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Abstract

N,O is currently the 3 most important anthropogenic greenhouseigasrms of radiative
forcing andits atmospheric mole fractida rising steadily To quantify the growth rate and its
causesover the past decadewe performed a muigite reconstruction of the atmospheric
N2>O mole fraction and isotopic composition usmgw and previously publishduin air data
collected from Greeahd and Antarcticain combination with a firn diffusion and
densification modelThe multisite reconstructioshowed that whileéhe global mean O
mole fraction increased from (290+1) nmol Mah 1940 to (322+1) nmol mdlin 2008 the
isotopiccompositionof atmospheridN,O decreased by ©.2+0.2) & for I °N®, (I 1.0+0.3)

& for 1'%0, (~1.3+0.6) & for I **N', and { 2.8+0.6) & for ! N’ over the same perio@he
detailed temporal evolution of the mole fraction and isotopic composition derivedtiieom

firn air modelwasthenused in a twdbox atmospheric model (comprising a stratospheric and
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a tropospheric box) to infer changes in the isotopic source signature over tienprecise
value of the source strength dependsthe choice othe N,O lifetime, which we choose to

fix at 123 a The average isotopic composition over the investigated peridd®Ng" =

(1 7.6+0.8) & (vs.air-Ny) %0 =(32.2+0.2) & (vs. VSMOW)for 1 %0, I >N' = (I 3.0+1.9)

& and!™N = (-117+2.3 & . I"®N*and! >N showsome temporal variability whiléor

the other signaturethe error bars of the reconstruction are too large to retrieve reliable
temporal changes. Possible processes that may explain trehtisdre discussedrhe >N
sitepreference (= !™N' B I™N’) provides evidence for a shift in emissions from

denitrification to nitrification, although theéncertainty envelopesre large

1 Introduction

The rise of nitrous oxidéN2O) since prendustrial times contributes significantly to radiative
forcing (Forsteeet al., 2007). Over the pasiur decadesthe NNO mole fraction has increased
by 0.25 % per year, reaching 324 nmol thah 2011 Ciais et al. 2013. Therefore, the
understanding of the biogeochemical cycle @ONs important for a reliable assessmeht
future climate change. In addition, the destruction g h the stratospherprovides an
important source of nitrogen oxides (NOwhich contribute testratospheriozone depletion
(Ravishankara et al., 2008rutzen 1979; McElroy et al., 1971

Natural sources of pD are microbial processes in soils and oceans, which prodi@e N
during nitrification and denitrification (Bouwman et al., 2013; Loescher et al., 2012; Santoro
et al., 2011; Galloway et al., 2004; PZrez et al., 2001; Yung and Millet; K88 and Craig,
1993). The increase of PO since prandustrial times (hereafter referred to as
"anthropogenic” increasédas been attributethrgely to increasedmicrobial production,
resulting from the increased use of nitrogen fertilizers in agrieultindustry (especially
nylon production) and fossil fuel combustion present a smaller contribution to the
anthropogenic source (Davidson, 2009; Kroeze et al., 1999; Mosier et al., M@B)s
primarily destroyed in the stratosphere via UV photoly8&%) and reactions with excited
oxygenatoms(10 %) (Minschwaner et al., 1993)ith a minor N;O fraction removed by
surface sink¢Syakila,2010).

Estimates of the total /0 source strength from various bottap and topdown studies
suggest a mean wa of roughly 17 Tg aN equivalentsat presentHowever the range in
both approaches is largespecially forbottomup estimateswhich rangebetween 8.5 and
27.7 Tg & N, whereastop-down estimatesangebetween 15.8 and 18.4 Tg &l (Potter et
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al., 2011 and references therginBesides the total source strengthe contributions of
individual source processesealso poorly constraineddue tothe long steadgtate lifetime
of N,O in the atmospher€l23 a; SPARC Lifetimes Report 2013)emporal ad spatial

gradientsare small, making it difficult to resolve localised sources.

Measurements of the isotopic composition gONnay help to constrain the atmospherigN
budget. The BO molecule is linear (NNO) and the two N atorase chemically
distinguishableas a consequendkey tend to attain different isotopic compositioBsyond
oxygen (*0, 1'0) and averageé™N® ("bulk") signaturesN,O also displayssite specific
>N isotopic information. Site preferencé ) is defined as the fierence in!™N®
between the central (2, p or !) and terminal position (1, # or ") of N atoms@ (Kaiser,
2002;Brenninkmeijer and Bckmann, 2000; Yoshida and Toyoda, 1999),li'8N*P=1"N' P
I'>N". For consistency with many recent publicatiansthe field, we here adopt the

nomenclature from Yoshida and Toyqd&99),! and ", for the two positions.

The different sources and sinks obON are associated with characteristic fractionation
processes leading to different isotope ratios. For exampbepbial sources emit JO that is
depleted in™N and*®0 relative to the tropospheric backgroundONthat returns from the
stratosphere after partial photochemical removal is enriched in both heavy isotopes (Yoshida
and Toyoda, 2000Rahn and Wahlen,997; Yung and Miller, 1997; Kim & Craig, 1993).
Stratospheric pD also has a higf°N sitepreference compared toopospheric NO. The
observed enrichment is caused by kinetic isotope fractionation in the stratospheric sink
reactions(Kaiser et al.2006;2002; Park et al., 2004; &kmann et al., 2001; Yoshida and
Toyoda, 2000Rahn et al., 1998

The multiisotope signature of /D add useful constraints on itsudget In particular, when
the isotopic composition of tropospherigONis combined with the fractionatiaturing its
removal in the stratosphere, the isotopic composition of the global average saunrbe
determined (Ishijima et al., 2007; Bernard et al., 20@kRann et al., 2003; Kim and Craig,
1993).

The temporal vaations of the MO isotopic composition are difficult to quantify @short
timescale because of its long residence time in the atmosplwerger time scales can be
reconstructed by usingiratrapped in Arctic and Antarctic firn and icghich provides a
natural archive of past atmospheric compositidbhe firn phase is thentermediate stage

between snow and glacial ice, which constitutes the upp&@0n of the accumulation zone
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94  of ice sheets. Within the firn, air exchanges relatively freely in tipemjayers and with the

95 overlying atmosphere (convective zone). With increasing depth the air pores shrink in size

96 due to firn compaction, and air mixes primarily via slow diffusion in the diffusive zone. At

97 densities larger tham815 kg m®, air is permaently trapped in closed bubbles in the ice and

98 totally isolated from the atmosphere. The precise age range tbaboan be retrievedrom

99 polar firn between the surface and bubble clofedepends on site specific characteristics
100 like temperature, acooulation rate and porosity and typically ranges from several decades to
101 120 years.

102 For NbO, a number of studies have reported isotope measurements from different Arctic and
103 Antarctic firn drilling sites showing a steady decrease of the heavy isotope tcohtéyO

104 over the past decades (Park et al., 2012; Ishijima et al., 2007; Bernard et al., Z06afh

105 et al., 2003; Sowers et al., 2002). A more recent study by Park et al. (2012) attempted to
106 reconstruct the lonrterm trends in BO isotopic compositions and its seasonal cycles to
107 further distinguish between the influence of the stratospheric sink and the oceanic source at
108 Cape Grim, Tasmania, demonstrating that isotope measurements can help in the attribution

109 and quantification of surface swes in general.

110 Taking into account the long atmospheric lifetime gONand the fact that both hemispheres
111 are well mixed on annual timescales, it is reasonable to assume that the results from these
112 studies are representative for the global sd¢ddevever care needs to be taken because small
113 differences in the diffusivity profiles of the firn column lead to large effect on the isotope
114 signature (Buizert et al.2012). Interestingly, for atmospheric methane (G} another

115 important greenhouse gaa,recent multisite analysis bits carbon isotopic compositio

116 showed large differences among reconstructions from different sites (Sapart et al.Jr2013).
117 particular, firn fractionation effects related to diffusion and gravitational separation and their
118 implementation in models (Buizert et al., 2012) have large effects on the reconstructed
119 signals. Small differences in the diffusivity profiles of the firn column lead to large effects on
120 the isotope signatures. Therefore, more robust results may be oliiginechbining isotope

121 information from a number of different sites in a mslte reconstruction, including a critical

122 evaluation of diffusivity profiles.

123 Here we combinenew NO isotope measurements from the NEEM site in Greenland with
124  previously publiked firn air NO isotope records from 4 different sites from Greenland and
125 Antarctica to reconstrucecords of theéN,O isotopc compositionover the last 70 years. We
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use the multgas firn transport modetlevelopedby the Laboratoire de Glaciologie et
GZophysique de I'Environnemeand Grenoble Image Parole Signal Automatiqlé&GE-

GIPSA) to obtain an atmospheric scenario that is constrained by and consistent with all
individual sites (Allin et al., 2015; Witrant et al., 2012; Wang et al., 2BbZymelaere et al.,

1997). We then use an isotope mass balance model to infer the changes in the isotopic

signature of the pO source over time to investigate possible changes in the source mix.

