We thank two reviewers for their positive and constructive comments. Our responses to the comments
are provided below. The reviewers’ comments are in bold, our responses in normal text, and changes
made to the manuscript are shown in red italics block quotes. Page and line numbers refer to the first
submission.

Response to Referee #1

Zare et al. present a description of an updated chemical mechanism for organic nitrate chemistry,
focusing on isoprene and monoterpene nitrates. They apply the mechanism to the SOAS campaign
over the US Southeast to explore its agreement with observations and the implications for the
lifetime of RONO2 and impacts on atmospheric NOx removal and recycling. The paper is very
well-thought out, executed, and written. It makes a nice contribution to the literature in this area.
I highly recommend publication in ACP. I have only a couple minor science comments and
questions for the authors to consider at their discretion. I also list separately some editorial /
wording suggestions. Numbering below reflects the page and line numbers.

Science / general comments. ======
The introduction section is very well written and provides a solid background and well-articulated
motivation for the work.

9, 8-20. The discussion here misses the mark a bit. The takeaway one gets from looking at Figure 4
is how flat the entire diurnal cycle is, not just the nighttime data. So “a sharp peak at 320-370 ppt
around 10:00” seems inaccurate when the whole dynamic range only spans 200-370 with quite a
lot of day-to-day variability (based on the error bars). The daytime decline is obscured by the
squished y-axis range of your plot. At the end of the section you give a nice description of the
offsetting effects giving rise to the flatness of the data at night, but in fact these offsetting effects
give rise to the flat diurnal cycle throughout the 24-h cycle, not just at nighttime. Supplemental
Figure S2 shows beautifully how the flat diurnal cycle in fact represents counteracting dynamics
of different nitrate species. I suggest merging Figure S2 with Figure 4 to better illustrate this point
. . . for example with a separate panel, or perhaps by changing the model trace in Figure 4 to a
stacked plot showing contributions from OH, NO3, and second-generation nitrates. The observed
trace for the total could then be overplotted.

We have merged Figures 4 and S2 and have shown contributions from OH-, NO3-initiated and second-
generation organic nitrates as stacked bars in the figure. We have also reduced y-axis range to show the
diurnal variability more clearly, so that maximum values around 10:00 and slow decline through the rest
of the day have become more recognizable. However, we agree with the reviewer, the modeled organic
nitrates at nighttime show more uncertain and higher values than observations which make the peak
harder to distinguish in simulated diurnal variability. That can be due to mismatch in vertical turbulent
mixing in the simulated and actual boundary layers. We have clarified this matter in the text (page 9,

line 4).

We have revised the text as follows:

Page 9, 8-9 “Diurnal cycles of measured and simulated RONO; have a-sharp-peak maximum values at
320 and 370 ppt around 10:00, respectively, with a slow decline through the rest of the day.”
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“Figure 4. Median diurnal cycles of observed (black) and simulated (red) total organic nitrates at
Centreville during the 2013 SOAS campaign. The vertical bars show the interquartile range of the
hourly data. The panel includes the mean of the simulated and observed organic nitrates. Diurnal cycle
of the OH-initiated, NOs-initiated and second-generation organic nitrate concentrations are shown as
the stacked bars.”

12, 1-6, this part is a bit confusing and can be better explained. Do you also need to assume a
separate lifetime for CH2O, or is it assumed to be the same as for RONO2? If you apply the
analysis to the model slope, do you arrive at the (known) actual model nitrate yield, thus
confirming the applicability of the overall approach?

We have added a reference to Perring et al.,that estimated the short lifetime CH:0O, in the text and
described the assumptions more clearly

Page 11, 28-29 “Formaldehyde (CH:0) is another co-product to RONO: and as Perring et al. (2009b)
discussed, the slope of the RONO: /CH:O correlation is related to the ratio of the production of both
species, as both have similar lifetimes (Perring et al., 2009b).

Using the simulated RONO; and CH,O we do not exactly derive the isoprene nitrates yield used in the
model. The text (page 12) discussing the issue is as follows:

Page 12, 2-6 “The slope would imply an OH-initiated isoprene nitrate yield of 12% (Perring et al.,
2009b) if we use a lifetime of 1.7 h at SOAS for RONO:as reported by Romer et al. (2016). This is
nearly identical to the yield used in the mechanism described in this manuscript. However, the
correlation of modeled CH->O and modeled total RONO:has a smaller slope of 0.085. The discrepancy
between the slopes from the simulated and observed data can be attributed to model overestimation of
CH:O (Fig. S5 in the Supplement).”



13, 18, “Organic nitrates should therefore generally be categorized as short-lived NOx reservoirs,
which remove NOx in a plume, but act as a source of NOx in remote regions”. For the purpose of
the ensuing section (3.6) you state that you only consider sinks that remove the nitrate
functionality, and not sinks that merely represent conversion to a different multifunctional nitrate.
But it seems that is not the case for this section (3.5). Is that right? Please clarify. If that’s the case,
isn’t the estimated ~ 3h lifetime an overly-short estimate of the degree to which the RONO; are a

short-lived NOx reservoir?

We derive an ~3hr lifetime of the nitrate functional group to conversion to NOy or HNOs. Some of the
individual first and second generation molecules have longer lifetimes. We have added some detail in
the Supplement as follows to be clearer about our thinking:

“Additional model documentation
Equations

To compute the NOx recycling efficiency (NRE) and RONO; lifetime (Trono2) We use Eq (1) and Eq (2):

NRE = _PWNOX) (1)
Loss(NOx)
__ [RONO2] 2
TrRONOZ = [ ccRon02) (2)

where P (NOx) and Loss (NOx) refer to the re-released NOx due to oxidation and photolysis of RONO,,
and loss of NOx due to the production of RONO,, respectively. Loss (RONQO,) is loss rate of RONO:.
This lifetime does not include reactions that convert one nitrate into a different nitrate. In contrast, to
calculate the lifetime of specific individual molecules we consider all reactions.

A simplified scheme, as an example, provides more detail on the approach used.

Reactants Products species to track rates
BVOC + OH RO2

RO2 + NO a ANI + (1- a) NO2 + a LNOX

ANI + OH/O3/hv y AN2 + (1-y) NO2 + (I- y) PNOXI +LANI
AN2 + OH/hy NO2 + PNOX2 + LAN?

LANI, LAN2, LNOX are used to track insatantanous loss of first- and second-generation RONOZ2 (ANI
and AN2) and NOx at each time step. PNOXI1and PNOX?2 track instantaneous re-released NOx due to
loss of first- and second-generation RONO2. Thus, NOx recycling efficiency and lifetime of first- and
total RONO?2 at each time step are calculated as:

(1 — y) PNOX1 + PNOX2)

NRE =
(a LNOX)




[AN1]
tan1 = (AN

- [AN1] + [AN2]
tRONO2 = (1 )PNOX1 + LANZ)
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Minor technical comments. ======
2, 1: ‘At modest concentrations of NOX’ . . . wording is odd as it suggests that it is only at low NOx
that RO2 react with NO. Perhaps “Even at modest concentrations . . . *

We have modified the sentence as follows:

Page 2, 1-2 “At high and even modest concentrations of NOx, the peroxy radicals react primarily with
N »

3, 27: please also describe the vertical resolution (e.g., number of near-surface levels, etc.).

This comment is in common with Reviewer 2’s comment. We have expanded the text to include more
information about the vertical coordinate.

Page 3, 26-30 “We use WRF-Chem version 3.5.1 (Grell et al., 2005) with a horizontal resolution of 12
km and-30-—verticaltayers over the eastern United States. Our simulation domain is defined on the
Lambert projection, which is centered at 35°N, 87°W and has 290 and 200 grid points in the west—east
and south—north directions, respectively (see Fig. 3 for the horizontal domain). The vertical coordinate
is hybrid sigma-pressure that covers 30 levels from the surface to 100 hPa. Near surface levels follow
terrain and gradually transitions to constant pressure at higher levels. Vertical grid spacing varies with
height such that finer spacing is assigned to the lower atmosphere while coarser vertical spacing is
applied at higher levels. In this analysis, the model predictions are averaged over two lowest model
levels (~25 m) used for comparison with ground-based measurements taken from a 20 m walk-up tower.
The predicted concentrations in boundary layer are described as an average over 8 vertical model
levels with a height (~1000 m) that is comparable with the planetary boundary layer depth at midday at
Southeastern United States in June 2013.”

9, 1: please clarify if r=0.8 is the correlation for the median diurnal cycle or for the whole
timeseries.

This r* shows correlation for the whole time series. We have clarified this as:

Page 9, 1 “Temporal variability in the total organic nitrates for the entire time series is reproduced with
little bias (r’=0.8 and normalized mean bias (NMB) =32%).”

11, 16, “as ozone and total organic nitrates are produced in a common reaction with branches that
yield one or the other” .. .. It seems this is the case only for the OH initiated nitrates, correct?

Correct, We have modified the sentence as follows:



Page 11, 16-17 * During daytime,—as ozone and tetal organic nitrates are produced in a common
reaction with branches that yield one or the other. Therefore, their observed and modeled correlation
provides an additional constraint on our understanding of organic nitrates.”

12, 24, “which causes their concentrations to increase with time in the boundary layer”, not really
increasing with time but rather persisting longer, leading to higher ambient concentrations for a

given source, consider rewording

We have changed the text as follows:

Page 12, 23-25 “This is due to their relatively long lifetime (> 100 h lifetime to oxidation by 14~ 10s

molecules cm-; of OH at 298 K and a similarly long lifetime to deposition (Henry’s law constant of
~]Matm -1 ) Browne et al (20] 4) and references thereln) that causes fkeHLeeﬁeeﬁﬁdaﬁem—Ee—merea&e

them to persist longer in the atmosphere
Figure 9, Consider secondary x and y-axis to clarify that the 1st-gen nitrates are scaled by 0.5.

Done. The figure is revised accordingly.
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“Figure 9: The simulated concentration of 1st- (blue) and 2nd- (red) generation organic nitrates versus
their loss rates during daytime at SOAS. Slopes of the linear fit give their lifetimes. The concentrations
and loss rates of Ist-genration nitrates are divided by 2.”

Wording suggestions. ======

2, 11: missing period

3, 2: perhaps “from the atmosphere”

3, 3: “in simulations of NOx and O3” or “in simulating NOx and O3”

3, 23-25: awkward, run-on sentence 4, 2: “initial conditions”

5, 4: “reacts with OH”

5, 13, “yields of”

5,19, awkward, perhaps “to yield either NOx or second-generation organic nitrates”
8, 24, “at Centreville”

9, 2: “observational mean”, “found to be”

9, 3, “the highest bias in the model median values and variability”

9, 22, suggest “The composition of our model-simulated organic nitrates during . ..”
10, 14, suggest “that suggests a larger fraction of these nitrates is subject to . ..”

10, 21, “isoprene oxidation by NO3”

11, 5, “the contribution from”

11, 6, “from the observations of the measured”

11, 12, “contributes 27% of the total”

11, 13, “the rest of the simulated”

11, 32, “of background CH20”

13, 6, “results in less efficient”

13, 31, “and then estimate”

14, 16, suggest deleting “from each other”

Fig 1 caption, “Re-release”

Figure 3 caption, “for the average”

Figure 4 caption, “includes the mean”

Figure 6, 7, and 9 captions, “during daytime at SOAS” rather than “at daytime during SOAS”
Figure 7 caption, “of background”

Figure 8 caption, “production” and “averaged over the boundary layer”

Figure 9, “Concentrations” should not be capitalized.

