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Abstract Methyl hydroperoxide (MHP) is produced by the CH;0, + HO, reaction in the oxidation cascade
of volatile organic compounds (VOCs). During KORUS-AQ (May—June 2016), aircraft observations over Seoul
using chemical ionization mass spectrometry reported MHP concentrations exceeding 1 ppb in the planetary
boundary layer, four times higher than simulated by the GEOS-Chem atmospheric chemistry model. We show
that this discrepancy can be explained in part by the instrument's positive interference from methanediol (MD)
under high-humidity conditions, where MD is produced in clouds by formaldehyde hydration. Including MD
chemistry in GEOS-Chem increases the global formic acid source by 11% but has otherwise minimal impact on
the model chemistry. Observed MHP concentrations in the dry free troposphere are much less sensitive to MD
interference and vary with the branching ratio of the CH;0, reaction with HO, versus NO, supporting current
understanding of low-NO and high-NO chemical regimes for VOC oxidation.

Plain Language Summary Methyl hydroperoxide (MHP) is a chemical compound commonly found
in clean, remote regions of the atmosphere. However, aircraft measurements over Seoul, South Korea, have
reported unexpectedly high levels of MHP in the city's polluted air. The instrument used to measure MHP also
detects an isomer called methanediol, with higher sensitivity especially under humid conditions. Methanediol
has recently gained attention as a possible key ingredient in the formation of formic acid, but very few
observations are available. We find that including methanediol chemistry in the GEOS-Chem atmospheric
chemistry model increases the global formic acid source by 11% and has a negligible effect on other chemical
species. At higher altitudes, where the air is drier, the methanediol impact on MHP observations is small. Under
these conditions, reported MHP concentrations are consistent with model simulations.

1. Introduction

Methyl hydroperoxide (CH;OOH, MHP) is produced in the atmospheric oxidation of methane and higher volatile
organic compounds (VOCs) under clean conditions with low concentrations of nitrogen oxides
(NO, = NO + NO,). Observations from the KORUS-AQ aircraft campaign (Crawford et al., 2021) over South
Korea report four times higher MHP concentrations than chemical transport model (CTM) simulations, and here
we investigate why.
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The only known atmospheric source of MHP is the reaction of the methylperoxy radical (CH;0,) with the
hydroperoxyl radical (HO,) (T. L. Nguyen & Stanton, 2022):

CH;0, + HO, — CH;00H + O, (1

CH;0, is the first-generation product from the atmospheric oxidation of methane by the hydroxyl radical (OH). It
is also a later-generation product from the atmospheric oxidation cascade of non-methane VOCs. HO, is an
ubiquitous radical that cycles with OH, originating primarily from the photo-oxidation of water by H,O + o('D).
Reaction 1 competes with the reaction of CH;0, with nitric oxide (NO):

0,
CH;0, + NO = CH,0 + NO, + HO, ©)

Because of this competition, MHP concentrations are expected to be low in polluted environments with high NO,.
emissions from fuel combustion. Competition between Reactions 1 and 2 for CH;0, and other peroxy radicals
controls tropospheric ozone (O3) and secondary organic aerosol production from VOC oxidation.

Loss of MHP is by reaction with OH (typically ~80%) and photolysis (~20%), with an average lifetime of a few
days (T. L. Nguyen et al., 2022; Snow et al., 2007). MHP is a major contributor to total OH reactivity in clean air
(Travis et al., 2020), and as such, it affects the lifetimes of all gases oxidized by OH. It is sparingly soluble in
water and therefore not efficiently removed by wet or dry deposition. Deep convection injects MHP into the upper
troposphere (Snow et al., 2007) where subsequent photolysis is a source of OH (Jaeglé et al., 1997).

