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Abstract. We have performed high-precision measurementstion, and combustion in vehicles and power plants. However,
of the 180 and position depended®N isotopic composi- the knowledge about individual source strengths is poor and
tion of NO from Antarctic firn air samples. By comparing lacks experimental verification. Measurements of the stable
these data to simulations carried out with a firn air diffusion isotopic composition of atmospherico@ are increasingly
model, we have reconstructed the temporal evolution of theconsidered to be an important method for better quantifica-
N2 O isotope signatures since pre-industrial times. The heavyion of its global budget, and accordingly a wealth of exper-
isotope content of atmospherig® is presently decreasing imental and modeling studies have investigated various as-
for all signatures at rates of abou0.038%o yr1 for 1515N, pects of the isotopic composition of,® in the past years
—0.046%0 yr1 for 261°N and—0.025%. yr! for §180. The  (Cliff and Thiemens, 1997; Dore et al., 1998; Griffith et
total decrease since pre-industrial times is estimated to bal., 2000; Johnson et al., 2001; Kaiser et al., 2002a, b, c;
about —1.8%o0 for 189N, —2.2%0 for 251°N and —1.2%  Naqvi et al., 1998; Rahn and Wahlen, 2000; Rahn et al.,
for 8180. Isotope budget calculations using these trendsl998; Rockmann et al., 2000, 2001a, b; Toyoda et al., 2001;
and recent stratospheric measurements allow to isotopicallffuratti et al., 2000; Yoshida and Toyoda, 2000; Yung and
characterize the present and the pre-industrial global averMiller, 1997). Underlying this effort is the notion that the
age NO source, as well as the additionap® emissions increase of MO from pre-industrial to present levels should
that have caused the globaj® increase since pre-industrial have left a signal in the isotopic composition. The tempo-
times. The increased fluxes from the depleted surface sourcasl isotope trends predicted by model simulations, however,
alone are insufficient to explain the inferred temporal isotopeare only a few hundredths of a per mill per year (Rahn and
changes. In addition, the global averaggO\source signa- Wahlen, 2000). Therefore, the experimental determination of
ture is calculated to be significantly depleted today relative toa recent isotope trend from direct atmospheric measurements
the pre-industrial value, in agreement with recent indicationshas not been accomplished so far, and the models themselves
from soil emission measurements. can only use assumptions about the temporal evolution of the
N2O isotope signatures.

Air trapped in Arctic and Antarctic firn and ice provides
an important natural archive of the past atmospheric compo-
sition. In the case of firn air, the interstitial gas is not yet

Nitrous oxide (NO) belongs to the group of greenhouse isolated in closed-off bubbles and over the long times the

gases targeted by the Kyoto protocol for emission reduc-2il remains in the firn before close-off, diffusion processes

tion. A prerequisite for effective control measures is a thor-and gravitational separation change mixing and isotope ra-
ough understanding of the global atmospheric budget. In thdi0S (Schwander et al., 1988). Thus, firn air measurements
case of NO, it is known that the predominant sources are Cannot be used directly to derive the atmospheric history of
microbial nitrification and denitrification reactions in soils the trace gas signatures. Firn air diffusion models take these
and waters. Minor contributions come from biomass burn-€ffécts into account and allow a reconstruction of changes in

ing and industry, in particular nitric acid and nylon produc- the atmospheric composition from the firn profile. Our “for-
ward” model, developed at the Laboratoire de Glaciologie et