2 Materials and Methods

2.1 Firn air Sampling

New firn air samplesdded in this study to the total dataset were collected in 2008 and 2009
during the firn campaign (Buizert et al.,, 2011) as part of the North Eemian Ice Drilling
programme (NEEM) in Greenland (77.45%: N 51.06¥s W). These data are combined with
existing firnair data from four other sites. Information on the locations is provided in Table 1.
The firn air collection procedure is described in detail by Schwander et al. (199%) a

brief description ipresentedessentially a borehole is drilled in the fima certain depth and

then the firn air sampling device is inserted into the borehole. The device consists of a
bladder, a purgéne and a sample line. When the sampling device reaches the desired depth
the bladder is inflated to seal the firn hole amulate the air below the bladder from the
overlying atmosphere, and air is pumped out from poee space below the bladder.
Continuous online CO, concentration measurements are performed to verify that no
contamination with contemporary air occurs durifg textraction procedureAfter the
contaminating aithas beenpumped away, firn air is collected in stainless steel, glass or

aluminum containers.

2.2 N0 isotope analysis

The firn air samples from NEEMre analyzed for MO isotopoculesat the Institute for
Marine and Atmospheric research Utrecht (IMAU). ThgONmole fraction and isotopic
compositionare measured using continuous flow isotope ratio mass spectrometry (IRMS).
The method is described in detail by RSckmann et28l03b). Here only a brief sumnyais

given. The firn air sample (333 mL) is introduced into the analytical system at a flow rate of
50 mL/min for 400 s. After C@®is removed chemically over Ascarite,, @ and other
condensable substances are cryogenically preconcentrated. Aftéoangag the sample the
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remaining traces of CQOand other contaminants are removed on a capillary GC column
(PoraPlot Q, 0.32 mm i.d., 25 m). The column is separated into -aolu@®n and an
analytical column. This setp eliminates interferences from other aspheric compounds

that have much longer retention times. Finally the sample is transferred IRMlSevia an

open splitinterface For the new NEEM samples reported here, each firn air sample has been
measured five times. Before and after each sampleneasured five aliquots of air from a
reference cylinder with known isotopic composition and mole fraction for calibration
purposes.

I >N? values are reported with respect to-Air while ! %0 refers to Vienna Standard Mean

Ocean Water (VSMOWAs laborabry reference gas we used an atmospheric air sample with

N vs. Air-N,,

an NO mole fraction of 31&mol mof* and é valuesof (6.4+0.2) & for !
(44.9+0.4)a for 1'%0 vs. VSMOW. The intramolecula@™N® valuesof the air standardre
IN' = (15.4%£1.2) & and >N’ = (ER.7+1.2) 4. The calibration of the intramolecular
distribution follows Toyoda and Yoshida (1999)ypically the 1$ standard deviatisrof
replicate sample measurements are 0.1 &41f6N®, 0.2 & for %0 and 0.3 & for ! **N' and

BN

2.3 Modelling trace gas transport in firn

In firn air, the interstitial gas is not yet isolated in cleséfdbubbles, so diffusion processes

and gravitational separation alter mole fractions and isotope ratios over time. Thus, firn air
measurementsannot be used directly to derive the atmospheric history of trace gas
signatures. Over time, atmospheric compositional changes are propagated downwards into the
firn based on the diffusivity of the atmospheric constituent in question. Firn air diffusion
models take these effects into account #metebyallow reconstruction of changes in the

atmospheric composition from the firn profile.

In this study we use the LGGEIPSA firn air transport model to reconstruct the temporal
evolution of NO mole fractionand isotopic composition from the measured firn profiles
(Allinet al., 2015; Witrant et al., 2012; Wang et al., 2012; Rommelaere et al., 1997).

In the Oforward version@ LGGE-GIPSA, a physical transport model uses a historic
evolution of atmospheric & mole fractions to calculate the vertical profiles of mole
fractions in firn. For the isotopocules, further simulations are performed separately to

calculate their respective vertical profiles. Important parameters needed to constrain the

6
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model are theite temperature, accumulation rate, depth of the convective layer anebfflose
depth, together with profiles of firn density and effective diffusivity. The latter parameter is
determined as a function of depth for each-@irilling site by modding themole fractions in

firn for trace gases with well known atmospheric histories (Buizert et al., 2012; Witrant et al.,
2012; Rommelaere et al., 1997; Trudinger et al., 1997). A 1gati constrained inverse
method (Witrant et al., 2012) is used to calculagedffective diffusivity of each site for each
specific gas. It is noteworthy that diffusivity is not constrained equally well at all sites
because different sets of constraints (e.g. numbewvailablereference gas are used at
different sites and baase of different depth resolutions.

A Greenfunction approachas presented by Rommelaere et al. (198i)l used for
halocarbon trend reconstruction by Martinerie et al. (2088 an extension for isotopic
ratios and revised to take into account sbarcity of the measuremental{in et al., 2015;
Witrant and Martinerie, 2013; Wang et al., 2Pis used to assign a mean age and age
distribution to a certain depth.

Due to the long BD residence time in the atmosphere, the global variability of thepiso
composition of MO is very small and no significant variations between individual
background locations have been detected so far (Kaiser et al., 2003). In particular, the isotope
ratio difference between northern and southern hemisphere troposghésiexpected to be

only £0.06 & (based on an interhemispheric mole fraction gradient of 1.2 nmdt firtitsch

et al. 2006] and isotope ratio difference f#f5 & between average source and average
tropospheric isotdp deltavalug. These differences awithin the uncertainties of the firn air
measurements used here and theeetloe data fronthe northern and southern hemisphreme

combined into a single datasethoutincludingan interhemispheric gradient.

With the multisite reconstruction method, we usdte measurements fromix firn air
drillings atfive sites(NEEM-09, NEEMEU-08, BKN-03, NGRIP-Olgemarg DC-99, DML-

98) to constrain our model and determine a set of atmospheric reconstructions that fits all
sites. Data fronmishijima et al. (2007) and Sowers et al. (2002BRIP-0Lshijima and SPO1,

SR95 respectively]were not included in our mulgite reconstructiotbecause no data for
I>N' and!™N" were publishedfor those sitesThese datasets were used for independent
validation of! **N®' and! *%0.

To quantify the isotop&actionationdue to diffusion and gravitational settling within the firn,

a forward firn transport model simulation was carried out with a realisti mNolefraction
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scenario (based on the Law Dome record, MacFarling Meure et &), B0® with a constant
isotopic NO history. This allows determining the role wansport isotopdractionation
occurringin the firn,in the absence déotopic changes in thetmosphere. The results are
used to subtract the firn fractionation effects from the measured signals, which can then be
used to assess the atmospheric histBompared to the signal, tleéfect of firn fractionation

is minor for 1 ®N®", but important forl *°0 especially at the lower accumulation rates in the

Southern Hemisphere (see Appendix A).

The deepest firn data from each site provide constraints furthest back in time and the oldest
air samples that are includedthe inversiorere from the DML-98 and DE99, which extend

the reconstruction of atmospherie®iback to the early 30century (R§ckmann et al., 2003).

At the samdime, the correction for isotopic fractionation in firn is most uncertain for the
deepest samples, whereosty differences between individual firn air models have been
reported (Buizert et al., 2012).

2.4 Scaling of different data sets

At present, no international reference materials for the isotopic compositiopQoehist.

Kaiser et al. (2003) and Toyoda et é1999) linked the isotopic composition ob®I in
tropospheric air to the international isotopes scales for nitrogen isofpes,f and oxygen
isotopes ¢itherVSMOW or Air-O,). Our measurements are linked to a standard gas cylinder
of tropospheric aiwith known NO mole fraction and isotopic composition based on the
scale of Kaiser et al. (2008r 6™°N® and 6'°0 values andyoshida andTroyoda(1999)for
position dependentN values However, the reference air cylinder used for the calibration
was e&hausted and had to be replaced three times over the years in which the different
measurement that we combine in this study were performed. Although the cylinders were
carefully compared, the lorigme consistency of the isotope scale could not be guadnte
because longime isotope standards are not available. In fact, analysis of the data from the
convective zone for the different sites, show small but significant differences from the
temporal trends that are well established from previously publishedfrden the German
Antarctic Georg von Neumayer station for 198®002 (RSckmann and Levin; 2005). The
linear trends repoetin thatpaper aref0.040+0.003) & a* for ! °N®’, (0.014+0.016) & &"

for 1°>N', (£0.064+0.016) & &' for ! *®N" and(£0.021+0.003) & &' for | ®0. Since they were
derived from direct air samples (unaffected by firn fractionation), these trends can be used as
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a reference to recale the different firn air results from different dates. To do so, data from
the diffusive zond% < 815 kg i) for each individual site were scaled to aéerencesite,

DC-99, taking into account the temporal differences in sampling and the -amsighed

mean age of the firn air samples (see below)-99Gvas chosen as reference site because it
has most measurements in the diffusive z@éso, the precision of these measurements was
high because high volume cylinders were available from which many measurements could be
performed and averaged. To test the sensitivity tolibece of referenceite, we regated the
re-scaling using NEEM)9 as reference, which generated almost identical resutlsn
uncertainty bargAppendix Q.