Atmospheric observations of MHP have received relatively little attention from a chemical modeling perspective.
Field studies show concentrations of 0.1-1 ppb in surface air (Moortgat et al., 2002; Watanabe et al., 2017; X.
Zhang et al., 2012), highest in summer (Klippel et al., 2011; Morgan & Jackson, 2002; Q. Zhang et al., 2018; X.
Zhang et al., 2012). Aircraft observations in the continental planetary boundary layer (PBL) typically extending to
~2 km indicate values higher than in surface air (Klippel et al., 2011; Weinstein-Lloyd et al., 1998; J. Zheng
et al., 2002), as might be expected from lower NO concentrations. MHP concentrations generally drop in the free
troposphere (FT) above the PBL due to low water vapor and because cold temperatures suppress the oxidation of
methane, but high values can be observed as a result of deep convection (Allen, Bates, et al., 2022; Jaeglé
et al., 1997; Ravetta et al., 2001; Snow et al., 2003).

The KORUS-AQ aircraft campaign over the Seoul Metropolitan Area (SMA) and the Korean Peninsula in May—
June 2016 characterized atmospheric chemistry in the polluted PBL and the background FT (Crawford
et al., 2021). MHP was measured with a CF;0™ California Institute of Technology Chemical Ionization Mass
Spectrometer (CIT-CIMS, Allen, Crounse, et al., 2022). Reported PBL concentrations over the SMA were in the
range 0.5-1.5 ppb, which is remarkably high for such a polluted environment. For instance, in Beijing, surface
MHP concentrations are 0.1-0.2 ppb (X. Zhang et al., 2012).

Positive interference in the CIT-CIMS MHP measurement is expected from methanediol (CH,(OH),, MD),
which has the same molecular weight. MD is produced from the hydration of formaldehyde (CH,O) in clouds
(Jacob, 1986) and is of interest as an atmospheric source of formic acid (HCOOH, Franco et al., 2021; T. L.
Nguyen et al., 2023). But there have been no direct observations of MD concentrations. Gao et al. (2022) inferred
an upper limit of 20 ppt from CIMS measurements at a rural site in summer. Allen, Crounse, et al. (2022) inferred
an upper limit of 12 ppt from CIT-CIMS in marine air during the ATom aircraft campaign. Global MAGRITTE
model values reported by T. L. Nguyen et al. (2023) are in the range 1-50 ppt, mostly tracking CH,O. These
values are much lower than typical MHP concentrations, but the CIT-CIMS sensitivity to MHP declines at high
water vapor and temperature, and this could make MD observable.

Here we interpret the KORUS-AQ observations of MHP (+MD) in the PBL and the FT using the GEOS-Chem
CTM with detailed atmospheric chemistry. Yang et al. (2023) previously showed that GEOS-Chem successfully
simulates observed concentrations of oxidants and related species in KORUS-AQ, including ozone, NO,, OH,
and HO,. However, the model underestimates reported MHP in the PBL by a factor of 4. We show that 70% of
this underestimate can be accounted for by including MD chemistry in GEOS-Chem. We further show that the
reported MHP in the FT supports current understanding of CH;0, chemistry and the competition between Re-
actions 1 and 2 that defines the low-NO and high-NO regimes for VOC oxidation.
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2. Methods
2.1. GEOS-Chem Model

We use GEOS-Chem version 13.3.4 (https://doi.org/10.5281/zenodo.5764874), driven by NASA Goddard Earth
Observing System—Forward Processing (GEOS-FP) assimilated meteorological data, at 0.25° X 0.3125° hori-
zontal resolution over South Korea (29°N—40°N, 120°E~135°E) with 29 vertical levels in the troposphere and
nested within a global simulation at 4° X 5° resolution providing dynamic boundary conditions updated every
3 hr. We initialize the model for 6 months and conduct the simulation for April-June 2016. Anthropogenic
emissions include the Multi-resolution Emission Inventory for China (MEIC, B. Zheng et al., 2018), the
KORUSYVS5 inventory (Woo et al., 2020) for the rest of Asia, and the Community Emissions Data System
(CEDSv2, McDuffie et al., 2021) outside of Asia. Natural emissions include MEGANV2 (Guenther et al., 2012)
for biogenic NMVOCs, Hudman et al. (2012) for soil NO,, and Murray et al. (2012) for lightning NO,.

