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Abstract. The oxygen isotope composition of nitrogen ox- various pressures and in isotope modeling of tropospheric ni-

ides (NQ) in the atmosphere is a useful tool for understand-trate.

ing the oxidation of N into nitric acid/nitrate in the at-

mosphere. A set of experiments was conducted to examine

change in isotopic composition of NQlue to NG—Oo—

O3 photochemical cycling. At low NQ/ O, mixing ratios, 1 Introduction

NOx became progressively and nearly equally enriched in

170 and80 over time until it reached a steady state with The NO; cycle is the key driver of tropospheric chemistry

AYO values of 39.3 1.9 %o ands180 values of 84.2- 4 %o, (Monks et al., 2009; Seinfeld and Pandis, 1998) and the sta-

relative to the isotopic composition of the initiab@as. As  ble isotope composition of NQis a useful tool for deci-

the mixing ratios were increased, the isotopic enrichmentgphering oxidation mechanisms during photochemical cycling

were suppressed by isotopic exchange between O atams, O(Michalski et al., 2003; Morin et al., 2008; Savarino et al.,

and NG. A kinetic model was developed to simulate the 2008). Oxygen isotope analysis is particularly useful for un-

observed data and it showed that the isotope effects occuderstanding oxidation chemistry because the original oxygen

ring during @ formation play a dominant role in controlling isotopic signatures of NQinherited from diverse sources

NOy isotopes and, in addition, secondary kinetic isotope ef-should be quickly erased due to rapid cycling of oxygen in

fects or isotope exchange reactions are also important dutthe NG system. There are, however, no oxygen isotope mea-

ing NOy cycling. The data and model were consistent with Surements of in situ NObecause it is highly reactive, has

previous studies which showed that the NO # ®actions  low mixing ratios (in the range of pptv to ppbv), and is prone

occur mainly via the transfer of the terminal atoms @f. O to react with water when concentrated by collection devices.

The model predicts that under tropospheric concentrationd/ariations in oxygen isotope abundances are usually quan-

of NOy and @, the timescale of NQ-Oz isotopic equilib- tified usings (in %., or parts per thousand) whes€O (%o)

rium ranges from hours (for ppbv NOO, mixing ratios) to = (Rsam/ Rref—1) - 1000, whereRsam and Rref denote the

days (for pptv mixing ratios) and yields steady stat?¥O  *O/*®0 ratio (c = 17 or 18) in the sample and reference, re-

and 5180 values of 45 %o and 117 %o respectively (relative spectively. TheA'’O value is the measure of théO excess

to Vienna Standard Mean Ocean Water (VSMOW)) in both found in a compound over what is expected based ari®

cases. Under atmospheric conditions wherh@s high con-  value assuming the rule of mass dependence during isotope

centrations, the equilibrium between N@nd @ should oc-  partitioning, whereA’O = 1000In(1+5170/1000)-0.516-

cur rapidly (h) but this equilibrium cannot be reached during 1000- In(14-880/1000) (Miller, 2002). Atmospheric nitrate,

polar winters and/or nights if the NQonversion to HN@  which is the main end product of Nxidation chemistry,

is faster. The experimentally derived rate coefficients can béas characteristic oxygen isotopic variations, with elevated

used to model the major NOO; isotopologue reactions at 880 (Elliott et al., 2009; Hastings et al., 2003) and’O
values (Michalski et al., 2003; Morin et al., 2008; Savarino
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et al., 2008), believed to be caused by isotope effects dur- Based on experimental studies of the pressure and tem-
ing NOy cycling in atmosphere known as the Leighton cycle perature dependence of th#0 andA170O values of ozone
(Finlayson—Pitts and Pitts, Jr., 2000; Leighton, 1961). (Morton et al., 1990; Thiemens and Jackson, 1990), tropo-
The Leighton reactions refer to the closed photochemicalkpheric @ should have a relatively narrow range 4’0
cycling of NO-GQ—03-NO, in the atmosphere. It is initi- (32 2 %o) ands180 (90+ 10 %o) values. Indeed, some mea-
ated when NQis photolyzed by UV-visible light in the blue  surements of thé180 and A0 value of @ in the tro-
region of the spectrum<400 nm) yielding a ground state posphere (Johnston and Thiemens, 1997; Krankowsky et
oxygen atom G{P). The main fate of the oxygen atom is to al., 1995) are similar to laboratory measurements, but most
combine with Q to form Oz, which then oxidizes NO back (more than 90 %) are below the expected values (Johnston
to NGO, (Finlayson-Pitts and Pitts Jr., 2000; Leighton, 1961): and Thiemens, 1997; Krankowsky et al., 1995; Vicars et al.,
2012). It is unclear whether the disagreement between ex-

NO, + hv — NO + O(3P) (R1) perimental and observeds®/ A values are due to problems

3 i in O3 collection or analytical bias, unknown chemical or ex-
O(°P)+ 02 —" O3 (R2)  change reactions in the troposphere, or caused by a different
O34+ M — Oz + M (R3) enrichment mechanism when ozone is produced by atoms

generated in N@ photolysis (in atmosphere) rather than in
O3+ NO — NO, + O5. (R4) Oz photolysis or discharge (in laboratory).

Regardless, the intimate coupling between,Nsdd G
Ozone (@) produced during photolysis (and discharge) in in the Leighton cycle is believed to be the driver of the
laboratory experiments (Reaction R2 and R3) has Wgf0  high 5180 andA170 values observed in atmospheric nitrate
values, typically ranging from 30 to 50 %o (known as mass in- (Michalski et al., 2003; Morin et al., 2008; Savarino et al.,
dependent fractionation or MIF) (Thiemens and Heidenreich2008). Highs180 andA 170 values can be generated in NO
11, 1983; Thiemens and Jackson, 1987; Thiemens and Jackand NG, compounds when ©transfers one of its oxygen
son, 1990) and elevateéd®0 values (80-120 %o) relative to  atoms (R4) to the NQ@products (Savarino et al., 2008). It has
the parent oxygen reservoir (Janssen et al., 2003; Mauerdeen hypothesized that NO>8D;—NO;, photochemical cy-
berger, 1981; Morton et al., 1990). This pattern of isotopic cling in atmosphere results in N®ecoming enriched in the
enrichment in @ results from symmetry restrictions during heavy oxygen isotopes through interactions withdbring
isotopologue formation (Gao and Marcus, 2001; Hathorn andntermediate oxidation steps (Michalski et al., 2003; Morin
Marcus, 1999). Isotopically homogenous (%0s) has G, et al., 2008). Indeed, an initial N©Os isotopic equilibrium
symmetry, but when one of the terminal atoms (but not theis the a priori assumption used in current models that pre-
central atom) is isotopically substituted the symmetry is re-dict atmospheric nitrata 1’0 values (Michalski et al., 2003;
duced to G. The vibrationally excited &type O; intermedi- Morin et al., 2008; Alexander et al., 2009). However, these
ates have a longer lifetime due to increase in the number oéquilibrium A0 (or§180) values are based on assumptions
allowed vibrational couplings, which facilitates intramolec- about the isotopic composition of;Gn the troposphere and
ular and intermolecular energy redistribution. This extendedisotope transfer mechanisms during N@xidation. Such as-
lifetime gives the asymmetric £species a higher probabil- sumptions could easily be wrong given the large number of
ity of being quenched (Reaction R3) by a third body (M) possible reactions that can take place between the isotopo-
relative to the symmetric species (lik€Os or 18018060  logues of @, O3, NO and NG during the Leighton cycle,
and160170160), which more readily undergoes unimolecu- including photolysis, oxidation and isotope exchange. It was
lar decomposition back to O + ORecent quantum calcu- proposed that nitrate’s isotopic compositions can be used as a
lations by Ivanov and Babikov (2013) regarding the molec-way of inferring changes in oxidation chemistry in the mod-
ular origin of the symmetry effect suggest that the lifetime ern atmosphere (Michalski et al., 2003; Morin et al., 2008)
of the metastabléOs states differ “due to differences of the and that ice core nitrate may be a proxy for oxidation chem-
tunneling rates in/out of the reaction channels for symmetricistry in ancient atmosphere (Alexander et al., 2004; Kunasek
and asymmetric isotopomers due to distortion of vibrationalet al., 2008). If these approaches are to be implemented, we
wave functions by isotopic substitution”. The consequence ofneed a better understanding of the interacting role of the var-
the symmetry effect is that all of th&1’O enrichment and a  ious isotopologues involved in the reactions of the Leighton
significant portion of thé180 enrichment are located in the cycle (Finlayson—Pitts and Pitts Jr., 2000; Leighton, 1961).
terminal atoms of the @molecule. This pattern has been ob-  Therefore, a quantitative laboratory study that investigates
served by Tuzson and Janssen (2006) by spectroscopy, albé#totope effects arising during the Leighton reactions is re-
with large errors. Hence, by isotope mass balanceAt®© quired. Here we address this issue for the first time by con-
values of the terminal atoms should be 3/2 times higher tharducting a series of controlled photolysis experiments and as-
the A170 value of the bulk @ (Michalski and Bhattacharya, sessing the isotopic enrichment in N&s a function of reac-
2009). This enrichment is believed to be transferred to vari-tion time and the partial pressures of @nd NG.
ous NQ, species and to nitrate during oxidation by ozone.
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Er wavelengths (Sander et al., 2006), a N coefficient of
oo water U—vﬁ 5 O 0.0086 s* was calculated. However, this value is considered
I ? ? ? ? an upper limit because it assumes that the lamp was oper-
L] }_.,_‘ o o ating at full wattage and no light leakage occurs from the
A t C % 9 ‘ collimator, both of which were unlikely.
) . 7 ® [—o— The NG gas used in the photolysis was produced in the
U " laboratory by reacting 200 torr of NO (99 % pure) with an
[J D excess (600 torr) of ©(99.99 % pure) for several hours. At
- ° these high mixing ratios of NO the reaction goes to greater
Figure 1. Experimental set up for study of isotopic changes inNO  than 99 % completion in less than one minute. The product
produced during Leighton cycle involving isotopologues of-0  NO2 was then purified using cryogenic separation and stored
NOx—0Oz. The symbols are, A: Xenon Lamp, B: Quartz window, in a 2L Pyrex bulb wrapped in aluminum foil to prevent ex-
C: Reaction chamber20 L), D: U-trap, E: Oxygen tank, F: Pres- posure to light. For each experiment an appropriate amount
sure gauge, G: Pirani vacuum gauge, H:Nask, I: Spiral trap, J:  of NO, was transferred to a U-trap (20 mL volume) using
Tesla Discharge chamber, K: Molecular sieve chromatography coljjquid nitrogen. After pumping away non-condensable gases,
umn, L: Sample tube with Molecular sieve, M: Baratron Gauge, N: the trap was warmed to room temperature and pure Wes
Turbo-molecular pump and O: Rotary Pump. allowed to expand into the reaction chamber. The 1000:1
chamber to trap volume ratio (20L: 20mL) ensured that
most of the NQ entered the chamber. Ultra high purity O
2 Experimental procedure (99.999 %) was then introduced to the chamber through the
same U-trap (to flush out small amount of remainingJNO
A cylindrical photolysis chamber attached to a vacuum ex-until the desired pressure was reached (50 to 750 torr). Next,
traction system (Fig. 1) was used for the experiments. Thehe xenon lamp was switched on and the lamp was aligned
Pyrex chamber was 122 cm in length and 15 cm in diameteland focused such that its light entered the reaction chamber
with a total volume of~20 L. One end of the chamber was through the quartz window.
fitted with a 6 cm diameter quartz window. A light source  Three sets of photolysis experiments were carried out. The
was placed~10 cm from the quartz window and oriented so first set (Set 1) examined the isotope effect that occurred
that the beam passed along the axial direction of the chamwhen the time of illumination was varied at a fixed N,
ber. The other end of the chamber was connected to a vacuumatio of 24x 10-%. In the second set (Set 2), the N@D,
line capable of holding a vacuum of 1®torr. Three vacuum  mixing ratio was varied from 3.& 105 to 4.3x 10~ by al-
components were located between the vacuum pumps an@ring the amount of N@used while keeping the {pressure
the chamber: a spiral trap for collecting condensable gases, €00 torr) constant and also keeping illumination time con-
discharge chamber, and a molecular sieve trap for collectingtant (~60 min). The final set (Set 3) examined the isotope
and separating Nand Q. The temperature of the chamber effect by changing @ pressure for a fixed amount of NO
was maintained at 298 K by dripping water along the length(20 x 10-6 mole). In each case, after the specified time, the
of the chamber using a recirculation pump. light was switched off and the vessel was kept in the dark for
The light source used to induce M@hotolysis was a 150 about 60 min to allow reaction of the residuaj With NO. It
watt xenon solar simulator (PTI Photon Technology Interna-is assumed that at the conclusion of the photolysis reactions
tional, Ushio bulb model UXL 151H) that had a maximum there is a mixture of NQand Q. We also assume that higher
output of 3500 lumens at full efficiency. It emits brightly oxides of nitrogen are not produced significantly and can be
in the visible region and simulates sunlight (6,000K emis- neglected. For example, it is known that gas phas®J\s
sion spectrum), but its emission in the 300—400 nm rangeformed when NO and N@react, but it rapidly decomposes
the main NQ dissociation window, is only~10 % of the to-  back to NO and N@at room temperature, inducing isotopic
tal spectral flux £10'8 photons cm2s~1). There was small ~ exchange (Sharma et al., 1970; Freyer et al., 1993). There-
unwanted tailing flux (less than 1% of the total) at wave- fore, we consider no significant net production gi4 dur-
lengths shorter than 300 nm 4@issociation window) which  ing photolysis.
were further reduced via absorption by the quartz window. The NG, was collected by pumping the NGO, mixture
Light attenuation caused by lamp distance, geometry, and atslowly (~2 hours) though a spiral trap immersed in liquid
sorption by the quartz window was estimated at 5-10 %. Usitrogen. At this low temperature NGand NO combines to
ing the spectral characteristics of the Xe lamp, and the lamgorm N,Os as a stable solid (vapor pressurd0~14torr at
lumen output, the photon flux for three spectral windows 77K). After warming the trap the purified NOwvas trans-
(250-300, 300-350, 350—-400 nm) were calculated to be 0.4&erred to a small trap and converted tg &hd G by electric
0.79, and 1.% 10'%photons cm?s~1, respectively. Based discharge produced by a Tesla coil (Savarino et al., 2008;
on the NQ dissociation cross sections in these windows (0.9,Michalski et al., 2002; Bes et al. 1970). The discharge cham-
2.2, and 5.5¢ 108 cm?) and unit quantum yields at these ber was a double wall Pyrex cylinder with a grounding screen

