 
toward a global response to climate change.  

To this end, the Program brings together an interdisciplinary group from two established MIT research centers: the 
Center for Global Change Science (CGCS) and the Center for Energy and Environmental Policy Research (CEEPR). These 
two centers—along with collaborators from the Marine Biology Laboratory (MBL) at Woods Hole and short- and long-
term visitors—provide the united vision needed to solve global challenges.  

At the heart of much of the Program’s work lies MIT’s Integrated Global System Model. Through this integrated 
model, the Program seeks to: discover new interactions among natural and human climate system components; 
objectively assess uncertainty in economic and climate projections; critically and quantitatively analyze environmental 
management and policy proposals; understand complex connections among the many forces that will shape our 
future; and improve methods to model, monitor and verify greenhouse gas emissions and climatic impacts.  

This reprint is one of a series intended to communicate research results and improve public understanding of 
global environment and energy challenges, thereby contributing to informed debate about climate change and the 
economic and social implications of policy alternatives.    

 Ronald G. Prinn and John M. Reilly,
 Program Co-Directors  

For more information, contact the Program office: 
MIT Joint Program on the Science and Policy of Global Change

Postal Address: 
Massachusetts Institute of Technology 
77 Massachusetts Avenue, E19-411 
Cambridge, MA  02139 (USA)

Location: 
Building E19, Room 411 
400 Main Street, Cambridge

Access:  
Tel:  (617) 253-7492 
Fax: (617) 253-9845 
Email: globalchange@mit.edu 
Website:  http://globalchange.mit.edu/



Development of a Spectroscopic Technique for Continuous Online
Monitoring of Oxygen and Site-Specific Nitrogen Isotopic
Composition of Atmospheric Nitrous Oxide
Eliza Harris,*,†,‡ David D. Nelson,§ William Olszewski,† Mark Zahniser,§ Katherine E. Potter,†

Barry J. McManus,§ Andrew Whitehill,† Ronald G. Prinn,† and Shuhei Ono†

†Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Massachusetts, 02139 United States
‡Laboratory for Air Pollution and Environmental Technology, Swiss Federal Institute for Materials Science and Technology (EMPA),
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ABSTRACT: Nitrous oxide is an important greenhouse gas
and ozone-depleting-substance. Its sources are diffuse and
poorly characterized, complicating efforts to understand
anthropogenic impacts and develop mitigation policies. Online,
spectroscopic analysis of N2O isotopic composition can provide
continuous measurements at high time resolution, giving new
insight into N2O sources, sinks, and chemistry. We present a
new preconcentration unit, “Stheno II”, coupled to a tunable
infrared laser direct absorption spectroscopy (TILDAS) instru-
ment, to measure ambient-level variations in 18O and site-
specific 15N N2O isotopic composition at remote sites with a
temporal resolution of <1 h. Trapping of N2O is quantitative up
to a sample size of ∼4 L, with an optimal sample size of 1200−
1800 mL at a sampling frequency of 28 min. Line shape
variations with the partial pressure of the major matrix gases N2/O2 and CO2 are measured, and show that characterization of
both pressure broadening and Dicke narrowing is necessary for an optimal spectral fit. Partial pressure variations of CO2 and bath
gas result in a linear isotopic measurement offset of 2.6−6.0 ‰ mbar−1. Comparison of IR MS and TILDAS measurements
shows that the TILDAS technique is accurate and precise, and less susceptible to interferences than IR MS measurements. Two
weeks of measurements of N2O isotopic composition from Cambridge, MA, in May 2013 are presented. The measurements
show significant short-term variability in N2O isotopic composition larger than the measurement precision, in response to
meteorological parameters such as atmospheric pressure and temperature.