Correspondence tof. Rdckmann Géophysique de 'Environnement in Grenoble, France (Fabre
(T.Roeckmann@mpi-hd.mpg.de) et al., 2000; Rommelaere et al., 1997), requires atmospheric
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scenarios as input data and then calculates the firn profile analyzed in the same manner that was used previously for
the time of the sampling. The most reliable input scenariostratospheric samples §@kmann et al., 2001a) and only a
can be chosen based on the agreement of the measured abdef summary is given here. 170 to 420%of firn air were
modeled profiles. introduced into a modified ThermoFinnigan PreCon system,
In this paper, we reconstruct the isotopic evolution of at- where the majority of the C&is chemically removed over
mospheric NO since pre-industrial times, assuming that the Ascarite (NaOH coated silica) and the® is preconcen-
general shape of the time series is similar to results from drated cryogenically. Final separation from the remaining
recent model study (Rahn and Wahlen, 2000). In additiontraces of CQ occurs on a capillary GC column (PoraPlot,
to the difference between present and pre-industrial atmo0.32 mm i.d., 25 m) after focusing the sample on the col-
spheric isotope values, we could also precisely quantify theumn head. In our new setup the column is divided into a
small present isotope trends that have not been measurabjgecolumn and an analytical column, which considerably re-
directly in the atmosphere. Global budget calculations areduces interferences from other atmospheric compounds, in
then used to derive the global average isotope signatures gfarticular on mass 31 for the NOfragment (Rckmann et
the present and pre-industriab® emissions and, by mass al., 2003). Two consecutive runs are performed, the conven-
balance, also the source signatures of the additional emigional NoO measurement collecting the ion masses 44, 45
sions since pre-industrial times. In the following, we term and 46, and the NO fragment measurement at masses 30
this contribution “anthropogenic” although also changes inand 31 (Brenninkmeijer and@®kmann, 1999; Bckmann
natural emissions, e.g. due to climatic changes, may havet al., 2001a). As sample size was no restriction for the
contributed. In this respect, we establish five important cor-large firn air samples, many measurements were performed
nerstones for future isotope research on atmospheif@, N on each sample (up to 10), resulting in very precise and
namely the difference between present and pre-industriafobust results. As laboratory reference gas we use an at-
atmospheric MO isotope values, the present atmosphericmospheric air sample with ano® mixing ratio of 315.1
trends, and the present, pre-industrial and anthropogenic avsmol/mol and isotope ratios of'®N = 6.7%. vs. atmo-
erage source signatures. spheric N and 580 = 44.6%. vs. VSMOW (Vienna Stan-
dard Mean Ocean Water). The mass spectrometer running
gas (NO, purity 99.9999%) has an isotopic composition of
2 Experimental procedures 815N = 0.4%0 vs. atmospheric Nand §180 = 39.1%o vs.
VSMOW.
Within the framework of the European Project FIRETRACC  For the DML samples, the original air samples were ex-
(Firn Record of Trace Gases Relevant to Atmospheric Chemhausted, but the condensable components (primarily, CO
ical Change), 16 large volume air samples were obtained irN,O and hydrocarbons) had been recovered during previ-
Dronning Maud Land (DML) in January 1998, and 13 sam- ous large volume~ 400 dn?) extractions on an offline lab-
ples were obtained at Dome Concordia (Dome C) in Januanpratory extraction line used for CO isotope measurements
1999. In the laboratory, D mixing ratios were determined (Brenninkmeijer et al., 2001). Aliquots of these condens-
gas chromatographically using an electron capture detectosble trace gas cocktails were introduced into the extraction
(GC-ECD). Two laboratory reference gases were used withsystem on a modified ThermoFinnigan Gasbench setup. The
N20 mixing ratios of nominally 315.71 nmol/mol and 309.85 concentrate was purged by a helium carrier gas into a sam-
nmol/mol, respectively, on the NOAA/CMDL scale. The ple loop using a double-hole needle, and the contents of the
non-linearity of the detector was accounted for by fitting the |oop was then injected into the extraction unit, which again
response function to a dilution series. The DML samplesconsisted of a chemical GQrap and cryogenic preconcen-
were analyzed three times, two times in 1998 after arrival intration of the NO, followed by GC separation as described
the laboratory, shortly after the GC-ECD had been set upabove. Sample sizes injected were similar to those from the
and again in 1999 together with the Dome C samples afteivhole air extractions. Details of this method will be pub-
improvement of the system. Whereas the internal (i.e. in-lished elsewhere @kmann et al., 2003).
strumental) precision is similar for the individual analyses,
the reduced scatter of the 1999 data (Fig. 1) indicates that
these data are more reliable, although the air had been storegl Results and discussion of firn air analyses
in the cylinders for more than one year. This may be due to
improvements in sample handling and admission proceduresThe firn air profiles from Dronning Maud Land (DML) and
The minor differences do not affect any of the conclusionsDome Concordia (Dome C), for all signatures are shown in
drawn below. Fig. 1. DML has a mean annual temperature-&8°C and
Thel80 and position dependettN analyses were carried  a relatively high snow accumulation rate of 60 kghyr—!
out using recently developed continuous-flow isotope masg6 cm water equivalent y*) whereas Dome C is an ex-
spectrometric techniques (Brenninkmeijer andckmann,  tremely cold site {53°C) with a low snow accumulation rate
1999; Rsckmann et al., 2001a). The Dome C samples werg(30 kg nT2yr—1). The firn-ice transition zone in DML is lo-
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Fig. 1. Depth profiles of NO mixing ratio and isotopic composition at two Antarctic sites, Dronning Maud Land (top) and Dome C,
together with the results from the firn air diffusion model. In the top left panel, the results of all three measurement series are presented,
the black and blue squares designate the 1998 measurements, and the red squares the 1999 measurements that were carried out toget
with the Dome C samples. For @ mixing ratios, the black line is the model result using the scenario based on ice, South pole firn and
atmospheric measurements, the red line is the result using the exponential model scenario (see text). The isotope ratios are reported relativ
to the contemporary isotopic composition at the sampling sk&%°N and2515N are thel®N §-values at the terminal and central position