GEOS-Chem version 13.3.4 includes 293 species and 902 reactions to describe oxidant-aerosol tropospheric
chemistry. Following Yang et al. (2023), we modify the mechanism to add aerosol nitrate photolysis (Choi
et al., 2019; Shah et al., 2024), volatile chemical product emissions and chemistry (Coggon et al., 2021), coarse
anthropogenic dust uptake of HNO; (Zhai et al., 2023), and reduce the HO, reactive uptake coefficient by aerosols
from 0.2 to 0.1 (Yang et al., 2023). Yang et al. (2023) showed that the GEOS-Chem version 13.3.4 with these
modifications could better simulate ozone and HO, concentrations during KORUS-AQ. Aerosol nitrate
photolysis, the most important factor, was added in the standard GEOS-Chem version 14.2.0.

Here we add MD to the GEOS-Chem mechanism following the pathways and kinetics described by T. L. Nguyen
etal. (2023). MD is a gem-diol formed by aqueous phase CH,O hydration in clouds. It is released to the gas phase
upon cloud evaporation, and its dominant sinks are oxidation by OH (averaging 60% globally) to produce formic
acid and dry and wet deposition (40%), resulting in a global mean tropospheric lifetime of 2 days. Franco
et al. (2021) proposed that oxidation of MD could be a major atmospheric source of formic acid, but T. L. Nguyen
et al. (2023) found the oxidation of MD by OH to be three times lower than estimated by Franco et al. (2021),
allowing MD deposition to compete with OH oxidation, and greatly reducing the source of formic acid.

We follow the parameterization of T. L. Nguyen et al. (2023) for the model representation of their MD mech-
anism. That parameterization computes a first-order rate constant for net conversion of CH,O to MD in the gas
phase on the basis of cloud fraction, liquid water content (LWC), temperature, and in-cloud residence time. Cloud
fraction, LWC, and temperature are taken here from the GEOS-FP meteorological fields used to drive GEOS-
Chem (Figure S1 in Supporting Information S1), and in-cloud residence time is assumed to be 1 hr. Figure S2
in Supporting Information S1 shows the sensitivity results for different in-cloud residence times.

Figure 1 shows the global distributions of simulated surface MHP, MD, and CH,O concentrations in GEOS-
Chem for the KORUS-AQ period. MHP concentration is highest over tropical continents due to high biogenic
VOC emissions and low NO concentrations. MD concentrations are generally higher over land, following CH,0,
but are shifted toward higher latitudes and altitudes than CH,O, reflecting cloud processing. Surface MD con-
centrations are of the order of 10 ppt, consistent with the range and patterns obtained by T. L. Nguyen et al. (2023)
with the MAGRITTE model. MD formation in GEOS-Chem decreases CH,O levels by less than 1% because
photolysis and oxidation by OH are much faster CH,O sinks, and it has negligible effects on other aspects of
oxidant chemistry. It slightly increases the chemical source of formic acid, and that will be discussed below.

2.2. KORUS-AQ Observations

Twenty research flights were conducted between 08:00 and 16:00 local time during the KORUS-AQ campaign
with the NASA-DCS aircraft. The flights covered the Korean Peninsula with the highest density of observations
in the SMA. The aircraft carried an extensive payload, including measurements of MHP, H,0,, VOCs, NO, HO,,
and OH concentrations, among others. We use a 60-s merged data set (https://www-air.larc.nasa.gov/, last
accessed: 15 July 2025). Observations of the Daesan power plant plume (36.4°N-37.15°N, 126°E-126.88°E) are
excluded from analysis. The aircraft avoided clouds, and the MHP data exclude water vapor concentrations
greater than 1 X 10* ppm, so we consider the measurements to be representative of the gas phase.

