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ABSTRACT: Isoprene is the predominant non-methane volatile organic compound emitted
to the atmosphere and shapes tropospheric composition and biogeochemistry through its
effects on ozone, other oxidants, aerosols, and the nitrogen cycle. Isoprene is emitted naturally
by vegetation during daytime, when its photo-oxidation is rapid, and in the presence of
nitrogen oxides (NOx) produces ozone and degrades air quality in polluted regions. Here, we
show for a city downwind of an isoprene-emitting forest (St. Louis, MO) that isoprene actually
peaks at night; ambient levels then endure, owing to low nighttime OH radical concentrations.
Nocturnal chemistry controls the fate of that isoprene and the likelihood of a high-ozone episode the following day. When nitrate
(NO3) radicals are suppressed, high isoprene persists through the night, providing photochemical fuel upon daybreak and leading
to a dramatic late-morning ozone peak. On nights with significant NO3, isoprene is removed before dawn; days with low morning
isoprene then have lower ozone with a more typical afternoon peak. This biogenic−anthropogenic coupling expands the daily
high-ozone window and likely has an opposite O3−NOx response to what would otherwise be expected, with implications for
exposure and air-quality management in cities that, like St. Louis, are downwind of major isoprene-emitting forests.

1. INTRODUCTION

Approximately 1 Pg (1015 g) of non-methane volatile organic
compounds (VOCs) is emitted to the atmosphere by land
ecosystems each year, some 8× greater than the estimated
anthropogenic source.1,2 Of these, isoprene (2-methyl-1,3-
butadiene, C5H8) is predominant, accounting for half of the
total known flux. Emitted mainly by deciduous trees and
shrubs, isoprene quickly reacts by addition with the hydroxyl
radical (τ ∼ 1 h at [OH] = 2.5 × 106 molecules cm−3; ref 3),
producing hydroxyperoxy radicals that can oxidize NO to NO2
and hence drive ozone (O3) production.4 Because fuel
combustion is the main source of atmospheric NOx (NO +
NO2),

5,6 this represents a major biogenic−anthropogenic
interaction that for some time has been known to have
important consequences for ozone air quality.7,8 Such
biogenic−anthropogenic interactions involving isoprene have
since been found to modulate aerosol formation9−12 as well as
the transport and fate of atmospheric nitrogen.13−15

Isoprene production is tied to photosynthesis and is strongly
light- and temperature-dependent;16 as a result, emissions
follow a pronounced diurnal cycle, peaking in the middle of the
day and falling to zero at night.2,17 This diurnal cycle parallels
that of photolytic OH production, and most isoprene molecules
are thus oxidized during the day by OH. However, isoprene
that is emitted close to dusk, when OH concentrations are
dropping, can persist into the nighttime hours.18,19 Then,
oxidation by ozone can continue but is slow (τ = 30 h at [O3] =
30 ppb; ref 3). Nitrate (NO3) radicals, on the other hand,
which are generated from the combination of NO2 with O3 and
rapidly photolyzed during the day, can be abundant at night

and react rapidly with isoprene (τ = 20 min at [NO3] = 50 ppt;
ref 3). The reaction proceeds by addition of NO3 to one of
isoprene’s two double bonds and leads to a variety of
multifunctional nitrates.20 This chemistry is important because
it can lead to aerosol (mainly via second- and higher generation
products21), contributing to particulate pollution, and because
it can represent a substantial sink or reservoir of NOx.

19,22

Here, we show for the first time that, for cities downwind of
isoprene-emitting forests, such nighttime isoprene chemistry
can have a critical impact on ozone air quality and
photochemistry the following day.

2. METHODS
2.1. Field Measurements. We measured isoprene, its

oxidation products methyl vinyl ketone (MVK) and meth-
acrolein (MACR), and an ensemble of other trace gas, aerosol,
and meteorological parameters during the St. Louis Air Quality
Regional Study (SLAQRS). SLAQRS took place during
August−September 2013 and was conducted at the St.
Louis−Midwest Supersite core monitoring station located in
East St. Louis, IL (38.6122 N, 90.16028 W, 184 m elevation). A
detailed description of the site is given elsewhere.23,24 Isoprene
(m/z 69), the sum of MVK + MACR (m/z 71), and a suite of
other VOCs were measured with the University of Minnesota
high-sensitivity quadrupole proton-transfer-reaction mass spec-
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trometer (PTR-MS, Ionicon Analytik GmbH) as described in
earlier papers.25−27 Briefly, ambient air was drawn from the top
of the trailer (5 m above ground) with a sampling flow of 10
standard liters per minute (slm) through 6 m of heated 1/2 in.
outer diameter perfluoroalkoxy (PFA) tubing. Of this, 1 slm
was subsampled by the PTR-MS inlet system. The PTR-MS
drift tube pressure and voltage were maintained at 2.3 mbar and
600 V (E/N = 126 Td), with the water flow at 6.5 standard
cubic centimeters per minute (sccm); dwell times were 5−10 s
for the various compounds measured. The abundance of H3O