in the molecule, respectively (Brenninkmeijer anddRmann, 1999). The trends are in good agreement to those reported recently from
South Pole firn air (Sowers et al., 2001). The lines are results from the firn model using the scenarios shown in Fig. 2 as input (the colors
for the scenarios match those from Fig. 2). For the isotope ratios, the black lines are profiles for a scenario without any change in isotopic
composition since pre-industrial times.

cated at about 73.5 m, compared to about 99.5 m at Dome Gncrease in mixing ratio and have similar molecular prop-
Although the firn-ice transition is located at shallower deptherties. The slightly different diffusion coefficient for,®
at DML, the mean age for the sample from greatest depth iselative to CQ (D(N2O) = 1.004D(CO,) Trudinger et al.,
actually larger than at Dome C. Furthermore, the age distri-1997) has been taken into account.
butions for a certain depth level (not shown) at Dome C are 10 scenarios have been used for thgONmixing ratio
broader than those at DML. from 1700 to 2000 (Fig. 2). The first one is derived from
Itis evident that NO mixing ratios decrease with depth, in an interpolation of ice core data (fkiger et al., 1999), firn
accordance with the atmospheric evolution, whereas the iscair measurements (Battle et al., 1996) and direct observations
tope ratios increase with depth, already indicating th&adN from the ALE/GAGE/AGAGE measurements at Cape Grim,
has become isotopically more depleted since pre-industrialasmania, available at http://cdiac.esd.ornl.gov/ftpéelge
times. However, as mentioned above, the raw data from thégage/AGAGE/gc-md/complete/tasmania. The second sce-
firn air measurements do not represent the actual history ofario is a simple exponential model, fit through the observed
the atmospheric composition due to the complicating effectgpresent rate of change and the pre-industrial and present mix-
of gravitational separation and diffusion. A forward firn air ing ratios (Kaiser, 2002). For the DML site, the firn air pro-
diffusion model has been used to calculate firn air profilesfile calculated from both scenarios matches the observations
of NoO mixing and isotope ratios based on model scenariosrery well (Fig. 1). For Dome C the modelecb® concen-
for the atmospheric evolution. The diffusivity profile used trations decrease slightly faster with depth than the observed
is the one calculated for CCor this site, which is reason- ones, which means that,® diffuses down to lower depth
able because both gases exhibit a similar quasi-exponentialower in the model than in reality. Such a discrepancy may

www.atmos-chem-phys.org/acp/3/315/ Atmos. Chem. Phys., 3, 315-323, 2003
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los to select the scenarios that fit the data best. Note that the firn
' ' ' _ oo air data provide constraints only for the las0 years of the
1700 800 2000 scenarios presented in Fig. 2 (the mean age of the oldest sam-

ple from DML is roughly 35 years). This is the period where

Fig. 2. Scenarios for the past evolution of atmospher©Nmixing about 2/3 of the total isotope shift occurred. Prior to this the
and isotope ratios as used in the model. The blag® Nme series ~ Scenarios are constrained by maintaining the general shape
is an interpolation of a Monte-Carlo simulation based reconstruc-of the isotope evolution from (Rahn and Wahlen, 2000). The
tion from ice core and firn data as well as direct observations (sedest match between the firn air model and the observed pro-
text). The red line is an exponential model matching the observediles is obtained for an overall decrease from 1700 to 2000
present rate of change and the pre-industrial and present mixingf ahout—2.0%o for §1°N and about—1.2%o. for §180. The
ratios. The isotope scenarios are based on the “depleted oceart5y depletion is distributed quite evenly between the two po-