Figure 11 caption, “recycling efficiency”

All wording suggestions are applied to the text.



Response to Referee #2

This is a nice paper that looks into details of organic nitrate chemistry, with recent new
understanding on this topic. The authors develop a new mechanism in WRF-Chem model and
compare model simulations to observations in Southeast US during SOAS 2013. They find that
their model is generally in good agreement with observations, assuming organic nitrates is short
lived with a lifetime of 2-3h. The paper is well written. I would recommend publication on ACP
after the following comments are addressed:

1. As organic nitrates are largely driven by biogenic VOC:s, it is important for authors to evaluate
isoprene and monoterpene concentrations in their model. Isoprene and monoterpene
measurements have been shown in Fisher et al. [2016]. I assume that they are available for
comparison.

We have added the requested figure to the Supplement and described it in the text as:

Page 12, 6 “In Fig S5, we also provide additional model evaluation for isoprene and monoterpene
concentrations.”
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“Figure S4: Median diurnal cycles of observed and simulated CH,0, isoprene and monoterpenes at
Centreville during the 2013 SOAS campaign. The vertical bars show the interquartile range of the
hourly data. The panel includes mean of the simulated and observed values.”



2. The authors have done a detailed comparison with Fisher et al. [2016]. It is important to point
out that Fisher et al. [2016] assumes a 9% yield for first generation isoprene nitrates, while it is
assumed 11.7% in this paper. Given the higher yield and slower aerosol hydrolysis in this study,
could authors comment on why these two studies show similar amount of total organic nitrates in
their models?

Our predicted RONO2 concentrations are within the observed variability but we have estimated the
mean of total RONO2 (~260 ppt) to be higher than the value (~200 ppt) reported in Fisher et al. (2016).
This difference is not too dissimilar from the difference in yields. In addition, the higher yield in the
mechanism in our paper is balanced by more rapid deposition of second-generation monoterpene nitrates
(following Browne et al., 2014) than in Fisher et al. (2016).

3. The authors appear to have ignored another model study on this topic, Li et al. [2018]. It seems
that Li et al. [2018] also did a detailed analysis on first- and second generation isoprene nitrates
using data collected in Southeast US. It might be worthwhile to compare this model to their results
in details.

Thanks to the reviewer for pointing out this oversight. Key differences are summarized in the following

table and we have added a discussion comparing our results to Li et al. (2018) to the paper as follows.

This study

Li et al. (2018)

Model

Chemical transport WRF-Chem
v3.5 model

AM3 global chemistry—climate
model

Horizontal Resolution

12 km

50 km

Isoprene nitrate yield

11.7% (yield of B vs. & isomers
are 10.5% and 1.2%
respectively)

10% (only  isomer)

Isoprene NO3 chemistry

Following Schwantes et al.
(2015)

Based on the Leeds Master
Chemical Mechanism (MCM
v3.2)

Monoterpenes nitrate yield from
OH chemistry

18% for low-reactivity
monoterpenes and 22% for high-
reactivity monoterpenes

Simplified monoterpenes nitrate
chemistry with an organic nitrate
yield 26% for one lumped

(following Browne et al., 2014) | monoterpenes
Monoterpenes nitrate yield from | 10% for low-reactivity 10% for one lumped
NO3 chemistry monoterpenes and 70% for high- | monoterpenes

reactivity monoterpenes
(following Browne et al., 2014)

Hydrolysis of RONO2

hydrolysis of gas-phase tertiary

organic nitrates (hydrolysis lifetime =
3 hr)

2-step hydrolysis scheme:
heterogeneous uptake of organic
nitrates onto aerosols and then

hydI'OlysiS Ofaerosol-phase nitrates
(hydrolysis lifetime = 3 hr). In base case,
only ISOPNB is assumed to hydrolyze.




Page 9, 1-3 “’Temporal variability in the total organic nitrates is reproduced with little bias (*=0.8 and
normalized mean bias (NMB) =32%). Although the mean of the simulated organic nitrates (0.26+ 0.19)
slightly overestimates the mean of the observations (0.20+ 0.1), the medians are within the variability of
the observations. The simulated mean of total RONO; in this study is in the range of two other recent
modeling studies over the Southeastern US in summer 2013 that simulated 200 ppt (Fisher et al., 2016)
and 270 ppt (Li et al, 2018). However, in both of these studies RONO; derived from anthropogenic VOC
precursors were not included. In our simulation, these organic nitrates represent ~20% of total RONO..
Specific sources of the differences include, the slightly smaller yield of 10% yield for isoprene nitrates
and application of a 3 hr hydrolysis lifetime only for ISOPNB in Li et al., (2018). Fisher et al. (2016)
apply a faster hydrolysis rate (1hr) for all organic nitrates and a lower yield (9% for isoprene
nitrates).”

Page 9, 4-8 “Inclusion of hydrolysis as a possible fate for tertiary organic nitrates results in significant
improvement of the simulations compared to the observations (not shown here). Tertiary nitrates have
shorter lifetime against hydrolysis under atmospheric conditions, compared to the lifetime against
deposition (Fig. SI in the Supplement) making them the most important sink of nitrates. Li et al. (2018)
also showed, by introducing the hydrolysis of ISOPNB, the model relative bias of total RONO; was
reduced 18% during ICARTT (summer 2004) over the Southeastern United States.”

Page 10, 31 “Among monoterpene nitrates, NO: -initiated nitrates (Ayres et al., 2015) and
functionalized nitrates (Lee et al., 2016) have been shown to be an especially significant fraction of the
total particle organic nitrate source at SOAS site. These findings imply that the remainder of the
measured particle organic nitrates can be attributed to mono- or sesquiterpene derived RONO:
including NO:s -initiated terpene hydroxynitrates, terpene nitrooxyhydroperoxides and multifunctional
terpene nitrates, which are simulated and present in the gas phase in our mechanism. If we interpret the
aerosol nitrates to be these compounds, then we find a rough correspondence between the model and
observations (see Fig. 5a and b). However, Li et al. (2018) estimated a smaller contribution of gas-
phase NO:; -initiated monoterpene nitrates to total RONO; due to a lower molar yield (10% vs 70% for
high-reactivity monoterpenes and 10% for low-reactivity monoterpenes in this study). In contrast, due to
other differences in the mechanism they found a larger contribution of OH-initiated monoterpene
nitrates to total RONO; than our finding in this study.”

Page 13,13-15 “GEOS-Chem simulations by Fisher et al. (2016) reported a similar short lifetime by
assuming a hydrolysis lifetime of 1 h lifetime for all tertiary and non-tertiary nitrates and not including
the longer-lived small alkyl nitrates. However, Li et al., (2018) estimated longer lifetimes for individual
nitrates except ISOPNB, which they assumed to be hydrolyzed.

4. 1 would suggest that the authors include two review papers on this topic in the Introduction
part, Carlton et al. [2018] and Mao et al. [2018].

We add these references to the introduction and result sections.
Page 1, 26-29 “ The oxidative chemistry of BVOCs affects the distribution of oxidants (OH, O3, NO;s )

and the lifetime of NO: (=NO+NO: ), creating a feedback loop that affects oxidant concentrations, the
lifetime of BVOCs and secondary organic aerosol formation (Carlton et al., 2018, Mao et al., 2018).”



Page 8, 16-18 “We evaluate our mechanism by comparison to SOAS observations in Bibb County,
Alabama (32.90° N latitude, 87.25° W longitude) in summer 2013 (Carlton et al., 2018; Mao et al.,
2018).”

5. It might be useful to mention vertical resolution of WRF-Chem, to help reader understand how
well the model is representing nighttime boundary layer emission and chemistry.

This comment was in common with Reviewer 1’s comment. We have added this information at the text
as:

Page 3, 26-30 “We use WRF-Chem version 3.5.1 (Grell et al., 2005) with a horizontal resolution of 12
km and-30-—verticaltayers over the eastern United States. Our simulation domain is defined on the
Lambert projection, which is centered at 35°N, 87°W and has 290 and 200 grid points in the west—east
and south—north directions, respectively (see Fig. 3 for the horizontal domain). The vertical coordinate
is hybrid sigma-pressure that covers 30 levels from the surface to 100 hPa. Near surface levels follow
terrain and gradually transitions to constant pressure at higher levels. Vertical grid spacing varies with
height such that finer spacing is assigned to the lower atmosphere while coarser vertical spacing is
applied at higher levels. In this analysis, the model predictions are averaged over two lowest model
levels used for comparison with ground-based measurements taken from a 20 m walk-up tower. The
predicted concentrations in boundary layer are described as an average over 8 vertical model levels
with a height that is comparable with the planetary boundary layer depth at midday at Southeastern
United States in June 2013.”

6. Page 10, Line 25, “They showed total particle organic nitrates have a dominant contribution
from highly functionalized isoprene nitrates containing between six and eight oxygen atoms.” Is
this correct about the isoprene nitrates dominating particle organic nitrates? If not, then this
should not be the reason for ‘“the difference between the modeled and observed contribution of
isoprene nitrates to total organic nitrates”.

Lee et al., (2016) have shown that “Each carbon number group in the particle phase exhibits a bell-
shaped distribution, with the dominant contribution from ON typically comprising between six and eight
oxygen atoms”. And we have found that “The largest difference between the modeled and observed
contribution of isoprene nitrates to total organic nitrates is due to the modeled gas-phase multifunctional
isoprene nitrates and isoprene nitrooxy hydroperoxides.” Accordingly, we have concluded that part of
modeled gas-phase multifunctional isoprene nitrates can correspond with the part of observed particle
organic nitrates. We have revised text as follows:

Page 10, 24-28 “They are simulated in the gas phase using RACM?2 Berkeley2 but we might interpret
them as contributing to particle phase organic nitrate. That is consistent with the Lee et al. (2016)
finding from observations of speciated particle organic nitrates during the SOAS campaign. They
showed total particle organie isoprene nitrates have a dominant contribution from highly functionalized
isoprene nitrates containing between six and eight oxygen atoms.”
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The revised texts are shown in red.
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Abstract. Organic nitrate chemistry is the primary control over the lifetime of nitrogen oxides (NOx) in rural and remote
continental locations. As NOx emissions decrease, organic nitrate chemistry becomes increasingly important to urban air
quality. However, the lifetime of individual organic nitrates and the reactions that lead to their production and removal
remain relatively poorly constrained, causing organic nitrates to be poorly represented by models. Guided by recent
laboratory and field studies, we developed a detailed gas phase chemical mechanism representing most of the important
individual organic nitrates. We use this mechanism within the WRF-Chem model to describe the role of organic nitrates in
nitrogen oxide chemistry and in comparisons to observations. We find the daytime lifetime of total organic nitrates with
respect to all loss mechanisms to be 2.6 h in the model. This is consistent with analyses of observations at a rural site in
central Alabama during the Southern Oxidant and Aerosol Study (SOAS) in summer 2013. The lifetime of the first-
generation organic nitrates is ~2 h versus the 3.2 h lifetime of secondary nitrates produced by oxidation of the first-generation
nitrates. The different generations are subject to different losses, with dry deposition to the surface dominant loss process for
the second-generation organic nitrates, and chemical loss dominant for the first-generation organic nitrates. Removal by

hydrolysis is found to be responsible for the loss of ~30% of the total organic nitrate pool.

