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nd model comparisons suggest
that HONO is not an important source of OH
radical concentrations below a rural forest canopy

Bode Hoover,a Emily Reidy,b Ian Spink,a Amanda Hamachek,b Brandon Bottorffb

and Philip S. Stevens *ab

The hydroxyl radical (OH) initiates the oxidation of volatile organic compounds (VOCs) in the atmosphere,

leading to the production of ozone and secondary organic aerosols (SOA). While nitrous acid (HONO) can

be an important OH source during the daytime, the mechanisms controlling HONO concentrations remain

poorly understood, with unknown sources commonly reported. To improve our understanding of their

sources and sinks, HONO and OH concentrations were measured below a forest canopy using a Laser-

Photofragmentation/Laser-Induced Fluorescence instrument and were modeled using a zero-

dimensional model based on the Master Chemical Mechanism. Heterogeneous conversion of NO2 on

ground surfaces dominated nighttime HONO production (95%) while the reaction between OH and NO

was the dominant daytime source (77%). Deposition was a primary HONO removal process at night

(99%) and during the day (64%) followed by photolysis (34%). Overall, the model was able to reproduce

the HONO measurements, although it could not reproduce observed increases in HONO during

individual rain events, which were likely due to elevated heterogeneous production. Measured

concentrations of OH were similar to previous observations above the canopy at this site, suggesting

that significant chemical oxidation was occurring in the canopy that could impact the concentration of

oxygenated VOCs and SOA above the canopy. Ozonolysis of monoterpenes was a dominant source of

radicals below the canopy, accounting for 70% of total radical initiation. Photolysis of HONO contributed

approximately 1% to total radical initiation, suggesting that at this site HONO is not an important source

of OH radicals beneath the canopy.
Environmental signicance

The hydroxyl (OH) radical is the dominant atmospheric oxidant, initiating the production of ground-level ozone and secondary organic aerosols (SOA). While
photolysis of nitrous acid (HONO) can be a signicant source of OH, the sources of HONO remain poorly understood. In contrast to several previous studies,
measurements of HONO below amidlatitude forest canopy could be explained by known formationmechanisms. Though HONO did not contribute signicantly
to radical production at this site, the ozonolysis of biogenic volatile organic compounds was a dominant source of radicals, resulting in below canopy
concentrations similar to that observed above the canopy. These results suggest that signicant oxidation may be occurring in the canopy that could impact the
concentration of SOA above the canopy.
1. Introduction

The hydroxyl radical (OH) is the primary daytime tropospheric
oxidant which initiates the oxidation of volatile organic
compounds (VOCs) that leads to the production of hydroperoxy
radicals (HO2) and organic peroxy radicals (RO2). In the pres-
ence of nitrogen oxides (NOx = NO + NO2), these reactions can
lead to the production of ozone and secondary organic aerosols
in the atmosphere. Because of their central role in atmospheric
Affairs, Indiana University, Bloomington,

ty, Bloomington, IN, USA

y the Royal Society of Chemistry
chemistry, understanding the sources and sinks of the OH
radical is important to accurately address current issues of air
quality.

Atmospheric chemistry models have oen overpredicted
surface ozone levels above forested areas of the eastern United
States.1 Previous studies have found that stomatal uptake of
ozone alone cannot account for the observed ozone uxes below
and within forest canopies where the missing ux correlates
with terpene emissions and temperature.2–4 Recent studies
suggest that non-stomatal loss accounts for a signicant frac-
tion of ozone deposition, with in-canopy chemistry only
accounting for a small fraction of total ozone uxes,5 and 1-D
forest canopy modelling suggests that OH radical
Environ. Sci.: Atmos.
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concentrations at the surface are signicantly lower than that
above the forest.6 However, the rapid ozonolysis of unaccounted
for biogenic VOCs could lead to the production of OH radicals
and secondary pollutants, including VOCs and SOA oxidized by
both OH and ozone, which could impact the above canopy
environment.4,7–9 Unfortunately, there have been few below
canopy measurements that describe the sources and sinks of
radical species near the forest oor.

Several studies have recognized that the photolysis of nitrous
acid (HONO) can be a dominant source of OH radicals.10,11

However, the sources of HONO are not well understood, with
direct emissions from combustion,12 heterogeneous production
on surfaces,13 nitrate photolysis,14 and soil emissions proposed
to contribute to observed concentrations.15 Elevated concen-
trations of HONO from surface sources could still be a signi-
cant source of OH radicals despite the reduced photolysis rates
beneath the canopy.

In the gas phase, HONO is produced from the reaction of OH
and NO (R1).16 Photolysis is the dominant sink for atmospheric
HONO during the day (R2) with the reaction with OH (R3)
serving as a minor daytime sink.17,18

OHþNO!M HONO (R1)

HONOþ hn ���!l\400nm
NOþOH (R2)

HONO + OH / NO2 + H2O (R3)

Models that are limited to gas-phase production and loss of
HONO generally underpredict measured concentrations,
sometimes by as much as an order of magnitude during the
daytime, illustrating the signicance of additional sources.19–21

The heterogeneous conversion of NO2 on wet surfaces (R4) is
the dominant heterogeneous pathway and can be
photoenhanced.22–25

2NO2ðgÞ þH2OðadsÞ ��!surface
HONOðadsÞ þHðaqÞ

þ þNO3ðaqÞ
� (R4)

In some rural and remote areas, the NOx concentrations are too
low to account for elevated HONO concentrations,19,26 leading to
the proposal that the photolysis of surface nitric acid (HNO3)
and particulate nitrate (pNO3

−) (R5) are signicant
contributors.21,26–28

HNO3ðadsÞ; pNO3
� þH2OðadsÞ þ hn ���!l\320nm

HONOðgÞ þNOxðgÞ
(R5)

