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The formation of a suite of isoprene-derived hydroxy nitrate (IHN)
isomers during the OH-initiated oxidation of isoprene affects
both the concentration and distribution of nitrogen oxide free
radicals (NOx). Experiments performed in an atmospheric simu-
lation chamber suggest that the lifetime of the most abundant
isomer, 1,2-IHN, is shortened significantly by a water-mediated
process (leading to nitric acid formation), while the lifetime of
a similar isomer, 4,3-IHN, is not. Consistent with these chamber
studies, NMR kinetic experiments constrain the 1,2-IHN hydroly-
sis lifetime to less than 10 s in deuterium oxide (D2O) at 298 K,
whereas the 4,3-IHN isomer has been observed to hydrolyze much
less efficiently. These laboratory findings are used to interpret
observations of the IHN isomer distribution in ambient air. The
IHN isomer ratio (1,2-IHN to 4,3-IHN) in a high NOx environment
decreases rapidly in the afternoon, which is not explained using
known gas-phase chemistry. When simulated with an observa-
tionally constrained model, we find that an additional loss process
for the 1,2-IHN isomer with a time constant of about 6 h best
explains our atmospheric measurements. Using estimates for 1,2-
IHN Henry’s law constant and atmospheric liquid water volume,
we show that condensed-phase hydrolysis of 1,2-IHN can account
for this loss process. Simulations from a global chemistry trans-
port model show that the hydrolysis of 1,2-IHN accounts for a
substantial fraction of NOx lost (and HNO3 produced), resulting
in large impacts on oxidant formation, especially over forested
regions.
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The formation of organic nitrates during the oxidation of
volatile organic compounds (VOCs) serves to sequester

nitrogen oxides (NOx = NO + NO2; NOx, nitrogen oxide free
radicals). This chemistry is expected to become increasingly
important as NOx levels decline (1), as has been occurring in
the United States (2). Because the formation and subsequent
fate of organic nitrates alters the concentrations and distribu-
tions of NOx in the atmosphere, they, by extension, also signif-
icantly impact the production of tropospheric ozone and organic
aerosols (3–6), which have known impacts on the environment
and human health.

Due to the sheer abundance and reactivity of isoprene in the
boundary layer, organic nitrates created from its oxidation are
believed to greatly affect the atmospheric NOx lifetime (7–15).
Isoprene-derived hydroxy nitrates (IHNs) are formed primar-
ily during the OH oxidation of isoprene in the presence of
NO (16) (Scheme 1). Recent laboratory measurements sug-
gest the branching ratio for this pathway (α) is ∼13% (17),
which is higher than many previous estimates (18). While eight
IHN isomers can form (17), two of these isomers (1,2-IHN
and 4,3-IHN; Scheme 1) make up the majority of the total
IHN yield at atmospherically relevant conditions. Once formed,
current understanding suggests that IHNs are primarily lost
from the atmosphere through deposition and chemical oxidation
(3, 18, 19).

The relative importance of the IHN-loss pathways determines
the extent to which NOx is recycled back into the atmosphere.
For instance, deposition results in the permanent removal of
NOx, but the IHN lifetime against deposition under typical
atmospheric conditions is relatively long: τdep ≈ 24 h for vdep =

1.7 cm s−1 (20) and a boundary layer height of 1.5 km. On
the other hand, chemical oxidation by OH is more impor-
tant, providing a lifetime of 9.3 and 6.9 h (assuming [OH] =
1× 106 molecules cm−3) for 1,2-IHN and 4,3-IHN, respec-
tively (18). Although studies have shown that the nitrate moiety
typically remains attached to these molecules following this
chemistry (particularly for 4,3-IHN), subsequent photooxida-
tion of second-generation products can still contribute to signi-
ficant NOx recycling (21, 22).

