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Stable Isotope Enrichment in 
Stratospheric Nitrous Oxide 

Thorn Rahn* and Martin Wahlen 

Nitrous oxide is a greenhouse gas that also plays a role in the cycling of stratospheric 
ozone. Air samples from the lower stratosphere exhibit '5N/'4N and 180/160 enrichment 
in nitrous oxide, which can be accounted for with a simple model describing an irre- 
versible destruction process. The observed enrichments are quite large and incompatible 
with those determined for the main stratospheric nitrous oxide loss processes of pho- 
tolysis and reaction with excited atomic oxygen. Thus, although no stratospheric source 
needs to be invoked, the data indicate that present understanding of stratospheric 
nitrous oxide chemistry is incomplete. 

Nit rous  oxide (N,O) is an atmospheric 
trace gas that coiltributes to the greenhouse 
effect. It is also involved in the catalytic 
destruct~on of ozone 111 the stratosphere and 
is Increasing in co~lceiltratioil by about 
0.25% per year (1) .  T h e  Increase is believed 
to result from fertilizer use, emissions from 
internal combustion engines, biomass burm 
ing, and industrial processes (2).  It is natu- 
rally produced by ~lltrificatioil and denitr~fi- 
cation in soils and in the oceans, and is 
destroyed in the stratosphere via photolysis 
(90%) and reaction with excited atomic ox- 
ygen [ 0 (  ID)] (10%). Its at~nospherlc life- 
time 1s betnleen 100 and 150 vears (1).  h l -  
though the major sources and ;Inks o f  N,O 
are known, they are poorly quailtifled and 
inadequately balanced, both in terms of inass 
exchange and in their N and O isotopic 
coinpositioil (1 -3). 

Stable isotopes have been used in the  
past to  constrain sources and sinks of other 
atmospheric trace gases (4)  but have yet to  
be successf~~lly applied to  N,O. T h e  isoto- 
pic approach to  a global N,O budget is 
hindered by the  wide range of observed 
isotopic values for each of the inajor nat-  
ural sources, inaking it difficult to  assign a 
uillque value to  each of the  source terms. 
So11 flux samules have been shown to  be 
variable but consistently depleted in both 
"N and "0 relative to atmospheric N 2 0  
( 3 ) .  Oceanic sainples have exhibited a 
trend similar to typical nutrient profiles, 
with slightly depleted surface waters be- 
conling progressively enriched along the 
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nutricline and stabilizing with depth ( 5 ,  
6 ) .  Early analytical methods einployed in- 
frared absorption techniques (7) or re- 
quired decomposition of N,O with subse- 
quent  analyses of N, and CO, ( 5 ,  8, 9 ) .  
T h e  use of dlrect injection techniques was 
introduced in 1993 when Kiln and C r a g  
( 3 )  reported heavy enrichment in  both the  
N and O isotopes in two samples of strato- 
spheric air. They proposed that a strato- 
sphere to  troposphere return flux of heavy 
N,O could balance the observed isotopi- 
cally light source terms, although a siinple 
mass-balance model showed that this led 
to a co~lsiderable overcorrection. Direct 
iiljectioil of N,O was subsequently shown 
to result in erroneous enrichlnent of S1'N 
and S1'O (10)  when contaminated by 
trace amounts of CO, (1 1 ). 

W e  present results for S1jN and SISO of 
N,O obtained from sainples collected in the 
lower stratosphere (Table 1)  (12).  Five Sam- 
ples were collected at rnidnorther~~ latitudes 
on  board NASA's \VB-57 aircraft (1 3 ) ,  and 
two samples were collected at high northern 
latitude during the 1988 Juelich balloo~l 
campaign (14).  W e  also measured, for coin- 
parison, the isotopic cornposition of tropo- 
spheric N,O sampled in La Jolla, California, 
~ lnder  clean air conditions. Nitrous oxide 
mixing ratios decreased nrith height above 
the tropopause, whereas the heavy-isotope 
coinposition of the  remnant N,O was 
found to be increasingly enriched. If the  
process responsible for this enrichment is 
a n  irreversible sink and if the  fraction- 
ation factor reinains constant,  the  data 
should obey what is known as a Rayleigh 
distillation, in which the  resulting isotopic 
enrichment is related to the  fraction re- 
i n a i n i ~ ~ g  by the equation 
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x11ere R and  RL, are the  residual (strato- 
spheric) and initial (tropospheric) heavy- 
to-light isotope ratios, respectively; f is the  
fraction of N,O remaining (residual con-  
centration divided by the  initial concen- 
tration);  and a is the  ratlo of the  heavy- 
to-light reaction or photolysls rates. This  
relationship can be approximated by the  
equation 

