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Materials and Methods 
 
Retrieval Approach 
 
The Infrared and Microwave Sounding (IMS) scheme was originally developed, via a Eumetsat 
study (30), to retrieve water vapour and temperature profiles from the Infrared Atmospheric 
Sounding Interferometer (IASI), Microwave Humidity Sounder (MHS) and Advanced Microwave 
Sounding Unit (AMSU) on the MetOp-A satellite. This multi-instrument approach allows 
retrievals to be extended to a range of cloudy scenes not accessible to IASI alone (30). Co-retrieval 
of cloud parameters extended this range further, and co-retrieval of surface spectral emissivity 
particularly improved accuracy over unvegetated land surfaces. The original IMS scheme was used 
to produce a Version 1 data set from the MetOp-A mission 2007-2016 (31) as part of the ESA 
Climate Change Initiative. The CrIS isoprene data were produced as part of the Natural 
Environment Research Council’s National Capability Long Term Single Centre Science portfolio, 
funded by the National Centre for Earth Observation.  
 
The IMS scheme uses RTTOV (32) as the radiative transfer model (or forward model) to relate 
the surface and atmospheric state to observed spectra.  The optimal estimation method (33) is used 
to infer the surface and atmospheric state that best matches the observations, taking into account 
a priori knowledge of the state. This is achieved by minimizing the cost function: 
 

𝝌𝟐 = #𝒚 − 𝑭(𝒙)*𝐓𝐒𝒚$𝟏#𝒚 − 𝑭(𝒙)* + (𝒂 − 𝒙)𝐓𝐒𝒂		$𝟏(𝒂 − 𝒙),  Equation 1 
 
where y is a vector containing each measurement used by the retrieval (a subset of all the channels 
available); 𝐒( is the measurement error covariance matrix; 𝐹(𝒙) represents the forward model; 
and 𝐒)		is the a priori error covariance matrix, which describes the assumed errors on the a priori 
state estimate. The a posteriori state, corresponding to the minimization of the cost function, is 
found via the Levenberg-Marquardt iterative approach. This approach uses the matrix of weighting 
functions 𝐊 that describes the sensitivity of individual measurements to changes in the surface and 
atmospheric state. For further details about 𝐒)		and 𝐒( the reader is referred to (31). 
 
The IMS scheme has since been extended to retrieve ozone and CO profiles and column amounts 
of additional trace gases, dust, and volcanic sulphuric acid aerosol; the original IMS scheme did 
include ozone but was not optimized for tropospheric sounding. This development to the IMS 
scheme builds on new capabilities of RTTOV to model atmospheric scattering.  Cloud and aerosol 
are modelled as scattering layers, and each are retrieved in terms of an optical depth and layer 
height. Spectral absorption features of nitric acid, methanol, ammonia, formic acid, sulphur 
dioxide, and isoprene are weak, and these are retrieved by adopting a fixed reference profile shape 
for each gas and by including in the state vector a scale factor for each profile with an a priori 
uncertainty of 1000% (31), corresponding to an uncertainty of 10 ppbv on the a priori column-
mean mixing ratio of 1 ppbv. Consequently, there is only a negligible a priori constraint on the 
retrieved isoprene. In the standard version of this scheme, the reference profile for each gas is 
height invariant with a value of 1 ppbv. The retrieved scale factors therefore correspond to column-
averaged mixing ratios in ppbv for the adopted trace gas profile shape. This approach is different 
from the one adopted by (14), as discussed below, but provided the corresponding scene-dependent 
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averaging kernels are also considered a quantitative comparison with the GEOS-Chem model is 
possible. 
 
Most variables in the IMS extended state vector can be modelled directly by RTTOV using 
temperature, water vapour, ozone and carbon monoxide profiles, surface spectral emissivity and 
mass mixing ratio profiles of aerosol components. RTTOV describes variations in these quantities 
and returns the weighting functions needed for their optimal estimation. Although RTTOV does 
not explicitly model other minor gases, including isoprene, it can compute the derivatives of 
simulated spectral radiances with respect to changes in the total absorption coefficient profile. 
Since their absorption features are optically thin, the radiance perturbation due to each gas can be 
calculated and added to the directly calculated RTTOV radiance as follows: 
 

𝑹*(𝒙) = 𝑹(𝒙) + 𝒙𝒈𝒂𝒔∑
𝒅𝑹(𝒙)
𝒅𝒌𝒊

𝑵
𝒊5𝟏 𝑪𝒈𝒂𝒔𝒏𝒊,   Equation 2 

 
where 𝑅(𝒙) is the RTTOV model simulation excluding minor gases. For a given gas in layer i of 
the N (=101) layers in the RTTOV model atmosphere, 𝑘6 is the (total) volume absorption 
coefficient (cm-1), 𝐶7)8 is the absorption cross section (cm2), 𝑛6 is the number density (molec/cm3) 
at level i, and 𝑥7)8 is the scale factor for the gas as included in state vector 𝒙. Vertical sensitivity 
of 𝑘 due to, for example, air/surface temperature contrast, presence of cloud, or the optical 
thickness of other gases, is taken into account by the term 𝑑𝑅(𝒙)/	𝑑𝑘6 calculated by RTTOV. 
 
Application of the Extended IMS Scheme to Retrieve Isoprene from CrIS 
 
Isoprene exhibits weak signatures in the infrared and hence detection and subsequent retrieval 
relies on the ability to model spectral lines from compounds that overlap the isoprene signature. 
Current best estimates of isoprene spectroscopy (14,34) show spectral contributions of relevant 
absorbers in the vicinity of the isoprene u27 and u28 bands for a scene with high isoprene volume 
mixing ratios. The strongest absorbers near these isoprene bands are H2O, HNO3, NH3 and CFC-
12 (14) so we carefully consider them in our isoprene retrieval; all except CFC-12 are co-retrieved 
with isoprene. 
 
For applying the extended IMS scheme to CrIS, we have used channels closest to wavelengths 
used by the extended IASI scheme, with additional channels to sample the isoprene spectral 
features. In total we used 214 CrIS channels. Figure S1 shows the channels we used as part of the 
isoprene retrieval. We assume the measurement error covariance for CrIS is diagonal with 
variances defined in the corresponding level one file. We use the extended IMS scheme for 
retrieving daytime and nighttime isoprene columns from CrIS.  
 
