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Abstract Recent observations show anomalously high methane growth in 2020, which has been attributed
to increased wetland emissions and decreased OH from lower COVID-19 nitrogen oxide (NO,) emissions. NO,.
is not the only species that affects OH—isoprene, the most significant non-methane hydrocarbon by total
emissions, is oxidized by OH, which can deplete OH during periods of high emissions. Using satellite isoprene
retrievals from the Cross-track infrared sounder (CrlS), we find anomalously high isoprene columns during
2020, coincident with high methane growth. Isoprene's oxidation produces carbon monoxide, which can be
transported over longer distances and decrease OH outside of isoprene source regions. Elevated isoprene
concentrations may have contributed 13% (bounds: 10%-28%) of 2020's methane growth if we assume no
change in NO, emissions in 2020. Since COVID-19 decreased anthropogenic NO, emissions, this estimate is an
upper-limit and may depend on whether isoprene or NO emissions drove this isoprene anomaly.

Plain Language Summary Methane is a potent greenhouse gas and a major contributor to global

warming. In 2020, there was an unprecedented rise in methane concentrations that has often been attributed to
changes in methane emissions or changes in oxidant levels from the COVID-19 pandemic. Here, we use novel
satellite measurements of isoprene, an organic compound emitted by trees, to suggest that the biosphere may
have contributed to some of these recent methane trends through changes in oxidant levels, potentially affecting
methane loss in the atmosphere.

1. Introduction

Methane (CH,) is the second most important greenhouse gas behind carbon dioxide and is 84 times more potent
than carbon dioxide over a 20-year time horizon (Smith et al., 2021). It is emitted from natural and anthropogenic
sources, including oil and gas infrastructure, coal mining, rice cultivation, landfills, feedlots, and wetlands, while
its dominant sink is oxidation initiated by the hydroxyl (OH) radical with a lifetime of 9-12 years (Saunois
et al., 2020). Thus, variations in both methane emissions and OH concentrations, [OH], can impact observed
methane mixing ratios. The latter may have been important for the rising methane mixing ratios observed after
2007, which previous work has attributed to decreased [OH] and an increase in the methane lifetime, among other
hypotheses (e.g., Turner et al., 2017; Rigby et al., 2017).

In 2020 and 2021, global methane mixing ratios grew at unprecedented rates (hereby referred to as “methane
acceleration”). Previous studies attributed this trend to increased emissions (Hardy et al., 2023) or decreased [OH]
from lower nitrogen oxide (NO,) emissions during the COVID-19 lockdowns (Laughner et al., 2021). Peng
et al. (2022) attributed the methane acceleration to both increased wetland emissions and decreased [OH] due to
NO, changes during the COVID-19 pandemic, with a [OH] decrease of 1.6 & 0.2% contributing to 53 + 10% of
the observed methane trend. Other studies argue that the methane acceleration was largely due to wetland
emissions with little impact from OH changes: for example, Feng et al. (2023) attributed just 16% of the ac-
celeration to OH.

NO, emissions are not the only factor determining tropospheric [OH] and the global methane sink: global [OH]
also generally increases with actinic flux, tropospheric ozone, and atmospheric water vapor, and decreases with
volatile organic compound (VOC) emissions. Isoprene is a biogenic VOC (BVOC) released largely from
broadleaf deciduous trees in response to high light and temperature conditions (Bamberger et al., 2017; Velikova
etal., 2011; Zheng et al., 2017) in large enough quantities to potentially affect global [OH]. By total flux, isoprene
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is the most significant non-methane VOC, with estimates of 440-660 Tg C yr~' emitted into the atmosphere as
isoprene (A. Guenther et al., 2006). Once in the atmosphere, isoprene is predominantly oxidized by OH, with
typical lifetimes on the order of 1 hr, creating organic products like isoprene epoxydiols that are involved in
photochemical smog and secondary organic aerosol formation (Bates & Jacob, 2019; Kroll et al., 2006). Due to its
large reaction rate constant toward OH, high isoprene emissions can deplete local [OH], which in turn can extend
isoprene's own lifetime. For example, implementing isoprene chemistry via the reduced Caltech isoprene
mechanism into the chemical transport model GEOS-Chem resulted in 70% reductions to local [OH] in the
Amazon and equatorial Africa, as well as a 12% increase in the tropospheric methane lifetime (Bates &
Jacob, 2019). Isoprene impacts are therefore not restricted to its source regions but can impact global [OH]. As
isoprene emissions are driven by ecosystem characteristics, regional climate, and weather, global [OH] variability
can therefore be due in part to processes that alter isoprene emissions.