HONO can also be lost through both dry and wet surface
deposition which is dependent on the surface characteristics,
turbulence, and the boundary layer height.29–31

Soil microbial activity has also been proposed to be a signif-
icant source of HONO.29 However, the inuence of soil-derived
HONO on atmospheric radical chemistry across forest envi-
ronments remains poorly understood. Emissions from soil vary
with factors such as moisture content, pH, organic matter, and
microbial community composition, making the role of different
soil types uncertain.15,32–37 Laboratory experiments have shown
Environ. Sci.: Atmos.
that microbial processes during nitrication and denitrication
can generate HONO, as ammonium and nitrate are converted to
nitrite.32,36 Fertilized agricultural soils, in particular, have been
observed to emit substantial amounts of HONO.38 Although the
exact mechanisms of HONO production and release in soils are
still under investigation, a range of soil microbes, including
ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea
(AOA), methane-oxidizing bacteria, heterotrophic nitriers, and
fungi, are thought to contribute to the production of HONO.
One proposed pathway involves the emission of hydroxylamine
(NH2OH) by nitrifying bacteria, which then reacts heteroge-
neously with water vapor to form HONO.33

Recent modeling studies have highlighted the potential
importance of soil HONO emissions for below-canopy atmo-
spheric chemistry. In agricultural regions, model results
suggest that emissions of HONO from fertilized soil can
increase OH radical production by 41% and consequently affect
the formation of secondary pollutants.39,40 This has sparked
growing interest in quantifying soil HONO uxes across
different ecosystems, particularly in forest environments where
the coupling between surface emissions and canopy-scale
radical budgets remains poorly constrained.

The goals of this study were to (1) examine temporal trends
of HONO and OH radical concentrations below a forest canopy,
(2) evaluate the contribution of surface interactions and emis-
sions to HONO formation and loss, and (3) quantify the role of
HONO and other sources to OH radical production beneath the
canopy. To this end, measurements of HONO and OH radical
concentrations were conducted below the forest canopy during
the Michigan Observations of the Below Canopy ATmosphere
(MOBCAT) eld campaign. These observations were compared
with predictions from a zero-dimensional box model con-
strained by measured trace gas concentrations and meteoro-
logical conditions. The model included a pH- and relative
humidity-dependent parameterization of NO2 and HONO
surface uptake to assess the impact of surface interactions on
below-canopy HONO and OH photochemistry.

2. Methods
2.1 Measurement site

The MOBCAT eld campaign was conducted at the Program for
Research on Oxidants: PHotochemistry, Emissions, and Trans-
port (PROPHET) site at the University of Michigan Biological
Station (UMBS) (45°300N, 84°420W) from July 25 to August 12,
2022. The PROPHET site is in amixed deciduous and coniferous
forested comprised of maple, aspen, oak, and pine trees near
the northern tip of the rural Michigan Lower Peninsula with
a canopy height between 21 m and 22 m.41–43 The PROPHET
research site is 3.5 km west of the UMBS with the nearest town
of Pellston located about 5.5 km further west. The site has been
described in detail elsewhere.42,43 Measurements were taken on
the south side of the PROPHET laboratory (Fig. S1).

The concentration of isoprene was measured by gas chro-
matography ame ionization detection (GC-FID) (Agilent
7890B) coupled with a thermal desorber (TD) (Markes Interna-
tional Unity Series 2). The concentration of NO2 was measured
© 2026 The Author(s). Published by the Royal Society of Chemistry
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by a Thermo NOx Analyzer (Model 42C) and ozone was detected
by a Teledyne Instruments photometric O3 analyzer (Model
400E). Relative humidity and temperature were monitored by
a Vaisala HMP60 probe placed near the sampling inlet. The
photolysis rate of NO2 (JNO2

) was measured using a 2p actinic
lter radiometer (Meteorologie Consult GmbH/METCON, Ger-
many). Further details for supporting measurements are
provided in the SI (Table S1). Because measurements of NO
were below the detection limit of the instrument, mixing ratios
of NO were constrained in model runs based on the average
below canopy measurements of NO made at this site in 2016.44

These values are similar to that calculated using the photosta-
tionary state during the day (Fig. S2). The diurnal averaged
values from 2016 were used instead of the photostationary state
calculated NO in the average model as the photostationary state
concentrations of NO may be lower than the actual NO levels as
a result of downward transport of NO from above the canopy.45

However, to assess the impact of precipitation on the sources
and sinks of HONO during individual days when rain was
observed, photostationary state derived NO values were used to
predict HONO concentrations as discussed in Section 4.2.

To determine the soil pH and its contribution to HONO
production and loss, six soil samples were collected at a depth
of 6 cm using a standard soil sampler ranging from 6 cm to
70 cm away from the detector (Fig. S3). Soil samples were frozen
until the pH was tested by mixing each soil sample with an
equal amount of water (50 : 50 ratio) and inserting a Mettler
Toledo Five Easy Plus pH meter (FP20) directly into the
mixture.46
2.2 Measurements of HONO and OH using laser
photofragmentation-laser induced uorescence

A laser photofragmentation-laser-induced uorescence (LP-LIF)
instrument, described in detail elsewhere,47 was used to
measure HONO and OH. Briey, ambient air is sampled
through a 0.64 mm diameter pinhole inlet located 45 cm above
the bare soil and expanded into a low-pressure chamber at
a pressure of approximately 200 Pa. A Spectra Physics Navigator
II YHP40-355HM producing approximately 3–4W of radiation at
355 nm and at a repetition rate of 10 kHz photolyzes HONO into
OH and NO, and the OH fragment is detected by laser-induced
uorescence. Approximately 20–40 mW of radiation at 308 nm
with a repetition rate of 10 kHz was generated by a tunable dye
laser (Sirah Credo) that was powered by the second harmonic of
a Spectra Physics Navigator II YHP40-532 Nd-YAG laser. The
excitation and photofragmentation laser emissions were prop-
agated to the sampling cell by 12 m ber optic cables (excita-
tion: ThorLabs FG200AEA; photofragmentation: OZ Optics
custom ber, NA = 0.22, core diameter = 1000 mm) and are
spatially joined by a dichroic mirror before entering the detec-
tion cell. The laser pulses are temporally separated, with the
308 nm pulse entering the detection cell 100 ns aer the 355 nm
pulse.

