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ATMOSPHERIC SCIENCE

Interannual changes in atmospheric oxidation over

forests determined from space

Joshua D. Shutter’, Dylan B. Millet'*, Kelley C. Wells, Vivienne H. Paynez,

Caroline R. Nowlan®, Gonzalo Gonzalez Abad?®

The hydroxyl radical (OH) is the central oxidant in Earth’s troposphere, but its temporal variability is poorly under-
stood. We combine 2012-2020 satellite-based isoprene and formaldehyde measurements to identify coherent OH
changes over temperate and tropical forests with attribution to emission trends, biotic stressors, and climate. We
identify a multiyear OH decrease over the Southeast United States and show that with increasingly hot/dry summers
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the regional chemistry could become even less oxidizing depending on competing temperature/drought impacts
on isoprene. Furthermore, while global mean OH decreases during El Niiio, we show that near-field effects over
tropical rainforests can alternate between high/low OH anomalies due to opposing fire and biogenic emission im-
pacts. Results provide insights into how atmospheric oxidation will evolve with changing emissions and climate.

INTRODUCTION

The hydroxyl radical (OH) is the principal tropospheric oxidant,
controlling the production and loss of numerous chemicals affecting
climate and air quality (1-3). For instance, OH is the main sink for
short-lived climate forcers including methane, carbon monoxide (CO),
and volatile organic compounds (VOCs) (4); OH-initiated oxidation
of these species in the presence of NO, (NO, = NO + NO,) produces
tropospheric ozone which is itself a climate forcer and air pollutant.
Reactions of OH with SO,, NO,, and VOCs also drive formation of
aerosols, with resulting effects on human health and on Earth’s ra-
diation balance (4). Understanding the drivers of OH variability is
therefore central to predicting future atmospheric composition.

As a reactive, short-lived (~1 s) species with exceedingly low
concentrations (<0.1 parts per trillion), direct OH measurements are
analytically difficult and remarkably sparse (5). Indirect OH proxies
have therefore been developed to probe its distribution and space-
time variability. Methyl chloroform (CH3CCl;) has been used in this
capacity for decades (6-9), but declining concentrations due to the
Montreal Protocol limit its present-day utility. Other long-lived tracer
molecules including YCO (10-13) and CH, (14) have also been used
to gain insights into global and hemispheric OH trends; however,
such species are not well-suited for identifying the drivers of OH
variability or of associated model errors at smaller spatial scales.

Recent work has begun to use satellite-based measurements of
more reactive species to constrain OH variability on smaller spatial
scales. Over remote oceanic regions, airborne measurements and
model output have been used to parameterize OH abundances in
terms of other, more readily observable, species (15, 16). Machine
learning (ML) approaches have been developed, trained on model
output, that use satellite-based inputs to diagnose tropospheric OH
patterns over tropical oceans (17, 18) and urban regions (19, 20).
Space-borne NO, measurements have also been used to infer urban
OH based on the downwind plume evolution (21-24). While these
approaches have provided insights into OH variability, they have
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been limited to oceanic or urban regions and either rely on prior
model assumptions to train an ML algorithm or require specific ur-
ban outflow conditions.

Missing from the above methodologies is the ability to directly
constrain OH variability over forest ecosystems—a major gap given
that forests cover 31% of Earths land area and play a critical role in
governing atmospheric composition and climate (25). Isoprene (CsHg)
is the predominant biogenic hydrocarbon emitted worldwide (mainly
by broadleaf trees and shrubs) (26) and is quickly oxidized during
daytime to form HCHO as a high-yield product. Wells et al. (27)
showed that the isoprene:HCHO column ratio (Qisop: Qucno) therefore
scales tightly with 1/[OH] on a global basis across seasons, locations,
and chemical regimes. While the slope magnitude varies regionally,
the Qisop:Qucpno ratio nonetheless provides a direct and purely obser-
vational proxy of atmospheric OH variability that is now measurable
from space (27, 28).

