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Abstract During an airborne study in the Southeast United States, measured mixing ratios of biogenic
hydrocarbons were systematically lower in air masses containing enhanced nitrogen oxides from power
plants, which we attribute to increased concentrations of hydroxyl (OH) radicals within the power plant
plumes. Plume transects at successively further downwind distances provide a decreasing gradient of
nitrogen oxides (NOx) concentrations, which together with the implied loss rates of isoprene, constrains the
OH dependence on NOx. We find that OH concentrations were highest at nitrogen dioxide concentrations
near 1–2 ppbv and decreased at higher and at lower concentrations. These findings agree with the
dependence of OH on NOx concentrations expected from known chemical reactions but are not consistent
with some studies reporting direct OH measurements higher than expected in regions of the atmosphere
with low NOx (NO < 0.08 and NO2 < 0.46 ppbv) and high biogenic hydrocarbon emissions.

Plain Language Summary Hydroxyl radicals are the main chemical species that removes trace
gases from the atmosphere. They determine the atmospheric lifetime of some greenhouse gases and
chemicals involved with the destruction of the stratospheric ozone layer. Hydroxyl reactions also play an
important role in air pollution chemistry. Measuring hydroxyl radicals is very challenging because of their
high reactivity and low concentrations. Some recent measurements have shown unexpectedly high
concentrations in relatively clean conditions. In this work, we indirectly estimated the dependence of
hydroxyl radicals on the concentration of nitrogen oxides downwind from power plants in the Southeast
United States. We observed that mixing ratios of isoprene, a reactive hydrocarbon released from deciduous
trees to the atmosphere, were systematically lower in power plant plumes, caused by higher hydroxyl radical
concentrations at the elevated nitrogen oxide concentrations. These findings can be explained by known
chemical reactions but are not consistent with some studies that found unexpectedly high hydroxyl
concentrations in relatively clean conditions.

1. Introduction

Reaction with hydroxyl radicals (OH) is the primary removal mechanism for most atmospheric trace gases.
Hydroxyl radicals control the atmospheric lifetimes of long‐lived trace gases such as the greenhouse gas
methane and several of the halogenated compounds that affect stratospheric ozone. Secondary pollutants
including ozone (O3) and aerosol can be formed from OH oxidation of volatile organic compounds
(VOCs) in the presence of nitrogen oxides (NO+NO2 =NOx), thereby affecting regional air quality. OH con-
centrations depend on photolysis rates, concentrations of NOx, VOCs, carbon monoxide (CO), and OH pre-
cursors such as ozone, formaldehyde (HCHO) and others. The known photochemical reactions predict
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lower OH at both low and high NOx with OH at a maximum at an intermediate NOx concentration (Ehhalt
& Rohrer, 2000; Kuhn et al., 2007; McKeen et al., 1997; Spivakovsky et al., 2000).

Over the last decade, several direct OH measurements have shown unexpectedly high concentrations. For
example, a study in the Amazon showed relatively high OH concentrations in air masses with low levels
of NOx and significant concentrations of isoprene, a highly reactive hydrocarbon released by vegetation
(Lelieveld et al., 2008). A study in the Pearl River Delta, China found 3–5 times higher OH concentrations
thanmodeled, and concluded that high concentrations of an unknown species must be present to regenerate
OH from peroxy radicals (HO2 and RO2, where R represents an organic group) without the conversion of NO
into NO2 (Hofzumahaus et al., 2009). These and other observations were synthesized in a paper that con-
cluded that OH concentrations do not decrease at low NOx (NO < 0.08 and NO2 < 0.46 ppbv), but remain
at a maximum as NOx decreases (Rohrer et al., 2014). These conclusions have far‐reaching implications as
they affect estimates of the global lifetime of methane and the emission source strengths of isoprene and
other biogenic hydrocarbons required to explain their observed concentrations. These conclusions also affect
the predicted concentrations of products formed from biogenic hydrocarbon oxidation, for example, formal-
dehyde and organic aerosol.