OH radicals are excited and detected using the A2S+y0 = 0)

X2Py00 = 0 transition near 308 nm. The OH uorescence is
detected using a microchannel plate photomultiplier tube
© 2026 The Author(s). Published by the Royal Society of Chemistry
(MCP-PMT) detector (Photek PMT 325), a cathode gating
module (Photek GM10-50B), and an amplier/discriminator
(Advanced Research Instruments Corp F-100T).8 To differen-
tiate the OH uorescence from any background signals such as
laser scatter that extends into the gated detection window, the
laser wavelength is modulated spectrally on- and off-resonance
with the Q1(3) transition of OH near 308 nm. The OH uores-
cence signal is obtained by subtracting the off resonant signal
from the resonant signal. To ensure that the laser is tuned on
and off from the OH transition, a reference cell is used where
OH is produced by the thermal dissociation of water vapor.
Ambient OH concentrations are measured when the 355 nm
photofragmentation laser is blocked, allowing nearly simulta-
neous measurements of both HONO and OH concentrations.

The instrumental sensitivity to OH is determined by
producing a known amount of OH through the photolysis of
water vapor at 184.9 nm.48 Calibrations performed intermit-
tently throughout the campaign resulted in an OH detection
limit of 5.9 × 105 cm−3 (2 h average, S/N = 2). While the LP/LIF
instrument can measure potential interferences using C3F6
addition to scavenge ambient OH and measure any internally
generated OH,49,50 the technique was not used during MOBCAT
to increase the HONO measurement frequency. Therefore, the
OH measurements are considered an upper limit. The HONO
photolysis efficiency was measured as described previously,47

and a value of 0.41% was used to extract the HONO concen-
tration from the measured concentration of the OH fragment.
The HONO detection limit was approximately 14 ppt (2 h
average, S/N= 2), with an overall calibration uncertainty of 35%
(1s).47
2.3 Modeling of HONO and OH concentrations

The diurnal averaged measurements of OH and HONO were
modeled with the Framework for 0-Dimensional Atmospheric
Modeling using the Master Chemical Mechanism (MCM
Version 3.3.1) and includes a version of the updated Leuven
Isoprene Mechanism (LIM1).51–55 The zero-dimensional photo-
chemical box model was constrained to the 1 hour average
measured mixing ratios of trace species (O3, NO, NO2, and
VOCs) and meteorological parameters (relative humidity and
temperature) then processed through a 3-day spin-up cycle to
generate unmeasured secondary oxidation products. The model
was additionally constrained to the measured OH concentra-
tions when modeling HONO and constrained to the measured
HONO when modeling OH concentrations. Similar to previous
studies, horizontal and vertical transport of HONO below the
canopy was assumed to be negligible.56,57

Sesquiterpenes were not measured but included as b-car-
yophyllene in the model by estimating the total concentration
using a temperature dependent proxy.58 When speciated
measurements of monoterpenes and oxygenated VOCs were not
available, an average of previous measurements at this site was
used to constrain the model.44 Measurements of isoprene were
similar in magnitude and diurnal trend to previous measure-
ments, supporting the use of past measurements for other
terpenes (Fig. S4).44 The atmospheric lifetime was set to 1 hour
Environ. Sci.: Atmos.
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(kdil), shortening the lifetime of unmeasured modeled oxidation
products so that the modeled total OH reactivity was similar to
previous measurements at this site (Fig. S5).44,59

Photolysis frequencies were estimated using a trigonometric
parameterization based on the solar zenith angle.55,60 Photolysis
rate constants (e.g., JHONO) were scaled by Jcorr, dened as the
ratio of the measured JNO2

to the JNO2
predicted under ideal

conditions by the (National Center for Atmospheric Research
Tropospheric Ultraviolet and Visible) Radiation Model.61 The
model uncertainty is estimated to be approximately 30%
(1s).55,62

The HONO production and loss rates are determined by the
following:

Pknown = POH+NO + Pground + Pother (E1)

Lknown = Lphoto + LOH+HONO + LHONO+ground + Lother (E2)

Here Pknown and Lknown are the sum of the known production
and loss rates (ppb h−1), respectively. A detailed discussion of
all HONO sources and sinks included in the budget is provided
in the SI (Text S1 and S2).63–67 In the base model, only the
homogeneous gas phase production of HONO through the
reaction between OH and NO (E3) is considered along with the
two loss rates of photolysis (E4) and reaction with OH (E5).