www.atmos-chem-phys.net/14/4935/2014/ Atmos. Chem. Phys., 14, 491953 2014



4938 G. Michalski et al.: NG cycle and the tropospheric ozone isotope anomaly

surrounding the outer wall and a 5M NaCl solution in the and found the uncertainty to be 08%0) and 0.4 §170) %o.
center volume. The tesla coil was immersed in the salt soAAssuming additional uncertainty due to collection of N@e
lution, which acts as a homogenous electrode creating poestimate & errors of 1.2 and 0.6 %0 in the determination of
tential between the solution and the grounding screen. Dis$180 ands'’O of NOy in our experiment.

charge occurs in the low pressure N€ontained between

the double walls and converts N@to N, and G. The dis- 2.2 Set 1 experiment

charge was executed three times, resulting A0 yields

of > 97 %. The non-condensable gases were collected aftérXPErments in this set were designed to determine the time
each discharge on a 5A molecular sieve at 77 K. The finaf€auired for the NG cycle to achieve isotopic steady state

O, fraction was chromatographically separated from the N Under the applied photochemical conditions (Fig. 1). Photo-
fraction using a 5A molecular sieve column cooled to /&3~ chemical steady state in the s cycling (Reactions R1-
using ethanol slush (Thiemens, 1984). Thei@tope ratios R;B) is well known under.tropospherlc conditions (Finlayson—
were determined using a Thermo Delta-V isotope ratio mas<itts and Pitts, 2000; Leighton, 1961) by:

spectrometer in dual inlet mode. This method was used in th?03]
original calibration of the nitrate standard USGS35 (Michal- = ~>***
ski et al., 2002) that was subsequently confirmed, within\,\,h(_:.rejl is the photon flux andy is the rate constant of
the analytical uncertainty, using thermal reduction (Bohlke Reaction (R4). For initial [N@|o with [O3]o = [NOJo = 0
et al., 2003) indicating accuraeyprecision (0.3 %o) for this  5pying for the evolution of @(which is always equal to NO

method. Thes'®0 and §'70 values of the tank ©were i, the steady state) we obtain (Seinfeld and Pandis, 1998):
—10.84 %0 and—5.69 %o (relative to VSMOW) respectively

and thes-values of the N@ were—2.26 %o and—1.25 %o as 1 N2 4 ;.
determined by the discharge method. [O3]ss = [NOJss = > [(”) + % [Noz]o} - % (R6)
4

= j1[NO2] / k4[NO] (R5)

ka 4

2.1 Systematic and random errors in the discharge

method This steady state is shifted when N{3 present in high mix-

ing ratios & 1ppmv) because the O sink reactions given by:

The above-described measurement procedure of oxygen iso-

tope ratios of product N@involves four important steps:

discharge of N@ to produce @ and Ny, chromatographic NOz2+0 = NO+0C, (R7a)
separation of @from N, using an MS column, collection of
02 using MS pellets, and its mass spectrometric analysis. We

did a few control experiments to assess the uncertainties aNO+ O+ M — NO; (R7b)
sociated with these steps. Firstly, it is seen that the discharge

yield is always less than 100 % which could be due to recombecome important (Crutzen and Lelieveld, 2001) and reduce
bination of Nb and & along with their various charged and the G production rate so that Reaction (R6) no longer holds
ionic species to form back some amount of N®lowever,  true.

the discharge recyc|es thQQUICkly and the final @isotope As mentioned, the experiments in Set 1 tested the time
ratios are expected to be close to the true value. Ozone forscale for achieving NQ-Os isotopic steady state. When
mation could in principle be a serious issue but its amountthere was 20 ppmv N£in the chamber, the observed MO

is small. We estimate (based on a model discussed latef§3 isotopic steady state was achieved on the order of 30 min-
that only about 0.05 pmole of ozone can be produced fronttes (Fig. 2). The isotopic steady state was attained more
50 umo|e of oxygen (the amount expected from 50 I_lmo|e OfSlOle than the time required for the chemical Steady State
initial NO,). We also tested the purity of the,@raction af-  (~5—6 minutes). This is mainly due to isotope mass balance
ter its separation from Nby MS. For the small column used dynamics, which require multiple Leighton cycles to occur
here at room temperature there was always a small amount dfefore isotope equilibrium is reached, and possibly because
nitrogen (estimated to be less than 5% of the total gas) in the@f small mixing scale length. When the initial N@mount

O, fraction. This introduces a small positive change in thewas higher (for example;240 ppmv) the photolytic supply
s-value of @ depending on the relative amount 0$.NCol- of O-atom was higher and isotope exchange between O and
lection of oxygen was done by 5 pieces of 5A MS pellets NOx was faster than the time required to achieve,NO3

kept at LN> until O was completely adsorbed (as indicated steady state and overall isotopic equilibrium was expected
by line pressure)_ The gas was released by keeping the tup® be achieved in less time (based on the chemical simula-
atroom temperature for at least 30 min. Based on control extion model described Iater). Based on these ConSiderationS,
periments using tank £ we noted that this particular step We decided to carry out photolysis experiments for the dura-
increases th&'80 value by 0.1 to 0.2 %.. To test the overall tion of one hour to ensure that NEO; isotopic steady state
effect we analyzed three aliquots of tank NGy this method  is always achieved.
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Table 1.Oxygen isotopic composition of NOmodified by ozone in a N@cycle experiment where the O-atom is supplied by dissociation

of NO» by UV (Leighton cycle) with Q pressure at 500 torr and exposure time of 60 min. SFealues refer to total NQproduced and are

relative to the tank oxygen in %o to express enrichment. The model values are obtained using coefficients 1.352 and 1.252 for formation of
00Q and OOP as discussed in the text. Predicted ozaadues (in %o) are: 84.75¢70), 95.2 §180) and 34.3 £170) in close agreement

with enrichment values 86.0, 96.6 and 34.9 obtained by interpolation using data from Guenther et al. (1999) and Mauersberger et al. (2005).

