Chapter 30

Oxygen Isotope Dynamics of Atmospheric Nitrate

and Its Precursor Molecules

Greg Michalski, S.K. Bhattacharya, and David F. Mase

Abstract The stable oxygen isotopic composition of
atmospheric nitrate is a powerful proxy for assessing
what oxidation pathways are important for converting
nitrogen oxides into nitrate. Large 'O enrichments
and excess '’O (i.e. mass independent composition)
are observed in atmospheric nitrate collected across
the globe. These isotope enrichments and their varia-
bility in space and time have been linked to the mag-
nitude of ozone oxidation. Attempts to model the
oxygen isotope enrichments using simplified isotope
mass balance assumptions and photochemical models
have yielded reasonably good agreement between
observations and simulations. However, there is a
lack of atmospheric nitrate isotope measurements across
a range of different atmospheric environments. Iso-
topes of oxygen in atmospheric nitrate can be utilized
to assess changes in atmospheric chemistry, applied as
tracers in nitrate deposition studies, and used to assess
the atmosphere’s chemical response to environmental
change over time using ice core nitrate.

30.1 Introduction

The oxidation of nitrogen compounds into nitrate in
the atmosphere is an important mechanism in atmo-
spheric chemistry that controls the transport of this
biogeochemically important element. Oxides of nitro-
gen (NO, = NO + NO,) are emitted as a by-product
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of combustion processes, with anthropogenic emissions
from coal burning power plants and automobiles dom-
inating global atmospheric inputs (Galloway et al.
2004; Galloway 1998). However, NOy is also formed
by natural processes such as biogenic nitrification
or denitrification (Mosier et al. 1998) and lightning
(Martin et al. 2007). A major fraction of NO, is oxi-
dized in the atmosphere to nitric acid, which is a strong
acid that can dramatically lower the pH of precipita-
tion (Rodhe et al. 2002; Galloway 1995). Nitric acid
can also react with NH; or alkaline dust, generating
new aerosols or altering the chemical composition and
size of existing particles (Zhang et al. 2000). Atmo-
spheric nitrate (HNO3(y), NO3™ (), NO3 (o)) that is
removed from the atmosphere by dry and wet deposi-
tion is an important new source of N to surface waters,
soils, and plant canopies that in turn can impact the
function of many ecosystems (Bobbink et al. 2010).
Therefore, identifying the mechanisms that transform
NOy into nitrate is key to understanding the natural
and human impacted nitrogen cycles from local to
regional and global scales.

The use of multiple oxygen isotopes to understand
NOjy oxidation in the atmosphere is a recent develop-
ment. Oxygen has three stable isotopes with approxi-
mate mole fractions of: 10 (0.9976), 170 (0.0004) and
80 (0.0020). The international reference material
for oxygen is Vienna Standard Mean Ocean Water
(V-SMOW) with accepted ratios of 2.0052 x 1073
for ®*0/'°0 and 3.827 x 10~* for '70/'°0 (Kaiser
2009).

The three stable oxygen isotopes normally fraction-
ate in a mass dependant manner, therefore an approxi-
mately linear relationship exists between changes in
5'%0 and 8'70 (Miller 2002). This linearity can be
expressed as (Matsuhisa et al. 1978)
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370 =05225"0 (30.1)

A plot of 370 vs. 8'®0 (dual isotope ratio plot)
values of the main oxygen reservoirs on Earth, includ-
ing silicate and carbonate rocks (Miller 2002), waters
(Meijer and Li 1998), and oxygen in air (Luz and
Barkan 2005) confirms this theoretical relationship,
and the resulting line is referred to as the oxygen
isotope terrestrial fractionation line (TFL — Fig. 30.1).

One notable exception to this mass dependence rule
is the isotopic fractionation that occurs during ozone
formation (Thiemens et al. 2001; Thiemens and
Heidenreich 1983), when the '*0/'°O and '70/'°O
ratios become equally elevated (~60-100%o relative
to initial O,). Since the enrichment is nearly the
same in both minor isotopes, independent of their
mass difference, this process has been termed a mass
independent fractionation (MIF) and is quantified
approximately by (Miller 2002).

A0 ~ 370 -0.5225"%0 (30.2)
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Fig. 30.1 The terrestrial fractionation line (TFL) of oxygen
based on the mass dependence of isotope kinetic and equilib-
rium fractionations that follow §'’0 = 0.52 §'0. The 0.52
coefficient is an average of values that range from 0.5 to 0.53
depending on temperature and the thermodynamics of many
reactions (Matsuhisa et al. 1978). The data points show the
range of A'’0 (A0 ~ §'70—0.52+3'%0) in atmospheric nitrate
from mid-latitudes (Michalski et al. 2003; Kaiser et al. 2007;
Morin et al. 2009; Patris et al. 2007). The red star is the
approximate triple isotope composition of troposheric ozone
(Johnston and Thiemens 1997; Krankowsky et al. 1995),
the blue oval is the range of tropospheric water, and atmospheric
0O, and V-SMOW are the green and blue dots respectively. The
atmospheric nitrate data suggest a mixing line between tropo-
spheric ozone and water, in agreement with our mass balance
model
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Here, MIF has a specific meaning: reactants, whose
isotopic compositions lie on the TFL, react and gener-
ate products that are offset from the TFL resulting in
positive (or negative) A'’O values. In other words,
MIF is a chemical process. On the other hand, non-
zero A0 values can be produced either by MIF or by
isotope mass balance. For example, when ozone, a
powerful oxidizer, transfers O atoms to products dur-
ing chemical reactions the resulting products have
positive A'’O values (Lyons 2001; Michalski and
Bhattacharya 2009; Savarino et al. 2000, 2008).

Oxygen isotope compositions in atmospheric
nitrate are due to the mixing of oxygen sources (e.g.
03, H,O, O,) and kinetic and/or equilibrium effects
occurring when NO, is photochemically converted
into nitrate. Large A0 values (23-31%o0) observed
in atmospheric nitrate (Sect. 30.3) suggest ozone plays
an important role as an oxygen source. Tropospheric
ozone is also known to have high 'O values
(~80-130%0 V-SMOW) (Sect. 30.5.1) that can be
transferred to nitrate and this transfer may partially
explain the elevated 3'®0 values observed in atmo-
spheric nitrate (Sect. 30.3). There are other sources of
oxygen, however, that are also important during NOy
oxidation, as are the kinetic/equilibrium isotope frac-
tionations that occur during the multiple steps of oxi-
dation. Unfortunately there is currently limited data
and little discussion on their importance in controlling
the 8'%0 values of atmospheric nitrate. This review
will present the current state of knowledge on the
chemistry that controls the oxygen isotope composi-
tion of atmospheric nitrate, their potential to increase
our understanding of NO, oxidation in the atmo-
sphere, and what future research is needed to maxi-
mize this potential.

30.2 Methods for Oxygen Isotope
Analysis of Nitrate

The initial analytical approaches for '*0 and A'’O
analysis of nitrate were pyrolysis techniques. The first
reported nitrate pyrolysis technique used a mixture of
KNO; and Hg(CN), heated to 550°C and isotopic
analysis was carried out on the product CO, after
offline purification (Amberger and Schmidt 1987).
Similar offline pyrolysis methods were developed
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using a mixture of nitrate salts and graphite, sealed in
quartz tubes and heated to 800°C (Revesz et al. 1997,
Silva et al. 2000; Wassenaar 1995). This became the
preferred method due to the toxicity risks associated
with handling cyanide and mercury compounds. Later
it was reported that at 800°C the silicate in the quartz
reaction vessels would exchange oxygen, to varying
degrees, with the product gases. This introduced ana-
lytical biases and high uncertainties in data generated
using this method (Michalski et al. 2002; Revesz and
Bohlke 2002). Kornexl et al. (1999) converted KNO;
to CO, using a high temperature pyrolysis (1,400°C)
with a graphite/glassy carbon reaction tube that
resolved the exchange problem. In addition, this tech-
nique utilized thermal conversion elemental analyzer
(TC/EA) devices that could be automated when inter-
faced with continuous flow isotope ratio mass spec-
trometer (CF-IRMS) systems. The precision using the
TC/EA techniques for nitrate isotopic analysis is +0.7
per mil for 8'0. The first technique for A'”O analysis
in nitrate was the thermal decomposition of AgNO3
(520°C) followed by IRMS analysis of the product O,
(Michalski et al. 2002). The relatively low decompo-
sition temperature limited the amount of oxygen
exchange with the pre-treated quartz reaction tubes
and resulted in highly precise A'’O determination
(£0.3%o0). One drawback of the various pyrolysis tech-
niques is the need for rather large amounts of nitrate
(~107°-10"° mol), which is usually found only in
trace amounts in the environment, and makes it diffi-
cult to obtain sufficient sample size. In addition, the
steps needed to purify environmental samples, such as
removing other anions and organic matter, can be
inefficient and time consuming (Chang et al. 1999;
Michalski 2009).