Theoretical chemistry modeling suggested that HOx (OH + HO2) recycling reactions involving low‐NOx

products from isoprene oxidation could explain the higher than expected OH concentrations (Peeters
et al., 2009). Laboratory measurements showed that such radical recycling reactions indeed exist, but also
that the efficiency is not high enough to explain the high OH concentrations observed in the tropics
(Crounse et al., 2011; Fuchs et al., 2013). Furthermore, some OH measurements suffer from interferences
in regions of the atmosphere with high biogenic emissions (Feiner et al., 2016; Mao et al., 2012). At present,
no consensus exists whether such interferences are common to other OH measurement instruments, and
thereby could generally explain the high observed levels of OH in low‐NOx environments (Fittschen et al.,
2019; Rohrer et al., 2014).

Indirect methods based on the removal of trace gases and the formation of products also constrain OH
concentrations. For example, decreasing trends in methyl chloroform, which was mostly phased out by
the Montreal Protocol, have been used to study trends in globally averaged OH (Montzka et al., 2011).
Measurements of glyoxal provided a constraint on OH concentrations at a forested site (Huisman
et al., 2011). Measurements of isoprene and its oxidation products in the Amazon under varying NOx

conditions showed that OH concentrations increase with NOx up to mixing ratios of 3 ppbv (Liu
et al., 2018).

In this work, we examine the dependence of OH concentrations on NOx by contrasting airborne obser-
vations inside and outside of power plant plumes transported over a region in the Southeast United
States with high and geographically uniform emissions of biogenic VOCs. Concentrations of OH were
not directly measured, but gradients in the concentrations of OH across power plant plumes are inferred
from changes in the concentrations of the highly reactive biogenic VOCs isoprene and monoterpenes,
whose primary sink is removal by OH. We show that isoprene and monoterpenes were systematically
lower in power plant plumes, as a result of higher OH concentrations, and that their oxidation products
(notably formaldehyde, whose dominant source is isoprene oxidation in forested regions) were systema-
tically enhanced. Using these observations, we derive the dependence of OH concentrations on NOx and
compare to previous work.

2. Airborne Measurements During Southeast Nexus

Measurements were made from the NOAA WP‐3D research aircraft during the NOAA Southeast Nexus
(SENEX) project in June and July 2013. The aircraft was operated out of the Smyrna/Rutherford County
airport in Smyrna, Tennessee. Flight objectives included regional surveys across the Southeast United
States to study the interactions of abundant biogenic VOCs with anthropogenic emissions (motor vehicles
in urban areas, power plants, industrial sources) to form secondary pollutants such as ozone and aerosol.
The aircraft was equipped with instruments to characterize the chemical composition of trace gases and
aerosol, as well as the size distribution, radiative, and cloud‐nucleating properties of the aerosol (Warneke
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et al., 2016). The measurements used in this analysis are summarized in Table S1; additional measurements
onboard the NOAA WP‐3D that are not used in this analysis, are omitted from this table.

VOCs were measured using proton‐transfer‐reaction mass spectrometry (PTR‐MS; de Gouw & Warneke,
2007) and postflight gas chromatographic analyses of whole air samples collected in flight (Lerner et al.,
2017). The PTR‐MS was operated in selected‐ion mode, resulting in one data point for each VOC every
~15 s. The measurements of isoprene and monoterpenes are compared in Figure S1. On average, the two
measurements agreed within 7% for isoprene and 9% for total monoterpenes. These biogenic hydrocar-
bons are highly variable in the daytime boundary layer due to a strong variability in emissions (land
use, cloudiness), turbulent mixing, and chemistry. This variability is responsible for much of the scatter
in Figure S1 between the measurements of isoprene and monoterpenes by different techniques that are
not perfectly coincident in time. Methacrolein (MACR) and methyl vinyl ketone (MVK) are isoprene
oxidation products with the same molecular mass that are measured as a sum by the
PTR‐MS instrument.