The average difference between the samples from the diffusive zone at a given site and the
interpolated DE99 resultswas compared to the expected temporal tréetiveen the
sampling date of each statiand DG99, using the temporal trends established by RSckmann
and Levin (2005)as shown in the equations belowhe effect of this scaling is that the
temporal trend in the past decade is effectively forced to follow the atmospheric

measurements at Neumayer station (RSckmann and Levin, 2005).

After re-scaling the firn isotopic data we detected some individua gaints that clearly
deviated from the general trends. These were considered outliers, because they exceeded the
2$ error, and were removed from the dataset. All of these values aspesiific'°N values,
specifically the following were excluded: NEEMEU-08 hole depttP4.9 m,£84.72 m,b

61.95 m and74.5 m, and NEEMD9 hole depth 1.0 m, 0.2 m aB89.4 m.

The mole fraction data that can be obtained from the NEEM air isotope measurements were
substituted with more precise measurements ) Nole fracion by the Commonwealth
Scientific and Industrial Research Organisation (CSIRO) the Institute of Environmental
Physics, Wiversity of Heidelberg (IlUP)the Centre of Ice and Climate, University of
Copenhagen (CICand National Oceanic and Atmospheric Adistiration (NOAA) In this

way we combine all availabld,O mole fraction dataarrow the uncertainty envelopetdo

not affect the trend.

The mole fraction data were scaled to the most recent international scale,-RIDAA from
the CSIRO scale or thBIOAA-2000 scale. Conversion of the NOA®OO data to the
NOAA-2006A scale is done using a conversion factailable by National Oceanic and
Atmospheric Administration (NOAA)
(http://www.esrl.noaa.gov/gmd/ccl/scales/N20_scale ht@bnverting fromthe CSRO to

9
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the NOAA-2006A scale, though, requires the reference cylinder details, which were not
available. Instead we used a trend scenario, based on the CSIRO atmospheric scale combined
with Law Dome data and assuming a consiatgrhemispheric gradienthis trend scenario

was then compared with the data provided on N&8A6A scaleanda polynomialfit was
generatedwhich was then used to convert the data to the NQBBGA scale. All results
presented in the next section are based on the scaling pre@xuremoval of the outliers as

described abov@Appendix B)

2.5 Global N;O (isotope) budget calculations

The tropospheric budget is controlled byONemissions from natural and anthropogenic
sources at the surface and by the exchange between troposphsteatmsphere. A simple
two-box model is used to quantitatively understand the emissions and the budget changes of
N2O. The model consists of a troposphergONeservoifindex T)into which NO is emitted

from natural (E,,;) and anthropogenicH,;) souces. NO is then transported to the
stratospherégindex S)where part of it is destroyed by photochemical react{@fsand the

remainder returns from the stratosphere to the troposgherg.
The change in the troposphericON reservoiris given bythe following mass balance
equationgAllin et al, 2015)

d!
nr d_:- =EpartEanth — Fexch(XT ! !S) (1)

d!
nSd_tS:Fexch(! T bl S) —L (2)

wheren is the amount of ai(85 % for troposphere and 15 % for stratosphangy and! .

are the mole fractions of X in the stratosphere and troposphere respectiggigual fluxes
between the two reservoifs,,,, arecalculated based on previous estimates (Appenzeller et
al., 1996; Holton et al., 199@nd given in Table .3The loss due to stratosphersink is
determined by:

[= Mt sls ©)

[
where#is the atmospheric lifetimehich we chose to fix at123a

The isotopic budgets are calculated by simply multiplying the reservoir sizes with the

corresponding values of the different fluterms:

10



dr!
310 ny #T:Enat! nattEanthOantt Fexct(! 5! s! X—r! T) 4

di !
311 n5%8= exarll 17! 1gls) ! LI (5)

312 Separating the l.h.s in two tesrand substituting eq. 1 and 2 into egjand 5Syieldsthe final

313 isotope equations:

d! Ena Ean Fexc
314 N l= T (Gng! 1) (L gl IS (G L) (6)
Za) T T
315 ngi=letrg g Ly ()
*S *S

316 whered; is either I'°N®, 180, 1®N', 1N’ from the multisite reconstruction as shown
317 below.o,, andd,n is the isotopiccomposition of thenatural and anthropogenit,O source,
318 respectively (our target quantity)e, is the isotopic fractionation factor associated with

319 stratospheric destruction

320 !gis also not knownbutcan be calculated using the analogue from RSckmann et al. (2003)
321 by employingthe observed apparent Rayleigh fractionation in the stratosphgge(Table
322 3). Based on thisthe relative isotope ratio difference between the stratosphere and the

323 troposphere&an be calculatebly:

324 g= [(1 +1) (—i)pp .y ] ®)

325 Here, weused the averagg,, of all lowermost stratospherimeasurements from Kaiser et al.
326  (2006) (Table 3). Note that slightly different fractionatiang, have been used in previous

327 studies byrRahn and Wahlen (200@Sckmannet al.(2001) and Park et al. 22; 2004. The
328 sensitivityof the resultgo these differences will be examined below.

329 Furthermore we assume that thgONlifetime andk,,, remained constant from pnedustrial

app
330 time to 2008, thus the annugihk strengthcan be scaled down from its current valué_at
331 322nmol mof* to the preindustrial level of Tpi =270nmol mof* and the relative enrichment
332 of stratospheric pD relative to tropospheric J described by Eqg. 8 remains constant over
333 time.The effect oichanging the BD lifetime isalsoexamined below.

334 Our model approach assumtmt during the préndustrial period only natural emissions

335 occurredwithout any anthropogenic input. After the industrializatibd750) any increase in

11



336 the emissioais considered to be due to anthropogenic input while natural emissions remain
337 constantHence,the temporalchange in isotopic composition fisrmally due tothe increase

338 in one single énthropogeni® sourceonly, which may in reality also contain a natur

339 component

340 2.6 Uncertainty estimation using random scenarios

341 The precision of thealculated\N,O emissiongE, ., E;n) depends primarily on the precision

342 of the atmospheric reconstruction of theCNmole fraction ;). However,taking random

343 histories within the uncertainty envelopgrovided by the firn air reconstructioils not

344 adequatdo quantify the uncertaintyof the atmospheric D reconstruction: the ye#n-year

345 variability of N;O is constrained by the N lifetime in the tropospherd2ossible realistic

346 NyO scenarios are scenarios that are within the confidence intervals provided by the
347 atmospheric reconstructions, and that have realistictgeggar variability.

348 Mathematically, this can be represented by an uncertainty variance acmearinatrixB,

349 where the diagonal elements (variances) are the yearly uncertainties on the atmosfgheric N
350 mole fractiors, and the offliagonals are the covariances of the uncertainties of different
351 years. The covariance between the uncertainty on the&gtaotion in one year and the

352 uncertainty in another yegrs defined as:

353  cov(i,j)=rij! g 9
355 The correlationr(;) is maxmum between two consecutive years, and decseasehe time
356 difference increases.

357 We generatedan ensemble 060 randomrealistic N,O scenarioswithin the uncertainty

358 envelope othe firn atmospheric YD reconstructiortonstrained byhe covariance matriB.

359 For each of these atmospherigNscenarios, we calculated the correspondig@ &mission

360 time seriesThe range of emissions from these scenarios then provides a realistic estimate for

361 the uncertainty ilN,O emissions

362 We carried outthe samenalysisfor the different NO isotopaules: for eachsotopocule(!

363 value) we generated a covariance maBix constrained byhe uncertainty ranges provided
364 by the atmospheric reconstructions and the correlation coefficients define®ianggeql0
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to generate a set of 50 random scenarios within the uncertainty envélopesich of these
random scenarios, we calculated the corresponding source signature smathadni® range in

the results provides an uncertainty estimate of the isotopic source signatures

3 Results

3.1 Mean age

The mean age of JO in air sampled from diffent depths in the firn for all datasets that are
used in this study is shown in Fig. 1. The strong change in the mean age gradient that is
clearly visible ineachprofile reflects the transition between the diffusive and bubble-cifise
zones, which occsrat a specific depth and mean ageefachsite. Fig. 1 also shows that for

each site the few samples that are collected within the bubble-affogene provide the
constraints for most of the reconstructed record (for instance, atEKN0 m depth ishe
beginning of the bubble clos#f zone). In addition to the mean age, the width of the age
spectrum also increases with depth. Therefore, the temporal resolution of signals that can be
reconstructed from the firn air measurements reduces with depthppnoaches the one of

ice core samples towards the bottom of the bubble -dfissone.

The Greenland sites (NH) have similar meteorological and glaciological conditions (Table 1),
thus the differences between the mean age profiles in Fig. 1 are shelRnfarctic sites

(SH) show clear differences because the melegical and glaciological variables differ
strongly from site to site. As a result the fioe transition is at a different depth for each
location (e.g., the firice transition zone for BIL-98 is located at about 73.5 m compared to
about 99.5 m at DQ9).