POH+NO = kOH+NO[OH][NO] (E3)

Lphoto = JHONO[HONO] (E4)
Fig. 1 Time series of measured meteorological (a) and chemical condit
July to 12 August 2022. Blue shaded regions represent rain periods. The
gray dashed lines in (d) and (e) represent the average limit of detection (S

Environ. Sci.: Atmos.
LOH+HONO = kOH+HONO[OH][HONO] (E5)

Heterogeneous chemistry involving surface interactions,
including photoenhanced heterogeneous chemistry, was
incorporated into the updated model using the parameteriza-
tions and mechanisms listed in Tables S2 and S3.17,56,68–75

The main production (E6) and loss (E7) mechanisms
involving ground surface interactions are summarized by the
equations below which are consistent with previously reported
methods with the addition of meteorologically dependent
uptake coefficients.28,29,76

Pground ¼
gNO2

nNO2

8

Sground

V

RH

50
½NO2� (E6)

LHONOþground ¼ gHONOnHONO

8

Sground

V

RH

20
½HONO� (E7)

Here Pground is the production rate of HONO through the
heterogeneous interaction of NO2 with ground surfaces (ppb
h−1) and LHONO+ground is the loss rate of HONO due to ground

deposition (ppb h−1), where
Sground

V
is the estimated surface-

area-to-volume ratio for the ground surface based on the esti-
mated boundary layer height (BLH) (Table S2).29,77,78 The
molecular velocity (yi) for species i is represented by:

ni ¼
ffiffiffiffiffiffiffiffiffiffi
3RT

Mi

s
(E8)
ions (b–e) data collected during the MOBCAT field campaign from 25
error bars represent two standard deviations of the mean (d, e) and the
/N = 2, 2 hours average) for HONO (14 ppt) and OH (5.9 × 105 cm−3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Here R is the ideal gas constant (8.314 J mol−1 K−1), T is the
temperature (K), andMi is the molar mass of species i (g mol−1,
e.g. HONO, NO2).

The uptake coefficient of NO2 on the ground (gNO2
) has been

empirically shown to be related to the relative humidity (RH)
(E9).56,68

gNO2
= 5.5 × 10−8 × RH + 7.4 × 10−7 (E9)

The calculated values of approximately 10−6 used in this
study were within the range of reported values.29,56,68,79 The
uptake coefficient of HONO on the ground (gHONO) was calcu-
lated based on best t functions for compiled empirical studies
of the dependence on pH and relative humidity on various
surfaces (E10)–(E12).70–72,80,81

gHONO = 4pH + 4RH (E10)

4pH = 3.604 × 10−6 pH2 − 4.21 × 10−5 pH + 1.549 × 10−4 (E11)
Fig. 2 Diurnal trends of below canopy measurements where shaded reg
represent the average limits of detection for HONO and OH. Solid circl
while the open circles represent JNO2

above canopy measurements from
JNO2

above and below canopy.

© 2026 The Author(s). Published by the Royal Society of Chemistry
4RH = 2.0 × 10−4 × RH−0.043 (E12)

Here 4pH is the pH dependence and 4RH is the relative humidity
dependence, respectively. The calculated NO2 uptake coefficient
is lower in magnitude and shows greater diurnal variability
minimizing during the day (Fig. S6). Parameters included in the
adjusted model are summarized in Table S2 and were in the
range of previously reported values.82
3. Results
3.1 Meteorological and chemical conditions

The daily campaign meteorological conditions and important
chemical species are provided in Fig. 1, with the diurnal aver-
aged measurements in Fig. 2 and summary statistics of the eld
campaign measurements in Table S4. Periods when precipita-
tion occurred are indicated by the blue shaded regions in Fig. 1.
NO2 mixing ratios averaged 2.25 ± 0.22 ppb and tended to
decrease during the rain events. O3 ranged from 4.1 to 45.5 ppb
ions represent one standard deviation of variability. Dashed gray lines
es represent measurements during the MOBCAT 2022 field campaign
2016.44 Note the order of magnitude difference in scale between the

Environ. Sci.: Atmos.
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with an average of 20.3 ± 2.1 ppb peaking around 13:00. The
photolysis rates below the forest canopy were reduced to
approximately 4% of the rates above the canopy (Fig. 2).44 The
NO2 photolysis rate (JNO2

) peaked around 13:00 with amaximum
of 1.44 × 10−3 s−1 and an overall average of (1.35 ± 0.21)×10−4

s−1, which was lower during the rain events. Isoprene ranged
from 0.5 ppb to 3.5 ppb with a consistent aernoon peak
around 15:00. These measurements are similar in both
magnitude and trends to previous campaigns conducted at the
PROPHET site (Table S5).26,83–85
Fig. 4 HONO budget for the adjusted model with average daytime
(08:00–20:00) and nighttime (20:00–08:00) contributions to total
production (blue) and loss (red) during dry periods. Other production
and loss mechanisms were negligible.
3.2 HONO measurements and model predictions

The average HONO mixing ratio during the campaign was 19.8
± 6.9 ppt with a maximum of 51.9 ppt on August 7 at 08:00
(Fig. 1). HONO average mixing ratios were typically higher
during nighttime and lowest during daytime (p < 0.01). Fig. 3
shows the campaign average measured and modeled HONO
mixing ratios. When including only gas phase chemistry, the
model overpredicts the measurements during the night and
underestimates the daytime mixing ratio of HONO when con-
strained to the measured OH and the average below canopy
measurements of NO from 2016 (Fig. 3). However, including
heterogeneous chemistry involving surface production and loss
of HONO improves the agreement of the model with the
measured concentrations, although the model does underesti-
mate the daytime mixing ratio by approximately 33% (Fig. 3).
However, these results suggest that the model can reproduce
the measured concentrations to within the combined uncer-
tainties of the measurements (±35%) and an estimated model
uncertainty range of ±30%.47

An analysis of the modeled HONO production and loss
mechanisms under dry conditions reveals a strong diurnal
Fig. 3 Comparison between the measured HONO mixing ratios
(black) and the predicted values resulting from the base model (green),
and the updated model (red). Model results have an estimated 30%
error while error bars for the measured HONO represent the
measurement precision (±1sp) and do not include the calibration
uncertainty (±35%, 1s).

