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We thank the editor and reviewers for their thoughtful comments. We have responded to each
comment and made appropriate changes to the manuscript. Reviewer comments are in bolauthor
responses are in plain text. A tracked-changes version of the manuscript and the Sl is appended below
our responses.

Editor comments:

Introduction (p. 5/I. 9) and conclusions (19/12):

Please add a caveat that previous modelling efforts have made different assumptions about the
preferential transfer of central and terminal Otams to NO2 and NO3, and the 170 enrichment of
different ozone isotopomers. This is still not clear enough.

This has been added to the last paragraph of the Introduction. It now reads:

“Previous modeling studies showed good agreement with observations of DYO(nitrate) when assuming
that the bulk oxygen isotopic composition of ozone (D¥0(03)) is equal to 35%o (Alexander et al.,
2009;Michalski et al., 2003), but varied in their assumption on terminal oxygen atom versus statistical
isotopic transfer from Os to the reactant (NO and NO,). This is an important distinction because it is
now known that the 70 enrichment in Os is contained entirely in its terminal oxygen atoms, and it is the
terminal oxygen atom that is transferred from Os (Vicars et al., 2012;Berhanu et al., 2012;Bhattacharya
et al., 2008;Savarino et al., 2008;Michalski and Bhattacharya, 2009;Bhattacharya et al., 2014), so that
the D'70 value of the oxygen atom transferred from ozone to the product is 50% larger than the bulk
DY0(0s) value.”

Some of the wording above was previously at the end of the Methods section, and has been removed to
avoid unnecessary repetition.

5/2:Removet i | de sign and adjust interval to encompass full

on Krankowsky et al . 1995; 19 to 41 % based on Johnston
Done.

5/ 4: Likewise, the range shown her e 1996).Pleas® narr ow. It

also add "et al." to the reference.

Done.

17/26 & 20/1: Replace tilde sign by actual range value with uncertainty. All measurement results
should be rounded according to their uncertainty and stated with an estimate of their measurement
uncertainty. Approximation symbols should therefore not be used (unless you are approximating a
mat hematically exact number, e. g. n = 3.14).
wavy |lines (=). |t is not perhaps made itirdoehe §terajure dyeto) ,
limitations of early typewriters.

Thank you for this point. | have included the exact range. As part of this | found a typo, what said
“increases” should have said “decreases”.
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Figure S1: More than half of thelgt appears with the color corresponding to the colorbar maximum.
Pl ease include a variant of the plot with an increase
be distinguished, or perhaps add contour lines for values higher than 2 days.

| have remade this plot on the log scale and included the full range of calculated values.

Figure S3: Please explain the meaning of the dashed lines in the figure caption.
| have added the following to the Figure 5 and Figure S3 captions:

“The y=x (solid line) and y = 2x and y = 0.5x (dashed) are shown.”

Figure S6: The caption should refer to Fig. S3.

Thanks for catching this. It has been fixed.

Anonymous Referee #2:

The authors have certainly improved the manuscript in
Submgsion of the revised manuscript and continuing onto publication in ACP is warranted. There are

few areas that the authors should revisit and consider further revision based upon the original

reviewers’' comments:

(1) The authors added a qualitative explatian for the lack of agreement with observations in Mt.

Lulin as | ack of heterogeneous chemistry “due to mini
statement contrasts with the conclusions drawn in the Guha et al. observational study, so the

response bythe authors needs to be refined to better explain this interpretation (do they mean that

the model predicted aerosol surface area is too lacking to have heterogeneous chemistry?).

Indeed there does seem to be a discrepancy between the interpretation of the observations at Mt. Lulin
in Guha et al. with both subsequent observations in Beijing and in the model. | point out the former by
stating that although the authors of the Mt. Lulin paper state that nitrate is transported to Mt. Lulin
from polluted regions, that this is not consistent with the observations in Beijing, which show much
higher DYO(nitrate) values than what was measured at Mt. Lulin. If transport from polluted regions was
the reason for the model-observation discrepancy, one might expect that the model would
underestimate the observations, and the opposite occurs. Thus I’'m suggesting that the reason for the
model-observation discrepancy is that this location receives transport from the free troposphere, where
NO,+OH dominates nitrate formation. To make this more clear, | have added the following sentence to
this paragraph:

“Low DYO(nitrate) values from nitrate formed at higher altitudes and transported to Mt. Lulin would not
be accounted for in the model since the isotopes are not transported.”

(2) The authors make the excuse in considering a comment about the Wang et al., Z8CApaper
and the Fibiger et al., 2016 paper that the data is
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contact corresponding authors for data if it is not available in the manuscript. And | found that the
Fibiger et al., 2016 reference actuallyates the following: Data from this paper are available at
ACADIS. Data sets https://www.aoncadis. org/project/collaborative_research_the
impact_of_bromine_chemistry_on_the_ isotopic_composition_of_nitrate_at_
summit_greenland.html.

Looking at this webie it appears to include the isotope data from both Fibiger et al 2016 and Fibiger
et al 2013 (the 2013 one reports the D170 data). The D170 data from the Fibiger et al., 2013
(Geophysical Research Letters, VOL. 40, 33889, doi:10.1002/grl.50659, 2013hould be

considered in the current study and does include values that look to be close to 39 per mil (or at least
definitely >>30 per mil'). The authors should revisit this and consider the implications for their
response in the manuscript. Also consideontacting F. Wang or G. Michalski for the data from Wang
et al. so this can be included as well.

| have contacted the authors of these papers and obtained the data. | have included the data from
Fibiger et al. [2013] in Figures 5 and 6 (and in the related figures in the supplement) and the Wang et al.
[2014] data in Figure 5. I include only the concentration weighted, monthly mean measurements from
Summit in June of 2010 and 2011. Although there were also measurements in May, it was only for the
second half of May. Since May is in the shoulder season, there may be a significant difference between
early and late May, and | have only output monthly means from the model. This adds two data points to
Figures 5 and 6. The error bars in Figure 6 for the Fibiger et al. data reflect the standard deviation of the
measurements, and this is stated in the figure caption. The Wang et al paper adds one data point to
Figure 5. Although there were measurements at 9 different locations, all 9 locations are in the same
model grid box. | calculated the concentration weighted monthly mean from observations at all 9
locations, and compared with the mean DYO(nitrate) from the model from July — December, which is
when the measurements occurred. In sum, these data sets add 3 additional data points to Figure 5, and
together do not change the statistics.

(3) The statement added by the authors that “Although
t h

direct comparison of the model with observations at any particularéo¢ i on” contrasts wi
that they make direct comparison with a range of time series in Figure 5. So maybe restate this that

the lack of transport adds uncertainty to direct comparisorsut you do make direct comparisons in

space and in time!

Thanks for this suggestion. This has been changed to the following:

“Although lack of transport of the isotope tracers adds uncertainty to direct comparison of the model
with observations at any particular location, ...”

(4) The phrasingl oodds tchre nintfrl auteen cfeoromhatci on” does
should be rephrased to account for the fact that precipitation will represent a column average of
nitrate (i.e. longrange transported nitrate, nitrate formed in clouds, and nitrate formed nedret
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surface). The point that the meteorology tends to have clouds near 1 km means that the model
sampling is robust for comparison on this point, but the impact of clouds on nitrate formation does
not seem to be the point here.

| am referring to the influence of clouds on the chemistryof nitrate formation here, not on the influence
of wet deposition on nitrate abundance. This is because the model now includes nitrate formation
chemistry in cloud droplets. For clarity, this has been restated as follows:

“However, since cloud water peaks on average near 1 km altitude in the MERRA2 meteorology used to
drive GEOS-Chem, our model sampling strategy should capture the majority of the influence of clouds
on the chemistry ohitrate formation.”

(5) It is not cleawhether the authors added a clear reasoning for the cloud chemistry simulation

versus the standard simulation to the manuscri

4.2"). The manuscript needs to be cnmdiffarent about
simulations are being used and why.

We state in the paper that we focus on the “cloud chemistry” simulation because we consider it the
state of the science. All other simulations are presented in Section 4, as stated here in the manuscript.
We have added a justification for why we conduct sensitivity simulations relative to the “standard”
model, as shown below:

“Additional model sensitivity studies are also performed and examined relative to the “standard” model
simulation, which represents a more common representation of nitrate chemistry in atmospheric
chemistry models.”

(6) Regarding the comments on understanding D170(N®3ore regionally (e.g., showing how
D170(NO3 changes regionally based upon the sensitivity studies). Perhaps anotlasrte consider
this is to add a figure to the Sl that shows the results of the different simulations for the times series
comparison with observations (ie Figure 6). This would give much more quantitative information for
researchers conducting observatiomsd give much more information about how sensitive the D170
is in different regions where these processes are more/most important in different seasons. This
would only add 1 figure to the Sl (i.e. Figure 6 with different color lines representing a fefemint
sensitivity simulations?).

| have replaced Figure S4. The old Figure S4 showed the results from the “standard” simulation. The new
Figure S4 shows results from all of the simulations (total of 7). A figure with different colors for each
simulation was hard to read because of the large number of simulations. Instead | show the “cloud
chemistry” simulation again as points, but with error bars reflecting the full range from all sensitivity
studies. In the main text (Figure 6), the error bars are different, and instead reflect the estimated
impact of assuming isotopic equilibration in Mt. Lulin, which is near populated regions in China where
nighttime nitrate formation is relatively fast.