The CIT-CIMS measurements are reported as MHP but actually represent the sum of MHP and MD concen-
trations weighted by their relative sensitivities to water vapor interference (Allen, Crounse, et al., 2022; Crounse
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Pressure (hPa)
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Figure 1. Global distributions of methyl hydroperoxide (MHP), methanediol (MD), and formaldehyde (CH,O) concentrations in GEOS-Chem. Values are May—June
2016 means from a global simulation with 4° X 5° resolution. The top row shows surface concentrations and the bottom row shows zonal mean concentrations as a
function of latitude and pressure. Note the different scales for the different panels. The hotspot of MD and CH,O over Canada is due to a wildfire.

et al., 2006). The lack of a precise and stable standard of MD limits accurate calibration of its relative sensitivity,
defined as how the signal changes relative to the value when there is negligible water interference. The relative
sensitivity of MD has been assumed to follow the hydroxymethyl hydroperoxide (HMHP) calibration curve by
chemical analogy (Allen, Crounse, et al., 2022; T. B. Nguyen et al., 2016). HMHP, unlike MHP, shows no
reduction in relative sensitivity with water vapor. Figure 2a shows the calibration curves for MD (Syp ;) and
MHP (Syiyp,;), without dilution. The CIT-CIMS dilutes ambient air with N, by a factor of 5 + 3 before ionization
to reduce complications arising from high water vapor levels within the instrument (Allen, Crounse, et al., 2022;
St. Clair et al., 2010) and improve the relative sensitivity to MHP. The dilution factor typically varies by as much
as 40% throughout a flight as a function of instrument temperature.

As shown in the next section, the calibration curves with dilution factors cannot reconcile the observed MHP
concentrations with the sum of modeled MHP and MD concentrations. The modeled concentrations are consistent
with the observations only when the assumed dilution factor is on the order of 1, that is, much lower than the

15 A — 150 B
- S — Swp,1/SmHp, 1
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Figure 2. (a) Relative sensitivity S of the CF;0™ CIT-CIMS instrument to methyl hydroperoxide (MHP) and methanediol
(MD), versus ambient water vapor concentrations. The relative sensitivity of MD (Sy;p,) is assumed to be the same as for
hydromethyl hydroperoxide (HMHP). Syp,; and Sy ; are taken from Allen, Crounse, et al. (2022) without air dilution in
the instrument. (b) Ratio of relative sensitivities between MD and MHP (Sy;p/Syyp) under different assumed dilution factors.
Smp.1/Smup.1> Smp 2/Smup.2» and Sy s/Syvmp s correspond to dilution factors of 1, 2, and 5, respectively.
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expected range during the campaign (5 %+ 3). This discrepancy may be related to remaining uncertainties in (a) the
effective dilution factor, (b) the calibration curve at high water vapor concentrations, (c) a potential underestimate
of cloudiness or LWC in the model, (d) the cloud residence time (Figure S2 in Supporting Information S1), (e) an
underestimate of [CH,O] in the model, and (f) the assumed analogy between MD and HMHP sensitivities.

The CIT-CIMS detects Sy;pl MHP] + Syip[MD], but only the Sy;yp correction is applied before reporting the data
as [MHP], ignoring the contribution from MD. To estimate this contribution in GEOS-Chem, we scale simulated
[MD] by Syip /Smmp.. Where x represents the dilution factor:

[MDL," = M M) @)

Reported [MHP] can then be compared to the model [MHP] + [MD],".

