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Abstract. Isoprene is the most significant non-methane hydrocarbon by total emissions and an important control on the tropo-

spheric oxidative capacity. In the atmosphere, isoprene is oxidized by the hydroxyl radical (OH) on the order of hours depending

on local OH concentrations. Using isoprene retrievals from the Cross-track infrared sounder (CrIS), we monitor global iso-

prene column variability and observe differing isoprene column responses to El Niño-Southern Oscillation across three tropical

regions: Amazonia, the Maritime Continent, and equatorial Africa. We find correlations between isoprene column variability5

and temperature over Amazonia, which suggests that isoprene emissions drive Amazonian isoprene variability (“emissions-

controlled”). In the Maritime Continent, we find strong correlations between isoprene columns, precipitation and soil moisture,

as well as an anti-correlation between isoprene and formaldehyde retrievals. These correlations suggest that isoprene columns

may be modulated by non-anthropogenic NOx emissions, namely soil and biomass burning NOx (“chemistry-controlled”), al-

though convection and lightning NOx may also modulate isoprene column retrievals if the lofted isoprene flux is large enough.10

In equatorial Africa, both biomass burning and temperature can explain isoprene variability during different periods, repre-

senting an intermediate regime with contributions from emissions and chemistry. We suggest that these isoprene regimes are

caused by differences in the dynamic temperature and oxidant range between the three regions, and we specifically highlight oil

palm plantations in the Maritime Continent as an area of co-located isoprene and soil NOx fluxes. By leveraging CrIS isoprene

retrievals, we can study interactions between VOC and NOx sources over tropical areas with few in-situ observations.15

1 Introduction

The hydroxyl radical (OH) is the main tropospheric oxidant and governs how quickly reduced species degrade in the atmo-

sphere. Of recent interest is the impact of OH concentrations ([OH]) on methane oxidation, which determines the methane

lifetime and thus its global warming potential (Rigby et al., 2017; Turner et al., 2017; Laughner et al., 2021). Chemical drivers

of [OH] include VOC and nitrogen oxide (NOx = NO + NO2) emissions, with the former generally decreasing [OH] and the20

latter increasing or decreasing [OH] depending on the local chemical regime. Improved estimates of VOC and NOx emissions,
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as well as more detailed modeling of VOC-NOx chemical interactions, are crucial in constraining [OH], especially over remote

tropical regions with few in-situ observations.

The most significant non-methane VOC by total emission flux is isoprene, with a total global flux of 440-660 Tg C per year

(Guenther et al., 2006). Isoprene is released by select species of trees and shrubs—particularly deciduous broadleaf trees—in25

response to light and heat (Guenther et al., 2006; Sharkey et al., 2008; Velikova et al., 2011). Once in the atmosphere, isoprene

is oxidized by OH on a timescale that depends on local [OH] (e.g., from 1–7 hours across the OH levels of 0.4-1.6 x 106

molecules cm�3 detected during goAMAZON) (Fu et al., 2019; Jeong et al., 2022; Wennberg et al., 2018). This oxidation can

form other VOCs, organonitrates, and secondary organic aerosols via isoprene epoxydiol (IEPOX) formation, with the identity

of these oxidation products depending on the local chemical regime (Kroll et al., 2006; Paulot et al., 2009; Surratt et al., 2010).30

Isoprene concentrations are controlled by biogenic emissions from plants (its source) and local [OH] (its primary sink), with

higher [OH] increasing isoprene oxidation and thus decreasing isoprene concentrations. Isoprene emissions are often calculated

via emission models, such as the Model of Emissions of Gases and Aerosols from Nature (MEGAN) which parametrizes

isoprene emissions as a function of light, temperature, leaf area index, leaf age, soil moisture, and carbon dioxide (Guenther

et al., 2012). In turn, the amount of OH in a region depends on factors including specific humidity, actinic flux, and VOC and35

NOx concentrations (Murray et al., 2021). Thus, changes in isoprene emissions through temperature or light, and changes in

OH through water, light, and VOC/NOx chemistry, will impact isoprene columns and their variability.

Significant amounts of isoprene are emitted in the remote tropics, frequently into a low-NOx atmosphere due to their sparse

anthropogenic NOx sources. However, these low-NOx regimes can include substantial non-anthropogenic NOx sources, such

as lightning, soil microbial activity, and biomass burning. For example, chemical interactions between lightning NOx and40

isoprene in convective plumes have recently been shown to be a source of new particle formation in the upper troposphere

(Curtius et al., 2024; Shen et al., 2024). Despite their importance in determining [OH] in remote regions, there remains large

uncertainty and model-observation disagreement in tropical NOx emissions. For example, using the Yienger and Levy soil

NOx parametrization on the Tapajos National Forest in the Amazon resulted in a 10× to 20× underestimation of soil NOx

compared to observations (Lee et al., 2024). Validating modeled non-anthropogenic NOx fluxes and assessing their impacts on45

regional chemistry warrants continued investigation, especially as anthropogenic NOx emissions in the Northern Hemisphere

decrease and non-anthropogenic (e.g. soil) NOx fluxes become more important (Song et al., 2021; Christiansen et al., 2024).

