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A B S T R A C T

Deposition of atmospheric nitrate (NO3
−) in precipitation can be an important source of reactive nitrogen (N) to

ecosystems, particularly in regions with high nitrogen oxide (NOx = nitric oxide (NO)+nitrogen dioxide (NO2))
emissions. However, high resolution deposition data are lacking for most systems. We conducted hourly pre-
cipitation sampling across six growing season storms in a forested area historically subjected to some of the
highest levels of chronic N deposition in the United States. To characterize the influence of electricity generating
unit (EGU), vehicle, and biogenic NOx emissions on NO3

− deposition, we calculated the total NOx emitted from
these sources within a 100 km radius of air mass back trajectories determined for Fernow Experimental Forest
(West Virginia, USA). We combined these emissions estimates with established 15N isotope values for NOx

sources in a three end-member mixing model to predict source-based δ15N values of deposition reaching the
study site on an hourly basis. To evaluate the effect of NOx oxidation pathways on measured δ15N-NO3

- values,
we compared observed hourly isotope values to a coupled δ15N and Δ17O array representing N isotope exchange
between atmospheric oxidized N molecules. Within individual events, δ15N, δ18O, and Δ17O values ranged by as
much as 19.5‰, 28.9‰, and 13.8‰, respectively. This extreme short-term isotopic variability suggests a dy-
namic mix of NOx sources, oxidation pathways, and fractionation processes contributing to HNO3 formation.
During every storm, precipitation δ15N-NO3

- values were lower than those expected to result from predominant
HNO3 formation pathways or oxidation of estimated NOx emissions along back trajectories, suggesting a sys-
tematic underestimation of NOx contributions to atmospheric HNO3 formation from isotopically depleted soil
emissions. Together, these analyses represent the most comprehensive assessment to date relating high temporal
resolution δ15N-NO3

- observations to NOx emission sources, oxidation chemistry, and isotopic fractionation ef-
fects. We present the first observations of extreme intra-storm δ15N, δ18O, and Δ17O variability, emphasizing the
need for improved constraints on soil NOx emissions, forest canopy effects, and their role in atmospheric NO3

−

deposition and isotope dynamics in forests.

1. Introduction

Nitrogen deposition, in the form of wet and dry deposition of both
oxidized and reduced N, is a source of nutrient loading to terrestrial and
aquatic ecosystems, and chronically elevated rates of atmospheric N
deposition have contributed to the degradation of ecosystem function
worldwide (Driscoll et al., 2001; Grennfelt and Hultberg, 1986;
Vitousek et al., 1997; Warby et al., 2009). Despite substantial reduc-
tions in NOx emission rates across the U.S. in recent decades (De Gouw
et al., 2014; Kim et al., 2006)— particularly from stationary emission
sources such as electricity-generating units (EGUs)— oxidized forms of
N still represent the dominant form of N deposition in the eastern U.S.
(Schwede et al., 2018; Sun et al., 2016). Additional anthropogenic
sources of atmospheric N include vehicles and fertilizer emissions,

while lightning and biogenic soil emissions serve as natural sources of
NOx in the atmosphere.

Atmospheric NO3
− is formed via complex cycling of nitrogen oxides

(NOx = nitric oxide (NO) + nitrogen dioxide (NO2)) emitted from
anthropogenic and natural sources. Once emitted, NOx cycles between
NO and NO2 via the oxidation of NO by O3 (Reaction 1) or peroxy
radicals (HO2 and RO2) (Reaction 2) to form NO2 and the daytime
photolysis of NO2 back to NO (Reaction 3) (Fig. 1). This interaction
between NO and NO2 occurs so rapidly under normal atmospheric
conditions that a photochemical stationary state of NOx is established
within a few minutes during the day (Vicars et al., 2013).

+ +NO O NO O3 2 2 Reaction (1)

+ +NO RO or HO NO RO or OH( ) ( )2 2 2 Reaction (2)
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+ +NO hv NO O P( )2
3 Reaction (3)

+NO OH HNO2 3 Reaction (4)

+ +NO O NO O2 3 3 2 Reaction (5)

+NO NO M N O2 3 2 5 Reaction (6)

+N O H O aerosol HNO2 aq2 5 2 3( ) Reaction (7)

+ +NO RH HNO R3 3 Reaction (8)

NO2 is removed from the atmosphere through oxidation and dry
deposition to surfaces. During the daytime, NO2 is oxidized by the
hydroxyl radical (OH), forming HNO3 (Reaction 4) (hereafter, referred
to as the HNO3(1) pathway). When the photochemical production of
OH ceases during the nighttime, NO2 is primarily oxidized by O3 to
produce the nitrate radical (NO3) (Reaction 5), which exists at thermal
equilibrium with NO2 and dinitrogen pentoxide (N2O5) (Reaction 6).
Subsequent heterogeneous hydrolysis of N2O5 on the surface of aerosol
particles forms HNO3 (Reaction 7) (hereafter, referred to as the
HNO3(2) pathway). Nighttime HNO3 may also form through hydrogen
abstraction from hydrocarbons (RH) by NO3 (Reaction 8) (hereafter,
referred to as the HNO3(3) pathway). Due to the different HNO3 for-
mation pathways, the lifetime of NOx against conversion to atmospheric
NO3

− in the boundary layer varies from a few hours (mid-to-high la-
titudes in summer, primarily via the OH pathway) to ∼3 days (high
latitudes in winter, primarily via the N2O5 pathway) (Levy et al., 1999),
whereas the lifetime of atmospheric NO3

−, mainly controlled by dry
and wet deposition, is on the order of days to weeks (Finlayson-Pitts
and Pitts Jr, 1999).

Being the product of the reactions among NOx, O3, and free radicals,
atmospheric NO3

− is well-suited to probe sources and processes driving
the atmospheric NOx cycle, especially through its stable isotope com-
position (Elliott et al., 2019, 2009; 2007; Felix et al., 2015; Felix and
Elliott, 2013; Hastings et al., 2003; Heaton, 1990; Walters et al., 2018).
In particular, given the finding that the isotopic compositions of major
NOx sources are relatively distinct, the N isotopic composition (denoted
as δ15N) of atmospheric NO3

− has great potential for characterizing
and quantifying NOx source contributions to the atmospheric NO3

−

pool. For example, δ15N-NOx values for EGUs range from +10.5‰ to
+19.8‰ and are dependent on emission controls employed (selective
catalytic reduction, selective non-catalytic reduction, low NOx burners)
(Felix et al., 2012). In comparison, δ15N-NOx values for vehicle sources
range from −19.1‰ to +10.0‰, with the lowest isotope values and
highest NOx concentrations associated with cold engine conditions
(Ammann et al., 1999; Felix and Elliott, 2014; Miller et al., 2017;
Redling et al., 2013; Walters et al., 2015). δ15N-NOx of biogenic soil
emissions has much lower values than those reported for fossil fuel NOx

sources, ranging from −59.8‰ to −19.9‰ (Felix and Elliott, 2014,
2013; Li and Wang, 2008; Yu and Elliott, 2017).