+

ions was (1.2−2) × 109 counts per second (cps), with
interference from O2

+ amounting to less than 1% of the H3O
+

signal. Zero air for instrument blanks was generated by passing
ambient air over a heated Pt catalyst (450 °C) to maintain
ambient humidity. Calibration was performed via dynamic
dilution of multicomponent compressed gas standards (Apel-
Riemer Environmental, Inc.) into a zero air stream generated in
the same way, with these standards recertified in our laboratory
prior to deployment using the custom-built permeation-based
calibration apparatus described by Baasandorj et al.27 As
discussed in the Supporting Information, we do not expect any
measurement interferences for isoprene or MVK + MACR to
impact the analyses shown here.
NO and NO2 were measured during SLAQRS by

chemiluminescence (42i-TL, Thermo Scientific, Inc.), and O3
was quantified by ultraviolet (UV) absorption at 254 nm (49i,
Thermo Scientific, Inc.). Both instruments were calibrated and
drift-corrected regularly throughout the study (146i, Thermo
Scientific, Inc.).
2.2. Dynamically Simple Model of Atmospheric

Chemical Complexity (DSMACC). We use the DSMACC
chemical box model developed by Emmerson and Evans28 to
interpret the SLAQRS observations. DSMACC is a zero-
dimensional tropospheric chemistry box model28−31 employing
the Kinetic PreProcessor (KPP)32 and the Tropospheric
Ultraviolet and Visible (TUV) photolysis scheme.33 The
model can be used for both free-running and constrained

simulations and is designed for flexibility in accommodating
different chemical mechanisms. The mechanism employed here
is based on v9-02 of the GEOS-Chem chemical transport
model, with isoprene oxidation as described by Mao et al.15

Model runs are performed for the SLAQRS site location and
initialized at 9 pm local standard time on July 31 (298 K,
987.714 hPa, and [H2O] = 2 mol %) with 8 ppb of isoprene, 2
ppb of MVK + MACR (1 ppb each), 200 ppb of CO, 1.82 ppm
of CH4, 30 ppb of O3, and 10 ppb of NO2. We also include 2
ppb of PRPE (lumped species representing ≥C3 alkenes) as a
surrogate for other reactive VOCs. This is necessarily an
approximation, because a full suite of VOCs was not measured
during the study. Halving or doubling this assumption changes
the magnitude of the model Ox enhancements discussed later
but does not alter their timing or general features. NO is set to
either 0.5 or 4 ppb, with mixing ratios then constrained to the
initial value throughout the model run as a proxy for ongoing
emissions into the urban atmosphere. Additional sensitivity
analyses shown in Figure S1 of the Supporting Information
(and discussed later) include (i) a model run with no NO3 +
VOC reactions and (ii) a run in which reaction of NO3 with
isoprene is assumed to be a terminal sink for both species (e.g.,
the products then undergo deposition, aerosol uptake, or wet
scavenging).

3. RESULTS AND DISCUSSION

Figure 1 shows that St. Louis lies near (∼35 km) the oak forests
of the Ozark Plateau, a major isoprene source region with a
growing season per area flux comparable to the tropical forests
of Amazonia and Africa.34−36 In general, winds during the
SLAQRS study were either northerly, bringing low-isoprene air
from the predominantly agricultural landscapes of northern
Missouri, southern Iowa, and southwestern Illinois, or from the
south to southwest, bringing biogenically impacted air from the
Ozarks. The bottom panel of Figure 1 shows the consequence
of these wind shifts: alternating regimes of low and extremely
high isoprene. Conversely, anthropogenically emitted VOCs

Figure 1. Isoprene measurements in St. Louis: (top left) isoprene emissions over the U.S. southeast estimated under standard conditions2 with the
black circle indicating the study location, (top right) frequency of observed wind direction and speed during the study, and (bottom) measured
isoprene (black) and solar radiation (yellow). Green markings indicate periods with southerly winds (170−270°, >0.5 m/s).
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show no such transitions and were elevated throughout the
study.37