The size and purification limitations of the pyroly-
sis methods were largely overcome by the develop-
ment of the bacterial nitrate reduction technique. The
technique is suitable for isotopic analysis of nanomo-
lar amounts of nitrate and requires limited sample
preparation. Casciotti et al. (2002) developed the tech-
nique, which uses Pseudomonas aureofaciens bacteria
to produce N,O that is then analyzed for 8'*0 using
CF-IRMS. The key is finding suitable bacteria that
lack nitrous oxide reductase activity and do not initiate
exchange between nitrogen oxide intermediates and
cellular water during the reduction. The reported pre-
cision of 8'®0 using the bacteria technique is 40.5%o.
This technique was modified to analyze A'’O by
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Kaiser et al. (2007) who reacted the product N,O
over gold (Cliff and Thiemens 1994) to produce N,
and O, and determined the A'’O on the product O, by
CF-IRMS with a precision of 4-0.6%o.

A third method for measuring 8'®0 in nitrate is the
reduction-azide technique (Mcllvin and Altabet 2005).
This approach first reduces nitrate to nitrite using spongy
cadmium. Nitrite is then converted to N,O by reaction
with hydrazoic acid and isotopic analysis is carried out
on the N,O using headspace extraction and CF-IRMS.
During the azide-nitrite reaction, roughly 20% of the
oxygen in the product N,O is derived from water in the
reactant solution, requiring a significant correction to
the data. The 8'®0 precision using the reduction-azide
technique is +-0.5%o. The azide technique was recently
modified to determine A'’O using CF-IRMS by con-
verting the product N,O into O, and N, over heated
gold (Komatsu et al. 2008) with a precision in A'’O of
+0.2, and 0.2%o for §'°0.

All of the above methods require standardization of
the analysis using nitrate reference materials in order
to attain accurate nitrate A'’O and/or 8'%0 values.
This is particularly true for A'’O analysis which is
very sensitive to oxygen blanks arising from exchange
reactions or air O,. The only available A'’O reference
material to date is USGS-35, a NaNO; from the
Atacama Desert, which was developed for nitrate
A0 analysis (Michalski et al. 2002). Additional
nitrate reference salts have been developed to span a
range of 5'%0 and 8'°N values as discussed by Bohlke
et al. (2003) and are available through the National
Institute of Science and Technology (NIST).

30.3 Observations of A'’0 and 3'%0
in Atmospheric Nitrate

There are a number of studies on the spatial and
seasonal variation of oxygen isotopes in atmospheric
nitrate. The first study measuring 8'®0 in precipita-
tion nitrate showed that the atmospheric nitrate 3'%0
values were very elevated relative to V-SMOW rang-
ing from +55 to +72%o (Durka et al. 1994; Kendall
1998). Subsequent studies extended the range of values
from +25 to +115%o (Fig. 30.2). Notable annual var-
iations were observed, with higher atmospheric nitrate
5'%0 values being found in the colder months and
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Fig. 30.2 Seasonal variation in 8'%0 values of atmospheric
nitrate collected from mid latitude and polar region sites. Indi-
vidual data sets show that atmospheric nitrate 5'0 values are
usually elevated in the winter months relative to summer. Note
data from Savarino et al. data (green colored circle) is from
Antarctica, where the seasons are out of phase relative to the
northern hemisphere. Black symbols are data produced using the
thermal reduction of nitrate by graphite in quartz tube. Color

lower values in the warmer months. Studies conducted
at high latitudes (Morin et al. 2007; Savarino et al.
2006; Spoelstra et al. 2001) also show that atmo-
spheric nitrate had elevated 5'*0 values relative to
the mid-latitudes. Nitrate 5'%0 values (Fig. 30.2) in
precipitation collected in the Catskill Mountains of
New York (Burns and Kendall 2002), the Loch Vale
watershed, Colorado (Campbell et al. 2002), and
Brush Brook, Vermont (Hales et al. 2007), tended to
be lower than the 8'®0 values at other mid-latitude
sites including Bermuda (Hastings et al. 2003), La
Jolla, California, (Michalski et al. 2003), the North-
eastern United States (Elliott et al. 2009), coastal sites
(Michalski et al. 2003; Patris et al. 2007) and from
aerosols over the Atlantic ocean (Morin et al. 2009).
The former studies utilized the graphite reduction
method (Silva et al. 2000) whereas the latter studies
used either the denitrifier (Casciotti et al. 2002) or the
AgNO; thermal decomposition method (Michalski
et al. 2002). It is probable that the studies with lower
8'®0 values suffer from the oxygen exchange analyti-
cal bias that leads to a decrease in the nitrate’s 3'%0

Month

symbol data was obtained either by the silver nitrate decompo-
sition or bacterial reduction methods. Uncertainty for any given
measurement (£0.4) is the size of the data symbols. Data is from
Durka et al.(1994), Morin et al. (2007), Savarino et al. (2006),
Spoelstra et al.(2001), Burns and Kendall (2002), Campbell
et al. (2002), Hales et al.(2007), Hastings et al. (2003),
Michalski et al.(2003), Elliott et al. (2009), Patris et al. (2007),
Morin et al. (2009), and Buda and DeWalle (2009)

value (Michalski et al. 2002; Revesz and Bohlke
2002). However, Xue et al. (2010) demonstrated that
the graphite-AgNO; method produces 3'*0 results
that compare well with those obtained using the deni-
trifier method, suggesting that these low 3'%0 values
may be valid.

The first A0 measurement in atmospheric nitrate
was reported by Michalski et al. (2003). This study
analyzed aerosols collected over a 1 year period from a
coastal urban site in southern California. A seasonal
oscillation in the atmospheric nitrate A'”O values was
observed, ranging from 23%o during the summer/
spring to 31%o in the winter months. This was attrib-
uted to ozone oxidation chemistry during the conver-
sion of NO, into HNO; (see Sects. 30.5 and 30.6).
Subsequent studies of A'’O variation in precipitation
and aerosols (Fig. 30.3) from several mid-latitude loca-
tions showed similar ranges of values (see Fig. 30.3
and references). There are also seasonal trends in
atmospheric nitrate A'’O values. They vary between
a low of 22 and a high 44%o, with the higher values
occurring during colder months, and the low values
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Fig. 30.3 Seasonal trends in the A'’O values of atmospheric
nitrate. Nitrate collected in the southern hemisphere (McCabe
et al. 2007; Savarino et al. 2007) have the opposite phase
relative to northern hemisphere nitrate. Mid-latitude locations
have atmospheric nitrate A'’O values that span 20-30%o

occurring during warmer periods, similar to the 8'*0
seasonal trends (Fig. 30.3). Atmospheric nitrate A'’O
values also vary with latitude: Summit, Greenland
(Kunasek et al. 2008), Alert, Canada (Morin et al.
2008), Dumont d’Urville, Antarctica (Savarino et al.
2006), Northern Ellesmere Island, Canada (Morin
et al. 2007), and the South Pole (McCabe et al. 2007)
all tend to have higher A'’O values relative to the mid-
latitude sites (Michalski et al. 2003; Kaiser et al. 2007,
Morin et al. 2009; Patris et al. 2007). The preponder-
ance of studies in polar regions is due to an abundance
of interest in using isotopes in ice core nitrate as a
proxy for past chemistry/climate change (see Chap. 39
and 40).