where E = 1000(a  - 1 )  expressed in  per 
mil; 6 and S<, are the  residual and initial 
delta values, respectively; and the  slope of 
Eq. 2, E, is the  enrichment factor. T h e  
stratospheric data from the  WB-57 sam- 
ples fit the  Rayleigh distillation ~ l lode l  
well n i t h  a continuous fit throuoh the  " 

tropospheric values (Fig. 1 ) .  T h e  derived 
en r i ch~nen t  factors of E = -14.5 per mil 
for "N,O and E = -12.9 per mil for Nzl'O 
are large and of slrnilar lnagnitude for both  
isotopes. T h e  lon-alti tude balloon data 
compare favorably with the  WB-57 re- 
sults, whereas the  high-altitude balloon 
data lie above the  least siluares fits, by far 
for S1jN and less so for 6'". Al though 
the  errors are significantly larger for the  
balloon samples because of their sinall 
sample size, we have n o  reason to regard 
these data differently. Therefore, we sug- 
gest that either competing loss processes 
(with different a ' s )  chanoe relative " 
strengths as a f ~ ~ n c t i o n  of altitude or that 
enr ichlnel~t  factors are increasine above a 
certain altitude, possibly as a f~ lnc t ion  of 
changes in  incident radiation. 

T h e  only stratospheric N,O data for 
colnuarison are a sinole datum for S1jN 
from bloore (8) and the  two results of Kim 
and Cralo 13) for both  S1'N and S1'O. " 

T h e  result of h4oore was from a sample 
collected a t  a height of 20.8 km a t  34"s  

with 615N = 19.2 per inil (nit11 n o  con-  
centration indicated).  This  is intermedi- 
ate ~ v i t h  respect to the  high-altitude bal- 
loon sa~np le  (27.3 per mil) and the  upper 
limit of the  WB-S'i samples (13.9 per mil ) .  
T h e  results of Kiln and  Craio are inchlded " 
in  Fig. 1 .  Both samples are within the  
concentration range of the  WB-Si  ilata u 

and yet are offset from the  least squares 
fits. T h e  uossibilitv exists that  the  differ- 
ences are real. Ho.c\~ever, inspection of the  
WB-57 data show that  althoueh they were 
collected over a perioil of 1"year :dnLi 3 
months  anL{ at  latituiles from 33" to 48" 
nor th ,  they are well correlated. This  indi- 
cates that  the  urocessea inr,olved are no t  
latitude dependent ( a t  least over the  mid- 
latitudes) nor do  they appear to  be season- 
al in  nature. Furthermore, extrapolation of 
data from Kiln and Craie does not  inter- - 
cept tropospheric values for either S1'N or 
6'". This trend could be interureted as a 
non-Rayleigh process, but the  steep initial 
slopes (about 70 and 100 per inil for 6"N 
and  S1'O, followed by abnlpt transitions 
to  slopes of 19 and 13 per mil) require tha t  
a t  least two different and isolated process- 
es are operating and that  the  lower alti- 
tude one  is associated with a n  extremely 
high e l~r ichinent  factor. If a downward 
flux of N,O n i t h  high 15N/"N and I"/ 

'Q ratios were responsible, the  inflection 
would be espected to  be reversed, s t e e p  
elling nit11 altitude and the  concolnitant 
decrease in  concentration. Finally, t he  
balloon samples analyzed by ~ i l n  and 
Craie are contelnnoraneous with the  bal- 
loo11 samples we analyzed. Al though our 
11iel1-altitude balloon Ja ta  is elevated rel- " 
atil-e to  the  least squares fits, t he  loiver 
altitude b a l l o o ~ ~  data are consistent '~vi th  
the  WB-j ' i  data.  A t  the  time when the  
analyses of Kiln and Craig were performed, 
the  consequences of CO, contalnination 
had no t  been reported. Because no  check 

