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Trends and seasonal cycles in the isotopic
composition of nitrous oxide since 1940
S. Park1†, P. Croteau1†, K. A. Boering1*, D. M. Etheridge2, D. Ferretti3, P. J. Fraser2, K-R. Kim4,
P. B. Krummel2, R. L. Langenfelds2, T. D. van Ommen5,6, L. P. Steele2 and C. M. Trudinger2

The atmospheric nitrous oxide mixing ratio has increased
by 20% since 1750 (ref. 1). Given that nitrous oxide is
both a long-lived greenhouse gas2 and a stratospheric ozone-
depleting substance3, this increase is of global concern.
However, the magnitude and geographic distribution of nitrous
oxide sources, and how they have changed over time,
is uncertain4,5. A key unknown is the influence of the
stratospheric circulation4,5, which brings air depleted in
nitrous oxide to the surface. Here, we report the oxygen
and intramolecular nitrogen isotopic compositions of nitrous
oxide in firn air samples from Antarctica and archived air
samples from Cape Grim, Tasmania, spanning 1940–2005.
We detect seasonal cycles in the isotopic composition of
nitrous oxide at Cape Grim. The phases and amplitudes of
these seasonal cycles allow us to distinguish between the
influence of the stratospheric sink and the oceanic source
at this site, demonstrating that isotope measurements can
help in the attribution and quantification of surface sources in
general. Large interannual variations and long-term decreasing
trends in isotope composition are also apparent. These long-
term trends allow us to distinguish between natural and
anthropogenic sources of nitrous oxide, and confirm that the
rise in atmospheric nitrous oxide levels is largely the result of
an increased reliance on nitrogen-based fertilizers.

N2O is produced by microbial activity in soils and the oceans
as well as by agriculture and industry, and is destroyed mainly by
stratospheric photochemistry2. The increase in atmospheric N2O
since preindustrial times is thought to be driven primarily by
increased agricultural fertilizer use6,7. Given its atmospheric lifetime
of ∼120 years and stratospheric sink, N2O is relatively well-mixed
in the troposphere, yet recent mixing-ratio measurements have
revealed detectable seasonal cycles and interannual variations8–10
owing to variations in surface fluxes, tropospheric transport
and/or the transport of N2O-depleted air from the stratosphere
by stratosphere–troposphere exchange (STE). The first inverse
modelling efforts to quantify the relative contributions of these
different processes4,5 have shown that the resulting surface-flux
estimates, particularly on a subhemispheric scale, are highly
uncertain, mainly owing to uncertainties in STE rates that
significantly affect themodelled latitudinal gradients.

As N2O from the various sources and in stratospheric air has
distinct isotopic signatures, isotope measurements have yielded
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additional constraints on the N2O budget11–13: microbial sources
generally emit N2O that is depleted in 15N and 18O relative to
the tropospheric background11,13,14, whereas stratospheric N2O is
enriched in 15Nand 18Oowing to isotope effects in the sink reactions
there12,15–17. However, earlier studies have largely been limited
to annual global mean estimates11,12,17–19 and to investigations
of the long-term isotopic trends from measurements on air
trapped in firn or ice20–23 for which any seasonal and interannual
variations in isotopic composition that might serve to distinguish
between stratospheric and surface processes, for example, have
been smoothed out due to diffusion processes in the firn. The
long-term-trend studies20–24 have shown that the increase in N2O
has been accompanied by decreases in δ15N and δ18O, which is
expected as most N2O sources, whether natural or anthropogenic,
are isotopically light relative to the tropospheric background.
Röckmann and Levin24 measured N2O isotopic trends from 23
archived air samples collected in Antarctica from 1990 to 2002, but
no seasonal or interannual variations were apparent.

We have measured δ15N, δ15Nα and δ15Nβ (that is, the isotopic
compositions at the central ‘α’ and terminal ‘β’ nitrogen positions
in NNO), δ18O and the mixing ratio of N2O for 11 firn air
samples from Law Dome, Antarctica and 50 archived air samples
from Cape Grim, Tasmania (Fig. 1 and Supplementary Fig. S1).
Thesemeasurements confirm the decreasing isotopic trends as N2O
has increased that have been predicted17,18 and observed20–24 by
earlier studies, but they also reveal previously undetected temporal
variations and provide new estimates on howmicrobial production
processes have changed over time.