The seasonal and spatial trends in atmospheric
nitrate A'’0 and 8'®0 values are intriguing and sug-
gest that there may be some utility in understanding
the underlying mechanisms that cause these trends.
The oxidation of NO, into nitrate is tightly contro-
lled by reactions with ozone (Sect. 30.4), which is
also known to have high A'’O and 3'8O values

(Michalski et al. 2003; Morin et al. 2007; Kaiser et al. 2007,
Patris et al. 2007), while polar regions tend to have higher 3'*0
values and more pronounced seasonal trends. Uncertainty for
any given A'’O measurement (+0.4) is the size of the data
symbols

(Krankowsky et al. 1995; Johnston and Thiemens
1997). Theoretical models have tried to explain
the atmospheric nitrate isotope trends in terms of
isotope mass balance mixing models (Michalski et al
2003; Morin et al. 2007; Alexander et al. 2009; see
Sect. 30.6), where different oxidation pathways uti-
lized unique oxygen sources, including ozone. These
models suggested that oxygen isotopes in atmospheric
nitrate might be used to trace the relative importance
of different oxidation pathways (gas phase vs. aerosol
reactions) under changing environmental conditions
(e.g. polluted, volcanic events, climate change). In
addition, since atmospheric nitrate can be incorporated
into polar ice caps, nitrate oxygen isotopes might
be a new proxy for studying the past oxidation state
of the atmosphere (paleo-atmospheric chemistry; see
Chap. 39). The theory behind these isotope mass bal-
ance models and their ability to reproduce observed
isotopic trends in atmospheric nitrate are discussed in
the remaining sections of this review.
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30.4 Mass Balance Approach to Oxygen
Isotope Variation in Atmospheric
Nitrate

30.4.1 Isotope Mass Balance During
Nitrate Production

When a compound is formed, its isotopic composition
is determined by the isotopic composition of the reac-
tants and kinetic or equilibrium fractionation effects
that occur during the formation process. For oxygen
isotopes, this can be formulated as

618Oprod = Zai 818Oreacti + Z Erxn i (30.3)

6170prod = Zai 817Oreacli + Z érxn i (30.4)
where €., is the temperature dependent kinetic iso-
tope effect (KIE) or equilibrium enrichment factor
(in %o) for the reaction (i), and a; is the mole fraction
of oxygen in the product attained from a given reactant
(i). The sums arise when more than one reactant con-
tributes oxygen to the system (Xa; = 1) and multiple
kinetic steps exist in the reaction mechanism. When
using an isotope mass balance model, for simplifica-
tion, the €.4,; of the reactions are ignored. This simp-
lification is used in modeling atmospheric nitrate
production because few of the oxygen g, relevant
to nitrate production have been measured. This is a
limitation, but as experimental or theoretical determi-
nations of these KIE and equilibrium enrichment fac-
tors become available they can be incorporated into,
and improve, the models.

A similar isotope composition equation can be
derived for A'’O values

A17Oprod = Z qj Al7Oreact + Z A erxni (30.5)

There are relatively few reactions that generate
A'0 values in products from reactants that have iso-
topic compositions on the TFL (Fig. 30.1) i.e. MIF.
The MIF enrichment factor for a given reaction (i) is
noted as Ag..p,; in (30.5). Indeed, ozone formation is
the only known tropospheric reaction that has a major
MIF (Sect. 30.5.1). This leads to the approximation
that, other than ozone production, the £ Ag,, ; = O for
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other atmospheric nitrate production processes and
this approximation has been used in models that pre-
dict the evolution of A'’O signatures in atmospheric
nitrate (Sect. 30.6).

30.4.2 Isotope Mass Balance During
Nitrate Removal

Processes that remove a compound through transport
or reactivity can also change the isotopic composition
of the residual compound. For oxygen isotopes this
can be formulated as

6lgoresidua\l = 618Oinitial - Z Erxn i (306)

A17Oresidual = A17Oinitial - Z ASr)mi (307)
where €., ; is the temperature dependent, kinetic or
equilibrium fractionation factor of a loss process (i).
The loss processes change the isotopic composition of
the initial reservoir in a mass dependent manner and
they often exhibit Rayleigh distillation-type behavior,
where the isotope ratios in the residual reactant change
exponentially as a function of the fraction (f) of the
compound remaining, which is usually a function of
time.

8" Oresiquat = 8" Ohnitiat — &raln[f(t)]  (30.8)

Al7()residual = A17Oinitial - A grxnln[f(t)] (309)

The main loss process for atmospheric nitrate is
removal by wet and dry deposition. To the best of
our knowledge there is no data that has measured the
€xn for either depositional process, which is a serious
limitation when interpreting 8'%0 variations observed
in atmospheric nitrate. The Ag,,, of wet and dry depo-
sition, however, should follow mass dependent isotope
fractionation rules, so Ag.,, ~ 0 can be assumed. This
assumption dictates that nitrate A'’O values are not
impacted by the loss process itself. However, in time-
dependent models, the loss process can influence the
A0 values of nitrate depending on environmental
conditions. This is because evaluating A'’O values in
nitrate during each time step requires incorporating the
nitrate A'’O values from the previous time step. In
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other words, the A'7O,egidual term in the loss equation
(30.9) must be carried over into the isotope mass
balance in the production equation (30.5) at the next
time step:

A" O toraty = X( A Oproq), + (1 —x)( AT0);  (30.10)

where x is the mole fraction of nitrate produced in the
current time step (t) relative to the total amount of
nitrate in the atmosphere. In cases where the loss
processes are ignored, nitrate builds up in the atmo-
sphere and the instantaneous A'’O value produced in
the current time step (A”Opm)l becomes less impor-
tant as x becomes smaller. Such a situation might arise
during dry periods in areas below temperature inver-
sions where both deposition mechanisms are mini-
mized. Conversely, if removal is rapid then the nitrate
A" O values will more closely reflect the current
chemistry because x is large. This situation might
occur during periods of regular precipitation that
would scrub nitrate from the atmosphere. The loss
processes must also be considered in one, two or three
dimensional models. In these models, nitrate produced
in an adjacent grid cell with different chemistry and
isotopic ratios can be transported into the grid cell
under consideration, changing the isotopic composi-
tion of the nitrate depending on nitrate production/
transport ratio.

30.4.3 Oxygen Isotope Mass Balance
During Nitrate Production

Nitrate production is initiated by the oxidation of NO.
The first step is the conversion of NO into NO,, which
can occur by oxidation by either ozone (R1) or peroxy
radicals (R3). The majority of peroxy radicals are
produced when radical species such as H, CHj, and
R (where R is an organic radical), combine with atmo-
spheric O, (R2).

NO + O3 — NO, + 0, (RD)
H(or R) 4+ O, — HO,(or ROO) (R2)
NO +HO,(or ROO*) — NO, + OH (or RO*)  (R3)
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Therefore, in order to use the isotope mass balance
simplification in the NO oxidation step, the 5'%0
and A'O values of tropospheric O; and O, need to
be known, which is discussed in Sects. 30.5.1 and
30.5.4, respectively. More oxidized forms of nitrogen,
NOj; and N,Os, are produced by NO, oxidation via
ozone (R4 and R5). Again, the isotopic mass balance
approximation can be used by assuming no KIE during
the oxidation and having measured or modeled
the isotopic composition of tropospheric ozone
(Sect. 30.5.1)

NO; + 03 — NO3 4+ Oy (R4)

NO, 4+ NO; «— N,Os (R5)

In the final steps of nitric acid formation, two other
oxygen sources enter into the equation, OH radicals
and liquid water. The primary oxidation pathway for
the production of nitric acid is the third body (M)
mediated OH oxidation of NO, (R6). An important
alternative pathway that forms nitric acid is the het-
erogeneous hydrolysis of N,Os on wet aerosol sur-
faces (R8). Finally, a minor but non-trivial pathway
to nitric acid is through hydrogen abstraction by nitrate
radicals (R7). Again, to use an isotope mass balance
approach for predicting isotope variation in nitric acid,
one needs to know how &'®0 and A'7O values in
tropospheric water (Sect. 30.5.2) and OH radicals
(Sect. 30.5.3) vary in space and time.