Isoprene emissions in chemical transport (e.g., GEOS-Chem) or chemistry-enabled climate models (e.g., CAMO6-
Chem) are often parameterized through MEGAN (Model of Emissions of Gases and Aerosols from Nature) v2.1,
which calculates isoprene emissions as the product of a vegetation-specific emission factor; the fractional area
covered by that vegetation type; and an activity factor that accounts for isoprene's dependence to light, tem-
perature, soil moisture, CO,, leaf age, and leaf area index (Emmons et al., 2020; A. Guenther et al., 2006; A. B.
Guenther et al., 2012). To provide top-down space-based constraints on isoprene emissions, previous studies have
traditionally used formaldehyde as an isoprene proxy, since formaldehyde is an isoprene oxidation product with a
globally averaged yield of 22% per carbon (Bates & Jacob, 2019; Millet et al., 2006, 2008; Palmer et al., 2003,
2006). However, using formaldehyde as a proxy in low [OH] regions can result in smoothing caused by advection
(Turner et al., 2012). In addition to smoothing, the formaldehyde yield from isoprene oxidation increases with
local NO, concentrations, and fires or VOCs like methanol are other sources of formaldehyde that are independent
of isoprene (Wolfe et al., 2016).

In 2020, Wells et al. developed novel isoprene satellite measurements from the Cross-track infrared sounder
(CrIS) instrument using a brightness temperature difference and an artificial neural network; in 2022, this al-
gorithm was revised to use a hyperspectral index (Shutter et al., 2024; Wells et al., 2020, 2022). Recently, these
retrievals have been used to investigate multiyear trends in the atmospheric oxidative capacity over the South-
eastern United States, and ENSO-driven OH variability in Papua New Guinea (Shutter et al., 2024).

The largest isoprene anomalies in the 9-year CrlS record occur in late-2019 and continue through 2020
(Figure 1a). This anomaly is not well-represented in GEOS-Chem with MEGAN-generated BVOC emissions
(Figure la), and these isoprene column anomalies roughly coincide with the methane acceleration. Here we
investigate whether elevated isoprene levels driven by higher isoprene emissions could indirectly contribute to the
observed methane acceleration by modulating [OH].

2. Materials and Methods
2.1. Model Simulations

All model runs were conducted using GEOS-Chem v14.1.1 with offline BVOC emissions on a 4° latitude by 5°
longitude grid, spanning an 8 year period from 2012 to 2020 to temporally coincide with the CrIS data set. The
first 5 months (February—June 2012) were considered spin-up and were removed from the analysis. In total, three
model simulations were conducted, as summarized in Table S1 of Supporting Information S1: (a) a baseline
simulation with offline MEGAN emissions, (b) an isoprene climatology simulation that removed interannual
variations in isoprene emissions by replacing isoprene emissions at each point with its 2012-2020 monthly offline
MEGAN climatology (“isoprene climatology”), and (c) a simulation where isoprene emissions were
scaled to better match the CrIS retrievals (“scaled isoprene”). Anthropogenic NO emissions were taken
from the CEDSv2 inventory with 2020 anthropogenic NO emissions set at 2019 emissions, as 2020 data was not
available at the time of the runs. Isoprene chemistry was parametrized using the Bates and Jacob (2019)
mechanism. Texts S1-S3 in Supporting Information S1 describe the satellite measurements used in this study.