3. Results and Discussion
3.1. Steady State Analysis of Biogenic VOC Concentrations

Emissions from power plants were intercepted on multiple flights during SENEX in 2013 (Warneke et al.,
2016). The measurements on 16 June 2013 provide an excellent case for studying the composition of
power plant plumes as a function of the time since emission. Enhancements in NO2 were observed over
and downwind from Atlanta, and downwind from two of the largest point sources of NOx in the area,
that is, the Scherer and Harllee Branch power plants to the southeast of Atlanta. The Scherer plant is
the largest coal plant in the United States. The Harllee Branch plant closed in 2015. The emissions from
these two facilities were each sampled at ~450 m above ground within the planetary boundary layer at
five different distances from the source, and the chemical evolution of the plumes provides the basis
for the analysis presented here (Figure 1). Data from an example plume intercept are also shown;
enhancements in NO and NO2 were observed between 12:52 and 12:54 PM Eastern Standard Time.
Within the plume there was a clear minimum in the observed isoprene mixing ratios; the average iso-
prene was 1.84 ± 0.10 ppbv before, 0.55 ± 0.08 ppbv inside and 1.64 ± 0.20 ppbv after the plume inter-
cept, where the indicated uncertainties give the 1‐σ confidence limits of the means, calculated from the
standard deviation divided by the square root of the number of data points. In the plume, formaldehyde
concentrations were enhanced simultaneously with the depletion of isoprene. Depletion of isoprene in
power plant plumes was observed on multiple other flights; two more examples are shown in
Figures S2 and S3 in the supporting information. As discussed in more detail below, we attribute the
depletion of isoprene to enhanced OH concentrations at the higher NOx concentrations in the plume,
and the enhancement in formaldehyde to secondary formation from isoprene.

Average plume compositions are calculated by averaging the data over the central 1‐min measurement time
(~6‐km horizontal distance) inside the plume. These compositions are then compared with the observations
outside the plumes, calculated from 2‐min windows before and after the plume. For the 16 June flight, the
intervals used for computing the average composition before, inside, and after plume intercepts are shown in
Figure 1. The mixing ratios of isoprene are highly variable due to its short lifetime, heterogeneous surface
emissions, and vertical mixing, which are uncorrelated with the power plant emissions themselves.
Consequently, the correlation between different trace gases (Ryerson et al., 2001) is limited and average
plume composition was used instead.

The power plant plumes shown in Figure 1 traversed an area with dense, mixed forests typical of the
Southeast United States, which are known to be strong emitters of isoprene and other biogenic hydrocarbons
(Warneke et al., 2010). Isoprene has a lifetime of ~0.5 hr in the sunlit atmosphere at an OH concentration of
5 × 106 molecules/cm3. This lifetime is shorter than the transport times of most of the power plant plumes
sampled in this work (~4 hr for the plume transect shown in Figure 1). At steady state, isoprene concentra-
tions [ISOP] are determined by the balance between isoprene emissions beneath the plume (ISOPem) and
loss of isoprene to reaction with OHwithin the plume. This balance defines a relationship between the depth
of the mixing layer (BLheight), the concentration of OH and the rate coefficient for the reaction between
isoprene and OH (kOH; Warneke et al., 2010):
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ISOP½ � ¼ ISOPem

BLheight×kOH× OH½ � (1)

As isoprene emissions and boundary layer height do not vary systematically across the plumes, we attribute
the depletion in isoprene to a higher concentration of OH in the plume. The enhanced formaldehyde is con-
sistent with this explanation: formaldehyde is not directly emitted from power plants but is efficiently
formed from the reaction between isoprene and OH (Wolfe et al., 2016). Monoterpenes react with OH at a
rate similar to that of isoprene, so their concentrations can also be estimated from a steady state analysis ana-
logous to equation (1). The validity of equation (1) is investigated in more detail in section 3.3 below.

3.2. Chemical Evolution of Power Plant Plumes

Comparisons of average plume compositions with those outside the plume (see Figure 1 and the Methods
section in the supporting information for more details) can elucidate the chemical processes occurring
within the plume, including the dependence of OH on NOx concentrations. The results for NO2, isoprene,
formaldehyde, and monoterpenes are shown in Figure 2, and the results for several other species formed
in biogenic VOC oxidation (NO, nitric acid, MVK andMACR, peroxyacetyl nitrate, and ozone) are shown in
Figure S4 in the supporting information. The average NO2 in the plume decreased rapidly with distance due
to a combination of chemical reaction and dilution. The plume intercepts nearest to Harllee Branch and
Scherer were 7.6 and 22 km from the respective sources. Higher NOx concentrations were observed during
the first downwind intercept of the Harllee Branch plume compared to the first intercept of the Scherer
plume. The emissions of NOx from these plants were measured by continuous emission monitoring systems
at the stack level and are shown in Figure S5.

Three different chemical regimes explain the downwind trace gas concentrations observed in these power
plant plumes:

1. Close to the emission source, NOx is high enough to titrate a fraction of the ozone and limit the lifetime
and concentration of OH via the OH+NO2 termination reaction. As a result, isoprene is not significantly
lower inside the plume, and enhancements in the isoprene oxidation products are not yet observed.