Other VOCs with absorption lines in the vicinity of the isoprene signal include ethene, b-pinene, 
d-limonene, and myrcene (14), and these compounds contribute only a minor brightness 
temperature signal (<0.01 K) because they have much weaker (4-100 times) absorption cross-
sections than isoprene and present in the atmosphere at generally lower concentrations. We extend 
a previous sensitivity analysis (14) to study methoxyphenols that are released from biomass 
burning, which will affect the daytime and nighttime CrIS isoprene values, particularly over the 
tropics. Figure S2 shows these compounds have absorption features in a similar spectral range to 



 
 

4 
 

those used in this study to retrieve isoprene.  Oxidation of methoxyphenols is one pathway to the 
production of SOA (35), which also have absorption features in the isoprene absorption band. As 
we discuss in the main paper and below in the section about the GEOS-Chem, oxidation of 
isoprene also leads to large amounts of low-volatility products that lead to the production of SOA. 
 
To quantitatively understand the contribution of methoxyphenols to the CrIS measurements, we 
use the University of Oxford Reference Forward Model (RFM) (36). The RFM is a general-
purpose line-by-line radiative transfer model that we use to describe infrared radiance spectra for 
ray paths through plane-parallel atmospheres. We use the CrIS instrument line shape spectroscopic 
parameter from HITRAN 2016 (37) and atmospheric climatological profiles (38). Infrared 
spectroscopy data for methoxyphenols were taken from (39). Infrared cross-section data for SOA 
is limited. The HITRAN database includes only one study at 532 nm (40) a wavelength that is out 
of the isoprene spectral fitting window. Consequently, we only consider methoxyphenols as a 
proxy for the effect of SOA in our fitting window. 
 
Very few data are available to define the vertical distribution of methoxyphenols.  We use data 
from biomass burning samples (41) that reported methoxyphenol concentration of up to 22 µg m-

3, approximately 4 ppbv. If we conservatively assume this concentration throughout a well-mixed 
boundary layer of 1 km depth that reduces to zero by 3 km, we find that the contribution of 
methoxyphenols to the signal in the isoprene band is small (< 0.01 K) compared to a signal of 
greater than 0.14 K for isoprene (Fig. S3). We conclude that the impact of methoxyphenols, and 
indirectly SOA, on the isoprene retrieval in this band is negligible. 
 
Based on current knowledge, we find that spectral interference from gases other than H2O, NH3, 
HNO3 and CFC-12 are not significant in the spectral interval(s) we used to fit isoprene (Fig. S1). 
 
In initial fits to CrIS observations, we found that systematic spectral residuals were significant 
compared to the instrument noise. We accounted for these in retrieval fitting by adding two 
“spectral residual patterns,” described by vectors b0 and b1, which were derived by taking the mean 
of the differences between observed and simulated spectra over the ocean from 60oS to 60oN for 
three days in each season. For these simulations we used ECMWF analyses for temperature and 
water vapour and CAMS analyses for ozone, and ignored the presence of any isoprene. The 
difference spectra were analysed to obtain the mean residual spectrum (b0) and the spectrum of an 
additional component which varies linearly with off-nadir scan-angle (b1). We then used these two 
fixed patterns in the forward model in subsequent analyses: 
 

𝑭(𝒙) = 𝑹*(𝒙) − 𝒙𝒃𝟎𝒃𝟎 − 𝒙𝒃𝟏𝒃𝟏,  Equation 3 
 
where 𝑥;< and 𝑥;= are the retrieved parameters, which are included in the state vector and assumed 
negligible a priori constraint. Using Equation 3, it is straightforward to derive weighting function 
profiles, 𝐊7)8, for each minor gas. Figure S4 shows examples of these weighting functions for 
isoprene at several wavenumbers. 
 
Isoprene Averaging Kernels 
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The sensitivity of infrared spectra to changes in isoprene varies significantly with altitude. Above 
the surface, the weighting function is generally negative because isoprene absorbs radiation 
emitted from the warmer surface. This sensitivity is generally lowest nearest to the ground due to 
the very small difference between atmospheric temperature and surface temperature, particularly 
at night. If the surface temperature is lower than the atmospheric layer directly above, the isoprene 
weighting function in that layer will be positive, i.e., a change in isoprene abundance will lead to 
a positive change in infrared radiation. 
 
Because the top-of-atmosphere spectral signature of isoprene is strongly dependent on the 
temperature profile and surface-air temperature contrast, the shape of the isoprene reference profile 
adopted in the fit is critical to the retrieved scale factor and hence column average mixing ratio. 
As a reference profile, we use a constant mixing ratio of isoprene. This assumption results in a 
smaller retrieved value for column mean isoprene than if the reference profile contained a higher 
mixing ratio near the surface.  If we assume the isoprene mixing ratio is higher nearer the surface, 
where measurement sensitivity is weaker, then a larger amount is needed to explain a given 
observed spectral signature than would be the case if the isoprene is assumed to be at a higher, 
colder altitude, where the sensitivity is stronger. We chose this assumption because we did not 
want our results to be influenced by a priori information on the geographical distribution of likely 
sources. As a result, we are confident that our a posteriori geographical and temporal variations 
reflect information provided by CrIS spectra. 
 
We take account of this assumption in our model comparison by using the a posteriori matrix of 
averaging kernels 𝐀68>? that describes the vertical sensitivity of CrIS measurements to changes in 
isoprene: 
 

𝐀𝒊𝒔𝒐𝒑 = 𝐆𝒊𝒔𝒐𝒑𝐊𝒊𝒔𝒐𝒑,  Equation 4 
 
where 𝐊68>? denotes the weighting function matrix elements that describe the derivative of 
measurements with respect to isoprene profile perturbations at each of the vertical levels in the 
forward model. 𝐆68>? describes the derivative of the retrieved isoprene scale factor with respect to 
perturbations in the measurement vector, and represents one row of the retrieval gain matrix: 
 

𝐆 = #𝐊𝐓	𝐒𝒚$𝟏𝐊 + 𝐒𝒂$𝟏*
$𝟏𝐊𝐓𝐒𝒚$𝟏, Equation 5 

 
where  𝐊 is the weighting function matrix that describes the derivative of the forward model with 
respect to all elements of the state vector, including the isoprene scale factor. 
 