Here, we combine a new 9-year (2012-2020) record of isoprene
column measurements from the CrIS (Cross-track Infrared Sounder;
Materials and Methods) satellite sensor with colocated HCHO ob-
servations from OMPS (Ozone Mapping and Profiler Suite; Materials
and Methods) to uncover regionally coherent OH trends and patterns
of variability over key forest ecosystems where isoprene emissions
are the main driver of Qycpo variability (Materials and Methods).
We use the GEOS-Chem chemical transport model (Materials and
Methods) as an interpretive tool to diagnose the drivers of these
OH changes and to test how well the underlying processes are cap-
tured by current understanding. Results show how changing
emissions, climate variability, and ecosystem stressors modify the
atmosphere’s oxidation capacity over biogenic source regions.

RESULTS

Regional trends in OH

Figure 1 maps the 2012-2020 Qj50p:Qucho trend observed from
space by CrIS and OMPS. Over most isoprene source regions world-
wide, the ratio trends are statistically insignificant (P > 0.05): If any
long-term OH trends exist in those areas, then they are not yet detect-
able above interannual variability. However, two regions stand out
with spatially coherent, statistically significant (P < 0.05) multiyear
trends in Qsop:Qucho and therefore in OH: the Southeast United
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Fig. 1. Annual trends in atmospheric oxidation over isoprene source regions. Plotted are 2012-2020 trends in the isoprene:HCHO column ratio (Qs0p:QHcHo) as observed
by CrlS and OMPS (see Materials and Methods for details). Red colors indicate negative ratio trends (increasing OH); blue colors indicate positive ratio trends (decreasing OH).
Stippling indicates statistical significance at P < 0.05. Solid boxes over the Southeast US and East Amazonia indicate analysis domains for spatially coherent, long-term OH

trends. The dashed box over New Guinea indicates an analysis domain without any long-term OH trend but with notable interannual variability associated with EI Nifio.

States (Southeast US) and East Amazonia. We examine the former
in detail below. As discussed in Supplementary Text, the OH trend
interpretation over East Amazonia is challenged by the larger inter-
annual variability—with the 2012-2020 Qs0p:Qucho trend statisti-
cally significant based on CrIS and OMPS but not when using
HCHO data from OMI (Ozone Monitoring Instrument; Materials
and Methods).

Figure 2A plots the Qi50p:Qpcno trend observed over the South-
east US (domain in Fig. 1) for 2013-2020. Year 2012 exhibited
anomalous behavior due to extreme heat and drought and is examined
separately below. We see from Fig. 2A a coherent Qisop:Qucho in-
crease that is statistically robust based on both CrIS/OMPS (0.007 +
0.005 year_l) and CrIS/OMI (0.008 + 0.005 year_l) observations.
Over this time, GEOS-Chem simulations reveal no change in the
relationship between Qisop:Qucho and 1/0OH in terms of either cor-
relation (r > 0.94) or slope (fig. S2). The trend toward increasing
Qisop:Qpcho ratios seen from the satellite instruments thus points
to decreasing OH across the Southeast US.

This trend also manifests in the GEOS-Chem model predictions.
Figure 2 (B and C) shows that the base-case model simulation exhibits
a consistent Qisop:QuchHo increase of 0.011 + 0.004 year_1 that is due
to a simultaneous decrease in boundary-layer OH of 0.8 X 10° mole-
cules cm™ between 2013 and 2020. This represents a 21% OH de-
crease during the height of the growing-season (May to September)
at the 13:30 local time (LT) satellite overpass time. The statistical
agreement between the observed and modeled Qisop:Qncro trends
corroborates this estimate. The model and satellite data also show a
similar degree of interannual variability around the long-term trend
(residual SDs of 0.010 and 0.011, respectively). The residuals in both
cases have a moderate and positive correlation with temperature [r=0.6
to 0.8 versus surface temperatures from the Modern-Era Retrospective
analysis for Research and Applications Version 2 (MERRA-2)], suggest-
ing that variability around the OH trend is caused in part by biogenic
VOC emissions or another temperature-dependent process.