(7) The dashed lines in Figure 5 appear to represent58%. Tlese should be defined in the figure

pt.
how,

(Response

when

and

to comm

wher e

t



10
11
12
13
14
15
16
17
18
19
20
21
22
23

24
25
26
27
28

29
30
31
32
33
34
35
36
37
38
39
40

caption and the authors should consider whether it would make more sense to include dashed lines at
+/- 25%.

This is now explicit in the captions of Figure 5 and Figure S3.

Greg Michalski:

The authors have substantiglimproved their manuscript. However | believe they need more
throughly and directly address two issues raised by several of the reviewers.

1) The troublesome of value of the O3 D170 value as some fixed value. Using Vicars et al. data does
not address tle T and P effect demonstrated by numerous lab experiments. The argument that
stratospheric O3 "resets" avoids the issue. Any NO oxidation or N@8duction above the mixed

layer will likely have a different D170 because the O3 D170 in those layers wélfoection of T and

P and not fixed at 25 permil. The authors seem to argue that using 25 best "fits the data". This seems
a circular argument. One could also argue that the experimental O3 D170 are correct and the
pathways are actually wrong. There shalbe a measure of NO®roduction in each model

layer...How important is NO3production at say 5 km and what might the O3 D170 be t this T and P?
It would be difficult to hash all this out in the current paper but my fear is that there is a mantra of "its
25 permil always and everywhere" is being repeated by a host of recent papers at the expense of
numerous other studies that say otherwise. This makes it increasing difficult to challenge. There
should be a least one paragraph that there is somethings vea'tl understand about O3 D170 and a
critical assessment of these conflicting estimates.

You are correct that the D'70(0;) observations from Vicars et al. are at the surface, and thus may not
represent the value of D'’0(03) in the free troposphere. Fortunately for this model-observation
comparison, the DO(nitrate) observations are also at the surface. I've added some additional
discussion on this topic to the last paragraph of the introduction. The end of this last paragraph now
reads:

“Note that laboratory studies show that the magnitude of D'’0(0s) is dependent on temperature and
pressure (Heidenreich and Thiemens, 1986;Thiemens, 1990;Morton et al., 1990). The observations of
DY0(0s) by Vicars et al. (2012, 2013) were at the surface over a large temperature range, but may not
reflect the value of DY0(03) at higher altitudes. However, with the exception of lightning, whose
emissions are presently several times smaller than NO, emissions from anthropogenic and biomass
burning sources (Murray, 2016), NOx sources emit at the surface. With a NOy lifetime relative to its
conversion to nitrate on the order of one day (Levy et al., 1999), most nitrate formation also occurs near
the surface. Here, we examine the relative contribution of each nitrate formation pathway in a global
chemical transport model and compare the model with surface observations of DYO(nitrate) from
around the world.”

2) The role of NO emissions at night is still not satisfactory addressed. Morin et al.s model did not
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include emissions, thus their conclusions about 5% are not valid. In most of the domain of a global
model the nightime emissions are comparable to daytime. Only urban areas with vehicles is there a
significant difference between daytime and night emissions. Thus NO emitted at night retains its
source O until sunrise scrambling. How much of this oxidized at night t@NX®exchange or form
NO3? Clearly this would have a major impact in high latitudes in the winter. Are we to be convinced
the NO emitted in Alaska in Jan. is photochemically equilibrated with O3 within 5 %? Seem
implausible. | do not expect the authors teedo their model, but there should be another full
paragraph is the discussion of the limits of the equilibration assumption.

| agree that the results of Morin et al are not valid since they did not emit NO at night. I’'ve deleted the
sentence referencing this paper.

To estimate the error due to the assumption of isotopic equilibration of NOx in the model, we calculate
the lifetime of NOy against oxidation to nitrate from the chemical pathways that only occur at night. This
is plotted in Figure S1 (which has been revised to show the full range of calculated values). The shorter
the NOy lifetime against nighttime oxidation, the more likely it is that NO emitted at night will be
oxidized to nitrate before sunrise. Figure S1 shows that the shortest lifetime against nighttime oxidation
is 0.4 days and that lifetimes less than one day occur in only very few locations. Over the majority of the
globe, the lifetime of NOy against oxidation at night is > 1 day, suggesting that the majority of NO
emitted at night will survive until sunrise prior to oxidation to nitrate.

We investigate the uncertainty in the assumption of NOy isotopic equilibration by assuming that half of
total nitrate measured forms at night from NO that was emitted during that same night (i.e., NOy is not
isotopically equilibrated during the daytime before being oxidized to nitrate). This effectively assumes
that all nitrate emitted at night is oxidized at night prior to sunrise, which is very likely an overestimate
of the true bias. We make this calculation for Mt. Lulin, because it is in a region (China) with NOy
lifetimes against nighttime oxidation that are less than one day. This uncertainty is represented as error
bars for this location in Figure 6, and as you can see cannot account for the model-observation
discrepancy. If this assumption were an issue in the model, one would expect that the model would
overestimate DYO(nitrate) in such regions; however, the opposite is the case for Beijing, where the
model underestimates the observations (as shown in Figure 5 and discussed in the text).

Certainly if NOy is emitted at a high enough latitude that experiences 24-hours of darkness during
winter, there will be no photochemical isotopic equilibration. However, it is also likely that any nitrate
measured at that location will have formed at lower latitudes and transported to higher latitudes, as
NO, emissions in polar regions have very low (if any) local NOx emissions.

For your Alaska example, it will depend on location. Alaska is a big state, and the most northern parts
may experience 24-hours of darkness. Fairbanks, for example, does not fall into this category, as it has
over 3 hours of sunlight on the winter solstice. It would certainly be an interesting case study though.
Since the winter days are short and air pollution can be quite high, one might expect this to be a location
that would experience nighttime oxidation fast enough (long nights with high aerosol surface area) that
a significant fraction of NO is both emitted and oxidized at night prior to sunrise. | know that the
Savarino group is measuring both DYO(NOy) and DO(nitrate) at this location, and | look forward to
seeing their results as it will be a nice observational constraint on the magnitude of the bias in the
model when assuming photochemical equilibrium.
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Global inorganic nitrate production mechanisms Comparison -
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"Nicholas School of the Environment, Duke University, Durham, NC 27708, USA

Correspondence to: Becky Alexandbetkya@uw.edu

Abstract. The formation of inorganic nitrate is the main sink for nitrogen oxith&, (= NO + NG). Due to the
importance of NQ@ for the formation of tropospheric oxidants such as the hydroxyl radical (OH) and ozone,
understanding the mechanisms and rates of nifoateationis paramount for our ability to predict the atmospheric
lifetimes of most reduced trace gases in the atmospheeeoxygen isotopic composition of nitra@{O(nitrate) is
determined by the relative importance of N€inks, and thus can provide asbservational constraint for NO
chemistry. Until recently, the ability to utiliZ8*’O(nitrate)observations for this purpose was hindered by our lack
of knowledge about the oxygen isotopic composition of ozdb€Q(0s)). Recent and spatially widespread
observations ofD*’0O(0s), and motivate an updated comparison of modeled and obse®E®(nitrate) and a
reassessment of modeled nitrate formation pathwal$odel updatesbased on recent laboratory studies of
heterogeneous reactions rendéirsitrogen pentoxideN2Os) hydrolysis as important as N@ OH (both 41%) for

7

{Formatted: Indent: Left: 0"



mailto:beckya@uw.edu

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

globalinorganicnitrate production near the surfaeelow 1 km altitude) All other nitrateproduction mechanisms
individually represent less than 6% of global nitrate production near the surface, but can be dominantipdaligd
reaction rates for aerosol uptake of N@sult in significant reduction dfitrate and nitrous acid HONO) formed
through this pathwain the model and render N@hydrolysis a negligible pathway for nitrate formation globally
Although photolysis of aerosol nitrateay haveimplications for NQ, HONO and oxidant abundances, it does not

significantly impact the relive importance of nitrate formation pathwaysModeledD’O(nitrate) (B.6 + 4.53 )

compares well wittheaver age of a gl obal compi | whenassaminfO@)=s er vati ons

263 ,9i ving confidence in the model ds represEOHaiiG on of

+ RQO,) in NOy cycling and nitrate formatioan the global scale

1. Introduction

Nitrogen oxides (N@ = NO + NQ) are a critical ingredient for the formation of tropospheric ozd@s).
Tropospheric ozone is a greenhouse gas, is a major precursor for theyhyadical (OH), and isonsidered aair
pollutant due to its negative impacts on human healib.atmospheric lifetime of NGs determined by its oxidation
to inorganic and organic nitrat€he formation of inorganic nitrat@HNOs(g) and particulate N3) is the dominant
sink for NQ, globally, while famation oforganic nitratenaybesignificantin rural and renote continental locations
(Browne and Cohen, 2014prganic nitrateas a sink for N@maybe becoming more important in regioits North
America and Europ@here NQ emissions have declingdare et al., 2018)Uncertainties in the rate of oxidation of
NOx to nitratehas been shown to represent a significant source of uncertaimtydioe and OH formation in models
(e.g.,Newsome and Evans (20} 7)with implications for ouunderstanding of the atmospheric lifetime of species

such as methane, whose main sink is reaction with OH

NOy is emitted to the atmosphere primarily as NO by fossil fuel and biomass/biofuel burning, soil microbes, and
lightning. Anthropogenic sourcdsom fossil fuel and biofuel burning and from the application of fertilizers to soil

for agriculturecurrently dominate N@sources to the atmosphedaeglé et al., 2005)After emission, NO is rapigl
oxidized to NQ by ozone(O3s), peroxy (HQ) and hydroperoxy radicals (RPand halogen oxides (e.g., Br@uring

the daytime, N@is rapidly photolyzedo NO + Oatwavelengthsl() < 398nm. NOx cycling between NO and NO
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proceeds several orders of magnitude faster thaaation of NQ to nitrate during the daytimgMichalski et al.,