Using isoprene retrievals from the Cross-track Infrared Sounder (CrIS) instrument on the Suomi-NPP satellite processed

analogously to the IASI ammonia retrievals described in Whitburn et al. (2016), we can directly monitor global isoprene

columns with daily to monthly temporal resolution, even over remote regions with few or no in-situ observations (Fu et al.,50

2019; Wells et al., 2020, 2022). Previous work with these CrIS retrievals has used them to identify the impacts of biomass

burning on OH in New Guinea (Shutter et al., 2024); evaluate the impact of interannual variability of isoprene emissions on the

atmosphere’s oxidative capacity (Yoon et al., 2025b); and perform or evaluate inversions on isoprene and NOx emissions (Choi

et al., 2025; Opacka et al., 2025). However, few studies have used these retrievals to analyze global isoprene variability and

compare isoprene emissions and chemistry across different tropical regimes. Of special interest when investigating isoprene55

variability is the relationship between the El Niño-Southern Oscillation (ENSO) and isoprene emissions and columns. Previous
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studies have shown increased global isoprene emissions during El Niño and lower emissions during La Nina largely due to

changes in temperature and radiation, with the potential for strong El Niño to increase isoprene emissions for years after the

event (Vella et al., 2023; Li et al., 2026).

Here we aim to address the question: “what controls the variability of tropical isoprene?” In this study, we use CrIS isoprene60

retrievals to compare isoprene column variability across three tropical source regions: Amazonia, equatorial Africa, and the

Maritime Continent due to their outsized in�uence in the global isoprene budget. We identify whether isoprene variability in

these regions are largely controlled by changes in isoprene emissions (“emissions-controlled”) or changes in [OH] andNOx

(“chemistry-controlled”).

2 CrIS Isoprene Retrievals65

CrIS is an infrared Fourier-transform spectrometer with spectral resolution of 0.625cm� 1 in the longwave band (650-1095

cm� 1) aboard the Suomi NPP satellite in sun-synchronous orbit with an equator overpass time of approximately 1:30 PM

local time. This spectral range encompasses the bands where isoprene absorption is the strongest (� 28 and� 27) with minimal

interference from other species (Brauer et al., 2014). At nadir, CrIS has a footprint 14 km in diameter. The footprints are cloud-

masked based on the difference between MERRA-2 surface temperatures and the 900cm� 1 brightness temperature. The choice70

of the cloud mask threshold provides less than 5% uncertainty to the overall retrieval (Wells et al., 2022). In general, 20-60%

of the gridpoints within the tropical regions of interest contain non-cloudy scenes each day (Figure S5).

Similar to the IASI ammonia retrievals described in Whitburn et al. (2016), the CrIS isoprene retrieval �rst calculates a hy-

perspectral range index (HRI) between 890-910cm� 1 for each CrIS footprint. The HRI, background spectrum, and covariance

matrices are solved iteratively. The CrIS HRIs are then gridded and fed into a neural network trained on synthetic radiances75

simulated by the Earth Limb and Nadir Operational Retrieval (ELANOR) radiative transfer model, with the ELANOR inputs

being temperature and water vapor pro�les from GMAO, and GEOS-Chem isoprene pro�les with Gaussian noise. To quantify

isoprene columns from CrIS observations, the neural network uses thermal contrast, water vapor columns, surface pressures,

and the viewing angle as inputs in addition to the HRI, and outputs daily isoprene columns from -60° to 60° latitude at 0.5° x

0.625° spatial resolution. The �nal retrievals show general agreement with ground-based isoprene measurements, as demon-80

strated with Fourier-transform infrared measurements taken from Porto Velho in Brazil (r = 0.47 using daily CrIS retrievals)

(Wells et al., 2022). We remove October and November 2019 from our analysis due to potentially anomalous striping, as

described in Yoon et al. (2025b).

More information on the isoprene retrievals and their evaluation can be found in Fu et al. (2019), Wells et al. (2020), and

Wells et al. (2022). Although Fu et al. (2019) uses optimal estimation to retrieve isoprene columns, as compared to the arti�cial85

neural network used in Wells et al. (2020) & Wells et al. (2022), both methods show strong agreement and similar spatial

distributions over Amazonia (r > 0.9) (Wells et al., 2022).
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3 Tropical isoprene variability and Amazonia

Amazonia, the Maritime Continent, and equatorial Africa are regions of special interest, as these regions account for 50%

of the global isoprene column burden from the CrIS record (2012-2020). The tropics more generally account for 80% of all90

isoprene emissions, making them the most important isoprene source regions in driving global variations in isoprene (Gu et al.,

2017). Quantifying isoprene emissions has traditionally been done using satellite formaldehyde inversions; these inversions

have shown that tropical isoprene emissions in Amazonia and Africa typically were overestimated by MEGAN (Stavrakou

et al., 2015; Marais et al., 2012, 2014; Barkley et al., 2013). In this paper, we use direct isoprene retrievals from CrIS radiances

to assess the drivers of isoprene column variability.95

Based on the CrIS retrievals, the three outlined regions in Figure 1a, which encompass approximately 48% of the land in

the tropics (-20° to 20° latitude) and approximately 15% of the global land area, contain half of the total isoprene columns

observed globally during this 8-year period (Figure 1b). As a result, changes in isoprene columns within these three areas can

have an outsized impact on global isoprene variability.