Sensitivity analyses indicate that decreasing anthropogenic NO,
emissions drive this OH trend over the Southeast US. US anthropogenic
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NO, emissions declined by an estimated 6 to 7%/year during 2013-
2020 (29-31), continuing a longer-term pattern (32, 33). Figure 2
(B and C) shows that when this NO, trend is omitted from GEOS-
Chem, the temporal Qsop:QncHo and OH changes over the South-
east US entirely disappear. Progressively lower NOy levels reduce the
efficiency of both primary (via ozone photolysis) and secondary (via
radical recycling) OH generation (34), and as a result, we see the
Southeast US atmosphere becoming less oxidizing over time.

A notable feature in Fig. 2 (A and B) is that both the satellite-
observed and model-predicted Qisop:Qucno ratios for 2020 fall
slightly below the long-term trend, indicating somewhat elevated OH
(this is also seen directly in the model OH fields; Fig. 2C). Prior work
has shown on a broader scale that tropospheric OH concentrations
were reduced in 2020 due to pandemic-related NO, reductions (35);
findings here are specific to the Southeast US during summer and
indicate for this area that lower biogenic VOC emissions (~16% lower
than 2019 and 2018 based on model predictions; fig. S3) offset the
effect of reduced NOj to yield slightly higher regional OH.

The satellite-observed Qisop. Qucno ratios also provide a robust
spatial proxy for the atmosphere’s oxidation capacity across this do-
main—with GEOS-Chem simulations showing that the Qjs0p:Qpucho dis-
tribution closely maps that of 1/[OH] (r = 0.94 to 0.98; fig. S2C). Figure 3
shows the observed and predicted Qisop:Qucho ratios with the corre-
sponding modeled boundary-layer OH concentrations (13:30 LT) across
the Southeast US for July 2013 and 2020. The satellite data reveal a hetero-
geneous OH distribution across the region, with higher Qsop:Qucro
ratios (lower OH) over the Ozark forests of southern Missouri and
northern Arkansas and lower ratios (higher OH) in more polluted ar-
eas surrounding the Mississippi River, southern Illinois, and Indiana. The
model captures some of these broad features but strongly overpredicts
the observed Qisop:Qucuo ratios in 2020 over parts of the southern
and eastern US (i.e., Georgia, Alabama, and Virginia). More generally,
the model tends to overestimate the measured dynamic range: predicting
larger differences in Qs0p:Qpcro (and thus in OH) between the low- and
high-pollution regions than is observed. Examination of the underlying
emission fields suggests that these disparities in part reflect model
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uncertainties in the magnitude and variability of isoprene fluxes across
this domain. This implies that our models are overestimating the geo-
graphic differences in trace gas lifetimes and in the chemical regimes that
drive O3 and aerosol formation across the Southeast US.

We can use the same data to examine the spatial structure of the
temporal OH trend identified earlier. Figure 3 (C and F) shows that
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Fig. 2. Multiyear Qsop:QucHo and OH trends over the Southeast US. (A) Q50p:QhcHo
trend observed from space by CrIS/OMPS (black) and CrIS/OMI (purple). (B) Modeled
Qi50p:QucHo trends for the GEOS-Chem base-case simulation (red) and for a sensi-
tivity run where anthropogenic NO emissions are held at 2013 levels (blue). (C) OH
concentrations simulated by GEOS-Chem at 13:30 local time (LT) using the same
color scheme as (B). OH concentrations are averaged vertically through the boundary
layer and horizontally across the entire Southeast US domain shown in Fig. 1. Data
points represent growing season means computed from monthly spatial averages over
the Southeast US for May to September. Lines and shading indicate ordinary least-
square fits with 95% confidence intervals. Derived slopes are listed inset in units of
year™' (A and B) or molecules cm =3 year™ (C). Year 2012 (anomalous heat and drought) is
omitted from the regression fits and examined separately below.

the largest observed and predicted Qsop:QucHo change occurs over
the Ozarks, implying a major shift in 1/[OH] units. However, the
absolute (simulated) [OH] change there is small (Fig. 3I) because
concentrations were very low to begin with. Instead, larger absolute
OH changes are seen at the periphery of the biogenic source regions
where there is greater anthropogenic influence. The model-predicted
Qisop:Qucho changes show greater spatial structure than is mea-
sured; the observations imply a more spatially diffuse OH trend
across the domain.

