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ABSTRACT
Deep convective clouds can transport trace gases from the planetary boundary layer into the upper
troposphere where subsequent chemistry may impact aerosol particle formation and growth. In this
modelling study, we investigate processes that affect isoprene and its oxidation products injected into the
upper troposphere by an isolated deep convective cloud in the Amazon. We run a photochemical box model
with coupled cloud microphysics along hundreds of individual air parcel trajectories sampled from a cloud-
resolving model simulation of a convective event. The box model simulates gas-phase chemical reactions, gas
scavenging by liquid and ice hydrometeors, and turbulent dilution inside a deep convective cloud. The results
illustrate the potential importance of gas uptake to anvil ice in regulating the intensity of the isoprene
oxidation and associated low volatility organic vapour concentrations in the outflow. Isoprene transport and
fate also depends on the abundance of lightning-generated nitrogen oxide radicals (NOx ¼ NOþNO2). If gas
uptake on ice is efficient and lightning activity is low, around 30% of the boundary layer isoprene will
survive to the cloud outflow after approximately one hour of transport, while all the low volatile oxidation
products will be scavenged by the cloud hydrometeors. If lightning NOx is abundant and gas uptake by ice is
inefficient, then all isoprene will be oxidised during transport or in the immediate outflow region, while
several low volatility isoprene oxidation products will have elevated concentrations in the cloud outflow.
Reducing uncertainties associated with the uptake of vapours on ice hydrometeors, especially HO2 and
oxygenated organics, is essential to improve predictions of isoprene and its oxidation products in deep
convective outflows and their potential contribution to new particle formation and growth.

Keywords: Convective transport of isoprene, deep convective cloud trajectories, photochemical box model

1. Introduction

Atmospheric aerosol particles affect the radiative budget
of the Earth by absorbing and scattering solar radiation,
and by affecting the lifetime and optical properties of
clouds. The complex sources and transformations of aero-
sol particles and their convoluted impacts on clouds
result in a significant uncertainty in climate change pre-
dictions (Boucher et al., 2013). A large fraction of aerosol
particles that serve as cloud condensation nuclei (CCN)
are formed from nucleation of precursor gases and subse-
quent growth by condensation of low volatility vapours
(Merikanto et al., 2009). New particle formation (NPF)

and growth are complex processes, involving multiple

precursor gases and requiring specific thermodynamic

conditions. Newly formed aerosol particles, identified by

having sizes in lower tens of nm, have consistently been

observed from aircraft in the upper troposphere in con-

centrations of up to � 104 cm3, exceeding the correspond-

ing concentrations in the planetary boundary layer

(Clarke et al., 1999; Twohy et al., 2002; Krejci et al.,

2003; Weigel et al., 2011; Andreae et al., 2018;

Williamson et al., 2019). These studies strongly suggested

that the main source of such ultra-fine particles in the

upper troposphere is in situ formation rather then their

direct transport from the boundary layer.�Corresponding author. e-mail: roman.bardakov@misu.su.se
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Elevated upper tropospheric concentrations of ulfra-
fine particles are common in the tropics and subtropics,
in particular over the Amazon (see e. g. Clarke et al.,
1999; Krejci et al., 2003; Andreae et al., 2018).
Composition analysis of the aerosols retrieved over the
Amazon has revealed that they predominantly consist of
organic matter associated with compounds naturally pro-
duced and emitted by terrestrial vegetation (Andreae
et al., 2018). Terpenes, including isoprene, monoterpenes,
and sesquiterpenes, have received significant attention as
possible contributors to aerosol formation and growth
(Hoffmann et al., 1997; Claeys et al., 2004; Schobesberger
et al., 2013; McFiggans et al., 2019). These reactive bio-
genic organic gases can be transported from the bound-
ary layer into the upper troposphere by deep convective
clouds, which are abundant in the Amazon region,
thereby forming a potentially globally important natural
supply of CCN. An early modelling study by Ekman
et al. (2008) emphasised the importance of convective
transport of organic species for new particle formation
over this region and suggested that it is necessary to add
organic compounds, such as isoprene (C5H8), into the
deep convective outflow in order to reproduce the
observed concentrations of newly formed aerosols. Later,
e.g. Murphy et al. (2015) and Zhao et al. (2020) showed
that inclusion of organic gases with corresponding chem-
ical processing leads to a significant increase of in-cloud
production of aerosol particles compared to systems
where nucleation is based only on inorganic compounds.
Wagner et al. (2015), during the SENEX and SEAC4RS
campaigns, also observed an enhancement of biogenic
SOA loading in the lower layers of the troposphere after
cloud processing. Monoterpenes are now known to con-
tribute significantly to particle formation and growth in
boreal environment boundary layer (Mohr et al., 2017;
Olenius et al., 2018), and the potential contribution of
their atmospheric oxidation products could be also
favourable at the high altitudes and cold conditions asso-
ciated with regions of tropical deep convective cloud out-
flow (Kirkby et al., 2016).