Figure 1c & 1d shows the isoprene column anomalies, calculated relative to 2012–2020 mean isoprene, globally and over100

these three tropical regions. In 2020, both Amazonia and Maritime Continent had broadly positive isoprene anomalies for most

of the year until October 2020, when Amazonia dropped below its climatology while isoprene over the Maritime Continent

stayed elevated. These responses resulted in some of the highest global isoprene anomalies over the 8-year period (Yoon et al.,

2025b).

However, the largest regional isoprene anomalies do not occur in 2019–2020 but during the El Niño in 2015. This El Niño105

was characterized by higher isoprene over Amazonia—the largest regional isoprene anomaly in the 8 year record—and lower

isoprene over the Maritime Continent. We observe the opposite response in the subsequent transition to La Niña conditions:

the Maritime Continent had higher isoprene columns, while Amazonia had lower isoprene columns relative to their respective

climatologies. Even outside of this 2015–2016 ENSO transition, Amazonian isoprene anomalies increase with El Niño and

decrease with La Niña, while the inverse is true for the Maritime Continent (see Figures 2a and 2g). We observe a weak110

positive relationship between ENSO and Amazonian isoprene anomalies (r = 0.28; p < 0.05) and a stronger negative relationship

between ENSO and isoprene anomalies over the Maritime Continent (r = -0.52; p < 0.05). In contrast to these two regions,

isoprene anomalies over equatorial Africa do not correlate with ENSO (r = -0.04; p > 0.05).

Surface air temperature can explain 20% of the isoprene column variability in Amazonia, followed by direct photosyntheti-

cally active radiation (PAR) (Figures 2b and 2c). Given that isoprene emissions increase with both temperature and photosyn-115

thetic photon �ux density, this relationship suggests that isoprene emissions are the strongest driver of Amazonian isoprene

column variability when spatially averaged (Bamberger et al., 2017; Guenther et al., 2012; Niinemets and Sun, 2015). This

temperature dependence drives a positive correlation with ENSO, which is consistent with previous modeling studies that show

an increase in isoprene emissions during El Niño over Amazonia, as well as globally (Vella et al., 2023).

The other two tropical regions do not exhibit the same correlation with temperature, although the highest temperature anoma-120

lies over equatorial Africa, namely 2015–2017, correspond with high isoprene column anomalies. Outside of equatorial Africa
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Figure 1. (a) Spatial distribution of CrIS isoprene columns (in moleculescm� 2) from 2012–2020. Outlined are the three tropical regions

of interest: Amazonia (purple), equatorial Africa (orange), and the Maritime Continent (green). (b) Percentage of total isoprene columns

represented by the three tropical regions, weighted by grid box area and summed between 2012–2020. These three regions encompass

almost 50% of the total isoprene columns from CrIS. (c) Mean isoprene column anomalies calculated relative to the 2012–2020 monthly

climatology at every grid point. Displayed is the global isoprene anomaly (black) and the standard error (shading) associated with each

global average. October and November 2019 (shaded in striped gray) were removed from this analysis due to anomalous striping previously

described in Yoon et al. (2025b). (d) Isoprene column anomalies as in (c), but averaged separately over the three tropical regions.

in 2015-2017 and 2019, isoprene column anomalies over equatorial Africa and the Maritime Continent do not correlate with

temperature, which is likely due to the smaller dynamic range in temperature over these regions. For instance, the spatially-
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Figure 2. (a) Time-series of the multivariate ENSO Index, v.2, against spatially-averaged isoprene column anomalies over Amazonia (in

moleculescm� 2 , purple). Isoprene columns over the Amazon positively correlate with ENSO. An analogous time-series for isoprene anoma-

lies over equatorial Africa (orange) and the Maritime Continent (green) can be found in subplots (d) and (g). The Maritime Continent exhibits

a strong negative correlation with the ENSO index. (b) Time-series of surface air temperatures (in K, red) from MERRA-2 reanalysis, and

isoprene column anomalies (purple), showing a similar positive correlation over Amazonia. An analogous time-series for isoprene anomalies

over equatorial Africa (orange) and the Maritime Continent (green) can be found in subplots (e) and (h). Shading represents the 10th to 90th

percentile in temperature over each month. A gray title indicates a non-signi�cant correlation (p > 0.05). (c) Time-series of direct PAR (in

W m � 2 , blue) from MERRA-2 reanalysis, and isoprene column anomalies (purple) over Amazonia. Analogous time-series for equatorial

Africa and the Maritime Continent can be found in subplots (f) and (i). Shading represents the 10th to 90th percentile in direct PAR over

each month.

averaged temperature anomalies (10th-90th percentiles) over the Maritime Continent never exceed 1 K over the eight-year

period, compared to Amazonia's >2 K temperature anomalies in 2015.125

We do note that certain isoprene emission drivers, namely leaf area index, may temporally lag environmental variables,

and a Granger causality test shows a statistical signi�cant relationship between isoprene and direct PAR in Africa (lag =