Model simulations of field measurements tend to overestimate
daytime concentrations of IHN (19, 23–26). While this might be
partially due to assumptions made regarding the isomer distribu-
tion of isoprene peroxy radicals (RO2) and α, this discrepancy
has also been attributed to a missing IHN sink. Several possi-
ble sinks have been hypothesized. It has been suggested that
the tertiary nitrate group on 1,2-IHN allows this molecule to
hydrolyze rapidly in clouds or in aerosol (24, 27–30). This loss
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Scheme 1. IHNs are formed through a small, but important, pathway (α) present in the reaction of isoprene and OH (+O2) in the presence of NO. The
dominant pathway (1−α) forms NO2 and promotes ozone production. The formation of the two IHN isomers shown here (1,2-IHN and 4,3-IHN; dashed
boxes) represent more than 90% of the IHN produced at atmospherically relevant RO2 lifetimes (17). We note that the α to 1,2-IHN (14± 3%) is very similar
to the α to 4,3-IHN (13± 3%) (18). Once formed, 1,2-IHN and 4,3-IHN can undergo deposition, oxidation, or incorporation into aerosol, where they can
hydrolyze. The branching between IHN-loss pathways directly affects isoprene’s impact on NOx and oxidant levels. IHN-loss pathways that result in NOx

recycling are highlighted in blue, while those that result in the permanent loss of NOx are red.

pathway could contribute significantly to HNO3 formed over
continental regions (28, 31–35). Photolysis has also been pro-
posed (25). Unlike hydrolysis, photolysis of organic nitrates is
expected to release NO2 back into the atmosphere, contributing
to tropospheric ozone production downwind of sources (22, 35).

Here, we used newly developed instrumentation (36) to mon-
itor changes in the isomer distribution of IHN during a 2017
summer field study conducted in Pasadena, CA. These ambient
observations are interpreted using a combination of labora-
tory chamber experiments, aqueous hydrolysis experiments, and
observationally constrained model simulations. We focus our
analysis on the two most abundant isomers, 1,2-IHN and 4,3-
IHN. Since 1,2-IHN and 4,3-IHN are thought to undergo similar
atmospheric fates (Scheme 1), we use the ratio of their concen-
trations (1,2-IHN to 4,3-IHN; hereafter, referred to as “IHN
isomer ratio,” for simplicity) as a proxy for differences in their
nonphotochemical loss.

This dataset suggests the 1,2-IHN isomer is rapidly lost via
hydrolysis in the atmosphere at a rate competitive with other
oxidation and deposition pathways. In addition, global simula-
tions suggest that this loss pathway greatly impacts the global
concentration of NOx, ozone, and nitric acid.

Results and Discussion
Field Observations. Hourly measurements of the ambient concen-
trations of the IHN isomers were obtained between August 1 and
17, 2017 (37) using a gas chromatography–chemical ionization
mass spectrometer (GC-CIMS) deployed atop the main Caltech
library (44 m above ground level), which is located on the Califor-
nia Institute of Technology (Caltech) campus in Pasadena, CA:
[OH]avg, peak = 5× 106 molecules cm−3 (38); [NO]avg, daytime =
2.5 parts per billion by volume (ppbv). Details of the field site,
measurement technique and data processing are provided in
Materials and Methods and SI Appendix.

Daytime observations (1000 to 2000 hours local time) of 1,2-
IHN and 4,3-IHN from Caltech (Fig. 1) suggest an additional
IHN sink is present in the atmosphere that disproportionately
affects the 1,2-IHN isomer. We observed a daily, rapid decline
of the IHN isomer ratio starting in the midafternoon (around
1500 hours local time). Chromatograms collected at this site
(Fig. 2) (39) illustrate that this was caused by a drop in the
concentration of 1,2-IHN relative to 4,3-IHN. However, these
observations are not explained using known gas-phase chemistry
as the gas-phase lifetime of 1,2-IHN is expected to be longer than
4,3-IHN due to its slower reaction rate with OH (21). This is
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Fig. 1. (A) Time series of 1,2-IHN (red) and 4,3-IHN (blue) as measured by the GC-CIMS during the Caltech field study. Solid lines represent the hourly GC
measurements, and the shaded regions encompass the error of those measurements. (B) The observed daytime (1000 to 2000 hours local time) isomer ratio
of 1,2-IHN to 4,3-IHN during the Caltech field study.
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Fig. 2. Four chromatograms of IHN collected during the Caltech field study
on August 1, 2017 show that the peak area of 1,2-IHN declines more rapidly
than 4,3-IHN in the late afternoon.