1 Introduction

In remote continental regions, biogenic volatile organic compounds (BVOCs), including isoprene and terpenes, are the most
reactive organic compounds in the atmosphere (Guenther, 2013). The oxidative chemistry of BVOCs affects the distribution
of oxidants (OH, O3, NO3) and the lifetime of NO, (=NO+NO,), creating a feedback loop that affects oxidant concentrations,
the lifetime of BVOCs and secondary organic aerosol formation. Along the pathway to complete oxidation of BVOCs,
reactions with the nitrogen oxide family radicals (NO, NO, and NO;) to form organic nitrate products (e.g. Perring et al.,
2013) are an important branch point that sets the importance of this feedback (Carlton et al., 2018; Mao et al., 2018).

During the day, BVOCs react with the hydroxyl radical (HO) and peroxy radicals (RO,) are formed. At high and even modest
concentrations of NOy, the peroxy radicals react primarily with NO. The major products of that reaction are NO, and an

alkoxy radical (RO). There is also a minor channel (with a branching fraction a) that results in addition of the NO to the
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peroxy radical resulting in an organic nitrate (RONO,) product. During the night, nitrate radicals (NOs), the product of the
oxidation of NO, by O;, are also a major source of RONO,. BVOCs react with NOj3, resulting in the formation of nitrooxy
peroxy radicals in high yields. The radicals subsequently react to form closed shell RONO,, with branching ratio .

In the last decade, there have been major updates to our understanding of the chemical reactions that occur during isoprene
oxidation (Paulot et al., 2009a, 2009b; Crounse et al., 2011; Liu et al., 2013; Peeters et al., 2014; Nguyen et al., 2014; Wolfe
et al., 2016; Mills et al., 2016; Teng et al., 2017). This understanding includes recognition that the yield of RONO, from
reaction of isoprene peroxy radicals with NO is 11-15%, at the high end of the range reported in earlier laboratory
experiments (Wennberg et al., 2018). The yield of nitrates from monoterpene oxidation is less clear as laboratory data
indicate a very wide range (e.g. from greater than 1% (Aschmann et al., 2002) to 26% (Rindelaub et al., 2015)). For NO;
oxidation of isoprene experimental data show that the yield, B, is high and varies in the range of 65%—80% (Perring et al.,
2009a; Rollins et al., 2009; Kwan et al., 2012).

Once formed, RONO; can be photolyzed or oxidized to produce NOy or HNOj; along with an organic partner, or they can
serve as reservoirs of NO, that can be transported or deposited to the surface. An additional pathway for gas-phase RONO,
loss is partitioning into aerosol in either an organic phase where vapor pressure would describe partitioning or an aqueous
phase where a Henry’s law constant would describe solubility. In the aerosol, the RONO, can undergo liquid phase reaction.
Some RONO, are rapidly hydrolyzed with time scales on the order of hours to minutes under environmentally-relevant pH
conditions (Jacobs et al., 2014; Boyd et al., 2015; Rindelaub et al., 2016), while other nitrates are thought to be relatively
stable against hydrolysis in neutral conditions (Hu et al., 2011). The main nitrogen-containing product of organic nitrate
hydrolysis is nitric acid (Darer et al., 2011). Using measurements of organic nitrates and nitric acid over the Canadian boreal
forest and southeast United States, Browne et al. (2013) and Romer et al. (2016) provide evidence that hydrolysis of
monoterpene and isoprene nitrates is likely a significant loss process and contributes to HNO; production. The short lifetime
of HNO; to deposition in the boundary layer means that organic nitrate loss through hydrolysis in the boundary layer is a
permanent sink of NO.

For any organic nitrate, its structure determines the rate of its oxidation and photolysis as well as the rate of hydrolysis and
deposition. Multifunctional nitrates containing hydroxyl or peroxide groups are likely to have deposition rates much faster
than the rates for monofunctional nitrates (Shepson et al., 1996). The dry deposition of organic nitrates has been discussed in
the studies by Farmer and Cohen (2008) and Nguyen et al. (2015). Nguyen et al. (2015) directly measured deposition rates of
organic nitrates from BVOCs and the first-generation isoprene nitrates were observed to have daytime dry deposition velocity
of ~2 cm s'l, which is higher than the values currently used in most models (Ito et al., 2009; Mao et al., 2013; Browne et al.,
2014).

Unlike hydrolysis of organic nitrates in aerosol and deposition of organic nitrates to the surface, which is considered a sink of
nitrogen oxides from the atmosphere, oxidation and photolysis of RONO, may recycle NO. Different assumptions regarding
NOy recycling during organic nitrate oxidation result in large variations in simulating NO, and O3 (von Kuhlmann et al.,
2004; Fiore et al., 2005; Wu et al., 2007; Horowitz et al., 2007; Paulot et al., 2012). For example, Xie et al. (2013) showed
that the uncertainty in the fraction of NO, returned to the atmosphere during isoprene nitrate oxidation had a larger impact
than uncertainty in isoprene nitrate yield on O; production. This affirms the need for characterization of the fate and lifetime

of RONO; in the atmosphere. New clarity is available for the chemical fate of the first-generation isoprene nitrates (e.g. (Lee
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et al., 2014; Xiong et al., 2015, 2016), while much less is known about the fate of organic nitrates formed from
monoterpenes. Because few of these loss processes have been measured, especially for highly oxidized or monoterpene
nitrates, there is large uncertainty associated with any description of the lifetime of organic nitrates. Several modeling studies
(Paulot et al., 2012; Xie et al., 2013; Mao et al., 2013) have focused specifically on the fate of isoprene nitrates, and have
found that how their chemistry is represented has major consequences for NOy and Os;. Recently, Browne et al., (2014)
extended the representation of organic nitrate chemistry by including in detail the gas-phase chemistry of monoterpenes and
discussed different scenarios for uncertain loss processes of monoterpene nitrates. Their improved mechanism for BVOC
chemistry has been used as a skeleton for several subsequent modeling studies (e.g. Fisher et al., 2016 and this work).

However, none of these models has yet combined detailed molecular representations of individual RONO, derived from
anthropogenic, isoprene, and monoterpene VOC precursors. Here we describe the development of a gas phase mechanism
along those lines. In a forthcoming paper we couple the mechanism described here to aerosol and cloud properties. Here we
approximate the effects of aerosols and clouds with simpler parameters representing the effects of the condensed phase
chemistry. The model calculations are compared to observations from the SOAS (the Southern Oxidant and Aerosol Study)
campaign in the rural Southeastern United States in summer 2013. We explore the relative contributions of OH and NO;
chemistry to the production of organic nitrates from BVOCs and investigate the importance of different organic nitrate loss
processes. Then we explore the lifetime of organic nitrates and consequences of organic nitrate chemistry for atmospheric
NOy. This information helps to understand the role of RONO, in the NO, and ozone budgets in the moderate NO,, BVOC-

dominated terrestrial environments that represent the most common chemical regime on the continents during summer.

2 Model Description; WRF-Chem model

We use WRF-Chem version 3.5.1 (Grell et al., 2005) with a horizontal resolution of 12 km ard-30-verticaldayers over the
eastern United States. Our simulation domain is defined on the Lambert projection, which is centered at 35°N, 87°W and has
290 and 200 grid points in the west—east and south-north directions, respectively (see Fig. 3 for the horizontal domain). The
vertical coordinate is hybrid sigma-pressure that covers 30 levels from the surface to 100 hPa. Near surface levels follow
terrain and gradually transitions to constant pressure at higher levels. Vertical grid spacing varies with height such that finer
spacing is assigned to the lower atmosphere while coarser vertical spacing is applied at higher levels. In this analysis, the
model predictions are averaged over two lowest model levels (~25 m) used for comparison with ground-based measurements
taken from a 20 m walk-up tower. The predicted concentrations in boundary layer are described as an average over 8 vertical
model levels with a height (~1000 m) that is comparable with the planetary boundary layer depth at midday at Southeastern
United States in June 2013. Meteorological data for initial and boundary conditions are driven by the North American
Regional Reanalysis (NARR) and data for the chemical initial and boundary conditions are taken from MOZART (Emmons
et al., 2010). The model simulation period is from 27 May to 30 June 2013, with the first 5 days as spin-up, similar to
Browne et al. (2014), to remove the impact of initial conditions.

Anthropogenic emissions are based on the US EPA 2011 National Emission Inventory (NEI) and scaled to 2013 based on the
changes in the annual average emissions from 2011 to 2013. The appropriate scale factors have been derived from the NEI
Air Pollutant Emissions Trend Data. We also adjust NO, emissions (uniformly reduced by 50%) following Travis et al.

(2016), who suggest that reduced NO, emissions can better reproduce the SEAC4RS aircraft measurements for the
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Southeastern United States. Lightning emissions of NOy are not included in the model. Lightning NO, is mainly released at
the top of convective updrafts (Ott et al., 2010) and does not strongly impact the distribution of NO, in the boundary layer
(e.g. Laughner and Cohen, 2017). Biogenic emissions of isoprene, monoterpenes, other BVOCs, oxygenated VOCs
(OVOCs), and nitrogen gas emissions from the soil are parameterized using the Model of Emissions of Gases and Aerosol
from Nature (MEGAN) (Guenther et al., 2006).

Gas phase reactions are simulated using the second generation Regional Atmospheric Chemistry Mechanism (RACM?2)
(Goliff et al., 2013), as updated by Browne et al. (2014) and with additions to the mechanisms as described below, which is
implemented with the kinetic preprocessor (KPP) software (Damian et al., 2002). The Modal Aerosol Dynamics Model for
Europe/Secondary Organic Aerosol Model (MADE/SORGAM) aerosol module (Ackermann et al., 1998; Schell et al., 2001)
is used to treat organic and inorganic aerosols. This two-product aerosol scheme does not treat the partitioning of individual
chemical species such as organic nitrates. Therefore, we focus here only on investigating the impacts of the gas-phase
representation of the chemistry and a full consideration of the gas and aerosol in a coupled framework is a subject of

continuing research.

2.1 Chemical Mechanism

We base our core chemistry on a modified version of RACM2 (Goliff et al., 2013). The base we begin with is described by
Browne and Cohen (2012) and Browne et al. (2014), and is referred to here as the RACM2_Berkeley scheme. Full details of
the RACM2 Berkeley mechanism and a complete list of the compounds can be found in Browne et al. (2014).
RACM2 Berkeley includes updates to the isoprene oxidation mechanism (Paulot et al., 2009a, 2009b; Peeters and Miiller,
2010; Lockwood et al., 2010; Stavrakou et al., 2010; Crounse et al., 2011), an extended mechanism for anthropogenic-
originated organic nitrates (Carter and Atkinson, 1989; Middleton et al., 1990; Arey et al., 2001) and updates for
monoterpene chemistry. Browne et al. (2014) evaluated the RACM2 Berkeley mechanism using aircraft observations over
the Canadian boreal forest.