3 months; p = 0.01) and isoprene and temperature in the Maritime Continent (lag = 3 months; p = 0.03). However, even

with time lags, the relative magnitude of direct PAR and temperature variability in 2014–2015 is not suf�cient to explain the

magnitude of the isoprene variability during that period. For example, the largest negative isoprene anomaly over the Maritime130

Continent occurred in late 2015. By lagging temperature by three months, this nadir in isoprene coincided with a weak negative

temperature anomaly. However, a lagged negative temperature anomaly of comparable magnitude in late 2014 coincided with
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a signi�cantly smaller isoprene anomaly, indicating inconsistent magnitudes between the potential drivers and the observed

isoprene anomalies. Due to the lower dynamic range in temperature, factors other than isoprene emissions may control most

of the isoprene column variability in the Maritime Continent and equatorial Africa.135

4 Drivers of isoprene variability in the Maritime Continent

The Maritime Continent shows a statistically signi�cant inverse relationship between isoprene column anomalies and ENSO

(r = -0.52, p < 0.05), while Amazonia has a positive correlation (r = 0.28, p < 0.05). If driven solely by emissions, the ob-

served relationship between isoprene columns and ENSO over the Maritime Continent contrasts with previous model results,

which show higher isoprene emissions during El Niño (Vella et al., 2023; Do et al., 2025). Furthermore, three-day resampled140

isoprene column anomalies positively correlate with the second principal component of the Outgoing Longwave Radiation

Madden-Julian Oscillation Index (Figure 3a). For positive values of the second principal component (i.e. Phases 3-6), the

MJO's convection is highest above the Maritime Continent, as opposed to Africa or the Western Hemisphere (Kiladis et al.,

2014). Thus, CrIS isoprene columns increase while the convective phase of the MJO moves over the Maritime Continent.

There is a weak positive correlation between the regional isoprene anomalies and temperature, suggesting that isoprene145

emissions do have some impact on the region's isoprene column anomalies. However, the seasonal to annual variation gov-

erned by ENSO and the subseasonal variation governed by the MJO are likely due to the strong positive correlation between

isoprene column anomalies and precipitation, with higher precipitation coinciding with higher isoprene anomalies. Variability

in precipitation then translates to changes in MERRA-2 soil moisture (Figure 3b, 3c). We now ask the question, “why do we

observe a positive relationship between isoprene anomalies and precipitation over the Maritime Continent?”150

Here we investigate the positive correlation between isoprene columns and precipitation in the Maritime Continent. Although

precipitation may increase isoprene emissions via indirect changes in leaf area index (LAI), isoprene columns and MODIS LAI

do not correlate over the Maritime Continent (Figure S8). Thus, if driven by isoprene emissions, this relationship has not been

observed in previous literature and runs in opposition to our expectation and that of some earth system models (Vella et al.,

2023; Do et al., 2025). In general, in-situ isoprene emission �ux measurements do not show a direct relationship between155

precipitation/moisture and isoprene emissions outside of drought conditions (Zheng et al., 2017). MEGAN does include soil

moisture in its parametrization, but its impact on isoprene emissions is only relevant when the soil moisture drops below the

wilting point (0.01-0.138m3 m� 3 depending on soil type), which is signi�cantly lower than the soil moistures observed in the

Maritime Continent (Figure 4a). Terpene emissions have been observed to increase with rainfall, but the same has not been

shown with isoprene (Vermeuel et al., 2023), and the indirect impact of terpenes on isoprene via [OH] depletion is likely small160

due to their signi�cantly lower emission �uxes. We highlight the need for additional observations of isoprene �uxes in the

Maritime Continent to determine whether isoprene emissions may increase with rainfall, but given the lack of a correlation

between LAI and isoprene columns that would support an increase in isoprene emissions with rainfall, we focus our attention

to other potential hypotheses.
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Figure 3. (a) Time-series of the second principal component (PC2) of the Outgoing Longwave Radiation MJO Index (OMI), plotted

against three-day resampled isoprene column anomalies over the Maritime Continent (in moleculescm� 2 , green). PC2 governs the MJO's

Africa–Maritime Continent axis, indicating that isoprene columns are higher when the MJO is over the Maritime Continent. (b) Time-

series of land precipitation (PRECTOTLAND; blue) from MERRA-2 reanalysis, and isoprene column anomalies (green). (c) Time-series of

spatially-averaged soil moisture (GWETTOP; blue) from MERRA-2 reanalysis, and isoprene column anomalies (green). Isoprene anomalies

are positively correlated with both precipitation and soil moisture. The orange shading in (b) and (c) shows the time period shown in subplot

(a), which is a one-year slice (2017) of the entire eight-year period (2012-2020).
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In addition to isoprene emissions, variability in local [OH] (e.g. fromNOx sources) can affect isoprene columns. Shutter165

et al. (2024) found that biomass burningNOx modulated OH and isoprene columns over New Guinea. However, the impact of

biomass burning is episodic: in New Guinea, it was largely relegated to January–May 2016, thus not covering the entire ENSO

period (Shutter et al., 2024). Therefore, due to its episodic nature, biomass burning is unlikely to explain all of the isoprene

variability observed over the Maritime Continent, although it is still an important driver of isoprene columns over the region.