These results provide an observational demonstration of ongoing
OH decreases over the Southeast US, a trend that fits with and helps
explain documented regional reductions in O3 (36), organic aerosol
(37-41), and reactive oxidized nitrogen (36, 42). Overall, the chem-
ical climatology of the Southeast US is becoming less oxidizing with
a shift to an increasingly NO,-limited chemical regime. The reduced
OH and lower NO, increase the spatial footprint and change the
chemical pathways for VOC oxidation and organic aerosol forma-
tion over the Southeast US, with potential implications for both hu-
man health and radiative forcing. Longer atmospheric lifetimes may
also mean that more biogenically emitted species can survive over-
night to initiate morning chemistry and affect air quality in urban
areas (43).

Ecosystem stress and OH: Intersection of heat and drought
over the Ozarks

While the 2013-2020 period shows consistent OH declines across the
Southeast US, 2012 stands out over the Ozarks [among the strongest
isoprene sources in the world (27, 44)] when the region experienced
both high temperatures and the most severe seasonal drought since
1895 (45). The Ozarks in 2012 thus provide a case study to explore
how changing ecosystem stressors such as heat and drought can have
chemical feedbacks that change the atmosphere’s oxidizing capacity.
Such impacts are important to understand given projected increases
in both hot extremes and regional drought (4).

Figure 4A plots the 2012 CrIS/OMPS Qis0p:Qucho ratios for the
Ozarks in z-score units relative to 2013-2020 (i.e., each month is nor-
malized to the mean and SD for that month in other years). We see
strong positive ratio anomalies (abnormally low OH) during May
and June, with spatial medians 2.4 and 3.1 SD outside the 2013-2020
monthly norm. The Ozarks then entered a transition period with
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Fig. 3. Spatial distribution of Q;sop:QucHo ratios over the Southeast US for July 2013 and 2020 and the 2020-2013 difference. Results are plotted separately for the
CrIS/OMPS observations (A to C) and for the GEOS-Chem model predictions (D to F). Also mapped are the corresponding OH fields simulated by GEOS-Chem in the plan-

etary boundary layer (PBL) (G to I).
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Fig. 4. Effects of extreme heat and drought on atmospheric OH over the Ozarks (35° to 38°N; 90° to 94.375°W) during 2012. (A) Z-score distributions for the
CrIS/OMPS-observed and model-predicted Qsop:QucHo ratios, MERRA-2 surface temperatures, and MEGAN isoprene emissions over the Ozarks from May through
October. Z-scores are derived on a grid cell basis relative to the monthly means and SDs for outlying years (2013-2020). Dotted lines indicate 2 SDs outside the
monthly norm. (B) Statistical distributions of isoprene and HCHO columns over the Ozarks as observed from space by CrIS/OMPS and simulated by GEOS-Chem. For
both (A) and (B), statistical distributions reflect individual grid cells across the Ozarks domain within a given month; lines and boxes denote the median and interquar-
tile range, while whisker ends indicate the 5th and 95th percentiles. (C) Percent of the Ozarks experiencing various categories of drought for the same time period,
with none representing no drought and DO to D4 representing increasing drought severity.

near-average OH during July and August, followed by modestly el-
evated OH (low Qs0p:Qucno ratios) in September and October.
These same temporal patterns are likewise seen when using HCHO
data from OMI rather than OMPS (fig. S4A), supporting their ro-
bustness. The GEOS-Chem model captures these observationally
derived OH shifts (and those in the underlying isoprene and HCHO
columns; Fig. 4B) but underestimates the magnitude of the early-
season OH anomalies.

These OH levels over the Ozarks during 2012 were influenced by
a combination of anomalously high heat and exceptional drought.
Following the earliest spring onset in the North American record
(46-48), surface temperatures over the Ozarks during June and July
reached their highest values of the CrIS era (Fig. 4A). While higher
temperatures often increase OH levels due to faster chemistry, elevated
ozone, and enhanced soil NO, emissions (49), the initial effect in this
case was to suppress OH—as reflected in the high Qsop:Qucno z-
scores observed through June (Fig. 4A). We attribute this OH sup-
pression to a temperature-driven increase in isoprene emissions, as
also predicted by the Model of Emissions of Gases and Aerosols from
Nature (MEGAN) implemented within GEOS-Chem (Fig. 4A) and
corroborated by ground-based flux observations that were likewise
elevated during this first part of the summer (50).