δ15N of atmospheric NO3
− also carries valuable information about

the chemical processes driving the conversion of NOx to atmospheric
NO3

− and their associated kinetic and equilibrium isotope effects. For
example, previous work suggests that isotopic exchange between NO
and NO2 might alter δ15N-NO2 values relative to δ15N-NOx (Freyer
et al., 1993; Walters et al., 2016), which may then propagate to the
δ15N value of atmospheric NO3

− (Savarino et al., 2013) (Fig. 1).
Moreover, N isotope exchange processes involving NO2, NO3, and N2O5,
the precursors in the three HNO3 formation pathways (Fig. 1), have
been recently investigated by Walters and Michalski (2015) and Walters
et al. (2016), lending both theoretical and experimental support to the
importance of these N isotope effects on δ15N values of atmospheric
NO3

−. Based on these calculations, δ15N-NO3 and δ15N-N2O5 are sig-
nificantly lower and higher than δ15N-NO2, respectively, under isotopic
equilibrium conditions, suggesting that atmospheric NO3

− produced
from the three formation pathways is potentially distinguishable by its
δ15N signature (Walters and Michalski, 2015). However, while the
sensitivity of δ15N-NO3

- to atmospheric oxidation reactions may be
useful in elucidating the transformation of NOx to HNO3, it may com-
plicate the use of δ15N-NO3

- in source partitioning of NOx emissions.
Therefore, to fully understand the mechanisms underlying δ15N-NO3

-

and its spatiotemporal variability, a more comprehensive assessment
that relates δ15N-NO3

- to both NOx emission sources and chemistry ef-
fects is needed.

Importantly, oxygen isotopes (δ18O and δ17O) of atmospheric NO3
−

can be used as an independent constraint on the oxidation pathways
that control NOx conversion to NO3

− (Alexander et al., 2009; Hastings
et al., 2003; Michalski et al., 2003). The distinctive 17O-excess (Δ17O,
defined as Δ17O= δ17O–0.52× δ18O in this study (Thiemens, 2006)) of
atmospheric NO3

− is a particularly useful isotopic fingerprint of NOx

transformations (Alexander et al., 2009; Michalski et al., 2014; Morin
et al., 2009; Savarino et al., 2007; Vicars et al., 2013). The unique
power of Δ17O-NO3

- stems from mass-independent fractionation during
O3 formation in the atmosphere, which results in an excess of 17O over
what is expected based on the abundance of 18O in atmospheric O3

(Thiemens, 2006). This Δ17O signature of O3 is transferred to NOx

during oxidation reactions, enabling the Δ17O signature of atmospheric
NO3

− to serve as a marker of the influence of O3 in its chemical for-
mation (Michalski et al., 2003; Alexander et al., 2009; Morin et al.,
2011). For example, nighttime reactions involving NO3 and N2O5 lead
to the formation of atmospheric NO3

− with a relatively high Δ17O in-
herited from O3; conversely, the daytime production of NO3

− leads to a
lesser Δ17O transfer as the photochemically produced radicals (OH,
HO2, RO2) involved in the NOx cycle possess negligible 17O-excess
(Michalski et al., 2003; Alexander et al., 2009; Morin et al., 2011). This
disproportionality in Δ17O transfer provides a unique approach for
tracing atmospheric NO3

− formation pathways, potentially filling some
of the gaps in our understanding of N isotope fractionations during NOx

oxidation to HNO3 (Fig. 1). However, few studies to date have coupled
Δ17O with δ15N of atmospheric NO3

− to examine the sources and
processes driving the NOx cycle and formation of atmospheric NO3

−.

Fig. 1. Chemistry leading to formation of atmospheric nitrate (black text and arrows) and corresponding N isotope exchange equilibrium (blue arrows and text) and
Δ17O transfer from O3 to nitrate (red text). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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While several previous studies have characterized NOx emission and
NO3

− deposition dynamics on weekly, monthly, seasonal, annual, and
longer time scales using δ15N and δ18O of atmospheric NO3

− (Elliott
et al., 2009, 2007; Felix and Elliott, 2014, 2013; Freyer, 1991; Hastings
et al., 2003; Proemse et al., 2012; Redling et al., 2013), much less at-
tention has focused on these dynamics at short time scales (e.g., diur-
nally and during individual storm events). Historically, this was likely
due to sample mass requirements for isotopic analysis using combustion
of silver nitrate (Kendall et al., 2007). For example, using this older
method, Buda and DeWalle (2009) reported significant intra-storm
variability in the δ15N and δ18O of NO3

− during six storms in central
Pennsylvania. During these events, within-storm isotopic ranges of up
to 8.8‰ and 30.0‰ were reported for δ15N and δ18O, respectively. The
large range of values was attributed to changing air mass back trajec-
tories and atmospheric oxidation chemistry during storms. However,
the variability in δ18O values may also reflect analytical artifacts of the
silver nitrate method used to analyze precipitation samples in the Buda
and DeWalle (2009) study; this method is susceptible to sample con-
tamination effects that yield abnormally low δ18O values in the atmo-
spheric endmember (Revesz and Böhlke, 2002). More recently, Felix
et al. (2015) attributed the highly variable δ15N and δ18O of NO3

−

values observed in sequential rainfall samples collected during Hurri-
cane Irene (26–27 August 2011) to variations in NOx source contribu-
tions along air mass back trajectories during that extreme rainfall event.

In this study, we present the results of triple NO3
− isotope (δ15N,

δ18O, and Δ17O) analyses of sequential precipitation samples collected
approximately hourly during six growing season storm events at
Fernow Experimental Forest (West Virginia, USA). We combine ana-
lyses of δ15N, δ18O, and Δ17O to explore possible factors contributing to
the highly variable isotopic composition of hourly precipitation NO3

−

collected in a densely forested mountainous setting during six growing
season rainfall events. We use triple NO3

− isotopes to assess the in-
fluence of variable NOx source contributions, atmospheric oxidation
pathways, and fractionation processes during NOx conversion to NO3

−

on the short-term isotopic variability of precipitation NO3
−.

2. Methods

2.1. Study site

This study was conducted at the USDA Forest Service Fernow
Experimental Forest near Parsons, West Virginia USA (39°05′ N, 79°40’
W, 733m asl; Fig. 2). Fernow is located in the Allegheny Mountains
portion of West Virginia, where the annual average precipitation of
1450mm is evenly distributed throughout the year (Kochenderfer,
2007). Mean monthly temperatures at Fernow range from −18.0 °C in
January to +20.6 °C in July (Kochenderfer, 2007). During 2010, NO3

−

comprised approximately 60% of total inorganic wet N deposition
(NO3

− + NH4
+) at Fernow, and particulate N deposition

(HNO3 + NO3
−+ NH4

+) as measured by the EPA Clean Air Status and
Trends Network (CASTNET) was approximately 25% of total wet N
deposition (AMEC Environment & Infrastructure, Inc. (AMEC)., 2012;
National Atmospheric Deposition Program, 2011).