A surprising aspect of the isoprene measurements shown in
Figure 1 is that the peak concentrations (up to 8 ppb) occur at
night. Such values would be unusually high even in many
daytime forested environments (e.g., refs 38 and 39). However,
they are consistent with earlier measurements in the upwind
Ozark forest,34 showing peak isoprene levels during late
afternoon and early evening in the newly formed nocturnal
boundary layer. Average surface concentrations in the upwind
forest during that earlier study exceeded 25 ppb between 17:00
and 18:00 CST and were still extremely high (averaging ∼13
ppb) between 20:00 and 21:00 CST.
During the southerly episodes observed during SLAQRS,

midday isoprene levels (when emissions are highest) are
comparatively low in the city. We attribute this to OH-driven
photo-oxidation during daytime transport from the Ozarks:
given a 2 m/s wind speed and OH of 2.5 × 106 molecules cm−3,
isoprene would undergo >4 e-foldings during a 4−5 h transit
between the forest edge and the urban core. On the other hand,
we see that a substantial amount of isoprene emitted during late
afternoon survives past sunset and is transported to the city via
southerly winds. The result is heavily isoprene-laden air
entering the urban airshed at night.
The impact of that isoprene then depends upon the

nocturnal chemical environment, as illustrated in Figure 2 for
four example nights during the campaign. The figure shows that
on Aug 3−4 and Aug 11−12 there occurred a strong decrease
in the ambient isoprene concentrations following a peak in the
early nighttime hours. We can explore the cause of the decline
in each case using simultaneous measurements of MVK +
MACR, which are produced in high yield from the oxidation of

isoprene by OH or O3 (and in very low yield from the
oxidation of isoprene by NO3).

40−42 Because MVK and MACR
are themselves much less reactive than isoprene toward these
same oxidants,3 the isoprene/(MVK + MACR) ratio can be
used as a proxy for the degree of oxidative aging since isoprene
was emitted (with higher ratios indicating less chemical
aging).43−45 The pronounced nighttime decrease in isoprene/
(MVK + MACR) on Aug 11−12 thus implies chemical removal
of isoprene during this time. On the other hand, the relatively
constant isoprene/(MVK + MACR) ratios on Aug 3−4
indicate that the isoprene decline on this night was driven by
atmospheric mixing and transport rather than chemistry. For
the nights of Aug 29−30 and Aug 30−31, the isoprene/(MVK
+ MACR) ratio shows that, again, there was little or no
oxidative chemistry occurring, and on both of these occasions
isoprene concentrations exceeding 5 ppb were still present the
following morning.
This night-to-night variability in isoprene oxidation and

hence in the amount of isoprene still present at daybreak is
driven by the abundance of NO3 radicals. Figure 3 provides a
more detailed look at this for two distinct nights with elevated
isoprene concentrations. On the night of Aug 26−27, isoprene
levels peaked at nearly 6 ppb before declining after midnight to
approximately 2.5 ppb by 4:00 am. On the basis of concurrent
measurements at the site, we can derive the rate of decline that
would be expected due to isoprene’s reaction with NO3 and
with O3 (see the Supporting Information). Results are shown as
red (reaction with O3) and purple (reaction with NO3 and with
O3) solid lines in Figure 3. We then attribute any remaining
change to atmospheric mixing and transport effects and apply
an exponential fit of the residuals to derive an effective dilution
rate coefficient. The overall calculated trajectory due to O3
chemistry, NO3 chemistry, and mixing/transport is shown as
the green line in Figure 3. We see in this case that the overall
isoprene decline of 3.5 ppb over 4 h observed on this night can
be attributed to approximately equal contributions from
chemical oxidation and dilution, with NO3 providing the
majority of the oxidizing power.
Measurements of MVK + MACR over this same time period

then provide a quantitative and independent test of the above
attribution. Applying the chemical loss rates for MVK + MACR
due to NO3 and O3 as above, while accounting for MVK +
MACR production from the isoprene + O3 and isoprene + NO3
reactions and employing the same dilution frequency derived
for isoprene, results in the solid gray line in Figure 3. The
observed change in MVK + MACR thus corroborates the
inferred isoprene sink estimates.
The night of Aug 30−31 brought a very different situation.