2003)

Formation of inorganic nitrate is dominated by oxidation of;N® OH during the day and by the hydrolysis of
dinitrogen pentoxide (PDs) at night(Alexander et al., 2009)Recent implenentation of reactive halogen chemistry
in modelsof tropospheric chemistry show that formation of nitrate from the hydrolysis of halogen nitrates, (XNO
where X = Br, Cl, or l)s alsoa sink for NQ, with implications for tropospheric 0zon&H, reactivehalogensand
aerosol formatiorffSchmidt et al., 2016;Sherwen et al., 2016;3aipez et al., 2012;Long et al., 2014;Parrella et al.,
2012;von Glasow and Crutzen, 2004;Yang et al., 2008her inorganic nitrateofmation pathways include
hydrogenabstraction of hydrocarbons blye nitrate radicalNOs), heterogeneous reaction of®k with particulate
chloride (Cl), heterogeneous uptake of N@nd NQ, direct oxidation of NO to HN®by HO,, and hydrolysis of
orgarnc nitrate(Atkinson, 2000) Inorganic nitratepartitions between the gas (HM@)) and particle (N®@) phases,
with its relative partitioning dependent upon aerosol abundareesal liquid water content, aeroschemical
composition,and temperaturelnorganic fitrate is lost from the atmosphere through wet or drpafgtion to the

Eart hds s globélldetinee againdt depositioon the order of 3t days(Park et al., 2004)

Formation ofinorganic nitrate was though to be a permanent sink for N@n the troposphere due tthe slow
photolysis ofitratecompared to deposition. However, laboratory and field studies have shovGhatdsorbed
on surfaces is photolyzed at rates much higher than¥tyQre et al., 2016) For example,he photolysis of N@
in snow grainn ice sheetbas a profound impact on the oxidizing capacity of the polar atmosfibengine and
Shepson, 2002More recently, observations of N@nd nitrous acid HONO) provide evidence of photolysis of
aerosol N@ in the maring(Reed et b, 2017;Ye et al., 2016and continenta(Ye et al., 2018;Chen et al., 2019)

boundary layerwith implications forozoneand OH(Kasibhatla et al., 2018)

Organic nitrates form duringeaction of NQ and NQ with biogenic volatile organic compounds (BVOCs) and their
oxidation products (organic peroxy radicals, R@Browne and Cohen, 2014;Liang et al., 1998yoducts of these
reactions include peroxy nitrates (R@D,) and alkyl and multifunctional nitrates (RONQ O6 Br il.el®95) t a

Peroxy nitratesare thermally unstable and decompose back tg bi®©the order of minutes to dayg warm
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temperaturesDecomposition of longelived peroxy nitratesuch as peroxyacetyl nitrate (PAN) can provide a source
of NOx to remote envbnments(Singh et al., 1992)The fate of RON®@is uncertain. Firsgeneration RON®is
oxidized to form secondeneration RON@specieswith a lifetime ofabout a weelor the firstgeneratiorspecies

wi th O 4 c amuptosevemiveekmi®r,specias dith fewer carbon atoms (e.g., days to vieeksethyl
nitrate) (Fisher et al., 2018) Subsequent photolysis and oxidation of seegeweration RON@species can lead to
the recycling of N@ (Muller et al., 2014) although recycling efficiencies are highly uncertéiforowitz et al.,
2007;Paulot et al., 2009 RONG; canalsopartition to the particle phagpRONQ) contributing to organic aerosol
formation (Xu et al., 2015) pRONG; is removed from the atmospheby deposition @ the surface, or through

hydrolysis toform inorganic nitrateand alcohol§Rindelaub et al., 2015;Jacobs et al., 2014)

The oxygen isotopic compositioD{O =d*’0O i 0.52 xd*®0) of nitrate is determined by the relative importance of
oxidants leading taitrateformation from the oxidation of N((Michalski et al., 2003) Observations of the oxygen
isotopic composition of nitratéD{’O(nitrate)) have been used to quantify the relative importance of different nitrate
formation pathwys and to assess modepresentation of the chemistry of nitrate formationthe present day
(Alexander et al., 2009;Michalski et al., 2003;Costa et al., 2011;Ishino et al., 2017a;Morin et al., 2009;Morin et al.,
2008;Savarino et al2007;Kunasek et al., 2008;Savarino et al., 2013;McCabe et al., 2007;Morin et al., 2007;Hastings
et al., 2003;Kaiser et al., 2007;Brothers et al., 2008;Ewing et al., 2007)n the pasirom nitrate archived ince
cores(Sofen et al., 2014;Alexander et al., 2004;Geng et al., 2014;Geng et al., ZWaheinfluencedreactions in

NOy oxidation lead to higtD*’O(nitrate) values while H@-influencedreactions leadat D’O(nitrate) near zero.
Oxidation byXO (where X = Br, Cl, or l)leads toD'’O(nitrate)values similar to reactions with ozone because the
oxygen atom inXO is derived fom the reactiorX + Os. Therefore D’O(nitrate)is deermined by the relative
importance of @+ XO versusHO, (= OH + HQ + R(O,) in both NQ cycling and oxidation to nitrateAlthough

freshly emitted NO will havd®'’O ( NO)  NOx @chieves isotopic equilibriurduring the daytime due to rapid

NO cycling, so thatts D*O value(D*’O(NQ))) is solely determined by the relative ablance ofO; + XO) to (HO

+ROy) (Michalski et al., 2003)

The DO value of HQ (D*’O(HO)) is rear zero due to isotopic exchange of OH with water vépabey et al.,
1997)  Previously, observations ohé D'’O value of ozone [’O(0s)) showed a large rangé<201 54403 )

10
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(Johnston and Thiemens, 1997;Krankowskyal., 1995)in contrast to laboratory and modeling studies suggesting
that the range oDYO(Qs) in the troposphereshould berelatively narrow (32-+-230-46 a ) (Morton et al.,
1990;Thiemens, 1990) The large range of observe®’O(Qs) values is thought to be due smmpling artifacts
(Brenninkmeijer et al., 2003)Uncertainty inthe value ofD'’O(0s) has beerthe largestsource ofuncertainty in
quantification of nitrate formation pathways using observation*@(nitrate) (Alexander et al., 2009)Previous
modeling studies showed good agreement with observatioB8’©fnitrate) when assumg that the bulk oxygen

isotopic composition of 0zon@®'’0(0s)) is equal ta3 5 FAlexander et al., 2009;Michalski et al., 200B)t varied

in their assumption oterminal oxygen atom versus statisticsatopictransfer fromOz to the reactanNO and NQ). Formatted: Subscript

This is an important distinction because it is now known thaf#eenrichment inQs is contained entirely in its Formatted: Subscript

terminal oxygen atomsnd it is the terminal oxygen atom that is transferred frgriMi@ars et al., 2012;Berhanu et

Formatted: Subscript

[
[
{Formatted: Superscript
[
{

al., 2012;Bhattacharya et al., 2008;Savarino et al., 2008;Michalski and Bhattacharya, 2009;Bhattacharya et al., 20 £qrmatted: Subscript

(Y D U D

so thatthe D'"O value of the oxygen atom transferred from ozone to the product is 50% larger than tBE®(D)

value Recently much more extensive observations @fO(Qs) usinga new techniqudVicars et al.,, 2012)
consistentlyshow D’O(03) = 26 N 1ia diverselocations(Vicars et &, 2012;Ishino et al., 2017b;Vicars and
Savarino, 2014)and suggest that previous modeling studies are biased IBNQ@{nitrate) (e.g., Alexander et al.
(2009), which would occur if the model underestimatbe relative role of ozoneiNO, chemistry These new
observationsof D'’O(0s), combined with improved understanding and hence more comprehensive chemical
representation of nitrate formation in modefmtivates an updated comparison of observed and modEB¢hitrate)

as an observational constraint for the relative imgrare of nitrate formation pathways in the atmosphglete that

laboratory studies show that the magnitud®B80D(0;) is dependent on temperature and pres@deidenreich and