2.2. Sample collection

We collected a total of 51 hourly precipitation samples during six
storms in July and September 2010 (Table 1). Samples were collected in
a small clearing adjacent to forested experimental watersheds WS3,
WS4, and WS5 (Fig. 2). Precipitation was collected using two rectan-
gular plastic containers (total area=0.48m2) arranged in series and
angled slightly downslope, with a hole drilled into the downslope
corner. Intercepted precipitation drained into a 1 L sample bottle po-
sitioned beneath the downslope container. The suction tube of an au-
tomated sequential sampler (Teledyne ISCO, Inc.) was secured to the
bottom of the sample bottle and once per hour, the autosampler

collected all accumulated precipitation. Immediately prior to each
storm, the plastic containers, sample bottles, and all autosampler bot-
tles were triple-rinsed with 18MΩ water. On 16 September, the first
precipitation sample was collected approximately four hours after
rainfall onset. Due to low precipitation intensities at the beginning of
the 11 and 26 September events, the first samples for these storms re-
present a composite of all precipitation since the onset of rainfall. All
precipitation samples were processed at the U.S. Forest Service Timber
and Watershed Laboratory in Parsons, WV within 24 h. Samples were
vacuum-filtered through 0.22 μm polyethersulfone (PES) membrane
filters to remove suspended solids and biological material. All samples
were frozen within 24 h after collection and transported to the Uni-
versity of Pittsburgh where they remained frozen until further analysis.

During periods of rainfall exceeding 2.1 mmh−1, some precipitation
may have overflowed the sample bottle. This threshold of rainfall in-
tensity was exceeded for 14 of the 51 samples collected during the
study. However, the possibility of some sample loss during the study
does not alter our overall conclusions. For example, we observed sub-
stantial changes in isotopic composition between consecutive samples
collected during periods of precipitation intensity well below the
2.1 mmh−1 threshold.

2.3. Isotopic analysis

Sample NO2
− and NO3

− concentrations were measured with ion
chromatography (Dionex ICS-2000). Nitrite concentrations were lower
than the instrument detection limit of 0.01 ppm in all samples except
one collected during the 26 September event and another collected
during the 30 September event. Nitrite was not removed from these
samples prior to isotopic analysis; we observed no significant deviations
in the patterns of δ18O-NO3

- values during these events. For isotopic
analysis, we used the bacterial denitrifier method, in which the deni-
trifying bacteria Pseudomonas aureofaciens was used to convert aqueous
NO3

− into gaseous N2O which was then introduced into the mass
spectrometer (Casciotti et al., 2002; Sigman et al., 2001). For Δ17O
analysis, the N2O was thermally decomposed to N2 and O2 in a gold
tube at 800 °C prior to isotopic analysis (Kaiser et al., 2007). Duplicate
samples were analyzed for δ15N, δ18O, and Δ17O of NO3

− on an Iso-
prime Trace Gas and Gilson GX-271 autosampler coupled with an

Fig. 2. Map of precipitation sampling site (denoted by star) and adjacent wa-
tersheds within the larger boundary of Fernow Experimental Forest (FEF). The
black dot on the inset map shows the location of FEF in West Virginia, USA.
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Isoprime Continuous Flow Isotope Ratio Mass Spectrometer (CF-IRMS)
at the Regional Stable Isotope Laboratory for Earth and Environmental
Science at the University of Pittsburgh. Isotope values are reported in
parts per thousand relative to the international N (atmospheric N2) and
O (Vienna Standard Mean Ocean Water) isotope standards as follows:

= ×N O and O
R

R
, , (‰) 1 1000sample

standard

15 18 17

(1)

where R= 15N/14N, 18O/16O, or 17O/16O. The mass-independent
oxygen isotope anomaly of NO3

− (Δ17O-NO3
-) is likewise reported in

parts per thousand and calculated as (Michalski et al., 2003; Thiemens,
2006):

= ×O O O(‰) 0.5217 17 18 (2)

Samples with low NO3
− concentrations were pre-concentrated prior

to bacterial conversion to N2O. Pre-concentration was accomplished by
determining the sample volume necessary to obtain a final concentra-
tion of 20 nmol (for δ15N and δ18O analysis) or 200 nmol (for Δ17O
analysis) in a 5mL sample. Appropriate sample volumes were measured
into 10% hydrochloric acid-washed Pyrex or Teflon beakers and placed
in a drying oven at 60 °C until all liquid was evaporated. The interior of
each beaker was then rinsed with 10mL of 18MΩ water to reconstitute
duplicate samples to the appropriate concentration. Of the 51 pre-
cipitation samples collected during this sampling campaign, 8 samples
required pre-concentration prior to δ15N and δ18O analysis; there was
insufficient sample volume to pre-concentrate these samples for Δ17O
analysis. Due to the higher concentration requirements for Δ17O ana-
lysis, 30 precipitation samples with sufficient sample volume required
pre-concentration prior to Δ17O analysis. We note that the heating
temperature used in the pre-concentration step has the potential to
evaporate ammonium nitrate (NH4NO3) that may have been present in
precipitation samples. However, it is not likely that this affected the
isotope values of pre-concentrated samples in this study based on sev-
eral lines of evidence. First, sample peak heights during isotopic ana-
lysis were as expected, suggesting little or no NO3

− loss during pre-
concentration. Secondly, we followed the identical treatment principle
(Carter and Fry, 2013) and the resulting isotope values of pre-con-
centrated isotopic standards were not significantly different than un-
concentrated standards. Thirdly, the relatively acidic pH values (range:
4.61–4.99) in wet deposition and high sulfate (SO4

2−) concentrations
compared to reduced N concentrations in bulk wet and dry deposition
samples collected weekly (or bi-weekly for ammonia (NH3)) during the
study period at an NADP and CASTNET sampling site 2 km from our
study site (AMEC Environment & Infrastructure, Inc. (AMEC)., 2012;
National Atmospheric Deposition Program, 2011) indicate that SO4

2−

and NO3
− were likely not fully neutralized in precipitation. As NH3

reacts preferentially with SO4
2− (Behera and Sharma, 2010; Baek et al.,

2004), NH4NO3 concentrations are assumed to be small when NH3

concentrations are low relative to SO4
2− (Seinfeld and Pandis, 2006).