For simulation 3 (“scaled_isoprene”), we iteratively scaled isoprene emissions to better match the CrIS retrievals.
This iteration was necessary to account for the non-linear relationship between isoprene emissions and con-
centrations simulated by GEOS-Chem, due to isoprene's feedback on [OH]. Preliminary scalings indicated that a
doubling of isoprene emissions over the Amazon and equatorial Africa resulted in a three-fold increase in
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Figure 1. Time series analysis of isoprene and the methane lifetime. Hatched lines cover October—November 2019, which is
due to anomalously high isoprene across all latitudes that may be an artifact of the background calculation — a copy of the
figure without the hatching can be found in Figure S3 of Supporting Information S1. (a) Hovmoller diagram with CrIS
isoprene anomalies at each latitude between July 2012 and December 2020. Each latitude gridbox spans 0.5°, and anomalies
were calculated relative to a monthly climatology at each gridbox. (b) Time-series of globally averaged isoprene columns
from the baseline GEOS-Chem run (dashed orange), scaled isoprene GEOS-Chem run (solid light blue), and the
CrIS instrument (solid black). The base run underpredicted CrIS columns, while the scaled run brings GEOS-Chem more in
alignment with satellite observations. Furthermore, the scaled isoprene run has a different seasonal cycle than the
baseline run, with the former peaking in mid-year and the latter peaking in January. This new seasonal cycle in the
scaled_isoprene simulation better matches the CrIS measurements. (c) Methane lifetimes for the
scaled_isoprene (light blue) simulation relative to isoprene_ climatology, which had no interannual variations
in isoprene emissions. The scaled run showed an increase in methane lifetimes in 2019 and 2020 that is coincident with the
2020 methane acceleration.
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modeled isoprene columns, which was due to isoprene's feedback with local [OH]. As isoprene emissions in-
crease, isoprene depletes local [OH], which increases its own lifetime. To account for this feedback, our first
iteration (run 3a) scaled MEGAN isoprene emissions at each point for every month using Equation 1.

1 CrISiso rene
=1 o e g 1
g 2<Gcbase,isoprene ) ( )

In Equation 1, 7, is the scaling factor for offline MEGAN emissions at each latitude-longitude, CrlS;q,prene is the
CrlS isoprene column retrieval (in molecules cm™), and GChase, isoprene 18 the isoprene column simulated by the
baseline GEOS-Chem run. This ensured emissions were only changed in regions with GEOS-Chem isoprene
columns that deviated from CrIS observations. The % can be thought of as a “feedback” factor, originating due to
the empirical 3:2 relationship between isoprene columns and emissions. Scaling factors were first calculated on
GEOS-Chem's 4° x 5° grid and then bilinearly interpolated to match GEOS-Chem's 0.5° X 0.625° offline BVOC

emissions. This first iteration generally overestimated isoprene, particularly in the Northern mid-latitudes.

The second iteration improved on the first iteration by considering regional changes in [OH]. For each
geographical region delineated in Figure S1 of Supporting Information S1, the change in isoprene emissions (17, in
Equation 1) was compared to the corresponding change in modeled isoprene columns between the first iteration
and the baseline simulation:

— CrISisoprene El/Ebasc
GCbase,isoprene Cl/Cbase

b @)

In Equation 2, E,| and E,, represent the isoprene emissions in the first iteration and in the baseline simulation,
and C, and C,,,. represent the modeled isoprene columns (in molecules cm™) from those same runs. The ratio

, was computed for every year and represents the increase in isoprene

(M), which is equivalent to Cl/niéb

C1/ Chuse
solely due to the isoprene-OH feedback (i.e., regional feedback factors). A sensitivity run that calculated this ratio
monthly rather than annually overcompensated for these model-observation discrepancies, resulting in more
isoprene column variability in the simulation relative to CrIS. More frequent calculation of this ratio may require
additional scaling iterations to reach a stable result.