We use 𝐀7)8  to estimate the column isoprene amount, Ω68>?B>CDE, that the retrieval is expected to 
return given the model isoprene concentration profile, 𝐧68>?B>CDE. In the absence of any significant a 
priori constraint, Ω68>?B>CDE is given by: 
 

𝛀𝒊𝒔𝒐𝒑𝒎𝒐𝒅𝒆𝒍 =		𝐀𝒊𝒔𝒐𝒑𝐧𝒊𝒔𝒐𝒑𝒎𝒐𝒅𝒆𝒍.  Equation 6 
 
This approach accounts for the effects of varying instrument vertical sensitivity and the profile 
shape assumed in the retrieval. Because the reference profile shape is implicit to 𝐀68>?, changing 
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that will change Ω68>?B>CDE as well as the retrieved column average, but it will not change the relative 
agreement between the two. Changing the assumed profile shape simply scales both quantities. 
 
Data Filtering 
 
We apply the extended IMS scheme to all scenes, irrespective of cloud cover. However, the 
presence of extensive, optically thick cloud limits the retrieval quality and effectively prevents us 
from sensing below the clouds. To take this into account, we perform a series of post-retrieval data 
filtering steps. 
 
First, we take the difference in brightness temperature between the CrIS observed spectral radiance 
at 950 cm-1 and the corresponding forward model value based temperature and humidity profiles 
and surface temperature interpolated from ECMWF analyses. If the observed minus model 
difference is outside the range -5 – 15 K we flag the scene as cloudy and remove from subsequent 
analyses. We also exclude scenes based on retrieval output: 1) the retrieval cost function (Eq. 1) 
is > 1000; 2) the retrieved dust aerosol optical depth (at 10 microns) is > 0.05; and 3) the product 
of the estimated cloud fraction and cloud height is > 4 km. 
 
We also apply a small correction for total precipitable water (TPW) based on a linear regression 
between TPW and isoprene columns retrieved over the remote Pacific (135o-160oW, 30oS-45oN), 
away from emissions of isoprene and where atmospheric levels are not expected to be detectable: 
1.8 x 1013 TPW + 4.3 x1014.  This correction addresses small inconsistencies between the water 
vapour spectroscopy in the isoprene spectral fitting region and in the spectral region that is 
primarily used to retrieve water vapour.   
 
Retrieval Methodological Differences to Recent Studies 
 
Our physically based optimal estimation scheme differs fundamentally from the neural net scheme 
used to produce multi-year isoprene distributions over land by (15). It also differs in significant 
ways from the physically based scheme reported by (14) with which the neural net scheme was 
compared. While both our scheme and that of (14) use the optimal estimation formalism and online 
radiative transfer modelling, in addition to their different radiative transfer models, there are 
fundamental differences in how isoprene is represented in the state vector and in the a priori 
constraints. In (14) isoprene is located exclusively at pressures >750 hPa, i.e., close to the surface 
where it is emitted. This approach guarantees that retrieved column averages will be larger than 
those retrieved by our scheme which assumes an isoprene reference profile which is constant with 
height, permitting sensitivity to higher, colder altitudes. 
 
A two-step retrieval approach is employed in (14) in which the CrIS spectrum between 862.5—
940 cm-1 is first fitted in intervals of negligible isoprene absorption to retrieve H2O, HNO3, NH3 
surface spectral emissivity and cloud parameters. For the second step, the fit residual from the first 
step for the whole interval is used to fit the isoprene u27 and u28  spectral features and to refine 
estimates of the other variables too. This contrasts with our scheme, described above, in which all 
variables including isoprene are retrieved simultaneously from the complete set of selected CrIS 
and ATMS channels, including the 21 that span the interval in which isoprene is targeted. 
Inaccuracies in spectroscopic line data of H2O and other interfering gases specific to the interval 
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containing targeted isoprene features, including any spectral features which have not been 
modelled by RTTOV, are mitigated through co-retrieval of scale-factors for the two systematic 
spectral residual patterns.   In regard to cloud filtering, isoprene data for which pre-retrieved cloud 
optical depth >1 are screened out in (14), whereas in our case it is those for which the product of 
cloud fraction and height is >4 km. 
 
Other key differences between our approach and (14) include: (a) handling of surface spectral 
emissivity, which is co-retrieved in our case but specified by the Wisconsin database (42) by (14), 
how surface temperature and atmospheric temperature and water vapour profiles are retrieved and 
how surface pressure is specified, which in our case is from ECMWF and for (14) is from GMAO.   
 
GEOS-Chem Model of Atmospheric Chemistry and Transport 
 
We use version 12.5.0 of the GEOS-Chem model of atmospheric chemistry and transport 
(www.geos-chem.org) to simulate global atmospheric composition in 2014 and 2018. Following 
one year of spin up, the model is run on the global domain at a horizontal resolution of 2ox 2.5o, 
with 47 vertical levels extending from the surface to 0.01 hPa. 
 
The GEOS-Chem model is driven by assimilated meteorology from the GEOS Forward Processing 
(GEOS-FP) product from the Global Modeling and Assimilation Office (GMAO) at NASA 
Goddard Space Flight Center. Emissions of isoprene and other biogenic VOCs are dependent on 
the model meteorology and are described in GEOS-Chem using the Model of Emissions of Gases 
and Aerosols from Nature (MEGAN) version 2.1 (43). Global maps of base emission factors are 
provided with MEGAN2.1 for several predominant species, including isoprene. Within GEOS-
Chem, these base emission factors are scaled to local conditions according to the parameterizations 
defined in MEGAN2.1, which use temperature and photosynthetically active radiation fields from 
GEOS-FP, as well as leaf area index and leaf age products from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) (44). 
 