scenario (red line, number 5) from Rahn and Wahlen (2000). ThesitionS' the decrease is aboul.8%. for 115N and —2.2%o

whole range of scenarios is created by scaling the time series fof, . 2515\~ consistent results are found for both locations.
the “depleted ocean” scenario up and down in steps of 10% of th

total difference between the present and pre-industrial values. Fcﬁ‘| n(_:ertalnty ranges_can be estlm_att_ad from the _range of sce-
reference, the isotope scenarios are numbered from bottom to top 442108 that agree with the data within the experimental error
number 1 through 12. bars and are shown in Table 1. These isotope changes rep-

resent the isotopic fingerprint of the global average source
responsible for the increase of the® mixing ratio since
pre-industrial times. From the scenarios used as input for the
({im model we infer that in 1998 the isotope signatures have
een changing at a rate of approximatel§.038%o yr—1 for
1515N, —0.046%o0 yr~1 for 2615N, —0.041%o yr~1 for the av-

arise from adopting the same diffusivity profile fop®™ and
CQO;, if, for example, interactions between the trace gas an
the firn play a role. We note that GAs more soluble in

water than NO, but such an effect should be more impor- erages!®N and —0.025%yr-L for 5180 (see Table 1 for

tant at the warmer DML site. Hence, the origin of the small :
RO . ranges). These trends are well-constrained by our measure-
deviation is not yet understood, but the obtained agreement . : . .
: . : ments. Despite their small magnitude, the present isotope
between model and observations is satisfactory. The expo-

. trends derived from the firn data are important parameters
nential model actually matches the data better than the on . :
. . or the construction of global YO isotope budgets, because
based on the ice core measurements, which could also me

that the South pole firn air profile (Battle et al., 1996) used foﬁ ey affect the entire atmospherie® reservoir (see below).

the construction of the atmospheric scenarios in the relevant
time span disagrees with the Dome C profile. 4 Global isotope budget calculations

For the isotope ratios, atmospheric scenarios were con- ] )
structed based on recent model results by Rahn and Wahlgass balance requires that the®l production from all
(2000). Whilst the general shape of their isotope scenariOUrces? = X p; = 164Tg Nyr is equal to the strato-
was maintained, it was scaled to match the firn air data agPheric lossLs = 126Tg Ny_r‘l plus the observed trend
closely as possible (Fig. 2). This is equivalent to adjusting’" the troposphereAT. AT is the tropospheric fraction
the difference between the pre-industrial and the present isd-™ 85%, Warneck, 1999) of the total atmospheric annual
topic composition of atmospheric® and yields the pre- increase of 3.8 TgNyr! (annual fluxes are for 1998 from

industrial atmospheric O isotope signature as a straight- the Third IPCC Assessment Report; Houghton et al., 2001).
forward result. The stratospheric loss term is the difference between the

troposphere-stratosphere flu%_s and the stratosphere-

As is evident from the profile of the D mixing ratios, the etroposphere fluds_r, leading to:

most stringent constraints on the temporal evolution of the
isotope signatures in the past come from the deepest sampleB.= X P, = AT + Ls = AT + Fr_s — Fs_7 D

Atmos. Chem. Phys., 3, 315-323, 2003 www.atmos-chem-phys.org/acp/3/315/



T. Rockmann et al.: Isotopic fingerprint of pre-industrial and anthropogepiz N 319

Table 1. Best estimates and possible ranges for the differences between present and pre-industrial atmogplisotopé values and for

present annual isotope trends, derived from the scenarios used in the firn air model. The ranges reported here represent the range of mod
scenarios from Fig. 2 for which the firn profile results bracket the experimental error bars of the bottom samples (Fig. 1); model errors are
not included. The scenario numbers in the last column correspond to Fig. 2

Spresent— Spreind (%o) present annual trend (%o y#) scenario
best estimate range best estimate range numbers
1515\ -138 —-15t0-2.2 —0.038 —0.032 t0—0.046 4-8
2515\ —2.2 —2.0t0—25 —0.046 —0.042t0-0.053  7-10
§180 -1.2 —1.0to—1.5 —-0.025 —0.021 t0—0.031 1-4
s15N -2.0 —1.8t0-2.2 —0.041 —0.038 to—0.046 6-9