NO, + OH+ M — HNOs; + M (R6)
NOs3; + VOC — HNOs +R (R7)
N,Os5 + H;0O + surface — 2HNO; (R8)
N2Os + H,0(,) — 2HNO; (R9)

To summarize, in order to predict the isotope com-
position of atmospheric nitrate using a simple isotope
mass balance model, the isotopic composition of tro-
pospheric O3, H,O, OH, and O, need to be known
(measured) or approximated (modeled).
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30.5 Isotopic Composition of Oxygen
Sources that Contribute to Nitrate

30.5.1 Oxygen Isotope Composition
of Tropospheric O3

There is a tremendous amount of published research
on isotope effects that occur during the formation of
ozone (Thiemens et al. 2001; Mauersberger et al.
2003). Ozone formation is initiated when oxygen
atoms are produced either by high energy (E) photons/
electrons (R10) or through NO, photodissociation (see
R16 below). O, molecules react with ground state
oxygen atoms to form an excited ozone complex
(R11) that can either decompose or be stabilized to
ground state O3 (R12) by a third body (M):

O, + E(UV,e*) —-0+4+0 (R10)
0+ 0,; «—— 03" R11)
0" +M — O3 (R12)

The isotopic composition of the product ozone is
characterized by a large enrichment in the heavy iso-
topes 'O and "®O (relative to '°0), when compared to
the O, reactant (Thiemens and Heidenreich 1983;
Mauersberger et al. 2001). As mentioned before, not
only are the heavy isotopes more abundant, but there is
a large MIF (Thiemens and Heidenreich 1983).

Many theoretical attempts have been made to
understand the basic principle behind the large MIF
associated with ozone formation (Heidenreich and
Thiemens 1983; Valentini 1987; Gellene 1996; Gao
and Marcus 2001). The most successful is the theory
of Hathorn, Gao and Marcus, which uses a modified
version of the Rice—Ramsperger—Kassel-Marcus
(RRKM) theory of unimolecular decomposition to
treat reaction R11 (Gao and Marcus 2001; Hathorn
and Marcus 1999; Hathorn and Marcus 2000). Ozone
formation is visualized to be a time-dependent compe-
tition between unimolecular decomposition (R11) and
the collisional stabilization of O3*(R12). If energy can
be shared among the vibrational-rotational modes of
the O5* complex, its lifetime is extended and therefore
more O; is formed. It has been suggested that the
asymmetric ozone isotopomers, with heavy isotopes
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at the terminal position, dissociate (R11) slower than
symmetric isotopomers due to a larger number of
symmetry-allowed mode couplings. Therefore asym-
metric ozone, regardless which minor isotope breaks
the symmetry, have higher formation rates relative to
symmetric species (i.e. '°0'°0'°0). This leads to the
equal enrichment of '’O and '®0 in the product ozone.

This theoretical model implies that the MIF is
driven by a symmetry effect. This would suggest that
the non-zero A'’O resides only in the molecules of
type OOQ (asymmetric) and not in type OQO (sym-
metric), where Q is either 7O or '®0. Any enrichment
observed in the symmetrical molecules (like OQO)
should follow the mass dependent fractionation rela-
tionship. Three experiments have been conducted to
test this hypothesis by studying chemical systems where
ozone reacts through its terminal position atom: ozone
reacting on solid silver foil (Bhattacharya et al. 2008),
with NO(g (Savarino et al. 2008), and nitrite in solu-
tion (Michalski and Bhattacharya 2009). If the bulk
ozone A'’0 anomaly resides only in the terminal posi-
tion then by mass balance:

A"0(terminal) = 1.5+ A" O(bulk) (30.11)
as the central atom would only dilute the anomaly. The
isotopic composition of the oxygen atom transferred
during these reactions would therefore have A'’O
1.5 times the initial ozone if this hypothesis is true.
In all three experiments the expected factor of 1.5 is
observed (Fig. 30.4) within the uncertainty of the
experiments. There are some small discrepancies that
need additional investigation, but in general the
hypothesis of the anomalous '’O enrichment residing
in the terminal atoms appears to be valid. This is
important in the nitrate mass balance models because
NO oxidation by Os via its terminal atom (R1) would
be different if the anomaly were evenly distributed
across all oxygen atoms in ozone.

The isotope effects generated during ozone forma-
tion have been investigated under a number of condi-
tions. Experiments using either electrical discharge or
UV radiation generate product ozone with 8'%0 and
A'0 values in the range of 70—120%o and 32-45%o
respectively (relative to the initial O,). This variation
is the result of different pressure and temperature
conditions under which the ozone is formed. Experi-
ments examining the pressure dependency (Guenther
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Fig. 30.4 Experiments that assess the terminal atom enrich-
ment in ozone. If the symmetry hypothesis is correct then the
terminal atoms should be enriched by a factor of 1.5 relative to
the bulk. The terminal enrichment coefficients are 1.63 + 0.33
(Bhattacharya et al. 2008), 1.59 £ 0.39 (Savarino et al. 2008),
and 1.49 + 0.06 (Michalski and Bhattacharya 2009)

et al. 2000; Thiemens and Jackson 1990) showed that
both the 3'®0 and the A'”O enrichments in ozone dec-
rease with increasing pressure (Fig. 30.5) and disap-
pear at very high pressures (Thiemens and Jackson
1990). The experimental pressure dependence of
ozone’s 80 and A'O values (at 321 K) can be fitted
to an equation in P (pressure in the range 50-800 torr).
For pressures typical of the troposphere (500-800 torr),
a regression of data reported in Morton et al. (1990)
yields the pressure-dependency equation (8180(0Z0ne)
relative to the initial O,):

80 grone) = —0.03Pyry + 112.4 (30.12)

The ozone &'0 temperature dependency (at
50 torr), can also be found by regressing Morton
et al.’s data:

8" 0(oz0ne) = 0.52T(K) — 45 (30.13)

Calculating the expected 8'®0 value for ozone in
the troposphere, which has variable temperature and
pressure, requires corrections based on these equa-
tions. Since the reference temperature for the pressure
experiments in Morton et al. was 321 K (far higher
than the average surface temperature), (30.12) is mod-
ified for the temperature difference using 0.52+(T(K)—
321). In addition, the enrichments determined by
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Fig. 30.5 Temperature and pressure dependence of A0 (solid
square) and 31%0 (open diamond) values generated during
ozone production. Data was reproduced by averaging data
from Guenther et al. (2000), Thiemens and Jackson (1990),
and Morton et al. (1990)

Morton et al. were relative to the initial O, composi-
tion. In the atmosphere where air O, is +23.4%o rela-
tive to V-SMOW (Barkan and Luz 2003), an
additional standard correction factor (8g3.vsmow =

e T Sair-vsmow ' + 68'/1,000) is applied to the
fitted data when using V-SMOW as the reference
point yielding:

8" 0(oz0ne) = (—0.028Por + 134.8)

+[0.52+(T(k) — 321)] (30.14)

Using (30.14) and pressure/temperature estimates
from the North American Regional Reanalysis
(NARR) dataset (Kalnay et al. 1996), we calculated
the spatial variability of the predicted 3'*0 values of
ozone over the continental US (Fig. 30.6). The pre-
dicted 8"®0 values (80—108%o) span the same range as
those observed in tropospheric ozone collected in
southern California (95—-115%0V-SMOW) by Johnston
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January

Fig. 30.6 Spatial and seasonal variation of
ozone §'®0 variation across the continental
US for January 1 and July 1 of 2001.