By July, there are indications that drought may be affecting OH
through suppression of isoprene emissions: While surface temper-
atures remained anomalously high, the satellite-based Qisop:QucHo
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z-scores are substantially reduced from their June values. Figure 4C
shows that this timing coincides with extreme to exceptional (D3
and D4) drought conditions over the Ozarks (51). Ground-based
measurements demonstrate that isoprene emissions in this area were
strongly drought suppressed by mid-July 2012 (50). The MEGAN-
predicted isoprene emissions in Fig. 4A do not account for any such
dependence, which, by reducing the modeled isoprene emissions,
would increase predicted OH. GEOS-Chem does predict a modest
decrease in the Qsop:Qucno z-scores from June to July (median:
0.90) but one that is much smaller than the observed change (1.6)—
consistent with a missing drought effect. In subsequent months,
decreasing surface temperatures and continuing drought condi-
tions combine to further lower isoprene emissions, contributing to
more typical or slightly elevated regional OH by September and
October.

With its extreme heat and drought, summer 2012 over the Ozarks
illustrates how these stressors can have competing effects on OH by
either enhancing or suppressing isoprene emissions. Projections
from the Intergovernmental Panel on Climate Change Sixth Assess-
ment Report for Central North America indicate a likely to virtually
certain increase in the intensity and frequency of hot extremes de-
pending on the degree of warming (1.5° to 4.0°C). For the same
amount of warming, there is medium-to-high scientific confidence
in increased agricultural/ecological drought for the region (4). It is
therefore probable that ecosystem stressors like those observed
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during summer 2012 will become more frequent and, depending on
the competition between heat and drought effects, modulate the
NO,-driven OH trends in this area.

Climate-chemistry interactions: Regional El Nifio

impacts on OH

The El Nifo/Southern Oscillation (ENSO) is a recurring climate fea-
ture characterized by anomalously warm sea surface temperatures
over the east-central equatorial Pacific Ocean that drives large weather
perturbations on regional and global scales. Figure 5A shows, based
on the Oceanic Nifo Index (ONI), that a very strong (ONI > +2.0)
ElNifo (i.e., the ENSO warm phase) occurred during the CrIS record
in 2015-2016. This event was one of the strongest of the past cen-
tury, causing historically high temperatures and extreme drought in
some regions and extreme rainfall in others (4, 52, 53).

Past studies have shown that global mean OH levels tend to de-
crease during El Nifio events, mainly due to higher fire CO and lower
lightning NO, emissions (54-58). However, the satellite data used
here reveal an additional pattern of OH variability due to El Nifio that
occurs on a regional scale and is distinct from those previously docu-
mented global effects. We focus for illustration on the island of New
Guinea, which is a global isoprene hotspot residing at the western
boundary of the tropical Pacific ENSO domain. Model simulations
demonstrate that Qisop:Qucro provides a close proxy for 1/[OH]
here (figs. S5 and S6B), and clear El Nifo-driven OH variability is
seen on this basis. Figure S7B shows that the 2015-2016 El Nifo
brought the largest positive and the largest negative Qisop:QucHo
anomalies seen in this region across the entire 2012-2020 CrIS record.

This observed interannual variability reflects changing boundary-
layer oxidation.

The satellite-based Qisop:QucHo ratios in Fig. 5B reveal abnor-
mally elevated OH from August to October 2015 (purple), followed
by a 3-month transition, and then a period of abnormally low OH
from February to April 2016 (green). The same pattern holds when
using HCHO data from OMI rather than OMPS (fig. S6A) and is
seen also in the GEOS-Chem model predictions.

These opposing OH effects reflect competing El Nifio impacts on
isoprene and NO,. Above-average surface temperatures manifest
throughout the El Nifio in New Guinea (Fig. 5C), as in much of the
tropics. These higher temperatures lead to enhanced isoprene emis-
sions, as seen in Fig. 5C from the MEGAN isoprene flux estimates
(which are constrained by leaf area and temperature observations).
By themselves, the elevated isoprene emissions would act to sup-
press OH; however, Fig. 5B shows that this effect only dominates for
part of the EI Nifo (highlighted in green).