Environ. Sci.: Atmos.
dependence on both chemical and physical processes (Fig. 4).
During nighttime (20:00–08:00), the shallow boundary layer
enhances interactions between atmospheric NO2 and ground
surfaces, leading to signicant heterogeneous conversion of
NO2 to HONO. This pathway accounted for approximately 95%
of nighttime HONO production. By contrast, during daytime
(08:00–20:00), the reaction of OH with NO dominates HONO
formation, contributing around 77% of total production, with
surface-mediated NO2 conversion playing a secondary role
(23%). Loss processes also follow a clear pattern: during the day,
HONO is primarily removed through deposition (64%) and to
a lesser extent via photolysis (34%). At night, deposition
becomes the dominant sink, responsible for 99% of HONO loss.
Reactions involving aerosol surfaces were negligible in
comparison to ground surface interactions. Surface acidity may
inuence HONO partitioning between surfaces and the atmo-
sphere, analogous to the pH-dependent volatilization of NH3

previously observed at this site.86 Unfortunately, soil pH
measurements were only done on a single day, preventing
a detailed analysis of whether temporal variations in surface
acidity may have affected HONO emissions during the study
period.
3.3 OH measurements and model predictions

The average OH concentration measured during the campaign
was (8.3 ± 1.6)×105 cm−3, with a maximum daytime value of
(3.0 ± 0.2)×106 cm−3 observed on July 31, 2022 (Fig. 1). The
average maximum OH concentration measured below the
canopy of approximately 2.3 × 106 cm−3 is similar to that
measured previously above the canopy at this site where no
signicant interference was observed (Fig. S7),44,62 but larger
than that predicted by a 1-D canopy model of this site.6 Because
interference testing was not conducted during this campaign,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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these OHmeasurements should be considered an upper limit to
the actual concentrations.

Fig. 5 shows the measured and modeled OH concentrations
when the model is constrained to the measured HONO. As
illustrated in this gure, modeled OH concentrations were
approximately 80% lower than the measured values. The model
also underestimates the nighttimemeasurements, although the
measurements at night were near the detection limit of the
instrument. Given that the modeled total OH reactivity is
similar to measurements conducted at this site (Fig. S5), this
discrepancy suggests that the model is missing a signicant
radical source, although the measurements may include
unknown interferences.

The total radical budget resulting from the model is shown
in Fig. 6. Radical initiation is largely controlled by the ozonol-
ysis of monoterpenes during the daytime when it contributes
about 70% of the total initiation. Radical initiation resulting
from photolysis is relatively small with a total contribution of
approximately 11%. Only about 1% of the daytime initiation
results from the photolysis of HONO, suggesting HONO is not
a signicant source of radicals below the canopy at this site.
HO2 + RO2 reactions dominate radical termination (47%)
during the day while NOx reactions account for approximately
36% of total radical termination. At night, the HO2 + RO2

reactions contribute approximately 32% while the NOx reac-
tions contribute 46% to radical termination.
4. Discussion

Previous studies in forested environments highlight the
complexity of HONO sources and sinks, with results varying by
region and season. Previous measurements at this site reported
HONO mixing ratios ranging from a few ppt to 300 ppt at
Fig. 5 Comparison between model predictions (black) and
measurements (blue) of OH concentrations during the MOBCAT 2022
field campaign. Error bars represent one standard deviation of vari-
ability (±1s). The shaded region represents estimated 30% error for the
modeled OH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
a minimum height of 5 m and a mean upward ux attributed to
canopy emissions (Table S5).26,83–85 Similar surface-driven
production was observed in a Colorado wintertime forest
study, where nocturnal HONO exceeded 1 ppb due to hetero-
geneous NO2 conversion, although deposition remained
a major sink.29 By comparison, a study in Germany found that
the forest oor primarily acted as a sink, with minimal soil
emissions.87 This study aligns with these previous studies,
which suggest that surface processes dominate local HONO
dynamics.

4.1 Potential inuence of soil emissions

Soil HONO emissions were excluded from the updated model
based on a combination of environmental constraints and
observational evidence. First, the average measured soil pH in
the study area was approximately 6, which is signicantly higher
than the pKa of HONO (3.29).9 Under these mildly acidic
conditions, thermodynamic equilibrium favors the deposition
of HONO to the soil rather than its emission. Given the average
soil pH at the site, the soil in this region is not expected to
contribute to HONO emissions, but instead will favor HONO
deposition.88 Second, emission inventories and previous studies
suggest that soil emissions of HONO and reactive nitrogen
species (NOy) are typically minimal in forested areas in the
Eastern United States, particularly in undisturbed regions such
as Northern Michigan.37,89 Previous measurements of soil NO
ux at this site yielded values of approximately 180 nmol m−2

h−1 which is relatively small compared to the estimated soil NOy

emissions in the eastern United States between about 535 nmol
m−2 h−1 and 2220 nmol m−2 h−1.37,90 To estimate the potential
inuence of soil emissions, the previously measured NO ux
(180 nmol m−2 h−1) was used as an upper limit of HONO
emissions, as HONOmay be emitted at a lower rate than NO.15,91

At this emission rate, the modeled increase in daytime HONO
was relatively small (∼13%) (Fig. S8). To account for the
difference between the model and the measurements, an
average daytime emission rate of approximately 540 nmol m−2

h−1 would be needed, with a maximum rate of about 720 nmol
m−2 h−1 (Fig. S8). Taken together, these factors provide a strong
basis for excluding HONO soil emissions from the model
without compromising the accuracy of HONO source repre-
sentation for this study area.