The values are calculated using (30.14) and
the NARR temperature and pressure data.
The predicted range of ozone 8'%0 values
is ~28%o and tracks with temperature in
regions with minimal topography and
pressure in mountainous regions

luly

and Thiemens (1997). However, the observed ozone
8'%0 values are always higher (~ 3 —18%o) relative to
those predicted by our P/T model when using temper-
ature and pressures at the California site during col-
lection times. The other tropospheric ozone 'O
dataset collected in Germany (Krankowsky et al.
1995) has ozone values spanning 100 — 130%o, again
higher than our model predictions. One factor for this
discrepancy is that the average surface temperature
and pressure are used to calculate the 8'*0 values in
Fig. 30.6, when average boundary layer temperatures
and pressures may be more appropriate. Another pos-
sibility for the discrepancy is KIE associated with O;
dry deposition or photolysis reactions that may leave
the residual O; enriched (Liang et al 2006). The ozone
8'®0 observations were limited in their spatial and
temporal scope, therefore it is difficult to evaluate
whether extrapolating the laboratory based data to
atmospheric conditions is rigorously reflecting ozone
5'®0 value or if the ozone 8'®*0 measurements are
inaccurate, but in general there is relatively good
agreement between model estimated and observed
tropopsheric ozone §'%0 values.

Temperature (Morton et al. 1990) and pressure data
(Thiemens and Jackson 1990; Guenther et al. 2000)
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88003
g +108.2

-+80.4

was also fitted to assess how A'’O values might vary
in the atmosphere. Fitting these data sets yields pres-
sure (P at constant 321 K) and temperature (T at
constant 50 torr) A'’O equations

A0 = 78.8p 0122 (30.15)

A0 =16.2+40.06 *T(K) (30.16)
Normalizing to the experimental temperature (i.e.
as in (30.14)) gives

A0 = (78.8P7122) £ 0.06 « (T(K) —321)  (30.17)

Using NARR temperature and pressure data and
(30.17) we have estimated the winter and summer
ozone A'70 values over the continental US
(Fig. 30.7). The predicted ozone A'’O values span a
relatively narrow range, from 31 to 35%o, and they
generally follow the seasonal change in temperature,
but low pressure at high altitudes is also a factor
(Fig. 30.7). These predicted values are close to obser-
ved A0 values of ozone collected at the White
Mountain Research Station (27-35.8%o0) but higher
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Fig. 30.7 Modeled ozone A'’O values January

across the US for January 1 and July 1, L

2001. Total variation is less than 5%o and .

mainly correlates with temperature, with : -
lower ozone A'’O values in flat regions and
cooler climates, where surface pressure
varies by only tens of millibars. However,
pressure is clearly a factor in mountainous
regions in the western US, where the A'70
increases with decreasing pressure.

The data is generated using (30.17)

and the mean daily temperature and
pressure from the NARR dataset

than A'”O values of tropospheric ozone sampled from
coastal (20-35.8%o; average 26.4%o, n = 29) and
urban (19-22%o; average 21.2%o, n = 7) sites in
Southern California (Johnston and Thiemens 1997).
The discrepancy between the modeled A'’O values
(Fig. 30.7) and the observations is likely due to the
difficulties encountered using the ozone collection
system, which may lead to isotopic fractionation,
exchange, or contamination. Resolving this discrep-
ancy between predicted 8'%0 and A'’O values of
tropospheric ozone at a given pressure and tempera-
ture is an area of active research.

30.5.2 Oxygen Isotopic Composition
of Tropospheric Water

There is a tremendous amount of data on the isotopic
composition of water in the troposphere, stemming lar-
gely from the efforts of the Global Network of Isotopes
in Precipitation (GNIP) (IAEA/WMO 2006). GNIP and
other organizations at various local levels have com-
piled 5'%0 and 8D values in precipitation across many
sites over the past 40 years (Araguas-Araguas et al.
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2000; Vuille et al. 2005). The GNIP data and spatial
interpolation techniques have been used to model con-
tinuous global spatial variations of water 8'%0 values
(Bowen and Revenaugh 2003). The interpolated data
is available in a number of formats but the Water-
isotopes.org web site (http://wateriso.eas.purdue.edu/
waterisotopes/) is a very user-friendly resource. Com-
plete details of water isotope variations and their use
are detailed in Chap. 33).

Water does not act as an oxidant during the conver-
sion of NOy into nitrate, but it does act as an oxygen
source during several steps in the oxidation scheme.
Therefore, understanding its variation is important for
understanding the variability of A'’O and §'®0 in
nitrate. Water in the troposphere has a A'’O value of
approximately 0 (Meijer and Li 1998), though small
variations of up to 0.08%o have been detected using
high precision techniques (Barkan and Luz 2005;
Uemura et al. 2010). Conversely, tropospheric water
3'80 values are highly variable and are a function of
the source of the water (i.e. oceanic, lake, evapotrans-
piration) and the temperature of evaporation and con-
densation (Gat 1996). The lowest precipitation §'*0
values are found at the poles (—70%o) and highs
(+10%0) are usually found in arid environments.
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Fig. 30.8 Estimated 8'30 values for
precipitation water across the contiguous
United States for January and July of 2001,
based on interpolation (from http://www.
waterisotopes.org)

January

Spatial trends in water isotopes are often addressed in
terms of latitudinal effects, longitudinal effects and
altitude effects (Gat 1996). The interpolated model
of variations in the 8'%0 of precipitation across the
continental US for January and June of 2001 is shown
in Fig. 30.8.

Water can be incorporated into nitrate during NOy
oxidation from both the liquid and gas phase. Liquid
water is incorporated into nitrate when N,Os5 is con-
verted to HNOj; on wetted aerosol surfaces (R8). Since
N,Os is nitric acid anhydrite, this occurs fairly rapidly
(Hallquist et al. 2000; Mentel et al. 1999), although there
are still some uncertainties concerning what role aero-
sol composition plays in the efficiency of N,Os uptake
(Brown et al. 2003). Current models (Alexander et al.
2009; Michalski et al. 2003) assume that there is no
additional exchange between aerosol water and N,Os
during the hydrolysis but this has yet to be shown
experimentally. Once formed, the exchange between
water and nitrate is negligible except under extremely low
pH conditions (Bohlke et al. 2003; Bunton et al. 1952).
The gas phase reaction between H,O,y and N,Os (R9)
is believed to be too slow to be a significant source of
HNOj; (Tuazon et al. 1983; Wahner et al. 1998).

Water in the gas phase can also be incorporated into
nitrate via the NO, reaction with OH (R6). OH can
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exchange with gas phase water (Dubey et al. 1997) and
the 8'®0 of OH will ultimately be dependent on the
3'®0 of water vapor with which it exchanges. Temper-
ature dependent variations in water vapor enrichment
factors, relative to the liquid water, can be fitted by
inverting the experimental data for the temperature
dependent H,O(, «—— H>O(, equilibrium (Horita
and Wesolowski 1994; Majoube 1971)

gg-1 = 1,000In o) = —7.685 + 6.7123(1,000/T)
— 1.6664(10%/T%) + 0.35041(10° /T?)
(30.18)

30.5.3 Oxygen Isotope Composition
of Tropospheric OH

The OH radical is the dominant oxidizer in the atmo-
sphere and is a key oxidizer of NO, because of the gas
phase reaction that leads to nitric acid (R6) with a
rate constant of 2.8 x 107'" cm® molecule ™! s7! (at
300 K, 101 kPa). OH is formed by the production of
O('D) atoms via ozone photolysis that react with water

vapor
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03 +h v (R13)

<315nm

) - 02 + O(]D)

o('D) + H,0 — 20H (R14)

Because of OH’s high reactivity and low steady state
concentration (105—106 molecules cm > ) there are, how-
ever, no direct measurements of its isotopic composition
in the troposphere. By isotope mass conservation (R13
and R14) the isotopic composition of OH should be a
mixture of ozone and tropospheric water vapor. How-
ever, the OH radical is capable of exchanging with water
vapor (R15) with a Arrhenius rate constant of
2.3 x 10~ P exp[(2,100(£250))/T] cm®molecule s
(Dubey et al. 1997). At 300 K this is a relatively slow
reaction (3 x 107 '® cm® molecule ! s_l). However, if
the ratio (p) of the rate of exchange relative to the rate of
reaction with NO, (R6) is high (>10) the exchange
would dominate and equilibrium be essentially
achieved:

p = kR15 [HzO]/kR6 [NOz] (3019)

Under most NO, scenarios (NO, < 1 ppbv) and
water mixing ratios (~0.01), p is on the order of
10'-10°. However, under high NO, (10 ppbv) and/or
low water mixing ratios (5 x 10~ and ~50% relative
humidity at 275 K) the isotope exchange can become
comparable to reactivity rates. But these cases are
rare (Morin et al. 2008); so under most circumstances
it can be approximated that OH achieves equilibrium
with water vapor. This exchange would eliminate any
A0 transfer during reaction R14. This is not true for
the stratosphere or polar regions, where water is at
ppmv levels, and OH may retain its ozone A'’O signa-
ture (Lyons 2001).