Again, isoprene peaked around midnight (at 8 ppb), but in this
case, the estimated NO3 abundance was much lower. As a
result, chemical loss of isoprene was minimal and 6 ppb of
isoprene was still present at 4:00 am. As we show later, this has
a large impact on ozone air quality during the ensuing day.
Again, the MVK + MACR observations provide independent
support for the above attribution (Figure 3).
What causes these differences in NO3 chemistry between

nights? Figure 3 shows that, for the time periods investigated
above, NO was higher and O3 was lower on Aug 30−31
(median 0:00−04:00 values of 1.4 and 6.5 ppb, respectively)
than was the case on Aug 26−27 (0.5 and 11.1 ppb). High NO
titrates O3, thus slowing NO3 production via NO2 + O3, while
also providing a direct NO3 sink via NO3 + NO. On the night
of Aug 30−31, when we see negligible chemical loss of

Figure 2. Nocturnal changes in isoprene and its oxidation products.
Plotted are measurements of isoprene, the sum of its oxidation
products MVK + MACR, and isoprene/(MVK + MACR) on four
example nights during the campaign.
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isoprene, the mean NO3 lifetime due to reaction with NO,
τNO3(NO), is only 2 s. On the night of Aug 26−27, this lifetime,
while still short (mean of 18 s), is nonetheless long enough that
isoprene itself is a more important NO3 sink (mean τNO3(isoprene)

= 14 s). When combined with ∼2× more rapid NO3
production, the estimated steady-state NO3 abundance is
some 5× higher on this occasion, and we therefore see
significant chemical removal of isoprene by night’s end.
We carried out corresponding analyses for each night that

included a clearly defined isoprene decline after dark
(Supporting Information). Across those cases, we see
significant variability in the importance of NO3 chemistry,
with mean isoprene lifetimes due to NO3 ranging from 4 to
>100 h. In most (10 of 13) cases, the resulting prediction for
MVK + MACR agrees with the observations, thus corroborat-
ing the overall analysis. Occasionally, the agreement is not as
good, for instance when MVK + MACR increased while
isoprene was decreasing. These likely reflect situations when
horizontal and/or vertical transport affected isoprene and its
oxidation products differently. The nocturnal boundary layer
(NBL) can be stratified with significant vertical gradients;20,46

such episodes could arise, for example, from downmixing of
more photochemically aged air from aloft.
The SLAQRS observations thus point to the importance of

NO3 chemistry in removing isoprene overnight in this
environment and to substantial variability in the efficacy of
this process. We further confirmed the tenability of the above
interpretation using the DSMACC chemical box model28 (see
the Methods for details). Figure S1 of the Supporting
Information shows that, for the case with 0.5 ppb of NO,
isoprene is efficiently oxidized by NO3 and is largely removed
overnight. Conversely, when NO3 chemistry is suppressed by
high NO, most isoprene (>5 ppb) is still present at dawn and
available to undergo photochemical oxidation by OH.
Having large amounts of isoprene present at daybreak then

provides a potent fuel to drive photochemistry the coming day.
Figure 4 shows that days with high isoprene (>2 ppb) at 6 am
and southerly winds had elevated morning ozone, averaging up
to 26 ppb above the campaign mean (examples of individual
days are shown in Figure 5). Furthermore, ozone on these days
exhibited a dramatic morning peak that stands in stark contrast
to the textbook scenario wherein ozone is highest during

afternoon. Different averaging strategies modify somewhat the
shape of this mean diurnal profile but not its overall attributes
(see the Supporting Information). Thus, we see that the
nighttime oxidation (or persistence) of isoprene has a powerful

Figure 3. Nighttime isoprene removal. Shown are measurements of NOx, O3, isoprene, and MVK + MACR on two nights with elevated isoprene.
Solid lines show the calculated isoprene decay due to O3 (red), O3 + NO3 (purple), and O3 + NO3 + mixing (green), as described in the text. Gray
lines show the resulting predictions for MVK + MACR. Time stamps indicate local standard time (CST).

Figure 4. Diurnal cycle in isoprene and O3 during summer in St.
Louis. Mean observed concentrations by hour for the entire campaign
(black) and for periods with southwesterly winds (170−270°) on days
with (green, >2 ppb at 06:00) and without (red) elevated morning
isoprene. Error bars show 1 (thick) and 2 (thin) standard deviations
about the mean. Examples of individual days are shown in Figure 5.
The corresponding Ox (O3 + NO2) plot is shown in the Supporting
Information.
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bearing on ozone production and urban air quality the
following day. The fact that isoprene at daybreak changes the
daily timing of high ozone episodes also has ramifications for
human health, for instance, affecting the scheduling of outdoor
activities to minimize exposure.
Also shown in Figure 4 is the mean diurnal ozone profile for