First, linear fits to the measurements (Table 1) yield isotopic
trends similar to previous studies17,21–24 to within the combined 1σ
errors or better.We also carried out a box-model analysis optimized
to match the N2O mixing ratio and isotopic data in Fig. 1 (see
Methods and Supplementary Fig. S2), which demonstrates that the
anthropogenic source responsible for the increase in N2O must
be substantially isotopically lighter in 15N than the natural (or
preindustrial) source, whereas δ18O values are similar (Table 1).
This result confirms that the increase in the atmospheric N2O
burden is largely due to nitrogen-based agricultural fertilizer use:
when fertilizer is plentiful, the enzyme kinetics of the microbial
N2O production processes favour 14N (ref. 13), making the
N2O emitted isotopically lighter than in natural or unfertilized
agricultural soils13. No difference in δ18O between the natural and

NATURE GEOSCIENCE | ADVANCE ONLINE PUBLICATION | www.nature.com/naturegeoscience 1

© 2012 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/ngeo1421
mailto:boering@berkeley.edu
http://www.nature.com/naturegeoscience


LETTERS NATURE GEOSCIENCE DOI: 10.1038/NGEO1421

1940 1960 1980 2000

290

300

310

320

270 280 290 300 310 320

6

7

8

9

43.0

43.5

44.0

44.5

45.0

45.5

46.0

46.5

14

16

18

20

Year

2005

1940

1700

2005

1940

1700

2005

1940

1700

N
2O

 (
pp

b)

15
N

 o
f N

2O
 (

 
)

%%
15

N
α  

of
 N

2O
 (

 
)

% %

18
O

 o
f N

2O
 (

 
)

%%

N2O (ppb)

270 280 290 300 310 320

N2O (ppb)

270 280 290 300 310 320
N2O (ppb)

a b

c d

δ
δδ

Figure 1 | Changes in N2O since 1940. a, Measurements of N2O mixing ratio versus effective date for 11 firn air samples pumped from Law Dome,
Antarctica (67◦ S, 113◦ E) in 1997 and 2004 (blue circles), or versus collection date for 50 archived air samples from Cape Grim (40.7◦ S, 144.8◦ E) (black
squares) between 1978 and 2005; and corresponding measurements of b, δ15N (h versus air–N2); c, δ18O (h versus VSMOW); and d, δ15Nα (h versus
air–N2) of N2O versus N2O mixing ratio. The Poinsett firn air measurements (green triangles) have not been corrected for gravitation and diffusion in the
firn. The red diamonds (positioned arbitrarily at 1700 for display) denote the average isotopic composition of the preindustrial troposphere (δT,i) modelled
here and given in Table 1. The error bars reflect the 1σ single measurement uncertainty (or the standard error of the mean for six samples that were run
multiple times) and, for the firn air, a small contribution (±0.01h) from the firn air correction uncertainties. δ15Nβ and site preference are not shown.

Table 1 | Linear trends and box-model results.

Linear trends Model results
Firn air (h yr−1) Archived air (h yr−1) δANT(h) δNAT(h) δT,i(h)

Raw data Deseasonalized
δ15N −0.033±0.004

(R −0.93,p 3.9× 10−5)
−0.036±0.003
(R −0.86,p 1.6× 10−15)

−0.035±0.002
(R −0.92,p 3.8× 10−22)

−15.6± 1.2 −5.3±0.2 9.3±0.2

δ18O −0.023±0.003
(R −0.93,p 3.2× 10−5)

−0.023±0.006
(R −0.51,p 1.6× 10−4)

−0.022±0.004
(R −0.62,p 1.3× 10−6)

32.0± 1.3 32.0±0.2 45.5±0.2

δ15Nα −0.031±0.014
(R −0.57,p 6.5× 10−2)

−0.028±0.022
(R−0.19,p 2.2× 10−1)