verified in Fig. 3, where the IHN isomer ratio simulated with
a one-dimensional (1-D) atmospheric model (red) consistently
overpredicts the observed ratio (black), with the largest discrep-
ancies occurring in the evening. The model shows that when
considering only the gas-phase isoprene chemistry (18) and dry
deposition (20), the IHN isomer ratio should steadily increase
during this time in contrast with observations.

Laboratory Evidence for IHN Hydrolysis
Chamber Studies. Isoprene-oxidation experiments performed in
a 24-m3 chamber (SI Appendix, section 3) suggest that 1,2-IHN
is hydrolyzed much faster than 4,3-IHN, lending one possible
explanation to the observed trend of the ambient IHN isomer
ratio measured at Caltech. In the dark chamber, the lifetime
of the 1,2-IHN isomer decreased from 45 min at 50% relative
humidity (RH) to 15 min at 85% RH—whereas no change in
the 4,3-IHN lifetime was observed. In addition, chromatograms
obtained from these experiments (SI Appendix, Fig. S2) mirrored
those collected in the field (Fig. 2). Accompanying signals of IHN
hydrolysis products, such as the isoprene diol and a small yield of
1,4-IHN (17), were observed.

During these experiments, it is likely that IHN hydrolysis was
occurring within a condensed-phase reservoir formed by the
uptake of water at high RH by salts that had been previously
deposited on the chamber walls. Similar experiments with high
levels of added ammonium sulphate seed (up to 500 µg m−3)
did not measurably alter the decay rate. In contrast, gas-phase
experiments performed in a clean 1-m3 Teflon chamber bag did
not show any decay of 1,2-IHN at high RH (>80%) over a 12-h
period. Unfortunately, this complicates interpretation of the loss
rates observed in the 24-m3 chamber, as they are likely depen-
dent on the volume of liquid material on the walls, as well as the
mixing and transport processes.

1H NMR. As we were unable to provide a quantitative constraint
on the hydrolysis loss through the chamber experiments, we use
a newly developed synthetic route to 1,2-IHN (SI Appendix, sec-

tion 3) with 1H NMR to probe the kinetics of the 1,2-IHN
hydrolysis loss (31). For this experiment, a known volume of
synthesized 1,2-IHN was added to a known volume of deuter-
ated chloroform (CDCl3), rapidly mixed, and quickly analyzed
using 1H NMR (SI Appendix, Fig. S3). In a similar fashion,
1,2-IHN was added to deuterium oxide (D2O), mixed, and ana-
lyzed. No 1,2-IHN 1H NMR signals remained in the D2O sample
(elapsed time from mixing to completion of analysis, <1 min).
Based on the signal-to-noise ratio of the 1,2-IHN 1H NMR sig-
nals in the CD3Cl sample, we assign an upper limit of 10 s
for the aqueous hydrolysis lifetime of 1,2-IHN in D2O at 298
K (SI Appendix, section 3). For comparison, Jacobs et al. (40)
measured the 4,3-IHN hydrolysis lifetime to be approximately
17.5 h in D2O. The large difference in the hydrolysis lifetimes of
these two isomers is consistent with both our chamber and field
observations.