Deseasonalized isoprene anomalies were calculated for each run by subtracting the 2012-2020 monthly averaged
isoprene from each measurement, which accounts for each simulation's seasonal cycle. To estimate uncertainty in
the 2020 methane lifetime impact, we note that the uncertainty in simulation 3 largely originates from the regional

E\/Epase
C1/ Crase

feedback factors used in the second iteration, that is, the ( > ratio in Equation 2. This regional ratio serves a

similar purpose to the global % factor present in Equation 1, as they both modulate the isoprene based on the OH
feedback. We thus set the upper and lower bounds of isoprene's impact by scaling isoprene emissions again using

Equation 1, but replacing the % global feedback factor with the 16th and 84th percentiles of the <g:§—€z) ratios

used in the second iteration. These corresponded to % and %, respectively (Figure S2 in Supporting Informa-
tion S1), and so the first iteration (run 3a) served as the upper bound on isoprene emissions. Percentiles were
calculated by compiling all feedback factors at every gridpoint between 2012 and 2020.

2.2. Modeling the Impact on Atmospheric Methane

To estimate isoprene's global impact on 2020's methane acceleration, we used a two-box CH,-OH model to
calculate hemispheric methane concentrations at various OH concentrations with interactive OH. Further in-
formation about the model and its data sets can be found in Turner et al. (2017) and Nguyen et al. (2020).

We parameterized methane emissions to be constant prior to 2007, followed by a linear increase between 2007
and 2019, and then constant in 2020. While keeping methane emissions at 2019 levels in 2020, we implemented a
stepwise decrease in OH. The OH in the two-box model was reduced by the same percent decrease in column
[OH] between 2020 and 2019, as calculated in GEOS-Chem, for the scaled isoprene run relative to
isoprene climatology. This difference isolates the impact of isoprene emissions alone on the oxidative
capacity. This output was compared to the simulated methane concentrations using Peng et al. (2022)'s 1.6%
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decrease in OH, which was responsible for approximately half of the methane growth; a 3% decrease in OH,
which should correspond to a scenario where the entire methane acceleration was caused by OH changes; and
methane observations. The observed methane growth rate was calculated via the monthly difference between
hemisphere-averaged NOAA surface flask observations (Lan et al., 2024). Sites were selected following Turner
et al. (2017).

3. Results

CrIS measurements indicate a period of anomalously high isoprene in 2020, with anomalies calculated using the
2012-2020 monthly mean at each CrIS grid point as the climatology. Figure 1ais a Hovmoller diagram that shows
that much of this isoprene increase was located in the tropics (—20 to 20° latitude). Here, we investigate the impact
this anomaly has on the oxidative capacity under the potential hypothesis that isoprene emissions drove this CrIS
isoprene column anomaly. The potential impacts of NO, emissions and isoprene-NO, interactions are discussed
later and in Texts S4 and S5 of Supporting Information S1.

The baseline GEOS-Chem simulation underpredicted global isoprene observed from CrIS by 50%. Our isoprene
emission scaling (scaled isoprene) increased simulated global land isoprene columns to better match CrIS
satellite observations, as shown in Figure 1b. We note that GEOS-Chem global [OH] is 20% higher than [OH]
obtained from methyl chloroform (MCF) inversions (Lin et al., 2024; Zhao et al., 2023). This global OH bias may
explain part, but not all, of the model-satellite discrepancy, and the impact of this bias would depend on how this
global OH bias translates over low-NO, tropical regions.

The scaled isoprene simulation also reproduced the Hovmoller diagram in Figure 1a, albeit with smaller
magnitudes (Figure S4 in Supporting Information S1). The scaled isoprene rarely exceeded observed CrlIS
isoprene except in late 2016 and late 2020, and generally underestimated the early isoprene seasonal peak, which
may be due to the isoprene-[OH] feedback ratio in the scaling being computed on yearly timescales. The
discrepancy in modeled-observed isoprene was highest in 2015 and 2019. Nevertheless, the scaled iso-
prene run was generally able to reproduce the CrIS-derived isoprene record.

Additionally, scaling isoprene (scaled isoprene) also altered the modeled seasonal cycle to better match
CrIS's seasonal cycle, largely due to increased isoprene emissions and stronger seasonal cycles in areas such as
equatorial Africa, the Maritime Continent, and the Northern mid-latitudes (Figures S5-S7 in Supporting Infor-
mation S1). It also decreased the impact of a simulated isoprene hotspot in the southwestern Amazon while
increasing the influence of other regions in the Amazon basin, namely the northern Amazon. These spatial trends
are consistent with results from Wells et al. (2020).