Sample NG Oy Ratio Experimental Model values
(umole) (umole) NG/O, §170 s180 Allo* sl70 180 Al70
Ozones-values (published data and model values) 86.0 96.6 34.9 84.7 952 343

1 236.0 55¢<10° 4.3x104 273 247 143 31.7 329 144
2 177.0 55¢10° 3.2x10% 358 355 17.2 365 368 17.1
3 150.9 55« 10° 2.8x10°4 380 36.7 187 393 39.1 186
4 118.0 55« 10° 22x107% 459 453 220 436 426 210
5 89.7 55« 10° 1.6x104 51.0 508 24.1 486 467 23.7
6 59.0 55x10° 1.1x10% 620 635 284 558 526 27.6
7 374 55x10° 6.8x105 725 755 324 63.7 59.2 318
8 19.5 55x10° 25x104 776 775 36.2 76.8 70.8 379

Tank Oxygens-values:—5.69 and-10.84 in %o relative to VSMOW.
* AY70=1000 In(1+5170/1000)-0.516- 1000 In(1+8180/1000) measures the magnitude of mass independent enrichment.

50 100 80

J 5 2 o L 20 {1 ®nm [J A0 Observed
40 O ° e O 80 i Py O A:’O Model
- | o ® | = ~ 604 u B §'°0 Observed
Ea 30 50 & 2 , b ® 5'°0 Model
ERal et} 50— .
S % 2 g 1 )
© G 40— o
o 273 - - - & .
= 7.) r © g 30i = N -
10 o svo |20 £ 20 o
1 ® A0 |T ] B
0 \ \ \ \ 70 10
0 10 20 30 40 50 60 0
. T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
Exposure (min) 0 50 100 150 200 250
Figure 2. The time scale for NQ to achieve isotopic equilibrium NO, (umole)

in 8180 andA 170 is approximately 30 min based on N®ycling _ _

experiment run with NG/ Oy ratio of 23 x 10-6 (23ppmv) at@  Figure 3.Change in the steady stattP0 andA 170 values of NQ
pressure of 750torr in a 20 L chamber. as function of the initial N@ amount as a result of photochemical
cycling in a 20 L chamber at £Opressure of 500 torr. Isotopic ex-
change between O and NQuppresses the-values at high N@
concentrations as seen by close agreement with the model predic-
tions (see text for details).

The second set of experiments (Set 2) was designed to
determine the change in the N@sotopic composition as
a function of different initial NQ mixing ratios at con-

stant pressure.GThis was aChieg/ ed by va ryinggmount Both the data sets show that the steady st#l® andA1’0
from 19.5x 10 to 236.0x 10™>moles (i.e. umole) while )05 a6 4 strong function of the NOD, mixing ratio

keeping the @ at a pressure of 500 torr corresponding to (Fig. 5). As the NQ mixing ratio decreased, th&'’0 and
0.55moles (Table 1 and Fig. 3). In contrast, the last set of €X518 yalues of NQ increased until they Were’nearly constant
periments (Set 3) was performed by keeping the initiabNO when NG mixing ratio reached about 20 ppmv (Tables 1
amount fixed at~20 umole and changing the,(pressure and 2). The highest (relative to tank)ONO,5180 values
from 50 tg)7750 torrl(STabIe 2). The results are plotted in term584_2i4%o (n = 3), were from the experiments conduc,ted
Of_NOXA O and5™0 values as a function of Lpressure at pressures around 750 torr (typical atmospheric pressure),
(Fig. 4). with correspondingA'’O values of 39.3 1.6 %o (Table 2).

We could not investigate enrichments for mixing ratios

lower than 20 ppmv N@because of minimum sample size

2.3 Set 2 and Set 3 experiments

3 Discussion and model predictions

www.atmos-chem-phys.net/14/4935/2014/ Atmos. Chem. Phys., 14, 491953 2014
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100 O A0 Observed
~ 1| © A7OModel - QNO+ 0O «<— ONO+Q (R9)
2 80 B 3'"0 Observed o = ) L
5 | _® 8" 0 Model o u NQ+0O «— NO+Q (R10)
Z ]
5 60 % Analogous exchanges occur with tHéO (P) isotopic
S P species. All three exchange rate constants are of similar mag-
3 40— n g 9 d 0 nitude (Anderson et al., 1985; Jaffe and Klein, 1966; Sharma
= . .ﬂ 8 et al., 1970) but the NQexchange rate constants are slightly
O 20— on 8 S higher than the rate for O=(exchange, albeit with consid-
© | erable uncertainties (Jaffe and Klein, 1966). Since the over-

0 ‘ all rate of exchange is proportional to concentration, isotopic

0 160 | 260 | 360 | 460 | 560 | 6(50 | 760 | 800 exchange between N@nd G (the bath gas) via R8—R10 is
Oxygen pressure (torr) expected to be a strong functio_n of_mixing ratiq.
We hypothesize that the high isotope enrichments, re-
Figure 4. Change ins -values of NQ as a result of photochemical ~flected in both thé180 and theA70O values, occur when
cycling achieved wi_th 20 umole of N{at oxygen pressures ranging oxidation of NO is faster than NG-O-Q, isotopic exchange.
from 50 to 750 torr in a 20 L chamber. As the Pressure increases Isotopic enrichments associated with the formation af O
the ozone formation rate increases imparting higher enrichment tqygve been extensively studied (Mauersberger et al., 1999;

NO. Guenther et al., 1999; Mauersberger et al., 2003; Thiemens,
1999). At temperature and pressure range of the present ex-
20 pymole (variable pressure) periments, the recombination process should genergte O
40 @) ] Observed with §180 values between 90-130 %o and’O values be-
N i %@ O Model tween 30-45 %0 (Mauersberger et al., 2003). Our hypothesis
88 30 5 . 500 torr O, (variable NO,) suggests that that during oxidation of NO, the oxygen iso-
o | O‘ B Observed topic enrichments in ®are transferred to the product NO
z . e s L® Model However, the enrichment in the product N@ets diluted or
S 20 o LI even erased when NGnd O atom exchange is fast via Re-
5 a ) actions (R7a), (R7b), (R9), and (R10). This is because O
10 A dominates the oxygen reservoir by about four orders of mag-
i 2 nitude compared to 9or O-atoms and any O atoms pro-
0 ‘ ‘ ‘ ‘9 S d_uced by. NQ@ photolysis qujpkly equilibrate with the £
0 1 2 3 4 5x104 via Reaction (R8). The equilibrated oxygen atom loses the

heavy isotopic signal that arises from the Reactions (R2) and
(R3). Therefore, there is a competition between thgND
Figure 5. A170 of NO, based on combined data from Table 1 (open atom exchange and the oxidation by.@his hypothesis was
symbols for variable initial N@) and Table 2 (filled symbols for tested using the chemical kinetic simulations discussed be-
variable Q pressure) plotted as a function of NOD, mixing ra- low.

tio. As the NG mixing ratio decreases, th&170 values increase Plots of oxygen isotope enrichments in dual isotope ra-
until they remain constant at a value of about 40 % when the NO tjg space support the hypothesis that ;N€ycling effec-
mixing-ratio reaches about 20 ppmv (seen for both datasets).Atthrfiny equilibrates NQ with O (Fig. 6). The NQ817O
same mixing ratio, but higher{pressure, the ozone formation rate and $180 data in both experiments align nearly along a
increases resulting in more ozone oxidation of NO and latg€O line of slope 1 reflecting the progressive transfer gfi€-

values in the product N&(the filled symbols). . . . L
P 2 y ) topic ratios to NQ. This slope value is similar to the one
found experimentally for @isotope ratios by earlier work-

requirement for isotope analysis by dual-inlet method. Forérs (Mauersberger et al 2005) as shown in Fig. 6. The ob-
example, we could not investigate typical troposphere ratiosserved NQ isotopic equilibrium values, when the NGO
(~ 10 ppbv) which would have resulted in only about 0  €xchange was minimized (i.e., 20 ppmv and @ pressure
mole of NG, in the system. of 750 torr), yielded a mean'’O value of 39.3t 1.9 %o and

A qualitative analysis of the reaction kinetics showed thaté'0 value of 84.2k4%0. The corresponding values ex-
the key to understanding the two data sets (Set 2 and Set Pected for bulk @ enrichment at 750torr (based on the
is the exchange reactions between oxygen atoms andiNO model discussed later) are 30.6 and 90.4 %.. Unfortunately, in

NO,/O, ratio (umole/umole)

0, (for simplicity we write: O =160, P =170 and Q =180) : the present experiment the;Gould not be measured directly
for its isotopic composition due to its low amount@.2 to
QO0+0«— Q+00 (R8)  20x 10 2mole) and that it was mixed in large quantity of
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Table 2.Oxygen isotopic composition of NOmodified by ozone formed by UV in presence of oxygen with O-atom supplied by dissociation
of NO» (Leighton cycle); theS-values show enrichment of produced N@lative to tank oxygen in %.. Model values are calculated by
Kintecus with coefficients chosen f8fO and1’0O asymmetric ozone formation to match the observed values of isotopic enrichment as
givenin Table 5.

Sample NG Oxygen O Ratio Experiment Model

(umole)  (torr) (umole) N@/O,  s70 80 A0 sl70 s180  Al’0
1 19.5 50 55¢10* 36x10% 124 183 3.0 14.9 204 4.2
2 19.5 75 8.2 10 24x10% 166 199 6.2 20.2 242 75
3 20.4 100 1.k 10° 19x104 258 302 101 26.1 28.7 111
4 19.5 150 1.6¢10° 12x10%4 361 387 159 378 376 179
5 20.4 200 2.%10° 9.3x10™° 513 56.6 21.6 477 455 235
6 20.4 300 3.%10° 6.2x10° 647 671 291 618 57.3 31.0
7 19.5 400 4.410° 45x10° 751 76.6 344 703 65.0 35.2
8 19.5 500 5510° 3.6x10° 776 775 362 753 69.8 375
9 20.4 600 6.6<10° 3.1x10°> 781 757 375 782 72.8 388
10 20.4 700 7.%10° 27x10° 836 819 39.7 79.8 745 39.4
11 21.0 750 8.x10° 26x10°> 871 865 40.7 80.3 750 39.6
12 21.0 750 8.x10° 26x10° 862 865 399 803 750 396
13 21.0 750 8.%10° 26x10°> 798 796 373 80.3 75.0 39.6
Mean 20 750 Mean 844 842 393 sdev=1.9

Note: Chamber size is 20 L and exposure time is 30 min.
Tank Oxygenrs-values:—5.69 ¢170) and—10.84 §180) in %. relative to VSMOW.
* AY70= 1000In(1+5170/1000)-0.5161000In(1+8180/1000) measures the magnitude of mass independent enrichment.

