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Isoprene is emitted mainly by terrestrial vegetation and is the dominant volatile organic compound 15 
(VOC) in Earth's atmosphere. It plays key roles in determining the oxidizing capacity of the 
troposphere and the formation of organic aerosol. Daytime infrared (IR) satellite observations of 
isoprene reported here broadly agree with emission inventories but there are substantial differences 
in the locations and magnitudes of isoprene hotspots, consistent with a recent study. The 
corresponding nighttime IR observations reveal unexpected hotspots over tropical South America, 20 
the Congo basin, and Southeast Asia. Using an atmospheric chemistry model, we link these 
nighttime isoprene measurements to low-NOX regions with high biogenic VOC emissions, leading 
to the production of epoxydiols and subsequently to the widespread seasonal production of organic 
aerosol in the tropical upper troposphere. 
 25 

Satellite measurements reveal nighttime distribution of isoprene linked to tropical upper 
tropospheric organic aerosol. 
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The main source of atmospheric isoprene (CH2=C(CH3)-CH=CH2) is from terrestrial plants, 
including a subset of mosses, ferns, gymnosperms, and angiosperms (1). Isoprene is emitted from 
leaves, with the emission rate dependent mostly on temperature and photosynthetically active 
radiation (PAR). Only at chronic levels of water stress and temperature do isoprene emissions 
cease and even then after this stress is alleviated the emissions resume, sometimes at rates higher 5 
than prior to the stress (2).  The main loss of atmospheric isoprene is oxidation by the hydroxyl 
radical (OH), resulting in a typical lifetime of an hour that varies according to the photochemical 
environment. The importance of isoprene emissions lies in the resulting atmospheric chemistry. 
Inventories estimate the global annual mean flux of isoprene to be about 500 TgC (3) but with a 
large uncertainty that reflects individual model assumptions (4) and the sparsity of measurements 10 
that underpin inventories. Tropical ecosystems represent about 80% of this global total (3), 
although estimates inferred from satellite observations suggest this fraction might be overestimated 
by 30% (5).  The fate of isoprene oxidation products depends on the relative abundances of 
nitrogen oxides (NOX=NO+NO2) and hydroperoxy (and organic peroxy) radicals.  Broadly, at 
comparatively high NOX levels the chemistry results in the rapid production of formaldehyde 15 
(HCHO) that is now routinely observed by Earth observing satellites and can be used to infer the 
emissions of the parent hydrocarbons, predominately isoprene (6-8). At comparatively low levels 
of NOX, isoprene peroxy radicals react with hydroperoxy radicals to form an organic peroxide, and 
to a lesser extent can undergo unimolecular isomerization reactions. The peroxides can then be 
further oxidized by OH (lifetime of ≃3-5 hrs) to form isoprene epoxydiols (IEPOX) (9). The 20 
atmospheric lifetime of IEPOX against oxidation by OH is ≃20-30 hrs during which time it can 
partition into the particle phase, either by condensation or reactive uptake by pre-existing particles, 
to form IEPOX secondary organic aerosol (SOA) (10-13). 

 
Recent studies have reported isoprene retrievals from highly spectrally-resolved infrared (IR) data 25 
from the Cross-track Infrared Sounder (CrIS) aboard the NASA/NOAA Suomi-NPP satellite (14), 
and the ability of those data to revise isoprene emission inventories (15) The satellite was launched 
in 2011 into a sun synchronous orbit with equator-crossing local times of 0130 and 1330. CrIS 
measures IR radiation in three bands that span 650-2550 cm-1 at a spectral resolution of 1.25 cm-1 
(Supplementary Material).  Here, we report the results from an independent, physically based CrIS 30 
isoprene retrieval scheme (16) that uses an optimal estimation approach (Supplementary Material), 
which naturally provides a full error characterisation of the a posteriori solution.  We retrieve 
isoprene columns from spectral features in the range 890-908 cm-1 sampling 21 CrIS channels. 
The retrieval scheme assumes isoprene volume mixing ratio to be height invariant, so that the 
geographical distribution of retrieved columns is exclusively due to measurement information, in 35 
contrast to (14). The vertical sensitivity needed for quantitative interpretation of “effective” 
columns, is provided in the form of scene-dependent averaging kernels (Supplementary Material).  
We describe daytime and nighttime measurements during 2018, taking advantage of the nature of 
IR measurements that do not require sunlight, and focus on nighttime measurements that have not 
previously been reported. Our daytime measurements are broadly consistent with recent studies 40 
(14,15) (Supplementary Material).  We also use formaldehyde (HCHO) and nitrogen dioxide 
(NO2) column data from the TROPOspheric Monitoring Instrument (TROPOMI) aboard the 
Copernicus Sentinel-5 Precursor, in orbit with the same equator crossing time as CrIS, to help 
intepret the CrIS daytime isoprene column data (Supplementary Material).  To interpret these 
column data we use the GEOS-Chem global 3-D model of atmospheric chemistry that includes a 45 
detailed description of gas and particle phase chemistry associated with isoprene (17) 
(Supplementary Material). To compare against CrIS, the model is sampled at the time and location 
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of each measurement and convolved with scene-dependent averaging kernels to account for the 
vertical sensitivity of the retrieval (Supplementary Material). We evaluate our model results using 
measurements of total OA from the Atmospheric Tomography Mission (ATom 
https://espoarchive.nasa.gov/archive/browse/atom/id14/DC8, last access: 15 December 2020) 
collected downwind of our study region (18) (Supplementary Material), representing the total 5 
amount of relevant aircraft data available during our study period.     