Nitrous oxide (N2O) is a potent, long-lived greenhouse
gas1 and, as a source of reactive nitrogen to the

stratosphere, the dominant contributor to catalytic ozone
destruction in the 21st century.2 Since preindustrial times, N2O
mixing ratio in the troposphere has increased from 270 ppb to
the current level of 324.2 ± 0.1 ppb (2011) with an average
growth rate of 0.2−0.3% yr−1 over the past decades.3−5 This
increase has been attributed to anthropogenic perturbation of
the nitrogen cycle, in particular the application of inorganic
fertilizers.5−8 The N2O budget, however, is poorly constrained
due to the high spatial and temporal variability of fluxes, which
limits our ability to develop targeted mitigation policies.9,10

Precise measurements of isotopologues of nitrous oxide (i.e.,
14N15N16O, 15N14N16O, and 14N14N18O) provide a useful
constraint to quantify contributions from different N2O
sources. [Site specific 15N composition: 14N15N16O = 15Nα

and 15N14N16O = 15Nβ. Site preference in 15N composition: SP
= 15Nα − 15Nβ. Bulk 15N composition: (δ15Nβ + δ15Nβ)/2 =
15Nbulk. See Toyoda et al. (2013)5 for a detailed account of
isotope notation and terminology.] The major source of N2O is
microbial production in natural and agricultural soils, by both
nitrifying and denitrifying bacteria. A number of studies have
shown that the isotopic composition of N2O can be used to
distinguish between different microbial source pathways: The
bulk 15N composition of N2O indicates the contribution of
natural versus fertilized agricultural soil emissions,7,11,12 while
the site preference is independent of the reaction substrate and
can be used to quantify different microbial processes, i.e.,
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nitrification versus denitrification.11−13 Relationships between
δ15Nα, δ15Nβ, and δ18O indicate the relative importance of N2O
reduction to N2, and the oxygen isotopic composition also
reflects the water in the environment where N2O was
formed.14−17 In the troposphere, N2O is stable, and the
major sink is transfer to stratosphere, where N2O is destroyed
photolytically. UV photolysis is shown to produce a strong
enrichment in δ18O and δ15N of the residual N2O, in particular,
the central position 15N (15Nα).18−20 This enrichment in 15Nα

can be a particularly powerful tracer to quantify the magnitude
of troposphere−stratosphere exchange, which is one of the
largest uncertainties in the global N2O budget.21 The δ15N and
δ18O composition of ambient N2O shows a definite decreasing
trend over the past decades, reflecting the increasing
contribution of anthropogenic emissions, while observed trends
in site preference remain inconclusive.5,7,22,23

Until recently, isotopic measurements of N2O have used the
traditional technique of flask sampling followed by laboratory-
based isotope ratio mass spectrometry (IR MS). While this
technique shows excellent precision for δ18O and δ15N, it is
unsuitable for field deployment, and continuous monitoring
with high time resolution is technically challenging. In addition,
site preference measurements are complicated by scrambling in
the ion source, non-mass-dependent oxygen isotope composi-
tion, and mass interferences such as CO2.

24−27 Unlike IR MS,
tunable infrared laser direct absorption spectroscopy (TILDAS)
measures fundamental rovibrational bands of nitrous oxide
isotopologues in the midinfared regions at high precision; thus,
the technique can be used to directly distinguish between 15Nα

and 15Nβ. TILDAS techniques have been applied to a number
of isotopic systems such as CO2 and O3.

28,29 Several recent
studies have shown the potential of TILDAS measurement
coupled to a preconcentration unit for continuous, online
measurement of N2O isotopic composition.30−33

This study presents a new instrument that will be used to
conduct online, real-time measurements of N2O istopic
composition at Mace Head Atmospheric Research Station,
Ireland, as part of the AGAGE network (http://agage.eas.
gatech.edu). A cryogen-free preconcentration unit with no

chemical traps was developed to allow continuous, long-term
monitoring at this remote site with minimal maintainance. For
the first time, isotopic reference gases labeled for both δ18O and
site-specific δ15N isotopic compositions were synthesized and
measured with both IR MS and TILDAS. A comprehensive
treatment of matrix dependence for TILDAS results is
presented, as well as cross-calibration of site-specific isotope
ratios against IR MS method, with an investigation of
scrambling corrections for IR MS. Ambient air measurements
and TILDAS to IR MS comparison show that TILDAS is both
accurate and precise enough to observe ambient changes in
δ18O, 15Nα, and 15Nβ of N2O with a temporal resolution of 0.5−
2 h.