Thus, although the potential for NH4NO3 evaporation during sample
pre-concentration exists, our results suggest that this mechanism was
not a major factor influencing the isotope values of pre-concentrated
samples, nor can it explain the extreme variability in isotope values
across the entire dataset. More detailed discussion of wet and dry bulk
deposition chemistry and the potential for NH4NO3 evaporation is
presented in Table S1 and associated text in the Supplementary In-
formation. Pre-concentrated samples were prepared for isotopic ana-
lysis following the bacterial denitrifier method as previously described.
δ15N and δ18O values were corrected using international reference
standards USGS-32, USGS-34, USGS-35, and IAEA-N3; USGS-34 and
USGS-35 were used to correct Δ17O values. These standards were also
used to correct for linearity and instrument drift. Standard deviations
for international reference standards were 0.2‰, 0.5‰, and 0.2‰ for
δ15N, δ18O, and Δ17O, respectively.

In atmospheric NO3
− samples with positive Δ17O values,Ta
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contributions of 14N14N17O to the m/z 45 signal can result in over-
estimation of δ15N values by ∼1–2‰ (Coplen et al., 2004). Corrections
for mass-independent 14N14N17O contributions to m/z 45 were eval-
uated following the relationship described in Coplen et al. (2004) where
a 1‰ increase in δ15N corresponds to an 18.8‰ increase in Δ17O.
Corrected δ15N values were 0.6‰–1.6‰ lower than uncorrected va-
lues, depending on the mass-independent contribution of Δ17O in the
sample. Because this correction factor is small relative to the range of
precipitation δ15N values observed and because we could not apply the
correction to samples lacking Δ17O data, the δ15N values presented here
do not include the mass-independent Δ17O correction. However, given
that the magnitude of δ15N variability exceeds that of the correction by
a factor of ∼12, omission of the mass-independent Δ17O correction
does not significantly bias the patterns in δ15N values and our inter-
pretation of intra-storm isotope dynamics.

2.4. Quantifying hourly NOx emission sources along back trajectories

To characterize the influence of EGU, vehicle, and biogenic NOx

emissions on NO3
− deposition, we used the National Oceanographic

and Atmospheric Administration (NOAA) Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model to calculate a 24-h
back trajectory for each hourly precipitation sample collected during
storm events (i.e., 51 back trajectories for 51 samples; Fig. 3 and Fig.
S1). We chose a back trajectory duration of 24 h because it approx-
imates the lifetime of NOx in the near-surface troposphere (Alexander
et al., 2009; Lamsal et al., 2010; Munger et al., 1998; Seinfeld and
Pandis, 2006). Back trajectories were calculated at 500m above ground
level using the Eta Data Assimilation System (EDAS, 40 km resolution).

For each hourly position along a 24-h air mass back trajectory, total
NOx emissions (tons per hour) within a 100 km radius were calculated
for three dominant NOx sources: EGUs, vehicles, and biogenic soil
emissions. These sources were estimated to contribute 32, 60, and 6%,
respectively, to the U.S. National Emission Inventory (NEI) in 2011
(U.S. Environmental Protection Agency, 2011). A radius of 100 km was
chosen based on a prior evaluation of the relationship between bi-
monthly δ15N-NO3

- values and EGU NOx emissions summed within
varying radial source areas of National Atmospheric Deposition Pro-
gram monitoring sites across the Northeastern and Midwestern U.S.
(Elliott et al., 2007). Total NOx emissions for vehicle and biogenic
sources were quantified at the county level as this was the finest spatial
scale of available data. To calculate hourly biogenic and vehicle (on-
road and off-road) NOx emissions, we used modeled county-level esti-
mates from the US EPA 2008 NEI (U.S. Environmental Protection
Agency, 2008). We used estimates only for the months of July and
September, assuming uniform hourly rates of biogenic and vehicle NOx

emissions county-wide. For EGUs, continuously measured, hourly NOx

emissions reported by individual units to the U.S. EPA are incorporated
into the U.S. EPA Air Markets Program database (U.S. Environmental
Protection Agency, 2015). We extracted hourly, unit level NOx emis-
sions for EGUs located within the 100 km buffer of individual hourly
back trajectories for each of the six storm events. Only EGUs with NOx

emissions occurring at the time the projected air mass passed over the
area were included in our calculations.

We further combined the estimated NOx emissions from EGUs, ve-
hicles, and soils with previously characterized δ15N signatures of these
three NOx sources to estimate a representative δ15N source signal for
each hourly back trajectory. Based on a compilation of recent ob-
servations of δ15N-NOx source signatures (Elliott et al., 2019), we used
15 ± 5‰ (mean ± 1 standard deviation), −3±5‰, and
−36 ± 11‰ for NOx emitted from EGUs, vehicles, and soils, respec-
tively. Therefore, the δ15N-NOx source signature for each 24-h back
trajectory was estimated by multiplying the mean δ15N values of the
three emission sources by their estimated fractional contributions.

2.5. Evaluation of NOx oxidation pathways and fractionation effects

To evaluate NOx oxidation pathways and their effects on measured
δ15N-NO3

- values, we used a coupled δ15N and Δ17O array, similar to
the one based on δ15N and δ18O of atmospheric HNO3 proposed by
Walters and Michalski (2016). This δ15N-Δ17O array is based on the
current understanding of N isotope exchange between atmospheric
oxidized N molecules (Freyer, 1991; Walters and Michalski, 2016) and
transfer of the mass-independent Δ17O-O3 signal (Alexander et al.,
2009; Michalski et al., 2003; Morin et al., 2011) during conversion of
NOx to atmospheric NO3

− (Fig. 1).
During the daytime, NOx exists as both NO and NO2 due to emission

of NO and NO2 photolysis (Vicars et al., 2013). Therefore, daytime
δ15N-NO2 values will likely reflect a complex function of the δ15N-NOx

and the N isotope partitioning between NO and NO2 (Freyer et al.,
1993; Walters and Michalski, 2015). Because the kinetic isotope effects
associated with photochemical cycling of NOx (Reactions 1, 2, and 3)
and NO2 oxidation by OH (Reaction 4) are currently unconstrained, we
neglect these potential effects here and relate the δ15N of atmospheric
NO3

− produced via the HNO3(1) pathway to δ15N-NOx as the following:

= =
+

+
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N HNO (1) N NO 1000
[( 1)(1 )]
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N NO

15
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15
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NO2/NO NO2
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15

NO2/NO NO2
15
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where fNO2 is the fraction of NO2 relative to the total NOx (i.e. [NO2]/
[NOx]), and 15αNO2/NO is the temperature-dependent N equilibrium
isotopic fractionation factor for NO2/NO. During the nighttime when
most NOx exists as NO2 due to the absence of photochemical reactions,
isotopic equilibrium between NO2, NO3, and N2O5 is likely to be