120 O2 (~0.4 mole). However, the similarity between the product
o 0, y qufgxg;g'?“z O NO, 5180 andA170 values and those in previous @xper-
100-| ¢ NO ' iments (Thiemens and Jackson, 1990; Mauersberger et al.,
1 X > 2005) suggests that isotope enrichment gi©no different
__ 80+ . &’ when the O atom that generates i® supplied by NQ dis-
g ‘/'40 sociation via lower energy photons compared to high energy
o 607 yz;ff”é;g'% ad £ |[*0, o dissociation of @ (UV photolysis/electron impact). There-
% o y" © 5o o fore, it appears that the {0sotope enrichment process, in-
40 » 2 “ cluding the MIF, is insensitive to the initial energy distribu-
20 e g, tion of the O-atoms.
& o %'OAWO 240 The experiments that produced the highest@0 and
0 ‘ ‘ serve | ‘(°°) | A0 values can be qualitatively explained by the isotopic

0 250 40 60 80 100 120 distribution within the @ rriglecule (i-e., the isotop%mass
510 (%o) balance assumption that*'O-terminal QG = 3/2*A*'O-
bulk O3) and transition state during the NO +3 @eaction.
Figure 6. The modeled 0zon&!’0O versuss180 values (), con- ~ The experiments at 750 torr,Cand ~20 pmole NQ (Ta-
strained by the NQmodel and NQ isotope observations are sim- ble 2) resulted in steady state N@'’O values 39.3 %)
ilar to experimentally obtained values by other workers. The ob-that are higher than those expected from bulk(©31 %o)
serveds’0 versuss180 of NOx (#) obtained by photochemical whereas the N@80 values (84.2%.) are only slightly
recycling in presence of £Xexperiments 2 and 3) has a slope near |ower (O3 ~ 90 %0). Ab initio calculations and experimen-
unity (1.03) similar to @ (0.95), which supports the£20 NG« is0- 5] data suggests that the NO + @action occurs mainly
tope transfer mechanism. The isotopic offset ofy\\®lative to through abstraction of terminal oxygen atoms of @eiro—
is likely a consequence of mass dependent kinetic and equilibriunbarcia and Nebot-Gil, 2002; Redpath et al., 1978; Savarino

effects occurring during N oxidation and exchange reactions . . :
during the cycle. The inset shows good agreement (slope:0.997?t al., 2008). Therefore, ignoring any mass independent or

r2=0.991) between model predictions of 0zar¥’O with experi- ~ Mass dependent isotope effects in theddgrling other than
mentally observed values by Mauersberger et al. (2005) isotopic transfer from @to NOy it is expected that at stan-
dard temperature and pressure the steady stateAN(®

values would be 1.5 30.6%o0~ 45.9%0, higher (by~ 6 %o)
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than our observed value of 39.3 %.. Part of this discrep- reactions between various isotopologues, and their rate con-
ancy can be explained by the M&D exchange still occur- stants are supplied as inputs. The rate equations are solved
ring at 20 ppmv NQ/O2 mixing ratio. The second possibil- numerically and the products are accumulated dynamically
ity is that a fraction of the NO and4{J¥eactions are occurring as the system evolves up to a pre-specified period (60 min
through abstraction of the central oxygen atom i (Red- in the present case). The model calculates the number of
path et al., 1978; Vandenende et al., 1982; Vandenende anaholecules of each reactant at small interval® (L sec to 1
Stolte, 1984). In this case the 1.5 factor used to scale the bulksec) and finally displays the results at chosen time intervals.
Og isotope ratios would be too high. Savarino et al. (2008)
performed a single step oxidation experiment of NO byt@  3.1.1 Reactants, their initialization and delta definition
derive a conversion formula<(1.18- A1’O(03)+6.6), which
would give NGQAL’O value (42.7 %0) only slightly higher The model was initialized with the following 17 species: O,
than our observed value. P, Q, OO, OP, 0OQ, ONO, PNO, QNO, NO, NP, NQ, 000,
It is unlikely that any normal or anomalous isotope effects OQO, OOQ, OPO, and OOP. Note that we neglect to differ-
were caused by photolysis or self shielding in the cham-entiate betwee®N and'N since the N-isotopes are not of
ber. Firstly, in the experiments with the highest’O val- our concern in these experiments. We also did not include
ues (700torr, 20 pmol) the NOnumber density (6 10%° minor species like PP or QQ or QQQ etc. since their influ-
molecule/crd), cross section (& 10-19cm?) and chamber  ence on the isotope system is small due to their low natu-
length 122 cm would result in only 3% attenuation of the ral abundances. This neglect causes a minor problem of iso-
incoming light (Beer—Lambert law). In contrast, the exiting tope balance since, in reality, all possible reactions involving
light would decrease by 32 % in the experiment with the low- all possible isotopologues occur in the reaction chamber and
est observed isotope anomaly, the opposite of what would béhey affect the final abundances of the species. Obviously,
expected if self shielding were present. Secondly, the lightthe heavy isotopes distributed among the neglected species
source warms its end of the chamber, relative to the opposare not accounted for in the calculation of final delta val-
ing end, which would induce rapid convective mixing within ues. However, this approximation results in model predic-
the chamber. This would move any shielded NiOcated tions that differ only slightly (less than 0.1 %o) from the val-
at the far end of the chamber to the front where it would ues if the minor isotopologues were included. For example,
be re-photolyzed. Based on the experimental J coefficientvhen we estimate isotope ratio Q/O in oxygen from molec-
(0.0086 51) the lifetime for NG photolysis is less than 2 ular species ratio [OQ]/{2[OG}OPH-[OQ]}disregarding
minutes, so each NOmolecule undergoes- 120 photoly-  contribution from QQ isotopologue the true ratio Q/O would
sis reactions in different parts of the chamber and would un-be underestimated by only about 2.4 ppt.
likely be affected by any potential self shielding that requires  Following the above constraint we need to define appro-
gases to be isolated in space and time. A related issue is pogriately and consistently the isotope ratios af, O, and
sible isotope fractionation associated with photolysis. ZeroNO in the model so that ali-values are expressed in terms
point energy differences during photolysis of N@otopo-  of enrichment relative to tank oxygen composition. We note
logues have been demonstrated experimentally (Michalski ethat in experiments involving ozone formation and its analy-
al., 2004) but these were detected only under jet cooled consis Qs is usually first converted to£and measured in IRMS.
ditions where population of ground state rotational levels wasThe distinction between isotopomers like OQO and OOQ is
minimized. At the temperature of our experiments (298K) not maintained there. But in the model output these species
the NG absorption spectrum is convoluted and has chaoticare generated and have to be counted separately so that the
state mixing near the dissociation limit (Delon et al., 2000), model calculation of-values of ozone keeps track of the
which would likely limit any zero point energy effect during total number of O, P and Q isotopes. In this case, we use iso-
photolysis. Based on this consideration, no isotope effect wasopic abundance or atom percent in &d G to calculate
imposed on the photolysis reactions in the kinetic modelingmodels-values of ozone:

of the data. For & P/Q=[OP]/{2[O0]+[OP]+[OQ]}
Q/O= [OQ]A2[O0] +[OP]+[OQ]}
3.1 Chemical kinetic modeling For O3 P/O={[OOP]+[OPOI}/{3[000]+2[00Q]
+2[OQOH-2[O0OPH-2[OPO]}
In order to quantitatively interpret the observed N{o- Q/O={[OOQ]+[OQO{3[OO0] +2[00Q]
tope values and evaluate the recombination rate constants of +2[OQOH-2[O0OPH-2[OPO]}

the various @ isotopomers and isotopologues, a chemical In contrast, for NQ and NO thes-values in the model can
kinetic model was used. The model called Kintecus (lanni,be defined based on species ratio as usual for mass spectro-
2003) simulated isotope effects that occur during the photoimetric measurements. Therefore, in this case we use:
chemical cycling of N by tracking interactions among the  For G, P/O= [OP]/{2[O0]}

major isotopologues present in the chamber. The initial iso- Q/0= [0Q]{2[O0]}

topologue reactant concentrations, the forward and backward For NO,  P/O=[PNO]/{2[ONO]}
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Table 3. Description of dominant oxygen species used in the Kin- 3.1.2 Choice of kinetic rate constants

tecus chemical reaction model to simulate thexNO3 cycling ex-

periment (G=160, P=170, Q=180). It is assumed that three major

species together constitute close to 100 % and other minor speciegpce initialized, the Kintecus simulation after a given run
can be neglected in the modeélvalues are relative to VSMOW in produces isotopologues of all secondary reactants based on
%o. rate laws and constants (in units of &s1! for bimolecu-

lar reactions and cfs~1 for tri-molecular case) as listed in
Table 4. Rate constants of NO oxidation by O-atom and O
were taken from the JPL listing (Sander et al., 2006) as was

Species Isotope Ratios Relative
8180 5170 abundances

VSMOW 0 0 the rate for reaction O + ONO. The rates for all reactions in-

O 0.9976200 volving isotopologues (either in dissociation or bi-molecular

(Pg 8'883%38 reactions) were adjusted for the reaction channel symmetry.
. , L

Total 0.9999990 For example, rate constant of the reaction PN® + NO

Tank O, (bath gas) —10.84 —5.69 was taken to be half of the ONG O + NO rate constant.

00 0.9952457 For reactions Q + ONO and P + ONO the colli_sion frequency
oP 0.0007519 factors of 0.957 and 0.978 were used following the method
0Q 0.0039472 of Pandey and Bhattacharya (2006). Rate constants that pro-
Total 0.9999448 duced the minor oxygen isotopologues of nitrogen oxides
Starting NG -226 -1.25 (where no experimental data is available) were assumed to
ONO 0.9952457 be the same as the major isotopic species (i.e., ignoring any
PNO 0.0007553 kinetic isotope effect— KIE).