With global biogenic emissions of � 500 Tg yr–1

(Guenther et al., 2006) and a yield of secondary organic
aerosols (SOA) from isoprene photooxidation of 1-3%
(Kroll et al., 2005, 2006), isoprene oxidation has the
potential to contribute significantly to the aerosol burden;
especially in the Amazon, where high concentrations of
isoprene in the boundary layer were measured both in
situ (e.g. Warneke et al., 2001) as well as recently esti-
mated from satellite observations by Fu et al. (2019).
However, the process of isoprene oxidation is complex;
product distributions and fates remain uncertain, espe-
cially in the context of transport through convective
clouds and the chemistry occurring in the cloud outflow

where oxidation product scavenging by cloud hydrome-
teors is likely important, but poorly quantified. Globally
averaged, the daytime oxidation of isoprene is initiated
mainly via reaction with OH, with small contributions
from ozone (Calvert et al., 2008). At night, oxidation of
isoprene is usually dominated by the nitrate radical
(NO3). The potential for isoprene oxidation to produce
condensable vapours depends upon both chemical and
meteorological conditions. The volatility distribution of
products formed during the radical-driven photo-oxida-
tion is influenced by the concentration of nitrogen oxides
(NOx ¼ NOþNO2) and temperature given its impact on
unimolecular reaction rates of intermediate organic per-
oxy radicals (RO2). Deep convection is often associated
with lightning, which is a major source of nitric oxide
(NO). During the TROCCINOX field campaign in the
Amazon, average concentrations of NOx of 0.2-1.6 ppb
were measured in the anvils of convective storms
(Huntrieser et al., 2007). After extensive lightning events
in the deep convective clouds, however, mixing ratios of
NO in the upper portion of the cloud as well as the out-
flow can easily reach up to 3 ppb (Pollack et al., 2016),
which could significantly alter isoprene oxidation path-
ways compared to the tropospheric background.
Moreover, some products of gas-phase isoprene oxidation
are reactive in acidic aqueous solutions typical of aerosol
particles (Ervens et al., 2011), and can form low-volatility
products which add to aerosol mass as a result.
Laboratory studies have shown strong changes in iso-
prene SOA yields in the presence or absence of NOx and
acidic aqueous aerosol, and with RO2 unimolecular reac-
tions being relatively important (Paulot et al., 2009b;
Surratt et al., 2010; D’Ambro et al., 2017; Wennberg
et al., 2018; Thornton et al., 2020)

Another important process affecting the distribution of
the gases during transport is the efficiency of gas uptake
by ice particles. The process has been studied both theor-
etically (K€archer and Basko, 2004; Mar�ecal et al., 2010)
and experimentally (Abbatt, 1997; Sokolov and Abbatt,
2002; Ullerstam et al., 2005; Abbatt et al., 2008) with the
conclusion that a range of trace gases such as strong
acids, weak acids, and polar organics can be adsorbed to
the liquid-like surface layer of the ice particle. However,
uptake by ice and retention of the dissolved species dur-
ing freezing of droplets still remains uncertain for many
organic gases (Hallquist et al., 2009; Bartels-Rausch
et al., 2014), especially in a context of multiple species
undergoing competitive adsorption. The reaction path-
ways of trace gases and in particular isoprene at low tem-
perature and high NOx, and the fate of the isoprene
oxidation products in the presence of anvil ice, are thus
important to understand if we want to quantify the
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potential of isoprene oxidation to contribute to NPF in
deep convective outflow.