Lightning NOX emissions are parameterized in GEOS-Chem (45). Lightning activity is simulated 
using offline flash densities and grid-scale convective cloud depths from the GEOS-FP 
meteorology. These offline lightning fields are constrained to the High Resolution Monthly 
Climatology (HRMC) product from the NASA Global Hydrology and Climate Center (GHCC), 
which is based on satellite observations from the Lightning Imaging Sensor (LIS) and the Optical 
Transient Detector (OTD) (46). Emissions of NOX are estimated for most locations using a yield 
of 260 mol N/flash, except for latitudes north of 23oN in America and 35oN in Eurasia, where the 
yield is increased to 500 mol N/flash. The NOX emissions are distributed vertically throughout the 
convective cloud depth following standard profiles for tropical marine, tropical continental, 
subtropical, and midlatitude environments (47). This parameterization does not distinguish 
between NOX emissions from cloud-to-cloud and intracloud lightning. 
 
We configure the GEOS-Chem model to utilize the “complexSOA_SVPOA” atmospheric 
chemistry mechanism. Gas-phase chemistry is based on the full-chemistry “tropchem” mechanism 
(48), including isoprene oxidation chemistry that is up-to-date with recent literature (49-55). 
Although atmospheric concentrations of SOA and semi-volatile POA (SVPOA) are determined in 
GEOS-Chem using a volatility basis set (VBS) scheme (56), the “complexSOA_SVPOA” 
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mechanism additionally simulates the explicit aqueous formation of isoprene-derived SOA from 
gas-phase precursors (18). To avoid double counting, we consider only mechanistic formation and 
do not include the VBS estimate of isoprene SOA. 
 
We sample the model at the time and location of each CrIS observation and apply the averaging 
kernel using the approach as defined above. 
 
Isoprene oxidation chemistry 
 
The mechanism for aqueous uptake of isoprene SOA is implemented in “complexSOA_SVPOA” 
(18). Isoprene is oxidized during the daytime by the hydroxyl radical (OH) to form organic peroxy 
radicals (ISOPO2). These ISOPO2 radicals meet different fates depending on whether NOX is 
present. At low levels of NOX, ISOPO2 reacts with HO2 to form hydroperoxides (ISOPOOH) that 
become oxidized by OH to form isoprene epoxydiols (IEPOX) and other large low volatility 
products (LVOC) that are gaseous precursors of SOA.  At low levels of NOX, ISOPO2 radicals can 
also undergo isomerization reactions that can regenerate radicals. In a minor channel, ISOPO2 may 
also react with other RO2 to form C4 hydroxyepoxides (MEPOX) that also partition into aerosols. 
At higher levels of NOX, ISOPO2 also reacts with NO to form several oxygenated organic products 
in high yield, including glyoxal (GLYX) and methylglyoxal (MGLY), both of which are SOA 
precursors. These species may also form in the later generations of low-NOX isoprene oxidation 
pathways, including isomerization.  High-NOX conditions can also lead to the formation of IEPOX, 
but IEPOX yield is lower than for low-NOX conditions. Minor sinks of isoprene include daytime 
oxidation by ozone, resulting in the production of methylglyoxal, and nighttime oxidation by the 
nitrate radical (NO3), forming second-generation SOA precursor hydroxynitrates (ISOPN). 
 
Aqueous aerosol formation is parameterized for uptake from gas-phase precursors glyoxal, 
methylglyoxal, IEPOX, MEPOX, ISOPN, and LVOC. Laboratory-derived reactive uptake 
coefficients (g) are assigned and applied directly to most species, except IEPOX and MEPOX, for 
which g is computed as a function of local meteorological conditions, existing aerosol properties, 
and aqueous-phase partitioning (18). For all species, g is applied in the calculation of the first-
order heterogeneous rate constant (𝑘IDJ) as follows: 
 

𝒌𝒉𝒆𝒕 = 𝑨E 𝒓
𝑫𝒈
+ 𝟒

𝜸𝝎
F
$𝟏
, Equation 7 

 
where 𝐴 is the aerosol area per unit volume of air (cm2 cm-3), 𝑟 is the aerosol radius (cm), 𝐷7 is 
the gas-phase diffusion coefficient (cm2 s-1), g is the reactive uptake coefficient, and 𝜔 is the mean 
molecular speed (cm s-1) (57). 
 
Volatility basis set 
 
The VBS scheme used in GEOS-Chem parameterizes the yield of SOA from emitted VOCs (56). 
Lumped aerosol yields are calculated for SOA that are produced through the oxidation of isoprene 
(ISOA), higher order terpenes (TSOA), and aromatics (ASOA). Although they are not determined 
explicitly from the chemical mechanism, the yields of intermediate gas-phase precursors are 
computed to account for VOC oxidation and NOX-dependent reaction pathways. A laboratory-
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derived VBS fit is then applied to estimate aerosol partitioning, mainly for saturation 
concentrations of 1, 10, and 100 µg m-3 at 298 K. Unlike the standard GEOS-Chem mechanism, 
the “complexSOA_SVPOA” mechanism also includes support for similar treatment of SVPOA, 
in which an Odum two-product fit is applied to estimate initial and oxidized POA (OPOA) from 
emitted semi-volatile VOCs. 
 
Supplementary Text 
 
Statistical Analysis of Nighttime Isoprene Effective Columns 
 
This analysis is described in Tables S1 and S2. 
 
Nighttime Isoprene Columns over Tropical South America 
 
Figure S5 shows the NOX emissions from lightning, soils, and biomass burning used by GEOS-
Chem during April 2018. For this month lightning emissions dominate the source of NOX and help 
to explain the upper tropospheric distribution found over our study region (Fig. 2, main paper). 
The distribution of lightning, with elevated values over Colombia and northern Brazil, help to 
reconcile the elevated isoprene columns observed by CrIS (Fig. 1, main paper) and elevated 
production of IEPOX SOA originating further south where isoprene is less elevated but NOX 
emissions are lower (Fig. S6a). Soil emissions are also non-zero over the study region but these 
represent a diffuse source of NOX that remains in the boundary layer. 
 
Figure S6 shows the GEOS-Chem monthly IEPOX-SOA distributions at 8 km from April, July, 
September, and December 2018.  The influence of IEPOX-SOA is largest over the tropics, where 
isoprene emissions are largest. The widespread influence of IEPOX-SOA over tropics and the 
southern hemisphere is by virtue of its lifetime (≃100 days). 
 