 
Figure 1 shows monthly distributions of CrIS and GEOS-Chem nighttime isoprene data (local 
equatorial overpass time of 0130) during April, July, September, and December 2018.  We apply 
inverse variances from the gridded isoprene columns to calculate these weighted monthly means, 10 
which helps to reduce noise in the aggregated CrIS measurements. Elevated values are consistently 
found over northern tropical South America (the northern half of Brazil, Colombia, Venezuela), 
central Africa (Congo basin, Angola), and Southeast Asia (northern Sumatra, island of Borneo, 
Papua New Guinea). We find broad agreement between CrIS and GEOS-Chem in the location and 
magnitude of the elevated isoprene during nighttime when it is determined primarily by 15 
atmospheric transport that helps to mix the atmospheric signals from low- and high-emitting 
daytime regions. Consequently, isoprene observed by CrIS at 0130 represents more of a 
homogeneous distribution than we find during the daytime when columns are also strongly 
influenced by photochemistry (Supplementary Material). Our analysis of nighttime columns 
provide confidence in the model to interpret the data, although there remain differences that mainly 20 
reflect errors in emission inventories (Supplementary Material). Here, we focus on the origin and 
evolution of nighttime isoprene over tropical South America, with complementary analysis over 
tropical Africa, particularly over the Congo Basin (Supplementary Material). The coarse model 
spatial resolution (2o x 2.5o) precludes any meaningful comparison over maritime Southeast Asia 
associated with sub-grid scale features. 25 

 

Figure 2 shows GEOS-Chem model time-altitude plots for a region over tropical South America 
during April 2018 where nighttime isoprene is elevated (Fig. 2a).  Isoprene emissions (not shown) 
have a strong diurnal pattern with values peaking in early afternoon, coinciding with peak values 
of PAR and leaf temperatures, and absent during the night when PAR is zero. Loss of atmospheric 30 
isoprene also peaks during the day, reflecting peak production rates of OH that are correlated with 
sun elevation angle. Current knowledge suggests that atmospheric isoprene is quickly consumed 
by OH (with an e-folding lifetime of ≃1 hour). In pristine environments, where nitrogen oxide 
levels are low, the photo-oxidation of isoprene can lead to the suppression of OH (19). Over 
tropical South America we find in the model there remains substantial atmospheric isoprene during 35 
nighttime (>1 ppbv, Fig. 2a) not just in the shallow boundary layer (20) but also in the mid to upper 
free troposphere. Temporal and spatial variations in nighttime free tropospheric isoprene are 
correlated with conditions at sunset of the previous day when convective mass fluxes remain 
elevated and OH levels are beginning to decline (Supplementary Material). The lifetime of 
isoprene during nighttime, determined primarily by ozone and nitrate oxidation, is much longer 40 
than during the daytime when it is determined primarily by OH oxidation. Over South America, 
the resulting free tropospheric production of IEPOX precursors and IEPOX begins at sunrise of 
the next day.  Periods of elevated NO found in the upper troposphere (Fig.  2b) suppress the 
production of IEPOX (Fig. 2c), as expected. In the model, we find this NO is mostly due to 
lightning (Supplementary Material).  As we show later, this helps to explain why the origin of 45 
IEPOX SOA does not necessarily coincide with the highest emissions of isoprene. Free 
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tropospheric levels of gas-phase (Fig. 2d) and particle-phase IEPOX (Fig. 2f) closely follow their 
production rates (Fig. 2c, e). 

 
Figure 3a shows the GEOS-Chem model mean vertical distributions of IEPOX-SOA over tropical 
South America (Fig. 3b, 6-12oS, 65-70oW) during April, July, September, and December 2018. 5 
Values are generally higher near the surface during July and September, reflecting higher isoprene 
emissions (Supplementary Materials).  Upper free tropospheric IEPOX-SOA levels are higher in 
April and December due to larger convective fluxes (not shown). Lumped SOA from IEPOX and 
other low-volatility isoprene oxidation products represents 8%-34% of mean total OA below 6 km 
during April and December and 22%-62% above 6 km (Fig 3b). During April, most of the OA in 10 
the lowest 6 km is due to SOA from terpene oxidation (Fig. 3c), an expected result based on the 
parameterization we use to describe this source of SOA (Supplementary Material) with a small 
contribution from oxygenated primary OA (OPOA).  In the upper troposphere, total OA is 
dominated by isoprene but with a 32% contribution from higher order terpenes. In contrast, during 
September (Fig. 3d) when there is substantial biomass burning, OPOA and anthropogenic SOA 15 
play a larger fractional and absolute role in OA throughout the tropospheric profile. 