3.2 Experimental results and multi-site reconstruction

Mole fraction and isotopic composition oM™ in firn air are presented versus depth of the
firn air sampling in the middle panels ofgFi2 for the different sitesThe mole fraction
decreases with depth in qualitative agreement with the known incogabkO in the
atmosphere over timén contrast all isotope deltas slowly increase with depth in the upper
firn and show stronger heavy isotope enrichment in the -cfissone, both indicatingpeavy
isotopedepletionin atmospheridN,O with time.

The atmospheric history that has been reconstruobed these firn datasets using the multi
site inversion (using the data from NEED), NEEMEU-08, NGRIRO1semara BKN-03, DG

13



395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

414
415
416
417
418
419
420
421
422
423
424
425
426
427

99, DML-98) as described in section 2.4 is shown in thec@fimnof Fig. 2. The solid line

shows the scenario that leads to liest fit withthe firn dataas shownin the middle panel,

and the dashed lines show the upper and lower range of possible scenarios that would still
produce an acceptable fit to the data within the uncertainty bars.-€&@mled symbols show

data plotted atheir respective mean age (as derived from the firn air model). When the best
fit scenario is used as input for the forward firn air model for each individual site, the model
produces the vertical profiles that are shown asucetblines together with éhdata in the

middle panels. For the sites that were included in the 4sitdti reconstruction, the firn
profiles based on the bedt scenarios generally match the experimentaia pointswell,

which is expected after a successful inversion proceduwtenéth consistent data sets. The

right panels in Fig. 2 show the differences between these model results and the data. For the
data that were used in the midiie inversion the modelata differences are generally very
small, although individual firn diing sites in some cases show small systematic deviations,

in particular in the closeff zone. This means that when inversions would have been
performed on individual sites, the optimal reconstructions would be slightly difféfente,

the advantage dhe multisite reconstruction is that the reconstructed scenario is constrained
by all sitesand all sampling depth®espite the small differences between individual sites, the
left panels show that all data fall within the uncertainty bars of the reeaotex! scenario of

the inversion.

From 1940 to 2008 the total chasgé the § valuesof atmospheric D are(ER.2+0.3 & for

1N, (BL.0+0.3 & for !'®0, (B1.3+0.§ & for !™N' and (E2.8+0.§ & for !™N’
respectively (Fig2, left panels). The averadjgearizedtrends aref0.032+0.004) & &" for

1 °N?, (£0.014+0.008) & & for ! %0, (£0.019+0.015) & & for ! °N' and £0.041+0.020)

4 a™ for I '™™N’". Theseoverall trends are slightly lowerompared to previous studies that
used only the data at individual sitéshfjima et al., 2007; Bernard et al., 200&cRmann et

al., 2003; Sowers et al., 2002) and other studies that used data from the same period, which
were not used in the present study (Park et al.,, 2012). Howteedifferencesare well

within the combineduncertainties. We note that comparisons of average linear trends can be
flawed when the firn air records have different length and the temporal profiles do not change
linearly (see below)Trends for! *°N' aresmaller in magnitude than fdr°N’, while results

from Bernard et al. (2006) showed stronger changesTur than for! >N". However, in that

study the trendwere largely determined from measurements on young ice core samtples

comparatively higher sasurement errors atatgerscatter
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Data from two sites were not included in the msite inversion and are used as independent
validation of the reconstructed scenarios. The data points from Ishijima et al. (RGRIP-
OLshijimas Yellow) are withinthe range of scenarios reconstructed by the inverse raodel
thus independently validate our resulthie! *°N® and!*®0 datafrom Sowers et al. (2002)
(SP01 in light blue and SB5 inblue) however, agree only for the more recent atmospheric
history (Fig. 2, left panels)For mean ages before 1990 most of the points are outside the
uncertainty envelopes of the medite reconstruction. Intdaboratory calibration differences
might be apossible explanatiofor the discrepancy, but the differences aot a systematic
shift, and they are larger than offsetmonglaboratories that were established in the past
(Sapart et al., 2011; Kaiser et al., 2003). In fact, the data repdoytS€dwers et al. (2002)
were actually measurad two different laboratiees with good agreemeno measurement
flaws can be excludedA possible origin of the difference could dHeased on the
reconstruction modeBecauséhe uncertainties on the South Pd&aare large, compared to
the other sitesthe multisite homogenization is more uncertain and lescieht (see
Appendix A and C, FigAl1 andC1-C3). Sampling uncertainty should also be taken into
consideration since when pumping firn air and filling the sampling flasks you could éscoun
uncertainties (coamination, possible leak, fractionation, incomplete flask flushing etc). At
present though the discrepancy cannot be resolved.

To evaluate our scaling approach weeeated the muisite reconstructiomsing the original
non rescaled data and+scaledthemto NEEM-09 instead of DE9 (see Appendix C)his
yieldedsimilar resultgwithin uncertaintiesjo theoriginal reconstructiorthus results do not
depend on the choice of the site used fesaaing. Without rescaling, the overall change of

N2O mde fraction and isotopic composition remained the same, but an additional decadal

variability was introduced fot™>N®, I'">N' and!™N'. In addition to that, the uncertainty

envelopes doubled because tbke scale inconsistencies. AHBcaling approaches produce
results that areconsistent with our preferred scaling to 9@ within the uncertainty
envelopes. We conclude that scaling removed the discrepancies that would cause larger
uncertaintiesif the original data were used instedulit the rescaling does not introduce
artificial signals (see Appendix C).

The regularization of the inversion results using a rugosity factor introduces a free parameter,
which is chosen to eliminate overfitting of experimental uncertainties and which controls the

smoothness of the reconstruction. The value of this parameter is set based on a robust

15



460
461
462
463
464
465
466
467

468

469
470
471
472
473
474

475
476
477
478
479
480
481
482
483
484

485

486
487
488
489
490

generalized cross validation criterion, ensuring that the resolution obtained from the inverse
model is similar to the experimental data while taking into accountsthecity of the
measurements (Witrant and Martinerie, 20¥8)sensitivity experiment where the weight of

the regularization terrwas increasetby a fador 10 led to nearlylinear tropospheric histories

within the uncertainty envelopgsesented ilAppendixC (Fig. C2). This combined with the

fact that straight lines can be drawn within the uncertainty envelopes of the reconstructed
scenarios and the sensitivity tests (see Appendix C) indicates that the isotopic trends are not

significantly different from stight lines within the current uncertainties.

3.3 Reconstruction of the N,O emission history

Fig. 3 shows the temporal evolution of the globalCNmole fraction as inferred frorine
atmospheric reconstructi@onstrained only by the most precise NEEM datihe top panel,

and in the bottom panel the emission strength in fd\Naalculated with the mass balance
model (Section 2.5). The solid black line denotes the best estimate scenario, which is used as
input in the mass balance modeéhe magenta lines siwothe ensemble of random scenarios

generated tguantifythe uncertainty of themissiongsee Section B).

The increase in the # mole fraction of (32+1hmol mof* over thereconstructiorperiod

canbe explainedin the mass balance mods} a (4.4+1.7) Tg & N increase in the emissions

from 1940 t02008. The emissions increased with an increasing trend until 1975, then the
annual increase continued, but at a slower rate up to 1990, and from then on the annual
emissions have stayed approxieig constant or even decreased slighfllye minor increase

in the NO mole fraction towards the end of the time series is likely not significant and does
influence our reconstructionshe corresponding changes in the mole fraction are difficult to
discen due to the long atmospheric lifetime ofON On average, the annual growth rate from
1995 to 2008 period is 0mol mof* a*, corresponding taverageannual emissions of 3.5

Tg &' N.

3.4 The temporal evolution of the N,O isotope signatures

The results from the isotope budget calculationgpagsentedn Fig. 4 The left panelshow

the atmospheritrends The solid black linerepresenthe besfit scenarie while the dashed
black lines represent the upper and lower uncertainty enveldpe ffin air reconstructions.
The magenta lines represent 50 scenarios generatetbmly within the reconstructed

uncertainty range, as described in sectid Phe middle panels show the temporal changes
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in the isotope signatures of the totalONsoure, with their accompanied uncertainties, as
calculated from the atmospheric mass balance m@eetion 2.5) The total source is split
into an assumedonstant"natural” and an increasing "anthropogenic" component and the

right panels show the isotopicaution of the "anthropogenic” component.

Results show thahe averagé™ N of the total NO sourceover the reconstruction perids,
(Br.6+0.6) a where the uncertainty is calculated using tBeuficertainty from the scenarios

with respect to the mean value (magenta lin€bgre is ncstatisticallysignificant longterm

trend, but a temporal variability is observed on the decadal scale that might mask this trend.
I '°N® first decreased frontB6.5+0.6) & in 1940 to (EB.540.6) & in 1965, then slowly
increased again td§.610.6) & in 1985, followed by another decrease (B8.510.6) & in

2008. These oscillations originate from the slightly curved trends in the isotopic

15Nav

reconstructions for in Fig. 4 (left panels).

When the source is split into a constant natural and a varying anthropogenic comghenent,
variability is projected on the anthropogenic part and the temporal variations increase
accordingly. However, also the uncertainties increagestantially, becausie differences
between the individual scenarios are attributed to only a small fraction of the total source.