Net OH suppression does not occur throughout the El Nifio be-
cause, along with higher temperatures, 2015 also brought the most
severe Indonesian fire season since the early 2000s—which was
greatly inflated by the extended El Nifio drought (59, 60). Figure 5C
shows the boundary-layer NO, mixing ratios predicted by GEOS-
Chem (which track fire influence since the underlying emissions are
constrained by burned-area observations). We see for the purple-
shaded months that the elevated fire NO, overcomes the effect from
elevated isoprene emissions and generally causes positive OH
anomalies for this part of the El Nifio.
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Fig. 5. Variability and drivers of atmospheric oxidation over a tropical forest during El Nifio. (A) ONI with negative values (blue) indicating La Nifia conditions and
positive values (red) indicating El Nifio conditions. (B) Qisop:QucHo z-scores during the strongest part of the 2015-2016 El Nifio as observed by CrIS/OMPS or simulated by
GEOS-Chem over New Guinea (1.5° to 9.5°S; 135° to 146.25°E). (C) Z-scores for MERRA-2 surface temperatures, MEGAN isoprene emissions, and GEOS-Chem-simulated
NO, mixing ratios (boundary-layer mean) for the same location. Figure S8 shows the full vertical axis in (C). Z-scores are derived on a grid cell basis relative to the monthly
means and SDs for non-El Nifio conditions [nonshaded regions of (A)]. Dotted lines indicate 2 SDs outside the monthly norm. Statistical distributions in (B) and (C) reflect
individual grid cells across the New Guinea domain within a given month; lines and boxes denote the median and interquartile range, while whisker ends indicate the 5th
and 95th percentiles. Green shading indicates periods with anomalously high Qsop:Qucro ratios (low OH); purple shading indicates periods with anomalously low
QISOP:QHCHO ratios (hlgh OH)
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Overall, while El Nifio events are linked exclusively to OH decreases
on a global mean basis (a pattern also seen in the GEOS-Chem simula-
tions used here; fig. S9), the short-lived chemical tracers used in this
study show that this global effect encompasses opposing (time-
dependent) regional-scale effects. Specifically, for the New Guinean
tropical forest examined above, the satellite-based isoprene and HCHO
observations reveal alternating positive and negative OH anomalies
that depend on the temporal phase and magnitude of offsetting effects
from isoprene and fire NO, emissions—which are both elevated dur-
ing El Nino.

Extreme climate impacts like those associated with the 2015-2016
El Nifio are predicted to occur more frequently with increased global
warming (4). Over the Indonesian region, more intense fire episodes
are expected during future El Nifio droughts in the absence of land-use
reforms (60). The 2015-2016 El Nifio thus provides insight into how
the atmosphere’s oxidizing capacity will respond in a warming climate
over many tropical forests. Outside of the fire season, we expect sup-
pressed OH due to enhanced isoprene emissions, with the greater
quantity of emitted biogenic carbon then oxidized farther afield. Dur-
ing periods of increased biomass burning, along with the fire emissions
themselves, faster chemical processing of biogenic emissions will
enhance regional formation of oxygenated VOCs, ozone, and second-
ary organic aerosol—with their associated air quality impacts.

DISCUSSION
We have used space-based observations of the isoprene: HCHO
column ratio (Qisop:Qucro) to identify and explain trends and inter-
annual variability in OH over forest ecosystems. Measurements from
the CrIS and OMPS sensors onboard the Suomi National Polar-
orbiting Partnership (Suomi-NPP) satellite reveal a coherent decreas-
ing trend in OH over the Southeast US that we show is due to declining
anthropogenic NO,. Model simulations incorporating this NO,
reduction reproduce the satellite-observed Qsop:Qucro trend and
suggest that daytime (13:30 LT) OH levels declined by >20% over
the Southeast US during the height of the growing season between
2013 and 2020. This trend is consistent with and helps explain past
observations of decreasing regional O3, NO,, SO,, and organic aerosol,
reflecting a shifting chemical climatology in the Southeast US. This
shift to less oxidizing conditions could be accelerated if extremely
hot, dry summers like that of 2012 become more commonplace—
depending on the competing effects of heat and drought that respec-
tively enhance and suppress isoprene emissions. On a broader scale,
we find from model sensitivity tests that if the 2013-2020 US decrease
in anthropogenic NO, emissions were also to occur globally, the
atmospheric methane lifetime would increase by approximately 6%.