QNO 0.0039813 The NO, exchange reaction rate constants were taken
Total 0.9999822

from published works. The forward exchange ratg) (of Q
isotope with ONO was based on Jaffe and Klein (1966). For
backward exchange raté,] we used the equilibrium con-

Q/O = [QNOJ{2[ONQC]} stant (Keg) tabulated by Richet et al. (1977) since at equilib-
For NO P/C=[NPJ/[NO] rium (at any given temperature)o= ks / k5. Similar con-
Q/O= [NQJ/[NO] siderations were used for P + ONO exchange as discussed in

At the beginning of a simulation only isotopologues of pandey and Bhattacharya (2006). In a similar way, exchange
NOz and @ were presentin the chamber. The initial amounts rates of O-atoms with NO were derived using Anderson et
of species OO, OP and OQ as well as ONO, PNO and QNQul. (1985) and Richet et al. (1977). Finally, the NO oxidation
(Table 3) were chosen such that the calculd@tedlues (rel-  py O, was taken from Finlayson and Pitts (2000). For com-
ative to VSMOW and according to the above definitions) of pleteness, we included exchange of NQ with ONO and NP
tank G; and starting N@ agree within 0.05 %o with the mea-  with ONO using the rate constants given by Sharma (1970)
sured ones. A better agreement may be desirable but is n@ind assuming a mass dependent isotope exchange rate.
really necessary since all experimental and mddehlues A rate coefficient for N@ dissociation that reproduced
(relative to the tank @ were obtained with less precision the time dependent isotopic equilibration data (Fig. 2) was
and accuracy. Thé-values (relative to VSMOW) were con-  0.004 s and this was used as the coefficient for all NEb-
verted to absolute molecular abundances using the isotopitpologues but corrected for channel symmetry factors. This
abundances of O, P and Q of VSMOW (Table 3) obtainedvalue is slightly less than the J coefficient estimated from
from Coplen et al. (2002). The model output in terms of num-the xenon lamp output for reasons explained before. We also
ber of molecules of various isotopologue species (e.g., OOOjested the photolysis model’'s dependence on the 8i€so-
OQO or OOQ and ONO, ONP and ONQ) were convertedciation rate § coefficient) and found little difference in the
to s-values (or enrichment) relative to the tank.Qhe O predicted NQ isotope values 0.5 %o) when thej was in-
enrichment values act as anchor points since the accuracy @feased by a factor of 1000 (4. The j coefficient, how-
the numerical results was ensured by comparing the modedver, does change the timescale to reach isotopic steady state
Ogzé-values with experimental §£3sotopic enrichment values  of NO, and the number 0.004 $ was selected to match the
(Fig. 6) available from pressure dependence studies of Morgbserved time to isotopic equilibrium in experiments of Set
ton et al.,, (1990) and Mauersberger et al. (2005). It is to be1, This is analogous to estimating @issociation rate con-
noted that for application to troposphere the derived enrichstant by measuring the product @mount (Pandey and Bhat-
ment values can be convertedsitoalues relative to VSMOW  tacharya, 2006) or N®; coefficients using @steady state
by using the air @ isotope valuesst®0 = 23.5 and*’O= concentrations (Sakamaki et al., 1980). These simulations
12.2 %o relative to VSMOW). confirm our expectation that the NG coefficient controls

the timescale to N@-Os equilibrium in the Leighton system.
The model does not distinguish between the two N-isotopes
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and it also assumes that only terminal atoms take partinre- 1.50

action or dissociation of tri-atomics. ] g re
145 O ® '

3.1.3 Rates of ozone formation and dissociation 140 . DD

o Y 0
The rate constants of {Jsotopologue formation were the 2 1.35] oo e T
crucial part of the reaction scheme because in these reactions® "~ 3 L U
the mass independent isotopic enrichment or MIF arises.™ 4 391 ® e
These formation rates at low pressureés( torr) were mostly ] ® ® i
taken from Janssen et al. (2001). For the OOP case the re- 1.25- ® o
lation between zero point energy changes and rate constant ] ®o
ratios (Janssen et al., 2001) was used (See discussion in Bhat- 1.20

T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T
tacharya et al., 2008). We note that out of the nine rate con- 0 100 200 300 400 500 600 700 800
stants only the rates of O + 0Q OOQ and O + OP> OOP Pressure (torr)

are §urprl5|ngly_large and these are the reactions that e%figure 7. Variation of rate coefficient ratios of asymmetric heavy
sentially determine the level of MIF in £XJanssen et al., ., one formation as a function of pressuré® values and-17 val-

1999). We shall assume that the observed pressure depeQas denote rate factors of 00Q formed by O + OQ +MOOQ
dence of @ MIF is due only to the variation in these two and OOP formed by O +OP + M> OOP relative to the formation
rates This hypothesis is based on the observation of Janssesf 00O, respectively. These values are derived by trial and error
et al. (1999) that O + OQ>00Q is the channel which “al- method using the Kintecus model such that the simulatealues
most exclusively is responsible for the observed enrichmenpf O3 match the experimental values in Mauersberger et al. (2005).
in 5005”. With this simplification, the present model can be
used to find the pressure dependence of these two rate coef-
ficients relative to the rate of O + 08 OO0O (denoted as
r18 andr17) by fitting the modeledA’O of NO, with the
observed values. There is another important constraint in thevas turned off. In order to account for this, at the end of
selection of-18 andr’, namely, the modei-values of Gat  each 60 minute simulation the resultant isotopologue num-
various pressures should match those that occur by pressuber densities for all species were used as inputs to a second
variations (Morton et al., 1990; Mauersberger et al., 2005).run simulation that was identical to the first exceptjatio-
We found that it is possible to obtain a consistent set of rateefficients were set to zero. This “dark” phase simulation was
constants (given in terms of8 andr1” values and shown in  run for two hours to account for the one hour period after the
Table 5 and Fig. 7) corresponding to various pressures whiclight was turned off and the average residence time of MO
satisfy both the @ MIF data and our observed NOAL’O the chamber during the collection step. The simulations show
data. that G; and O istopologues quickly react (within several sec-
The G; amount at any stage is quite smallz(NO> ra- onds) with NO to form NQ. During these two hours without
tio is about 3x 10~* at 20 pmole of N@ at O, pressure  photolysis, NO continues to react with,@vith a rate pri-
of 50torr) but for proper calculation of the isotope effect marily controlled by the @ number density (pressure). For
one has to account for {dissociation. The rate constants example, at the end of the 500 torp (ight simulation, NQ
of dissociation of various @isotopologues were taken from accounts for 73 1 % of NGO, oxygen regardless of the ini-
Pandey and Bhattacharya (2006) and Chakraborty and Bhatial NO, concentration, but it accounts for 89—99 % of NO
tacharya (2003) normalized to the rate for the maig O oxygen at the end of the dark simulation. In contrast,,NO
isotopologue'®0t®00; the latter was fixed by taking a makes up only 7% of NQoxygen in the 50torr/19 umol
NO» /O3 cross section ratio 0£4000 at the relevant wave- light simulation and increases to only 39 % during the dark
length range £ 400 nm) used in the experiment. Because thesimulation. We note that the amount of NO converted into
O3 is a minor component in the system its dissociation rateNO, during the dark phase, at a giverp Qressure, goes
does not affect significantly the final model outcome. This setas the square of the NO concentration idNO,/dt = k
of reactions, being mass dependent in nature, does not haJ®;][NO]2. For example, in the 500 torr experiment using an
a significant effect on the predictex!’O value of NQ. initial NO» of 237 umol, the NO accounted for 28 % of NO
oxygen at the end of the photolysis simulation but decreased
3.1.4 Accounting for isotopes of total NQ in the model to 1% of NG, oxygen by the end of the dark phase. In con-
trast, in the 19 pumol (500 torr) experiment, NO (26 % ,NO
The output of the photolysis model showed that at the endoxygen) decreases to only 11 % of NGxygen.
of each exposure period the chamber contained a mixture The final NQ§-value was calculated based on the oxygen
of NOx and oxygen compounds (O,3002). We expect mole fractions () of NO, and NO and their respective fi-
these gases would continue to react after the light sourceal §-values at the end of the dark simulation period of two
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Table 4. Adopted rate constants of reactions involving isotopomers of the species taking part in photolysisiofpi€sence of oxygen at
50torr. The factors for the formation rates of heavy ozone isotopologues are given in Table 6 and discussed in the text.

Reaction Rate constant  Factor Ref. Reaction Rate constant  Factor Ref.
NO, dissociation NO oxidation by O-atom

ONO— O +NO 400x103 1 assumed O+ NO +M> ONO + M 9.00x 10732 k3 ref. 3
PNO— P + NO 2001073  05-j1 assumed Q+NO +M> QNO +M 9.00x 10732 k3 assumed
PNO— O + NP 2001073  05-j1 assumed P +NO +M> PNO +M 9.00x 10732 k3 assumed
QNO— Q +NO 2.00x10°3  05-j1 assumed O+NP +M> PNO+M 9.00x 10732 k3 assumed
QNO— O +NQ 2.00x103  05-j1 assumed O+ NQ +M> QNO +M 9.00x 10732 k3 assumed
Oxygen isotope exchange N@eaction with O-atom

Q+ 00— 0+0Q 2.90x 10712 ko ref.1 O ONO — NO + 00 1.00x 10711 k4 ref.4
0+0Q—>Q+0y 1.34x 10712 0.5k0-0.924  refl @ ONO— NO +0Q 9.57x 10712 k4.0.957 assumed
P+00— O+OP 290« 10712 ko ref.1 R+ ONO — NO + OP 9.78<10712  k4.0.978 assumed
0+0P—>P+0, 1.39x 10712 05.k0-0.959 ref.l & PNO— NP + 00 5.00x 10712 0.5.k4 assumed
Ozone formation @ PNO— NO + OP 5.00< 10712 0.5*4 assumed
0+00+M—000+M 6.00x 10734 k1 ref.2 Of QNO— NQ + 00 5.00x 1012 05 . k4 assumed
0+0Q+M—>00Q+M 4.35x10734 1.450.k1-05 ref.2 OF QNO — NO + 0Q 5.00x 10712 0.5.k4 assumed
0+0Q+M—>0QO0+M 3.24x10°34 1.08-k1-0.5 ref.2 NG exchange with O-atom

Q+00+M—>00Q+M 552x10734 0.92 k1 ref.2 Q + ONO— O + QNO 2.0 10711 k5 ref.4
Q+00+M—>0QO+M 3.60x 10736 0.006- k1 ref.2 O +QNO— Q + ONO 9.57x 10712 0.5.k5/1.0923 ref.5
O+OP+M —> OOP+M  4.01x 10734 1.335.k1-05 ref.2 P + ONO> O + PNO 20% 10711 k5 assumed
O+0OP+M—OPO+M 3121073 1.04-k1.05 ref2 O + PNO- P + ONO 9.96x 10712  0.5.k5/1.0487 ref.5
P+00+M—>OOP+M 6.00x10°34 1.00-k1 ref.2 NO exchange with O-atom