Table 1. Sample locations and alt~tudes w~th correspond~ng concentratons and corrected sotopc 
data The sotopc data are reported relat~ve to those of atrnospher~c N, and 0, The heght of the 
tropopause for the WB-57 sa~nples was determned by averaging radosonde data from statons 
surround~ng the sampl~ng locat~ons Most WB-57 samples were collected on transects between Hous- 
ton, Texas, and Mnneapo~s, Minnesota Sa~nples whch were of large enough volume were analyzed n 
dupl~cate When analyzed n dupcate,  8'" values are w~thn 0.2 per ~ n :  and 81s0 values are withn 0.6 
per mi ( l a ) ,  Lat./long., Iattude and longitude; Ait., alttude; N M ,  not measured; N/A, not applicable. 

sample Sample ~ ~ t , / l ~ ~ ~ ,  Alt. Hgt > TPP N,O 8 1 5 ~  8130 
number date (km) (krn): (ppbv) Rel. to N, Rel. to 0, 

M2726 1/27/88 46 N/94 W 17.4 6.6 238 10.0 24.6 
LL21119 2/10/88 68 N/20 E 14.4 N M  273 7.9 21.6 
LL21109 2/10/88 68 N/20 E 22.6 N M  126 27.3 34 8 
M0131* 51'1 0/88 39 N/94 W 1 8 .3  4.8 230 10.7 25.6 
El 983 5/10/88 45 N/94 W 16.8 4.4 245 10.0 24.7 
El 690- 4/12/89 40 N/94 W 15.3 4.3 218 9 .3  23.8 
M3033' 4/12/89 48 N/94 W 17.4 6.7 185 13.9 28.1 
CDK64284x 5/19/94 33 N/1 17 Wl 0 N/A 320 6.4 21.5 

'Indcates samples that were analyzed n dupcate, tHgt > TPP IS the height above the local tropopause. 

for C 0 :  contalnination was reported, the  
offset is most likely a result of trace 
amounts of c o n t a l n i ~ ~ a n t  C 0 2 .  

\Ve conclude that  the  data are most 
likely the  result of a Rayleigh distillation 
process and reflect large isotopic fraction- 
ations for bo th  N and 0 in either the  
known stratosuheric sink nrocesses or  
indicate the  existence of add i t~ona l  sink 
processes. This  si~llple Rayleigh process 
~ l h ~ s t r a t e s  the  working of the  stratosphere. 
Tropospheric air, introduced into the  
stratosphere in  the  tropics, mixes both  
zonallv and ineridionallv o n  short time 
scales ' (months) hut is vertically stratified 
(years) along isentropic surfaces above the  
local tropopause. Species ivith stratospher- 
ic sinks but n o  sources exhibit  siinnle 
r e l a t io~~sh ips  to  this age stratification 
in terms of their isotopic signatures. 
S i~n i l a r  results reflecting Rayleigh distilla- 
t ion in  the  stratosphere have been ob- 
tained for S1'C and S H  i n  methane (15) .  
Stratospheric sources (16)  can  virtually 
be ruled out ,  because it is highly unlikely 
that  source products could perfectly lniinic 
a Rayleigh distillation process. T h e  inter- 
section of the  data with the  isotopic values 
of tropospheric N - 0  also suggests tha t  
a sink process is causing the  observed 
enrichlnents. 