−0.026±0.013
(R −0.21,p 1.7× 10−1)

−7.6±6.2 −3.3± 1.0 18.8± 1.0

δ15Nβ −0.034±0.017
(R−0.56,p 7.1× 10−2)

−0.038±0.022
(R −0.26,p 8.7× 10−2)

−0.046±0.015
(R −0.4,p 2.6× 10−3)

−20.5±7.1 −7.5± 1.1 −0.6± 1.1

Site preference 0.003±0.030
(R 0.05,p 8.9× 10−1)

0.010±0.043
(R 0.04,p 8.1× 10−1)

0.028±0.028
(R 0.15,p 3.2× 10−1)

13.1±9.4 4.2± 1.5 19.4± 1.5

Trends from unweighted linear least-squares fits to the firn air and archived air measurements are given, along with box-model results for the average isotopic composition of the anthropogenic (δANT)
and natural (δNAT) N2O sources and of the δT,i and 1σ uncertainties. Site preference is δ15Nα— δ15Nβ , or approximately the enrichment at the α site relative to the β site11 . Also given are the R and p
values for the fits. Column four shows linear fits to the deseasonalized archived air data from the time-series analysis (see Supplementary Fig. S3 and Supplementary Methods).

anthropogenic sources is expected because in both cases the oxygen
originates from a combination of O2 and water18. Although our
box-model results are similar to those of Röckmann et al.21, our
analysis is self-contained within a fit to the observations alone
rather than calculations based on N2O flux estimates from the
Intergovernmental Panel onClimate Change.We also observe small
positive trends in site preference (δ15Nα–δ15Nβ), particularly in the
deaseasonalized archived air data (Table 1 andMethods). Although

our measured trends are not statistically different from zero, a
positive trend is indeed expected if laboratory measurements of
site preference for a variety of nitrifying (site preference≈ 33h)
versus denitrifying (site preference ≈ 0h) bacteria25 are globally
relevant: combining these microbial values of site preference with
our model results (see Supplementary Information) indicates that
the relative contribution of nitrification to global microbial N2O
production has increased from13±5% in 1750 to 23±13% in 2005,
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Figure 2 |Mean seasonal cycles for 1978–2005. Mean seasonal cycles from the time-series analysis of the Cape Grim archived air measurements for
a, N2O (in ppb) and b, δ15N (h versus air–N2), c, δ18O (h versus VSMOW) and d, δ15Nα (h versus air–N2) of N2O. e, The contribution and timing of the
influences owing to STE (◦), the ocean ventilation source (∗) and ocean solubility (+) of N2O to the seasonal cycle in N2O mixing ratio at Cape Grim
estimated by Nevison et al.8 in 2005 using measurements of CFCs, Ar/N2 and O2/N2 at Cape Grim. The error bars in a–d are the 1σ standard deviations of
the monthly residuals in the time-series analysis calculated from the difference between the smoothed and trend curves, sampled at weekly intervals and
binned by calendar month, as discussed in Methods and Supplementary Information.

which in turn would result in site preference trends of+0.02±0.02,
+0.04± 0.04 and +0.06± 0.06h yr−1 near 1940, 1978 and 2005,
respectively. These estimated trends are highly uncertain but are
consistent not only with our measured site preference trends in
both the (older) firn air and (younger) archived air but with a
measured site preference trend of+0.05±0.01h yr−1 for archived
Antarctic air from 1990 to 2002 by Röckmann and Levin24. Our
estimated increase in nitrification and site preference trends is
thus also consistent with the long-held expectation that enhanced
fertilization increases N2O soil emissions by activating nitrification
processes13,25 but which has been difficult to demonstrate globally.
Additional site preference measurements in the atmosphere, soil
emissions and laboratory cultures will allow refinement of these first
long-term global estimates.