■ MATERIALS AND METHODS
Fully Automated Cryogen-Free N2O Preconcentra-

tion. For N2O preconcentration, we use a modified Medusa
system34 known as “Stheno II”. [The “Stheno II” unit discussed
here is a new unit, improving upon the principles used for the
original “Stheno” preconcentration unit described in Potter et
al. (2013).35] Medusa is a fully automated cryogen-free
preconcentration unit coupled to GC/MS used to measure a
number of CFCs and other non-CO2 greenhouse gases at
AGAGE stations;34 a similar system has been used previously to
preconcentrate N2O for isotope measurements.32,35 The
preconcentration procedure involves collecting N2O on a
glass beads trap at approximately −156 °C and is described in
detail in section S1 of the Supporting Information. Our system
differs from previous preconcentration units used for
spectroscopic measurements31−33 in a number of ways; most
notably, it uses a glass beads trap rather than a HayeSep D trap
to adsorb N2O, and CO2 is not removed from the sample air
stream. These changes allow long-term operation with minimal
maintenance. A basic schematic of the preconcentration unit is
shown in Figure 1, and an example of the preconcentration/
trapping routine is presented in Figure 2.

Spectroscopic Analysis of N2O Isotopic Composition
with TILDAS. Spectroscopic measurements are made with a
dual-laser TILDAS instrument (Aerodyne Research Inc.),

Figure 1. Schematic of the modified Medusa system “Stheno II”, developed for preconcentration of N2O without the use of chemical traps or liquid
nitrogen. V specifies a valve, T is a trap, DP specifies a diaphragm pump, ZA = zero air, AA = ambient air, CA = compressed air. The instrument is
shown with valve 3 in the “trapping” position. The system is described in detail in section S1 of the Supporting Information.
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shown as the laser cell in Figure 1. The instrument has two
lasers tuned to 2188 and 2203 cm−1 to measure the four
isotopocules of N2O, as shown in Figure 3. The spectroscopic
measurements are described in detail in section S2 of the
Supporting Information. Measurements are made at a pressure
of 10 mbar with an N2O mixing ratio of 65 ppm and a CO2
mixing ratio of 8% (see section S2.2 in the Suppporting
Information). Standards are run between every sample peak, as
shown in Figure 2 (standards are discussed in section S2.4 in
the Supporting Information). Following acquisition of the raw
concentration data, corrections are made to account for

background, matrix effects, and calibration to the international
isotopic standard scale. The data analysis procedure and
associated corrections are described in detail in section S2 of
the Supporting Information, and an example of the data
analysis cycle is shown in Figure S2 in the Supporting
Information.

Synthesis of Standards by NH4NO3 Decomposition. A
range of isotopic standards were synthesized via NH4NO3
decomposition to compare isotopic measurements between
IR MS and TILDAS. The synthesis is described in detail in
section S3 of the Supporting Information, and only a brief
description will be given here. NH4NO3 with a range of isotopic
compositions was produced from recrystallizing stock NH4NO3
with isotopic spikes of Na15NO3, Na14NO3,

15NH4Cl, and
14NH4Cl, as well as equilibration with H2

18O. The NH4NO3

was flame-sealed into glass tubes and decomposed at 270 °C to
form N2O, which was purified by distillation with dry ice−
ethanol and liquid nitrogen.36 Five standards were produced
with varying 15N and 18O compositions, as detailed in Table S2
in the Supporting Information.

Analysis of N2O Isotopic Composition with Isotope
Ratio Mass Spectrometry. Isotopic composition of N2O
standard gases was measured with IR MS (Thermo Electron
MAT 253). Pure N2O was used for analyses; gas chromato-
graphic analysis with a thermal conductivity detector (TCD)
showed no detectable CO2 in N2O samples derived from
NH4NO3 decomposition (see Figure S6 in the Supporting
Information). Following Toyoda and Yoshida (1999), N2O

+

(masses 44, 45 and 46) and NO+ (masses 30 and 31) ions were
measured to determine position-specific 15N substitutions.25,27

Analysis conditions are summarized in Table S3 in the
Supporting Information, and NO+ ion scrambling factors are
discussed in the sectinon describing Scrambling in the Ion
Source in IR MS Analyses.