To explain the continuous positive correlation between isoprene and precipitation over the entire 8-year record, we focus on170

the following three hypotheses:

1. SoilNOx sources in oil palm plantations vary with precipitation

2. Satellite retrieval errors due to cloud cover or water vapor arti�cially increase isoprene signal

3. Convection of isoprene and interactions with lightningNOx affects isoprene retrievals

We detail each potential hypothesis for this relationship and ultimately suggest that soilNOx , biomass burningNOx , and/or175

a combination of lightning and convection are the most likely causes for this unexpected relationship.

4.1 Hypothesis #1: SoilNO x sources in oil palm plantations vary with precipitation

We investigateNOx emissions as a potential driver for isoprene column anomalies over the Maritime Continent, with a special

interest in non-anthropogenicNOx sources (biomass burning, lightning, and soils) due to its remoteness. We focus on soilNOx

as a potential driver in this section; biomass burning and lightning are discussed later.180

Soil NOx , a product of soil nitri�cation, and to a lesser extent, denitri�cation, is commonly parametrized by the BDSNP

(Berkeley-Dalhousie SoilNOx Parametrization), which prescribesNOx emission �uxes as a function of four terms: the soil's

nitrogen content; an exponential temperature response function; a soil moisture response function described with a Poisson

distribution peaking at 30% water-�lled pore space; and a pulsing term that describes when soil microbes are reactivated

following a prolonged dry period (Hudman et al., 2012). Unlike California or the Sahel, where pulsing is common due to185

drier conditions, the Maritime Continent has consistently wet soils that reside on the other side of the soil moisture response

function peak, as shown in Figure 4a (Jaeglé et al., 2004; Sha et al., 2021). The same is true for equatorial Africa and Amazonia,

although there is more spatial variance in soil moisture in those two regions, with subregions in Amazonia and equatorial Africa

residing just below the soil moisture peak.

Most of the Maritime Continent exists in the regime where increased precipitation and soil moisture decreases soilNOx190

�uxes. This decreased soilNOx would result in less OH due to the low-NOx chemical regime typically observed in the tropics

outside of urban areas, and would subsequently increase isoprene columns. This potential relationship is further corroborated

by the strong, statistically signi�cant inverse relationship (r = -0.63, p < 0.05) between CrIS-derived isoprene columns and

BDSNP soilNOx �uxes when weighted by a gridpoint's mean isoprene column over the 8-year period (Figure 4b). This

weighting ensures that we are only considering variability in soilNOx �uxes that are spatially co-located with high isoprene195

retrievals. Therefore, the predicted direction of soilNOx �uxes relative to precipitation and soil moisture is consistent with the
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Figure 4. (a) Temperature and soil moisture dependence of the Berkeley-Dalhousie SoilNOx Parametrization, as described by Hudman et al.

(2012). SoilNOx �uxes are displayed in grayscale, with white representing the highest soilNOx �uxes. Overlaid on the �uxes is temporally-

averaged, land-masked soil moisture (GWETTOP) from the three tropical regions: Amazonia (purple), equatorial Africa (orange), and the

Maritime Continent (green). As this data is temporally averaged, these contours represent the spatial distribution of soil moisture within

these three regions. Of the three regions, the Maritime Continent has the least variance and the highest average soil moisture. (b) Time-series

showing the isoprene column anomaly from CrIS over the Maritime Continent (green) alongside the soilNOx �ux anomaly (purple) derived

from of�ine BDSNP emissions forced by MERRA-2. The soilNOx is weighted by the gridpoint's average isoprene column over 2012–2020,

which increases the impact of variations that occur in areas with high isoprene columns and thus potentially elevated isoprene emissions.
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observed isoprene changes. We test whether the magnitude of these soilNOx variations can impact isoprene columns through

GEOS-Chem sensitivity studies in Section 6.

Soil NOx in the Maritime Continent and its co-location with large isoprene sources may be especially high relative to Ama-

zonia and Africa due to the presence of oil palm plantations (Figure 5a). The Maritime Continent, and particularly Indonesia200

and Malaysia, are the world's largest producers of palm oil, with the two countries alone producing 85% of global palm oil

(Murphy et al., 2021). Oil palm plantations covered 6.37 MHa of Sumatra as of 2017 (Danylo et al., 2021), and have been

rapidly increasing in area in the Maritime Continent, with oil palm land area increasing by 7%year� 1 between 2007–2016

(Cheng et al., 2019). Oil palms also have isoprene emission factors that are 66-190% higher than white oak (Quercus alba), a

common isoprene–emitting tree in the eastern U.S., including the Ozarks (Carrión et al., 2020; Geron et al., 2001). As a result,205

oil palm plantations in Indonesia may emit more isoprene than undisturbed rainforest (Hewitt et al., 2009).