Figure S7 shows the equivalent of Figure 2 from the main paper but corresponds to the sensitivity 
calculation for which isoprene is set to zero after sunset (Fig. S7a). This leads to substantially 
reduced production rates for IEPOX and subsequently IEPOX-SOA. 
 
Figure S8b shows the corresponding spatial distribution of IEPOX-SOA at 8 km that has much 
lower values in the immediate vicinity of the isoprene emission and negligible value further afield. 
As a consequence, there is poorer agreement with the ATom-4 aircraft observations of total OA 
on 12th May 2018 over the South Atlantic (Fig. S9c) compared with the control experiment. 
 
Figure S10 shows GEOS-Chem altitude-time cross sections of isoprene (ppbv), OH (molec/cm3), 
isoprene reactivity (s-1), cloud mass flux from moist convection (kg/m2/s), and cloud fraction 
(unitless).  We use isoprene reactivity, the product of OH and the reaction rate constant that 
describes the OH+isoprene reaction, to quantify the influence of chemistry on tropospheric 
variations of nighttime isoprene. We find that elevated nighttime isoprene levels, particularly 
during the first half of the month, correspond to periods when upper free tropospheric OH levels 
and isoprene reactivity are reduced. This could be explained by elevated isoprene levels 
suppressing OH, which suggests that atmospheric chemistry plays a large role in the nocturnal 
survival of isoprene. We also find using convective mass fluxes that deep convection also plays a 
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role in transporting isoprene to the upper free troposphere; conversely, periods when these fluxes 
are particularly small there is a notable drop in nighttime isoprene. 
 
To clarify the processes that are responsible for the presence of isoprene in the free troposphere, 
Figure S11 shows two contrasting days during April 2018: 9th April when isoprene mixing ratios 
and the associated SOA formation was low and 19th April when isoprene mixing ratios and 
associated SOA formation was high.  On both days, isoprene is transported to the free troposphere 
following convection in the afternoon and evening, remains overnight, then disappears the next 
morning when OH increases. Daytime isoprene oxidation forms IEPOX where NO is low and may 
ultimately produce SOA if conditions are conducive to heterogeneous chemistry.  On 9th April, 
lower isoprene in the free troposphere is preceded by smaller convective fluxes, resulting in the 
production of less gas-phase and particulate IEPOX. In contrast, on 19th April higher convective 
fluxes sustained throughout the night resulted in a substantial accumulation of isoprene in the free 
troposphere. In the absence of large NOX levels isoprene oxidation generated IEPOX with high 
yield that effectively partitioned into SOA. 
 
We find the bimodal vertical distribution of isoprene can be explained by clouds, which initiate 
heterogenous chemistry of NO3.  In the absence of clouds, NO3 exists primarily in the gas phase 
and removes isoprene by oxidation during the night. Figure S12 shows an example of the 
relationship between cloud fraction and the corresponding distribution of NO3 on 19th April 2018, 
based on Fig. S10. 
 
Budget of Total Organic Aerosol over Tropical Africa 
 
Figure S13 shows the equivalent of Figure 3 from the main paper but over tropical Africa (6-12oN, 
10-15oE). Compared to tropical South America, the values of IEPOX-SOA are generally much 
higher below 3 km but quickly fall off at higher altitudes, which is reflected in its contribution to 
total OA during April and September 2018. We find smaller isoprene columns over tropical Africa 
than tropical South America, but the much lower NO emissions result in higher production rates 
of IEPOX and subsequent SOA. 
 
Figure S14 is the equivalent of Figure S5 showing NOX emissions but for tropical Africa. We find 
that NOX emissions are higher over our tropical African box than over tropical South America, but 
the widespread distribution of lightning NOX (Fig. 14a) explains the much lower amounts of 
IEPOX in the upper troposphere.  
 
Summary Analysis of Daytime Isoprene Effective Columns 
 
We provide only a summary of our CrIS daytime isoprene column analysis given the similarity of 
our results to recent published studies (14, 15). Here, we focus on three geographical regions in 
2018: the US in July 2018 (Fig. S15), tropical South America during September 2018 (Fig. S16), 
and tropical Africa during December 2018 (Fig. S17). The GEOS-Chem model is sampled at the 
time and location of individual CrIS measurements and we have applied the corresponding 
averaging kernels.  We also use TROPOspheric Monitoring Instrument (TROPOMI) column 
observations of formaldehyde (HCHO) and nitrogen dioxide (NO2) to help interpret the CrIS 
isoprene column distributions. HCHO has been used extensively to determine isoprene emissions 
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(e.g., (6-8,21,58-63)). HCHO is a product of VOC oxidation. Oxidation of methane provides a 
small global background level of HCHO. Over continental atmospheres only isoprene and a small 
subset of anthropogenic trace gases have a sufficiently short lifetime and a high enough HCHO 
yield that we can relate observed HCHO variations to the parent VOC.  There are two main 
disadvantages of using HCHO to infer isoprene emissions. First, HCHO is also produced directly 
by anthropogenic and pyrogenic emissions. HCHO from biomass burning, in particular, limits our 
ability to use these data to infer tropical isoprene emissions (21). Second, time-dependent HCHO 
yields in low-NOX environments are uncertain so careful attention is needed when relating HCHO 
columns to isoprene emissions, for example, over the tropics outside of the burning season. We 
use tropospheric NO2 column distributions as a proxy for combustion. 
 
Figure S15 shows CrIS and MEGAN/GEOS-Chem isoprene columns over the US in July 2018 
when we expect seasonal peak of isoprene emissions. Broadly, the model reproduces many of the 
key features of CrIS (typically agreeing within ±1 x 1015 molec/cm2), with the highest CrIS and 
GEOS-Chem isoprene columns over the Ozarks and Mark Twain National Forests in Missouri and 
over the surrounding states.  CrIS also observes (smaller) elevated isoprene columns over 
Southwest Colorado that correspond to the location of National Forests (e.g., San Juan National 
Forest and Uncompahgre National Forest) for which GEOS-Chem is lower by >2 x 1015 
molec/cm2. CrIS isoprene columns are also considerably higher than GEOS-Chem over northern 
California (e.g., Blodgett Forest (64)). The corresponding HCHO distribution broadly reflects the 
CrIS isoprene column distribution over the US but appears more smeared than the isoprene 
distribution. This reflects the time required to produce HCHO from isoprene oxidation (6), and 
that where isoprene is elevated the levels of NOX (and OH) are also low. Elevated hotspots of 
tropospheric NO2 columns reflect the location of major cities across the contiguous US.  
 