days with southwest winds that did not have high morning
ozone. We see that mean ozone on these days does not differ
significantly from the overall campaign mean. Days with high
isoprene have higher than average temperatures (Supporting
Information), as expected, because isoprene emissions depend
exponentially upon temperature. Ozone production generally
increases with temperature47 due to, for example, accelerated
chemistry, but this effect cannot explain the anomalous ozone
diurnal profile that is observed. Entrainment from the overlying
residual layer can also affect surface ozone. However, we should
expect that injecting multiple parts per billion of isoprene into a
high-NOx urban environment at sunrise will drive substantial
ozone production, and the DSMACC simulations support this.
Figure S1 of the Supporting Information shows that the high-
NO scenario with suppressed NO3 chemistry does have
substantially higher Ox (O3 + NO2) the following day
compared to the base case with active NO3 nighttime
chemistry. However, this comparison is complicated by
differing NOx/VOC regimes in the two cases. We can better
isolate the effect of isoprene itself and its overnight removal
using a sensitivity simulation initialized in the same way as the
base case but with all VOC + NO3 reactions turned off. The
results are shown in green in Figure S1 of the Supporting
Information and predict a 10 ppb ozone enhancement when
isoprene is present at daybreak relative to the base case in
which most isoprene was oxidized by NO3 the prior night.
Critically, the predicted ozone enhancement peaks in the late
morning, exactly as seen in the observations.
The magnitude of this ozone enhancement depends upon

the uncertain fate of the organic nitrates produced by the
isoprene + NO3 reaction21 and the propensity of those
remaining gas-phase nitrates to undergo photochemical
oxidation the next day, potentially recycling NOx, versus
deposition or aerosol uptake. We demonstrate this sensitivity in
Figure S1 of the Supporting Information using a sensitivity
simulation in which isoprene + NO3 is assumed to represent a

terminal sink (i.e., the products are lost to surfaces or aerosol
uptake, with no subsequent gas-phase chemistry or NOx
recycling). Using this as a baseline, we find that the ozone
enhancement when isoprene is not removed overnight is nearly
double (19 ppb) what it was using the standard model
chemistry. Again, the ozone enhancement peaks in the late
morning, as seen in the data.

4. IMPLICATIONS

We showed here that in an urban area downwind of an
isoprene-emitting forest, peak isoprene concentrations of up to
8 ppb occur at night, despite isoprene’s light-dependent source
and short atmospheric lifetime. When significant isoprene is
still present at dawn, it accelerates daytime photochemistry and
changes its diurnal cycle, leading to a striking morning ozone
peak that, in the mean, far exceeds values seen on other days
(by as much as 26 ppb). This early onset also expands the daily
window with persistently high ozone. Such events thus have
important ramifications for meeting the U.S. ozone standard,
which is defined on the basis of 8 h average concentrations. In
fact, of the 4 days during this study with the highest 8 h O3
values, two had high morning isoprene (on the basis of the
criteria used earlier). These morning isoprene episodes could
therefore determine whether or not cities such as St. Louis are
in attainment with the federal ozone standard.
The amount of isoprene still present at daybreak, in turn, is

strongly affected by its nighttime reaction with NO3. This
biogenic−anthropogenic linkage involving nighttime isoprene
and daytime ozone is likely to exhibit the opposite O3−NOx
dependence as would otherwise be expected within cities. For
instance, as NO emissions decrease,48 the degree of O3 and
NO3 titration should diminish, leading to a more active role for
NO3 chemistry within the near-surface urban environment. For
St. Louis and similar cities, this corresponds to more efficient
nighttime isoprene removal and, hence, fewer daytime ozone
enhancements. In parallel, aerosol mass could increase as a
result of enhanced production of low-volatility isoprene (and
terpene) nitrates.21,49−51 Outside of the urban core, NOx
reductions would likely reduce the importance of NO3
chemistry (because of reduced formation via NO2 + O3), so
that more isoprene survives the night to drive photochemistry
and ozone production the following morning. Solely on the

Figure 5. Examples of individual days with high morning isoprene (left, Sept 10, 2013; right, Sept 11, 2013).
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basis of daytime chemistry, one would normally predict
precisely the reverse tendency: NOx reductions increasing
ozone in the urban core while decreasing it in most other
locations.
The above dynamics may vary in a complex way with

altitude. The analyses here are based on surface measurements,
and the chemical self-consistency from night to night and clear
link to next day ozone both argue that our findings are spatially
representative for the area and not merely controlled by local
plumes. However, NO3 chemistry can vary with height in the
nighttime urban atmosphere20 and may reach maximum
efficiency at the interface between the NBL and overlying
residual layer.52 Vertically resolved measurements probing the
depth of the NBL and overlying residual layer are needed in
this type of environment to more fully quantify the nighttime/
daytime interactions explored here and to better understand
how they are liable to change in the future.
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