Because of this exchange reaction, the 3'*0 values
of OH in the troposphere will be a function of the §'*0

Fig. 30.9 Modeled 5'%0 values of OH for

January 1, 2001. The values are determined B
using modeled water vapor 8'%0 assuming
equilibrium with liquid water (30.18) and
the calculated OH-water equilibrium
fractionation factor (30.20)
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of the water vapor in the air mass and the fractionation
factor for the equilibrium reaction
H'*OH + OH —— H,0+'*OH (R15)
Using observed water isotopologue vibrational
frequencies (Herzberg 1966), the OH vibrational fre-
quency (Dieke and Crosswhite 2010), and the reduced
mass, simple harmonic oscillator approximation, the
reduced partition functions of OH and water isotopo-
logues can be determined as a function of temperature
(Urey 1947). Calculating the isotope enrichment
factor over a tropospheric temperature range of
250-310 K and fitting the data yields a temperature
dependent fractionation factor for OH given by:

£=1,000In o = 0.188T — 99.3 (30.20)

This equation predicts that OH should be depleted
by roughly 44%o relative to atmospheric water vapor at
298 K. Using the 3'®0 of tropospheric water
(Fig. 30.8) and (30.18) and (30.20), the 5'*0 of OH
over the continental US was modeled (Fig. 30.9). Thi-
s estimate of the 5'%0 of OH does not consider any of
the KIE arising during the reactions between OH
and the numerous organic compounds in the atmo-
sphere and should only be taken as a first order approx-
imation.

30.5.4 Oxygen Isotope Composition
of Tropospheric O,

Atmospheric O, is incorporated into nitrate via the
oxidation of NO by peroxy radicals (R3) formed
from O, reactions with H and organic radicals (R2).

mio_m
P -56.1

B 895
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The 8'%0 value of atmospheric oxygen is ~23%o rela-
tive to V-SMOW, a value that is controlled by the
balance between photosynthesis and respiration iso-
tope effects, known as the Dole effect (Dole et al.
1954). Because of its huge abundance and the well-
mixed nature of the troposphere, there is essentially no
spatial or temporal variation in tropospheric O, 3'*0
values. Measurement of the 8'7O value of atmospheric
O, relative to V-SMOW indicates a small negative
A0 value for O, (Luz et al. 2005; Barkan and Luz
2003). This negative anomaly can be explained by
isotopic mass balance when stratospheric oxygen
atoms derived from ozone impart MIF to CO,
(Thiemens et al 1991; Yung et al. 1991).

30.6 Modeling Oxygen Isotope
Variation in Atmospheric Nitrate

30.6.1 Oxygen Isotope Variation in NO,

Atmospheric nitrate is derived from NO, and its oxy-
gen isotope composition is dependent on isotope
effects associated with the NO, cycle. The NO4
cycle is initiated by NO oxidation by ozone, which is
then followed by photolysis of NO, by solar actinic
flux and the subsequent reformation of O3

NO + O3 — NO; + O, (R1)
NO; +hv - NO+ O (R16)
O0+0Q+——0,+Q R17)
O+ 0; «—— 05" (R11)
0y +M — O3 + M (R12)
NO, + O3 — NO; + 0, (R4)
NO; + hv — NO, + O (R18)

During this cycling, isotope exchange between
oxygen atoms and O, is rapid (R17) and this equili-
bration erases any isotope effect that might have car-
ried over from NO, formation or photolysis. During
the O3 formation process, however, large 5'%0 and
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A0 values are generated during the recombination
reaction (Sect. 30.5.1). The transfer of heavy isotopes
from ozone to NO, during R1 leads to a NO,-O3
equilibrium as a quasi steady state balance of
these reactions develops. This has recently been
demonstrated experimentally (Michalski et al. in
preparation).

The dynamics of the NO-Oj; reaction system and
the internal distribution of isotopes in ozone are impor-
tant controls on the isotopic composition of the prod-
uct NO,. As discussed in Sect. 30.5.1 the isotope
anomaly (AY0) and some of the 80 enrichment is
found in the terminal atom of Os, via the so-called
symmetry effect. If NO reacts with ozone through a
terminal atom transition state, as shown by ab initio
calculations (Peiro-Garcia and Nebot-Gil 2002), then
the heavy isotope transfer will be larger than if all
three oxygen atoms in ozone reacted with equal prob-
ability. Savarino et al. (2008) evaluated the fraction-
ation between ozone and NO, during NO oxidation, a
combination of the internal distribution of 'O in
ozone and the KIE of the reaction itself. The experi-
ments conducted at pressures and temperatures typical
of the troposphere showed a 8'*0 correction factor of
0.83 (Savarino et al. 2008). We applied this correction
factor to (30.14), which yields a T-P equation that
predicts the 8'*0 value (V-SMOW) of the oxygen
atom transferred to NO, during NO oxidation:

"8 O rans) = 0.83 % {(—0.028P;orr + 134.8)

+[0.52 « (T(k) — 321)]} (30.21)

The same experiment examined the A'’O transfer
during the oxidation via R1 and showed that the
branching ratio of the reaction for the central atom in
ozone is only 0.08 suggesting that the terminal
abstraction pathway is dominant (Savarino et al.
2008). Using this branching ratio and the terminal
only enrichment hypothesis (30.11) yields a A'’O
value of the oxygen atom transferred from ozone to
NO, during NO oxidation as:

A0 O0No0+0, = 1.5%0.92 % A0 O3 (30.22)

Using the modeled A0 O3(puik) for the continental
US (Fig. 30.7) would yield a typical NO,—O3 equilib-
rium value of ~46%o. A more realistic experiment
recently examined the isotope effect during the full



30 Oxygen Isotope Dynamics of Atmospheric Nitrate and Its Precursor Molecules

NOy equilibrium (Michalski et al. in preparation), and
generated AV0 value in NO, of ~45%o, in excellent
agreement with Savarino et al. (2008).

30.6.2 Box Model Evaluation of A’”0
Variations in Atmospheric Nitrate

Several zero dimensional photochemical box models
have been used to simulate A'’O variations in atmo-
spheric nitrate (Michalski et al. 2003; Morin et al.
2008; Michalski and Xu 2010). The models calculate
how much atmospheric nitrate is produced by reac-
tions R6, R7, and R8. In each of these pathways the
main reactant is NO,, or higher oxides of nitrogen
derived from NO,; therefore, the first step is to assess
NO, A'70 either directly (see Sect. 30.6.1) or calcu-
late it based on the A'’O of ozone and the reaction
dynamics. However, under natural conditions peroxy
radical (ROO) oxidation of NO (R3) is an alternative
mechanism for generating NO,. This pathway can
be significant depending on local concentrations of
organic compounds and NO, (Jaegle et al. 2000). In
the case of ROO, the oxygen atom transferred to NO,
is derived from reactions of organic radicals with O,
(R2) which has a A0 ~0%o (Sect. 30.5.4). Therefore,
one can define an oxidation parameter, ¢, which is the
mole fraction of NO oxidation by ozone relative to
total NO oxidation: ¢ = R1/(R1 + XR3’s). The term
2R3 arises because a number of organo-peroxy and
HO, radicals are capable of oxidizing NO to NO,.
Based on this, the A0 of NO, (AN02) in the tropo-
sphere is estimated to be

AN02<tr0p) = ¢AN02(exp) = ¢Ao3trans (30.23)

where ANOz(exp) is the experimental A0 of NO, in
the NO,—Oj3 equilibrium experiment (Michalski et al.
in preparation) or the A'’O value of the terminal
oxygen atom (P,T dependent) that equilibrates with
NO, (Savarino et al. 2008).