In this study, the RACM2 Berkeley scheme is further updated with recent advances in the representation of OH- and NO;-
initiated BVOC oxidation under both low- and high-NO, conditions, as well as with improved deposition rates and is denoted
RACM2 Berkeley?2 (see Table S1-S3 in the Supplement). We begin with a more complete description of recent advances in
our understanding of isoprene chemistry (Fig. 1). The hydroxy peroxy radical (ISOPO2) that is the product of isoprene
oxidation by OH has multiple potential fates. ISOPO2 can undergo unimolecular isomerization, leading to the production of
hydroperoxy aldehydes (HPALD), among other products. It can react with HO, to produce isoprene hydroxy hydroperoxide
(ISHP), methyl vinyl ketone (MVK), methacrolein (MACR) and CH,O. The latter three species can also be formed from the
reactions of ISOPO2 with other (acetyl or methyl) peroxy radicals. ISHP reacts with OH to form isoprene epoxydiols
(IEPOX) and regenerate OH. St. Clair et al. (2015) found that the reaction rate of ISHP + OH is approximately 10% faster
than the rate given by Paulot et al. (2009b) and indicate the relative role of the different isomers of ISHP. Here we use
kinetics and products of the reactions of three different isomers of ISHP with OH based on St. Clair et al. (2015). We also
increase the molar yield of total ISHP from the ISOPO2 + HO, reaction to 93.7% (Liu et al., 2013), with a decrease in the
yields of MVK, MACR and HO, to maintain mass balance. We use rates from Bates et al. (2016) for reactions of three
different isomers of IEPOX with OH.
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We maintain the overall branching ratio of isoprene nitrates at 11.7% as in Browne et al. (2014) while changing the mix of
isomers. Browne et al. (2014) implemented a scheme for the reaction of ISOPO2 with NO, based on experiments conducted
by Paulot et al. (2009b), including B and d-hydroxy isoprene nitrates (ISOPNB and ISOPND) with yields of 4.7% and 7.0%,
respectively. Here we update the yield of B versus & isomers to 10.5% and 1.2% respectively. A theoretical study by Peeters
et al. (2014) showed that the peroxy radical redissociations are fast and peroxy isomers may interconvert, so that f-isomers
comprise ~95% of the radical pool. The experimental findings of Teng et al. (2017) are also consistent with that idea.
Simulations by Fisher et al. (2016) showed that an isoprene hydroxy radical distribution leading to 90% ISOPNB and 10%
ISOPND is consistent with SOAS observations.

ISOPND and ISOPNB then photolyze or react with O3 or OH to yield either NOy or second-generation organic nitrates. We
update reaction rates of isoprene hydroxy nitrate oxidation based on Lee et al. (2014). Compared to the RACM2_Berkeley
mechanism (based on Paulot et al. (2009b) and Lockwood et al. (2010)), the reaction rates for ISOPNs+OH are increased and
the rate coefficients of ISOPNs+O; are decreased. The model represents the products of the reactions of ISOPND and
ISOPNB with OH as ISOPNDO2 and ISOPNBO2. We update the reaction of ISOPNB+OH to include a small yield of
IEPOX and NO; (12%) as found by Jacobs et al. (2014). We also update the rate constants for reaction of ISOPNDO?2 and
ISOPNBO?2 with NO producing second-generation isoprene nitrates following Lee et al. (2014). Second-generation isoprene
nitrates from the OH-initiated pathway include ethanal nitrate (ETHLN), propanone nitrate (PROPNN), multifunctional
isoprene nitrate (IMONIT), methacrolein nitrate (MACRN) and methylvinylketone nitrate (MVKN). MACRN and MVKN
can also be formed directly from photooxidation of MVK and MACR under high-NO, conditions. Here, we follow Praske et
al. (2015) to update MVK chemistry under both low- and high-NOy conditions, resulting in greater recycling of OH and NO,

and decreased formation of organic nitrates from reactions with NO or HO,.

In addition to OH chemistry, isoprene is oxidized by NO;. In RACM2 Berkeley, the isoprene + NO; chemistry was
parameterized with one generic organic nitrate as the product. Recently, Schwantes et al. (2015) developed a kinetic
mechanism for NO;-initiated oxidation of isoprene in which products, branching ratios, and rate constants are estimated
based on recent experimental results. Their suggested products from NO; oxidation of isoprene are consistent with organic
nitrates detected in the ambient atmosphere during SOAS. RACM2 Berkeley?2 treats the NOj; initiated oxidation of isoprene
in some detail with formation and subsequent oxidation of isoprene nitrates largely based on the work of Schwantes et al.
(2015) and Rollins et al. (2009) (Fig. 2). In the first step, NO; addition to isoprene forms a nitrooxy peroxy radical (INO,)
and then, depending on the radical the INO, reacts with, first-generation isoprene nitrates are formed, namely C5 carbonyl
nitrate (ICN), B and 8-hydroxy nitrate (IHNB and IHND) and B and 3-nitrooxyhydroperoxide (INPB and INPD).

We set the ICN yield at 54% and 72% for the INO,+NO; and INO,+INO, reactions, respectively. ICN is a first-generation
isoprene nitrate that is reactive towards NO; (Rollins et al., 2009). Subsequent oxidation of ICN by NO; forms second-
generation isoprene nitrates as well as nitric acid at rates and yields based on Master Chemical Mechanism (MCM v3.2)
(Jenkin et al., 1997; Saunders et al., 2003). MCM v3.2 uses a reaction rate coefficient of 1.22 x 10™* cm® molec™ s™" at 298 K,
which is 5 times slower than the rate given by Rollins et al. (2009) and an order of magnitude faster than the rate given by
Schwantes et al. (2015). Given the differences in the experimental data, splitting the difference by using the MCM rate seems

a reasonable choice.
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IHNB and IHND are also identified in the chamber experiments as products of the INO2+INO2 reaction. We follow
Schwantes et al. (2015) and use rate constants and products, respectively from Lee et al. (2014) and Jacob et al. (2014), for
the subsequent fate of IHNB and IHND upon reaction with OH. We note that these rate constants and products correspond to
the rate constants and products for the reactions of ISOPND and ISOPNB (OH-initiated isoprene hydroxy nitrates) with OH.
In Fig. 2, we only show reactions for one of the isomers.

Nitrooxy hydroperoxides (INPD and INPB) are the dominant products of the INO,+HO, reaction with a combined 77%
yield, most of which is d—isomers (INPD). Schwantes et al. (2015) found that the total molar yield of INPD and INPB per
reacted isoprene is higher than the yield found in previous studies (Ng et al., 2008; Kwan et al., 2012). In these previous
studies, the nitrooxycarbonyl (ICN) was the main contributor to the family of isoprene nitrates produced by NO;-initiated
chemistry and nitrooxyhydroperoxides (INPD and INPB) were a minor fraction. The difference is likely caused by variation
in the fate of the nitrooxy peroxy radical (INO,+HO2 vs. INO,+NO3) under different experimental conditions. The fate of this
radical (INO,) in the nighttime atmosphere is still highly uncertain (Brown and Stutz, 2012; Boyd et al., 2015).

Chamber experiments by Schwantes et al. (2015) suggested that OH reacts with INPD and INPB to form second-generation
isoprene nitrates and nitrooxy hydroxy epoxides (INHE), a newly identified product that undergoes a similar heterogeneous
chemistry as IEPOX and can impact secondary organic aerosol (SOA) formation. We set the yield of the INHE §-isomer
from INPD at 37% and yield of the INHE B-isomer from INPB at 78%. Those are lower than the IEPOX yield formed from
ISHP. INHE isomers will be further oxidized by OH, leading to recycling of NO, or forming a later generation of organic
nitrates. We use the same rates that we use for OH oxidation of IEPOX isomers (Schwantes et al., 2015; Bates et al., 2016).
In this scheme, we also assume that INPD and INPB undergo hydrogen abstraction from the hydroperoxide group with the
same rate constants as those we use for hydrogen abstraction from the hydroperoxide group of ISHP as suggested by St. Clair
et al. (2015).

C4 carbonyl hydroperoxy nitrates (R4NO) and C4 carbonyl hydroxynitrates (R4N) form from oxidation of the first-
generation isoprene nitrates. In reaction with OH, they produce propanone nitrate, PROPNN. The subsequent fate of
PROPNN is dominated by oxidation by OH and photolysis resulting in the return of NOj to the atmosphere. Here, we include
a photolysis rate for PROPNN and other carbonyl nitrates (ICN, ETHLN), MVKN and MACRN, that is faster than that used
in some other recent mechanisms following the recommendations in Miiller et al. (2014). These rates are 10 times larger than
the rates given by Paulot et al. (2009a). We use the enhanced photolysis rate of PROPNN for carbonyl nitrate ICN formed
from NOs-initiated isoprene oxidation, and also include photolysis reactions for other new isoprene nitrate species, following
Schwantes et al. (2015) and MCM v3.2. The fast photolysis reactions of organic nitrates implemented in this work leads to an

increase in NO, concentrations.

2.2 Organic nitrate deposition to surfaces

We use the resistance-based approach based on the original formulation of Wesely (1989) to calculate dry deposition
velocities. Dry deposition rates of RONO, in RACM2 Berkeley follow Ito et al. (2007). In RACM2_Berkeley2, using the
same formalism, we update the dry deposition parameters (effective Henry’s Law coefficients (H*) and reactivity factors
(f0)) for isoprene nitrates as recommended by Nguyen et al. (2015), which results in more rapid removal than in

RACM2 Berkeley (Table S3 in the Supplement). We also update the dry deposition parameters for monoterpene-derived
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nitrates that were previously assumed to deposit at a rate similar to the deposition rate of isoprene hydroxy nitrates (Browne
et al., 2014; Ito et al., 2007). Dry deposition velocities of the nitrooxy hydroxy epoxides (INHE) are assumed to be similar to

the updated depositional loss rate of IEPOX, given by Nguyen et al. (2015).

2.3 Hydrolysis of tertiary nitrates

In addition to oxidation, photolysis and deposition to the surface, another possible fate of organic nitrates is uptake to the
aerosol phase followed by hydrolysis. A rapid hydrolysis (Hu et al., 2011; Jacobs et al., 2014) is recognized for tertiary
nitrates, while non-tertiary nitrates under atmospheric conditions are considered unreactive (Darer et al., 2011; Boyd et al.,
2015). Due to the limitations of the model representation of organic nitrate aerosol from either aqueous (Marais et al., 2016)
or vapor-pressure dependent pathways (Pye et al., 2015), we represent this process for gas-phase organic nitrates by applying
a time scale of 3h for tertiary nitrates based on the laboratory chamber study by Boyd et al. (2015). The fraction of tertiary
(Fertiary) VS. non-tertiary nitrates is estimated, depending upon the molecular structure of the nitrate, from MCM v3.2.

We apply Fieriary at 41% for B isomers of isoprene nitrates from OH oxidation while we assume that all § isomers are non-
tertiary. Most of the nitrates formed by NOs-initiated chemistry of isoprene are not tertiary nitrates. The fraction of tertiary
nitrates for monoterpene-derived nitrates is also different for species formed by OH oxidation than from NO; oxidation. In
RACM2 Berkeley2, we introduce TONIH (C10 nitrooxy hydroperoxide), TONIN (saturated) and UTONIN (unsaturated)
monoterpene-derived nitrates from NO; oxidation, which differ from the unsaturated (UTONIT) and saturated (TONIT)
monoterpene-derived nitrates from OH oxidation. Since contributions of tertiary limonene, a-pinene and B-pinene nitrates
from NO; reaction are 35%, 15% and 50% (MCM v3.2), respectively, we define Fiaryat 35% as an average for TONIH,
UTONIN and TONIN. Fiary is defined at 77% for UTONIT and TONIT. The value is average of the 62% for a-pinene
nitrates and 92% for B-pinene nitrates and is equal to the 77% for limonene nitrates from OH chemistry.