For the individual isotopologues, the fluxes are multiplied by 314 nmol/mol is the tropospheric N20O mixing ratio in 1998
the § values to obtain flux-weighted isotope budgefy._s and xs = 0.15 andyr = 0.85 are the fraction of air in the
has a typical tropospheric isotope valijeand theFs_r has  stratosphere and troposphere, respectively (Warneck, 1999).
a representative stratospheric isotopic composidignThe Using Ly = 0.45Tmol yr! for the stratospheric annual
tropospheric isotope signatures are changing with time as evoss (Houghton et al., 2001), these simple calculations yield
ident from the firn air measurements, and this change has t&# = 0.22 Tmols ! for the total flux between stratosphere
be considered. The rate of change in the tropospheric isotopand troposphere angds = 248 nmol/mol for the NO mix-
content is% = 87% + T%. Here,T is the tropo-  ing ratio of the air returning from the stratosphere. Holton
spheric share (85%, Warneck, 1999) of the atmospher@ N (1990) calculated the flux across the 100 mb isobar (corre-
inventory of 1510 Tg N in 1998 (Houghton et al., 2001), i.e. sponding toxs ~ 0.1) and foundF = 0.20 Tmol s, which
T = 1284 Tg N, and7 is the isotopic composition of tropo- corresponds tag = 243 nmol/mol for his value ofiy =
spheric NO. Thus, the globally averaged source signature330 nmol/mol. Our value ofts = 248 nmol/mol value is
§, which is the flux-weighted average of all individual source also consistent withvs = 250 nmol/mol that was used in re-
signatures;, can be calculated from: cent studies of air mass exchange between stratosphere and
o dr ) troposphere (Luz etal., 1999). Adoptifig= 0.22 Tmol g_l
PS=%XP8 =6r—+T + (Fr_s87 — Fs_1585)(2) andus = 250 nmol/mol from the above calculations yields
dr dr values of Fr_g = 61.1Tg N yr ! (in good agreement with
The calculations can be further simplified and are more il-60 Tg N yr-! from Holton, 1990) andFs_7 = 485Tg N
lustrative if § is expressed relative to the tropospheric aver-yr—1,
age rather than to an international reference material. The The values ofy, i.e. the stratospheric isotope ratios cor-

rescaled values, (x = i, T, S) are derived from thé, val-  responding to a mixing ratio of 250 nmol/mol, can be calcu-
ues versus a reference materiabas= (5, — 87)/(1+4r).  lated from recent stratospheri,® isotope measurements
Thus,8%. = 0 by definition, and Eq. (2) reads (Rockmann et al., 2001a), and are given in Table 2. We note
T d6p) that although therg is still considerable di_scussion about the
= — Fs_18% (3)  truevalue ofF, the isotope budget calculations below are not
1+6r dr very sensitive to the choice of its precise value. If a smaller

The most critical point in the budget calculations is the value for I is chosen, then the 20 in the stratosphere is
estimation of Fs_7. Assuming that the average exchange e€xposed to the stratospheric sink for a longer time and will

flux of total air between stratosphere and tropospherie get more enriched, i.e. les$0 is returned from the strato-
equal in both directionsfy_s = F - ur and Fs_p = sphere, but with a higher isotope enrichment. Conversely, if
F - s, Whereur andug are the tropospheric 2D mix- F is larger, the stratospheric® has less time to be fraction-

ing ratio and a stratospheric mixing ratio representative forated in the stratosphere and will therefore be less enriched.
the air returning from the stratosphere, respectively. ThusThe isotope flux £s_r - 85) is thus not as sensitive ® as

Ls = F(ur — pus). In a simple two-box model of the the flux Fs_7 itself.

atmosphere, the second necessary relation betweand Now all isotope fluxes on the right hand side of Eq. (3),
wus can be derived from basic atmospheric quantities ad.e. the sink terms and the tropospheric trends, are known
us = ur - (Ft — Nxr)/(Ft + Nys) (Kaiser, 2002). Here, and the source terms for the present atmosphere can be cal-
N = 1.77 - 10?°mol is the total number of molecules in culated. The results in Table 2 show that the global average
the atmosphere (Trenberth and Guillemot, 1994)s the  source is strongly depleted versus the tropospheric average,
global atmospheric lifetime of O of about 120 yrur = as expected since the source emissions have to counteract the

www.atmos-chem-phys.org/acp/3/315/ Atmos. Chem. Phys., 3, 315-323, 2003
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Table 2. Fractionation constantsypp for the lower stratosphere and representative stratospheric isotope enrichments for a mixing ratio of
250 nmol/mol 6étrat250nmol/mol) are based on the stratospheric measurements fra@mk(®ann et al., 2001a). Using these stratospheric