Based on the inspection of reactions R6, R7, and R8
and using the approximation that H,O, O,, and OH all
have A'7O values of ~0%o (see Sect. 30.5), a set of
A0 mass balance equations can be derived
(Michalski et al. 2003):
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AHNO;(7)=203+ (2¢/3), (30.24)
AHNO;(n)="03¢ (2 + 1)/3, (30.25)
AHNO;(p)="03 + (40 + 1)/6, (30.26)

where ¢ is the mole fraction of NO oxidized by Os,
and vy, mn, and ¢ are the mole fractions of HNO;
produced by the reaction pathways R6, R7, and R8
respectively. Predicting A'’O anomalies in atmo-
spheric nitrate (AHNO3) is then a matter of estimating
the A'’O value of O; (or NO,) and calculating the
mole fractions (¢,y,n,¢) using a photochemical kinet-
ics model. A0 values are calculated in each time step
and normalized to the total nitrate produced during the
simulation.

Several box model systems have been used to sim-
ulate atmospheric nitrate A'’O data. The first study
(Michalski et al 2003) utilized a box model for simu-
lating nitrate production in a polluted marine boundary
layer (Yvon et al. 1996). There was reasonably good
agreement between the observed A'’O values of atmo-
spheric nitrate and the predicted values, but during the
spring there were predicted-observed differences of
up to 5%o. This was attributed to the model’s inability
to account for transport of atmospheric nitrate from
neighboring regions by advective flow. Morin et al.
(2008) estimated atmospheric nitrate A'’O values by
adapting CiTTyCAT (Cambridge Transport Trajec-
tory model of Chemistry And Transport), a photo-
chemical box model previously used to examine the
origin of polluted layer in the North Atlantic (Wild
et al. 1996). This model’s predictions agreed reason-
ably well with observed A'”O variations in the Arctic
(Morin et al. 2008). Michalski and Xu (2010) used the
regional atmospheric chemical mechanism (RACM)
(Stockwell et al. 1997) and the A'’O mass balance
approximation (ISO-RACM = isotope RACM) to
assess changes in A'’O over a wide range of atmo-
spheric parameters (Fig. 30.10). Using the terminal
atom O3z + NO reaction mechanism, ISO-RACM pre-
dicts a range A'’O values that is similar to that
observed in the atmosphere (Figs. 30.3 and 30.10).
The simulations also tested the sensitivity of atmo-
spheric nitrate A'’O predictions to a range of atmo-
spheric parameters including temperature, relative
humidity, trace gas concentrations, and surface solar
radiation (actinic flux). Atmospheric nitrate A'’O
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Fig. 30.10 Simulated A'’O values of atmospheric nitrate
under a wide range of simulated atmospheric conditions (NOy,
organic compounds, temperature, humidity, etc.) for June (each
run is a different set of conditions). Recent experiments have
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Fig. 30.11 Variation of atmospheric nitrate A'’O values as a
function of O3 mixing ratios. The graph highlights that by
observing atmospheric nitrate, inferences can be made about
the oxidation state of the atmosphere (i.e. importance of ozone
or peroxy radicals). This highlights the potential for using atmo-
spheric nitrate contained in ice cores as a proxy for changes in
oxidative potential

values were found to be sensitive to actinic flux, with
increased fluxes (longer days during spring/summer)
generating lower A'’O values in agreement with
observed seasonal trends (Fig. 30.3). This effect is
derived from smaller ¢ values with increased sunlight
through increased production of peroxy radicals and
higher vy values driven by the increase of NO, oxida-
tion by OH during sunlight conditions. Atmospheric

10000 12000 14000 16000 18000 200(;6
run

provided new evidence that the “bulk transfer” mechanism is
not likely to be valid but rather it is the terminal mechanism
(Savarino et al. 2008). All observed data (yellow box) fall within
the predicted range when using the terminal mechanism

nitrate A'’O values were also sensitive to concentra-
tion of certain trace gases. While variations in methane
and carbon monoxide mixing ratios had little influence
on predicted A'’O values, the trace gases such as NO,
volatile organic compounds, and ozone clearly influ-
enced the predicted A'’O values by shifting nitrate
production pathways. For example, higher A'’O
values were predicted at higher O3 mixing ratios rela-
tive to low levels (Fig. 30.11).

30.6.3 3D Modeling of Nitrate A’”0
Values

Global variations in atmospheric nitrate A'’O values
were recently modeled using a 3D chemical transport
model GEOS-Chem (Alexander et al. 2009). The
model uses the same simple mass balance approach
discussed above. The GEOS-Chem model does have
the advantage of being able to include vertical and
horizontal transport, and incorporates spatial varia-
tions in surface fluxes of important primary pollutants
such as NO, and VOC'’s, which is a serious limitation
in the box models. Full details of the model resolution,
fluxes, chemistry, etc. can be found in Alexander et al.
(2009).
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Fig. 30.12 Predicted global
A0 values in atmospheric

629

A"O(nitrate) (JJA)

nitrate for boreal summer using
GEOS-Chem 3D chemical
transport model (Alexander

et al. 2009). Clear latitudinal
A"0 variations are simulated
and are the result of a
combination of daylight hours,
peroxy radical oxidation, and
shifts in the relative importance
of nitrate production pathways
R6-R8. Such spatial
heterogeneity of atmospheric
nitrate A'’O values have not
been verified by measurements

The GEOS-Chem model predicts atmospheric
nitrate A'’O values that generally fall within the
range of observations (Fig. 30.12). Globally, A'’O
values range from a low of ~7%o up to a maximum
of 41%o and exhibit a similar seasonal variation (high
in winter, low in summer) as observations (Sect. 30.3).
The model tends to over predict A'’O values in the
mid to high latitudes in winter and underestimates
them in polar regions during the spring and summer.
The model attributes the seasonal A'’O variation in
atmospheric nitrate to changes in the relative amount
of NO oxidized by O; (¢) and seasonal changes in the
relative importance of the N,Os hydrolysis (¢). This
study also supports the hypothesis that change in the
oxygen isotopes in atmospheric nitrate reflects
changes in oxidation chemistry in the atmosphere.

The purpose of both the box model and 3D simula-
tions is to try and rationalize the atmospheric nitrate
A'70 measurements in the context of changes in atmo-
spheric chemistry. Shifts to peroxy radical (R3) and
OH (R6) oxidation will lead to lower A0 values.
This will tend to happen in regions with high volatile
organic carbon emissions and abundant sunlight
(Alexander et al. 2009; Michalski and Xu 2010) such
as the tropics. Conversely, N,O5; (R8) and O3 (R1)

32.2 40.5

[permil]

oxidation push atmospheric nitrate A'’O values
higher. The N,Os reaction is a strong function of
aerosol surface area, aerosol type, limited sunlight
and temperature (at cold temperature the RS equilib-
rium favors N,Os). This reaction would be favored
in the high latitude during winter when it is cold
and dark. Therefore, the objective is to use the isotopes
to understand the chemistry and how that might
change under anthropogenic and natural environmental
perturbations.

Two things are required for the predictions of atmo-
spheric nitrate A'’O models to converge with observa-
tions (1) A detailed understanding of the isotope
effects arising during different steps of NOj
oxidation (2) Confidence in the chemical and biogeo-
chemical mechanisms in the model itself (i.e. reaction
rates, uptake coefficients, emission inventories, mete-
orology etc.). This review has focused on the former
rather than the latter. This is because the model
mechanisms have been extensively dealt with by the
larger atmospheric chemistry community. Conversely,
research on the isotopic effects in the NO,— NO,
system has only recently been developed and the larg-
est error in the predictions is likely to come from the
unknowns in these effects. If these uncertainties in the
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isotope mechanisms can be significantly reduced, then
atmospheric nitrate A'’O values may be a new way of
validating the chemical models themselves.