Further changes in the RACM2 Berkeley2 mechanism for monoterpene nitrate chemistry consist of a revised reaction rate
for API+NOs. The rate constant is calculated as an average of the rates given in MCM v3.2 for a-pinene and pB-pinene, as API
in the mechanism indicates a 50-50 mixture of a-pinene and B-pinene. In our mechanism, following Browne et al. (2014),
first-generation monoterpene nitrates react with O; and OH and form second-generation nitrates. Here, we also add reaction
of first-generation monoterpene nitrates with NO3 with the rate constant K=3.15 x 107 exp (-448.0/Temp), following Fisher
et al. (2016). We assume the second-generation monoterpene nitrate can oxidize, photolyze and deposit identically to nitric
acid (Browne et al., 2014). In summary, we have described a detailed chemical mechanism tracking individual organic

nitrates in some detail through second-generation products of isoprene and monoterpene oxidation.

3 Results and Discussion

We evaluate our mechanism by comparison to SOAS observations in Bibb County, Alabama (32.90° N latitude, 87.25° W
longitude) in summer 2013 (Carlton et al., 2018; Mao et al., 2018). These observations together with field campaign data
from the long-term monitoring site in the SouthEastern Aerosol Research and CHaracterization (SEARCH) Network (Hansen
et al., 2003) (at the same location) provide unique resources for evaluation of our model of organic nitrate chemistry. The
measurements include total and speciated organic nitrates, gas phase and aerosol organic nitrates, HO, radicals, a wide range

of VOCs, and ozone (Pye et al., 2015; Romer et al., 2016; Lee et al., 2016).
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3.1 Organic nitrate concentrations

Figure 3a shows the spatial distribution of total organic nitrates for the 24-h average of the model simulation period at the
surface. The location of SOAS ground site (at Centreville) is circled in the figure. The campaign area is in a location with
among the highest modeled organic nitrate concentrations in the region, up to 350 ppt. Figure 3b highlights that the modeled
RONO; originating from biogenic VOCs dominate over the organic nitrates with anthropogenic VOC precursors over most
of the domain. In the southeast, up to 80% of organic nitrates are biogenic. Biogenic nitrates are 40-50% in the northern
portion.

Figure 4 compares median diurnal cycle of observed total organic nitrates from the SOAS campaign to the model simulation
during the simulation period. Total organic nitrates in both the gas and particle phase were measured by TD-LIF (Thermal
Dissociation Laser-Induced Fluorescence, (Day et al., 2002)). Temporal variability in the total organic nitrates for the entire
time series is reproduced with little bias (r*= 0.8 and normalized mean bias (NMB) = 32%). Although the mean of the
simulated organic nitrates (0.26+0.19) slightly overestimates the mean of the observations (0.20+0.1), the medians are found
to be within variability of the observations. The simulated mean of total RONO2 in this study is in the range of two other
recent modeling studies over the Southeastern United States in summer 2013 that simulated 200 ppt (Fisher et al., 2016) and
270 ppt (Li et al, 2018). However, in both of these studies RONO2 derived from anthropogenic VOC precursors were not
included. In our simulation, these organic nitrates represent ~20% of total RONO2. Specific sources of the differences
include, the slightly smaller yield of 10% yield for isoprene nitrates and application of a 3 hr hydrolysis lifetime only for
ISOPNB in Li et al., (2018). Fisher et al. (2016) apply a faster hydrolysis rate (1hr) for all organic nitrates and a lower yield
(9% for isoprene nitrates).

The highest bias in the model median values and variability are observed after sunset to sunrise, which is likely caused by
mismatch in vertical turbulent mixing in the simulated and actual boundary layers. Inclusion of hydrolysis as a possible fate
for tertiary organic nitrates results in significant improvement of the simulations compared to the observations (not shown
here). Tertiary nitrates have shorter lifetime against hydrolysis under atmospheric conditions, compared to the lifetime
against deposition (Fig. S1 in the Supplement) making them the most important sink of nitrates. Li et al. (2018) also showed,
by introducing the hydrolysis of ISOPNB, the model relative bias of total RONO, was reduced 18% during ICARTT
(summer 2004) over the Southeastern United States.

Diurnal cycles of measured and simulated RONO; have maximum values at 320 and 370 ppt around 10:00, respectively, with
a slow decline through the rest of the day. Throughout the night, the mixing ratios were observed and modeled to remain
nearly constant. Around 10:00, when the highest total organic nitrates are observed during SOAS, the simulated OH-initiated
and second-generation organic nitrate concentrations both reach their maximum. Second-generation nitrates do not show
sharp variability over day and night because of their longer lifetime but they do slightly increase after sunrise (around 7:00).
OH-initiated organic nitrates that can remain in the residual layer overnight contribute to the total organic nitrate during the
morning. At sunrise, when OH and NO began to increase (Fig. S2 in the Supplement), OH-initiated organic nitrates increase
until they reach their maximum at around 10:00. In contrast, NOs-initiated organic nitrates reach their peak mixing ratio
before sunrise and immediately after sunrise, they decline sharply to a minimum concentration during the day. As the sun
sets, NO drops to near zero and NOj; production initiates the formation of organic nitrates. OH and NO;-initiated reactions

occur out of phase in the diurnal cycle resulting in the relatively flat diurnal profile for total organic nitrate throughout the
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night. Observations of individual molecules are predicted to have more strongly varying diurnal cycles, consistent with

observations (Xiong et al., 2015).

3.2 Organic nitrate composition

The composition of the simulated organic nitrates by our model during SOAS at Centreville site (CTR) is shown in Fig. 5a.
Monoterpene nitrates are calculated to be one third of total organic nitrates, which is comparable to the Browne et al. (2014)
calculation for boreal regions of North America. We define total isoprene-derived nitrates in WRF-Chem as the sum of
isoprene hydroxy nitrates, isoprene carbonyl nitrates, MVK and MACR nitrates, isoprene nitrooxyhydroperoxides, ethanal
nitrate, propanone nitrate and multifunctional isoprene nitrates. We find the contribution of the total isoprene-derived nitrates
to total organic nitrates to be 44%. This is consistent with the range of 25-50% observed from SEACA4RS airborne
measurements taken onboard the NASA DC-8 in August—September 2013 over the Southeastern United States (Fisher et al.,
2016). However, it is in contrast to other recent modeling studies over the Southeastern United States by Mao et al. (2013)
and Xie et al. (2013) that suggested, respectively, more than 90% and 60% of total organic nitrates are from isoprene
oxidation. This discrepancy is likely due to the simulated longer lifetime of these nitrates as well as omission of organic
nitrates produced from monoterpenes and anthropogenic VOCs in those models.

The observed RONO, composition during SOAS is shown in Fig. 5b. The sum of the individual isomers of isoprene nitrates,
terpene hydroxynitrates and terpene nitrooxyhydroperoxides were measured in the gas phase by Chemical Ionization Time of
Flight Mass Spectrometry using CF;0" reagent ion (Crounse et al., 2006; Schwantes et al., 2015; Teng et al., 2015) and ethyl
and isopropyl nitrates were measured by gas chromatography—mass spectrometry (de Gouw et al., 2003). Similar to the
model results, the largest contributions to the total organic nitrates in the observations are isoprene oxidation products, which
represent 22% against 44% in the model. Carbonyl isoprene nitrates including ICN, ETHLN and PROPNN as a fraction of
total RONO; (8% in the model and <7% in the observations) and their concentrations (Fig. S3a and b in the Supplement) are
reproduced well by the model. However, the model overestimates the fraction of RONO, that is isoprene hydroxynitrates and
MVKN+MACRN (21% modeled vs. 13% observed). Isoprene hydroxynitrates from NOjs-inititated chemistry are a small
portion of the total simulated isoprene hydroxynitrates (~15%). The difference between the modeled and observed
contribution of isoprene hydroxynitrates to total organic nitrates is thus more likely a result of differences between the
modeled and observed nitrates that are products of OH-initiated chemistry. Insights from very recent studies by Teng et al.
(2017) and Wennberg et al. (2018) suggests a larger Fieniary for OH-initiated isoprene hydroxynitrates than the value we
calculated from MCM. That suggests a larger fraction of these nitrates is subject of hydrolysis and thus it perhaps explains
part of the discrepancy between the model simulations and observations.

The largest difference between the modeled and observed contribution of isoprene nitrates to total organic nitrates is due to
the modeled gas-phase multifunctional isoprene nitrates and isoprene nitrooxy hydroperoxides. Aerosol- and gas-phase
second-generation multifunctional isoprene nitrates and aerosol-phase isoprene nitrooxy hydroperoxides were not
individually measured during SOAS. Instead, total aerosol-phase organic nitrates were measured by TD-LIF, using an
activated charcoal denuder to remove gas-phase organic nitrates, and found to contribute around 40% of total organic nitrates
at the SOAS CTR site (Fig. 5b). Ng et al. (2008) and Rollins et al. (2009) found isoprene oxidation can form 4-23% nitrate

aerosol yields and showed multifunctional nitrates to be a dominant nitrate aerosol. If the isoprene nitrooxy hydroperoxides
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are favored to partition to aerosol this would explain the model-measurement discrepancy for the calculated contribution of
multifunctional isoprene nitrates and isoprene nitrooxy hydroperoxide. They are simulated in the gas phase using
RACM?2_Berkeley2 but we might interpret them as contributing to particle phase organic nitrate. That is consistent with the
Lee et al. (2016) finding from observations of speciated particle organic nitrates during the SOAS campaign. They showed
particle isoprene nitrates have a dominant contribution from highly functionalized isoprene nitrates containing between six
and eight oxygen atoms.

Nitrate aerosol yields for monoterpene oxidation reactions from different laboratory chamber experiments, field
measurements and modeling studies have been reported to be very high (up to 100%) (Russell and Allen, 2005; Fry et al.,
2009, 2011, 2013; Pye et al., 2015; Boyd et al., 2015). Among monoterpene nitrates, NO;-initiated nitrates (Ayres et al.,
2015) and functionalized nitrates (Lee et al., 2016) have been shown to be an especially significant fraction of the total
particle organic nitrate source at SOAS site. These findings imply that the remainder of the measured particle organic nitrates
can be attributed to mono- or sesquiterpene derived RONO, including NO;-initiated terpene hydroxynitrates, terpene
nitrooxyhydroperoxides and multifunctional terpene nitrates, which are simulated and present in the gas phase in our
mechanism. If we interpret the aerosol nitrates to be these compounds, then we find a rough correspondence between the
model and observations (see Fig. 5Sa and b). However, Li et al. (2018) estimated a smaller contribution of gas-phase NO3 -
initiated monoterpene nitrates to total RONO2 due to a lower molar yield (10% vs 70% for high-reactivity monoterpenes and
10% for low-reactivity monoterpenes in this study). In contrast, due to other differences in the mechanism they found a larger
contribution of OH-initiated monoterpene nitrates to total RONO2 than our finding in this study.