enrichments and the trends from the firn data, we calcaleatues of the modern global averagesource§’ modern The ranges are based

on the ranges derived for the atmospheric trends (Table 1). Results without incorporation of these trends are also shown. Similar calculations
for the pre-industrial atmosphere yield the global average source signature in pre-industrial timesygfsig Using the difference

between the present and pre-industrial valué;ofrom the firn air measurements (Table 1), we calculate the pre-industrial source signature
versus the modern atmospheric signature (column 8), which allows a direct comparison between the present and the pre-industrial global
average MO source. To calculate the isotopic fingerprint of the anthropogenic contribution, two values are adopted for its source strength:
The difference between the present source and the calculated pre-industrial one, 5.6 Fg($égrtext), which is in good agreement with

the IPCC-2 assessment (5.7 Tg Ny}, and the revised value from the IPCC-3 assessment (Houghton et al., 2001) of 6.9 Td,N yr

which requires a reduction of the natural source to 9.5 Tg™N yor a closed budget. The isotope results for the two different values of the
anthropogenic source strength differ only slightly

Eapp (%) ‘SétraIZSOnmoymol (%) ymodern(%o) ypreind (%) & anthr (%)
VS. 87 VS. 6T modern range no presenttrends V& preind  VS-0T,modern IPCC-2  IPCC-3
terminall>N 129 2.95 -12.1 -11.6t0-12.8 -9.0 -11.3 -95 -17.8 -155
central’>N 213 4.83 -185  -18.2t0-19.1 -14.8 -18.6 -165 -228 -211
189 14.0 3.20 -11.8 -11.5t0-12.3 -938 -12.3 -11.1 -133 127
15\ 17.1 3.89 -153  -150t0-15.7 -11.9 -15.0 -13.0 -201 -182

stratospheric enrichments. The consideration of the small anstratospheric fractionation constants and the smallest present
nual trends derived from the firn air measurements above isrend, and largest f&%1°N, for which the stratospheric frac-
important. Table 2 also shows results of budget calculationgionation and the trend are strongest. It is not clear a priori
ignoring these trends, as done in some previous glob@ N that the signatures have to get isotopically depleted, since the
isotope budget calculations (Kim and Craig, 1993; Yoshidaatmosphere at present is no longer in a source — sink equi-
and Toyoda, 2000). Clearly, the resulting source signaturesibrium. Even without a change in the global average iso-
are much heavier then. tope signature, the strong increase in the flux of the depleted
Similar isotope budget calculations can also be performedsource emissions would lead to a decrease in the atmospheric
for the pre-industrial atmosphere. Here, Eq. (3) simplifiesd values, because the stratospheric return figx; has not
further if we assume that the globab® budget as well as  increased proportionally, i.e. the source and sink terms in
the N O isotopic composition were then in equilibrium, i.e. EQ. (3) do not match. The budget calculations clearly show,
P = L and %) — 0. We furthermore make the assump- however, that an additional decrease in the global average
tions that the MO lifetime, the stratospheric fractionation SOUrce signature is required to explain the differences be-
constants and the total exchange of air between troposphereWeen the present and pre-industrigiisotope values in
and stratospherg have remained invariable since 1700, so the atmosphere. These important constraints on the temporal
that the sink strength can be scaled down from its presengvolution of the global average source signature come in par-
value of 12.6 Tg N yr! at 315 nmol/mol NO to a pre- ticular from the incorporation of the present isotope trends
industrial value of 10.8 Tg N yrt at 270 nmol/mol. Like- thatare derived from the firn air measurements. If the trends
wise, Fr_g can be scaled down to 52.4 Tg-yrand thus  are not included, the present global average isotope signa-
Fs_7 = 416 Tg yrL. In these calculations, the resulting ture would actually be heavier than the pre-industrial one
values of$’ are relative to the pre-industrial, not the present (Table 2). This is also easy to understand from Eq. (3): If
tropospheric NO isotopic composition. For direct compar- —g— = 0 iS prescribed, the absolute magnitudesohas to
ison to the present day results, the differences between thee reduced when the total source flBxncreases ands_r
present and the pre-industrial atmosphere as derived abow&oes not increase proportionally.

from the firn air measurements have to be taken into account \we note that in particular the trend to isotopically depleted

(Table 2). values between pre-industrial and present source signatures
A comparison of the pre-industrial and the present sourcas not very sensitive to small changes in individual parame-

signatures in Table 2 shows that the isotopic compositiorters of the calculations (e.g. the stratospheric enrichments

of the global average MD source has significantly de- or the stratosphere-troposphere fluxes). In addition to the

creased between the pre-industrial and present atmospheresbove discussion on the evaluationfof 7 (following Eq.