The dynamic nature and vertical extent of deep con-
vection makes in situ observations of associated compos-
ition changes challenging except partially by instrumented
aircraft (Apel et al., 2012; Barth et al., 2015). Moreover,
even though comprehensive mechanisms of isoprene gas-
phase photo-oxidation have been developed, they are
rarely applied to cloud-scale models. Theoretical studies
of convective transport of trace gases are usually done
using numerical models with different level of complexity,
ranging from idealised box models to comprehensive
Cloud Resolving Models (CRMs). In the box models,
many processes such as precipitation removal of gas con-
densed onto droplets and mixing with air outside the box
are neglected and only the some essential processes are
kept. For instance, the box model developed by Barth
et al. (2003, 2016) included detailed chemical processing
of CH3OOH and H2O2 within the cloud but the model
showed elevated concentration of CH3OOH in the cloud
outflow presumably due to a lack of precipitational
removal. Convective transport of trace gases has also
been extensively studied using CRMs, either using inter-
active chemical mechanisms directly embedded in the
models or using dynamical output from the models (e.g.
Wang and Chang, 1993; Grell et al., 2005; Barth et al.,
2007; Ekman et al., 2008; Kim et al., 2012; Murphy
et al., 2015). Interactive CRMs are powerful tools as they
allow a direct connection between the chemical kinetics
and the dynamical and microphysical core of the system.
This means that dilution due to turbulence as well as sol-
uble gas removal by precipitation is explicitly accounted
for. The drawback of this approach is the excessive com-
plexity, which makes it difficult to disentangle all the
processes of the system.

In this study, we use and further develop the trajectory
framework described in Bardakov et al. (2020) to study
the processes governing the impact of deep convective
clouds on isoprene and its oxidation products over the
Amazon during the rainy season. Our approach is to cou-
ple trajectories extracted from a CRM with a box model
that captures all the essential interactions of the gases in
the cloud environment, e.g. mixing with out-of-cloud air
and chemical reactions between multiple gases. In par-
ticular, we investigate the relative roles of gas-phase
chemistry, scavenging by hydrometeors and turbulent
mixing in defining the concentrations of the 33 studied
trace gas species during the ascent and in the cloud out-
flow. To yield further insights into the key sensitivities of
the system, we also assess the roles of including a NO
source from lightning and gas uptake by cloud ice in
defining the evolution of isoprene and OH concentra-
tions. Furthermore, we evaluate the representativeness of

our results by simulating three different convective clouds
and by calculating the fraction of gases transported to
different heights for all three cases. Finally, we discuss
the implications of the results for atmospheric chemistry
and potential aerosol formation inside the cloud and
within the cloud outflow.

2. Method

The large-eddy simulation/CRM code MIMICA (Savre
et al., 2014) was used to simulate isolated deep convective
clouds by solving a set of anelastic, nonhydrostatic, and
thermodynamic governing equations in three dimensions
for the wind components and potential temperature. The
microphysics scheme applied in MIMICA is based on
Grabowski (1998) where two types of hydrometeors are
considered: condensate particles (that follow the flow
within the cloud) and precipitation particles (that are
heavy enough to fall out of the cloud). The two types of
hydrometeors are further divided into liquid (for tempera-
tures of 273.15K and higher) and ice (for temperatures of
253.15K and lower). Between 253.15 and 273.15K, the
phase of the hydrometeors is mixed. Turbulence is para-
meterised following the Smagorinski-Lilly approach
(Lilly, 1962; Smagorinsky, 1963). The trajectories
extracted from MIMICA contain all the necessary infor-
mation to calculate gas condensation/evaporation to/from
cloud hydrometeors as well as reactions of gases with
each other, namely: the number and sizes of the hydro-
meteors, temperature, pressure, and turbulent diffusivity
(that allows to estimate the level of mixing of the parcel
with the out-of-cloud air). All these data are then incor-
porated into a standalone python code simulating the
gas-phase transport, scavenging by hydrometeors, and
associated chemical reactions.