In RACM2 Berkeley2, the contribution from organic nitrates of anthropogenic origin is simulated to be 21% of total RONO,
(referred as Other at Fig. 5a). That is higher than the 10% inferred from the observations of the measured anthropogenic
organic nitrates at SOAS. Some caution should be taken in the interpretation of such a comparison, as the observations at
SOAS do not represent the same species as the modeled ones and include only ethyl and propyl nitrates (Fig. 5b). In
RACM2 Berkeley2, a wide range of the organic nitrates of anthropogenic origin (C;-Cs nitrates) are categorized into four
groups including monofunctional saturated, multifunctional unsaturated, multifunctional saturated, and aromatic-derived
nitrates that are partitioned from the lumped precursors including alkanes, aromatics, alcohols and alkenes. However, the
remaining unspeciated measured RONO; contributes 27% of the total organic nitrates observed by TD-LIF. One hypothesis
to explain this difference is that the rest of the simulated organic nitrates of anthropogenic origin might be a portion of the

unspecified measured RONO,.

3.3 Relationships between RONQO,, Oxand CH,0

During daytime, ozone and organic nitrates are produced in a common reaction with branches that yield one or the other.
Therefore, their observed and modeled correlation provides an additional constraint on our understanding of organic nitrates.
The sum of O3 and NO, is conserved on longer time scales than Os alone, accordingly we use O,=0;+NO; in this analysis.
As shown in Fig. 6, during the daytime (from 8:00 to 18:00 local time) the modeled and observed correlations between Oy
and RONO, are nearly identical. A linear fit to the observations yields a line with slope of 129+4 ppbv(Oy) ppbv(RONO,)"
and a fit to the model output yields 125+4 ppbv(Oy) ppbv(RONO,)™".
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This slope has typically been used to estimate the approximate branching ratio of the entire VOC mixture (oeg) with an
assumption that photochemical production is rapid as compared to removal processes; o is inversely proportional to the Oy
vs. RONO; slope (Perring et al., 2013). The quantified a in the laboratory for BVOCs are much higher than typical a's for
anthropogenic VOCs (Perring et al. (2013) and references therein). Therefore, for regions like Southeastern United States
where BVOCs dominate the VOC mixture, a much lower slope than our calculated value is expected. We conclude that the
observed slope is reflecting the short lifetime of organic nitrates at SOAS.

Formaldehyde (CH,O) is another co-product to RONO, and as Perring et al. (2009b) discussed, the slope of the
RONO,/CH,0 correlation is related to the ratio of the production of both species, as both have similar lifetimes (Perring et
al., 2009b). We would expect the slope could provide a constraint on the yield of isoprene nitrates, especially since in much
of the domain isoprene is the dominant source of both RONO, and CH,0. Figure 7 shows the correlation between observed
CH,0 and RONO, during SOAS. The slope of the best fit line, with an intercept allowed to differ from zero to consider the
possibility of background CH,O that mixes in from the free troposphere, is found to be 0.116, consistent with previous
estimates by Perring et al. (2009b) who observed a slope of 0.119 during INTEX-NA in 2004. The slope would imply an OH-
initiated isoprene nitrate yield of 12% (Perring et al., 2009b) if we use a lifetime of 1.7 h at SOAS for RONO; as reported by
Romer et al. (2016). This is nearly identical to the yield used in the mechanism described in this manuscript. However, the
correlation of modeled CH,O and modeled total RONO, has a smaller slope of 0.085. The discrepancy between the slopes
from the simulated and observed data can be attributed to model overestimation of CH,O (Fig. S4 in the Supplement). In Fig

S5, we also provide additional model evaluation for isoprene and monoterpene concentrations.

3.4 Organic nitrate formation

Figure 8a shows the diurnal cycle of fractional RONO, production simulated using RACM2_ Berkeley2 averaged over the
boundary layer at the CTR site during SOAS. During the day, production of organic nitrates is dominated by reaction of
isoprene with OH. This is consistent with the OH reactivity (OHR) of individually measured compounds at SOAS which was
dominated by reaction with isoprene (Kaiser et al., 2016; Romer et al., 2016). In contrast, the vast majority of RONO,
production at night is monoterpene nitrates, which are formed as a result of NO; oxidation of nighttime monoterpene
emissions. NO; chemistry of isoprene leading to isoprene nitrate formation is also found to be significant during the
nighttime. This fraction from isoprene that accumulates in the boundary layer in late afternoons can reach 35% of the total
organic nitrates formed at night. In addition to investigating the relative importance of instantaneous organic nitrate
production based on the VOC precursors, we calculate the fraction of isoprene nitrates produced from NO; chemistry to the
total isoprene nitrate production (~44%, Fig. S5 in the Supplement) over day and night of the entire modeling period
confirming the relative importance of this pathway for producing isoprene nitrates versus OH oxidation of isoprene. This
finding is consistent with the modeling result (~ 40%) from Xie et al. (2013).

The fraction of anthropogenic VOC—derived organic nitrates to total simulated production of organic nitrates is estimated to
be negligible; however their contribution to the simulated concentrations of organic nitrates is much higher and reached up to
0.25 (Fig. 8b). This is due to their relatively long lifetime (> 100 h lifetime to oxidation by 1x10° molecules cm > of OH at
298 K and a similarly long lifetime to deposition (Henry’s law constant of ~IMatm "), Browne et al. (2014) and references

therein) that causes them to persist longer in the atmosphere. Similarly, the fraction of second-generation nitrates formed
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from oxidation of first-generation isoprene and monoterpene nitrates (Fig. 8a) is predicted to be (~ 0.04), much less than the
calculated contribution of their concentrations to total organic nitrate concentrations (~ 0.3) (Fig. 8b). In the next subsection

we will discuss more about the loss processes and lifetime of these organic nitrates.

3.5 Organic nitrate lifetime

We define the lifetime of organic nitrates as the concentration of RONO, divided by the combined loss rate via all proposed
loss mechanisms. The loss mechanisms include chemical loss processes (oxidation, photolysis, and hydrolysis of RONO,)
and deposition. The nighttime lifetime of organic nitrates might be longer than the daytime value (and might be similar to or
longer than the length of a single night). Because of uncertainties associated with simulation of the boundary layer height and
organic nitrate concentrations at nighttime, we focus on the daytime lifetime as a guide for thinking about the organic nitrate
fate. Figure 9 shows the estimated daytime lifetime of 2 h for first-generation biogenic organic nitrates and a longer lifetime
for the second-generation organic nitrates (3.2 h). Including organic nitrates from anthropogenic sources we estimate a fairly
short overall lifetime of 2.6 h for total RONO,. This short lifetime results in less efficient transport of organic nitrates to the
free troposphere and over large distances from sources. Using the SOAS field observations, Romer et al. (2016) suggested ~
1.7 h for the atmospheric lifetime of RONO,. They calculated the lifetime by the assumption that RONO, are near steady
state in the afternoon. If we constrain our calculation to 12:00-16:00 and give an intercept of 40 ppt as Romer et al. (2016)
did, the overall estimated lifetime in the model is estimated to be 2.9 h, but using the production rates of organic nitrates
instead of the loss rates (by assumption of the atmospheric steady state condition applied in Romer at al. (2016)) our result
remarkably shows very good agreement with their finding (identical value, Fig. S6 in the Supplement). GEOS-Chem
simulations by Fisher et al. (2016) reported a similar short lifetime by assuming a hydrolysis lifetime of 1 h lifetime for all
tertiary and non-tertiary nitrates and not including the longer-lived small alkyl nitrates. However, Li et al. (2018) estimated
very longer lifetimes for individual nitrates except ISOPNB, which they assumed to be hydrolysed.

Accurate determination of the lifetime of organic nitrates is a major challenge for assessing the influence of organic nitrates
on atmospheric chemistry. However, The estimated lifetime of ~ 3 h for organic nitrates found here as well as other studies
over the Southeastern United States (Perring et al., 2009b; Romer et al., 2016; Fisher et al., 2016) is less than the range of
NOjy lifetimes (5.5-11 h) calculated by observational studies (e.g. Valin et al., 2013; Romer et al., 2016). Organic nitrates
should therefore generally be categorized as short-lived NOy reservoirs, which remove NOy in a plume, but act as a source of

NOy in remote regions.

3.6 NOj recycling efficiency

To determine the fraction of NO, converted to RONO, and then released back to the gas phase as NOy, the relative
importance of different loss pathways of organic nitrates must be known. Oxidation and photolysis of organic nitrates recycle
NOy but hydrolysis and deposition cause permanent removal of NOy from the atmosphere. Recent field studies suggested that
isoprene nitrates are removed quickly by dry deposition (Nguyen et al., 2015) and some have concluded that deposition is the
primary sink of nitrates (Rosen et al., 2004; Horii et al., 2006; Horowitz et al., 2007), while others estimated that oxidation or
ozonolysis is the dominant loss mechanism of isoprene nitrates (Shepson et al., 1996; Ito et al., 2007; Perring et al., 2009a;

Browne et al., 2013). Similar uncertainty for the fate and dominant loss processes of monoterpene nitrates was found by
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Browne et al. (2014). Here, we update possible fates of organic nitrates in WRF-Chem from recent findings including
photolysis (Miiller et al., 2014), oxidation and ozonolysis (Lee et al., 2014), deposition (Nguyen et al., 2015) and hydrolysis
(Boyd et al., 2015) and then estimate the contribution of different fates to first- and second-generation isoprene and
monoterpene nitrates (Fig. 10a and b). We note that our calculation represents the loss of the nitrate functionality and does
not include the fraction of loss processes of first-generation organic nitrates by oxidation and ozonolysis that retain the nitrate
functionality by forming second-generation organic nitrates.

Figure 10b shows that the loss of second-generation organic nitrates is dominated by deposition (60%), causing permanent
loss of NOy. That is due to the assumed rapid depositional loss of second-generation monoterpene nitrates (deposited as fast
as HNO;) in this study following Browne et al. (2014). Fractional contributions of photolysis (~25%) and oxidation (~15%)
are not negligible and are much larger than those estimated by Browne et al. (2014), which is a consequence of using the
rapid photolysis rates of PROPNN and ETHLN as second-generation isoprene nitrates (Miiller et al., 2014). In contrast, the
loss of first-generation nitrates occurs largely by the sum of chemical mechanisms that recycle NOy to the atmosphere:
reaction with ozone (24%) and OH (11%) and photolysis (20%), with additional loss by deposition (15%) and hydrolysis
(~29%). Fisher et al. (2016) predicted much larger losses of RONO, by aerosol hydrolysis, (~60% of total nitrate losses),
reflecting the short lifetime of nitrates with respect to hydrolysis applied in their study for all nitrates. However, with our
representation of hydrolysis of nitrates in aqueous solutions (slower rate and only tertiary nitrates), hydrolysis is still
important (the calculated loss rate for nitrates is ~ 3 to 11 pptv h™'), accounting for one-third of the organic nitrate loss and
leading to a large increase in HNOj; production in the atmosphere. Assessing the impact of hydrolysis of nitrates on the
budget of nitric acid is beyond the scope of this work. We note that the relative contribution of nitrate hydrolysis in aqueous
solutions differs widely for individual RONO, species due to their different structures.