The decrease is smallest 8180, which has the smallest 3), in this comparison both the present and the pre-industrial
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inventories are affected. However, the budget calculationsignatures have been precisely quantified, which is important
show that if strongly different values for the stratospheric en-for global isotope budget calculations. Such budget calcula-
richments are used (Griffith et al., 2000), the global averagetions, performed for the present and the pre-industrial atmo-
source signature ends up close to the lowest ever measurexpheres, reveal that the observed isotopic depletions are not
source data, providing additional evidence that those stratosimply due to an increase in the source strength of the iso-
spheric fractionation factors are too large. topically depleted surface sources. In addition, the global

Having derived the isotope signatures of the present andiverage isotopic source signature itself has also decreased
pre-industrial NO sources, a simple mass balance equatiorsince pre-industrial times.

can be used to calculate the isotope signature of the anthro- |t js interesting to note tha®N has changed similarly at
pogenic source, assuming that the natural contribution hagoth positions in the molecule due to the strong increase of
notchanged. The results in Table 2 show that the total anthrothe global NO source since pre-industrial times. This is in
pogenic source, which accounts for the difference betweeharp contrast to the stratospherigd\sinks where the over-
the pre-industrial and present emissions, is considerably deg|| fractionations are much stronger at the central position
pleted relative to the pre-industrial source. The results differthan at the terminal position. Potentially, these different iso-
only slightly for two different values of the anthropogenic tope signatures may be used to discriminate between source
source strength. and sink (e.g. changes in solar irradiation or stratosphere-
Thus, global NO isotope budget calculations using mea- troposphere exchange) effects as origin of variations in the
sured stratospheric fractionation constants and the tempaN,O mixing ratio on longer time scales, as observed in ice
ral atmospheric isotope trends allow to identify the isotopic cores. First NO isotope data on air extracted from ice cores
fingerprint of the present, the pre-industrial and the anthro-are now becoming available (Sowers, 2001), although they
pogenic global averageJd® sources. Together with the de- have not yet reached the necessary precision.
rived temporal trends in the troposphere, these are impor- qpg) average isotopic source signatures could not be

tant foundations for budgetary isotope research @@Nand  ,qined from direct isotope ratio measurements o® N

we present some first conclusions: The fact that anthrogg,,rces so far due to the heterogeneity of the sources them-

pogenic emissions are significantly depleted relative to these)yes and the large range of isotope signatures encountered
pre-industrial NO source is likely a result of several fac- (Grog et al., 2002). The top-down approach presented here
tors. First, the pre-industrial sources include the isotopicallyyrqyiges independent information and should therefore be
enriched oceanic emissions. On the other hand, also arjjsey| for future research on the globap® isotope bud-
thropogenic sources include rather enriched industrial eMiSyet Temporal isotope trends and fractionation constants for
sions from fossil fuel combustion, nylon production and ni- stratospheric photolysis and reaction afiwith O(*D) are

tric acid production. The isotope signatures of these indusy e established now. Therefore, future modeling efforts
trial emissions are only poorly known, but apparently their gnq,q aim for a more comprehensive and more accurate cal-
combined effect on the anthropogenic source is less than thaljation of the actual back-flux and corresponding isotopic
of oceanic emissions on the pre-industrial source. Furthergpchment of stratospheric®. Nevertheless, the simple
more, rece.nt §0|I measurements indicate tha® fom agn— ~ box model approach used here already gives a good repre-
cultural soils is even more depleted than natural soil emis-gentation of the expected global average source signature.
sions (ferez et al., 2001). This is supported by the presentryg getajled investigation of the stratosphere-troposphere ex-
budget calculations: If we subtract the contribution of the change is presently an active field of atmospheric research,

oceanic source from both the pre-industrial and the present, aqvances in this area in the future will further reduce the
average source signatures, the isotope values for the remairy

) I : ; ncertainties of top-down budget calculations.

ing sources are similar. For the pre-industrial source, these

remaining sources are mainly soil emissions, whereas for the
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