The ! ™N® signature of the anthropogenic souhzs an average value (@18.2+2.6) &. It

initially increasegthe smallinitial decrease is not significarftpm (ER21.542.6) & in 1940 to
(BB.64£2.6) & in 1990, when it starts to slowly decrease reachiff]%.4+26) & in 2008.

During the early part of the reconstruction perlmefore 1970when the "anthropogenic"
contribution was only a small fraction of the total source, the uncertainty ranges of the source
signaturesare large. Therefore the uncertainties for the early pavere excludedvhen
calculatingthe 1$ uncertaintiesover the atire periodfrom the generatedscenarios This

appliesto all anthropogenic isotope signatures.

The budget calculations suggest averall trend towards moresnriched anthropogenic
emissionsbut the uncertainties are large. Mathematically, this trend arises from the fact that
the isotope reconstructions yield relatively linear temporal isotope trehéseas the source
strength increases in a strongly Aorear fashion (Fig. 4).nl the begining of the record a
small increase in the source strengdieds to producacertainabsolute isotope shjfivhereas
asmallerincreasan the source strengih neededluringlater yeargo cause a similar isotope

15Nav

shift. This can only besolved mathematally by a lower! value for the small

15Nav

OanthropogenicO emissions in the early part of the firn rekordnstant! source
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signaturewould result in a small temporalchange in! *°N®

of atmospheric pD in the
beginning of the recordnd increasing isotope trends with increasing emissgamslar to the

exponential curves that weretéitlto the firn air data in RSckmann et al. (2003).

The! 80 of the total sourcearies within 27.2+2.6) & over the entire period! **0 does not
showsignificant decadal scale oscillations because the reconstructed scengfio fisreven

more linear than the ! >N

scenario. For this reason, as explained abovehe best fit
scenariothe 1 *®0 of the anthropogenic sourcir the initial 30 years has more depleted

value starting with (7.7£2.6) & in year 1940 reaching (31.1+2.6) ain year 1975and
remainingaroundthis value until 2008 (Fig4). However, the relatively larger uncertainty
envelopes for the atmospheric history 16O actually allow scenarios with smallet’o
changes in the beginning of the record and larger changes in the later period, which means
that the reconstruction does not exclude a constant value for the anthrogdf@rsource

signatureThe available daset thus does not allow quantifying a lgegm trend in *°0.

For the position dependefiN signaturesf the total sourceo significant longterm trends
were detectedFor !°N' no decadalscale variability is observed, whereas for°N" a
temporal variability is observed similar to th€N®. The uncertainty ranges fof°N' and
I'>N" are about a factor 2 greater than 6IN®", which is due to the larger analytical error
that leads to higher uncertainties in the scenario reconstrsidtioN' varies in the rangef
3.0£1.9) & , ! N’ in the rangefll17+2.3) &.

The temporal evolution df*°N' of the anthropogenic sourteoks similar to that of 0, but
with even larger variations and uncertaintieith a total average offB.1+1.7) 4. ! °N'

increasedrom (B18.2+1.7) & in 1940 to an average of-6.4+1.7) & in 1975 and retained
this value until 2008In contrast! >N’ is similar to that of *>N®’

source average ¢ER6.1+8.4)! >N’ initially decreasefrom (P19.1+8.4) 4 to ( -42.0+8.4) &

with a total anthropogenic

in 1955 only to increase again tdQ.6+84) & in year 1990 and then decrease again 1o (
26.0+84) a in 2008.

4 Discussion

The NO mole fraction atmospheric history from our mgite reconstructiors in agreement
with recent work from Meinshausen et al. (2016) who combined all available publisj@d N

data (atmospheric, firn, ice) in order to reconstruct a historical atmospheric record of the past
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2000 years. Idiffers slightly from the one determined by Battle et al. (1P86dto smaller
extentwith Machida et al. (1995).

Battle et al. (1996) collected firn air data and Machida et al. (1995) used ice data. Both studies
used samples from a single Antarctic site. One could argue that the difference is due to an
interhemispheric difference, but it is too large to be explained by this alone. In the jaast, N
mole fraction measurements have been reported on different calibration scales, which is likely
to explain part of the differences between individual studiegh&rmore, differences in the

firn air model and possible differences between sites may contribute. In our case we used
measurements from 5 sites to constrain our model while Battle et al. (1996) and Machida et
al. (1995) used only one site. In additidime atmospheric histories of up to 9 known gases
(depending on site, Witrant et al. 2012) were used to constrain diffusivity in our model while
Battle et al. (1996) only used two gases."

From the combination of the firn air reconstruction with a simptebox model we conclude

that NNO emissions increased fro(1.9+1.7)Tg & Nin 1940 to(16.4+1.7)Tg & Nin

2008. This agreeswithin uncertainties with previous firn reconstruction studies from
Ishijima et al. (2007) and Park et al. (201&)d bottorup approachesising emission
databases (Syakila and Kroeze, 2013; Kroeze et al., 18%98pre recent study byhompson

et al. (2014b) performed inversions of atmospheric measurements for 2006 to 2008 with
multiple models and reported emissions of 18T Tg & N for 2008 which is alsoin
agreemenivith our findings.

To investigatehe effectthe NO lifetime on theN,O isotopic signature@rather et al. (2015)

we performed &ensitivity studywherewe linearly changedhe N»O lifetime from 123years
pre-industrially ¢ 1750) to 119 years in modern times (2008he results are shown in
Appendix D, where the effect on the emission strength and isotopic composition is discussed
in detail. Results from thisensitivity studyshowed that the effectf @ decreasindifetime

gives higherN,O emissionsfor year 2008 while keeping the same -pr@ustrial value,
confirming the sensitivity to the lifetimein line with Praher et al. (2015)This change in
lifetime in the model leads to changes in the isetsignatures of the order (1.0£1.0 a.

The lifetime effect is most pronounced for the earliest part of the rée®8¥0)wherethe

reconstruction uncertainties are larger than this systematic uncertainty.

We furthermore investigated the sensitivitythe value of,.,(stratospherd® troposphere

flux) betweena low and high value of 0.16 ar@28 Tmol s, respectively following
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Appenzeller et al. (1996) and Holton et al. (198@ the defaultvalue being 0.22 Tmdd™.
As shownin Appendix D, the isotope values are not very sensitive tohlthrges ik, the

results are well within the uncertainty envelapes

The increase in Y0 emissionover the past decadessulted in an overall decrease of all
isotopic signaturesf atnmospheric NO with time. The isotopic signature of thietal source of

N2O (Fig. 4 middle panels) is strongly depleted in all heavy isotopes compared to
tropospheric BO (Table 3),which is due to the strong enrichment associated with the
removalin the statosphereln Table 3the isotopic composition for the piiadustrial period

(=1750) (,api) is compared with the derivehthromgenic source signatuderived from

our multisite reconstructiond,,;,, averaged from 1940 to 2008)he results showhat the
anthropogenicsource is moredepletedin heavy isotopes thathe natural one for all
signatures, confirmingesultsfrom studiesprior to firn air measurements (Rahn and Wahlen,
2000) andfrom studieghat usedorward firn air modelling on measements from individual

sites (Park et al., 2012; Ishijima et al.,, 2007; RSckmann et al., 2G0) important to
rememberthat we assume the natural sources to be constant, but the method itself does not

provide evidence for this.

Anthropogenic MO emissionsare dominated byagricultural soil (70 %) with smaller
contributions from automobiles, coal combustion, biomass burning and industry. Oceanic
emissions wer@reviouslyassumed to be only natural. However, the latest IPCC Assessment
Report Ciais et al, 2013 for the first timeseparatd oceanic emissions into a natural and an
anthropogenic component, e.g. due to atmospheric N deposttioivers (Syakila and
Kroeze, 2011; Duce et al., 2008; Kroeze et al., 200%)e oceanic fraction of the
anthropogenic source was estimated &g & N.

N,O emitted from agricultural soils and biomass burning is more depletét\iff and! *%0

than the tropospheric background (Park et al., 2011; Goldberg et al., 2010; Ostrom et al.,
2010; Tilsner et al., 20Q03®erez et al., 2001; 2000) while;®l emitted from other minor
sourcessuch as automobiles, coal combustion and indusaiy values closer to tropospheric
N2O values (Syakila and Kroeze, 2011; Toyoda et al., 2008; Ogawa and Yoshida, 2005a;
2005b). An inaease ofstrongly depleted agricultural emissions in the fpsirt of our
reconstructionfollowed by a éaeasing relative contribution from agriculture and increasing
contributions from more enriched sources like industry, automobiles and coal combustion,

could qualitatively explain thereconstructed changes of isotope signatures of botlothke
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617 source andhe anthropogenic componerfhe global NO budget study from Syakila and
618 Kroeze (2011) indicates that agricultural emissions were 78 % of the total during the 1940
619 1980 period with little input from industry, vehicle exhaust and coal combustion. Aftér 198
620 the relative share o#gricultual emissions dropped to 64 %, while the other sources

621 increased, supporting our suggestion.