Figure S16 shows the CrIS and MEGAN/GEOS-Chem isoprene columns over tropical South 
America during September 2018. GEOS-Chem has a mean model bias >1 x 1016 molec/cm2 near 
the geographical boundaries between Brazil, Peru, and Bolivia, similar to the nighttime 
comparison of CrIS and GEOS-Chem isoprene values (Fig. 1 from main paper). Elsewhere across 
tropical South America, GEOS-Chem has a much smaller model bias of ≃1 x 1015 molec/cm2. 
During September 2018, there is extensive biomass burning particularly in the southern half of 
Brazil due to deforestation, as shown by elevated HCHO and tropospheric NO2 columns. This 
exemplifies why HCHO columns provide limited information about isoprene emissions during the 
burning season (21). If we used tropospheric NO2 columns to subtract scenes influenced by 
burning, we would be left with less than half of the spatial distribution provided by CrIS.  
 
Figure S17 shows CrIS and MEGAN/GEOS-Chem isoprene columns over tropical Africa during 
December 2018. Similar to tropical South America, there is substantial burning, as diagnosed by 
elevated tropospheric NO2 columns, but during this month the dominant isoprene hotspot is 
spatially distinct and limited to a small region over Southeast Angola corresponding to the 
Luengue-Luiana National Park. This feature was also noted by (15) and is not present in the 
MEGAN inventory. The Leungue-Luiana National Park includes a range of species, including 
many that are known isoprene emitters (65). 
 
Although we have applied CrIS temporal sampling to GEOS-Chem, we acknowledge that the 
horizontal spatial resolution of CrIS is not consistent with GEOS-Chem.  The true distribution of 
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isoprene and its emissions will be highly variable on spatial scales down to tree size whereas the 
CrIS field of view is ≃10 km and our GEOS-Chem calculation has a length scale of 250 km. These 
differences will contribute to the differences between CrIS and GEOS-Chem but will not explain 
the large-scale differences. 
 
Model Evaluation 
 
We evaluate our model over tropical South America, the main focal point of our study, using 
available data collected over and downwind of the region.  These include data collected off the 
eastern coast during May 2018 by the Atmospheric Tomography Mission (ATom) (19), and 
indirect comparisons with aircraft and ground-based data collected by the Green Ocean Amazon 
(GoAmazon) campaign (66) and the ACRIDICON-CHUVA campaign (67,68) in 2014. Generally, 
we sample the model at the closest time and location of the measurements. 
 
ATom Aircraft Measurements of Organic Aerosol, Isoprene and its Oxidation Products 
 
We evaluate the model using aircraft observations of total organic aerosol (OA), isoprene and two 
isoprene oxidation products, methyl vinyl ketone (MVK) and methacrolein (MACR), from the 
fourth deployment of NASA's Atmospheric Tomography mission (ATom-4) (19), which took 
place over 13 flights between 24 April and 21 May 2018. A range of instrumentation on the DC-8 
aircraft sampled atmospheric composition in a wide circuit across the Pacific and Atlantic Oceans, 
passing closest to South America on 12 May 2018 (Fig. 4). Inspection of the ATom-4 wind data 
(not shown) confirmed that air sampled by the aircraft originated from the Northwest towards 
South America. 
 
Mass concentrations of submicron OA were measured by the Aerodyne High-Resolution Time-
of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) (69,70), reported at standard conditions 
(STP, 273 K and 1013 hPa) with a frequency of 1 Hz and a 2s accuracy of ±38%. We use 60-
second mean OA measurements, which for the flight on 12th May has a mean 1s precision of 0.033 
µg m-3 and a mean detection limit of 0.169 µg m-3. During the flight on 12th May, the diameter size 
of model OA ranges between 250 and 320 nm, which is well covered by the HR-ToF-AMS 
submicron size cut for ATom-4 (71), allowing for direct model-measurement comparison. 
 
Isoprene and two oxidation products, methyl vinyl ketone (MVK) and methacrolein (MACR) were 
measured by the Trace Organic Gas Analyzer (TOGA, (72)). We compare the model with two-
minute mean measurements. The lower limit of detections are 1 pptv for isoprene and MACR, and 
0.5 pptv for MVK. 
 
Figures S18 and S19. We find that all data above 4 km are below the instrument limit of detection, 
but values below 4 km agree well (Figure S18).  Even though IEPOX measurements were not 
available on this flight, the model shows elevated values in the upper troposphere that are greatly 
reduced by the NoISOPpm simulation (Figure S19). 
 
GoAmazon Campaign Measurements 
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We consider the GoAmazon aircraft data, but these measurements are generally limited to altitudes 
below 4 km and therefore less relevant to the core hypothesis described in the main paper, 
associated with convective uplift and free tropospheric chemistry.  We filter out polluted air 
masses, following (73): NOy>1 ppbv, ozone>20 ppbv, and particle number >1200 cm-3. We also 
scale the model values to 35% relative humidity and standard conditions of 296 K and 1013 hPa, 
following (74).  Compared to the data from the wet season (February-March) of 2014, as shown 
in Fig. 2c of (73), the control model underestimates inorganic aerosols by a factor of two, which 
we assume has a roughly proportional effect on the seed aerosol surface area and the proton 
concentration [H+] from charge balance (75). When we address these deficiencies, the model 
approaches the value of the measurements (Fig. S20). 
 