■ RESULTS AND DISCUSSION
Comparison of TILDAS and IR MS Measurements. The

five N2O standards synthesized by ammonium nitrate
decomposition (Table S2 in the Supporting Information) as
well as the two laboratory reference gases Ref I and Ref II were
measured with IR MS and TILDAS in order to cross-calibrate
the TILDAS and IR MS measured isotopologue ratios and
investigate the accuracy of the two techniques considering IR
MS scrambling factors and TILDAS matrix corrections. The
results are presented in Table S4 in the Supporting Information
and summarized in Figure 4, and show very good agreement
between the IR MS and TILDAS for most samples. The
instrument comparison shows that TILDAS is able to provide
accurate results across a wide range of N2O, CO2, and bath gas
compositions and N2O isotopic compositions. TILDAS
measurements at 23.5 and 40.5 ppm N2O are not accurate:
at [N2O] < approximately 45 ppm (at 0.010 atm, 1.7 × 1013

molecules cm−3), peaks are too small for fitting (<4%
absorption depth), and results are not accurate. Sufficient
N2O should be trapped to achieve at least 45 ppm in the cell at
0.010 atm, corresponding to ∼1 L of air at a typical
atmospheric N2O mixing ratio of 327 ppb.

Matrix Effects on Spectroscopic Line Shape and Measure-
ment Accuracy. The composition and pressure of the matrix
has a significant effect on line shape, and thus on data fits and
measurement accuracy. Samples (trapped ambient and com-
pressed air) and standards are therefore matrix-matched as
closely as possible. Measurement accuracy was tested across a

Figure 2. Trapping routine used for N2O preconcentration on a
liquid-nitrogen-free glass beads trap, coupled to TILDAS isotope
measurement. The first panel shows the cold head (red) and trap
(blue) temperatures. The second panel shows the flow rate through
the trap (purple; both flush and sample) and the flushing flow used to
push the sample into the laser cell (orange; spikes are due to multiport
valve switching and do not affect measurement). The third panel
shows the pressure (green) and temperature (red) in the laser
measurement; the periods where the cell is cleaned are indicated, and
Std refers to a standard while Sam refers to a sample. The fourth panel
shows the concentration (molecules cm−3) of N2O (major isotope;
blue) and CO2 (gray) measured in the laser cell.
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range of matrix compositions. A brief description of the results
is given here; full details are presented in section S2.4 of the
Supporting Information. The primary matrix gas in the laser cell
is zero air, hereafter referred to as the “bath gas”; the N2:O2

ratio of the bath gas does not have any significant effect on the

peak shape (Figure S4 in the Supporting Information) or on
measurement accuracy, as shown with measurements of Ref II
in a bath gas of 100% N2 and 100% O2 (Figure 4). The total
pressure of bath gas, on the other hand, has a significant effect
on the results, affecting measured isotopic composition by

Figure 3. Measured (blue dots) and fitted (red line) spectra for laser 1 (2188 cm−1) and laser 2 (2203 cm−1). The peaks used for isotope
measurements are circled with a gray dashed line. Measurement conditions: 8.9% CO2, 69.5 ppm N2O in synthetic air, P = 11.9 mbar, T = 298 K,
path =76 m. The HITRAN lines and simulated (≡expected) spectra for the two lasers are shown in Figure S1in the Supporting Information for
comparison with the measured and fitted spectra.

Figure 4. Comparison of N2O isotope ratios measured with IR MS (y-axis) and TILDAS (x-axis) for the four isotopocules of N2O. The offsets
between the two techniques (TILDAS−IR MS) are shown under each plot. The exact values can be seen in Table S4 in the Supporting Information.
The majority of samples were measured in the normal matrix (blue squares), but accuracy was tested across several matrix perturbations: low N2O
mixing ratio (yellow open and green filled circles), high CO2 mixing ratio (red squares), and N2 and O2 bath gases (purple star and gray diamonds,
respectively). 18O enriched samples are indicated with open blue stars due to importance of 18O composition when calculating site-specific 15N
composition of N2O with IR MS.
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∼2.6−6 ‰ mbar−1. The measurement pressure for standards is
therefore regulated by the bulk expansion volume pressure
(∼750 mbar; section S2.2 in the Supporting Information) in
the “standard reservoirs” shown in Figure 1, while the pressure
for trapped sample measurements is controlled to within ±2%
by the length of the flush into the cell (∼90 s; section S1 in the
Supporting Information and Figure 2). An empirical pressure
correction is applied to account for the small differences in
pressure that remain (±0.3 mbar; section S2.3 in the
Supporting Information).
The CO2 partial pressure affects the measurement accuracy