We also identified interannual patterns of OH variability for a key
tropical rainforest. These El Niflo—driven OH anomalies reflect op-
posing impacts from biogenic isoprene and fire NO, on atmospheric
oxidation, with both of these drivers strongly enhanced during 2015-
2016. Past research has shown that El Nifio events are associated with
reduced global mean OH, but this work using shorter-lived tracers
demonstrates that, regionally, OH over tropical forests can alternate
between high and low anomalies according to the timing of the fire
season. Satellite-based observations of the Qisop:Qucho ratio thus
provide insights into how OH may respond over forests in a future
with increased likelihood of El Nifio-induced extremes.

The combination of space-based isoprene and HCHO observations
provides a powerful constraint for understanding oxidative chemistry
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over isoprene source regions. The Joint Polar Satellite System satellite
series is expected to provide a long-term record for both species ex-
tending well into the 2030s, providing a critical data record for charac-
terizing OH changes under a shifting climate and biosphere. This
Qisop:Qucno-based constraint can further complement existing OH
proxies for oceanic and urban areas to create a more globally complete
map of spatially resolved OH changes over time.

MATERIALS AND METHODS

Satellite observations

The CrIS and OMPS instruments are both onboard the Suomi-NPP
satellite launched in October 2011. Suomi-NPP is in a Sun-synchronous
orbit with 13:30 LT daytime Equator overpass, coinciding with peak
isoprene emission, photochemistry, and boundary-layer mixing.

CrIS is a Fourier transform spectrometer with a resolution of
0.625 cm™" in the longwave infrared (650 to 1095 cm™"). Daily
gridded (0.5° X 0.625°) isoprene columns analyzed here were derived
using the Retrieval of Organics from CrIS Radiances (ROCR) algo-
rithm developed by Wells et al. (61), which uses a hyperspectral range
index calculated from level 1B CrIS spectra over land and cloud
screening based on (27). The ROCR isoprene columns compare well
with optimal estimation retrievals and with ground-based Fourier
transform infrared isoprene column measurements from Porto Velho in
Amazonia (20 to 50% discrepancies reflecting different types of sys-
tematic uncertainty) (27, 28, 61).

OMPS measures backscattered ultraviolet (UV) light (300 to
380 nm) with 1-nm spectral resolution. HCHO slant columns used
here are as described by Nowlan et al. (62). We apply the recommended
reference sector and bias corrections to the level 2 (1L2) swath data
(see Data and Materials Availability) and convert to vertical columns
using modified air mass factors constructed from GEOS-Chem HCHO
profiles (see below). Standard data screening is applied (eliminating
pixels with solar zenith angle > 70°, cloud fraction > 0.4, snow/ice
fraction > 0.02, or main data quality flag > 1) before oversampling
the daily L2 swath data to the 0.5° X 0.625° CrIS isoprene resolution
(63). Evaluation of the OMPS-NPP HCHO data against ground-based
column observations indicates a mean bias of —0.9% across all sites
(+20% for Qucno < 4 X 10'° molecules cm ™% —15% for Qucno >
4 % 10" molecules cm™) (64).

OMI is a near-UV/visible spectrometer onboard the Aura satel-
lite launched in 2004 and has a Sun-synchronous orbit with a 13:45 LT
daytime Equator overpass. OMI covers a spectral range from 264 to
504 nm with a resolution of 0.42 to 0.63 nm. Monthly gridded (level
3) OMI HCHO (QA4ECYV; see Data and Materials Availability)
was regridded to the CrIS isoprene resolution. Total vertical column
uncertainty ranges from 25 to 50% (65). OMI HCHO data are used
here to test and corroborate the Qisop:Qucho patterns from CrIS
and OMPS.