Using ground-based isoprene concentration data collected during GoAmazon (76), we also 
evaluate the model skill at reproducing the diurnal variation of isoprene. We run the model for the 
wet season (February-March) and dry season (September) of 2014 and compare indirectly to Fig. 
2a from (76) that describe measurements collected from the T3 measurement location.  These 
measurements were collected at a height of 10 m above the ground at a location approximately 70 
km downwind of Manaus in a pasture area of 2.5 x 2 km2 where isoprene emissions are expected 
to be low. Figure S21 shows that the model generally describes the observed diurnal variation (76), 
with maximum values around sunset at 2130 UTC (1730 local time) and a local minimum around 
sunrise at 1030 UTC (0630 local time). The model has a positive bias during the wet season 
compared to Fig. 2a from (76).  This bias is likely due to our coarse model resolution of 2o x 2.5 o 
(≃50,000 km2), which will include higher emitting regions into the grid box. The model has a 
stronger than observed isoprene concentration minimum at local midday (Figure S21). We use 
individual fluxes from the GEOS-Chem model to show that this minimum in isoprene 
concentration reflects changes in emissions and atmospheric chemistry (Figure S22d). The timing 
of these changes coincides with an afternoon maximum in cloud fraction, which is larger and more 
defined during the wet season (not shown). In contrast, the increased convective flux in the PBL 
(Figure S22e) plays a comparatively small role in the net isoprene flux (Figure S22a).  Based on 
our analysis of these surface data, we anticipate that errors in daytime emissions and 
photochemistry will play the largest role in describing the daytime CrIS isoprene data. 
 
ACRIDICON-CHUVA Aircraft Campaign Measurements 
 
We evaluate our model with aircraft observations of IEPOX-SOA collected by the German HALO 
aircraft that sampled airmasses in the upper free troposphere. We use model values between 100 
m and 14 km and scale them to standard conditions of 300 K and 995 hPa, following (27). When 
we compared our model to data collected in the dry season (September-October) 2014, as shown 
by Fig. 5c (27) and Fig. 2c of (73), we find similar deficiencies in the model as we describe above 
for our analysis of the GoAmazon data, but the model needs to be scaled by a factor of ten. Once 
these are corrected, the model approaches the measurement uncertainty of a factor of two (Figure 
S23), similar to that achieved by (73).  Similar to our analysis of ATom-4 data, we find a 
substantial drop in model IEPOX when we remove the influence of isoprene that is available after 
sunset (NoISOPpm).  
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Fig. S1.  
Top panel: mean and cross-track spectral fitting residuals (mW/cm/m2/sr) of CrIS retrievals in the 
885–915 wavenumber (cm−1) region, and the corresponding noise equivalent spectral radiance 
(NESR). Bottom panel: optical depths (unitless) of absorbers in the 885–915 wavenumber (cm−1) 
region. Different lines denote isoprene and other absorbers, corresponding to indicative 
atmospheric abundances, in this spectral region. The vertical lines denote the 21 channels used to 
optimally estimate isoprene column abundances.  
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Fig. S2.  

Brightness temperature (K) and IR cross-sections (cm2/molec) as a function of wavenumber (cm−1) 
of four methoxyphenols (2-MP, 3-MP, 4-MP, and 2,6-DMP) at a temperature of 294 K. The 
brightness temperatures are taken from the RFM assuming a surface isoprene concentration of 3 
ppbv and a thermal contrast of 15 K. Red vertical lines denote the strongest absorption feature of 
isoprene. The cross-section data are taken from (39).  
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Fig. S3.  

Brightness temperatures (K) as a function of wavenumber (cm−1) for isoprene, 2- Methoxyphenol 
(C7H8O2), and 2,6-Dimethoxyphenol (C8H10O3). Values are calculated by the RFM assuming a 
surface isoprene concentration of 3 ppbv, vertical profiles of 2-Methoxyphenol and 2,6-
Dimethoxyphenol, as defined in the main text, and a thermal contrast of 15 K. Red vertical lines 
denote the strongest absorption feature of isoprene.  
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Fig. S4.  

Daytime and nighttime temperature profiles (K) and the corresponding weighting functions 
(mW/m2/cm−1/sr/1015 mol cm2) and averaging kernels (mol cm2/mol cm2) for isoprene at 893.8 
cm-1. Tskin denotes skin temperature and DT2 denotes the air-ground temperature contrast.  
Further details about these averaging kernels are found in the text. 
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Fig. S5.  

Model spatial and temporal distribution of lightning and biomass NOX emission (kg m−2 s−1) over 
tropical South America during April 2018. Monthly mean distributions of NOX emissions from a 
lightning, b soil, and c biomass burning. d Temporal distribution of these emission over 6–12oS 
and 65–70oW. Time is expressed in days of coordinated universal time (UTC) from 1st April 2018.  
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Fig. S6.  

Monthly 24-hour model mean distribution of IEPOX-SOA (μg std. m−3) at 8 km during April, July, 
September, and December 2018.  
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Fig. S7.  

GEOS-Chem model altitude-time cross-sections of isoprene and its gas-phase and organic aerosol 
oxidation products over tropical South America (6–12oS and 65–70oW, denoted by the smaller 
rectangle in Fig. 1) during April 2018. Nighttime isoprene values, diagnosed by sun elevation 
angle, are set to zero. a isoprene (ppbv), b IEPOX (ppbv), c production rate of IEPOX (molec cm−3 

s−1), and d IEPOX-SOA (μg m−3 at standard conditions). Time is expressed in days of coordinated 
universal time (UTC) from 1st April 2018. The solid black lines denote the GEOS 3-hourly 
boundary layer height.  
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Fig. S8. 

Monthly 24-hour model mean distribution of IEPOX-SOA (μg std. m−3) at 8 km during April 2018. 
a Control calculation and b a sensitivity calculation in which nighttime isoprene levels are set to 
zero.  
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Fig. S9. 

a ATom-4 aircraft observations of total organic aerosol (μg std. m−3) and corresponding b control 
model and c sensitivity model values. The model is sampled at the time and location of the aircraft 
observations. The control model is as shown in the main paper. The sensitivity calculation 
corresponds to nighttime isoprene levels (diagnosed by the sun elevation angles) set to zero.  
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Fig. S10. 

GEOS-Chem model altitude-time cross-sections of isoprene, OH, isoprene reactivity, cloud mass 
flux, and cloud fraction over tropical South America (6–12oS and 65–70oW, denoted by the smaller 
rectangle in Fig. 1) during April 2018. a isoprene (ppbv), b OH (molec cm−3), c isoprene reactivity 
(s−1), d cloud mass flux (kg m−2 s−1), and e cloud fraction (unitless). Time is expressed in days of 
coordinated universal time (UTC). The solid black lines denote the GEOS 3-hourly boundary layer 
height.  
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Fig. S11.  