Fig. 1. Ntrous ox~de sotopic data plotted aganst 
the natural log of the fracton remaining for (A) 
8lS0 and (B) 8'" (see text for detas) .  WB-57 
dataare indcated by open crcles (81SN) and open 
dialnonds (8'"). Correspondng flied symbols n -  
dicate the Juelich balloon data. Open and flied 
squares are data of Km and Cra~g (3) for 8'" and 
8130, respectively. Unless otherwise nd~cated, 
the error (1 a) assocated w~th isotop~c anays~s s 
less than or equal to the sy~nbo  size, except for 
data of Km and Crag whch had no analyt~cal 
error reported. Dotted ~ n e s  are extrapoiat~ons of 
the regresson analyses for the WB-57 data. 
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Laboratory results from photooxidation 
and photolysis experi~nents (1 7) predict an  
enrichment factor of E = 0.6 per  nil for 
''0, a result which is inco~nnatible ivith the 
value of -12.9 per mil derived from our 
data. If the observed stratosnheric enrich- 
ments are caused by the known sink reac- 
tions, this cornnariso~l would indicate that 
the conditions under \vhich the laboratory 
data were obtained were not renresentative 
of stratospheric conditions, and that these 
enrichment factors are not annlicable to the 
stratosphere. The  laboratory photolysis ex- 
periments were conducted a t  a wavelength 
of 184.9 nm,  near the peak of the N 2 0  
absorption continuum. Ho\\,ever, peak pho- 
tolysis rates in the stratosphere occur be- 
tween 195 and 205 nrn (18) because of the 
tail of the Schumann-Runge bands of 0, 
absoiption. A theoretical treatnlent has been 
carried out by Yung and h?iller (1 9 )  \vhich 
suggests the possibility of a aavelength-de- 
pendent fractionation at wa\-elengths greater 
than 185 nm. Alternativel\-, there lnay be 
other stratospheric sinks such as heteroge- 
neous reactions on or in aerosols, hecause 
the samples originate from close to the Junge 
layer of peak concentrations of H2S04 and 
HNO, aerosols (20). Finally, there might 
exist a n  exchange mechanism xherein iso- 
tonically enriched N and 0 are transferred to 
m~lecu la r  N 2 0  with no  apparent loss, but 
this is unlikely. 

Thus, our data imply that the observed 
isotonic enrichments are the result of a strato- 
spheric sink process and that the co~~tributioll  
of a return flux of isotopically enriched N 2 0  
fro111 the stratosphere to the troposphere 
should indeed help balance the isotoricallv 

L ,  

light, hiologicall\- mediated, source terms as 
pro~osed hy Kim and Craig (3) [although 
potential terrestrial sources of isotopically en- 
riched N I O  have recently heen observed 
(21 )]. The  obsen-ed enrichment factors, hon-  
ever, are incompatible with those produced in 
the laboratory and indicate that present un- 
derstanding of the details of K 2 0  ~ l lo toche~ l l -  
istry is still incomplete. 
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Isotopic Fractionation of Stratospheric 
Nitrous Oxide 

Yuk L. Yung and Charles E. Miller 

We propose an isotopic fractionation mechanism, based on photolytic destruction, to 
explain the l5N/I4N and 180/1W fractionation of stratospheric nitrous oxide (N,O) and 
reconcile laboratory experiments with atmospheric observations. The theory predicts 
that (i) the isotopomers 15Ni4Ni60 and 14N15N1W have very different isotopic fraction- 
ations in the stratosphere, and (ii) laboratory photolysis experiments conducted at 205 
nanometers should better simulate the observed isotopic fractionation of stratospheric 
N,O. Modeling results indicate that there is no compelling reason to invoke a significant 
chemical source of N,O in the middle atmosphere and that individual N,O isotopomers 
might be useful tracers of stratospheric air parcel motion. 

T h e  continued increase of N 2 0  in  the  
atnlosphere is a serious environmental con- 
cern because it is a n  efficient greenhouse 
gas (1 ) as well as the  principal source of odd 
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nitrogen that regulates the  ozone layer (2) .  
Despite its importance, the  N 2 0  budget is 
currently not well quantified, which nlakes 
it difficult to detern~ine the  precise source 
and the  cause of its increase (3-6). Recent 
measurements of isotopic fractionation of 
N 2 0  in the  stratosphere (7, 8)  and labora- 
tory experi~nents de~nons t ra t~ng  a n  appar- 
ent  lack of isotopic s i g n a t ~ ~ r e  in its pr~ncipal  
loss mechanism ( 9 )  (photolys~s) suggest 
that the  standard atmospheric chemistr\- 
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