Figure 1. Measurements downwind from the Scherer and Harllee Branch power plants on 16 June 2013. The wind direction on this day was from the southwest.
(a) Flight track of the NOAA WP‐3D aircraft color and size coded by the measured NO2 onboard. The data used to calculate average mixing ratios of trace
gases inside and outside the plumes are highlighted in white and black, respectively. Observations about 55 km downwind (third intercept) from the Scherer power
plant showing (b) depletion in isoprene and (c) enhancement in formaldehyde (HCHO) within the plume, which is accompanied by enhanced NO2 and NO
concentrations. The pink and blue coloring indicates the averaging times for data inside and outside the plume, respectively.
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There is no enhancement in formaldehyde, illustrating that there is no direct emission from a coal‐fired
power plant. Only the first Harllee Branch plume intercept fits this situation (NOwas 9 ppbv, NO2 was 11
ppbv). The first intercept of the Scherer plume was further downwind and is better described by the next
chemical regime.

2. After NOx has been diluted and oxidized during transport, it reaches a concentration at which hydroper-
oxy radicals are efficiently recycled back to OH radicals. In this regime, OH concentrations are higher,
and as a result, isoprene is lower inside the plumes than outside. Additionally, inside the plume the pro-
ducts of isoprene oxidation such as formaldehyde are enhanced (Figure 2), and ozone, peroxyacetyl
nitrate (PAN), and nitric acid are formed (Figure S4). This chemical regime best describes the second
and third plume intercepts of the Harllee Branch plume, and the first through third intercepts of the
Scherer plume (NO ranged from 0.1 to 2.2 ppbv, NO2 ranged from 0.6 to 5.6 ppbv); this last‐mentioned
intercept is the example shown in Figure 1.

3. After NOx has been decreased even further, HOx radicals are less efficiently recycled. Hydroxyl concen-
trations in the plume are no longer much enhanced over their concentrations outside the plume. As a
result, isoprene concentrations inside the plume approach those outside. The products of isoprene oxida-
tion are still enhanced due to their longer lifetimes compared to isoprene. This regime describes the

Figure 2. Evolution of NO2, isoprene, formaldehyde (HCHO), and monoterpenes downwind from the Scherer and
Harllee Branch power plants during the flight on 16 June 2013. Each of the data points corresponds to one of the plume
intercepts shown in Figure 1a.
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observations in the fourth and fifth intercepts of both the Harllee Branch and Scherer plumes (NO <
0.055 ppbv, NO2 < 0.30 ppbv).

These three chemical regimes explain the depletion in isoprene observed within the plumes downwind from
Harllee Branch and Scherer as well as the formation of the products formaldehyde (Figure 2), nitric acid,
PAN, and ozone (Figure S4). No clear enhancement was observed for MVK and MACR; these compounds
react more efficiently with OH than formaldehyde, so their enhanced formation in the plumes is counter-
acted by their enhanced removal. Also, it was recently discovered that a low‐NOx oxidation product from iso-
prene is detected at the same mass as MVK and MACR (Rivera‐Rios et al., 2014), which may also obscure
their enhancement in the plume.

Monoterpenes were also depleted downwind from Harllee Branch and Scherer, and the depletion exhibited
a similar dependence on downwind distance as for isoprene (Figure 2). The monoterpene concentrations
were much lower than isoprene, and at these low concentrations, instrumental noise in the measurement
contributes substantially to the variability in the observations (de Gouw & Warneke, 2007).

Based on the observations made downwind from the Scherer and Harllee Branch power plants, we can
derive the NOx dependence of OH in the plumes. Using equation (1), and assuming that isoprene emissions
and boundary layer height are the same inside and outside of the plume, we define

OH enhancement ratio ¼ OH½ �inside
OH½ �outside

¼ ISOP½ �outside
ISOP½ �inside

(2)