Model Simulations of IHN Hydrolysis. Based on laboratory evi-
dence, we incorporated condensed-phase hydrolysis into a 1-D
box model to test whether this loss is consistent with the observed
diurnal profile of the IHN isomer ratio observed at Caltech.
Details of this model are provided in Materials and Methods
and SI Appendix. Briefly, the model uses the recently developed
condensed isoprene mechanism (18) and K-theory (41) to sim-
ulate the formation, oxidation, and mixing of IHN isomers in
an atmospheric column representative of conditions observed
at the Calfiornia Nexus Los Angeles Ground Site (CalNex-LA)
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Fig. 3. Comparison of observed (black) and modeled (colored lines) diur-
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error bars represent the error in the study-averaged results. The model
simulation that includes dry deposition and gas-phase chemistry only (red)
overpredicted the IHN ratio, particularly in the afternoon, when 4,3-IHN
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sion of a temperature-dependent (SI Appendix, Fig. S6) condensed-phase
hydrolysis loss coefficient of 1,2-IHN (defined as, k∗

hydro, a product of
Henry’s law constant and aqueous hydrolysis rate [KH × k(aq)]) enables
the model to reproduce the observed IHN isomer ratio using k∗

hydro =

4× 105 M atm−1 s−1 (blue).
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(42), which took place on the Caltech campus in 2010. Aerosol
liquid water (ALW) concentrations used in the model were cal-
culated with ISORROPIA-II (43), using aerosol measurements
obtained from CalNex-LA. Our calculated ALW compares well
with results presented in Guo et al. (44). We assume that
IHN uptake into the particle is reversible and in instantaneous
equilibrium with gas-phase concentrations (45).

The Henry’s law coefficient (KH) of the 1,2-IHN is not known,
and, from our NMR study, we have only a lower limit to k(aq).
However, provided that k(aq) is less than a few 100 s−1, the hydrol-
ysis loss rate of 1,2-IHN on aerosol (referred to here as the
hydrolysis loss coefficient (49), k∗hydro) will occur as the product
of these two terms. Therefore, we can vary k∗hydro in our simula-
tions to find the best match to the observed diurnal profile of the
IHN isomer ratio.

Fig. 3 shows how modeled IHN isomer ratios compare to obser-
vations over a range of hydrolysis loss coefficients (46), with the
best agreement occurring when k∗hydro =4× 105 M atm−1 s−1

(blue). At this rate, the heterogenous lifetime of 1,2-IHN
against hydrolysis ranges between 4 and 7 h in the daytime driven
by changes in ALW (3.6 to 6 µg m−3). This loss contributes to
∼30% of the mid-day loss of the 1,2-IHN isomer, with that frac-
tion increasing to over 50% in the evening (after 1800 hours local
time), as a result of both the increased ALW concentrations and
lower OH.

We note that ALW is highly sensitive to both humidity and
aerosol composition, and so k∗hydro will be quite variable depend-
ing on local conditions. For example, during the Southern Oxi-
dant and Aerosol Study campaign, which took place in the
southeastern United States, ALW was typically 1 to 5 µg m−3

on most afternoons, and median mass concentrations exceeded
15 µg m−3 in the morning (0600 to 0900 hours local time) (47).
Furthermore, although not important at the Pasadena field site,
hydrolysis by boundary layer cloud processing will also be effi-
cient in many places. To the extent that this is important, our
simulations described below will underrepresent the importance
of IHN hydrolysis globally.

Our model results are relatively insensitive to additional
parameters such as the assumed IHN-deposition velocity, hor-
izontal advective loss, or vertical mixing rates (SI Appendix,
section 5). However, we find that the modeled ratio is quite
sensitive to our assumed ALW. The ALW in our model was
estimated from aerosol measurements collected in May to July,
which, on average, is a more humid time period than August.
In addition, the United States has experienced a steady decline
in SO2 emissions since 2010 (48), which has been repeatedly
linked to the reduction of sulphate in aerosols in the summer (49,
50). As sulfate affects the hygroscopicity of the particle, lower
humidity and sulfate concentrations would result in lower ALW
(51) than would be predicted using CalNex-LA ALW measure-
ments. If we have overestimated ALW, then the inferred k∗hydro is
too small.