Thiemens, 1986;Thiemens, 1990;Mortenal., 1990) The observations d#’O(Os) by Vicars et al. (2012, 2013)

were at the surface over a large temperature range, but may not reflect the Val{@(6%) at higheraltitudes

However, vith the exception of lighiing, whose emissions are gently several times smaller thAiQ, emissions {Formatted: Subscript
from anthropogenic and biomass burning soul®ésrray, 2016) NO, sourcesemit at the surface.With a NG {Formaﬁed: Subscript
lifetime relative to its conversion to nitrate on the order of omg(tevy et al., 1999)most nitrate formatiomalso {FOfma“Edi Subscript

occuss near the surfaceHere, we examinethe relative contribution of each nitrate formation pathwag iglobal

chemical transpomodel and compare ¢imodel withsurfaceobservations ob*’O(nitrate)from around the world.
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2. Methods

We use the GEOEhem global chemical transport model version I2d@iven by assimilated meteorology from the
MERRA-2 reanalysis product with a native resolution ofx®.625 and 72 vertical levels from the surface up to
the 0.01 hPa pressure level. For computational expediency, the horizontal and vertical resehg@mwngraded
to 4° x 5° and 47 vertical levels. GEOSChem was originally described Bey et al. (2001and includes coupled
HO,-NO,-VOC-o0zonehalogenaerosol tropospheric chemistry as describe8hrrwen et al. (201&ndSherwen et
al. (2017)and organic nitrate chemistry as describeigher et al. (2016)Aerosols interact ith gasphase chemistry
through the effect of aerosol extinction on photolysis réestin et al., 2003pnd heterogeneous chemistfyacob,
2000) The modekalculatesdepositon for both gas species and aerogbls et al., 2001;Zhang et al., 2001;Wang

et al., 1998)

Global anthropogenic emissions, including N@re from the Community Emissions Data System (CEDS) inventory
from 19507 2014 C.E.(Hoesly et al., 2018a) The CEDS global emissions inventoryoigerwrittenby regional
anthropogenic emissions inventories in the U.S. (EPA/NEC&pada (CAC)Europe (EMEP), and Asia (MIXLi et
al., 2017). Global shipping emissions are frothe International Comprehensive Ocemosphere Data Set
(ICOADS), which was implemented into GEGShem & described iLee et al. (2011) NO, emissions from ships
are processed using the PARANOX module describ&firiken et al. (2011andHolmes et al. (2014)p account for
nortlinear, in-plume ozone and HN{Oproduction. Lightning N® emissions match the OTD/LISatellite
climatological observations of lightning flas$ as described urray et al. (2012) Emissions from open fires are
from theGlobal Fire Emissions DatabaseFEDA4.]). Biogenic soil NQ emissions are described itudman et al.

(2012) Aircraft emissions are from theviation Emissions Inventory CodeAEIC) (Stettler et al., 2011)

Chemical processes leading to nitrate formation in GEBB8m have expanded sithe previous work gflexander
et al. (2009) Figure 1 summarizes the formation of inorganic nitrate inciimeentmodel. In the model, NO is
oxidized by Q, HO,, RG; and halogemxides O = BrO, CIO, 10, and OIQ to form NQ. The rection of NO +

HO; can also form HN@directly, although the branching ratio for this pathway is <(BUtkovskaya et al., 2005)
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NO; can form HNG; directly from its reaction with OH and through hydrolysis on aerosol surfaces.ciNCreact

with XO to form halogen nitrates (BINOCINO;, and INQ), which canthenform HNGO; upon hydrolysis (as

described inSherwen et al. (2015) NO, can also react witls; to form NG, which can then reaavith NO,,

hydrocarbons (HC)andthe biogenic VOCs monoterpenes (MTN) and isoprene (ISOP). ReactionzokiNONO,

forms NOs, which can subsequently hydrolyze or reaith CI in aerosol to form HN@ Reaction of NQwith HC

forms HNGQ; via hydrogen abstractiorReactions of N@are only important at night due to its short lifetime against

photolysis. Formation of organic nitrate (RONg) was recentlyjupdatedin the nodel as described iRisher et al.

(2016) Reaction of NQwith MTN and ISOP can form RONO RONG; also forms from the reaction of NO with

RO; derived from OH oxidation of FOCs RONGQ hydrolyzes to form HN@on a timescale of 1 hourlnorganic

nitrate partitions between the gas (H¥g)) and particleNOs’) phase according to local thermodynamic equilibrium

as calculated in thdSORROPIAII aerosol thermodynamic modu{€ountoukis and Nenes, 2007HNOs(g) and

NOs aremainly lost from the atmosphere via wet and dry deposition to the surface.

In thefistandard model, hydrolysis of BDs, NOz (guos = 1 x 10%), and NQ (gvo2 = 1 x 10% occur on aerosol surfaces

only. Uptake and hydrolysis of #Ds on aerosol surfaces depends on the cbalmtomposition of aerosols,

temperatureand humidityas described inEvans and Jacob (2005Recently,Holmes et al. (2019)pdatedthe

readion probabilities ofthe NG and NQ heterogeneous reactions in the model to depend on aerosol chemical

composiion and relative humidityHolmes et al. (2019lsoupdated theN,Os reaction probabilityto addiionally

dependon the HO and N@ concentrations in aeros@ertram and Thornton, 2009)in addition to these updates

for hydrolysis on aerosoHolmes et al. (2019)ncludedthe uptake ad hydrolysisof N.Os, NO,, and NQ in cloud

water and ice limited by cloud entrainmeates We incorporate these updafesm Holmes et al. (2019nto the

ficl oud crhodefto examing the impacts on lggd nitrate production mechanismg/e

consider the fAcloud

chemi stryod -ahthelseidnceaasas suthavéoeus on the results of thigrticularsimulation. Additional

model sensitivity studies aralso performeda n d

e xami

ned

taehadarde

mo dwhiche sifimul at i on

represents a more common representation of nitrate chemistry in atmospheric chemistry Mbesés additional

sensitivity simulationsredescribedn Section 4
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DYO(nitrate) & calculatedn the modelisingmonthlymean local chemicalproductionrates, rather than by treating
different isotopic combinations afitrate as separate tracénst can be transporteéd the model. Alexander et al.
(2009 transported four nitrate tracers, one each for nitrate production by®) N.Os hydrolysis, N@Q+HC, and
nitrate originating from its formation in the stratospheBmceD’O(NQy) was not transported in thidexander et al.
(2009) model| it was calculated using local production ratss effectively onlyonethird of the D'’O(nitrate)was
transported irlexander et al. (2009)Accurately aceunting for transport db'’O(nitrate)in the model would require
transporting alindividual isotopic combinationsfahe primary reactant (NO}he final product (nitrate}andeach
reaction intermediatée.g., NOs), which we do not do here due to the large computational c@$tss, the model
results shown here repres@iO(nitrate) from locaNO cycling andnitrate production. This may lead to nebd
biasesparticulaty in remote regions such as petagions in wintettime when most nitrate is likely transported from
lower latitudesor the stratosphereThis should makkssdifference in polluted regions where most nitrate is formed
locally, orfor examplen polar regionsn summer whephotochemical recycling of nitrate in the snowpack represents
a significanfocal source of NQ at the surfacéDomine and Shepson, 2002 Ithough lack of transport of the isotope
tracershinrdersadds uncertaintyotdirect comparison of the model with observations at any particular locétien
approachwill reflect the full range of possible model@t’O(nitrate) valuedor the current chemical mechanism

which can then be comparedtt® range of observeldt’O(nitrate) valuesaround the glohe

The DYO(nitrate) value of nitrate produced from each production pathway is calcutetesthown in Table.1The
value ofA in Table 1 represents the relative importance of the oxidation pathways of NO,twhé€ the oxgen

atom transferred comes fromzone(NO + O; and NO + XO):

0 (E1)

In E1,k represents the locataction rate constant feach of the four reactionXO = BrO, CIO, 10, and OlQand

we assum@’O(X0) is equal to thd’O value of the terminal oxygen atoms of ozone, as described in more detail
below. This effectively assumes that the other oxidagi@thways (NO + HPand NO + RQ) yield D'"O(NQy) =