Methane lifetimes increased by up to 0.8 years between the isoprene climatology and the scale-
d_isoprene runs (Figure S8 in Supporting Information S1). Due to isoprene's new seasonal cycle when
emissions are scaled to match CrIS retrievals, the change in methane lifetimes also had an annual cycle which
spiked in September and October. When this seasonal cycle is removed, we also find interannual variation in the
methane lifetime (Figure 1¢). In 2019 and 2020, higher methane lifetimes of up to an additional 0.1 years occurred
inthe scaled isoprene run that did not appear in the baseline run; this increase in the methane lifetime is due
to increases in isoprene emissions in the Amazon, the Maritime Continent, and parts of Southeast Asia during
2020 (Figure S9 in Supporting Information S1). Although this isoprene-driven change in methane lifetimes is
comparable in magnitude to other time periods (e.g., 2016), this 2019-2020 change represents a coherent, linear
trend that is coincident with 2020's anomalously high methane growth.

3.1. Role of Carbon Monoxide

The oxidation of isoprene produces a range of oxygenated organic carbon products, for example, formaldehyde,
which in turn can be oxidized to form carbon monoxide (CO) and eventually CO,. Here, we find that less than half
of the global [OH] decrease is due to the direct oxidation of isoprene, but instead rather due to its subsequent
oxidation products which are themselves removed by OH. Figure 2 shows the contribution of each species in the
isoprene oxidation cascade to global OH depletion, with all column reaction rates reported as the difference
between the scaled isoprene and baseline runs. We observe that 30%—70% of the increased oxidation is
due to the CO + OH reaction, with its maximum fractional impact occurring during winter in the Northern
Hemisphere. This finding is consistent with previous studies that show isoprene is a major contributor to the CO
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A 506 Contribution to additional OH loss (scaled_isoprene - baseline run)
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Figure 2. Contribution of various species to the global OH decrease observed between the scaled isoprene and
baseline runs due to faster VOC + OH reactions. (a) Shows the change in column-integrated reaction rates. (b) Fractional
contribution of each species + OH reaction to the additional OH loss. CO 4 OH is as significant as isoprene + OH on a global
scale, and its delayed peak relative to isoprene + OH's peak is due to CO's longer lifetime relative to other VOCs in the
cascade.

budget, and that isoprene oxidation can contribute 50%-80% of total CO chemical production in and downwind of
isoprene source regions (Holloway et al., 2000; Pfister et al., 2008). Outside of isoprene and CO, other VOCs
produced downstream of isoprene oxidation, such as methyl vinyl ketone (M VK) and methacrolein (MACR), also
significantly impact the net OH loss, with these additional oxidation products accounting for up to 30% of the OH
loss during boreal summer.

CO's contribution to the global OH decrease exceeds that of isoprene itself, and the timing lags the isoprene + OH
reaction, as CO is produced downstream and has a lifetime of 1 month. This increased CO can be transported over
longer distances than isoprene (Figure S10 in Supporting Information S1), which allows isoprene to have an
impact on the global atmospheric oxidative capacity—beyond only affecting OH locally over isoprene source
regions. Since much of intermodel variability in [OH] predictions is caused by variability in the oxidation effi-
ciency, which is the fraction of a VOC (e.g., isoprene) oxidized to CO, the OH loss from isoprene emissions is
likely sensitive to a model's isoprene and VOC oxidation mechanism (Murray et al., 2021).