4.2 Impact of model uncertainties

The remaining differences between the model and observations
could be accounted for by a combination of a lower HONO
uptake coefficient or a higher NO2 uptake coefficient. As
described in Section 2.3, there is a wide range of acceptable
uptake coefficients in the literature for HONO (10−4 to 10−6)71,81

and NO2 (10
−5 to 10−7).29,92 The HONO uptake coefficient used

in this study was closer to the lower end of this range (Fig. S5),
suggesting the model could be improved by including a larger
NO2 uptake coefficient, which was calculated to be approxi-
mately 10−6, in the middle of the reported range. However,
increasing the NO2 uptake coefficient in the model would result
in an overestimation of the modeled HONO at night, when the
Environ. Sci.: Atmos.
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Fig. 6 Total ROx (ROx = OH + HO2 + RO2) radical budget with average daytime (08:00–20:00) and nighttime (20:00–08:00) contributions of
each initiation (blue and purple) and termination (red) reaction rates.
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model most closely reproduces the measurements. Another
possible explanation for the daytime model underestimation of
the measurements is an underestimation of the contribution of
photoenhanced NO2 hydrolysis to the production of HONO.
However, the photoenhancement factor would need to be
increased by two orders of magnitude in order to fully explain
the measured concentrations, which is unlikely given that the
photolysis rates below the canopy are approximately one order
of magnitude less than that above the canopy (Fig. 2).
4.3 Inuence of precipitation and meteorology on HONO
sources and sinks

While the diurnal average mixing ratio of HONO was approxi-
mately 20 ppt, elevatedmixing ratios of HONOwere observed on
several days, most notably during rain events that occurred on
1, 2, 6, and 7 August (Fig. 1). To test whether the model is able to
capture the observed increase during these and other high-RH
events, modeling was conducted for each of these days using
photostationary state derived NO values. As discussed above,
the photostationary state concentrations of NO may be lower
than the actual NOmixing ratios, as a result themodeled HONO
for these days are likely to be a lower limit as production from
the reaction between OH and NO could be underestimated.

The model underestimated the average daytime measured
HONO concentrations for these days by approximately 44% and
overestimated the measured concentrations at night, although
the modeled HONO agreed with the measurements to within
their combined uncertainty on these days (Fig. 7a). The HONO
budget for these days indicates that the modeled rate of NO2

hydrolysis was higher compared to the campaign average and
Environ. Sci.: Atmos.
accounted for 83% of daytime HONO production and 99% at
night. Similarly, deposition was dominant during the day (82%)
and at night (96%), emphasizing the importance of surface
interactions for both production and loss (Fig. 7b).

However, the model was unable to reproduce the measured
variations during each of the rain events. On 1 August,
measured mixing ratios of HONO rose from approximately 20 to
40 ppt between 08:00 and 10:00, coinciding with the onset of
rain and limited solar radiation and remained elevated (Fig. 1,
S9). The modeled HONO increased prior to the rain event due to
an increase in NO2 but failed to capture the elevated mixing
ratios aer the rain event, instead simulating a decrease in
HONO driven primarily by deposition (Fig. S10). This may
suggest that the model is overestimating HONO deposition post
rainfall. Although soil pH was only measured during dry
periods, precipitation is expected to lower pH, potentially
reducing HONO uptake (E11). The morning increase in HONO
may also reect dew/fog evaporation, as temperature was rela-
tively low and relative humidity was high overnight.93 However,
NO2 concentrations also increased during this period, leading
to enhanced NO2 hydrolysis (Fig. S10a), making it difficult to
distinguish between these two potential sources.

In contrast, HONO decreased during precipitation events on
2, 6, and 7 August (Fig. S9), likely due to wet scavenging,
a process previously reported for rain, dew, and fog.21,93,94 The
overnight precipitation event from 1–2 August (23:54–07:54)
ended around 08:00 when dew/fog evaporation would typically
release accumulated HONO. However, HONO concentrations
decreased during this period rather than showing the expected
morning enhancement, inconsistent with the dew/fog evapo-
ration hypothesis. Similarly, on 6 August, HONO decreased
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Averagemeasured (black) andmodeled (red) HONOduring the rain events (a) and the corresponding HONObudget (b) with stacked rates
of production (blue) and loss (red).
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from early morning throughout the day until the precipitation
event (15:54–17:54), despite high relative humidity conditions
that would favor dew/fog formation and evaporation. On 7
August, precipitation extended through much of the day (02:54–
17:54), limiting typical overnight dew accumulation and
morning evaporation. While a brief HONO spike occurred from
6:00–7:00 AM that could be attributed to dew/fog evaporation
(Fig. S9), this peak coincided with elevated NO2 concentrations,
again preventing clear attribution to dew/fog evaporation.

Complex micrometeorological processes within and above
forest canopies, including deep ventilation events, can
substantially impact the distribution and dynamics of reactive
trace gases. These events, driven by sudden changes in wind
speed and direction, disrupt steady-state assumptions in
atmospheric models and create strong vertical and temporal
variability in chemical concentrations. Deep ventilation has
been shown to cause large discrepancies between measured
uxes and actual surface exchange of reactive nitrogen
species.95 Observations of steep NO and NO2 gradients and
frequent failures of stationarity tests indicate intermittent
mixing and chemical ux divergence, where reactions within
the canopy alter species during transport so that uxes
measured alo do not represent true emission or deposition.
These episodes occur most oen during morning and evening
transition periods and under stable nocturnal conditions.

Similar dynamics could inuence HONO measurements
near the surface. While the direction and magnitude of HONO
changes during ventilation events remain uncertain, enhanced
mixing could redistribute HONO within and above the canopy,
affecting observed concentrations at a single height. These
processes may contribute to variability observed during
precipitation events. Sudden bursts of turbulent mixing can
transport air rapidly across canopy layers, creating conditions
© 2026 The Author(s). Published by the Royal Society of Chemistry
where HONO sources and sinks cannot be described by models
that assume uniform mixing.96 While this study lacked wind
data needed to identify individual ventilation events, future
work should combine turbulence measurements, eddy covari-
ance uxes, and vertical HONO proles to better constrain
canopy-atmosphere exchange and improve model performance.