30.6.4 Modeling 6'20 Values
in Atmospheric Nitrate

Modeling §'®0O values in atmospheric nitrate is more
challenging relative to A'’O models for two reasons.
First, unlike Ag in the A'7O case, the KIE/equilibrium
enrichment factors (¢£) may be significant for the mass
dependent reactions occurring during NO, oxidation
(i.e. R1-R6), but they are largely unknown. Second,
the other oxygen sources (water, OH) that contribute
to atmospheric nitrate have variable 3'®0 values. This
is unlike the A'’O modeling where all oxygen sources
other than ozone are assumed to have a A'’O value ~0.
Variability of the 5'%0 of water affects atmospheric
nitrate isotopic composition both directly (R8) and
indirectly (R6), adding complexity, because water
8'®0 values vary significantly in time and space.
Global 3D models simulating 5'%0 of precipitation
from first principles (i.e. Rayleigh distillations, tem-
perature effects, equilibrium fractionations) are chal-
lenging tasks in and of themselves.

Recently, however, a relatively simple modeling
approach has been used to predict 8'*0 values in
atmospheric nitrate (Mase 2010). Similar to the A0
model, the isotope mass balance simplification was
used and the unknown €’s were ignored. However,
the equilibrium enrichment factors between liquid
water and vapor (30.18) and OH and water vapor
(30.20) were taken into account. The atmospheric
nitrate 3'*0 mass balance equations, which are analo-
gous to the A'’O mass balance, are given as:

3BONO, = ¢ 8005+ (1 — ¢) 8800, (30.27)

3'*0ONO;(y) = §"*ONO,(2/3)+1/3 §"*O0H
(30.28)

3"BOHNO; (1) =2/35"*0N0, +1/358"%00;
(30.29)

G. Michalski et al.

S'BOHNO; () = 4/6 '8 ONO, +1/6 58005
+ 1/6 5180H20hq
(30.30)

The 3'%0 of liquid water was taken from interpola-
tion of the GNIP data set (Fig. 30.5). The derivation of
the 8'%0 of O; and OH is discussed in Sects. 30.5.1
and 30.5.3 respectively. The temperature and pressure
data was obtained from the NARR data set. For a
given location, the daily average ¢, v, 1, and ¢ are
calculated using ISO-RACM.

As an example, Fig. 30.13 shows the 8'%0 values of
atmospheric nitrate for January and June, 2001. In
these two cases, we fixed parameters ¢, v, 1, and ¢
at values of 0.95, 0.65, 0.3, and 0.05 respectively. This
shows that 8'%0 variations are driven by factors other
than simply the changes in NO, oxidation pathways.
These factors are spatial changes in 3'*0 of the water
and temperature that impact the 8'%0 of the equilib-
rium water, and thus OH §'%0 (Figs. 30.8 and 30.9),
and the 8'®0 of ozone (Fig. 30.6). Clearly this isotope
mass balance approach has some limitations, primarily
through the use of daily average oxidation parameters
(instead of an hourly time step), average temperatures,
monthly resolution on the 8'%0 of water and ignoring
KIEs. The model predicts that atmospheric nitrate
3'®0 values over North America would seasonally
span ~25%o, with lower values occurring in the winter.
This agrees with the seasonal trends for a given dataset
in Fig. 30.2, but the absolute values are lower than
observations by ~10—-20%o. This is primarily due to the
very negative 5'%0 values assigned to OH that is based
for HO—OH equilibrium (Fig. 30.9). It is likely that
the highly reactive OH is isotopically enriched by KIE
during the oxidation of reduced compounds in the
atmosphere.

In addition, exchange reactions between NOy and
OH (Zahn et al. 2006) may be important and increases
OH’s 3'"®0 and A'’O values over what would be
expected based on water-OH equilibrium.

This approach to modeling atmospheric nitrate
830 values is crude, but it is also a first step. The
model show that while the variations in atmospheric
nitrate A'’O values are driven almost exclusively by
shifts in chemical pathways, the 8'®0 variability is
likely a function of both chemistry, the 5'0 of local
water in the atmosphere, and temperature. Why might
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Fig. 30.13 Simulated 5'%0 values

of atmospheric nitrate for January and
July 1, 2001 for the continental US. Values
are calculated using methods described

in the text

July

modeling 3'®0 values in atmospheric nitrate be use-
ful? If this can be done accurately it can be a way of
estimating the 8'%0 in atmospheric nitrate deposition
over extended areas and timeframes. This data could
be used as the atmospheric nitrate component in end
member isotopic mixing models that try to use nitrate
3"80 values as a tracer of different N sources in water-
sheds (see Burns and Kendall 2002; Campbell et al.
2002). In addition, it might be a secondary constraint
on oxidation chemistry that could be used in conjunc-
tion with the A'7O values. In particular, the incorpora-
tion of water, whose 8'®0 values are highly variable in
space and time, may be a way of tracing the impor-
tance of the N,O5 oxidation pathway.

30.7 Future Directions

There is a tremendous amount of science still needed
for interpreting isotopic variation in atmospheric
nitrate, but the potential outcomes will be well worth
the effort. The first and foremost need is an expanded
observational data set. Given the potential use of oxy-
gen isotopes in the atmospheric nitrate system (under-
standing chemical pathways, the feedbacks between
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climate and chemistry), the lack of data is surprising.
This is largely due to limitations of the dual inlet
methods that require relatively large amount of nitrate
(Sect. 30.2). With new continuous flow techniques,
this limitation has been lifted, which opens the way
for wider spatial and better temporal measurements of
both 8'%0 and A'”0 in atmospheric nitrate. Since the
models predict strong A'’O variations under different
chemical and meteorological conditions, the potential
for verifying and improving the predictive capability
of the models relies on observations from a wide range
of environments. Data that compares urban vs. rural,
high aerosol vs. low aerosol environments, different
forested ecosystems where volatile organic emissions
are high (deciduous, evergreen, tropical rainforest),
latitudinal and longitudinal gradients, ocean vs. conti-
nental, and diurnal/hourly variability are just a few
examples. Assessing isotope variation in the different
phases (Elliott et al. 2009) of atmospheric nitrate
(HNOg3(y), particulate nitrate and dissolved NO3™)
and in different aerosol sizes would also be helpful
for both understanding the fundamental chemical pro-
cesses that form atmospheric nitrate and its isotopic
variability.

Additional experiments investigating isotope
effects in the NO,—nitrate system are also needed.
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Assessing the dependence of ozone’s A'’O and §'0
values on changes in temperature and pressure are
primary in this regard. Direct determination of isotope
effects in NO, through experiments, instead of infer-
ences using ozone data and reaction dynamics, would
help to reduce uncertainties. Whether water contri-
butes only one oxygen atom during N,Os hydrolysis
or if additional exchange occurs also needs to be
addressed. An experimental investigation of the iso-
tope effect of HO, formation and subsequent NO
oxidation is important because current models assume
any associated A'’O effect to be negligible. In order to
interpret polar region data, the transfer coefficients and
gas phase exchange reactions of oxidized halogens
(BrO,, CIO,) need to be determined. There is almost
no experimental data on some of the key mass depen-
dent processes that might influence 8'*0 and 8'°N in
atmospheric nitrate. It is likely that the temperature
sensitive  NH4NOjz; <—— HNO; + NH; equilibrium
will have a significant mass dependent effect, which
should be determined experimentally.

A number of advances in the modeling approaches
that try to simulate atmospheric nitrate oxygen isotope
variations are also possible. Nitrate’s short atmo-
spheric lifetime and sensitivity to local scale trace
gas concentrations would suggest that higher resolu-
tion 3D regional models would do a better job of
simulating data. Adapting regional modeling plat-
forms such as CMAQ or WRF-Chem to the atmo-
spheric nitrate problem would be very beneficial. The
models also must be kept up to date with new data
from experimental work as discussed above. Incor-
porating equilibrium and KIE into model chemistry
mechanisms for a more robust simulation of 3'0 and
8'°N variability would be an ambitious, long-term
goal. This would require experimental and theoretical
determination of a large number of KIE and photolysis
effects that are quite challenging.
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