Second, time-series analyses of our Cape Grim measurements
(see Methods and Supplementary Fig. S3) reveal that mean
seasonal isotopic cycles are detectable at the 1σ level as shown
by the detrended, one-harmonic fits to the 50 measurements

(Fig. 2 and Supplementary Fig. S3 ) and by red-noise power spectra
showing peaks at 0.8–1 yr−1 above the 99% confidence levels
(Supplementary Fig. S4). These seasonal variations can aid in
attributing variations in N2O mixing ratios to stratospheric versus
surface processes. The mean seasonal cycle in N2O mixing ratio
from these 50 samples is identical in amplitude and phasing to
that derived from the continuous Advanced Global Atmospheric
Gases Experiment Cape Grim N2O data set8,10, with a peak-to-peak
amplitude of 0.5 ppb and N2O minimum in May, which has
been attributed to the maximum in STE bringing N2O-depleted
air to the surface8,9. The corresponding mean seasonal cycles
for δ15N, δ18O and δ15Nα are consistent with this interpretation:
N2O is enriched in 15N and 18O within a month or two of
when N2O is at a minimum in April–May and is depleted
in 15N and 18O when the mixing ratio is near its maximum
in October–November. Notably, however, the amplitude of the
seasonal cycle for δ15Nα is substantially larger relative to δ15N and
δ18O than expected based on a purely stratospheric sink-driven
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Figure 3 | Large interannual variations in the mean seasonal cycles for 1978–2005. The values for a, the detrended N2O mixing ratio and b, detrended
δ15Nα of N2O are shown (blue filled circle) for Cape Grim, along with the mean seasonal cycles from Fig. 2 (thick grey curves) and the seasonal cycles
inferred for each year (blue lines); horizontal lines are the mean seasonal maximum+1σ and the mean seasonal minimum−1σ (solid), and the mean
seasonal maximum+2σ and the mean seasonal minimum−2σ (dashed).

forcing and stratospheric observations—indeed, by almost an
order of magnitude.

This large amplitude difference, if robust, indicates that there
must be more than one sink and/or source involved beyond the
stratospheric influence, as Nevison et al.8 have deduced for N2O
mixing ratios at Cape Grim. Using measurements of CFCs and
the ratios Ar/N2 and O2/N2 at Cape Grim, they deconvolved the
contributions of: first, STE; second, the ventilation of biologically
produced N2O from the ocean as a result of seasonal changes in
the ocean mixed layer depth; and third, thermal exchange of N2O
owing to seasonality in surface ocean temperatures (and therefore
N2O solubility)8,9 to the observed seasonal cycle of N2O, showing
that these influences are roughly equal in magnitude but differ in
phase (Fig. 2e). The timing and relative magnitudes of the isotopic
seasonal cycles are consistentwith these conclusions: the cumulative
influence of STE is at a maximum in April/May, contributing N2O-
depleted, isotopically enriched air to the Cape Grim background.
The cumulative influence of ocean ventilation is at a maximum in
October; based on measurements in the subtropical North Pacific26
and the eastern tropical North Pacific27, we expect N2O emitted
from the ocean to be depleted in 15Nand significantlymore so at the
α position (for example, ∆δ15Nα versus tropospheric N2O/∆δ15N
versus tropospheric N2O is ∼3–9 in these ocean studies versus
1.4 for the stratosphere19), which would contribute N2O-enriched,
isotopically depleted air to Cape Grim. Combining the seasonality
in the cumulative influences of STE and ocean ventilation is thus
consistent with the phases and amplitudes of δ15Nα and δ15N,
whereas STE alone is not. The seasonality of ocean solubility
may also contribute (see Fig. 2e), as could biomass burning as
CO reaches a maximum at Cape Grim in September/October28;
predicting N2O isotopic compositions from biomass burning,
however, is complex and beyond the scope of this analysis (see
Supplementary Information). Overall, the amplitude and phasing
of the N2O isotope seasonal cycles detected here demonstrate that
at least one other seasonal forcing is occurring at Cape Grim as
well as STE. Additional N2O isotope measurements—both in and
above the ocean near Cape Grim, in air influenced by biomass
burning and on additional archived air samples to improve the
temporal resolution of the present data set—will provide the means
to determinewhich of these other surface processes are responsible.