The OH enhancement ratios according to equation (2) are shown in Figure 3 as a function of average NO2,
using both isoprene and monoterpene measurements. Data are shown as a function of NO2 for direct com-
parison with the literature (Rohrer et al., 2014). Both graphs show that the largest OH enhancement ratio
occurs at intermediate NO2 concentrations near 1–2 ppbv. At higher (closer to the power plant) and lower
(further away from the power plant) NO2 mixing ratios, OH is not as strongly enhanced. The OH + NO2

reaction to form nitric acid limits OH concentrations at high NO2, and low concentrations of NO limit the
recycling of hydroxyperoxy radicals to OH at low NO2 (McKeen et al., 1997). The peak enhancement ratio
in OH is estimated to be 5.9 ± 1.1 from the isoprene measurements and 3.9 ± 1.5 from the monoterpene
measurements, where the uncertainties are determined from lognormal fits to the data shown in Figure 3.
These peak enhancement ratios agree within the uncertainties of the analyses. The monoterpene measure-
ments by PTR‐MS are much closer to the instrument detection limit than the isoprene measurements. If the
11‐pptv offset inferred from the monoterpene data intercomparison in Figure S1 were due to a different

Figure 3. Hydroxyl enhancement ratio as a function of NO2 mixing ratio determined from (left) isoprene measurements
and (right) monoterpene measurements on 16 June 2013 downwind from the Harllee Branch and Scherer power plants as
illustrated in Figure 1. The solid curves show fits of a lognormal distribution to the combined data from the two power
plants with the asymptotic value set to 1.
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species than monoterpenes, then the peak OH enhancement inferred from the monoterpene measurements
(Figure 3) would be higher (5.7 ± 1.6) and would agree more closely with the isoprene result (5.9 ± 1.1).

The dependence of OH on NO2 concentrations inferred from the analysis in Figure 3 is consistent with
several previous observations, including the Tropospheric OH Photochemistry Experiment (Eisele et al.,
1997), measurements made during the Biosphere Effects on Aerosols and Photochemistry Experiment II
(BEARPEX09) (Mao et al., 2012), measurements made at a ground site during the SENEX study (Feiner
et al., 2016), and with the OH dependence on NO2 predicted from well‐known chemical reactions in the tro-
posphere (McKeen et al., 1997). Indirect evidence for increased oxidation rates of VOCs at enhanced NOx

concentrations was obtained downwind from Manaus in the Amazon during GoAmazon2014/5
(Shrivastava et al., 2019). Our analysis does not provide evidence for higher than expected OH concentra-
tions at lower NOx concentrations as suggested by the recent summary of OH measurements (Rohrer
et al., 2014). That study summarized data from a U.S. deciduous forest (Tan et al., 2001), the Amazon
(Lelieveld et al., 2008), and a tropical forest in Borneo (Whalley et al., 2011). Between these studies the aver-
age daytime NO mixing ratios ranged from 0.013 to 0.08 ppbv and NO2 ranged from 0.13 to 0.46 ppbv. Our
observations furthest away from the power plants are in this same range (NO < 0.055 ppbv and NO2 < 0.30
ppbv). In Rohrer et al. (2014), the average dependence of OH on NO2 followed a very similar trend as
observed here at high NOx but measured OH did not decrease with NO2 at low NOx. If the average NO2

dependence of OH concentrations according to Rohrer et al. (2014) held for the present study, there would
have been no gradients in isoprene in either the downwind or crosswind directions across the power plant
plumes, except very close to the source, where OH would have been lower and isoprene higher inside
the plume.

It should be noted that the summary of OH measurements by Rohrer et al. (2014) was limited to those data
sets with total OH reactivities of the combined hydrocarbons above 10 s, which is not the case for all air
masses described in this work. For the Scherer and Harllee Branch plumes observed 16 June 2013, the com-
bined OH reactivity calculated from isoprene, monoterpenes, methyl vinyl ketone + methacrolein, and for-
maldehyde varied between 4 and 7 s outside of the plumes and from 2 to 4 s inside the plumes due primarily
to the depletion of isoprene. Nevertheless, a depletion of isoprene in power plant plumes was also observed
in air masses that did have >10‐s hydrocarbon reactivity. An example is shown in Figure S3, in which case
the OH reactivity was above 12 s immediately preceding the plume intercept.

3.3. Possible Complicating Issues

The analysis presented here is based on indirect determinations of OH concentrations from relationships
between observed concentrations of relatively easily measured species, and any influence from possible
interferences in OH measurements is avoided. We discuss some complicating issues with the present analy-
sis here, with more details included in the supporting information.