Fig. 3. Example 24-h back trajectory as determined by the NOAA HYSPLIT
model. The starting point for all back trajectories was Fernow Experimental
Forest (yellow star), and black dots represent hourly time steps along the
modeled back trajectory. Larger gray circles show the 100 km buffer extent
around each time step. County-level grayscale shading shows example biogenic
NOx emissions used to calculate biogenic source contributions along back tra-
jectories; similar county-level data was also used for vehicle NOx source
quantification (not shown). Red circles show example EGU locations and
emissions magnitude within 100 km buffer areas. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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achieved mirroring its rapid chemical equilibrium (Reaction 6) (Freyer,
1991; Walters et al., 2016). Because the tropospheric concentrations of
[NO2]»[NO3]»[N2O5], the δ15N values of N2O5 and NO3 should reflect
the equilibrium isotopic fractionation factors relative to NO2 (i.e.,
15αN2O5/NO2 and 15αNO3/NO2) (Walters and Michalski, 2015). Therefore,
δ15N of atmospheric NO3

− produced from the HNO3(2) and HNO3(3)
pathways can be related to δ15N-NOx through δ15N-N2O5 and δ15N-NO3

(Equations (4) and (5)), respectively (again neglecting currently un-
constrained potential kinetic isotope fractionations associated with
Reactions 7 and 8).
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Calculation of Δ17O of atmospheric NO3
− produced from the three

pathways is fundamentally based on the assumption that NOx, O3, and
RO2/HO2 reach an isotopic equilibrium during both the daytime and
nighttime (e.g. at dusk) (Alexander et al., 2009; Michalski et al., 2003).
Accordingly, the Δ17O value of NO2 is determined at equilibrium by the
relative production rate of NO2 via reaction of NO with O3 (Reaction 1)
to the total NO2 production (Reactions 1 and 2) (fO3) and the mass-
independent Δ17O signal transferred from O3 during Reaction 1 (Δ17O-
O3*):

= fO NO O O17
2 O3

17
3
* (6)

Importantly, Δ17O-O3* is not equal to the bulk Δ17O value of an O3

molecule (Δ17O-O3), but can be approximated as 1.5×Δ17O-O3 be-
cause of the isotopic asymmetry of O3 combined with preferential
transfer of the terminal oxygen atom from O3 to NO during oxidation
(Michalski and Bhattacharya, 2009). Therefore, the Δ17O values of at-
mospheric NO3

− produced from the three pathways can be calculated
according to its involvement with O3:
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The Δ17O-HNO3 values calculated according to Equations (7)–(9)
implicitly assume that atmospheric OH, HO2, and RO2 have negligible
Δ17O signals (< 2‰) (Alexander et al., 2009; Michalski et al., 2003).

To parameterize the described δ15N-Δ17O array for evaluation of the
NOx oxidation pathways and their effects on the measured δ15N-NO3

-

values, the estimated source δ15N-NOx signatures for each hourly back
trajectory (see above) were averaged for each precipitation event, and
this event-specific δ15N-NOx signal was used in Equations (3)–(5) to
estimate the δ15N values of atmospheric NO3

− produced from the three
pathways. It is further assumed that the daytime (Equation (3)) and
nighttime (Equations (4) and (5)) fNO2 values range from 0.7 to 1 and
0.85 to 1, respectively, broadly consistent with observations conducted
in the midwestern and northeastern United States (e.g., Buda and
DeWalle, 2009; Walters et al., 2018). To estimate the Δ17O-HNO3 va-
lues for the three pathways, the daytime (Equation (7)) and nighttime

(Equations (8) and (9)) fO3 values were set to range between 0.2 to 1
and 0.9 to 1, respectively, consistent with the results of a global Δ17O-
NO3

- transport model (Alexander et al., 2009). We used a range of
Δ17O-O3 values, from 25 to 35‰ (corresponding to Δ17O-O3* ranging
from 37.5 to 52.5‰), generally found in the literature (Morin et al.,
2011), for calculation of the Δ17O-NO3

- endmembers. Given the above
parameterization, Fig. 4 illustrates the possible ranges of δ15N and Δ17O
values of HNO3 produced from the three pathways, assuming a δ15N-
NOx signature of 12 ± 5‰, typical of locations dominated by EGU
NOx emissions.

As can be seen in Fig. 4, although the key parameters driving iso-
topic fractionations and Δ17O transfer during NOx conversion to HNO3

(i.e., fNO2, fO3, and Δ17O-O3*) were allowed to vary over wide ranges,
HNO3 produced from the three pathways is relatively distinct in the
δ15N-Δ17O space.

3. Results

3.1. Storm event 24-hour back trajectories

EGUs were the largest source of NOx along 24-h air mass back tra-
jectories for all rainfall events (Table S2). Integrated over each 24-h
back trajectory, EGU NOx accounted for 69–98% of total NOx emissions,
while vehicle and biogenic emissions comprised 1–30% and 0.2–2% of
total NOx emissions, respectively. Given that EGUs were consistently
the dominant NOx source, predicted δ15N-NOx values closely resembled
that of an EGU NOx source signature, ranging from 11‰ to 14‰, with
little temporal variation within each precipitation event (Fig. S2).

3.2. Precipitation nitrate concentrations

Across all storms, precipitation NO3
− concentrations ranged from

0.01 to 2.77mg L−1 (Table 1, Fig. 5). Storms differed in duration and
pattern of precipitation input (Fig. 5), including short, intense down-
pours (16 and 30 September) and moderate, steady rainfall (11 and 26
September), but precipitation intensity measured at the study site was

Fig. 4. Predicted δ15N-Δ17O compositions for the three major HNO3 production
pathways based on N isotope exchange and transfer of the mass-independent
Δ17O signal during NOx oxidation to HNO3. The dots and lines denote the
predicted δ15N-Δ17O compositions of HNO3 as a function of fNO2 and fO3 by
assuming a δ15N-NOx=12‰ and a Δ17O-O3= 30‰. The gray shaded areas
denote the possible ranges of δ15N-Δ17O compositions of HNO3 that account for
assigned variations in δ15N-NOx (7–17‰) and Δ17O-O3 (25–35‰).
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not correlated with NO3
− concentration. Nitrate concentrations did

decrease sharply during periods of high intensity precipitation on 16
September and 30 September, although the correlation between these
variables was not statistically significant during either storm (p > 0.1
on both dates).

3.3. Triple isotopes of precipitation nitrate

The range of δ15N-NO3
- values across all precipitation events was

−12.4 to +14.0‰ (Table 1), with large intra-storm variations in δ15N
values during some events (Fig. 5). For example, δ15N values increased
by nearly 16‰ over two hours on 9 July and by 12‰ over three hours
on 30 Sept (Fig. 5). The temporal patterns in δ15N also differed among
storms. On 9 July and 26 September, values were low at the beginning
of the storm, increased during the middle, then decreased toward the
end. Conversely, δ15N values during the 30 September event were in-
itially high, but decreased sharply within a few hours, and then

increased again shortly thereafter. δ15N values during the 11 and 16
September events showed only minor intra-storm variability. Compared
to the predicted δ15N-NOx source signatures, the measured δ15N values
in precipitation NO3

− were lower for nearly every sample (Fig. S2).
While some of the measured δ15N-NO3

- values were close to the pre-
dicted δ15N-NOx source signatures on 9 July, 26 September, and 30
September, a relatively consistent offset of about 14‰ between the
measured δ15N-NO3

- and the predicted δ15N-NOx was observed on 11
September, 16 September, and 28 September (Fig. S2). Hourly δ15N
values showed significant positive relationships with total EGU NOx

emissions during the 9 July (R2= 0.67, p= 0.01), 16 September
(R2= 0.67, p=0.04), and 30 September (R2=0.47, p= 0.003)
storms, whereas δ15N values were not significantly related to total
biogenic or vehicle NOx emissions during any storm.