2.1. Cloud Resolving model (CRM) set-up

We used MIMICA to simulate three independent deep
convective cloud cases with slightly different cloud
dynamical and microphysical properties. Atmospheric
soundings selected from the University of Wyoming
sounding data archive (http://weather.uwyo.edu/upperair/
sounding.html) were used to initialise the model. Figure 1
shows diagrams for the used profiles retrieved in Manaus,
Brazil on April 8, 2020, April 23, 2020 and April 27,
2020 at 00 UTC time (20:00 local time). The selection of
soundings was based on the value of convective available
potential energy (CAPE) for all profiles retrieved during
the rainy season in Manaus in April, 2020 at 00 UTC.
The lower limit for CAPE was set to 2000 J kg–1 to guar-
antee strong enough convection for the cloud tops to
reach higher layers of the upper troposphere. The chosen
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dates had CAPE values of 2086, 2401 and 2121 J kg–1,
respectively. Since the thermodynamic properties of the
atmospheric profiles were similar to each other we have
randomly chosen the sounding from April 23, 2020 to
serve as the reference.

We used a grid consisting of 512 points in the two
horizontal directions and 200 points in the vertical direc-
tion. The horizontal domain size was 200 km in both
directions, and the vertical domain extent was 20 km.
This results in a grid spacing between the nearest points
equal to 390.6m in the horizontal direction and 100m in
the vertical direction of the domain. At the left and right
boundaries, we assigned periodic conditions, while at the
top and bottom boundaries a no-flow condition was
used. A damping layer was applied between 15
and 20 km.

Convection was triggered by a ‘bubble’ temperature
perturbation that had the shape of an ellipsoid with a
horizontal radius of 20 km and a maximum temperature
located in its center, varied as a cosine squared towards
the edges. The center of the bubble was located at z ¼ 2
km distance above the surface, x¼ 100 km and
y¼ 100 km. The system was integrated for 7000s
(� 2 hours), allowing enough time for all air parcels to
rise vertically to the maximum possible height and to be
advected within the domain. This also ensures enough
time to make necessary inferences about gas diffusion
and chemical interactions in terms of gas transport to the
upper troposphere. The initial positions of the 400 simu-
lated air parcels were located inside the thermally per-
turbed bubble homogeneously in a plane, with a vertical

coordinate z¼ 1 km. The advection of the air parcels
started at the same time as the overall convection. After
the simulation was completed, all trajectories were div-
ided into 2 km altitude bins based on their end point. The
bin-averaged environmental properties were used for fur-
ther simulations of gas processing within the parcels
(see below).

2.2. Trajectory framework: impact of chemistry and
microphysics on a multicomponent gas mixture

The framework presented in Bardakov et al. (2020),
which we build upon, treated a system consisting of one
non-reactive trace gas and four hydrometeor types. The
advected trace gases can thus exist in five ‘containers’
within an air parcel: liquid precipitation (i¼ 1), ice pre-
cipitation (i¼ 2), condensate water (cloud water) (i¼ 3),
condensate ice (cloud ice) (i¼ 4) as well as in the vapour
phase (i¼ 5). Using tensor notations, the balance equa-
tions for the trace gas phase species can be written in a
short form following (Equations (9)–(13) from Bardakov
et al. (2020)):

dCi

dt
¼

X5
j¼1

aijCj þ di5b (1)

where C is the trace gas concentration with the index
pointing to the corresponding ‘container’ (i ¼ 1::5), the
coefficients aij describe concentration changes occurring
purely due to microphysical interactions between a gas
within the i-th and j-th ‘containers’ (i.e. condensation/

Fig. 1. SkewT-logP and wind diagrams for the atmospheric soundings retrieved in Manaus, Brazil on April 8 (a), 2020, April 23, 2020
(b) and April 27, 2020 (c).
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evaporation, melting/freezing, accretion, auto-conversion,
removal by precipitation and expansion). b describes gas
concentration changes due to mixing with background
air. di5 is a Kronecker delta (accounting for processes
occurring only within the vapour container). Both aij and
b are defined in Table A1 in Appendix A.