622 According to FAO statistics (http://www.fao.org/faostat/en/#data/GY/visualize), emissions
623 from synthetic nitrogenous fertilizenscreased between 1961 and 1985, then stayed relatively
624 constant or even decreased until 2000, and increased again after 2000. The reasons of the
625 decrease between 1985 and 2000 are a shift towards organic soil cultivation in combination
626 with more efficientagricultural methods and fertilizer use. This variation in fertilizer use

627 qualitatively matches with the temporal evolutions of our reconstructed source signatures, but
628 the trends in the reconstructions are likely too large to be explained by this sbangge

629 only.

630 Although the decadal variability fdr'®N® and!*°N" appears statistically significant with

631 respect to the choice of scenarios constructed within the error bars of the firn air
632 reconstruction, additional systematic uncertainties in this staartion could potentially

633 produce such trends artificialfyom small undulations on the scenarios, since the emissions
634 are related to the derivative of the trend. As it is possible to draw straight lines within
635 uncertainty envelopes of the scenarios, diecadal variability may not be robust. An increase
636 of the regularization term by 10 confirms that the generated scenarios are straight lines well
637 withing the uncertainty envelopes, thus the decadal variability could be a artifact of the model
638 (see Appenit C).

639 Additional evidence for potential changes in thgONsource composition between the-pre
640 industrial and present atmosphere may be derived from the peséEmdent™N signatures,
641 quantified by théN site preference. Table 3 shows ttrat difference in thé'>N®' signature
642 between the prendustrial and the anthropogenic soudszived from our reconstructias
643 primarily due to a change at positiblIN’, whereag *>N' remains relatively constarithisis
644 reflected byalargerdiffererce in | *°N°P between natural and anthropogenic emissintch
645 could indicate aemporal changa production processes

646 Sutka et al. (2006) suggested that there may be two distinct classe® aforces with
647 different! *°N°. N,O produced duringitrification and fungal deirification hal a high! *°N°P
648 of (33+5) & and N,O from denitrification and nitrifier denitrification had a lowW"N® of
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649 (0x5) a. Park et al., (2012) used these two endmemioeralculate achangein the relative

650 fractiors of these source classes over tib@sed on their firn air datalthough thisapproach

651 is strongly simplified and several other sources and factors may contribute (Toyoda et al
652 2015), we use the results from our box model calculat{@able 3)in a similarway to

653 estimate the fraction ahe two source categoriegcording to the following simple mass
654 balance calculation:

1 L o fp
o 1 R

655 Fhigh_ PSPy Yy P (11)
. . hlgh. HH H | W

656 This returns a fractia contribution ofthe! ! ﬁipgh component 0{19+4) % to the total pre

657 industrial emissions an(85+11) % to the total present source. The esrovere derived by
658 propagating the errors of thé’N*® endmembers amg oh.aswithin the ranges stateabove.
659 We note that the errors associated with gheciseisotopic composition of the endmembers
660 are correlatedf the values of *°N*” for the two endmembers remain relatively constant
661 time. Therefore, the change in the relative fraction of the tatgories is likely better
662 constrained than the absolute values

663 Splitting the total present emission strength into a naturalitipestrial, 11.0 Tg & N) and

664 anthropogenic (5.4 Tg”aN) component, we derive a fraction ﬁfeélsN;‘i’gh component

665 (which includesitrification) of (54+26) % for the "anthropogenic” emissioriis isanother
666 piece of evidence for agricultural sources being the main contributor to bandrease,

15,

667 becausenitrification-dominatedagricultural emissiongan be associadewith the! ! fﬁgh

668 component

669 The temporal changes of the derived fraction of nitrificatimingood qualitativeagreement

670 with theresults from Park et al. (2012), who reported a chang@3#5 % from 1750 to

671 (23t13) % today However, theabsolute numbers derived from our study lagherthan the

672 results from Park et al. (2012). The difference is due to the fact that different apparent isotope
673 fractionations during stratospheric remog),,) are used in the mass balance model (Table
674 3; . 7,9). In our study we used thaveraged lowermost stratosphedpparent isotope

675 fractionations from Kaiser et al. (20Q06)hich we consider more representative than the

676 numbers usedy Park et al. (2012)Using different values fadr,,,causs a shift in the

677 isotopicsourcesignaturedrom the mass balance mod&he choice of this value thus adus
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5

678 systematicsource of uncertainty to the absolutdue of they f}i’gh fractions reported above
679  (Fnign).

680 Nevertheless, thisystematic uncertaiy shouldnot alter the overathangein Fnignfrom pre
681 industrial to modern times arttle results from our mulBite reconstructiomf the isotopic
682 composition of MO thus confirm the suggestion by Park et al. (20th2t the relative
683 importance othe highSPcomponen{presumably nitrificationhas increased with increasing

684 mole fraction since prandustrial times.
685 5 Conclusions

686 The temporal evolution of the totab® emission fluxes and the source isotopic composition
687 have beerestimated in a topown approach using multtsite reconstruction o,O mole
688 fraction and isotopic compositidrom 6 firn air samplings at 5 different Arctic and Antarctic
689 locationsin a twobox model.The results froma mass balance modebnstain the source
690 strengthandsuggest #@otalincreasen N,O emission®f (4.5:1.7)Tg & N between the 1940
691 and 2008 due to anthropogenic processes. This agrees with previalsvogstimates, but
692 deviates from bottorap model estimatesvhich suggeshigher NO emission increaseA

693 significant source of the uncertainty in tdpwn estimates is a possible change in th® N
694 lifetime over the reconstruction period, which we hguantifiedfollowing the recent results
695 from Prather et al. (2015).

696 The reconstruction of mole fractioand isotopic compdgon was used to investigate
697 temporal changes in the isotopic signatofeN,O emissionsover the study period. The
698 average total source fot°N® and! N shows no statistically significant lorgerm trend but

699 possiblysignificantdecadal scale variabilityror ! **0 and! **N' of the total NO source, no

700 significant temporal changes can be detected with the present datsmise the

701 uncertainties are large, especially in the beginning of the reconstruction. period

702 When the total sarce is split into a constant natural and a varying anthropogemponent

703 the reconstruction of thievalues of the anthropogersourceindicates a significant increase

704  of | ™N® from the early to the modern part of the record. This originates from thdinmesar

705 isotope histories of the best guess scenario, which would imply that small emissions in the
706 early part had a similar absolute effect on dhalues as stronger emisssom the latter part.

707 A similar effect for! %0 is likely, but not significant given the larger uncertainties for this

708 signature.
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Neverthelessthe isotope signal irl °&*

may also be a signal for changing source
contributions over timeBottomup modelssuggest that pO emitted from agricultural soils

was the dominant contributor to the anthropogeni® kcrease in the first decad&maller
contributions due temissions from more enriched sources, like industry, automobiles and
coal combustionincreased This may have contributed to aisotope enrichmenbf the
emissions which is not detectable within the error bars for the otbetope signatures.
However, one has to be cautious with a firm interpretation of these trends since the
reconstruabn method itself may also induce decadal variability if the smoothness of the

scenario is incorrectly constrained

Results fom the mass balance mode#ld an increase ifN site preferenceetweerthe pre
industrial and modern total ® source When his trend is evaluated with a simplified two
endmember mixing model, the results suggest an increase of nitrification sources relative to

denitrificationrelated sources over the industrial period.
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954 Table 1.Site informationon the drilling locations of the North Greenland Ice core Project
955  (NGRIP-OLshijima, NGRIP-Olgemard, Berkner Island (BN-03), North Greenland Eeian Ice
956 drilling Project NEEM-EU-08, NEEM09), Dome Concordia (D®@9) andDronning Maud
957 Land (DML-98), where firn air samples were collectaddtwo key meteorological variables
958 of each site

Site Location Mean annua Surface accumulatior Sampling

temperature rate(water equivalent year

(°C) (cma®)

NGRIP-01' 75°N 42 W -31 20 2001
BKN-0F  79S485W -26 13 2003
NEEM- 77.48 N51.°W -29 22 2008
EU-08

NEEM-09 77.4N51.°W -29 22 2009
DC-99° 75 S 123E 53 3 1999
DML-98 75°S65E -38 6 1998

959  'Data retrieved from Bernard et al. (2006), Ishijima et al. (2007)
960 2Data retrieved from Bernard et al. (2006)
961 °Data retrieved from R8ckmann et al. (2003)
962

963

964

965

966

967

968

969

970

971
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972 Table 2.Detailed information in the mole fraction and the isotopic composition of the
973 laboratoryreference gases used for correcting esmttoffirn air sample.

Site Sampling Mole R N 180 11%8," 11°8,
year fraction () () () )
(nmol mof")

NGRIP-01 2001 318 6.64 44.61 -2.79 16.07
BKN-03 2003 318 6.64 44.61 -2.79 16.07
NEEM- 2008 324 6.22 44.40 -3.08 15.52
EU-08
NEEM-09 2009 318 6.38 44.92 -2.66 1541
DC-99 1999 318 6.64 44.61 -2.79 16.07
DML -98 1998 318 6.64 44.61 -2.79 16.07
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990 Table 3. Emissioriluxes andisotopic composition of the natural and anthropogenic source
991 results from the mass balance mo@&tatospheric isotope fractionatidn!(used in the mass
992 balance model, and the respective results fPamk et al. (2012).