with the same order of magnitude as the bath gas pressure
(∼2.6−4 ‰ mbar−1; Table S1 and Figure S3 in the Supporting
Information); however, it cannot be controlled in trapped
samples as the ambient pressure of CO2 shows significant
temporal variation, for example >10% at Mace Head
Station.37,38 A pressure correction is therefore also applied to
account for differences in CO2 partial pressure, in addition to
the pressure correction for bath gas pressure (section S2.3 in
the Supporting Information). The empirically determined
pressure dependencies are highly linear over the range of
interest and show less than 5% change over longer time periods
(section S2.4, Table S1 in the Supporting Information);
therefore, they introduce <0.05‰ error under normal
measurement conditions. Ref II was measured in a matrix
with 14% CO2 equivalent to an ambient mixing ratio of 700
ppm, requiring pressure corrections of −1.73 ± 0.09‰, 1.67 ±
0.08‰, and −2.56 ± 0.13‰ for δ15Nα, δ15Nβ, and δ18O,
respectively. The pressure-corrected measurement showed very
good agreement with IR MS and other TILDAS results, as
shown in Figure 4 and Table S4 in the Supporting Information.
The pressure dependence of isotopic measurements is most

likely caused by changes in peak shape and broadening in
response to different matrix gases. Peak width in the TDL
Wintel software used for spectroscopic data analysis (Aerodyne
Research, Inc.) is described by an approximated Voigt profile,
which can be deconvolved into contributions from the
Gaussian Doppler line shape function and the Lorentz line
shape function due to pressure broadening.39 Both Gaussian
and Lorentzian line widths were estimated as a function of
pressure (see Figure S7 in the Supporting Information) by
fitting measured spectra to a Voigt profile to find an optimum
fit and exact width. The extent of pressure broadening and
Dicke narrowing were estimated for comparison with literature
values from the HITRAN database.40,41 The measurements and
calculations are presented in section S4 of the Supporting
Information; the results will be described here. [Pressure is in
units of atmospheres (atm) in this section for consistency with
the HITRAN database.]

The parameters describing peak shape are summarized in
Table 1. For all four N2O peaks, it can be seen that the derived
air broadening coefficients are consistently higher than given in
the HITRAN database: ∼2% for 14N14N16O and 14N14N16O
(within the uncertainty of HITRAN data), 6% for 15N14N16O,
and 8% for 14N14N18O (significantly different to HITRAN
data42−44). The HITRAN values for N2O are measured at high
pressures (>0.09 atm,42,43) relative to the pressures at which
these measurements were made (∼0.01 atm); more impor-
tantly, while the HITRAN line widths and strengths are taken
from measurements of both 14N14N16O and the minor isotopes,
the HITRAN broadening coefficients are taken from measure-
ments of only 14N14N16O.42−44

Although the estimate of Dicke-narrowing factor45 (eq S7 in
the Supporting Information) is based only on a parametrization
and the effects of narrowing are expected to be largest at
∼0.06−0.07 atm,46 the results clearly show that there is
significant narrowing at the low pressures used in the TILDAS
cell. At measurement pressure of 10 mbar (0.01 atm), the
Doppler width (2−2.3 cm−1 for the four N2O peaks; see Figure
S7 in the Supporting Information) contributes a large part of
the total Voigt line width (2.4−2.8 cm−1). Dicke narrowing has
a significant impact on the Doppler width and the fit,
accounting for ∼50% of peak width change with pressure,
and thus it is an important feature needed to gain accurate and
precise results. We have implemented this narrowing into our
fits and find a significant improvment in precision of repeated
measurements on the order of 3−4×; e.g., precision on δ15Nα is
0.25−0.4‰ without the “Dicke factor” and improves to 0.07−
0.15%‰ when the “Dicke factor” is included in the fit.