Figure 2b shows the ranges of Sy, ,/Syipp_, for dilution factors 1, 2 (St. Clair et al., 2010), and 5 (Allen, Crounse,
et al., 2022), representing the plausible ranges of the calibration curves to account for uncertainties in both the
dilution factor and the relative sensitivity of MD. Despite [MD]/[MHP] ~1072 in GEOS-Chem, the [MD]*
correction can be important in the PBL where water vapor concentrations are high (Figure 2b). At water vapor
concentrations of 1 x 10* ppm, the instrument is 10 times more sensitive to MD than MHP when using a dilution
factor of 5, 50 times more sensitive when using a dilution factor of 2, and 150 times more sensitive when assuming
no dilution.

3. Results and Discussion

Figure 3 shows the median vertical concentration profiles of HO,, NO, MHP, CH,0, and water vapor over the
SMA during the KORUS-AQ campaign. The same figure for the whole of the KORUS-AQ campaign is shown in
Figure S3 in Supporting Information S1. Aircraft observations are compared to GEOS-Chem model values
sampled along the flight tracks. HO, and NO compete for CH;0, via Reactions 1 and 2, forming MHP in the
former, while CH,O is ultimately produced by both pathways. From measured and modeled HO, and NO
concentrations, we derive the branching ratio fyo, also shown in Figure 3:

fio, = ken,0,+10,[HO: ] @)
> keny0,+80[NOJ + ke, 0,+H0,[HO; |
where the rate coefficients k are from Burkholder et al. (2020). fijo, represents the MHP yield from CH;0,

radicals. Additional CH;0, sinks from reactions with other organic peroxy radicals and with NO, contribute less
than 10% to the total sink under all KORUS-AQ conditions.

Observed HO, concentrations in Figure 3 increase from 2 ppt near the surface to 18 ppt in the FT, consistent with
GEOS-Chem, where this increase is due to lower NO concentrations in the FT. The NO concentration decreases
from 7 ppb near the surface to 0.04 ppb in the FT. The resulting fi;o, increases from near-zero near the surface to
0.3 in the FT, higher in the observations than in the model because of higher NO in the model. The median MHP in
the observations is 0.81 ppb in the PBL and 0.29 ppb in the FT. The corresponding model values are 0.21 ppb in
the PBL and 0.17 ppb in the FT, underestimating observations by a factor of 4 in the PBL and a factor of 2 in
the FT.

The low MHP concentration in GEOS-Chem in the PBL reflects the low fi;o,, and the observations show similarly
low fi0,- The PBL source of CH;0, in GEOS-Chem is mainly from the oxidation of non-methane VOCs (Kim
et al., 2022). The CH,O concentration is underestimated by 40% due to missing VOCs (Beaudry et al., 2025;
Travis et al., 2024), implying a corresponding underestimate in the CH;0, source, but this would not resolve the
discrepancy with the reported MHP. Median GEOS-Chem concentrations of MD in the SMA during KORUS-AQ
are 5 ppt in surface air, 5-6 ppt in the PBL, and 2-3 ppt in the FT, where the decrease with altitude tracks CH,O.
The near-surface MD concentration for June over Seoul is 13 ppt in the global model calculations of T. L. Nguyen
et al. (2023). GEOS-Chem MD concentration is a factor of 2-3 lower, which may be due to a difference in cloud
fields.
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Figure 3. Median vertical profiles of species concentrations and of the CH;0, branching ratio fi;o, (Equation 4) over the
Seoul Metropolitan Area (37°N-37.6°N, 126.6°E-127.7°E) during the KORUS-AQ aircraft campaign (May—June 2016).
Note the log scales for NO, fijo,, and H,O. Observations (with interquartile in shading) are compared to the GEOS-Chem
model sampled along the aircraft flight tracks. The methyl hydroperoxide (MHP) data exclude water vapor concentrations
greater than 1 X 10* ppm (37% of data below 2 km altitude), which lie beyond the range of the calibration curves in Figure 2.
[MHP] + [MD]; where x is the dilution factor includes model methanediol with correction for MHP relative sensitivity as given
by Equation 3.