Consequently, this expansion of oil palm plantations in Indonesia and Malaysia has had a signi�cant impact on isoprene

emissions: incorporating oil palm expansion into MEGAN (1979-2012) increased the annual growth rate in Malaysian isoprene

�uxes from 1.1% to 1.5%/year (Stavrakou et al., 2014). Silva et al. (2016) also showed that oil palm expansion increased

isoprene emissions by 13% between 1990 and 2010, with corresponding increases in surface ozone and biogenic organic210

aerosol. In the CrIS retrievals, areas with many oil palm plantations as detected by Danylo et al. (2021) are associated with

higher isoprene columns (p < 0.05) (Figure 5).

These oil palm plantations are also regions of high soilNOx emissions relative to surrounding undisturbed rainforest. Ac-

cording to measurements taken in Sabah, Malaysia on the island of Borneo, boundary-layer NO,NO2, and PAN concentrations

over an oil palm plantation were nearly double the concentrations detected over rainforest (Hewitt et al., 2009), highlighting215

a potential soilNOx source. Although Hassler et al. (2017) did not observe a signi�cant change in soilNOx �uxes following

land use conversion from forest to oil palm plantation in Sumatra, they noted that soilNOx over oil palm plantations had a

negative correlation with water-�lled pore space and that �uxes increased following fertilizer application, which is consistent

with BDSNP. Furthermore, previous studies show largeN2O �uxes from fertilized oil palm plantations, particularly from plan-

tations on drained peatland with high soil organic content.N2O emissions, originating largely from denitri�cation, are highest220

in wetter soils where the water–�lled pore space > 50%, which corresponds to the regime in which soilNOx �uxes decrease

with water–�lled pore space due to decreasing nitri�cation (Chen et al., 2024; Stiegler et al., 2023). Thus, these highN2O

emissions indicate that soils in certain oil palm plantations are in the appropriate soil moisture regime to cause variations in

soil NOx that are consistent with the observed isoprene–precipitation relationship. The co-location of high isoprene and soil

NOx �uxes in fertilized oil palm plantations relative to undisturbed rainforest may increase the impact that changes in soil225

NOx have on isoprene concentrations.

Outside of their high isoprene emission factors, oil palms harbor bacteria in their phyllospheres and soils that degrade

isoprene to use as a carbon source, and so the amount of isoprene that reaches the atmosphere may be a function of the bacterial

abundance and their metabolic activity (Carrión et al., 2020). Oil palm plantations also have a dense canopy, which can affect

turbulent �uxes ofCO2 and isoprene into the atmosphere, as well as ozone dry deposition velocities (June et al., 2018; Silva230

et al., 2016; Stiegler et al., 2023). Therefore, future work should be done to determine whether precipitation can cause unique
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Figure 5. Map of oil palm plantation detections using remote sensing from Danylo et al. (2021), with the oil palm plantation detections

in white. (b) Histograms of isoprene columns over this region, masked by the IMERG land-sea mask (<50% water) and separated by the

presence of oil palm detections in the 0.5° x 0.625° pixel. Statistical signi�cance was calculated using a one-tailed Student's t-test.

variations in oil palm isoprene emissions compared to trees in nearby rainforests, either through the tree's biochemistry, its

symbiotic bacteria, or its impact on micrometeorology. Nevertheless, these plantations represent a location where there is high

colocation between isoprene and soilNOx emission sources, resulting in potentially high chemical interaction between these

two species.235

4.2 Hypothesis #2: Satellite retrieval errors due to cloud cover or water vapor arti�cially increase isoprene signal

The CrIS isoprene retrieval has been well-characterized against ground-based observations, e.g. at the ATTO tower and in

Porto Velho, Brazil, and emissions calculated using these retrievals improved model-observation bias relative to models driven

by MEGAN isoprene emissions (Choi et al., 2025; Li et al., 2025; Opacka et al., 2025; Sun et al., 2025; Wells et al., 2022).
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Additionally, the retrieval uses a hyperspectral range index (HRI) that accounts for other potentially interfering species (e.g.240

HNO3, H2O), and it uses a 900cm� 1 brightness temperature threshold to screen out clouds.

Nevertheless, during high precipitation events (e.g. during the MJO), there is increased cloud cover and water vapor, which

may decrease data coverage and induce biases in satellite-based observations. To evaluate these potential satellite retrieval

errors, we ran sensitivity simulations using vSmartMOM, a radiative transfer model that uses the matrix-operator method

(Jeyaram et al., 2022; Sanghavi et al., 2014). See Appendix A1 for the con�guration.245

To test the retrieval's sensitivity to clouds and water vapor, we (1) halved and doubled water vapor, and (2) added aerosols to

mimic a low cloud that is not screened through the 900cm� 1 brightness temperature mask. Low clouds that unexpectedly pass

the retrieval's cloud mask would mute the isoprene signal, which would lead to lower isoprene retrievals, in opposition to the

observations (Figure 6a). Additionally, water vapor is an input to the retrieval's arti�cial neural network and its �uctuations are

therefore directly accounted for in the measurements; it also has lower absorption at wavenumbers where isoprene absorption is250

strongest (894cm� 1) (Figure 6b). Moreover, although cloud masking over tropical regions with dense cloud cover may result

in representation bias by selecting for clear scenes, there is no consistent bias across regions between the number of non-cloudy

datapoints and isoprene column anomalies (Figure S6). Thus, we conclude that clouds and/or water vapor are unlikely to cause

this observed correlation between isoprene and precipitation over the Maritime Continent.