Scrambling in the Ion Source in IR MS Analyses. Site-
specific N2O isotopic composition is measured indirectly in the
IR MS, by monitoring the isotopic composition of N2O

+ ions
(m/z = 44, 45, 46) and NO+ ions (m/z = 30, 31). 15NO+ ions
result primarily from fragmentation of 14N15NO; thus, the site-
specific isotopic composition can be inferred.24−26 This method
is complicated by scrambling in the ion source, which means
that ∼8% of 15NO+ is actually derived from 15N14NO, and also
relies on the assumption that the oxygen isotopic composition
is mass-dependent.27 This assumption is the reason why the
site-specific isotopic composition for the 448-H sample, which
is strongly enriched in 18O, is poorly characterized with IR MS
measurements, as shown in Figure 4: the directly measured
value of δ18O (mass 46) is used to infer δ17O according to a
mass-dependent relationship (eq 9 in the Supporting
Information). The inferred δ17O is then used to iteratively
calculate site-specific 15N isotopic composition from masses 45
(15N14N16O+, 14N15N16O+, and 14N14N17O+) and 31 (15N16O+

and 14N17O+) (see eqs 10, 11, and 13 in the Supporting

Table 1. Air-, Self-, and CO2-Broadening Coefficients in cm−1 atm−1 for N2O and CO2 Peaks Measured by Varying Air (Bath
Gas) Pressure between 0.0076 and 0.0113 atm and CO2 Pressure between 0.0005 and 0.0013 atma

Lorentz width

γair Doppler width

molecule peak position HITRAN this study γself HITRAN γCO2 this study βair βCO2
14N14N16O (41) 2188.0448 0.0838 0.0858 0.110 0.0268 3.70 9.73
14N15N16O (42) 2187.9432 0.0798 0.0812 0.104 0.0409 4.05 16.56
15N14N16O (43) 2187.8460 0.0774 0.0837 0.101 0.0408 5.53 14.97
14N14N18O (44) 2203.2808 0.0774 0.0818 0.101 0.0286 4.84 11.91

aSee Figure S7 in the Supporting Information. N2O pressure was 5 × 10−7 atm; thus, self-broadening of N2O was negligible during measurements.
Molecule: numbers in brackets refer to the HITRAN identification number of the molecule. Peak positions are cm−1.
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Information). Thus, if the sample oxygen isotopic composition
is not mass-dependent, the calculated values of δ17O and thus
site-specific N2O isotopic composition are incorrect. In
contrast, TILDAS is able to accurately measure site-specific
15N substitutions across a large range of δ17O, δ18O, and Δ17O
values.
Scrambling in the ion source was considered by comparing

the measured isotopic composition of the standards (not
including 448-H), which have site preference values ranging
from −1.76 to +15.09‰, between the IR MS and the TILDAS.
Although the TILDAS values have an associated measurement
error, the site-specific 15N substitutions are directly measured;
thus, there is no systematic relationship between site preference
and error. Averaging across all the seven standards can
therefore give an accurate view of IR MS measurement quality
without a bias from TILDAS measurement uncertainty. The
calculations used for the scrambling corrections (from refs 25,
27, 47) are presented in section S5 of the Supporting
Information, and the results are summarized in Figure 5.
Two possible scrambling models are considered: “one-factor”
scrambling, with equal yield of 15NO+ from 15N14NO and
14NO+ from 14N15NO described by a single scrambling factor γ,
i.e., γ of 0.08 means 8% of 15NO+ is derived from 15N14NO and

similarly for 14NO+, and “two-factor” scrambling, where the
scrambling of 14N15NO (γα) is not equal to the scrambling of
15N14NO (γβ) (differences due to other isotopic substitution
possibilities are not accounted for, e.g., clumped, 17O, 18O).
More complex scrambling models have also been consid-

ered;27 however, the number of standards in this study is too
small to consider the accuracy of models with a larger number
of variables.
In agreement with the results of Westley et al.,27 scrambling

is more complex than a one-factor scrambling model can
account for: The IR MS and TILDAS results never agree within
the measurement error (Figure S8 in the Supporting
Information) with the one-factor correction. Overall, best
agreement is seen for one-factor scrambling with γ = 8%,
consistent with results obtained using similar source con-
ditions.24,25,27 However, for calculation of δ15Nα, best agree-
ment is obtained with a scrambling factor of 9%, highlighting
the limitations of the one-factor model.
The results from comparison of IR MS and TILDAS with