Increased isoprene oxidation increases the abundance of CO in the model, raising the question: “do independent
observations of CO support this increased burden?” To assess this question, we compared the model simulations
to MOPITT satellite observations of CO. Figure 3 shows the globally averaged CO concentrations from MOPITT,
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Comparison of GEOS-Chem and MOPITT CO
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Figure 3. Comparison of carbon monoxide from GEOS-Chem and MOPITT. (a) Time-series of globally averaged CO
columns processed through the MOPITT averaging kernel from the baseline and scaled isoprene GEOS-Chem runs,
compared to the MOPITT total daytime CO columns. The enhanced isoprene from the scaled run translated to a CO mean
that was more in alignment with MOPITT than the base run. Uncertainties are reported as 1 standard deviation. (b) Histogram
of monthly, globally averaged CO columns. The difference in CO columns between both GEOS-Chem runs and the MOPITT
CO retrievals was statistically significant (p < 0.05), but the mean CO is closer in agreement with MOPITT retrievals in the
scaled isoprene simulation than the baseline simulation.

the baseline simulation, and the scaled isoprene simulation. As with isoprene, the baseline
simulation underpredicts MOPITT CO observations, while scaled isoprene shows better agreement with
MOPITT retrievals. Although the bias in mean CO is detectable from observations, attributing observed inter-
annual variability in CO to isoprene emissions is difficult, as most of the CO interannual variability (10% of
annual burden) is caused by biomass-burning variability in South America and equatorial Asia, two regions with
high isoprene emissions (Duncan et al., 2003; Voulgarakis et al., 2015). However, in 2019 and 2020, we see an
increase in the late-year (November—January) MOPITT CO seasonal minima relative to previous years, which is
when isoprene-derived CO has the highest impact on global OH oxidation (Figure 2).

Interestingly, our isoprene scaling also decreased the interhemispheric OH ratio, with the boundary-layer NH:SH
[OH] ratio decreasing from 1.17 in baseline to 1.12 in scaled isoprene (1.15-1.13 in tropospheric
[OH]). Chemistry-climate models systematically underestimate CO in the Northern Hemisphere and simulate
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interhemispheric ratios above 1 (Strode et al., 2015). The elevated NH isoprene and CO concentrations in our
scaled isoprene run partially addresses this underestimation and brings the interhemispheric OH ratio
closer to the parity observed by Patra et al. (2014).

The improved agreement between carbon monoxide from MOPITT and GEOS-Chem and the lower inter-
hemispheric OH ratio support our isoprene scaling. Although discrepancies in the CO seasonal cycle indicate
some error in the isoprene scaling, the increase in CO is plausible given independent satellite measurements.

3.2. Impact on Methane Growth

As mentioned above, 2020 and 2021 exhibited the largest methane growth rates ever observed in the in situ record
going back to 1983; as such, there has been much speculation about what caused this methane acceleration. For
2020, offline MEGAN emissions predicted a global 12 Tg decrease in isoprene emissions relative to 2019, while
our scaling indicates a 23 Tg increase, with most of this increase occurring in the Amazon and Maritime
Continent. Consequently, we find a 0.6% decrease in global boundary layer [OH] from 2019 to 2020 in sca-
led isoprene compared to isoprene climatology, while the baseline simulation shows a 0.4% in-
crease in [OH]. We attribute these modeled [OH] changes to interannual isoprene variations and the subsequent
oxidation cascade.

To quantify how this change in tropospheric [OH] impacts atmospheric methane concentrations, we implemented
a stepwise [OH] change into a two-box CH,-OH model originally developed by Turner et al. (2017). This
stepwise change in the two-box model was set as the percent change in hemispheric [OH] columns between 2019
and 2020 in the scaled isoprene GEOS-Chem simulation. We then compared the change in methane
diagnosed from the two-box model to that caused by the 1.6% decrease in tropospheric OH from Peng et al., and
similarly found that a 1.6% decrease in OH explained approximately half of the methane growth in our two-box
model. A theoretical 3% decrease in OH was able to explain all of 2020's methane growth, as it captured the
maximum magnitude of methane growth in both hemispheres during the 2020-2021 period (Figure S11 in
Supporting Information S1). Relative to the 3% [OH] decrease, we find that isoprene alone could account for 13%
of the methane growth (bounds: 10%-28%) if the anomalously high isoprene columns observed in 2020 were
solely driven by isoprene emissions (Figure S12 in Supporting Information S1).