Third, we observe significant interannual variability in the sea-
sonal cycles inN2O isotopic compositions at CapeGrim throughout
the time period (see Supplementary Fig. S3), including unusually
deep minima and strong maxima (at the±3σ level) for δ15Nα dur-
ing the 1997–1998 El Niño–Southern Oscillation (ENSO; Fig. 3),
as noted previously for N2O mixing ratios8,9; ENSO may perturb
N2O through drought-induced enhancement of biomass burning29,

reduction in deep-water upwelling that ventilates N2O-enriched
waters to the atmosphere9 and/or an El Niño-induced decrease in
interhemispheric transport rates9. Similar processes may also be re-
sponsible for interannual variability in N2O isotopic compositions
at Cape Grim in non-ENSO years. We note that the uncertainties in
the magnitudes of the isotopic residuals are too large in the present
data set to interpret their relativemagnitudes as a source fingerprint.
Notably, these results show that interannual variations in N2O
isotopic values are detectable and that additional measurements
with higher temporal resolution and in other regions will provide
new insight into how the magnitude of particular N2O sources may
change in response to climate variability or other forcings.

We have shown that coherent temporal variations in N2O iso-
topic compositions are detectable on annual to decadal timescales
in the Southern Hemisphere—despite the 120-year atmospheric
lifetime of N2O and its small seasonal cycle in mixing ratio of
only 0.15% relative to the tropospheric background—and that these
variations are linked to biogeochemical processes that affect the
N2O budget both regionally (for example, at Cape Grim on annual
to interannual timescales) and globally (at Cape Grim and in Law
Dome firn air on decadal timescales). We also demonstrated that
we can use these variations to distinguish between the influences of
stratospheric versus surface processes and of natural versus anthro-
pogenic processes on a variety of timescales. These features of N2O
isotope variations in turn demonstrate that N2O isotope measure-
ments can reducemajor uncertainties in our present ability to detect
and correctly attribute N2O changes to specific biogeochemical
processes as well as provide new insights into the sensitivity of these
processes to short-term and long-term environmental variables
and to human activity. As anthropogenic sources are expected to
continue to accelerate as nitrogen fertilizer use increases to feed
the world’s population6,7 and to produce biofuels7,30, using N2O
isotopes in addition to mixing ratios to estimate the magnitudes
and geographic distribution of the various N2O sources will be
critical for formulating sound emissions regulations and treaty
verification practices.

Methods
Fifty whole air samples were collected at Cape Grim, Tasmania (40.7◦ S,144.8◦ E)
between 1978 and 2005 in high-pressure stainless steel or aluminium cylinders and
archived at CSIRO global atmospheric sampling laboratory (GASLAB). Firn air
samples were collected at three sites on Law Dome, East Antarctica (DSSW20K
DSSW19K, and Poinsett) by pumping air from depths ranging from 15.6 to
52.0m into stainless steel cylinders. N2O mixing ratios were measured by gas
chromatography. The air samples were transferred into 500ml glass or 1–3 l stainless
steel flasks for analysis of N2O isotopic compositions by a Finnigan 252 isotope ratio
mass spectrometer. Single measurement precisions are ±0.3 ppb for N2O, ±0.2h
for δ15N, ±0.2h for δ18O and ±0.8h for δ15Nα. A correction for the rates of
gravitational and diffusional separation for the different isotopologues was applied
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to the firn data, and firn air effective dates were also estimated, with typical age
spectra widths of five years. A two-box model of the troposphere and stratosphere
was used to estimate the anthropogenic flux term, modelled as an exponential
function of time and using χ 2 minimization to fit the observations assuming
the natural source magnitude and isotopic composition remained constant. A
time-series analysis of the Cape Grim measurements was used to derive the
mean seasonal cycles and interannual variations by fitting the data to the sum of a
quadratic function and one harmonic, f (t ), and smoothing the residuals on both 80-
and 650-day timescales. Smooth curves were constructed from f (t ) and the 80-day
smoothed residuals to retain seasonality and to track shorter term atmospheric
variability, whereas trend curves were constructed from the quadratic function
and 650-day smoothed residuals to describe interannual trends. A red-noise power
spectral analysis confirmed the seasonal cycles at the 99% confidence level. See
Supplementary Information for additional details and calculations.
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