Filtering procedure and domain boundaries

Daily satellite observations and the corresponding model values are
removed from further analyses in cases of missing isoprene or HCHO
data and where water composes 40% or more of the grid cell surface
area [based on observations from the Moderate Resolution Imaging
Spectroradiometer (MODIS) onboard Terra + Aqua (66)]. We further
restrict analyses to locations where isoprene emissions are the main
driver of Qucpo variability. Past work has used the strong linear re-
lationship between Qycpo and isoprene emissions to show where
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HCHO variability is dominated by isoprene and to quantify the
underlying emissions (67, 68). We adopt an analogous approach to
screen locations appreciably affected by non-isoprene HCHO sources.
Specifically, we plot the ensemble of daily HCHO columns pre-
dicted by GEOS-Chem across each domain against the underlying
isoprene emissions from February 2012 to December 2020. Situ-
ations with unusually elevated Qycpo values for a given isoprene
emission arise when there is a major HCHO input from biomass
burning. We find that such grid cells can be effectively removed
based on a fire HCHO emission threshold of >2 x 107 kg m™* s~
as predicted by the Global Fire Emissions Database Version 4
(GFED4; fig. S1). While this threshold relies on bottom-up emis-
sion estimates, those estimates are constrained using satellite ob-
servations of burned area.

Monthly mean isoprene and HCHO columns were then computed
for each grid cell. Grid cells with low measured column amounts
(monthly mean Qsop or Qycho < 1 X 10" molecules cm™2) were
excluded from both the satellite and model datasets to reduce noise
and ensure robust interpretation of the Qsop:QpcHo ratios. Long-term
trends mapped in Fig. 1 were derived by then averaging the monthly
mean ratios by year. Additional filtering depended on the domain. The
Southeast US trend analysis (31° to 39°N; 76.25° to 95°W) focuses on
the growing season (May to September). The heat and drought analysis
over the Ozarks (35° to 38°N; 90° to 94.375°W) extends from May to
October with MODIS/Terra + Aqua data used to mask out urban
(>5%) and cropland (>15%) grid cells. East Amazonia (0° to 13°S;
35.625° to 55°W) was selected according to the spatial distribution of
increasing Qsop:QpcHo ratios shown in Fig. 1, with interpretation
in Supplementary Text then focusing on the nonfire season (March
to July). Last, MODIS/Terra + Aqua data were used to mask out
urban (>2%) grid cells for the New Guinea (1.5° to 9.5°S; 135° to
146.25°E) domain.

GEOS-Chem simulations

We use the GEOS-Chem three-dimensional chemical transport
model (v.13.3.2; https://doi.org/10.5281/zenodo.5711194) to inter-
pret the space-based observations. After a 1-year model spin-up,
global 2° X 2.5° runs were performed for February 2012 to December
2020 using MERRA-2 assimilated meteorological fields on 47 verti-
cal layers with time steps of 600 s (transport/convection) and 1200 s
(chemistry/emissions). The model features full HO,-NO,-O,-VOC-
Br-Cl-I chemistry coupled to aerosols, incorporating recent updates
for isoprene (69) and the latest chemical rate recommendations. On-
line biogenic emissions use MEGAN version 2.1 (26), while biomass
burning emissions are computed on a diurnally varying basis using
GFED4 (v2020-02) (70-74). Anthropogenic emissions use CEDS
(v2021-06) (29, 30). Since 2020 CEDS data were unavailable at the
time of analysis, anthropogenic NO emissions for that year are esti-
mated from the 2019 values with a 2020:2019 scale factor for the US
(31) applied uniformly across the globe. Anthropogenic emissions
for other species in 2020 use their 2019 CEDS values. Soil and light-
ning NO, emissions are computed offline (75-77). Nested simula-
tions were performed on the native MERRA-2 grid (0.5° X 0.625°)
and used for all regional analyses. These nested grid simulations
used initial and boundary conditions from the global runs and were
configured as above, except using time steps of 300 s (transport/
convection) and 600 s (chemistry/emissions). All modeled outputs
were time-averaged (12:00 to 15:00 LT) according to the Suomi-NPP
overpass time.
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