Our results assume that 2020's isoprene anomalies were driven by isoprene emissions rather than changes in [OH]
from NO,, which would affect isoprene's lifetime. This assumption arises because our simulations do not consider
changes in anthropogenic NO,: modeled 2020 anthropogenic NO, emissions were set to 2019 values. In 2020,
COVID-19 lockdowns decreased tropospheric NO, columns through lower anthropogenic emissions (Cooper
etal., 2022; Venter et al., 2020), and thus some of these isoprene and OH anomalies may be due to decreasing NO,.
during this period.

To address this confounding effect, we performed COVID-19 sensitivity studies that decreased anthropogenic
NO emissions by the observed change in OMI NO, columns between 2019 and 2020; these simulations are
described in Text S4 of Supporting Information S1. When globally averaged, these NO, changes could increase
isoprene columns 2.5x more than what we observe from CrlS, as well as a 4x larger increase in the methane
lifetime compared to the potential lifetime increase caused by isoprene emissions (Figure S13 in Supporting
Information S1). However, the spatiotemporal distribution of the NO,. changes and their impact on isoprene do not
match CrlS observations. For example, anthropogenic NO, largely decreased in the Northern Hemisphere mid-
latitudes, which is not spatially co-located with the large tropical isoprene sources found in this study (Figure S14
in Supporting Information S1) (Nickolay A. Krotkov et al., 2019). Although changes in NO, may propagate over
long distances through peroxyacetyl nitrates (PANs), the impact of these NO, decreases on isoprene columns is
mostly restricted to areas near large cities in the tropics, such as Bogota, Singapore, and Jakarta. Furthermore, the
isoprene anomaly remains elevated throughout the year and even peaks in the later half of the year in the Maritime
Continent, while the largest COVID-19 NO, decreases were during the first half of the year, especially April-May
2020 (Laughner et al., 2021; Miyazaki et al., 2021). Nevertheless, identifying the cause of this 2020 isoprene
anomaly is crucial, as it determines the mechanism through which [OH] impacts methane lifetimes. If NO, caused
elevated isoprene columns, the isoprene enhancements would not be the cause of the methane lifetime increase,
but rather a symptom of the NO, changes.

YOON ET AL.

8 of 12

858017 SUOWWIOD 3AIIR1D 8|qedt[dde au Ag peuseAob e S3[o1e YO ‘88N JO S3INJ 0} A%eiq18UIIUO /8|1 UO (SUORIPLIOD-PUR-SWIRYLIO B | 1M ARIq 1 BU1|UO//:SANL) SUORIPLOD PUe SWe | 38U} 88S *[5202/20/TZ] Uo A%iqiauluo A8 |IM ‘ZTLyTT 195202/620T 0T/I0pwiod e Arigijpuluosqndnfe//sdny wouy papeojumoq ‘T ‘520z ‘20087761



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL114712

Alternatively, changes in natural NO, sources not directly related to the COVID-19 lockdowns, like soil or
lightning NO,, can impact isoprene columns in areas like the Maritime Continent. Formaldehyde and isoprene
consistently show a negative correlation in the Maritime Continent throughout the entire 8-year period, which
may indicate variability caused by a non-anthropogenic NO, source (Figure S17 in Supporting Information S1).
More work needs to be done to determine the sensitivity of isoprene columns to each NO, source (Text S5 in
Supporting Information S1). Nevertheless, even if NO, drove 2020's isoprene column anomalies, the magnitude
of the OH perturbation is still sensitive to isoprene concentrations due to changes in chemistry (Wolfe
et al., 2016). The 2019-2020 increase in methane lifetime with the same COVID-19 NO, perturbation was 20%
higher in the scaled isoprene run than the baseline run, indicating that higher mean global isoprene
emissions may amplify NO,'s impact on [OH] (Figure S13 in Supporting Information S1). The influence of NO,,
on isoprene is highly dependent on the identity of the oxidation products and thus the model's chemical mech-
anism. Formation of certain isoprene hydroxynitrates and their rapid hydrolysis into HNO; may cause permanent
NO, loss in regions with changing NO emissions even with constant isoprene emissions, which impacts how the
isoprene-NO, relationship affects OH and the oxidative capacity (Vasquez et al., 2020).