0a. Al t hnay hpve a BM@O enrichment on the order of2B (Savarino and Thiemens, 1999t)e
assumption that this pathway yield§O(NO)= 0& si mpl i fi es the calculation

calculatedD'’O(nitrate)(Michalski et al., 2003) This approach assumes that N§cling is inphotochemicasteady
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state, which only occurs during the daytinfeis calculated in the model as the-Rdur average N&production rate,
rather than the daytime average oni\s was shown ilexander et al. (2009yapid daytime NQcycling dominates
the calculated 2#our averaged value, leading to negligible differences in calculaBdO(nitrate) for 24hour

averaged values versus daytime averaged values

NOy formed during the day will retain its daytini2’O(NOy) signaturethroughout the nightiue to lack of N@
photolysis(Morin et al., 2011)suggesting similaA values for the nighttime reactions (R2, R4, R5, R8, andiR10
Table ). However, NO emitted at night willot undergo photochemical recyclingitially suggesting that NO will
retain its emitted>*’O(NO) valie of G prior to sunrise. Thus, ay NO emitted at night and oxidized to Mefore
sunrise will result iD*O(NQ;) equal to onéalf of theD'’O value of the oxidant, since only one of the two oxygen
atoms of NQ will originate from the oxidant. SimcHQO, abundance is low at night, ozone will be the dominant
oxidant. Thus, NO both emitted and oxidized to N& night will leadto Anignt = 0.5 (half of the O atoms of NO
originate from @). Although isotopic exchange between NO + NSharma et al., 197@nd NQ and NQ via
thermal dissociation dfl20s (Connell and Johnston, 197@)ll tend to increas®’O(NO) above itemitted value of

04 , the bulkD*’O value of NQ plus NG systemwill be lower at night than during the daytime due to the absence
of photochemical cycling at nigliMichalski et al., 2014;Morin et al., 2011Fince the atmospheric lifetime of NO
near the surfacagainst nighttime oxidatioto nitrate (R2+R4+R5) is typicallgreater than 24 hours (Figure)S1
most nitrate formed during the nighttime will form from N@at reachedphotochemical equilibrium during the

previous day Thus, weuse values oA calculated as the 2dour average N©Oproduction ratefor calculating the

DYO(nitrate) value o#ll nitrateproduction pathwaysncluding thosehat can occur at nighfFhis-is-censistent-with

explicitcalculation-of diurnal-variabilitof DYO(NQO,)—and D¥O(nitrate)}{Merin—et-al;—2011) Using 24hour
averagedA values may lead to an overestimate®BfO(nitrate) in locations with more rapid nighttime nitrate
formation rates such as in China and India (Figure S1). Haweven in these locations the lifetime of N&yainst
nighttime oxidation is greater than 12 hours, suggesting that over half of nitrate formation at night occurs from the

oxidation of NQ that reached photochemical equilibrium during the daytime. Woeparing modele®'’O(nitrate)
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with observations, we add error bars to model values in these locations (Beijing and Mt. Lulin, Taiwan) that reflect
the range of possibl& values for nighttime nitrate formation, with the high eAdg) reflecting 24hour averagé
values and the low end assuming that half of nitrate formation occurs from oxidation eftthN® reached

photochemical equilibrium during the daytim®&o, = 0.5A + 0.5Anigh, WhereAnign:= 0.5).

D'O(nitrate) for total nitrate is calculated in the model ado to:

> 0&Qoi "B M3 0 &€ NQo0I DOQ (E2)

wherefr represents the fractional importance of each nitrate production pathwdyl®ih Table 1) relative to total

nitrate production, anB*’O(nitratek is theD’O(nitrate)value for each reaction as described in Tabl&d calculate

DYO(nitrate), we assume ththie mearD*’O value of the ozone molecyB'’O(0s)) isequalt2 6 8 based on recent
observationgVicars et al., 2012;Ishino et al., 2017b;Vicars and Savarino, 20ice-the’O-enrichment-in-@is

et al.,

,, atlifptit is the terminal

oxygen atom thas-aretransferred to the oxidation product during chemical reac(i®asarincet al., 2008;Berhanu

et al., 2012)the D0

DYO(Og)value Thus, we assume that tB&O value of the oxygen atom transferred from(DO(0s*)) = 1.5 x

D'0(0s), as in previous work (e.gMorin et al., 2011), whereD'’O(Oz*) represents thB'’O value of the terminal

oxygen abms in ozoneAssuming thaD'’0O(0s) = 263 based on recent observatiotiss leadsto D'7O(0s*) = 393 .

3. Results and Discussion

Figure 1showsthe relative importance of the different oxidation pathways of NO te&@ nitrate formation below

1km dtitude in the modeforthefic | oud chemi stryo simulation, with equivalent
shown in parenthesedVe focus on model results near the surfd@@ow 1 km)because these can be compared to

observations; currently only sade observations d#’O(nitrate)are available.We note that two observation data

sets (from BermudéHastings et al., 2003nd Princeton, N{Kaiser et al., 200%)are rainwater samples and thus
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may represent nitrate formed alofiowever, since cloud water peaks on average near 1 km altitude in the MERRA2
meteorology used to drive GEGShem, our model sapling strategy should capture thmajority of theinfluence of
clouds onthe chemistry ofitrate formation. The dominant oxidant of NO tNO; is Oz (84-85%). Much of the
remaining oxidation occurs due to the reaction with peroxy radicals #1®RQ). Oxidation of NO to N@by XO

is minor (1%)and occurs over the oceanscause the main sourcetadpospheriaeactive halogens is from sea salt
aerosolnd sea watdiChen et al., 2017;Sherwen et al., 2016;Wargj.e2018)(Figure 2) In the model, the global
annualmean lifetime of NQin the troposphere against oxidation to nitratabsutl day about 50% of this loss is
from the reaction of N©+ OH. NQ loss from NOs becomes more important near theface where aerosol surface
area is relatively highThe globa) annuaimean lifetime of nitrate in the troposphere against wet and dry deposition

to the surface iabout 3days.

Forbotht he ficl oud c¢ he misinulatigns, hedawo choshiimpotantndrate forrdation pathwayare

NO; + OH (41-42%) andN2Os hydrolysis(28-41%) , the latter ofwhich is dominant over the midio high-northern

continentalatitudes during wintewhere both NQemissions and aerosol abundances are relatively (&igeres 1

and3) The ficloud chemistryo si mul aitratedonmatior \sdC, + GH andMOsan e qu al i mportance of
hydrolysis (both 41%j@lue to increases itherate of NOs uptake in clouds and decreases in the importance ef NO

hydrolysis, whech can compete with 405 formation at night I'n t he i KNQ@ hydroysis rdpiesenteahe |

i mportant nitrate production mechanism (12%), theut it is negligible in the
reduction in the reaction probabilitfr¢m gvoz = 10* to gvoz = 10* to 108) in the model which is supported by

laboratory studie¢Burkholder et al., 2015;Crowley et al., 2010;Tan et al., 20I8)e formation of HN@from the

hydrolysis of RONQ@formedfrom both daytime (NO + R£ and nighttime (N@+ MTN/ISOP)reactiongepresents

6% of tota] global nitrate formation(Figure 1)and isdominantover Amazonia(Figure 3). RONG® hydrolysis

represents up to 20% of inorganic nitrate formation in the sasthe.S. (Figure 3). This is similar Eisher et al.

(2016)who estimated that formation of RON@ccounts for up to 20% of NQ@oss in this region during summer,

with RONG; hydrolysis representing 60% of RON@ss. Globally, the formation of inorganic nitrate from the

hydrolysis of RONQ@is dominated by RON&formation from the daytime reactis(3-6%), while the formation of

RONG; from nighttime reactionsepresents up to 3%. The relative importance of niglettand daytime RONO
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formation is expressed as a range becauseursors to RON£thatformed from monoterpenes can form from both
daytime and nighttime reactions, and these precursors are not separately diagnosed in toettmddeHNO;
formation fran NOs; + HC andthe hydrolysis of XN@aresmall globally (56%). Although XNG; hydrolysis is the
dominant nitrate formation pathway over the remote océbiure 3) its contribution to total, global nitrate

production is relatively small due to smaltd NQ, sources in these regions.

Figures 4 6 show modeled'’O(nitrate) for theicloud chemistrgsimulation thei st andar d 0 shewnimu | at i
Figures 7 $4). Figure 4shows modeled annuateanD*O(nitrate) below 1 km altitudéD’O(NO,) is shown in

Figure S5) The model predictswannuaimeanrange oD'’O(nitrate) =47 332 near t he sur face.
are over Amaoniadue to the dominance of RON®ydrolysisandthe highest values are over thél-latitudeocears

due to the dominance of XN®ydrolysis (Figures 3 and 4).