Adding [MD]; as defined in Equation 3 to the simulated MHP concentrations in the PBL increases the con-
centration by only 30%-50% when using [MD]:, 60%-90% when using [MD]3, but by a factor of 3 when us-
ing [MD];. Addition of [MD]; largely corrects the model to match the magnitude of the observations (base run
hereafter), though a 30%-50% discrepancy remains that might be explained by the CH,O underestimate. The
model now shows a maximum at 1.4 km altitude reflecting cloud processing; the observations also show a
maximum in this altitude range, though it is broader. The MHP discrepancy between model and observations
could thus possibly be resolved by a contribution of MD to the observations, though major uncertainties remain in
the model MD concentrations and the instrument calibration curve.

The MHP model underestimate extends into the FT, where production should mainly be from the oxidation of
methane, and where the [MD]" correction is, in general, small because the air is dry. Figure 4 shows the observed
and modeled dependences of MHP concentrations on the branching ratio fi;o, (Equation 4), including linear
regressions for background FT conditions with [H,0O] < 700 ppm. Under these background conditions, we find
that the MHP concentration is successfully predicted from fp, in both the model and observations, with
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Figure 4. Relationship of methyl hydroperoxide (MHP) with the fraction of CH;0, reacting with HO, (fij0,, Equation 4) in
the free troposphere (>4 km altitude) during KORUS-AQ. Panel (a) shows the relationship in the observations and panel
(b) shows the relationship in the model. Panel (c) adds [MD]T to the MHP concentration in the model. Data points are colored
by water vapor concentrations (ppm). The coefficient of determination (R?) and the reduced-major axis linear regression are
shown for data with water vapor concentrations <700 ppm.

consistent slopes. The relationship breaks down at high water vapor mixing ratio in both the model and obser-
vations, reflecting recent convective injection of PBL air. The effect is much larger in the observations, as might
be expected given the model underestimate in the PBL. Accounting for [MD]T in the model captures the observed
enhancements in recently convected air while not affecting the fit to fo, under background conditions
(Figure 4c). The model underestimate of median MHP concentrations in the FT can be simply explained by an
underestimate of fijo, resulting from excessive NO (Figure 3). Our analysis of the FT data thus confirms the
general mechanism for MHP production as driven by the CH;0, + HO, reaction competing with the
CH;0, + NO reaction, with current knowledge of kinetics, and with CH;0, in the FT originating mainly from the
oxidation of methane.

The most important consequence of MD chemistry in GEOS-Chem is for formic acid formation. We find in
GEOS-Chem a global formic acid source from MD + OH of 4.1 Tga™", consistent with 1.2-8.5 Tga~" from T. L.
Nguyen et al. (2023) but smaller than other atmospheric sources, including glycoaldehyde + OH (19.5 Tg a™')
and hydrolysis of Criegee Intermediate produced from ozonolysis of terminal alkenes (7.6 Tg a~'). The global
chemical source of formic acid in GEOS-Chem is 44 Tg a™", smaller than the global source of 100-120 Tg a™"
needed to explain atmospheric observations (Stavrakou et al., 2012). The nature of the missing source remains

unclear.

In summary, the four-fold GEOS-Chem model underestimate of MHP concentrations measured in the PBL of the
SMA during the KORUS-AQ aircraft campaign may be explained at least in part by positive interference in the
measurements from methanediol (MD) produced by the hydration of formaldehyde in clouds. Including MD
chemistry in GEOS-Chem increases the global model source of formic acid by 11% but has no other significant
chemical effects. By contrast, observed MHP concentrations and their variability in the background FT (above
4 km altitude) during KORUS-AQ align closely with our fundamental understanding of MHP formation deter-
mined by competition between the CH;0, + HO, and CH;0, + NO reactions, where both HO, and NO con-
centrations were measured in KORUS-AQ, and where CH;0, originates mainly from the oxidation of methane.
This confirms current understanding of high-NO and low-NO pathways for the oxidation cascade of VOCs
driving ozone and organic aerosol formation.
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