Equation (1) describes the dependence of average isoprene concentration on average OH concentration
when steady state is achieved. In the atmosphere, isoprene is turbulently mixed in the daytime boundary
layer leading to a strong variability in time and location of both isoprene and OH (Kaser et al., 2015). This
interplay between turbulent mixing and chemistry has been studied in a large‐eddy simulation model for
conditions typical of the Southeast United States (Kim et al., 2012). As discussed in the supporting informa-
tion, the results from the large‐eddy simulation model (i) provide justification for the use of equation (1) that
relates mean isoprene and OH concentrations and (ii) explain the strong variability in isoprene observed in
the daytime boundary layer over the eastern United States.

The steady state assumption underlying equation (1) is justified at relatively high OH concentrations. At
lower OH concentrations characteristic of chemical regimes 1 and 3 discussed above, the approach to
steady state is slower. Thus, the shape of the OH enhancement ratio dependence shown in Figure 3 may
be somewhat distorted due to departures from steady state conditions at low and high NO2, with the OH
maximum possibly shifted. However, these distortions cannot be large, as the low OH concentrations
within the plume are not much different from those outside. Comprehensive plume dispersion modeling
that includes detailed isoprene chemistry may give more definitive results but are beyond the scope of this
data‐focused analysis.
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A coincidence between the plume trajectory and lower surface emissions or variations in vertical transport
could possibly produce isoprene gradients not related to chemistry within the plume. The measured vertical
wind speeds did not show systematic variations across the plume intercepts (Figure S6), which rules out
enhanced or depressed turbulence. In addition, the surface emissions of isoprene did not have systematic
gradients across the plume, which was verified by overlaying the plume intercept locations with emissions
and satellite maps. Further, as mentioned before, depletion of isoprene in power plant plumes was observed
on multiple flights. In addition, a reduction in isoprene concentrations was often observed downwind from
urban areas; in those cases, however, a reduction in isoprene emissions underneath the plume cannot be
easily ruled out (Kuhn et al., 2010).

Ozone and formaldehyde are secondary products of isoprene oxidation, which were formed in the Scherer
and Harllee Branch plumes (Figure S4). These two species themselves accelerate chemical transformations
in the plumes. However, as discussed in the supporting information, the enhanced radical production that
can be attributed to these species is small compared with the enhancement in OH that is attributed to the
radical recycling by NOx. Another radical precursor that was enhanced in the plumes was nitrous acid
(HONO; Neuman et al., 2016). HONO was most enhanced (by an average of ~70 pptv) during the first inter-
cept of the Harllee Branch plume, which is not when the OH enhancement in the plume was highest. The
enhanced radical production from HONO is further discussed in the supporting information and was found
to be small.

Finally, aerosol formation downwind from the Scherer and Harllee Branch power plants was studied and
presented elsewhere (Xu et al., 2016). Emissions of SO2 from Harllee Branch were much higher and, conse-
quently, more sulfate aerosol as well as organic aerosol derived from isoprene were formed in that plume.
Nevertheless, the present analysis suggests that the removal of isoprene oxidation products from the gas
phase did not significantly alter the OH reactivity in the Harllee Branch plume relative to the Scherer plume,
which is not unexpected given the dominant contributions of isoprene, monoterpenes, methyl vinyl ketone,
methacrolein, and formaldehyde to the total OH reactivity (Kaiser et al., 2016).

4. Conclusions

Airborne measurements in power plant plumes in the Southeast United States constrain the NOx depen-
dence of OH concentrations. We find that the OH dependence on NO2 is consistent with well‐known
chemical reactions in the troposphere (McKeen et al., 1997). Our analysis does not provide evidence for
higher than expected OH concentrations at lower NOx concentrations as suggested by a recent summary
of OH measurements (Rohrer et al., 2014). The apparent disagreement between the current findings and
those obtained from some direct measurements of OH is important to resolve as it has major implications
for global atmospheric chemistry and climate. Higher than expected OH concentrations in low‐NOx

environments with high isoprene emissions such as the tropics would significantly affect the modeled life-
time of the greenhouse gas methane. High OH concentrations at low NOx would also require that isoprene
emissions are much larger than currently understood to explain the observed isoprene mixing ratios, which
has far‐reaching implications for the budget of isoprene and its oxidation products (formaldehyde, organic
aerosol). Plume dispersion and large‐eddy simulation models may provide further insights into the radical
recycling processes observed in the laboratory (Crounse et al., 2011; Fuchs et al., 2013) and their relevance
to the present observations. Finally, possible OH measurement issues require further investigation (Feiner
et al., 2016; Fittschen et al., 2019; Mao et al., 2012).
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