4.3 Hypothesis #3: Convection lofting of isoprene and lightningNO x impacts isoprene retrievals255

Although clouds themselves are unlikely to cause the observed isoprene-precipitation relationship in the Maritime Continent,

increases in isoprene and cloud cover also temporally coincide with convective events (e.g. the Madden-Julian Oscillation; see

Figure 4a). The Maritime Continent has intense convective events, as well as a diurnal cycle in convection due to land-sea

temperature differences. In this region, convection over land is highest in the late afternoon and evening, while over ocean,

convection is highest in the morning (Peatman et al., 2021). Increased convection during the MJO may bring isoprene aloft,260

which can change isoprene's vertical pro�le and its absorption.

Unlike traditional optimal-estimation satellite retrievals, the CrIS isoprene retrieval does not calculate an averaging kernel,

resulting in uncertainty from the species' vertical distribution. In the CrIS isoprene retrieval, Wells et al. (2022) calculated up

to a 20% error associated with vertical pro�le uncertainty within the boundary layer, which was calculated by comparing a full-

mixing scheme that instantaneously mixes isoprene from the surface throughout the entire boundary layer to GEOS-Chem's265

default non-local mixing scheme. We conducted an additional sensitivity test in vSmartMOM by changing the isoprene vertical

pro�le to set an upper-bound on convection's impact on isoprene vertical pro�les (Figure 6c). Our results reveal an HRI increase

when isoprene is lofted, which would result in a higher retrieved column if the effect were not considered. Wells et al. (2022)

obtained similar results under dry conditions, but under humid conditions showed that the sign of the effect can depend on the

relative vertical locations of isoprene and water.270

It is important to note that to observe a change in the isoprene retrieval solely due to convection, the change in the isoprene

vertical pro�le would also have to be large and sustained to be regularly observed across CrIS's 14 km diameter footprint at
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Figure 6. Summary of the three radiative transfer sensitivity simulations conducted on vSmartMOM: aerosols to simulate a low cloud (a);

water vapor perturbations (b); and vertical pro�le perturbations (c). The two isoprene absorption peaks between 890-910cm� 1 are shaded

in orange (v28 ) and purple (v27 ), consistent with the naming from Brauer et al. (2014) and Fu et al. (2019). Subplot (a) shows the difference

between a run with isoprene (x5 pro�le) and a run without isoprene for clear-sky (red) and cloudy (blue) conditions. In general, clouds mute

the isoprene signal, which would be in the wrong direction to explain the isoprene-precipitation relationship observed over the Maritime

Continent. Subplot (b) shows the impact of a halving or doubling water vapor (red and blue, respectively) on the simulated radiances relative

to a simulation initialized with a MERRA-2 water vapor pro�le. Water vapor has signi�cant absorption in this wavenumber region (890-910

cm� 1), but has little absorption near isoprene's largev28 feature at 894cm� 1 . Finally, subplot (c) shows the change in radiances for four

potential isoprene pro�les relative to a simulation with no isoprene; the four pro�les are shown in (d). Dashed lines indicate a constant

vertical pro�le. The red pro�les have a total isoprene column of1016 moleculescm� 2 , while the blue pro�les (x5) have a total column of 5

x 1016 moleculescm� 2 .

nadir, reaching up to 23 km x 44 km at the edges. This change to the vertical pro�le must also appear across multiple footprints

to yield a noticeable bias in the gridded 0.5° x 0.625° dataset used in this analysis.
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Although the Maritime Continent does have larger convective systems (> 1000 km horizontally) in the early afternoon275

relative to Amazonia and equatorial Africa, the most intense convective systems actually occur over the latter two regions based

on the re�ectivity-weighted center of gravity from CloudSat (Pilewskie and L'Ecuyer, 2022). If driven solely by convection,

one would expect a similar relationship between isoprene, convection, and precipitation over all three regions, not just the

Maritime Continent. One potential explanation is that convection affects the isoprene retrievals in all three regions similarly,

but the dynamic range of temperature or oxidant levels is larger in Amazonia and Africa such that changes in emissions or280

[OH] mask the impact of convection.

In addition to retrieval effects, convective plumes also expose lofted isoprene to lightningNOx , which is the dominantNOx

source in the upper troposphere. LightningNOx plays an important role in isoprene-derived new particle formation in the

upper troposphere, as observed over Amazonia, but the isoprene �ux that gets advected into the upper troposphere is a small

fraction of total isoprene emissions (Palmer et al., 2022; Curtius et al., 2024; Shen et al., 2024). Therefore, convection can285

affect retrieved isoprene through two ways: �rst, by the impact of the isoprene vertical pro�le on the retrieval, and secondly,

by allowing changes in lightningNOx to potentially drive isoprene variability in the upper troposphere.