Including loss of RONO, from anthropogenic sources, we find that loss of overall RONO, via hydrolysis with an additional
contribution from deposition become comparable to loss via other processes that return NOx to the atmosphere. Figure 11
shows the NOy recycling efficiency, defined as the ratio between the instantaneous production of NOy from loss of organic
nitrates and the instantaneous loss of NOy to production of organic nitrates. Since chemical degradation of nitric acid is much
slower than deposition, the slope of 0.52 is interpreted as the fraction of the sequestered NOj that can be exported away from
its emission region and released downwind through organic nitrate chemistry. Our finding is consistent with a recycling of
about half of isoprene nitrates to NOy calculated by Paulot et al. (2009a) and Horowitz et al. (2007). Of this total, we
calculated ~38% of NOy cycled back relatively quickly while first-generation nitrates are oxidizing and producing second-

generation nitrates.

4 Conclusions

The lifetimes of organic nitrates with respect to hydrolysis, oxidation, and deposition play an important role in the NOy
budget and formation of O3 and secondary organic aerosols. Analyses from recent field studies in the Southeastern United
States found a lifetime of ~2-3 h for organic nitrates. By incorporating new findings from recent laboratory, field and
modeling studies into a gas-phase mechanism we provide a state-of-the-science representation of expanded organic nitrates in
the WRF-Chem model. Using the updated model we are able to reproduce a short organic nitrate lifetime (2.6 h), similar to

that observed during SOAS.
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After adding hydrolysis as a possible fate of tertiary gas-phase biogenic organic nitrates in our mechanism and in
combination with all other loss mechanism, we find that the lifetime of second-generation organic nitrates is longer that the
lifetime of first-generation nitrates. We find dry deposition is the dominant loss process for second-generation organic
nitrates and chemical mechanisms of ozonolysis, photolysis and oxidation that can recycle NOy to the atmosphere have a
more important role in loss of first-generation organic nitrates from the atmosphere. The contribution of tertiary nitrate
hydrolysis to total organic nitrate removal from the atmosphere is found to be 30%. We find, therefore, that 52% of the NOy
sequestered by production of organic nitrates can be cycled back to the atmosphere.

To accurately estimate organic nitrate lifetime, the production, loss and fate of these compounds must be well constrained.
Evaluation of our updated mechanism using SOAS observations in summer 2013 indicates the model represents much of the
important chemistry governing organic nitrates. We show that the simulated concentrations of total organic nitrates,
correlations with CH,O and ozone and contribution of individual RONO, to total organic nitrates are in fairly good
agreement with observations at the SOAS CTR ground site. We find the largest difference between the modeled and
observed contributions of individual organic nitrate compounds to total RONO; is for highly functionalized isoprene nitrates
and monoterpene nitrates. We attribute this difference to possible high aerosol yields of these organic nitrate species, which
are represented in the gas phase in our mechanism. Future analysis for developing a complete representation of organic
nitrate chemistry including an organic nitrate aerosol formation mechanism, either from aqueous-phase uptake or vapor-
pressure partitioning onto pre-existing organic aerosol, in addition to the detailed gas-phase mechanism described here will

benefit the model approximation.
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Figure 1: Schematic representation of the formation of isoprene nitrates (in green) initiated by OH oxidation. Re-release of the
consumed NOX to the atmosphere by chemical loss processes of oxidation, ozonolysis and photolysis of organic nitrate is shown in
red. See Table S2 in the Supplement for species descriptions.
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Figure 2: Schematic representation of the formation of isoprene nitrates (in green) initiated by NO; oxidation. For simplification,
fates of only one isomer of hydroxy nitrates (IHNB and IHND) and nitrooxyhydroperoxide (INPB and INPD) are shown. See Table
S2 in the Supplement for species descriptions.
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Figure 3: (a) Concentrations of total organic nitrates for the average of the model simulation period (June 2013). (b) Fractional
contribution of BVOC-derived organic nitrates to total organic nitrates. The location of SOAS CTR ground site is circled in the
figure.
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Figure 4: Median diurnal cycles of observed (black) and simulated (red) total organic nitrates at Centreville during the 2013 SOAS
campaign. The vertical bars show the interquartile range of the hourly data. The panel includes the mean of the simulated and
observed organic nitrates. Diurnal cycle of the OH-initiated, NOs-initiated and second-generation organic nitrate concentrations
are shown as the stacked bars.

(a) 13% (®)
8%
4%
1%
3%
8%
™ 3 g, 40%
Il C5 hydroxy nitrate Il C5 hydroxy nitrate
I VIVKN+MACRN I VIVKN+MACRN
[l Propanone nitrate I Propanone nitrate

I Ethanal nitrate

I C5 carbonyl nitrates

[ Isoprene nitrooxyhydroperoxide
[T Multifunctional isoprene nitrate
Il Terpene hydroxynitrates-OH
[ Terpene hydroxynitrates-NO3
I Terpene nitrooxyhydroperoxide
[ 2nd gen. terpene nitrates

I Other

I Ethanal nitrate

[ C5 carbonyl nitrates

[ Isoprene nitrooxyhydroperoxide
Il Terpene hydroxynitrates

I Terpene nitrooxyhydroperoxide
I Aerosols

Il Remaining RONO2

Il EthyInitrate

I Propylnitrate

Figure 5: The composition of the (a) simulated organic nitrates by WRF-Chem using RACM2_Berkeley2 and (b) observed organic
nitrates during SOAS at CTR.
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Figure 6: The modeled and observed correlations between O, (=O3;+NO,) and organic nitrates concentrations during daytime at
SOAS. The lines indicate linear regression (intercept fixed at 0) and confidence intervals. The panel includes slopes of the lines and
root mean square errors (RMSE).
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Figure 7: The modeled and observed correlations between CH,O and organic nitrates during daytime at SOAS. The slope shows
the best fit line, with an intercept allowed to differ from zero to consider the possibility of background CH,O. The panel includes

slopes of the lines and root mean square errors (RMSE).
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Figure 8: Diurnal cycle of fractional organic nitrate (a) production and (b) concentrations simulated by WRF-Chem averaged over
the boundary layer at the CTR site during SOAS.
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Figure 9: The simulated concentrations of 1st- (blue) and 2nd- (red) generation organic nitrates versus their loss rates during
daytime at SOAS. Slopes of the linear fit give their lifetimes. The concentrations and loss rates of 1st-genration nitrates are divided

by 2.
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Figure 11: The simulated instantaneous production of NO, from loss of organic nitrates versus the instantaneous loss of NO, to
production of organic nitrates. The slope shows the NO, recycling efficiency.
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The supplement

Additional model documentation
Equations

To compute the NOx recycling efficiency (NRE) and RONQO; lifetime (Tgrono2) we use Eq (1) and Eq (2):

NRE = £W90
Loss(NOx)
_ [RONO2]
TroNO2 = 1 SRoNO2) (2

where P (NOx) and Loss (NOx) refer to the re-released NOx due to oxidation and photolysis of RONO, and loss of NO, due
to the production of RONO,, respectively. Loss (RONQO,) is loss rate of RONO,. This lifetime does not include reactions that
convert one nitrate into a different nitrate. In contrast, to calculate the lifetime of specific individual molecules we consider
all reactions.

A simplified scheme, as an example, provides more detail on the approach used.

Reactants Products Species to track rates
BVOC + OH RO2

RO2 + NO a ANI + (I- a) NO2 + a LNOX

ANI + OH/O3/hv y AN2 + (1-y) NO2 + (1-y) PNOXI +LANI
AN2 + OH/hv NO2 + PNOX2 + LAN2

LANI, LAN2, LNOX are used to track insatantanous loss of first- and second-generation RONO2 (ANI and AN2) and NOx at
each time step. PNOX1and PNOX?2 track instantaneous re-released NOx due to loss of first- and second-generation RONO2.
Thus, NOx recycling efficiency and lifetime of first- and total RONO?2 at each time step are calculated as:

((1 - y) PNOX1 + PNOX2)
(a LNOX)

NRE =

_[4N1]
tant = L ANT)

- [AN1] + [AN2]
TroNO2 = ((1 — y)PNOX1 + LAN2)

Reactants Products Rate References Status

ISOP+HO2 0.628 ISHPA+0.272 2.06D-13 exp(1300/T) (Liu et al., Modified
ISHPB+0.037 ISHPD+0.063 2013; St. Clair
HO+0.063 HO2+0.063 etal., 2015)
HCHO+0.025 MACR+0.038
MVK

ISHPA+HO 0.75 ISOP+0.25 HC5 +0.125 6.13D-12exp(200/T) (St. Clair et Added
HO+0.125 H20 al., 2015)

ISHPB+HO 0.480 ISOP+0.520 HC5+0.26 4.14D-12exp(200/T) (St. Clair et Modified
HO+0.26 H20 al., 2015)

ISHPD+HO 0.250 ISOP+0.750 HC5+0.375 5.11D-12exp(200/T) (St. Clair et Added
HO+0.375 H20 al., 2015)

ISHPA+HO 0.578 IEPOXA+0.272 1.7D-11exp(390/T) (St. Clair et Added
IEPOXB+0.850 HO+0.150 al., 2015)
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HCS5P