4.4 Implications for below canopy radical production

The contribution of HONO to radical production varies in
different forests. In some cases, HONO photolysis plays
a minimal role in local radical budgets. At the Blodgett Forest
Research Station in California, HONO contributed to approxi-
mately 6% to total radical production above the forest canopy.97

At that site, diurnal average HONO mixing ratios ranged from
25 to 60 ppt and exhibited a clear daytime decrease, similar to
trends observed here. Similarly, measurements of HONO at the
Indiana University Research and Teaching Preserve forest site
near Bloomington were found to contribute to less than 3% of
total radical production, with mixing ratios ranging from 10–40
ppt.49 In contrast, other studies at forested sites have found that
HONO photolysis can be a major source of radical production,
accounting for over 25% of the total HOx production.19,21,98,99 For
example, measurements of HONO in a forest near Jülich, Ger-
many were found to reach 0.5–2 ppb at night and decreased to
minimum values of 40–300 ppt during the day, contributing to
approximately 33% of total OH production at that site.19

Previous measurements above the forest canopy at the
PROPHET site found that HONO was a signicant source of
radicals, contributing 13–17% of total radical initiation,44,62with
maximum measured mixing ratios of HONO of greater than 50
ppt during the day due to increased production from the
photolysis of nitric acid on the forest canopy surfaces.100 The
reduced photon ux below the canopy results in lower HONO
Environ. Sci.: Atmos.
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production by this mechanism and combined with the lower
photolysis rates results in HONO contributing only 1% of the
total radical production during the day below the forest canopy
(Fig. 6).

Given the limited contribution of HONO to radical produc-
tion at this site (Fig. 6), another unidentied OH source may be
responsible for the discrepancy between the modeled and
observed concentrations. While instrumental interferences may
have contributed to the measured OH concentrations, another
plausible explanation for the discrepancy is the ozonolysis of an
unidentied, biogenic very reactive VOC (VRVOC). A previous
study estimated OH and RO2 production to be enhanced by up
to 1 ppt s−1 when using b-caryophyllene as a proxy for VRVOCs
and b-pinene as the VRVOC derived RO2.8 Under high reactivity
conditions with 1 : 1 yields of OH and RO2 from the ozonolysis
of VRVOCs, the OH concentration increased relative to the base
model without VRVOCs.8 The limited measurements of
terpenes and oxygenated VOCs in this study leave open the
possibility that these unaccounted-for compounds are a major
contributor to radical production, resulting in OH radical
concentrations similar to that produced above the forest canopy
and contributing to the production of oxygenated VOCs and
SOA below the canopy, which could impact the concentration of
these secondary pollutants above the forest canopy.9

5. Conclusions

Below-canopy measurements near the surface revealed
maximum mixing ratios of approximately 52 ppt for HONO and
approximately 3 × 106 cm−3 for OH radicals, with average
concentrations of approximately 20 ppt and 8 × 105 cm−3 for
HONO and OH, respectively. HONO exhibited a nighttime
maximum and a daytime minimum, with below-canopy values
lower than previous above-canopy measurements, likely due to
reduced surface photolysis and increased deposition.26,100 The
measured OH concentrations were similar to previous above-
canopy measurements at this site,44 and higher than 1-D
canopy model predictions,6 but should be considered an upper
limit due to the lack of interference testing.

A 0-D model incorporating both gas-phase and heteroge-
neous production and loss of HONO reproduced the average
measured HONO concentrations to within the uncertainty of
the measurements. Daytime production of HONO was domi-
nated by the reaction between OH and NO, while heterogeneous
conversion of NO2 on ground surfaces dominated HONO
production at night. Photolysis and surface deposition domi-
nated the loss of HONO during the day and night, respectively.
These results highlight the importance of heterogeneous
production and loss processes for surface HONO, while other
sources of HONO such as soil emissions appear to be negligible
at this site.

Mixing ratios of HONO increased during precipitation
events, suggesting that rain adds complexity to HONO sources
and sinks, and the model could not reproduce the observed
variations during each event. Additional measurements of
HONO concentrations during rain events are needed to help
rene model predictions. Reduced photolysis below the forest
Environ. Sci.: Atmos.
canopy resulted in a relatively long HONO lifetime (∼45
minutes), suggesting that vertical transport of HONO may be
important and therefore the 0-D model may not be appropriate.
Further studies of vertical proling and 1-D modeling are
needed to further characterize HONO chemistry in forest
environments.

Measured concentrations of OH were similar to previous
observations above the canopy at this site, suggesting that
signicant chemical oxidation was occurring in the canopy that
could impact the concentration of oxygenated VOCs and SOA
above the canopy. Ozonolysis of monoterpenes was a dominant
source of radicals below the canopy, accounting for 70% of total
radical initiation during the day. Photolysis of HONO contrib-
uted to approximately 1% of total radical initiation, suggesting
that at this site, HONO is not an important source of OH radi-
cals beneath the canopy. The model underestimated the
measured OH concentrations by approximately 80%, with
unmeasured instrumental interferences or the ozonolysis of
unmeasured reactive VOCs potentially responsible for the
discrepancy. A more detailed analysis of the below canopy
radical chemistry measured at this site, including measure-
ments of peroxy radical concentrations, will be presented in
a future publication.
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Caballero, J. Steinkamp, H. Meusel, W. Elbert, T. Behrendt,
M. Sörgel, Y. Cheng, P. J. Crutzen, H. Su and U. Pöschl,
Biological soil crusts accelerate the nitrogen cycle through
Environ. Sci.: Atmos.
large NO and HONO emissions in drylands, Proc. Natl.
Acad. Sci. U. S. A., 2015, 112, 15384–15389.