Atmospheric Implications. We have implemented the inferred
k∗hydro of 1,2-IHN into the global chemical transport model,
GEOS-Chem, that has been recently updated to reflect the most
recent laboratory studies of isoprene photochemistry (52, 53).
Shown in Fig. 4 is the change in simulated NO and O3 when
we add 1,2-IHN hydrolysis with a rate similar to that of our 1-D
model (in this case, k∗hydro = 3× 105 M atm−1 s−1; SI Appendix,
section 6) to the standard GEOS-Chem model. Consistent with
the findings of Paulot et al. (11), we find that over forested
regions, the loss of NOx via the formation of IHN and its subse-
quent conversion to HNO3 through condensed-phase hydrolysis
(SI Appendix, Fig. S8) leads to large reductions in simulated
NO levels in the tropics (independent of seasonality; Fig. 4A)
and during the Northern Hemisphere summer (Fig. 4B). This

change, in turn, substantially reduces the calculated concentra-
tions of OH (SI Appendix, Fig. S9) and O3 (Fig. 4 C and D). Of
note, surface ozone in the southeastern United States is ∼5 parts
per billion (ppb) lower in the summer with the addition of 1,2-
IHN hydrolysis (Fig. 4D)—a change that brings the simulations
into agreement with ground-based observations. Previously, to
properly simulate surface ozone in GEOS-Chem, an ad hoc
reduction between 30 and 60% in NOx emissions had been
suggested (54).

Although our laboratory measurements are unable to quantify
the aqueous hydrolysis rate of 1,2-IHN, we find that the global
impact of this chemistry is largely insensitive to the assumed
hydrolysis loss coefficient, provided that k∗hydro is at least 3× 105

M atm−1 s−1 (SI Appendix, Fig. S7). The insensitivity of our sim-
ulations to k∗hydro above most of the world’s forests is a result
of the low calculated OH levels ([OH]avg < 5× 105 molecules
cm−3; SI Appendix, Fig. S10), different from the conditions of
the Caltech field site. With such low OH, the gas-phase lifetime
of IHN approaches 24 h, and, as a result, hydrolysis outcompetes
all other IHN loss processes.

In conclusion, we present a rare observational constraint on
the isomer-specific fate of IHN using both laboratory and field
measurements obtained using GC-CIMS. Our data suggest that
global atmospheric photochemistry is remarkably sensitive to
the hydrolysis of a single isoprene hydroxy nitrate isomer, 1,2-
IHN. Using GEOS-Chem, we simulate the effect a hydrolysis
rate of at least 3× 105 M atm−1 s−1 has on NO, O3, OH,
and HNO3 concentrations in the lower atmosphere. We find
that this added loss process represents the majority of the IHN
loss over forested regions, resulting in a substantial decrease of
simulated NO in the tropics (year-round) and in the Northern
Hemisphere during the summer. This drop in NO, in turn, results
in lower concentrations of simulated ozone—allowing for better
agreement between this model and ground-based observations,
especially in the southeastern United States. Lastly, 1,2-IHN
hydrolysis acts as a significant source of HNO3 that is on par with
OH + NO2.

Materials and Methods
Description of Field Site. Measurements described here were collected from
a field site located at the Caltech campus in Pasadena, CA, which is located in
the Los Angeles metropolitan area approximately 18 km northeast of down-
town Los Angeles (DTLA) and 7 km south of the San Gabriel Mountains. The
instrument was located on the southwest corner of the roof of the 44-m
tall Caltech library (lat 34.137; long −118.126) from August 1 to 17, 2017,
sampling into the daytime prevailing winds, which arrived predominantly
from the south. Because of its proximity to DTLA, the site experienced high
levels of anthropogenic pollution ([NO]avg, daytime = 2.5 ppbv). In addition,
local vegetation is made up of known isoprene emitters (55), allowing for
local biogenic emissions to influence the site.

In addition, a weather station was colocated with our main GC-CIMS
instrument to monitor relative humidity (%), air temperature (◦C), baro-
metric pressure (mbar), solar radiation (W/m2), wind speed (m/s), and wind
direction. Additional details regarding this field site are provided in SI
Appendix.