Natural source (E, ., dpars)"

This study Park et al. (2012)
Epat (Tg 2™ N) 11.0£1.7 11.1
O N™ (%o) -5.2+0.2 -5.3+0.2
0"%0 (%) 33.1+0.2 32.0+0.2
O"N" (%) -1.9+1.0 -3.3+1.0
NP (%) -8.3+1.1 -7.5+1.1
"N (%) 6.4+1.5 42415

Anthropogenic source (E. i, ! anih)

This study Park et al. (2012)
Eanen (Tg 2™ N) 5.4+1.7 6.6
O N™ (%o) -18.2+2.6 -15.6+1.2
0" 0 (%o) 27.242.6 32.0+1.3
O"N" (%) -8.1+1.7 -7.6+6.2
NP (%) -26.1+8.4 -20.5+7.1
"N (%) 18.0+8.6 13.1+9.4
Stratospheric Loss'
This study Park et al. (2012)
Fexch (Tmol s™) 0.22 NA
L (Tga'N) 12.3 NA
Lapp "N (%o) -16.2 -14.9
Lpp O (%o0) -13.4 -13.3
Lapp "N* (%) -23.0 -22.4
Lapp NP (%o) 9.4 7.1
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993
994
995
996

997

998

999
1000
1001
1002
1003
1004
1005

N,O Lifetime (a)
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Figure 1N,O mean ages in firn versus depth. The dashed lines represent the sites from the
NH (North Greenland Iceore Progct NGRIP-01gemard, North Eemian Icecore Project
[NEEM-09, NEEMEU-08]) and the solidinesthe SH sites (South Pol8R01, SR9I5],

Dome C PC-99], Dronning Maud LandDML -98] and Berkner IslanfBKN-03]). The

numbers accompanying the sites are the corresponding drilling Weaker X indicates the
transition betweethe firn diffusive zonendthebubblecloseoff zone for each sitdashed
orange line NGRI®1, dashed brown NEEMU-08, dashed red NEEM9, purple line

BKN-03, black DML-98, green DE9, blue SFO5 and light bluesR0O1.
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Figure 2.Left: Reconstructed atmospheric scenaribtadk solid line with dashed lines
indicating the2 $ uncertaintyintervalg and results of the firn air samples (corrected for firn
fractionation) plotted at their respective assigned mean age. Miculie=spondingdepth
profiles, symbols show the measorents andsolid lines the results of the forward model
using the best estimate scenario as input. Riglidel data discrepancies a function of
depth Orange: NGRIPlgemard Yellow: NGRIPOLshijima, Brown: NEEM-EU-08, Red
NEEM-09, Purple: BKNO3, Black: DML-98, Green: D9, Blue: SFI5 and Light Blue:
SRO1. Data from NGRIP-OLshiima SP95 and SFO1 were not used in the atmospheric

reconstruction and are only plotted for comparison purposes here.
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Figure 3 Top panel.N,O mole fractionhistory constrained with the most precise data at

NEEM only to narrow the uncertaintiésolid black line with uncertainty envelopes as dashed
black lines) andhe scenarios within the uncertainty envelopes that were used in the mass
balance model (magentmes) to evaluatethe uncertainties of the atmospheric modelling

results

Bottom panel. MO productionrate as calculatettom the mass balance model. The solid
black line represents thesult for the best fit reconstructiavhile magenta lines repredethe
results for the individual scenarios from the top pabeitted light green line denotes the

natural source emissions which w&ept constant in our model runs
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1037  Figure 4 Left panels: Historic evolution df**"N®, 1) 1'N' and!*N" in N,O as derived

1038 from the firn air reconstructiorMiddle panelsisotope signaturesf the total emitted pO.

1039 Right panels: isotope signatures of tAethropogenic source, respectively. The solid black
1040 line represents the beft scenario while the dashed onesepresent the respective
1041 uncertainties as determined by the reconstruction method. Magenta lines represent the

1042 emissions that are required to produce the magei@ahiétories in the left panels.
1043
1044
1045

40



1046 Appendix A: Effect of firn fractionation on isotopic composition
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Figure Al: Effect of firn fractionation on # isotopic composition in firnOriginal
measurementare plotted as stars, data corrected for firn fractionation are plotted as circles
with error bars. Théeft hand side showNorthernhemisphereites,orange: NGRIFO1zemard
yellow: NGRIROLghijimabrown: NEEMEU-08, red NEEMO09 and theright hand side shows
Southernhemisphere sitequrple: BKNO3, black DML:-98, green [€-99, blue SF5 and

light blue SRO1

Appendix B: Data processing

In this study isotope deltad X are used to denote the relatit®/**N and *®0/*°0O ratio
difference of NO in firn air with respect to a standard reference,

R
|15N I sample | I (1)
U Iragoe#ess

where R represents tha&N/**N or **0/*°0 abundance ratio of a standard or a sampf&
values are reported relative R of atmospheric N 6'°0 values relative td°R of Vienna
Mean Standard Ocean Water (VSMOWhe ™N/*N, *®0/*°0 and position dependent
1>N/*N isotope ratios were deridérom measurement of thevz 45 /m/z 44, Mz 46 /m/z 44
andm/z 31 /m/z 30 ion current ratios according to Kaiser et al., (2008), assuming a constant
70 excess of 0.9 &.

There is a disagreemebetween reported trends of tpesition dependend™ N values
reportedin the literaturerom firn air on the one hand aratchived air samplesn the other
hand (Park et al., 2012lshijima et al., 2007Bernard et al., 2006; RSckmann and Levin,
2005; RSckmann et al., 2003; Sowers et al., 2002). In printheléemporal trendheasured
directly on archived air sampleshould befully consistent withtop firn air samples of the
various data sets, which were collected over a decade or more, since the air in the diffusive
zone is not very old. However, this istrthe case. Using tHagh-precision determination of
the temporal trend of the;® isotope signatures on archived air samfpilm®s RSckmann and
Levin (2005) as reported in section 2w rescalethe different firn profilesso matchthis
trend in the diffisive zoneby interpolatingthe measurements from the diffusive zone of all
sites to DC99 (d;yt1). By using the firn modeb assigned mean age of each sampldée

maximum age difference from diffusive zone to surface corresporftsge=!A, ., = 10a
Below you can find the equations used:

! g )" 2

I, = — 1 oIl |
L 5t-to Ity ( tto *
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! Final=! meas— (5exp Pl ! (©)

Where! is the slope connecting the two points we want to interpoldte.appliedscaling
(Jeinal 1s given in the @bleB1 below.To bring the data to the most recent international scale,
NOAA-2006A, we used an equation extracted francorrelation between a scale ratio of
NOAA-2006A to CSIRO versus the mole fraction ofON The correlation showed higher
scale ratio for low fraction values and lower scale ratio for higher mole fraction valbes.

equationextracted is given below:

y(NOAA-2006) =B1.535+ 107 y(CSIRO) + 1.045/(CSIRO) (4)
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1086 Table B1.Implementedscalingfor NoO mole fraction and isotopic compositionhe re
1087 scalel average was extracted from the diffusivity zone for eachwiteh corresponds to the
1088 top 50 m. The expected trends are averaged values fr@BIRO
1089 (http://www.csiro.au/greenhougmsey for the last 30 yeardor the mole fraction and
1090 measuredrendsfrom RSckmann and Levin (20059r the isotopic compositiorThe rather
1091 large corrections to the isotope data from theéd$Rnd S5 drillings are likely due to inter
1092 laboratory scale differences

(N,O)(nmol mol™)

Site Re-scaled average Expected trend Correction
change

DML-98 0.09+0.29 -0.80+0.06 -0.89+0.32
NGRIP-0lgemarg 3.39+0.54 1.60+0.06 -1.79+0.54
NGRIP-0Lspijima 4.12+0.32 1.60+0.06 -2.52+0.32
BKN-03 3.47+0.22 3.20+0.06 -0.27+0.23
NEEM-EU-08 3.57+1.81 7.20+£0.06 3.63+1.81

NEEM-09 8.84+1.82 8.00+0.06 -0.84+1.82

5] SNav (%0)

Site Re-scale average Expected trend Correction
change
SP95 1.43+0.56 0.16+0.00 -1.27+0.56
DML -98 -0.18+0.12 0.04+0.00 0.22+0.12
SRO1 0.22+0.22 -0.08+0.00 -0.30+0.22
NGRIP-01gernard -0.18+0.07 -0.08+0.00 0.10+0.07
NGRIP -01Lshijima 0.17+0.13 -0.08+0.00 -0.25+0.13
BKN-03 -0.17+0.12 -0.16+0.00 0.01+0.12
NEEM-EU-08 -0.63+£0.15 -0.36+£0.00 0.27+0.15
NEEM-09 -0.43+£0.05 -0.40+£0.00 -0.03+£0.05
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0"%0 (%)