Across all storms, δ18O-NO3
- values ranged from +43.0‰ to

+84.3‰ (Table 1). As with δ15N-NO3
-, intra-storm δ18O-NO3

- values
were highly variable and storms showed differing temporal patterns in

Fig. 5. Intra-storm variation in nitrate concentration, precipitation intensity, δ15N, δ18O, and Δ17O of nitrate during six storms at Fernow Experimental Forest. The
enlarged symbol in each series denotes the first sample collected during a storm; note that the 9 July and 26 Sept storms began in the evening and ended on the
following day.
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δ18O-NO3
- values (Fig. 5). For example, on 9 July, δ18O-NO3

- values
were lowest at the beginning of the event and increased sharply toward
the end of the storm. In contrast, δ18O-NO3

- values were highest in the
first samples collected on 26 September and decreased sharply at the
end of that event (Fig. 5).

The temporal patterns in Δ17O-NO3
- were generally similar to those

observed for δ18O-NO3
- (Fig. 5), where Δ17O-NO3

- values ranged from
+11.2‰ to +30.6‰ across all events (Table 1) and were highly
variable during individual storms. For example, Δ17O-NO3

- values on 9
July increased by 9‰ over a two-hour period, whereas during the 11
and 16 September events, Δ17O-NO3

- values decreased by approxi-
mately 9‰ over a two-hour period (Fig. 5).

The measured δ15N-NO3
- and Δ17O-NO3

- values for each storm were
plotted within the δ15N-Δ17O array parameterized using the predicted
δ15N-NOx source signatures specific to each storm (Fig. 6). Within the
δ15N-Δ17O array, measured Δ17O-NO3

- values for all events generally
coincided with the Δ17O-NO3

- range characteristic of the daytime
HNO3(1) pathway with a fO3 value ranging approximately from 1 to 0.4
(Fig. 6). On 9 July, 26 September, 28 September, and 30 September,
some of the measured δ15N-NO3

- values either plot within the range
characteristic of the HNO3(1) pathway or represent a mixture of
HNO3(1) and HNO3(3) pathways (Fig. 6). However, the measured δ15N-
NO3

- values on 11 September and 16 September lie to the left (lower
δ15N) of the δ15N-Δ17O space that accounts for variability in both NOx

emission sources and chemistry effects (Fig. 6).

4. Discussion

The high degree of isotopic variability within individual storm
events was surprising; to our knowledge, this is the first study to

demonstrate such extreme variability in δ15N, δ18O, and Δ17O over
short time scales (Fig. 5). Moreover, the observed δ15N-NO3

- values
were generally much lower than the predicted source δ15N-NOx based
on the back-trajectory analysis (Fig. 6 and S2). Below we consider
several factors related to isotopic fractionations during atmospheric
NO3

− formation as well as dynamic NOx source effects that may have
contributed to the highly variable and often low δ15N values of pre-
cipitation NO3

− we observed during storm events.

4.1. Isotopic fractionations during atmospheric NO3− formation

Isotopic fractionations during NOx oxidation processes in the at-
mosphere may alter the δ15N and δ18O values of atmospheric NO3

−

from the original NOx source isotopic signatures. Once NO is emitted
and partially oxidized to NO2 in the atmosphere, distribution of N
isotopes between NO and NO2 is controlled by an isotopic exchange
equilibrium, which has recently been experimentally confirmed to have
a large isotope effect (ԑeq(NO2/NO)= 37‰ at 298 K) (Walters et al.,
2016). As a result, when NO and NO2 exist in comparable concentra-
tions, 15N is preferentially partitioned into NO2 if N isotopic equili-
brium is achieved, leading to higher δ15N-NO2 relative to δ15N-NO and
δ15N-NOx (Freyer et al., 1993; Walters et al., 2016). Moreover, equili-
brium N isotope exchange between NO2, NO3, and N2O5— the sub-
strates for atmospheric HNO3 production— was recently investigated
using theoretical calculations by Walters and Michalski (2015). Based
on these calculations, δ15N-NO3 and δ15N-N2O5 are significantly lower
(e.g., by 9‰ at 298 K) and higher (e.g., by 26‰ at 298 K), respectively,
than δ15N-NO2 if N isotopic equilibrium is achieved (Fig. 1). These
calculated equilibrium isotope effects have been recently applied to
correct the isotopic fractionations of NOx during HNO3 production for

Fig. 6. The measured δ15N-NO3
- and Δ17O-NO3

- values (open circles) for each of the six storm events compared to the predicted δ15N-Δ17O compositions for the three
major HNO3 production pathways. The gray shaded areas denote the possible ranges of δ15N-Δ17O compositions of HNO3 calculated using event-specific δ15N-NOx

source signatures and a range of fNO2 and fO3 values (see Fig. 4 and text for more details). The dashed lines denote mixing among the three HNO3 pathways and
represent the border of the predicted δ15N-Δ17O space.
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source partitioning of particulate NO3
− deposition using δ18O-NO3

- as
an independent tracer of the HNO3 production pathways (Chang et al.,
2018; Zong et al., 2017).

In this study, the oxidation processes were constrained using the
simultaneously measured Δ17O of precipitation NO3

−. As shown in
Fig. 1, during atmospheric NO oxidation to NO2, the Δ17O value of NO2

is determined by fO3 (Morin et al., 2011) and Δ17O-O3
∗, which has been

experimentally quantified to range between 40‰ and 45‰ (Morin
et al., 2011; Savarino et al., 2008; Vicars and Savarino, 2014). This
Δ17O-NO2 signal is further transferred to atmospheric NO3

− along the
three HNO3 formation pathways that involve O3 to different extents and
thus have distinct Δ17O transfer functions constrained by the oxygen
mass balance (Fig. 1; Equations (7)–(9)). Therefore, Δ17O-NO3

- is a
more robust tracer of the HNO3 production pathways than δ18O-NO3

-

because it is not altered by mass-dependent equilibrium and kinetic
isotope effects during atmospheric reactions (Michalski et al., 2003). As
shown in Fig. 6, although the measured Δ17O-NO3

- values within each
precipitation event were temporally variable, the range of these values
points to the daytime HNO3(1) pathway (Reaction 4) as the dominant
pathway for NOx conversion to NO3

−. This is consistent with previous
Δ17O-NO3

--based deposition studies demonstrating that atmospheric
NO3

− is mainly formed through the HNO3(1) pathway during summer
in temperate areas (Alexander et al., 2009; Michalski et al., 2003).