P+00+M—>OPO+M 3.60x 10736 0.006- k1 ref.2 Q+NO— O +NQ 4.00x 10711 k6 ref.6
Ozone dissociation 0+N©& Q+NO 3.63x 1071 (1/1.1017) k6  ref.5
000— 0 +00 1.00E-06 2 assumed P +NO O +NP 4.00x 10711 k6 assumed
OOP— P + 00 4.94¢10°7 0.988-j2-0.5 refl O +NP> P +NO 3.80x 10711 (1/1.0536)*k6  ref.5
OOP— O +OP 50x 1077  05-j2 ref.l NG, exchange with NO

OPO— O +OP 9.88x 1077 0.988-j2.05 refl NQ + ONO— QNO + NO 3.60x 10714 k7 ref.7
00Q— Q+00 486x10~7 0972-j2-05 refl NO + QNO— ONO + NQ 1.80x 10714 05.k7 assumed
00Q— 0 +0Q 5.00x 1077 05-j2 ref.1 NP + ONO— PNO + NO 3.60x 10714 k7 assumed
0Q0— 0 +0Q 9.72x 1077 0.972-j2 ref.1 NO + PNO— ONO + NP 1.80x 10714 0.5.k7 assumed
NO oxidation NO oxidation by ©

NO + 000— ONO +00 2.00x 10714 k2 ref.3 NO+NO+00 — ONO+ONO  2.00x 10738 k8 ref.8

NO + 00Q— ONO +0Q 1.00x 10714 0.5.k2 assumed NOGNQ+OO—> ONO+QNO  2.00x 10738 k8 assumed
NO + 00Q— QNO+00 1.00x 10714 0.5.k2 assumed N@NP+OO—> ONO+PNO  2.00x 10738 k8 assumed
NO + OOP— ONO +OP  1.06x 10714 0.5.k2 assumed N@ONO+0OQ—> ONO+QNO 2.00x 1038 k8 assumed
NO + OOP— PNO+00 1.0« 1014 0.5.k2 assumed NOGNO+OP— ONO+PNO  2.00x 10738 k8 assumed
NO + 0OQO— ONO +0Q 2.00x 10714 k2 assumed

NO + OPO— ONO +OP  2.00x 10714 k2 assumed

NP + 000— PNO+00  2.00< 1014 k2 assumed

NQ + 000— QNO +00 2.00x 10714 k2 assumed

1 Antra Pandey and S. K. Bhattacharya (2006);
2 Janssen et al. (2001);

3 sander et al., JPL listing (2006);

4 Jaffe and Klein (1966);

5 Richet et al. (1977);

6 Anderson et al. (1985);

7 Lyons (2001);

8 Finlayson Pitts and Pitts (2000).

hours, flects the mass dependent nature of the equilibrium for the
pair's isotopic exchange and suggests that under the experi-

SNOx = fno, - 8(NO2) + fno - (BNO) (@ mental conditions, the NQisotope exchange occurred on a
fNo, = 2[NO2]/(2[NO2] + [NO]) and (2)  time scale faster than the oxidation of NO. The second ef-
fno = [NOJ/(2[NO2] + [NOY]) fect was that the final dark simulation N80 andA'’O

values were reduced relative to the “light” simulation val-
Sues and this reduction was proportional to the amount of
NO that was oxidized by ®in the dark. This was because
the 35180 and Al70 values are defined as 0 %o relative to
tank, which are much lower than the same values iry O
the end of the light simulation. During the 500 torr simula-
tions, the dark simulations resulted in isotope dilution that

Two effects occur during the dark phase simulation reaction
that impact the final NQ isotope composition. The first is
the NO,—NO equilibrium (Sharma et al., 1970). In both the
light and dark simulations, at all time steps (in the model
we chose each step to bes0 s) there was a constant offset
between the N@and NOs§0 values (42+ 1.2 %o) but the
A0 values were essentially equal withtn0.1 %o. This re-
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Table 5. Thes-values of ozone relative to the source oxygen as obtained from literature at various pressures of oxygen. The two coefficients
for asymmetric ozone formation as a function of pressure are also given and they are chosen such that the modef madiesatiatch
the experimental values within 1 %.. The Error on each-value is about 0.012.

Pressure 170-coefft  180-coeff Experiment* Model
17 .18 s170  s180 AlTges 5170 §180  Al7Q

50 1.335 1.450 1125 128.0 44.5 1125 128.0 44.5
75 1.322 1.427 108.0 120.0 44.1 108.3 120.4 441
100 1.313 1.413 105.0 115.0 43.7 105.3 115.8 43.6
150 1.297 1.395 100.0 110.0 41.5 100.1 109.9 41.6
200 1.282 1.382 95.3 105.4 39.3 95.2 105.6 39.1
300 1.270 1.370 91.5 101.2 37.8 91.2 101.8 37.3
400 1.263 1.360 89.2 98.9 36.8 89.0 98.5 36.8
500 1.252 1.352 86.0 96.6 34.9 85.4 95.9 34.6
600 1.245 1.347 82.7 94.4 32.9 83.1 94.3 33.3
700 1.235 1.340 79.4 92.2 30.9 79.8 92.0 31.3
750 1.230 1.335 78.7 91.2 30.7 78.1 90.4 30.6

* Coefficientr17 equals the rate ratio (O + OP + M OOP + M)/(O + OO + M— 00O + M) and a similar definition for coefficient.
** The experimental values used for fitting are taken from Guenther et al. (1999) and Mauersberger et al. (2005).
# A170 = 1000 In(14-6170/1000)-0.516- 1000 In(1-+5180/1000) measures the magnitude of mass independent enrichment.

Table 6. Test of sensitivity of the isotope anomaly}’O (NOy) in the model due to four reactions involving Ma@ncluding exchanges.
These reactions dilute the full anomaly expected from transfer of ozone anomaly as seen from values of dilution defined for 50 and 500 torr
pressure, i.e., fractional deviation from 68 and 48 %. respectively. Zero value indicates no dilution whereas 0.92 indicates 92 % dilution.

A0 (NOy) %o Dilution (500)  Dilution (500)  Dilution (50)

Reaction Condition NO2/O2 NO2/O2 NO2/O2 NOy/Oz NO2/02 NO2/0O2
20/500 237/500 20/50 20/500 237/500 20/50
ppb/torr ppb/torr  ppb/torr  ppb/torr ppb/torr ppb/torr

(R7a), (R7b), (R9), (R10) All off 48.0 48.0 68.0 0.00 0.00 0.00

(R7a) Off (others on) 44.6 25.9 8.8 0.07 0.46 0.87

(R7b) Off (otherson) 42.2 18.2 5.4 0.12 0.62 0.92

(R9) Off (otherson)  43.7 19.7 5.4 0.09 0.59 0.92

(R10) Off (others on) 44.6 24.0 23.1 0.07 0.50 0.66

(R7a), (R7b), (R9), (R10) Allon 42.2 18.2 5.4 0.12 0.62 0.92

Note: (R7a): N@ + O — NO + O,
(R7b): NO + O + M— NO,

(R9): QNO + O«— ONO +Q

(R10): NQ+O «— NO+Q

Dilution (500) = (1A170/48)

Dilution (50) = (1-A170/68)

NO, /O, indicates N@Q amount in ppb and @pressure in torr.

remained fairly constant, with the N®®0 value decreas- OOQ + M and O + OP + M— OOP + M were selected
ing by an average of11+ 1.6 %o and itsA1’O decreasing that would reproduce closely ti#evalues reported by Mor-

by —54 0.9 %.. This corresponds to #30.03 % of the final  ton et al. (1990) and Mauersberger et al. (2005) for pressures
NOy oxygen atoms arising from the 2NO +@eaction. The 50, 75, 100, 150, 200, 300, 400, 500, 600, 700, and 750 torr
constant mole, variable pressure experiments have a widesf O,. These two isotopologue rate factors are denetéd
range of this reaction contribution to N@from 7 to 22 %). and r17 (Table 5) and their reaction rate constants are ob-
tained by multiplying the O + OO + M> OOO + M rate con-
stant by these factors (Table 4). The Kintecus model was run
with these pressure dependent rate constants while keeping
the NG amount at 20 pmole. As an example, at a pressure
of 50torr the chosen enrichment factors wert® = 1.450