Site Re-scale average Expected trend Correction
change
SR95 -0.88+0.27 0.08+0.00 0.96+0.27
DML-98 0.26+0.15 0.02+0.00 -0.24+0.15
SP-01 0.74+0.62 -0.04£0.00 -0.78+0.62
NGRIP-0lgemarg -0.08+0.05 -0.04+0.00 0.04+0.05
NGRIP-0Lshijma -0.17+0.12 -0.04+0.00 0.13+0.12
BKN-03 0.02+0.06 -0.08+0.00 -0.10+0.06
NEEM-EU-08 -0.21+0.15 -0.19+0.00 0.02+0.15
NEEM-09 0.28+0.04 -0.21+0.00 -0.49+0.04
3" °N? (%o)
Site Re-scale average Expected trend Correction
change
DML -98 -0.41+0.20 0.06+0.02 0.47+0.20
NGRIP-0lgemarg -0.10+0.25 -0.13+0.02 -0.02+0.25
BKN-03 -0.53+0.30 -0.26+0.02 0.27+0.30
NEEM-EU-08 -0.33+0.27 -0.58+0.02 -0.25+0.27
NEEM-09 -0.14+0.17 -0.64+0.02 -0.50+0.17
"N (%o)
Re-scale average Expected trend Correction
Site
change
DML-98 0.09+0.11 0.01+0.02 -0.08+0.11
NGRIP-0lgemarg -0.26+0.19 -0.03+0.02 0.23+0.19
BKN-03 0.19+0.32 -0.06+0.02 -0.25+0.32
NEEM-EU-08 -0.61+0.35 -0.13+0.02 0.48+0.35
NEEM-09 -0.72+0.16 -0.14+0.02 0.58+0.16
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1093 Appendix C: Atmospheric reconstruction re-scaled to NEEM-09 and without
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Figure C1Results of the firn data evaluation (similar to Figureugjng the data withoute-
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Figure C3. Sensitivity testto the regularization termincreased by a factor of 10
Reconstructed atmospheric scenarios (left), corresponding fit of the firn data (centre) and
model data discrepancies (right). The best reconstrucethisos are shown as the black

continuous lines, with model derived uncertainties (2$)ishéd lines. Colours as in Fig..C1
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Figure C4 Comparisonof the atmospheric reconstructiofetween different rscaling
methods. Solid and dashed green lines are the scenarios from-geddeceto DE9 used in
this study. Solid redines are the bestase scenario for the nonsealed data and solid blue
linesare the bestase scenarios fino the data rescaled to NEEMD9. The latter data series
shifted because of a calibration offséfhenthis is correced for the data superimposes the

green lines as expected.
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Appendix D: Sensitivity of the reconstructed N,O emissions and isotopic

signatures on NO lifetime.

For thedefault calculations with the mass balance modebmstant lifetime for BD was
used. A recent study from Prather et al. (2015), thobgihlighted that toglown model
calculations are sensitive to chasgn the MO lifetime. To quantify the effect on our results
we performed a sensitivity test where \weearly changed the JO lifetime from pre
industrid to modern times from 123 a in 1700 to 11 &008.We also included runs with
the absolute meanalue changes in the assumed mean lifetifrree results are shown in

Figures D1 and D2 below.

In Figure D1 the BO atmospheric budget is-oalculated andompared with the resultghen

the constant lifetime df23ais used. h year 1940 the }D emissions arél2.3:2.7)Tg & N

and (17.0:1.7) Tg & N in year 2008 with a total increase @.7+1.7) Tg & N. When

keeping the lifetime constant, the results for the same years are (11.9g1a?) N and
(16.4+1.7)Tg & N with a total increase of (4.5+1.Ty &* N. In addition, when looking also

into the absolute mean value changes in the assumed mean lifetime we only observe a vertical
shift of the scenarios that do not affect the temporal chahigie.showsthat there isa
sensitivity on the choice of lifetime for our mass balance model on e dimospheric
budgetas was indicated by Prather et al. (2015)

The NO source isotopic signature shows no significant change with the choice of lifetime
giving similar averageaarce values for all source signatures as for when using a constant

lifetime of 123a

On the other hand, the,@ average anthropogenic source signature displays a sensitivity in
the choice of lifetime returning values1(5.9:2.6) &, (2 8.5+2.6) &, (—7.21.7) & and (-
22.8:8.4) & for >N, 18 13N' and !N’ respectively. Thisagrees within combined
errorswith the total average values 6f18.2+2.6)&, (27.2+2.6) &, ( -8.1+1.7) & and ¢
26.1+8.4) & for I >N, 118) 1'°N' and!**N’ respectively when a constah23 a lifetime is
used. On averagehe N,O anthropogenic signature resuttan differ by 10% when a
different lifetime is chosenwhich is equivalent to &a2.0+1.0) & difference in the final

anthropogenic values.

Sensitivity tests were also performed on g, parameter which gives us the annual fluxes

between the two reservoirs (stratosphet@posphere)Following Appenzeller et al. (1996)
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and Holton et al. (1990hé value was tested at a low and high valu®.16 and 0.28 Tma
! respectively with th@ne used in the manuscripeing 0.22 Tmok*. Results are shown in

figures D3 and D4 below.

In Figure D3 (middle panel) the atmospheric budget isateulated and compared to the
optimal scenario valige At the bottom panel the air returned to troposphere from stratosphere
is presentedH,.p). It is clear that when a loW,., value is chosen, then lessNis returned

to the troposphere. Contrary when a highgg, value is used more  is returned.

Fexch Choise has little effect on the isotopic signatuesults as shown in Figure D4 and is
mainly limited to the earliest part of the record (>1970) where the reconstruction uncertainties
are larger.While it is expected wheFRg,.,Vvalue is low the igtopic results to be more
enriched compared to highBg,., in our case this is not clear from the teBhe overal
averaged values have a less than 2 % difference compared to the (@mpiseal) scenario

and results of total averaged source and anthropogenic isotopic signatuves| amghin
agreement with combined uncertainty errors in both total source and anthropogenic signatures

respectively.

Thus, we conclude that while the flux is indeed seresibin the=, ., choice value the isotopic

composition is not.
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Figure D1 Top panelN>O mole fraction history constrained with the most precise data at
NEEM only to narrow the uncertaintiésolid black line with uncertainty envelopes as dashed
black lineg and the scenarios within the uncertainty envelopes that were used in the mass
balance model (magenta lines) to evaluate the uncertainties of the atmospheric modelling

results.

Bottom panel. MO production rate as calculated from the mass balance rasglghing a
change in the lifetime from 128in 1700 to 11%in 2008 (relative change similar to Prather
et al., 2015)in light blue The solid black line represents the result for the best fit
reconstruction while magenta lines represent the resultbéandividual scenarios from the
top panel(lifetime kept constant dét23a) as used in the main papénight green and yellow

show the results when lifetime is 154 a and 104 a respectively.
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Figure D2: Left panels: Historic evolution bPN®, 1% [ 1°N' and! **N" in N,O as derived

from the firn air reconstructionThe solid black line represents the H#sscenario while the

dashed ones represent the respective uncertainties as determined by the reconstruction
method. Magenta lines represent émissions that are required to produce the magestda N
histories in the left paneldiddle and right panels: Isotope signatures of the total emitted
N>O and anthropogenic source respectivadguming a change in the lifetime from 12

1700 to 11%in 2008 (relative change similar to Prather et al., 2015yht blue The solid

black line represents the result for the best fit reconstruction while magenta lines represent the
results for the individual scenarios from the top panel (lifetime keptaanatl23a) as used

in the main paper.
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Figure D3: Top panel. X0 mole fraction historyconstrained with the most precise data at
NEEM only to narrow the uncertaintiésolid black line with uncertainty envelopes as dashed
black lines) and the scenarios within the uncertainty envelopes that were used in the mass
balance model (magenta lines) to evaluate the uncertainties of the atmospheric modelling

results.

Middle pané NO production rate as calculated from the mass balance model assuming a
high (0.28 Tmols™) Feycpin light green and a low (0.16 Tmsf) value in yellow. The solid
black line represents the result for the best fit reconstruction while magentepnesent the

results for the individual scenarios from the top panel as used in the main paper.

Bottom panel. DO flux exchange results between stratosphere and troposphere as calculated
from the mass balance model assuming a high (0.28 $Mél.,., in light green and a low
(0.16 Tmols™) value in yellow. The solid black line represents the result for the best fit

reconstruction as used in the main paper.
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Figure D4 Left panels: Historic evolution of°N®", 1% 1°N' and!*N" in N,O as derived

from the firn air reconstruction. The solid black line represents theibssenario while the

dashed ones represent the respective uncertainties as determined by the reconstruction
method. Magenta lines represent the emissions that are required uogptbhd magenta

histories in the left panels. Middle and right panels: Isotope signatures of the total emitted
N,O and anthropogenic source respectively assuming high (0.28sFrfl., in light green

and a low (0.16 Tma$™) value in yellow. Thedid black line represents the result for the

best fit reconstruction while magenta lines represent the results for the individual scenarios

from the top as used in the main paper.
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