ISHPB+HO 0.68 IEPOXA+0.32 2.97D-11exp(390/T) (St. Clair et Modified
IEPOXB+1.00 HO al., 2015)
ISHPD+HO 0.50 IEPOXD+0.50 HC5P+0.50 | 2.92D-11exp(390/T) (St. Clair et Added
HO al., 2015)
IEPOXA+HO IEPOXO0O 3.73D-11exp(-400/T) (Bates et al., Added
2016)
IEPOXB+HO IEPOXO0O 5.79D-11exp(-400/T) (Bates et al., Modified
2016)
IEPOXD+HO IEPOXOO 3.20D-11exp(-400/T) (Bates et al., Added
2016)
ISOP+NO 0.4 MVK+0.26 MACR+0.883 2.7D-12exp(360/T) (Peeters et al., | Modified
NO2+0.0117 ISOPND+0.1053 2014; Teng et
ISOPNB+0 .66 HCHO+0.143 al., 2017)
UHC+0.08 DIBOO+0.803 HO2
ISOPNB-+03 0.541 HCHO+0.506 CO+0.526 | 3.7D-19 (Lee et al., Modified
HO+0.327 NO2+0.179 2014)
HAC+0.102 H202+0.349
MACRN+0.112 IMONIT+0.128
C02+0.327 HO2+0.068
ORA1+0.212 MVKN+0.14 8
MGLY
ISOPND+O3 0.266 PROPNN+0.017 2.9D-17 (Lee et al., Modified
ORA2+0.249 GLYC+0.075 2014)
H202+0.89 HO+0.445
HO2+0.214 CO+0.214
HCHO+0.445 NO2+0.271
ETHLN+0.018 IMONIT+0.445
MGLY+0 .289 HAC+0.231
GLY
ISOPNB+HO 0.88 ISOPNBO2+0.12 2.4D-12exp(745/T) (Jacobs et al., | Modified
IEPOXA+0.12 NO2 2014; Lee et
al., 2014)
ISOPND+HO ISOPNDO2 1.2D-11exp(652/T) (Lee et al., Modified
2014)
ISOPNDO2+NO 0.15 PROPNN+0.44 HAC+0.07 | 2.4D-12exp(360/T) (Lee et al., Modified
MVKN+0.13 ETHLN+0.31 2014)
ORA1+0 .31 NO3+0.72
HCHO+0.15 GLYC+1.34
NO2+0.35 HO2+0.34 HKET
ISOPNBO2+NO 0.29 GLYC+0.29 HAC+0.71 2.4D-12exp(360/T) (Lee et al., Modified
HCHO+0.71 HO2+0.461 2014)
MACRN+0.249 MVKN+1.29
NO2
MVK+HO MVKP 2.60D-12exp(610/T) (Praske et al., | Modified
2015)
MVKP+NO 0.716 GLYC+0.716 2.7D-12exp(350/T) (Praske et al., | Modified
ACO3+0.249 MGLY+0.249 2015)
HCHO+0.249 HO2+0.035
MVKN+0.965 NO2
MVKP+HO2 0.38 VRP+0.37 GLYC+0.37 1.82D-13exp(1300/T) (Praske etal.,, | Modified
ACO3+0.62 HO+0.13 2015)
KET+0.25 HO2+0.12
MGLY+0.12 HCHO
ISO+NO3 INO2 3.15D-12exp(-450/T) MCM v3.3.1 Modified
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INO2+NO3 0.54 ICN+0.42 MVK+0.04 2.30D-12 (Schwantes et | Added
MACR+1.46 NO2+0.54 al., 2015)
HO2+0.46 HCHO
INO2+INO2 0.39 INO+0.728 ICN+0.10 5.2D-12 (Schwantes et | Added
MACR+0.616 IHND+0.154 al., 2015)
IHNB
INO{+02} 0.88 ICN+0.88 HO2+0.12 2.5D-14exp(-300/T) (Schwantes et | Added
NO2+0.12 HCHO+0.12 MACR al., 2015)
ICN+NO3 NH4CO3+HNO3 6.3D-12exp(-1860/T) MCM v3.3.1 Added
NH4CO3+NO PROPNN+CO-+HO2+NO2 7.5D-12exp(-690/T) MCM v3.3.1 Added
NH4CO3+NH4CO3 0.3 R4N+0.7 PROPNN +0.7 1.0D-11 MCM v3.3.1 Added
HO2+0.7 CO
ICN+HO 0.52 R4NO+ C0O+0.52 4.1D-11 MCM v3.3.1 Added
HO2+0.48 R4N+0.48 HO &
Schwantes(20
15)
IHND-+HO 0.92 IDHNO2D+0.08 1.1D-10 (Schwantes et | Added
IEPOXD+0.08 NO2 al., 2015)
IHNB+HO IDHNO2B 4.2D-11 (Schwantes et | Added
al., 2015)
IDHNO2D+NO3 HO2+NO2+0.12 HAC+0.12 2.3D-12 (Schwantes et | Added
ETHLN+0.8 GLYC+0.80 al., 2015)
PROPNN+0.08 R4N+0.08
HCHO
IDHNO2B+NO3 HO2+NO2+0.76 HAC+0.76 2.3D-12 (Schwantes et | Added
ETHLN+0.23 R4N+0.23 HCHO al., 2015)
INO2+HO2 0.22 MVK+0.015 MACR+0.235 | 2.06D-13exp(1300/T) (Schwantes et | Added
NO2+0.235 HO+0.235 al., 2015)
HCHO+0.54 INPD+0.23 INPB
INPD+HO HO2+INO2 6.9D-12 (Schwantes et | Added
al., 2015; St.
Clair et al.,
2015)
INPB+HO HO2+INO2 6.9D-12 (Schwantes et | Added
al., 2015; St.
Clair et al.,
2015)
INPD+HO 0.37 INHED+0.37 HO+0.63 1.1D-10 (Lee et al., Added
INPHO2D 2014,
Schwantes et
al., 2015)
INPB+HO 0.78 INHEB+0.78 HO+0.22 4.2D-11 (Lee et al., Added
INPHO2B 2014,
Schwantes et
al., 2015)
INPHO2B+NO3 NO2+HO2+HCHO+R4NO 2.3D-12 (Schwantes et | Added
al., 2015)
INPHO2D+NO3 NO2+H02+0.92 2.3D-12 (Schwantes et | Added
PROPNN+0.92 GLY+0.08 al., 2015)
HAC+0.08 ETHLN
INHED+HO 0.27 HAC+0.73 CO+0.27 8.4D-12 (Bates et al., Added

NO2+0.27 HCHO+0.27
PROPNN+0.27 GLY+0.46 R4N

2016;
Schwantes et
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al., 2015)

INHEB+HO 0.30 PROPNN+0.30 GLY+0.31 | 1.25D-11 (Bates et al., Added
GLYC+0.31 MGLY+0.09 2016;
HAC+0.43 NO2+0.39 Schwantes et
HCHO+0.01 ETHLN+0.01 al., 2015)
HAC+0.12 KET+0.26 R4N
R4N+HO PROPNN+HO2+CO 1.7D-11 (Schwantes et | Added
al., 2015)
R4NO+HO PROPNN+HO+CO 1.7D-11 (Schwantes et | Added
al., 2015)
INPD+hv INO+HO j(Pj_ch302h) MCM v3.3.1 Added
Schwantes et
al. (2015)
INPB-+hv INO+HO j(Pj_ch302h) MCM v3.3.1 Added
Schwantes et
al. (2015)
ICN+hv PROPNN+CO+CO+HO2+HO2 | 10*j(Pj_noa) (Miiller et al., | Added
2014,
Schwantes et
al., 2015)
R4N+hv NO2+ACO3+0.5 ETHP+0.5 j(Pj_ch3coc2h5) MCM v3.3.1 Added
MO2 Schwantes et
al. (2015)
R4ANO-+hv HO+MGLY+HCHO+NO2 j(Pj_ch3coc2h5) MCM v3.3.1 Added
Schwantes et
al. (2015)
IHND-+hv HO2+NO2+UHC+DIBOO j(Pj_onitl) Same as Added
ISOPND
IHNB+hv HO2+NO2+UHC+DIBOO j(Pj_onitOH3) Same as Added
ISOPNB
PROPNN-+hv NO2+ACO3+HCHO 10*j(Pj_noa) Miiller et al. Modified
(2014)
ETHLN-+hv HO2+CO+HCHO+NO2 10*j(Pj_noa) (Miiller et al., | Modified
2014)
MACRN-+hv NO2+CO+HAC+HO2 10*j(Pj_ibutald) (Miiller et al., | Modified
2014)
MVKN-+hv GLYC+NO2+ACO3 10*j(Pj_noa) (Miiller et al., | Modified
2014)
API+NO3 0.10 TOLNN+0.90 TOLND 8.33D-13exp(490/T) MCM v3.3.1 Modified
UTONIT+NO3 HONIT 3.15D-13exp(-448/T) (Fisher et al., Added
2016)
UTONIN+NO3 HONIT 3.15D-13exp(-448/T) (Fisher et al., Added
2016)
TONIN+NO3 HONIT 3.15D-13exp(-448/T) (Fisher et al., Added
2016)
TONIT+NO3 HONIT 3.15D-13exp(-448/T) (Fisher et al., Added
2016)
TONIH+NO3 HONIT 3.15D-13exp(-448/T) (Fisher et al., Added
2016)

Table S1: Isoprene and Monoterpene reactions added to/revised from RACM?2_Berkeley.
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Species Description Species Description

ISHPA (1,2) hydroxy hydro INO2 Isoprene nitrooxy peroxy
peroxides radical

ISHPB (4,3) hydroxy hydro ICN CS5 carbonyl nitrate
peroxides

ISHPD delta (1,4 and 4,1) hydroxy INO C5 nitrooxyalkoxy radical
hydro peroxides

IEPOXA trans-f isoprene-derived IHND CS5 hydroxy nitrate —
dihydroxy isomer
epoxide

IEPOXB cis-B isoprene-derived IHNB C5 hydroxy nitrate — &
dihydroxy isomer
epoxide

IEPOXD delta isoprene-derived NH4CO3 Radical from ICN
dihydroxy
epoxide

R4N C4 carbonyl hydroxynitrate INPB C5 nitrooxy hydroperoxide —

B isome

R4NO C4 nitrooxycarbonyl INPHO2B C5 nitrooxy hydroperoxy

hydroperoxide hydroxy peroxy radical
(From B isomers)

IDHNO2D CS5 dihydroxy INPHO2D CS5 nitrooxy hydroperoxy
nitrooxyperoxy radical — & hydroxy peroxy radical
isomer (From 6 isomers)

IDHNO2B CS5 dihydroxy INHED C5 nitrooxy hydroxy
nitrooxyperoxy radical— 8 epoxide — § isomer
isomer

INPD CS5 nitrooxy hydroperoxide — | INHEB CS5 nitrooxy hydroxy

0 isomer

epoxide — B isomer

Table S2: New chemical species that are introduced in RACM2_Berkeley2 mechanism.

43




Species H* (M atm™) 0

ISOPND, ISOPNB, | 2.00E+06
IMONIT,

MACRN,

MVKN, INPD, INPB,
ICN, R4N, R4NO,
[HND, THNB, TONIT,
UTONIT,  TONIN,
UTONIN, TONIH

[

PROPNN 5.0E+5 1
ISHPA, ISHPB, | 1.0E+14 0
ISHPD

IEPOXA, IEPOXB, | 8.0E+7 1
[EPOXD, INHEB,

INHED

GLYC 2.00E+7 1
HAC 1.4E+6 1
H202 5.0E+7 1

Table S3: Changes to dry deposition parameters for isoprene chemistry species and organic nitrate species as recommended by
Nguyen et al. (2015). H* is the Henry’s law coefficient and f0 is the reactivity factor as defined in Wesely (1989).
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Figure S1: The concentration of tertiary organic nitrates versus their loss rates through deposition and hydrolysis during SOAS.
Slopes of the linear fit give the lifetimes against deposition and hydrolysis of tertiary organic nitrates.
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Figure S2: Median diurnal cycles of observed and simulated NO and OH concentrations at Centreville (CTR) during the 2013
SOAS campaign. The vertical bars show the interquartile range of the hourly data. The panel includes mean of the simulated and
observed concentrations.
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Figure S3: The (a) simulated and (b) observed concentration of C5hydroxy nitrate, MVKN+MACRN, CS5 nitrooxy hydroperoxide
[first panel], Propanone nitrate (PROPNN), Ethanal nitrate (ETHLN), C5 carbonyl nitrate (ICN) [second panel], and terpene
hydroxynitrates, terpene nitrooxy hydroperoxide, and anthropogenic organic nitrates (Others) [3rd panel] in June 2013 during the
SOAS field campaign. At the figure (b) on 3rd panel, observed ethyl Nitrate + propyl Nitrate is shown.
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Figure S4: Median diurnal cycles of observed and simulated CH,O, isoprene and monoterpenes at Centreville during the 2013

SOAS campaign. The vertical bars show the interquartile range of the hourly data. The panel includes mean of the simulated and
observed values.
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Figure S5: Fraction of isoprene nitrates from OH and NOj; oxidations to total isoprene nitrate production at boundary layer at the

CTR site during SOAS.
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Figure S6: The concentrations of organic nitrates versus their loss rates (black) and production rates (blue) at 12:00-16:00 during
SOAS. Slopes of the linear fit give lifetime of organic nitrates.
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