However, while the observed Δ17O-NO3
- values point to the

HNO3(1) pathway as the dominant source of precipitation NO3
−, most

of the measured δ15N values shown in Fig. 6 fall outside the space
bounded by the three HNO3 formation pathways, suggesting that the
high degree of variability in observed δ15N-NO3

- values cannot be fully
explained by the back trajectory δ15N-NOx source signatures and/or
equilibrium isotope effects associated with HNO3 production. Im-
portantly, kinetic isotope effects associated with NOx oxidation and
HNO3 formation pathways are not included in the proposed δ15N-Δ17O
array because the magnitudes of these isotope effects remain poorly
constrained. Using ab initio calculations, Walters and Michalski (2016)
reported that the oxidation of NO to NO2 via O3 is associated with a
kinetic N isotope effect (ɛk(NO2/NO)) of −7‰ (at 298 K), indicating that
the produced NO2 from Reaction 1 and, subsequently, NO3

− produced
from the HNO3(1) pathway may have a δ15N value lower than NO and
total NOx. Thus, to some extent the δ15N of NO3

− produced from the
HNO3(1) pathway likely depends on atmospheric conditions (e.g.,
temperature, radiation, and oxidant availability) that determine the
limiting step during photochemical NOx oxidation (Freyer et al., 1993;
Walters et al., 2016) and may be lower than the predicted δ15N-HNO3

value based on the equilibrium isotope effects alone. Moreover, the
final step in NO3

− formation in the HNO3(1) pathways (Reaction 4; i.e.,
NO2 + OH) may also be associated with potentially numerous kinetic
isotope effects, depending on whether the HNO3 product behaves as a
permanent sink for NO2 (e.g., via infiltration of wet-deposited HNO3

into the soil) or, alternatively, undergoes post-depositional photo-
chemically-mediated “renoxification” (Ndour et al., 2009; Reed et al.,
2017; Zhou et al., 2003). Freyer (1991) suggested the conversion of
NO2 to HNO3 would have a kinetic isotope effect of approximately
−3‰ based on diffusion rates of 15NO2 relative to 14NO2. While further
theoretical and experimental constraints are needed to confirm this
assumed kinetic isotope effect and also to quantify the potential influ-
ence of renoxification processes on the overall kinetic isotope effects
associated with this reaction, this early work emphasizes the potentially
important role of Reaction 4 in controlling δ15N of NO3

− produced
from the HNO3(1) pathway, beyond the N isotopic partitioning between
NO and NO2.

Nevertheless, although kinetic isotope effects may systematically
shift the δ15N-NO3

- values from δ15N-NOx source signatures, it is un-
likely that these would result in the high degree of variability we ob-
served in δ15N-NO3

- values within individual precipitation events. For
example, on 9 July, δ15N-NO3

- values varied up to 16‰ over 2 h (Fig. 5;
Fig. S2). Such large short-term variation in δ15N-NO3

- cannot be

explained by the anticipated kinetic isotope effects (i.e., 3–7‰), even
assuming that these kinetic isotope effects were fully expressed during
the NOx-to-HNO3 conversion. Furthermore, except for the 28 Sep-
tember event, when δ15N values decreased significantly with increasing
precipitation intensity (R2=0.82; p= 0.0049), precipitation intensity
at Fernow was not significantly correlated with NO3

− concentration,
δ15N, δ18O, or Δ17O during any storm. This absence of significant cor-
relation suggests that kinetic fractionation effects resulting from phy-
sical processes during storms (e.g., rainout and washout) might have
only a minor impact on the measured δ15N-NO3

- values. Therefore, we
conclude that although interpreting precipitation NO3

− using the pro-
posed δ15N-Δ17O provides unique insights into the atmospheric NO3

−

formation pathways, considering only the chemically- and physically-
driven N isotopic fractionations is insufficient to fully resolve the low
values and extreme variability of δ15N-NO3

- measured during in-
dividual storm events.

4.2. Dynamic source effects on triple isotopes of precipitation NO3−

Previous studies of δ15N measured in atmospheric NO3
− have as-

sumed that the N isotopic compositions of NOx sources are retained
during oxidation to NO3

− or, alternatively, that equilibrium and kinetic
isotope effects that might alter δ15N-NOx values during oxidation re-
actions are smaller than the differences in δ15N values among NOx

sources (Elliott et al., 2009, 2007; Felix et al., 2015; Freyer, 1991;
Hastings et al., 2003; Walters et al., 2018). Thus, δ15N has been con-
sidered a viable tracer of NOx source contributions to atmospheric
NO3

−; the positive linear relationships between total EGU NOx emis-
sions and δ15N-NO3

- values in precipitation measured during some
storms support this idea. However, the δ15N-NO3

- values we measured
in precipitation are generally lower than the predicted δ15N-NOx values
based on back trajectory source contributions by up to 22‰ (Fig. 6 and
S2). Given that these lower δ15N-NO3

- values cannot be fully explained
by the equilibrium and kinetic isotope effects associated with the NOx-
to-HNO3 conversion (see above), they may suggest a missing source
contribution during the back trajectory analysis.

The low δ15N-NO3
- values measured during precipitation events

may be attributable to the spatio-temporal scale of the NEI emissions
data for vehicle and biogenic sources used in this study. Estimates of
total hourly NOx from these sources were calculated from modeled
monthly values aggregated to the county-level; these estimates may be
too spatially coarse and temporally smoothed to provide adequate es-
timates of NOx emissions from these sources on time scales as short as
individual storms. In contrast, back trajectory EGU emissions data were
based on hourly, unit level NOx emission measurements taken from
individual EGUs, and emissions were temporally and spatially linked
such that only those NOx emissions occurring at the time the projected
air mass was passing over a particular EGU were included in the cal-
culation of total EGU NOx emissions. This discrepancy in the scale of
detailed measurements available for NOx sources may have contributed
to the stronger relationships between δ15N-NO3

- and NOx emissions
observed for EGUs. Improved constraints on the spatio-temporal emis-
sion and deposition dynamics of all NOx sources considered in this
study would facilitate a better understanding of the influence these
factors exert on the isotopic composition of atmospheric NO3

−, parti-
cularly on short time scales. However, prior work on near road de-
position and regional isoscapes has suggested significant N deposition
in near-road environments (Ammann et al., 1999; Cape et al., 2004;
Redling et al., 2013). NOx emitted from vehicle exhaust and biogenic
sources may therefore exhibit different transport and deposition dy-
namics than NOx emitted higher in the boundary layer (e.g., from EGU
stacks), resulting in relatively small contributions of these near-surface
sources to NO3

− deposition in down-wind areas.
Based on these considerations, we therefore suggest that biogenic