In this work, we have modified the model by
Bardakov et al. (2020) to treat the evolution of a multi-
component gas mixture as well as accounting for associ-
ated chemical reactions in the gas-phase. The equation
for change of concentration, C, for a specific gas along
an air parcel trajectory in general form can be written as
follows:

dC
dt

¼ dC
dt

� �
micro

þ dC
dt

� �
mix

þ dC
dt

� �
chem, bimol

þ dC
dt

� �
chem, unimol

þ dC
dt

� �
source

(2)

where the first term in the right hand side describes con-
centration change due to microphysical processes such as
condensation/evaporation to/from cloud hydrometeors,
scavenging by hydrometeors, processes of autoconversion,
accretion as well as expansion of air, etc., the second
term describes concentration change due to mixing with
background air, the third term describes concentration
change due to bimolecular chemical reactions, the forth
term describes concentration change due to unimolecular
chemical reactions and the fifth therm describes concen-
tration change due to a source/sink. For a system of N
reactive trace gases advected in an air parcel, the exact
balance equation based on Equations (1) and (2) can be
written as:

dCli

dt
¼

X5
j¼1

alijClj þ di5bþ di5

�XN
m¼1

XN
n�m
n¼1

rmnlumnCmiCni

�
XN
m¼1

nlmulmCliCmi þ
XN
m¼1

qlmwmCmi�wlCli þ cl

�

(3)

where index l now points to the corresponding trace gas
within the i-th ‘container’ (l ¼ 1::N). The matrix umn

describes the time-dependent rate coefficients for a reac-
tion between the m-th and n-th chemical components.
The tensor rlmn represents the stoichiometric coefficients
of reactions and describes gas sources to the l-th com-
pound from the reactions between m-th and and n-th
compounds. The matrix nlm represents the stoichiometric
coefficients for the sinks of the l-th component due to
reaction with the m-th component. qlm describes the stoi-
chiometric coefficients for sources of the l-th compound
from photolysis of the m-th component. wm are the rate
coefficients for photolysis of the m-th compound. rlmn,

nlm and qlm consist of zeros or corresponding stoichiomet-
ric coefficients and identify necessary reactions in the cor-
responding equations. cl is a possible source of the l-th
trace gas from other processes (e.g. NO from lightning).
The physical meaning of the different terms in Equation
(3) is summarised in Table S1. The model does not
account for aqueous-phase chemistry, which also can
impact the redistribution of trace gases and production of
new particles. The impact of this assumption is discussed
in Sect. 3.3.

2.3. Configuration of the modelled system: the
compounds, their properties, reactions and initial
concentrations

The modelled system included 33 chemical compounds
relevant for isoprene photo-oxidation (see Table 1). These
compounds can interact with hydrometeors and react
with each other in the gas phase according to Equation
(3) while at the same time being transported aloft in an
air parcel. Water vapour was not treated as a separate
gas and its concentration was supplied from the CRM.
All the reactions were assigned a temperature-dependent
reaction rate where it was available (all the included
effective reactions and corresponding reaction rates are
given in Tables B1 and B2). The simplified isoprene oxi-
dation mechanism presented here used a subset of reac-
tions and rate constants from the Master Chemical
Mechanism, MCM v3.2 (Jenkin et al., 2015), available
via the website: http://mcm.leeds.ac.uk/MCM and add-
itional reactions to describe certain RO2 reactions
described in Thornton et al. (2020). In order to maintain
computational efficiency, the chemical mechanism was
significantly reduced, but the general characteristics in
terms of OH, HO2, NO, and distribution of oxidation
products were similar to that predicted by a more com-
prehensive mechanism described by Thornton et al.
(2020) for the same conditions. Photolysis was done in a
simplistic way using approximate photolysis frequencies
(known as j-values) (in s–1) derived from the Troposphere
Ultraviolet and Visible (TUV) v. 5.3 radiation code
(Madronich and Flocke, 1999). The j-values were calcu-
lated assuming a solar zenith angle of 0 deg, overhead
ozone column of 300 DU, an altitude of 12 km and clear
sky conditions. Based on the studies by Ruggaber et al.
(1994) who indicated a decrease of photolysis frequencies
by several times with increased liquid water content, the
photolysis rates in our framework were assumed to be
reduced by 60% when the amount of hydrometeors in the
parcel reached its maximum of 5�7 g kg–3 for the consid-
ered cloud cases. The j-values in our model, however, do
not account for in-cloud multiple scattering, which
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Table 1. Molecular properties for the system compounds used in the simulations.