Variations in lightningNOx within the Maritime Continent are spatially and temporally heterogeneous. The relationship

between lightning frequencies and the MJO in the Maritime Continent depends on changes in the diurnal circulation, with

MJO-active periods increasing lightning on eastern slopes of the Maritime Continent and break periods increasing lightning290

on the western slopes. The spatial patterns of lightning during MJO-break and active periods are similar to the spatial patterns

during El Niño and La Niña, respectively (Virts et al., 2013). Much of the oil palm plantations mapped in Danylo et al. (2021)

(Figure 5a) are spatially closer to the eastern slopes of the Maritime Continent, which would experience higher lightning

frequencies andNOx emissions and thus lower isoprene columns during the MJO and La Niña, which is counter to our

observations. However, it is possible that convection's impact on the retrieval counteracts lightning's impact onNOx and295

isoprene. In addition, complex diurnal circulation patterns may transport isoprene to other regions with different lightning

responses.

Ultimately, changes in the vertical pro�le due to convection, interactions with lofted isoprene and lightningNOx , and

differences in convection size and intensity across the three regions, represent an important uncertainty on the isoprene retrieval.

Additional work should be conducted in quantifying the size and intensity of convective events across these three regions;300

quantifying the impact of spatially heterogeneous lightning on isoprene pro�les in the upper troposphere; and placing stronger

bounds on isoprene vertical pro�les before, during, and after a large convective event. An upcoming version of the isoprene

retrieval is currently in development to includeP90, or the pressure level below which 90% of isoprene resides, as an additional

input into the arti�cial neural network, which would account for some of this vertical pro�le variability and reduce uncertainty

in this retrieval (Wells et al., 2025).305
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5 Drivers of isoprene variability in Equatorial Africa

Unlike the other two regions, isoprene columns in equatorial Africa do not strongly correlate with ENSO. However, isoprene

anomalies correlate weakly with surface air temperature. This relationship with temperature is strongest between 2015–2017

and in 2019, where peaks in temperature coincide with peaks in isoprene anomalies (Figure 7b). Temperature and its impact on

isoprene emissions thus only explain part of the column variability, and only during anomalously hot periods (> 0.5 K above310

climatology). For the rest of the 8–year period, which exhibits cooler temperatures and smaller temperature variability than

2015–2017 and 2019, isoprene over equatorial Africa shows a stronger negative correlation with biomass burning, which is

quanti�ed here with GFED4 total burned dry matter (Figure 7a and c). This anticorrelation exists both for isoprene anomalies,

as well as for the seasonal cycle in isoprene columns (Figure S10).

Total isoprene columns negatively correlate with GFED4 burned dry matter, a correlation not observed in the other two trop-315

ical regions (Figure S12). In Amazonia and the Maritime Continent, both soil and biomass burningNOx have a seasonal peak

in the second half of the year that coincides with a peak in isoprene emissions, columns, and temperature. On the other hand,

isoprene columns and emissions are consistently out-of-phase with bothNOx sources in equatorial Africa, but particularly

with biomass burning (Figures S7 and S8).

Although there is some spatial heterogeneity betweenNOx and isoprene sources, seasonally-averaged 850 hPa winds are in320

the correct orientation to carry air masses from regions with heavy biomass burning toward isoprene source regions throughout

the year, but especially during the dry season south of the equator (June-September) (Figure 7). Based on the GFED4 �re

emission inventory (Randerson et al., 2017), Equatorial Africa has the highest biomass burning emission �uxes out of all three

tropical regions, and the region of interest is smaller in total land area compared to the Amazonia bounding box. In fact, the

seasonal peak in biomass burning dry matter �uxes in equatorial Africa are 3x as high as the �uxes observed in Amazonia and325

the Maritime Continent. Thus, the prevalence of both biomass burning regions and forested isoprene source regions within a

smaller area may lead to increased isoprene–NOx co-location compared to Amazonia.

We hypothesize that as a result of this colocation, isoprene column variability in equatorial Africa is driven by biomass

burning-derivedNOx emissions reacting to produce tropospheric ozone and OH downwind of the �re, which then mod-

ulates isoprene oxidation and loss. Biomass burning in sub-Saharan Africa emits 1.9� 0.6 Tg NO during the dry season330

(June–October), which can contribute 40-60% of the totalNOx budget in the region (Jaeglé et al., 2004; Marais et al., 2025).

These emissions ofNOx can undergo chemistry to produce OH (Shutter et al., 2024). It is important to note thatNOx emissions

are highest in �aming �res versus smoldering �res, and thus the intensity of the �re and its combustion material can impact

plume emissions and chemistry (Anderson et al., 2023; Fredrickson et al., 2023). In general, southern African woody savannah

�res are more �aming in the early season (May–July) and become more smoldering with time, which may be due to changes in335

fuel type or precipitation (Mebust and Cohen, 2013; Zheng et al., 2018). May–July is when GFED4-derived biomass burning

emissions are highest in equatorial Africa and the surrounding savannahs, which generally coincides seasonally with �aming

�res with higherNOx emission factors compared to �res later in the year.
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