36 D. Wu, M. A. Horn, T. Behrendt, S. Müller, J. Li, J. A. Cole,
B. Xie, X. Ju, G. Li, M. Ermel, R. Oswald, J. Fröhlich-
Nowoisky, P. Hoor, C. Hu, M. Liu, M. O. Andreae,
U. Pöschl, Y. Cheng, H. Su, I. Trebs, B. Weber and
M. Sörgel, Soil HONO emissions at high moisture content
are driven by microbial nitrate reduction to nitrite:
tackling the HONO puzzle, ISME J., 2019, 13, 1688–1699.

37 R. M. Mushinski, R. P. Phillips, Z. C. Payne, R. B. Abney,
I. Jo, S. Fei, S. E. Pusede, J. R. White, D. B. Rusch and
J. D. Raff, Microbial mechanisms and ecosystem ux
estimation for aerobic NOy emissions from deciduous
forest soils, Proc. Natl. Acad. Sci. U. S. A., 2019, 116, 2138–
2145.

38 C. Xue, C. Ye, C. Zhang, V. Catoire, P. Liu, R. Gu, J. Zhang,
Z. Ma, X. Zhao, W. Zhang, Y. Ren, G. Krysztoak, S. Tong,
L. Xue, J. An, M. Ge, A. Mellouki and Y. Mu, Evidence for
Strong HONO Emission from Fertilized Agricultural Fields
and its Remarkable Impact on Regional O3 Pollution in
the Summer North China Plain, ACS Earth Space Chem.,
2021, 5, 340–347.

39 Y. Wang, X. Fu, D. Wu, M. Wang, K. Lu, Y. Mu, Z. Liu,
Y. Zhang and T. Wang, Agricultural fertilization
aggravates air pollution by stimulating soil nitrous acid
emissions at high soil moisture, Environ. Sci. Technol.,
2021, 55, 14556.

40 D. Wu, J. Zhang, M. Wang, J. An, R. Wang, H. Haider, X. Ri,
Y. Huang, Q. Zhang, F. Zhou, H. Tian, X. Zhang, L. Deng,
Y. Pan, X. Chen, Y. Yu, C. Hu, R. Wang, Y. Song, Z. Gao,
Y. Wang, L. Hou and M. Liu, Global and regional patterns
of soil nitrous acid emissions and their acceleration of
rural photochemical reactions, J. Geophys. Res.: Atmos.,
2022, 127, e2021JD036379.

41 D. Tan, I. Faloona, J. B. Simpas, W. Brune, P. B. Shepson,
T. L. Couch, A. L. Sumner, M. A. Carroll, T. Thornberry,
E. Apel, D. Riemer and W. Stockwell, HOx budgets in
a deciduous forest: Results from the PROPHET summer
1998 campaign, J. Geophys. Res.: Atmos., 2001, 106, 24407–
24427.

42 M. A. Carroll, S. B. Bertman and P. B. Shepson, Overview of
the Program for Research on Oxidants: PHotochemistry,
Emissions, and Transport (PROPHET) summer 1998
measurements intensive, J. Geophys. Res.: Atmos., 2001,
106, 24275–24288.

43 O. R. Cooper, J. L. Moody, T. D. Thornberry, M. S. Town and
M. A. Carroll, PROPHET 1998 meteorological overview and
air-mass classication, J. Geophys. Res.: Atmos., 2001, 106,
24289–24299.

44 B. Bottorff, M. M. Lew, Y. Woo, P. Rickly, M. D. Rollings,
B. Deming, D. C. Anderson, E. Wood, H. D. Alwe,
D. B. Millet, A. Weinheimer, G. Tyndall, J. Ortega,
S. Dusanter, T. Leonardis, J. Flynn, M. Erickson,
S. Alvarez, J. C. Rivera-Rios, J. D. Shutter, F. Keutsch,
D. Helmig, W. Wang, H. M. Allen, J. H. Slade,
P. B. Shepson, S. Bertman and P. S. Stevens, OH, HO2,
and RO2 radical chemistry in a rural forest environment:
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00122f


Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

4/
20

26
 1

1:
19

:5
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
measurements, model comparisons, and evidence of
a missing radical sink, Atmos. Chem. Phys., 2023, 23,
10287–10311.

45 B. Seok, D. Helmig, L. Ganzeveld, M. W. Williams and
C. S. Vogel, Dynamics of nitrogen oxides and ozone above
and within a mixed hardwood forest in northern
Michigan, Atmos. Chem. Phys., 2013, 13, 7301–7320.

46 D. L. Sparks, A. L. Page, P. A. Helmke and R. H. Loeppert, in
Methods of Soil Analysis, John Wiley & Sons, 2020, p. 1424.

47 B. Bottorff, E. Reidy, L. Mielke, S. Dusanter and
P. S. Stevens, Development of a laser-photofragmentation
laser-induced uorescence instrument for the detection of
nitrous acid and hydroxyl radicals in the atmosphere,
Atmos. Meas. Tech., 2021, 14, 6039–6056.

48 S. Dusanter, D. Vimal and P. S. Stevens, Technical note:
Measuring tropospheric OH and HO2 by laser- induced
uorescence at low pressure. A comparison of calibration
techniques, Atmos. Chem. Phys., 2008, 8, 321–340.

49 M. Lew, P. Rickly, B. Bottorff, E. Reidy, S. Sklaveniti,
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