two-factor scrambling show ∼0.05‰ improvement in accuracy
for the IR MS measurement compared to one-factor
scrambling. The accuracy of results is much more sensitive to
the scrambling of 14N15NO (γα) than 15N14NO (γβ). From
consideration of δ15Nα, δ15Nβ and site preference, it is clear that
the optimal value of γα is 8−9%, in agreement with previous
studies,24,25,27 while the optimal value of γβ is clearly lower,
between 2 and 4%. This value is much lower than reported by
previous studies (e.g., single factor of 8.5% from Brennink-
meijer et al. 2009;24 γβ of ∼9% from Westley et al. 200727).
This study presents the widest range of isotopic references
gases yet considered and does not rely on primary calibration
through techniques such as NH4NO3 decomposition or
enriched gas mixing,24,25,27,47 which give uncertainties of
>0.2−0.3‰ in site preference, but instead presents the first
laser spectroscopy-calibrated consideration of IR MS scram-
bling. The accuracy of standard site preference values in
previous studies may not have been high enough to fully assess
the optimum value of γβ, considering that the calculated site
preference is much less sensitive to the chosen value of γβ than
the value of γα.
Even with the optimized two-factor scrambling model,

correcting for scrambling in the ion source introduces an
error larger than the combined IR MS and TILDAS
measurement uncertainty for both δ15Nα and site preference
(δ15Nβ is accurate to within the measurement uncertainty). The
error that is introduced depends on the site preference value of
the N2O being considered; therefore, both measurement
precision and accuracy are affected. This limits the potential
of IR MS measurements for high-precision monitoring of site-
specific N2O isotope ratios in lab and field studies, particularly
at remote background sites like Mace Head where relevant
changes in isotopic composition are very small.

Isotopic Measurements in Preconcentrated Samples.
Trapping Efficiency: Trace Gas Recovery. Quantitative
recovery of N2O following trapping is critically important to
prevent introduction of isotope fractionation by absorption/
desorption processes.48,49 Unlike previous instruments,31−33

the Stheno II preconcentration unit (and the predecessor
Stheno I35) uses a glass beads trap instead of the stronger
HayeSep D adsorbent. The major advantage of the glass beads
trap is that no N2/O2 is trapped from the air; thus, the bath gas
is added as a flush with a known composition, making the
pressure and matrix easier to accurately control. The range over

Figure 5. Absolute accuracy of site-specific N2O isotopic measure-
ments made with IR MS (defined as |(δ15Nα)IRMS −(δ15Nα)TILDAS|
averaged across the six N2O standards, and similarly for δ15Nβ and site
preference). Two-factor scrambling results are shown with the contour
plot: γα (x-axis) shows the scrambling of 14N15NO, and γβ (y-axis)
shows the scrambling of 15N14NO. The lowest point of the contour
plot shows the optimum scrambling factors. The dashed line indicates
where both factors are equal, which is equivalent to the one-factor
scrambling model. The star indicates where the deviation for the one-
factor model is at a minimum (see Figure S8 in the Supporting
Information for a full plot of one-factor scrambling results).
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which glass beads can efficiently trap N2O was investigated by
trapping increasing amounts of sample and comparing the
measured and expected N2O and CO2 concentrations, as
shown in Figure 6. N2O is efficiently trapped when the sample

volume is <4 L; CO2 is efficiently trapped until ∼2 L. It is
desirable to use the minimum trapped volume, to conserve
sample when measuring flask samples and to achieve the
highest possible time resolution when making continuous
ambient measurements; however, at N2O mixing ratios <45
ppm (at 10 mbar total cell pressure) isotopic analysis is no
longer accurate (see section describing Comparison of TILDAS
and IR MS Measurements). The “optimal trapping range” is
therefore 1200−1800 mL of ambient air. Within this range,
N2O recovery is >99%, and therefore, the fractionation
introduced by trapping is negligible.
Measurements of N2O Isotopic Composition in Ambient

Samples from Cambridge, Massachusetts. N2O isotopic
composition was measured continuously from MIT’s “Green
Building” for two weeks between March 3 and 16, 2013. The
sampling inlet was located on the roof of the 18-story (95 m)
building and connected to sampling pumps (see Figure 1) with
>50 m of Synflex 1300 tubing (Eaton Corporation). Samples
were measured every 28 min, and for every 5−10 ambient air
samples, one compressed air sample (medical grade, Airgas
Inc.) was measured to monitor trapping efficiency and
precision. The compressed air measurements and precision
histograms are shown in Figure S9 in the Supporting
Information; the capabilities of the instrument are summarized
in Table 2. Precision is better for δ15N than δ18O due to the
relatively small absorption depth of the 14N14N18O peak
(Figure 3).
Ambient air measurements over the 13-day period are shown