NOx pulses from soils and their interaction with the forest canopy may
affect the isotopic composition and temporal variability of precipitation
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δ15N-NO3
- more strongly than previously recognized. Indeed, sub-

stantial plumes of microbial NOx have been observed across a wide
variety of land use types, particularly following soil wetting (Davidson
et al., 2000; Davidson and Kingerlee, 1997; Ghude et al., 2010; Hudman
et al., 2012; Jaeglé et al., 2004; Stark et al., 2002; Zhang et al., 2011).
Due to the low δ15N values of biogenic NOx (−59.8‰ to −19.9‰
(Felix and Elliott, 2013; Li and Wang, 2008; Yu and Elliott, 2017)), even
small contributions from this source could cause large shifts in δ15N-
NO3

- on short time scales. Using a dynamic soil chamber system (Yu and
Elliott, 2017), recently measured the rate and δ15N of soil NO emissions
in an urban soil plot subjected to a 2-week drying period. Upon re-
wetting of the soil with deionized water, pulsed emission of δ15N-de-
pleted NO (−42‰) was triggered and sustained at about
0.1 mgm−2·h−1 over the following 7 h (Yu and Elliott, 2017). Up-
scaling this pulsed NO emission to the 100 km buffer area used in our
study results in a total NOx emission of about 190 tons·d−1. This esti-
mated NO emission is comparable to the total NOx emissions from
EGUs, vehicles, and biogenic sources along 24-h air mass back trajec-
tories for the six storm events (i.e., 18–261 tons·d−1, Table S2). Al-
though in situ measurements would be required to constrain the specific
soil NO emission rates at Fernow, the recent experimental evidence of
(Yu and Elliott, 2017) suggests that soil NO pulses could be large en-
ough in some cases to substantially contribute to the variability in δ15N
values of precipitation NO3

−. Other isotope-based studies have sug-
gested that biogenic NOx may account for as much as 15% of ambient
NO2 measured during the summertime in the midwestern U.S. (Walters
et al., 2018); in contrast, model estimated biogenic NOx emissions along
back trajectories in our study represented only 0.4% of total NOx

emissions across all storms. The coarse scale of NEI-based biogenic NOx

emission estimates used in this study, along with the potential effects of
interactions between soil NOx emissions and the forest canopy (dis-
cussed below), may have led to an underestimation of biogenic source
contributions to total NOx along back trajectories.

The idea of soil NOx emissions as a localized contributor to pre-
cipitation NO3

− at Fernow is also consistent with the range of Δ17O-
NO3

- values we observed. To our knowledge, this study is the first to
report Δ17O-NO3

- values as low as +11.2‰ in precipitation. While such
low Δ17O values have not been widely reported for precipitation NO3

−,
the convergence of several environmental conditions likely present at
our study site may have resulted in the low Δ17O and δ15N values we
observed. First, suppressed O3 production under cloudy conditions
during storms may have reduced NOx oxidation via O3. More im-
portantly, previous work in forested systems has suggested that com-
plex interactions among soil NO emissions, forest canopy surfaces, and
VOCs emitted from vegetation can lead to the accumulation of NO2,
OH, gaseous HNO3, and particulate NO3

− within and below the forest
canopy (Farmer and Cohen, 2008; Ganzeveld et al., 2002; Gao et al.,
1993; Geddes and Murphy, 2014; Makar et al., 2017). The densely-
forested surroundings near our sampling location, combined with the
full canopy leaf-out conditions at the site during the growing season
period, may have facilitated interactions between biogenic NO and
hydroxyl and organo-peroxy radicals, resulting in an accumulation of
gaseous HNO3 and particulate NO3

− with low Δ17O and δ15N values
within and below the forest canopy between rainfall events. This bio-
genically-sourced atmospheric NO3

− could have undergone rapid re-
moval from the atmosphere and from leaf surfaces through below cloud
scavenging processes (i.e., washout) during subsequent rainfall events,
contributing to the low and extremely variable δ15N and Δ17O values
we observed in precipitation NO3

−. This conclusion is consistent with a
previous study adopting a similar high-frequency measurement tech-
nique (Felix et al., 2015). In sequential rainfall samples collected during
Hurricane Irene, Felix et al. (2015) observed the lowest δ15N-NO3

- va-
lues (−5.5‰ and−5.7‰) in samples with a significant terrestrial back
trajectory component; the authors suggested that biogenic NOx emis-
sions may have influenced the isotopic composition of these samples, as

δ15N-NO3
- values were also correlated with high concentrations of the

biogenic compounds acetaldehyde and ethanol in precipitation. It is
also possible that some portion of the HNO3 deposited on leaf surfaces
was photochemically converted to HONO and NO2 via renoxification
during sunlit periods between storm events (Ndour et al., 2009; Reed
et al., 2017; Zhou et al., 2003). The relative importance of such pro-
cesses during rainfall events has not been investigated and their isotopic
effects are also currently unknown; additional work in these areas
would provide critical insight into the interpretation of nitrate isotopic
variability on short time scales.

5. Conclusions and implications

The wide range of Δ17O-NO3
- values encompassed by the pre-

cipitation NO3
− measured during these growing season storms and the

variability in δ15N and δ18O of NO3
− over short time periods demon-

strate the complex nature of atmospheric NO3
− formation and de-

position processes during storm events, and the utility of triple NO3
−

isotopes for understanding these processes. The findings of this study
suggest that while regional EGU NOx emissions are an important source
of atmospheric NO3

− at Fernow, local biogenic NOx emissions as well
as oxidation processes and kinetic and equilibrium fractionation effects
may also play an important— albeit poorly constrained— role in the
isotopic variability of atmospheric NO3

− on short time scales. Given the
extreme isotopic variability observed on hourly time scales in this
study, precipitation sampling conducted over longer time scales (i.e.,
bulk sampling of an entire event or integrated weekly sampling) may be
inadequate to fully characterize the dynamic nature of NOx source
contributions and oxidation processes during atmospheric NO3

− for-
mation. The results of our field-based study are in agreement with
previous field-based studies that have characterized the δ15N and δ18O
isotopic composition of precipitation NO3

− (Buda and DeWalle, 2009;
Felix et al., 2015; Liu et al., 2017) and suggest that our current un-
derstanding of isotopic fractionations during the atmospheric NOx-to-
HNO3 conversion is still incomplete. Future efforts should be dedicated
to constraining kinetic isotope effects associated with various steps of
atmospheric NO3

− formation to better understand how δ15N-NOx

source signatures are altered by atmospheric processes under varying
conditions. Furthermore, our data suggest that biogenic NOx emissions
may play a more important role in determining the N and O isotopic
composition of precipitation NO3

− than previously thought. It is
therefore critical that future work focus on improving the constraints on
biogenic NOx emission and forest canopy effects on NO3

− stable iso-
topes in order to better clarify their roles in atmospheric NO3

− for-
mation and deposition processes.
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