Figure 5compare the model with a global comptian of D'’O(nitrate) observationsfrom around the world
Observationsncluded in Figurés includelocationswhere there is enough data to calculate monthly mgdo€abe

et al.,, 20@;Kunasek et al., 2008;Hastings et al., 2003;Kaiser et al., 2007;Michalski et al., 2003;Guha et al.,
2017;Savarino et al., 2013;Ishino et al., 2017b;Savarino et al., 2007;Alexander et al., 2009;He et al., 2018b;Fibiger et
al., 2013;Wang et al., 2014figure6 compares the seasonality in model2dO(nitrate) to the observations where
samples were collected over the coursepgroximatelyone yea(McCabe et al., 2006;Kunasek et al., 2008;Kaiser

et al., 2007;Michalski et al., 2003;Guha et al., 2017;Savast al., 2013;Ishino et al., 2017b;Savarino et al.,
2007;Alexander et al., 2009)n contrast tcAlexander et al. (2009Yhe model does naignificantly underestimate
theD*O(nitrate)observations when assumiagdpulk ozone isotopic compositigp*’O(Q;))on t he or der of
Figure 2d inAlexander et al. (2009) The increase in modelédt’O(nitrate)is due to increagtimportance of @in

NOx cycling (85% below 1 kn) compared tcAlexander et al. (200980% below 1 km altitudg, and an increase in

the number andractional importance of nitrate formation pathways that yield relatively high values®©fnitrate)

(red pathways iifrig. 1).Although XO species themselves are only a minor NO oxidation pathway (1%), the addition

of reactive halogen chemistry in the model has altered the relative abundana@ndfi@Q (Sherwen et al2016)in
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such a way as to increase the mod@&®(NO,). The Alexander et al. (200%tudy used GEOEhem v801-01,

which included tropospheric nitrate formation from the NO + ObDIN+ H,O, and N@ + HC pathways only.An

increased importance of28s hydrolysis (R4) and @ditional ntrate formation pathways that yield relatively high

values ofD'’O(nitrate) (R5, R6, R8, and R1d)the present studgisoexplain the increase in model®dO(nitrate)

relative toAlexander et al. (2009)An increase in the averagevalue from 0.80 to 0.85 would tend to increase the

calculatedD'’O(nitrate) on the order of2 (0.05 DY0O(03")), suggesting that the increase in takative importance

of theterminal reactions R4, R5, R6, R8, and R10 explains the majority of the difference between the results presented

here compared t@Alexander etal.,, 2009)As sumi ng a v abulkiB’O(@sf in tBeSniodelf thaatr did not

include reactive halogen chemistoy heterogeneous reactions in cloud watevduced good agreement between

modeled and observeédt’O(nitrate) inAlexander et al. (2009however, in the current versiontbie model thisulk

isotopic assumption leads to a model overestimateaty alllocatiors (Figure ). The fAcl oud chemi stryo model
showssomewhabetter agreement with the observati¢R¢=0.51i n Fi gure 5) compared to the fAstandardo model
(R? =048 in Figure 8). Improved agreement with the observations ocgtuthe mid to highlatitudes (Figures 6

and ) is due toadditionof N2Os hydrolysisin clouds(Figures 3 and &.

The mearD*O(nitrate) value of the obsev at i ons ( 2 7 . 7rigite5 & ndd sighificantly differenfiom

the modeled values at thecltion of the observations&® + 4.53 ); however, the range @O(nitrate) values of

the observations (1094 0 . 6silgrgerithan in the model94B 1 37.6a ) . As pre¢inSawtne étgl. not
(2007) the maximum observeB*O( ni t rate) value (40.64&) is ndétthepossi bl e given our isotope
terminal oxygen atom of ozorfB*’O(Os*) = 394 ); however, it is theoretically possible given tygroximatel\2a
uncertainty in observe®’0(0z*). A value of DY’O(nitrate)= 414 is possible iD'’O(0s*) = 414 and all oxygen

atoms of nitrate originate from ozong#£ 1 and all nitrate forms from R2 and/or R5). Although this may be possible
for nitrate formed locally in the Antarctic winter due to little to no sunlight, &fdkcal NQ, sources during Antarctic

winter makes it unlikely that all nitrate observed in Antarctica forms locally. frange transport from lower latitudes
and/or the stratosphere likely contributes to nitrate observed in Antarctica during (vegest al., 2014)Observed

DYO( ni t r a (ireAntarcticaphds een suggted to be due to transport of nitrate from the stratosgBavarino

et al., 207), as stratospheric{@ expected to have a highet’O(0s) value tharozoneproduced in the troposphere
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(Krankowsky et al., 2000;Mauersberger et al., 2001;Lyons, 208dged, the model underestimates theasbations

atDumont dBDWjand thel Seuth(Polgooth inAntarctica) during winteand springFigure6), whenand

wherethe stratospheric contribution is expected to be most impd@antrino et al., 2007)fhemodel underestimate

in Antarctica may also be due tmodel underestimatesf BrO column(Chen et al., 20173nd ozone abwance

(Sherwen et al., 2016 the southern high latitudesThe largest model overestimates occur at Mt. Luliaiwan

(Figures 5 and6). Based on nitrogen isotope observati¢ti§N), nitrate at Mt. Lulinis thought to be influencelly

anthropogeniaitrate emittedn pollutedareas ofmainland Chinand transported to Mt. Luljmather than local nitrate

production(Guha et al., 2017However, observations &’O(nitrate) inautumn and winter iBeijing suggest much

higher values30.6+1.& ) than was measured at Mt. Lulih57 304 in winter). A potential reason for the model

overestimate of the observed values at Mt. Lulin could be qualitatively explained by transport of nitrate formed in the

free tromsphereo this high altitude loation, where the higb*’O(nitrate) producing pathways 4FR8) should be

negligibledue to minimal aerosol surface area for heterogeneous chemiisivy D' ’O(nitrate) values from nitrate

formed at higher altitudesnd transported to Mt. Luliwould not be accounted for in theodel since the isotopes are

not transported.The model comparelsetterto the midlatitude locations close to pollution sources (La Jolla and

Princeton), although the modelerestimates wintertimB'’O(nitrate) in Princeton, NJ, USA by up t@ 6and

undeestimates winter tim&O(nitrate) in La JollaCA, USAby up to 4 . The model overestimate at Princeton

during winter could be due to the fact that these are precipitation samples amdbient aerosdamples, and thus

may reflect nitrate formed aftitudeshigher than we are sampling in the mod&he underestimate at La Jolla, CA

could be du¢o underestimates ireactive chlorine chemistry in the model, which would tend to incle€¥nitrate)

by increasing nitrate formation by the hydrolysis halogen nitrates (R6) in this coastal locatiofihe model

underestimates thB*’O(nitrate) observations at Cape Verddate summer/earlg u t u mn

b y (Savarinoteto

al., 2013) Comparison with results from the steastpte model employed Bavarino et al(2013)suggest that the

low bias could be due to an underestimate of nitrate formation viatNOMS (R2). The steadystate modeln

Savarino et al. (2013)greed with observations wh&» represente@bout onethird of total nitrate formation. The

model results presented here have R2 representing about 15% of total nitrate formation in this season.

[ Formatted: Font: Symbol

[Formatted: Superscript
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An

underestimate of the relative importance of R2 could result from a model underestimate of atmospheric DMS

abundances.
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4. Model uncertainties
The uncerinty in the two most important nitrate formation pathways, MGH and NOs hydrolysis,and their
impacts on N@ and oxidant budgetshave been examined and discussed elsewfidexintyre and Evans,
2010;Newsomerad Evans, 2017;Holmes et al., 2019he impacts of the formation and hydrolysis of halogen nitrates
on globalNO, andoxidant budgets have also been previously exam{8éérwen et al., 2016)Here we focus on
threeadditionalprocesseausing a seof model sensitivity studies First, we examine the importance of the third most
important nitrate production pathway on the global scale as predicted Byshe a nndodetf, N® aerosol uptake
andhydrolysis, and its implications fahe global N@, nitrate, and oxidant budgets. Second, we examine the role of
changing anthropogenic N@missions over a lgear period(2000 to 2015)on the relative importance of the

formation of inorganic nitrate from thgydrolysis of organic nitratesFinally, we examine the role of aerosol nitrate

photolysis on the relative importance of different nitrate formation pathways. The impact of aerosol nitrate photolysis

on NQ, and oxidant budgets has been examinedktailelsewherdKasibhatla et la, 2018)

4.1 Heterogeneous uptakeand hydrolysis of NO,
Heterogeneous uptake of M@ form HNG and HONGOis the third most important nitrate formation pathway in the
fi s t a nnbdet od the global scale (Figure The reaction probabilitfgvo2) measured in laboratory studies ranges
between 16 to 10* depending on aerosol chemical compositiose and Tang, 1988;Crowley et al., 2010;Gutzwiller
et al., 2002;Yabushita et al., 2009;Abbatt and Waschgwk®98;Burkhart et al., 2015;Broske et al., 2003;Li et al.,
2018a;Xu et al., 2018R value ofgyo2 = 10*is used in thé s t a nnmbdet whigh is at the high end of the reported
range A molar yield of 0.5 for both HN@and HONCOformationis assumedh the modebased oraboratory studies
and hypothesized reaction mechanigRislaysonPitts et al., 2003;Jenkin et al., 1988;Ramazan et al., 2004;Yabushita
et al., 2009) However, both the reaction rate andechanism of this reaction and its dependence on chemical

composition and pH is still not well understo@pataro and lanniello, 2014)

The fAcloud chemistryd simulation uses a r g@étthabn
depends on aerosol chemical composition, ranging ffam= 108 for dustto gvo. = 10* for black carbon based on

recent laboratory studigsiolmes et al., 2019) The updated N@reaction probability results in egligible (<1%)
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importance of this reaction for nitte formation compared to 12% contr.iThet fem oiud t he fAstandardo

c hemi st r y &igndidcantyihceedses ohe fractional importance e@dhhydrolysis (from 28 ta@t1%, globally

model

belowl km altitudex o mpar ed to the fAstandardo si mul at phydiolysis n part due to decreased co

andin partdue to increased 0s hydrolysis in clouds To evaluate the relative importance of competition fromyNO

hydrolysis andhe additionof N>Os hydrolysis in clouds, we perform a model sensitivity study that is the same as the

fistandardo simulation but ddydmlysiaesnasosdy.e 10F)avihoutadding pr obabi | ity of NO
N20s hydrolysis in clouds Simi choutochbmi §t r ygi,=s10" rendera NG hydrolysisa s i n g

negligible nitrate formation pathway, and increases the relative importancgdgfhidrolysisfrom 28%to 37%.