in Figure 7. The scatter in ambient air measurements (“true”
variability + measurement error; bars in Figure 7 histograms)
was compared to the scatter in compressed air measurements
(measurement error only; smooth line in Figure 7 histograms),
to determine if the instrument precision is sufficient to see
changes in isotopic composition of ambient air. δ18O values
show a large amount of true variability over the measurement
period; thus, although precision is lowest for this isotopocule,
the precision is sufficient to observe ambient variations for both
single measurement and four-point moving average. For δ15Nβ,
there is some true variability outside the measurement error
with single measurements, although the difference between

frequency distributions is much clearer for the four-point
average data. The true variability is smaller than the
measurement error of single measurements for both δ15Nα

and δ15Nbulk; true variability of these isotopocules can only be
resolved using the four-point moving average.
The isotopic measurements were compared to weather

variables to examine causes of variability in isotopic
composition. The weather data is shown in Figure S10 in the
Supporting Information, and correlations are summarized in
Table S5 in the Supporting Information. All four isotopomers
show a significant relationship to pressure: a positive
correlation for δ18O and a negative correlation for all 15N
isotopomers. This correlation may relate to exchange of free
tropospheric air. Relative humidity showed a significant
correlation with all isotopocules except δ15Nα. It is possible
that this relates to partitioning between different microbial
pathways. Wind direction showed a significant relationship to
δ15Nβ, with slightly isotopically heavier N2O originating from
the continent and isotopically light N2O from the marine
sector. A full investigation of the relationship between
meteorological variables and measured isotopic composition
is beyond the scope of this study and will be discussed in a later
publication.

■ CONCLUSIONS
Measurement of N2O isotopic composition has traditionally
involved the collection of flask samples, which are then purified
and measured with IR MS in a laboratory. While this technique
has yielded interesting results, potential for investigations of
seasonal cycles or changes in sources related to meteorology is
limited by the feasible number and temporal resolution of
samples. Using preconcentration without CO2 removal
followed by TILDAS, we have obtained sufficient precision
with a four-point moving average of 28-min measurements to
observe ambient remote-site changes in all the isotopocules of
N2O, and we have demonstrated accuracy across a wide range
of isotopic composition and site preference values. The “Stheno
II” instrument is automated and remotely operated, and uses
very few consumables, to be well-suited for remote deployment
at sites such as Mace Head Atmospheric Research Station.
The time series in Figure 7 shows that there is significant

variability in N2O isotopic composition on very short time
scales. The data shows decoupling between 15N and 18O
content of N2O. Variability in δ18O is larger than variability in
δ15Nβ, which is in turn greater than variability in δ15Nα and
δ15N bulk. The isotopic composition of N2O reflects sources,
sinks, and transport, and the rich data set that can be obtained
from “Stheno II” provides constraints on these processes. In
combination with inverse modeling and analysis of other trace

Figure 6. Measured (●) and expected (···) mixing ratios of N2O and
CO2 as the volume of air trapped is increased from 400 to 5200 mL.
The expected mixing ratio is curved with respect to volume trapped as
the cell pressure also increases when a greater quantity of gas is
trapped. The dashed line shows the minimum N2O mixing ratio (at 10
mbar total cell pressure) required for accurate isotope analysis. Testing
was performed with a flow rate of 370 sccm; further tests showed
trapping efficiency is not affected by trapping flow rate up to 500 sccm.

Table 2. Summary of the Precision Attainable with TILDAS
Measurements of N2O Isotopic Compositiona

δ18O δ15Nα δ15Nβ δ15Nbulk

precision (‰), 28 min time resolution 0.32 0.17 0.19 0.16
naveraged for <0.2‰ precision 3 no averaging required
temporal resolution (h) 1.4 0.5 0.5 0.5
naveraged for <0.1‰ precision 11 3 4 3
temporal resolution (h) 5.1 1.4 1.9 1.4

a“Precision” is the 1σ standard deviation of repeated measurements of
compressed air. naveraged is the amount of measurements that need to be
averaged to achieve a certain precision.
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gases and meteorological variables, the results can be used to
provide new insight into N2O variability.
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