GEOS-Chem model altitude-time cross-sections of (a, g) isoprene (ppbv); (b, h) OH (molec cm−3); 
(c, i) NO (ppbv); (d, j) IEPOX (ppbv); (e, k) production of IEPOX-SOA (molec cm−3s−1); and 
convective mass flux (kg m−3s−1) over tropical South America (6–12oS and 65–70oW, denoted by 
the smaller rectangle in Fig. 1) during 9th and 19th April 2018. The solid black lines denote the 
GEOS 3-hourly boundary layer height.  
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Fig. S12.  

GEOS-Chem model altitude-time cross-sections of a cloud fraction and b NO3 (pptv) over tropical 
South America (6–12oS and 65–70oW, denoted by the smaller rectangle in Fig. 1.) during 19th 
April 2018. Time is expressed in hours of coordinated universal time (UTC). The solid black lines 
denote the GEOS 3-hourly boundary layer height.  
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Fig. S13. 

Monthly GEOS-Chem model vertical profiles of organic aerosol over tropical Africa (6–12oN and 
10–15oE, denoted by the rectangle Fig. 1 from main paper). a IEPOX- SOA (μg std m−3) and b 
total OA (μg std m−3) during April, July, 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. S14. 

As Figure S5 but for tropical Africa. d shows temporal distribution of emissions over 10–20oS and 
15–25oE.  
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Fig. S15. 

Monthly isoprene effective columns (1016 molec/cm2) from a the CrIS satellite instrument and b 
the GEOS-Chem model over SE USA, July 2018, and c the corresponding differences (1015 
molec/cm2). d Isoprene emissions from the MEGAN inventory (10−9 kg/m2/s), and TROPOMI 
column observations of e HCHO (1016 molec/cm2) and f tropospheric NO2 (1015 molec/cm2).  
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Fig. S16. 

As Figure S15 but for tropical South America during September 2018.  

 
  

a b c

d e f



 
 

30 
 

 

Fig. S17. 

As Figure S15 but for tropical Africa during December 2018.  
  

a b c

d e f



 
 

31 
 

 

Fig. S18. 

Mean ATom-4 measurements (filled circles) and GEOS-Chem model (solid blue line) vertical 
distributions of a isoprene (pptv), b methyl vinyl ketone (MVK, pptv), and c methacrolein 
(MACR, pptv). Red circles denote measurements that are below the measurement-specific 
instrument lower limit of detection (LLOD). The error bars on the red circles show the magnitude 
of the LLOD and on the black circles represent the 1σ standard deviation. The line between the 
filled circles has no physical meaning.  
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Fig. S19. 

GEOS-Chem model vertical distributions of a isoprene (ppbv), b IEPOX (ppbv), and c IEPOX-
SOA (μg std m−3) sampled along the ATom-4 flight track where IEPOX-SOA measurements were 
collected. The blue solid lines denote our control model run, and the grey solid lines denote model 
runs in which we remove nighttime isoprene (NoISOPpm, see main text for further details).  
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Fig. S20. 

GEOS-Chem model vertical profiles of IEPOX-SOA (μg std m−3) sampled for the GoAmazon 
aircraft campaign (73) described on a linear and b logarithmic abscissa. The blue line denotes our 
control model run, the orange lines denote a sensitivity run in which we double the seed aerosol 
surface area, the green lines denote a sensitivity run in which we double the proton concentration, 
and the red line denotes the cumulative impact of doubling the seed aerosol and proton 
concentration.  
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Fig. S21. 

Mean GEOS-Chem model surface isoprene concentrations (ppbv) for the wet (February–March) 
and dry (September) seasons during 2014 sampled at the T3 measurement location, ≃70 km 
downwind of Manaus, where ground-based measurements were collected during GoAmazon (76).  
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Fig. S22. 

Mean GEOS-Chem a total and b-f contributing fluxes of isoprene (kg s−1) in the planetary 
boundary layer (PBL), corresponding to the isoprene concentrations shown in Figure S21.  
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Fig. S23. 

GEOS-Chem model vertical profiles of IEPOX-SOA (μg std m−3) sampled for the ACRIDICON-
CHUVA aircraft campaign (27,73) described on a linear and b logarithmic abscissa, and a 
comparison of our revised model run with (red line) and without (grey line, noISOPpm) the 
influence of isoprene available after sunset on c linear and d logarithmic abscissa. In panels b and 
c, the blue lines denote our control model run, the orange lines denote a sensitivity run in which 
we increase the seed aerosol surface area by a factor of ten, the green lines denote a sensitivity run 
in which we increase the proton concentration by a factor of ten, and the red line denotes the 
cumulative impact of doubling the seed aerosol and proton concentration.  
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Month  Pearson 

Correlation 
MBE  

1015 molec/cm2 
% MBE Mean CrIS 

Isoprene Column  
1015 molec/cm2 

Mean GEOS-Chem 
Isoprene Column 
1015 molec/cm2 

April 0.45 0.59 37 1.60 1.00 
July 0.59 -0.62 -48 1.30 1.92 
Sept 0.76 -0.49 -32 1.56 2.32 
Dec 0.61 0.48 43 1.10 0.62 

 
Table 1  
Monthly mean statistics for nighttime isoprene columns over tropical South America (5-15oS, 70-
75oW). MBE denotes the mean bias error, CrIS minus GEOS-Chem isoprene columns with scene-
dependent CrIS averaging kernels applied, and the % MBE is expressed relative to the mean CrIS 
isoprene column. The magnitudes of these effective columns depend on the isoprene vertical 
profile representation in the retrieval scheme (section 1). 
 
 
  



 
 

38 
 

 
Month  Pearson 

Correlation 
MBE  

1015 molec/cm2 
% MBE Mean CrIS 

Isoprene Column  
1015 molec/cm2 

Mean GEOS-Chem 
Isoprene Column 
1015 molec/cm2 

April 0.52 0.10 13 0.49 0.42 
July 0.44 0.16 49 0.33 0.17 
Sept -0.19 -0.18 -48 0.37 0.55 
Dec 0.49 -0.13 -173 -0.08 0.06 

 
Table S2  
Same as Table S1 but for tropical Africa (10-20oS, 15-25oE).  
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