This suggests that reduced competition fromK@rolysis is the maineason for the increased importance e®N

hydrolysis in the #.adhomlutde addhian ofiheterogenapus seactiomd oa tlouds also plays a

role.

NO: hydrolysisrepresergta significant source of HONO in tliies t a nntbdelsichuaion; the reduced Ngreaction

probability from guoz = 10% to gvoz = 107 results in a reduction of HONO below 1 km altitude by up@6%over

the continents, with relatively small (up to 1 ppb) changes in nitrate concentrg&ignse7). The reduction in the

rate of heterogeneous N@ptake leads$o reductions in OH where this reaction was most impoitatite model

(over China and Europe) due to reductions in HONO, but leads to increases in OH elsewhere due to increases in ozone

(by up to a few ppb) resulting from small increases in the IN€ime due to a reduction in the N&ink (Figure8).

Similar changes in HONO are seen when comparing the fAstandardo and ficloud
Increased importance of;8s hydrolysisi n bot h the ficl oud c h elatiorswithoytéloud i mul ati on and t he mu
chemistry but with a reduced reaction probability for N9drolysisincreases modeled anntraeanD'’O(nitrate)

byupto3da in China where this reaction is most i-mgaortant. This improves mode

observation®f D'O(nitrate)in Beijing (He et al., 2018a(Figures 5 and S3)

The product yields of N©Ohydrolysis arealsouncertain. Jenkin et al. (1988proposed the formation of a water
complex, NQ-H;0O, leading to the production of HONO and HN@inlaysonPitts et al. (2003jndRamazan et al.
(2004) proposed the formation of th@imer NO4 on the surface, followed by isomerization to form NQs.

Reactionof NO*NOs with H,O resuls in the formation of HONO and HNOLaboratory experiments byabushita
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et al. (2009suggested that dissolved anions catalyzed the dissolution pfd\form a radicalntermediate XNO,
(where X = ClI, Br, or |) at the surface followed by reaction with,{(gPto form HONO and N@. Theseexperiments
described abovevere performed at NOconcentrations much higher than exist in the atmospli€ré (00 ppm)
(Yabushita et al., 2009;Finlays#titts et al., 2003;Ramazan et al., 2004) laboratay studyutilizing isotopically
labeled water to investigate the reaction mechasisggestethat theformation of HONOresulted from the reaction
between adsorbed N@nd H, while the formation of HN@resulted from the reaction betweadsorbedNO, and
OH, and did not involve the XD, intermediate(Gustafsson et al., 2009)Results fromGustafsson et al. (2009)
suggesian aciditydependent yield of HONO and HNCfavoring HONO at low pH valuesA recent study in the
northeast U.S. during winter found that modeled nitrate abundance was overestimatedmslagyield of 0.5 for
HONO and HNG@, and the model better matched the observations efaN@ nitrate when assuming a molar yield of
1.0 fo HONO (Jaeglé et al., 2018particles were acidic (pH < 2) during this measurement camj@igo et al.,

2017;Shah et al., 201,8)hich may favor HONO production over HNO

We examine the potential importance of this acidiégpendent yielthy implementinga pH-dependent product yield
in two separate sensitivity simulatig, first using an NQ aerosol uptake reaction probability g& 10* as in the

i s t a nstmalatidnénd second witlgvo, = 107. Theacidity-dependenyield for HONO andHNO; formationis
based on the laboratory study Bustafsson et al. (2009)We use aerosol pH calculated from ISORROPIA I
(Fountoukis and Nenes, 200@)calculate the concentratiofi[H*] and [OH] in aerosol water.The yield of HONO

(i ) from heterogeneous uptake of N@h aerosol surfaces is calculated according to E3:

( EE— (E3)

where [H] and [OH] are in units of MThe yieldof HNO; from this reaction is equal @ - | ). E3yieldsvalues

of | near unity for aerosol pH values less than 6, decreasing rapidly to zero between pH values b&tween 6

(Figure S8). Calculated aerosol pH values are typically in the modelexceptin remote regions far from NO

sourceqFigure 9), favoring the product HONO

The aciditydependent yieldimplemented in theil s t a n simutatib® with guo, = 10* increases HONO
concentrations by up to 1 ppbv in China whéhis reactionis most important (Figur®). Fractional increases in
HONO exceed 100% in remote locations (Fig@re Increased HONO leads to increases inddthe order of 10

23



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

20% in most locationbelow 1 km altitude, while ozone concentrations incréaseost locations byip toseveral

ppbv (Figure9). The exception is the southern high latitudes; likely due to decreased formation and thus transport of
nitrate to remote locations. The impact on,N@d nitrate budgets is relatively minor. The glohahual mean NO

burden near the surface (below 1 km) increases slightly (+2%) as a result of the decreased rate of conversion of NO
to nitrate; the change to the global tropospheric burden is neglight@ualmean surface nitrate concentrations

show snall decreases up to 1 ppin China where this reaction is most important in the model; impacts on nitrate
concentrations over a shorter time period may be more signifigzaeglé et al., 2018 he fraction of HN@formed

from NO, + OH (49%) increases due to increases in OH from the HONO sotitee fraction of HNQ formation

from the uptake and hydrolysis 0:8 also increasesrom 28%to 32%)due to reductions in the nighttime source

of nitrate from NQ hydrolysis The calculated meddHO(nitrate) at the location of the observations shown in Figure

5(279+5.0) is not significantly impacted due -andlowompensating

producing D"O(nitrate) values. Modeled monthly me®4YO(nitrate) in Chinag whae NG hydrolysis is most

importantdencreases by10.9-1.98 , butandis stil-biased low byt-21.8-3.44 .

Using a combination of both the low reaction probability (07) and the acidiidependent yieldives similar results
as usingg= 107 and asuming a molar yield of 0.5 for HONO and HBI(®ot shown). In other wordsjncluding a
pH-dependenproduct yieldrather than a yield of 0.5 for HONO and nitrasults in negligible differences for

oxidants, NQ and nitrate abundances when the reaqgiabability (gvo2) is low.

4.2 Hydrolysis of organic nitrates (RONQ)
Anthropogenic NQ emissions have been increasing in Chand decreasing in the U.81d EuropgRichter et al.,
2005;Hoesly et al., 2018pyith implications for the relative importance of inorganic and organic nitrate formation as
a sink for NQ (Zare et al., 2018) To examine the impacts of recent changes in anthropogeni@M{3sions for
nitrate formation pathways, we run thes t a nndodetusinythe year 200@missions and meteorologyter a
year modespin up and compare theresultstofhes t andar d 0 mo d e | year ROdbuThistimeperiod r u n
encompasses significant changes in anthropogeniceissions in the U.S., Europe, and China, and encompasses
most of the time period of the olygationsshown in Figures 5 and 6lotal, global athropogenic emissions of NO

are slightly lower in the 2009ear simulation§0Tg N yr®) compared to the year 2015 simulatiot T3) N yr') due
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to decreases in North America and Europe, counteragtadtieases in Asia (Figui®l0). This leads to increases of

less than 10% in the annemlean, fractional importance of the source of nitrate from the hydrolysis of organic nitrates

in the U.S., and corresponding decreases of less than 10% over Chime {B)g Relatively small changes (< 10%)

in nitrate formation pat imwadgledanyuadredanD’C{nitraté) betweetie yegre s

2000 and 2015differences inDO(nitrate) over shorter time periods may be larg€hanges in theofmation of

(<

nitrate from the hydrolysis of RON®emains unchanged globally, as increases in the U.S. and Europe and decreases

in China counteract one another.