4. Discussion

The largest isoprene anomaly in the CrIS record occurred in 2019 and 2020, coinciding with rapid methane
growth. Here we investigated the hypothesis that increased isoprene emissions could indirectly contribute to this
methane acceleration by modulating [OH] and CO. We scaled GEOS-Chem's offline MEGAN isoprene emissions
to better match novel CrIS isoprene retrievals, bringing modeled and satellite isoprene closer in agreement. Our
scaling increased isoprene emissions from 336-371 Tg Cl/year to 628-711 Tg Cl/year and strengthened the
seasonal cycle in global isoprene columns. Since GEOS-Chem underestimated isoprene relative to CrIS re-
trievals, our results suggest that previous isoprene emission inventories may be too low. This bias is partially
caused by systematically high modeled OH compared to MCF proxies, but systematic low biases in satellite
formaldehyde retrievals, an isoprene proxy, compared to in situ measurements could also have caused under-
estimated isoprene fluxes in previous studies (Miiller et al., 2024; Zhu et al., 2016).

Increased isoprene—and increased CO from the isoprene oxidation cascade—resulted in longer methane life-
times due to decreased [OH]. This scaling improved agreement between MOPITT CO and the scaled i-
soprene run's CO and lowered the interhemispheric OH ratio closer to parity. Through a combination of 0D and
3D atmospheric modeling, we show that the isoprene increase observed by CrlS during 2020 could account for
13% of 2020's methane acceleration. We obtain this value while using 2019 anthropogenic NO emissions as 2020
NO fluxes, and thus this value represents the potential impact of isoprene on 2020's methane acceleration
assuming no contribution from NO, changes.

Determining the causality of this isoprene anomaly is crucial in quantifying the [OH] response. Here, we
investigate the implications of an isoprene anomaly driven solely by isoprene emissions as a potential hypothesis,
but NO, and other drivers of [OH] (e.g., actinic flux) also can influence isoprene columns observed from space. If
this 2020 isoprene anomaly were driven by decreasing NO, emissions, the observed changes in isoprene columns
would be a response to the independently changing oxidative capacity, rather than isoprene being the causal agent
for the [OH] changes. This different causality may influence the magnitude of the resulting [OH] perturbation, but
the nonlinear relationship of the isoprene—OH-NO, system warrants further investigation.

Although 2020 is a special year of interest due to the methane acceleration and the potential discrepancy between
MEGAN isoprene emissions and observed columns, other years within the record also experienced comparable
isoprene anomalies to 2020's anomalies without similarly large perturbations to anthropogenic NO,. Thus, the
potential magnitude of these interannual variations in isoprene and their resulting impacts on [OH] are not
contingent on the accuracy of our isoprene emission scaling, although our scaling can change when these vari-
ations occur. For example, even in the baseline simulation with MEGAN-generated isoprene emissions, varia-
tions in isoprene emissions caused a 0.5% decrease in global [OH] between 2014 and 2015, and a 0.1% decrease in
[OH] between 2015 and 2016. Given that a 1.6% decrease in [OH] may have contributed to the unprecedented
methane growth in 2020, isoprene may be an important but overlooked factor in explaining recent methane trends.
We also note that GEOS-Chem underestimates this observed variability (Figure S4 in Supporting Informa-
tion S1), which may in turn underestimate the resulting OH impacts.
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This study illustrates how isoprene can impact the global atmospheric oxidative capacity and methane lifetimes.
We suggest that variations in isoprene, and thus changes to the biosphere, may have an important effect on the
atmospheric oxidative capacity, although more research is needed to fully attribute these 2020 observations to
increased isoprene emissions, decreased NO, emissions, or changes in isoprene-NO, chemistry. Given that
isoprene emissions are driven by short-term meteorological conditions, climate oscillations like ENSO, and long-
term climate change, this mechanism may represent a potential interaction between the biosphere and the climate
system mediated through atmospheric chemistry.
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