 
Figure 4 shows a comparison between mean aircraft profile measurements of total OA (Fig. 4a) 
from ATom-4 (Supplementary Material) and GEOS-Chem model values (Fig. 4b) off the coast of 
tropical South America during May 2018. Model evaluation using other campaign data are shown 20 
in the Supplementary Material. For ATom-4 we find that the mean model profile agrees within 
one standard deviation of the mean measured profile, except at altitudes >12 km (representing only 
nine one-minute data points), where the model underestimates the measurements by 0.287 µg std 
m-3 (62%). The best agreement is achieved at 10-12 km (two altitude bins each containing ≃50 
data points), where mean model OA matches the measurements within 15%.  To understand the 25 
influence of nighttime isoprene on these measurements, in a sensitivity run, we set nighttime 
values (determined by sun elevation angle) to zero so they cannot be lofted to the free troposphere 
and subsequently influence the chemistry of organic aerosol.  We find that nighttime isoprene 
plays only a small role (<0.035 µg std m-3) in the lower troposphere measurements but up to 
0.098 µg std m-3 (63%) in the mid and upper troposphere, supported by the profiles along this 30 
flight track (Fig. 4d). Using the GEOS-Chem model as an intermediary, we find that the nighttime 
detection of isoprene by CrIS over tropical South America is consistent with downwind levels of 
OA observed by aircraft. 

 
Based on an ensemble analysis of aircraft observations, previous studies have noted that chemistry 35 
models are missing a substantial source of free tropospheric OA (21,22). Increasing the 
anthropogenic component of OA helps to explain the measurement-model gap near source regions 
(23) but fails to reconcile measurements in the remote atmosphere (22).  Similarly, improved 
knowledge of atmospheric chemistry only partly addresses the model bias (24). Our analysis 
suggests that over the tropics more attention should be given to the magnitude and distribution of 40 
isoprene and the chemical and physical processes that determine its transport to the free 
troposphere at sunset, in addition to studying the atmospheric fate of isoprene oxidation products. 
By virtue of its atmospheric lifetime IEPOX-SOA can be transported across the tropical upper 
troposphere where it represents about a third of total OA (Supplementary Material), eventually 



Submitted Manuscript: Confidential 
Template revised February 2021 

5 
 

subsiding to provide a significant seasonal supply of cloud condensation nuclei in the lower 
troposphere (25-28). 
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Fig. 1. Monthly CrIS and GEOS-Chem model distributions of nighttime (local equatorial 
overpass time 0130) effective isoprene columns (molec cm-2). Values are shown for (A-B) April, 
(C-D) July, (E-F) September, and (G-H) December 2018. The magnitudes of these effective 5 
columns depend on how the isoprene vertical profile is represented in the retrieval and on scene-
dependent averaging kernels (Supplementary Material). The GEOS-Chem model is sampled at the 
time and location of each CrIS measurement and convolved with the scene dependent averaging 
kernel. Satellite data and model output are filtered to exclude scenes where co-retrieved aerosol 
optical thickness (AOT) >0.05 and effective cloud fraction (=cloud fraction x cloud top height) >4 10 
km.  Black squares over tropical South America and tropical Africa denote regions used in Figs. 2 
and 3 and the corresponding plots over tropical Africa (Supplementary Material). 
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Fig. 2. GEOS-Chem model altitude-time cross-sections of isoprene, NO, and some isoprene 
gas-phase and organic aerosol oxidation products over tropical South America during April 
2018. The region is defined as 6-12o S and 65-70o W and is denoted by the smaller rectangle in 
Fig. 1. (A) isoprene (ppbv), (B) NO (ppbv), (C) production rate of IEPOX (molec cm-3 s-1), (D) 5 
IEPOX (ppbv), (E) production rate of IEPOX SOA (molec cm-3 s-1), and (F) IEPOX-SOA (µg m-

3 at standard conditions of 273 K and 1013 hPa unless otherwise stated). Time is expressed in days 
at coordinated universal time (UTC). The solid black lines denote the GEOS 3-hourly boundary 
layer height. 
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Fig. 3. Monthly GEOS-Chem model vertical profiles of organic aerosol over tropical South 
America. The region is defined as 6-12o S and 65-70o W and is denoted by the smaller rectangle 
in Fig. 1. (A) IEPOX-SOA (µg std m-3) and (B) total OA (µg std m-3) during April, July, 5 
September, and December 2018; and the constituents of total OA during (C) April and (D) 
September 2018. ISOA, TSOA, and ASOA denote SOA from isoprene, higher terpenes, and 
aromatic VOCs, and POA and OPOA denote primary OA and oxidized POA. 
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Fig. 4. Spatial and temporal distribution of observed and model total organic aerosol. (A) 
ATom-4 aircraft 60-second measurements and (B) corresponding GEOS-Chem model values of 
total OA (µg std m-3) on 12th May 2018. (C) Mean observed vertical distribution of OA and the 
GEOS-Chem model with and without nighttime isoprene (NoISOPpm) along a cross-section of 5 
the (D) ATom-4 flight track.  Horizontal lines in panel (C) denote the 1-s standard deviation about 
mean values. 
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