and r17 = 1.335 (Table 5). The resulting 60 min Kintecus

3.2 Constraint on Oz formation rate constants

The observed isotope values in N@ere used to constrain
the G; isotopologue formation rate constants in the model.
First, the rate coefficients for reactions O + OQ +-M
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NO,—0O3 light simulation resulted in €5180 ands’O val-  subsequently a largex'’O values in NQ. When the initial
ues of 128.0%0 and 112.5%. which match exactly the ex-amount of NQ is increased at a fixed Qpressure, the ©
perimental values of Morton et al. (1990) and Mauersbergerformation rate is constant but the exchange of O-atom with
et al. (2005). The model predicted&’O value of NQ  NOs increases, which reduces thé’0. It is therefore clear
of 4.2 %o, which compares well with the observed value of that when the original reservoir of NGs large, any effect in-
3.0%o (Table 2). Across all simulations the differences be-troduced by the @oxidation step would be relatively small
tween the modeled and experimenta) & A values were  compared to the case when the N@servoir is smaller. The
minimal (Table 5), smaller than 0.8%. for bot10 and  effect of each of these reactions can be explored by the Kin-
8170 (Fig. 6) and 0.5 %o forA’O. We note that the exper- tecus model quantitatively.
imental values @ values reported by Morton et al. (1990)
and Mauersberger et al. (2005) have large dispersions and w&3.1  Sensitivity tests for exchange reactions
used a logarithmic function to fit the data points in order to
estimate the enrichments at specified pressures (Table 5). Adk nhumber of simulations for evaluating the sensitivity of
ditionally, their experiments refer to the photolytically pro- the exchange reactions were carried out to test the above-
duced Q@ é-values in an @-Ny system whereas the modeled mentioned isotope dilution via Reaction (R7a) (NOO
values in this study refer togdormation where the O-atoms — NO + ), Reaction (R7b) (NO + O + M—> NOy),
are supplied by N@dissociation. Unlike those studies, this Reaction (R9) (QNO + O« — ONO + Q), and Reac-
O atom and @ can exchange/react with NO and Bl’he  tion (R10) (NQ+O<«—NO+Q) (Table 6). This was accom-
rate constant values that were obtained by this fitting tech-plished by alternatingly reducing the rate constant of one of
nique may have some limitation in application tg ormed  the above reactions to 18 of its value (Table 4), which es-
in pure @—Ny. However, they should be appropriate in case sentially eliminates it from the reaction scheme. The relative
of atmospheric applications. importance of the exchange reactions was evaluated using
two cases of NQ/ O, ratios: Case 1: 20 umol/500 torr com-
3.3 Comparison of model and observed NQ§80 and pared to 237 umol/500 torr (for amount variation) and Case 2:
A0 values 20 umol/500 torr compared to 20 umol/50torr (for pressure
variation). The exchange reactions did have a major impact
The model predictedh1’O ands®0 values for a chosen set on the simulated isotope values as expected. For example,
of experimental conditions, are given in Fig. 3/Table 1 (for when all four isotope exchange mechanisms (Reactions R7a,
Set 2) and Fig. 4/Table 2 (for Set 3) along with the observedR7b, R9, and R10) were eliminated the N0 value sta-
values. There was excellent agreement between the observdiilized at 68.0 %o, 48.0 %o, and 48.0 %o for the 20 umol/50 torr
A0 values and those derived by the model for both theand 237 umol/500torr and 20 pmol/500torr cases respec-
sets (compare columns 7 and 10 in Table 1 and columns &vely. These values are in good agreement with tge 80
and 11 in Table 2). For Set 3 the agreement was, on averagealues obtained at these two pressures (Tables 1 and 2) mul-
within 2 %o and the model-observed fit had a slope of 0.97tiplied by 3/2 required by the terminal atom transfer assump-
with a2 =0.97. In Set 2 experiments, the model-observedtion. In other words, in the absence of N@xchange reac-
agreement fon 1’0 values was even better, typically within tions thes0 andA170O values in the product NQare the
0.1 %o, with a model-observed slope of 1.08 & 0.99). In same as that of the terminal O atoms ig. O
general, the agreement between the model and observations The simulations that compared the amount effect (con-
was better at the low and high pressure conditions. The maxstantP = 500 torr) provided insight into which exchange re-
imum model-observed\’O difference was 4 %o (about a actions were important under changing N@ixing ratios
10 % offset from the observed value) and occurred for the(Table 6). For comparison,&l’O dilution parameter was in-
400torr case (Table 2). Considering an estimated error irtroduced here which is defined as: A—1(706q/48 %), where
experimental determination af'’O value to be 1.9%. the  Al’Ogq is the A0 value of NQ at equilibrium for simu-
observed mean difference is within the expected range anthtions that had one or more of the exchange pathways re-
attests to the validity of the model. moved and 48 %o is the expected N®alue when all ex-
Both data sets show a decrease in €0 value of NG changes were removed. For the 20 pmol case AH® di-
with an increase in the ratio NO O, and the modeled 1’0 lutions were, 0.07 (Reaction R7a off), 0.12 (Reaction R7b
values reproduce this feature quite well (Fig. 5). It is clearoff), 0.09 (Reaction R9 off), 0.07 (Reaction R10 off), and
that there is opposing effect of oxygen pressure (or amountp.12 when all exchanges were included (Table 6). This indi-
and initial NG, amount on the finah1’0 value of NQ. As cates that under these conditions no single exchange reaction
the & pressure increases the; @rmation rate increases. is dominant and in concert they induce only about a 10 %
For example, the Kintecus output shows that for increase ofeduction relative to NQequilibrium value (48 %o). In con-
pressure from 100 torr to 700 torr the averagef@mation  trast, for the 237 umol and 500 torr case th&’O dilutions
rate increases from 1010 to 2.1x 102 (moleculess!).  were much higher (0.54 0.075) and fell into two groups.
This increase results in enhanced @idation of NO and The first group included all exchange reactions included
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(0.62), Reaction (R7b) excluded (0.62) and Reaction (R9topomer (known to be the factor responsible for MIF). This
excluded (0.59). This group was significantly different com- factor causes large change in asymmetricabBundance as
pared to the second group when Reaction (R7a) was excludeexpected. For example, at 50 torr the modelgd ¥0 values
(0.46) or when R10 was excluded (0.50). A lower dilution were: 150 %. (asymm) and 85 %o (sSymm) whereas at 750 torr
value in a given simulation means that the system is senthe values were 93 %o (asymm) and 85 %. (symm). Corre-
sitive to that exchange reaction; removing that reaction re-spondingly, the modeled’O value of bulk @ changes
sults in significantly less exchange. The above values meafrom 44.5 to 30.6 %o. Applying these adjustedf and 18
two things: there is more overall exchange in the 237 umolrate coefficients the best fit line between observed and model
compared to 20 pmol simulation and it is disproportionately predicted values (Fig. 6) was improved yielding very similar
caused by the Reaction (R7a) and Reaction (R10). Elevatediopes of 1.03 (N¢) and 0.95 (@). This provides an addi-
isotope exchange in the Reaction (R7a) and Reaction (R1Ojonal validity to the proposed transfer mechanism.
in the 237 pmol simulation occurred for two reasons. Firstthe The model also does a good job of predicting &0
steady state [O] was ten times higher relative to the 20 umolalues for low NQ mixing ratios, but not as well when
simulation. Second, in the 237 umol case the equilibriummixing ratios increase. In the constant amount experiments
[NO2] was twenty times higher and 200 times more abun-(set 2), the model (y) versus observed (x) best fit, when
dant than [NO] relative to the 20 pmol simulation. Since the forced through zero, was ¥ 1.01x (+2=0.96) (Table 1
rates of both Reactions (R7a) and Reaction (R10) increasand Table 2) indicating excellent agreement between the ki-
as [NQ][O] the overall exchange is much higher under the netic model’s and experiment’s N&0 values when N@Q
elevated mixing ratios. was at 20 umol. In the constant pressure experiments (set

The pressure comparison (50 versus 500torr at 20 umoR), however, the modelyj versus observedc] best fit was
NO,) also showed that only two of the exchange path-y =0.75¢ + 13 (- = 0.96). Additionally, in the constant
ways were important, but their effects were not the samepressure experiments there is a strong negative correlation
as in the amount comparison (Table 6). In the 50torr casebetween observed N@ 1’0 values and the difference be-
the A170 dilutions (1A17Ogq/ 68%o) averaged 0.860.11,  tween the “light” model’s predicted N@*0 value and the
which were much higher than the high pressure case that awbserved N@value. In other words, as the N@nixing ratio
eraged 0.095- 0.026. The R7b (off), R9 (off) and all ex- became smaller, the “light” model N®'0 values approach
change (on) simulations had the sam¥O dilution of 0.92,  the observed values, whereas they diverge as the mixing ra-
while Reaction (R7a) (off) was slightly lower (0.87) and Re- tio increases. Any KIE occurring during the reactions in the
action (R10) (off) having 0.66 value was the most sensitivedark phase, like NO + ©@or NO-NG isotope exchange can
reaction. This was traced back to the dependence of Reade ruled out as the cause of this divergence because the cor-
tion (R7b) on [M] which is ten times lower at 50 torr relative relation exists without the former, and the latter simply alters
to 500 torr. This limited N@ production via Reaction (R7b) isotope distribution between NCand NO without chang-
and resulted in NO/N@ratio of 6.3 at 50torr compared to ing the bulk NG isotope composition. This suggests that the
0.86 at 500torr. The roughly ten fold higher concentration equilibrium values used in the ®@NOy exchange reactions
of NO then leads to accelerated oxygen exchange via Remay be incorrect and the divergent isotope effect becomes
action (R10). Since pressure already limits ability of Reac-more obvious when isotope exchange becomes more impor-
tion (R7b) to produce N& eliminating it from the exchange tant atthe high N@mixing ratios. The 13 %o offset generated
scheme had no effect. Thus we conclude O variations by the model may reflect the fractionation factor associated
in the simulations can be explained by exchange reactionsvith such an exchange. Regardless, it appears from both data
whose relative importance shifts depending on production ofsets that as the NOmixing ratio approaches ambient lev-
NOy and odd oxygen as mixing ratio and pressure change. els (much less than ppm), the model does an excellent job of

predicting the observed N®'80 values.
3.3.2 Model performance andr-values
3.3.3 Estimation of uncertainty inr-values

The excellent agreement between the model predictions and
the observations allows us to constrain the variation in theWe note that the rate coefficient ratio’ andr*® of ozone
r17 and 18 rate coefficients as a function of the Qtotal) formation are inferred based on trial and error method and
pressure (Table 5 and Fig. 7). There is decrease in both thessre subject to some uncertainty. The initial choice is based on
factors with increasing pressure consistent with the observefitting literature data on pressure variationsefalues during
decrease in MIF of @at high pressure (Thiemens and Jack- ozone formation. These values are then slightly modified to
son, 1990). The decrease fdf was from 1.450 to 1.330 for  fit the pressure variation data of N®btained in the present
a pressure increase from 50 to 750 torr. We can speculate iaxperiment.
the light of Gao-Marcus model that the main reason for this The pressure variation data as available in literature (sum-
decrease is an increase in collision frequency which lowersmarized in Mauersberger et al., 2005) have large scatter not
the life time of the transition state of the asymmetricali€d- only due to experimental limitations but also due to the fact
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that they combine data from various methods and sourceghe reactant @180 value, which in the case of the tropo-
As discussed, to obtain a consistent set of pressure varisspheric Q is 23 %o relative to VSMOW. This suggests that,
tion data in digital form that can be used for our purposeto a first approximation, the N&Os equilibrium value used
we fitted a smooth curve through the points and read out thén atmospheric nitrate\1’O models can be initialized us-
s-values at each of the eleven pressures (50, 75, 100, 150ng a single NQA’O value of 45 %o, regardless of local
200, 300, 400, 500, 600, 700 and 750torr). Based on theNOy concentrations. This\}’O value is 5% higher than
smoothing error and the dispersion associated with the data previous 1-D model (Lyons, 2001), which differs signifi-
points we estimate that each of the oz@nealues should cantly in its estimation of the 9terminal O atom isotope
have an uncertainty of abott4 %.. Since we are using these enrichment (78 %.) compared to the present model (48 %o.) at
8-values to derive the-values which, in turn, are used to fit 750torr. This arises primarily because Lyons assumes that
the observed experimentalalues of NQ the overall uncer-  the symmetric / asymmetric branching ratio is fixed, while
tainty should be reflected in the goodness of fit of thgNO  ours vary with pressure (Janssen, 2005; Table 5). If the higher
values. The modeél-values do differ from the observed ones; O3 A0 value (Lyons, 2001) is assumed in our model the
the maximum absolute difference in bathvalues is about  predicted NQA’O value would be~ 70 %o, significantly