Isomer Measurements. The GC-CIMS instrumentation, and details of its field
operation, has been described previously in the literature (36). Briefly, ambi-
ent air was pulled at a high flow rate (∼2,000 standard liters per minute)
through a Teflon-coated glass inlet (3.8-cm inner diameter; 76.2 cm long).
A subsampled portion of this gas stream was then directed into the CIMS,
either directly or after analytes are separated on a 1-m GC column. Analyte
concentrations were quantified using a CF3O− reagent ion, which is sensi-
tive toward the detection of oxygenated multifunctional compounds such
as organic peroxides and nitrates (16, 56–58). In the field, the instrument
collected data in automated 1-h cycles, with GC separation occurring in the
latter half hour.

Laboratory experiments were performed on a prototype version of the
GC-CIMS field instrument. Analytes were trapped on a portion of a 1-m col-
umn that was submerged in an isopropanol bath chilled to approximately
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Fig. 4. The standard GEOS-Chem model was updated to include an 1,2-IHN hydrolysis rate of k∗
hydro = 3× 105 M atm−1 s−1. The impact of this loss on NO

and ozone was then assessed through both annual and summer (July 1 to 31) simulations conducted in the lowest 1 km of the atmosphere. The addition
of this IHN sink resulted in a ∼40% decrease in NO in the tropics throughout the year (A) and a lesser, but still substantial, decrease in the Northern
Hemisphere during the summer (B), with respect to the base model. Likewise, O3 concentrations also experienced the same spatial and seasonal decrease as
NO (C and D). Of note, surface ozone in the southeastern United States is 5 ppb lower in the summer (D), causing this updated model to better agree with
ground-based observations.

−20◦ C. The column was then heated within a Varian CP-3800 GC oven. The
column effluent was then directed into a CF3O− CIMS.

Measurement uncertainty from field data arose from low analyte sig-
nal, caused by a combination of low ambient concentrations and the high
instrument dilution needed to prevent simultaneous trapping of water
(36). Additional details regarding data processing and measurement
uncertainties can be found in SI Appendix.

1-D Atmospheric Model. A 1-D atmospheric model was used to interpret
ambient measurements collected during the Caltech field study. The model
simulates the emission, deposition, vertical transport, and photochemical
oxidation of 250 species in an atmospheric column tuned to replicate con-
ditions observed during the 2010 CalNex-LA campaign, which also took
place on the Caltech campus. The model combines the latest version
of the Regional Atmospheric Chemistry Mechanism (59) with the con-
densed isoprene-oxidation mechanisms described by Wennberg et al. (18)
and IHN deposition rates based on measurements made by Nguyen et
al. (20). Vertical transport is simulated in the model using K-theory (41),
and its implementation in the model is described in more detail in SI
Appendix.

Given the uncertainty in local isoprene emissions due to vegetation
heterogeneity in and around the Pasadena area, sensitivity tests were per-
formed to determine a reasonable emission rate that produced agreement

between measured and modeled isoprene concentrations. ALW concentra-
tions used to model IHN partitioning were calculated using ISORROPIA-II
(43) using inputs of temperature, RH, and inorganic aerosol components
measured during CalNex-LA. The calculated ALW agreed well with that
reported by Guo et al. (44).

Data Availability. Atmospheric trace gas measurements and model out-
put data have been deposited in the California Institute of Technology
Research Data Repository CaltechDATA. IHN isomer concentration data
used here are available online (http://doi.org/10.22002/D1.971) along with
the chromatograms collected at the field site (http://doi.org/10.22002/D1.
1671), the output results of the 1-D atmospheric model (http://doi.org/10.
22002/D1.1672), and the updated isoprene mechanism used in the global
chemical transport model (http://doi.org/10.22002/D1.247). GEOS-Chem is
available for public use at http://geos-chem.org/.
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