4.3 Photolysis of aerosol nitrate

Observations have demonstrated that aerosol nitrate cdrotmyzed at rates much faster than Hi) (Reed et al.,

2017;Ye et al., 2016)however, the magnitude of the photolytic rate constant is uncertain. We examine the

implications of this process for global nitrdtemation pathwayby implementing the photolysis of aerosol nitrate as

described irKasibhatlaetal. (2018) nt o t he f st an d,scalhgthemlootblgtic rate comstant fartbatho n

fine- and carsemode aerosol nitrate to adtor of 25 time higher than that for HN€lg) (Kasibhatla et al.,

2018;Romer et al., 2018yith a molar yield of 0.67 foHONO and 0.33 foNOy production The global, annual

mean NQ burden near the surfaceelbw 1 km) increases slightly (+2%) as a result of the photolytic recycling of

nitrate to NQ, similar toKasibhatla et al. (2018)Aerosol nitrate photolysisesults in onlysmallimpact on the

relative importance of nitrate formatigmathways(< 2%) likely due to simultaneous increases in &d OH

(Kasibhatla et al., 2018)which in turn yields small impacts orcalculatedD*’O(nitrate) at the location of the

observations shown in FiguBg27.9 + 5,08 ) Nitrate photolysis itselhas minimaimpacton D’O(nitrate) because

it is a massiependent procegdcCabe et al., 2005)

5 Conclusiors

Observations oD'7O(nitrate) can be used to help quantify the relative importance of different nitrate formation

pathways. Interpretation &*’O(nitrate)requires knowledge d*’O(0Os). Previous modeling studies showed good

agreement between observed and modetéd(nitrate)when assuming bulk oxygen isotopic composition of ozone

(DO(0s)) of 3 5 Zased on laboratory and modeling studieerton et al., 1990;Thiemens, 1990;Lyons, 2001)

However, ecentand spatially widesgadobservations oD'’O(0s) haveconsistentlyshownDO(Qs) = 26

N, 14a

25

24)



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

suggesting that models anederestimating the role of ozone relative to,HONO, chemistry We utilize a global
compilation of observations ob'’O(nitrate)to assess the represation of nitrate formation in a global chemical
transport model (GEGShem) assuming thathe bulk oxygen isotopic composition of ozofi2’0(0s)) = 264 .

The modeled’O(nitrate) is roughly consistent with observations, with a mean modeled and abB¥@itrate)

of (286+45a) and (27.6 N 5. Oo&atigns of teesolpsencationsmprdved agrearent bdiveen
modeled and observeé’O(nitrate)is due to increased importance of ozone versusah@ RQ in NO cycling and

an increasén the number and importance of nitrate production pathways that yieldDhi@ignitrate) values. The

former may be due to implementation of tropospheric reactive halogen chemistry in the model, which impacts ozone
and HQ abundancesThe latter is duenainly to increases in the relative importance gdihydrolysis, with the

hydrolysis of halogen nitratedsoplaying an important role in remote regions.

The main nitrate formation pathwaiyn the modebelow 1 km altituderefrom NO, + OH andN.Os hydrolysis poth

41%). The relative importance of global nitrate formation from the hydrolysis of halogen nitrates and hydrogen
abstraction reactions involving the nitrate radical gN@reof similar magnitude(~5%). The formation of nitrate

from the hydolysis of organic nitrate has increased slightly in the U.S. and decreased in(€tdanges <10%jue

to changing N@emissionsrom the year 2000 to 2015, although the glabaan fractional importanc€%6) remains
unchangeds the regional changes coerrgct one anothelNitrate formation via heterogeneoN®, andNO;z uptake

and NQ + HO; arenegligible(<2%). Although aerosol nitrate photolysis has important implications foar@ OH,

the impacs on nitrate formation pathwayare small.

The modelparameterization foréterogeneous uptake of M@as significant impacts dHONO and oxidants (OH
and ozone)n the model HONO production from this reaction has been suggested to be an intpotace of OH

in Chinese haze due to high N@ndaerosol abndancegHendrick et al., 2014;Tong et al., 2016;Wang et al., 2017)
with implications for the gaphase formation of sulfate aerosol from the oxidation of sulfur dioxide bySbido et
al., 2019;Li et al., 2018b)More recent laboratory studies suggest that the reaction probability odbMN&erosols is
lower thanthat previously used in the modélsing an NQ reaction probability formulation that depends on the
chemicalcomposition of aerosols as describedHalmes et al. (2019)enders this reaction negligible for nitrate

formation, and has significant implications for modeled HONO, ozone, andAltHough uncertainty also &sts in
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therelative yield of nitrate and HONO from this reactitime impacts of this assumption are negligible when we use

these updated Nf@eaction probabilities Observations ob*’O(nitrate) in Chinese haze events during wirftée et

al., 2018b)may help to quantify the importance of this nitrate production pathway in a region where the modtd predic

it is significant.
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Table 1.Calculated>'’O(nitrate) in the model for each nitrate production pathway (X €Br,

and I; HC = hydrocarbon; MTN = monoterpene; ISOP = isoprené; 0° =39 ). Ais

defined in equation E1.

Nitrate formation pathway

DYO(nitrate)

Gasphase reactions

R2 | NOz+HC coﬁ p03~ 00
R3 | NO + HO p 063 CE
Aerosol uptake from the gashase followed by hydrolysis
R4 | N2Os + H20(aqg) C g0 p 3V 0’
R5 | N2Os + Cl(aq) C ) p g3 U0
R6 | XNO3 + HzO(aq) Cg0 Py 00°
R7 NO. + HZO(aq) N 0.63‘ 0 0°
R8 | NOs + H20(aq) N 0.6 p g3V o°
R9 | RONQ; + H20(aq) p 0.63‘ 0 0°
(where RONQ@is from NO + RQ)
R10 | RONQ; + H20(aq) C o0 p g & 00

(where RONQ@is from NG + MTN/ISOP)
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Figure 1Simplified HNOs formation in the model. Numbers show the global, annual mean percent
contribution to NO, and HNO; formation in the troposphere below 1 km for the “cloud chem”
(“standard”) simulation. Red indicates reactions leading to high D*0 values, blue indicates reactions
leading to low D¥0 values. HO, = HO,+RO3; X = Br+Cl+l; HC = hydrocarbons; MTN = monoterpenes;

ISOP = isoprene.
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Figure 2 Annual-mean fraction of NO, formation from the oxidation of NO in the troposphere below 1

km altitude in the “cloud chemistry” model.
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Figure 3Annual-mean fraction of HNOs formation from the oxidation of NOy in the troposphere below 1
km altitude in the “cloud chemistry” model.
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Figure 4Modeled, annual-mean D'O(nitrate) below 1 km altitude for the “cloud chemistry” model.
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Figure 5. Comparison of monthly-mean modeled (“cloud chemistry”) and observed D”O(nitrate) at
locations where there are enough observations to calculate a monthly mean. References for the
observations are in the text. The error bars represent different assumptions for calculated modeled A
values for nighttime reactions as described in the text. Error bars for Beijing and Mt. Lulin reflect the

range of possible modeled A values for nighttime reactions as described in the text. The y=x (solid line)

and y = 2x and y = 0.5x (dashed) are shown.
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Figure 6. Comparison of monthly-mean modeled (“cloud chemistry”) and observed DO(nitrate). Error
bars for model results from Mt. Lulin reflect the range of possible modeled Avalues for nighttime
reactions as described in the text. Error bars for the observations reflect the analytical uncertainty in the
measurements, except for two data points in June for Summit which reflect the standard deviation of
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Figure 7Modeled annual-mean HONO (left) and fine-mode nitrate (right) concentrations below 1 km
altitude in the “standard” simulation (top) with guo2 = 10 for NO, hydrolysis. Absolute (middle) and
relative (bottom) change in concentrations below 1 km altitude between the “standard” model and the

model simulation with guo2 = 107. Negative numbers represent a decrease relative to the standard
simulation.
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concentrations below 1 km altitude between the “standard” model and the model simulation with an

acidity-dependent yield from NO, hydrolysis. Positive numbers represent an increase relative to the

“standard” simulation.

Figure D. Modeled annual-mean difference in the fractional production rate of HNO3 from the
hydrolysis of organic nitrate below 1 km attitude in the year 2015 relative to 2000 (2015 — 2000).
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Figure S1Annual mean lifetime of NO, below 1 km altitude against oxidation to nitrate via reactions
that occur only at night (R2+R4+R5).
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Figure S2Same as Figure 4 but for the “standard” simulation.
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Figure S3.

Comparison of monthly-mean modeled (“standard”) and observed D7O(nitrate) at locations where

there are enough observations to calculate a monthly mean. References for the observations are in the

text. The error bars represent different assumptions for calculated modeled A values for nighttime

reactions as described in the text. Error bars for Beijing and Mt. Lulin reflect the range of possible

modeled Avalues for nighttime reactions as described in the text. The y=x (solid line) andy =2xandy =

0.5x (dashed) are shown.
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Figure S4Comparison of monthly-mean modeled and observed D”O(nitrate). Model points are from
the “cloud chemistry” simulation, while the modeled error bars reflect the full range of calculated values
from all sensitivity simulations. Error bars for the observations reflect the analytical uncertainty in the
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measurements, except for two data points in June for Summit which reflect the standard deviation of

DYO(nitrate) from multiple measurements during that month.
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Figure S5Modeled, annual-mean D?O(NO2) below 1 km altitude for the “cloud chemistry” model.
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Figure S. Same as Figure 3 but for the “standard” simulation.
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Figure S8Calculated yield of HONO from the heterogeneous reaction of NO, on aerosol surfaces as a
function of pH.
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Figure. Calculated surface aerosol pH in the model in each season.
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Figure 30. Modeled change in anthropogenic NO emissions (Gg N yr) from the year 2000 to the year

2015 (2015 —2000).
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