8 %o and the maximum absolute difference in th&’O val- higher than the observed value. In addition, it is unclear why,
ues is 4.9 %o (see Table 2). Therefore, the uncertainty in thén that model, there was decrease in the,X& O values
ozones-values gets reflected in the N®values. Based on  with decreasing altitude in the troposphere. We infer that this
these considerations, we assign error of 4 %o)(th each of  was due to an assumed isotopic exchange betweenal®

the fitted ozone-values as a reasonable estimate of the er-H,O, a process not considered in our model.

ror. To determine the corresponding uncertainty in each of Transport of stratosphericgOrould potentially alter tro-
the elevenr-values, the Kintecus program was varied in or- pospheric N@-Ogz isotope equilibriun® / A values. Remote
der to match the high and low limit of ozodevalues in each  tropospheric @ mixing ratios are often dominated by cross
case. A reasonable estimate of the total error in eacdlue  tropopause mixing of stratospherig.Orhis O3 would have

can then be obtained by using half of the difference betweeran isotopic composition that reflects the stratospheric pres-
the corresponding high and lowvalues. As an example, at sure and temperature conditions where it was formed and
200 torr pressure th&t’O ands80 values (in %o) are 95.3  would alter tropospheric NE€AL’O values since the N@

and 105.4 with fitted values of 95.2 and 105.6 correspond-Os isotope equilibrium depends on the isotopic composition
ing to 717 andr18 values of 1.282 and 1.382. Assigning er- of the Q. This influence, however, is expected to be mi-
ror of 4 %o in both§170 ands'80 values we obtain uncer- nor because while the chemical lifetime og @ a clean
tainty of 0.012 in each of the twovaluesi.e., 1.2820.012  troposphere may be months, the isotopic lifetime would be
and 1.382-0.012 (Fig. 7). For comparison, the difference much less. Ozone photolysis and reformation in the tropo-
between the-18 values corresponding to 50 and 750torr is: sphere would reset its isotopic composition, and this recy-
1.450-1.335 = 0.115. So the uncertainty-ifi value in this  cling rate will be limited by Q photolysis lifetime ofr =

case is of the order of 10 % of the total variation. 1/jo3. Ozonej coefficients in the troposphere vary depend-
ing on the overhead total{acolumn, latitude, time of day,
3.4 Atmospheric applications and other phenomena that change photon fluxes, but have a

daily average~1 x 10~4s 1 resulting in ar ~3 hours. Thus,
The present model can be used to predict the expected oxyn much less than a day any stratospherict@nsported to
gen isotope composition of NOn the atmosphere when it the troposphere would have its isotope composition reset to
is generated by only NEG-Os chemistry. The isotopologue values based on T-P of the air mass in which it photolyzes and
rate constants are the crucial input to the model and theyeforms. However, in regions where stratosphera@ixing
have been shown to be independent of,MO, mixing ra- is high but its photolysis rate is low, such as polar winters,
tios and accurately predict the resultiffO andA1’0O val- stratospheric @may still influence N’s isotopic composi-
ues in NQ. The photolysis model (only the light reactions) tion. Yet, minimal sunlightin polar winters would also inhibit
was run for a range of NPmixing ratios typical of the tro-  NOy recycling itself (discussed below), so the net isotopic ef-
posphere, which can widely vary depending on the proxim-fect is unclear and would require more detailed 3D chemical
ity to NOy sources; urban regions are typically 10’s of ppbv, transport modeling.
while remote ocean regions can be below 10 pptv. For stan- It is emphasized that the model predict280 andA1’O
dard temperature and pressure and typicapM@oefficient  values are those for Nproduced by NQ-O3 isotope equi-
(0.007), the N@-O3 only isotope equilibrium model pre- librium only and would not likely represent the actual tropo-
dicts the nearly same steady stateN€&} 'O ands180 values  spheric NQ values. Under low NQ conditions, hydroper-
of 45+ 0.2%0. and 114 5 %o respectively (relative to VS- oxy and organo-peroxy radicals are the main oxidants that
MOW), regardless NQ mixing ratios (model runs ranged convert NO into NQ. These radicals form mainly when H
from 10 pptv to 10 ppbv). This N&180 value was based and organic radicalsR) react with air @G, which has aA1’O
on the model prediction of 925 %0 enrichment relative to  value of about zero. If one assumes that the product peroxy
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Figure 8. Time variation of modeled NQisotope ratios to show
timescale to N@-Og isotopic equilibrium for different initial con-
centrations. The curves densdt0 andA170 values of NQ (rel-
ative to tank @ in %0). One set denotes the case of low ozone
and low NQ: 5 ppbv G;, 30 pptv NG, and a NQ ; coefficient of
0.0003351 and demonstrates that under these conditions equilib
rium occurs after 9 h. The second set denotes the case of high 0zo
and high NQ: 50 ppbv G and 10 ppbv N (typical of urban and
suburban pollutant levels) and a NQ-coefficient of 0.00731. In

this case, the equilibrium is reached in about 60 min.

radicals also have near zero'’O values and that the NO
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and Lelieveld, 2001; Faloona et al., 2000; Jaegle et al., 2000;
Liu et al., 1987), which would greatly accelerate the equi-
librium process. Simulations initialized to urban to rural O
and NQ mixing (10-50 ppbv and 1-10 ppbv, respectively)
equilibrate in less than an hour or two (Fig. 8). However,
even at these high £mixing ratios the timescale to equilib-
rium can be sufficiently slow such that N&Os equilibrium
may not be reached and may manifest itself in the isotopes
of atmospheric NQ if the NOx—O3 equilibrium is slower
than conversion to HN@ The lifetime for daytime conver-
sion of NG into HNOs by reaction by hydroxyl radical at
typical OH mixing ratios (x 10° molecules/crd) is r =
1/[OH]2.4x 10~ cm®/molecules s, which is on the order
of 10 h, so there may be situations in remote regions where
NOx—Oz only chemistry does not reach isotope equilibrium
before the N is converted to nitric acid. For example, when
initializing our model under conditions observed by Morin et
al. (2007) (i.e., 5 ppbv & 20 pptv NG, (assumed), and NO

J coefficients of 1.% 10~2 (29 March, noon) or 5.6& 104

(29 March, 6 p.m.)), it requires 4 h before NaD; isotopic
equilibrium is achieved. The lack of NOO3 isotope equi-

r“prium would be exacerbated with approaching polar win-

ters and nights wheliyo, becomes small since this rate ul-
timately controls the isotope recycling rate in the NQs.

The NG lifetime at night is controlled by Ng¥ N>Os chem-
istry that in turn depends mainly on aerosol types and their
surface area, but has value similar to that of the OH reac-
tion. Under these conditions N©O3 equilibrium may be

oxidation process itself follows mass dependent isotope fracsufficiently slow relative to HN@ production to impact the

tionation rules, then the N{produced during peroxy radical
oxidation of NO should have a170 value of zero. There-
fore, the finalA1’O (ands180) value of tropospheric N
will depend on the proportion of NO oxidized by peroxy
radicals relative to oxidation by {Michalski et al., 2003;
Morin et al., 2008). This dilution effect is incorporated into

A0 values of N@. For example, the N®J coefficient

for Alert, Nunavut, Canada (830'N, 62°19 W) on 7 Oc-
tober at noon is 0.00033$ and using the samesnixing
ratios as observed by Morin et al. (2008) the resulting time
to equilibrium is roughly 9 h. Given there are onlys h of
daylight at this time of year at this latitude, daytime NO

isotope mass balance models used to predict atmospheric n®3 equilibrium is not likely to be achieved before there is

trate A0 values (Michalski et al., 2003; Morin et al., 2008;

some nighttime conversion of NOnto HNO;s. Therefore,

Alexander et al., 2009). However, these models require awe predict that there should be significantly lower N&0O

estimate of theA'’O value of NQ generated by N@-O3

equilibrium, which has a value e¥45 %0 as shown here.
While the NQ—03 isotopic equilibriums80 and A170

values are nearly the same regardless ofy Ni@dxing ra-

tios (at ppbv levels), the timescale to reach isotopic equilib-

rium can be significantly different (Fig. 8). Simulations run at
20 ppbv to 10 pptv NQ predict NG—Os equilibrium times

and A0 values in polar regions, especially those that have
high winter NQ; emissions relative to N NOj transport
(mid latitudes or the stratosphere) where NO3 equilib-
rium would have been complete. However, this prediction of
lower NO, (NO3) §'80/A170 values in polar winters may
not be realized in observations because of the possibility of
dark NG oxidation by isotopically heavy stratospherig O

of hours to several days. These longer equilibrium times pre{as mentioned above), the influx of stratospherically derived
dicted by the present model are gross overestimations beequilibrated NQ, and because the l\goxﬂo values are also

cause at pptv mixing ratios in a NOonly system (no or-
ganics) the model shows that [NG][O3] as per R5 (Pan-

dis and Seinfeld, 1998). Thus in our model using pptv lev-

els of NQ, the result is pptv levels of ) which results in
significantly slower isotope recycling rates, mainly via slow
NO oxidation by GQ. In the real world, even in remote re-
gions of the troposphere s®nixing ratios below 10 ppbv are
rare, and they are typically 5 times higher than,NOrutzen

Atmos. Chem. Phys., 14, 49351953 2014

controlled by NOs, NO3, OH and BrO oxidation pathways.
Nevertheless, this does suggest that;NiSotopes may be
useful for delineating between local and stratospherigc NO
oxidation. Likewise, we predict that NOproduced by night-
time NO, emissions would have lower N®80 andAl’0O
values relative to daytime and result in lowéfO andA1’O
values in atmospheric ND This may be detectable by rapid
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(hourly) collection and analysis of NB@!80/A’0 values tion reaction with silver metal, J. Geophy. Res., 113, D03303,
in urban areas with high nighttime N@missions and thus doi:10.1029/2006JD008302008.
may give insight into the lifetime of nocturnal NO Bohlke, J. K., Mroczkowski, S. J., and Coplen, T. B.: Oxygen iso-

topes in nitrate: new reference materials¥® : 170 : 180 mea-
surements and observations on nitrate-water equilibration, Rapid

4 Conclusion Comm. Mass Spec., 17, 1835-1846, 2003.
Chakraborty, S. and Bhattacharya, S. K.: Oxygen isotopic fraction-
The isotope systematics of the N@D,—O3 photochemical ation during UV and visible light photodissociation of ozone, J.

_ Chem. Phys., 118, 2164-2172, 2003.

cycle has been investigated by experiment and kinetic mod : .
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