ID Compound DH, kJ
mol

P h
eff , Pa Mg,

g
mol

0 O3 (ozone) 23.2 0:5� 109 48
1 NO (nitric oxide) 13.2 0:2� 1010 30
2 NO2 (nitrogen dioxide) 19.9 0:5� 109 46
3 NO3 (nitrate) 15.8 1:4� 108 62
4 OH (hydroxyl radical) 35.6 0:1� 106 17
5 HO2 (hydroperoxy radical) 48.9 0:8� 104 33
6 H2O2 (hydrogen peroxide) 48.5 0:6� 102 34
7 CO (carbon monoxide) 10.7 0:5� 1010 28
8 CH4 (methane) 15.7 0:4� 1010 16
9 RO2 (organic peroxy radicals) 30.7 0:3� 106 47
10 ROOH (organic hydroperoxide) 43.1 0:2� 105 48
11 CH3OOH (methyl hydroperoxide) 43.1 0:2� 105 48
12 HCHO (formaldehyde) 56.4 0:1� 104 30
13 HNO3 (nitric acid) 72.2 0:6� 102 63
14 HO2NO2 (pernitric acid) 69.8 1:4� 105 79
15 C5H8 (isoprene) 36.5 0:4� 109 68
16 ISOP1O2 (isoprene peroxy radical) 52.1 6:1� 104 117
17 ISOPOOH (first-generation isoprene hydroxy hydroperoxide) 84.5 0:5� 100 118
18 ISOP1Nit (isoprene hydroxy nitrate) 79.8 1:0� 103 147
19 C4CBYL (methyl vinyl ketone (MVK) or methacrolein (MACR) and related analogues) 35.6 3:9� 105 70
20 ISOP1OH (isoprene diol) 61.8 5:5� 102 102
21 IEPOX (isoprene epoxy diol) 89.2 0:7� 100 118
22 ISOP2O2 (second-generation isoprene peroxy radical) 110.5 1:5� 10�3 135
23 DHHPEPOX (isoprene di-hydroxy hydroperoxy epoxide) 118.6 2:4� 10�4 135
24 ISOPDHDHP (di-hydroxy di-hydroperoxides) 142.9 1:5� 10�7 135
25 ISOPDHHPNit (di-hydroxy hydroperoxy nitrates) 138.1 2:0� 10�5 197
26 ISOPTHHP (isoprene tri-hydroxy hydroperoxide) 131.3 1:6� 10�6 135
27 ISOP1NitO2 (isoprene nitrate peroxy radical) 105.7 0:2� 100 196
28 ISOPDiNit (isoprene di-nitrates) 133.3 4:7� 10�3 226
29 C4CBYLNit (nitrates of MVK, MACR and related analogues) 82.6 1:2� 102 149
30 ISOPTHNit (isoprene tri-hydroxy nitrate) 126.5 1:9� 10�4 181
31 C4CBYLO2 (peroxy radicals from MVK, MACR, and related analogues) 29.0 1:2� 106 101
32 PAN (peroxyacetic nitric anhydride) 39.4 3:4� 105 121

Table 2. Different settings for the simulations.

Simulation ID [Isoprene], ppb Aim

REF (0) 3 Base simulation to investigate the system
evolution for different parcels
and clouds.

NULL_CHEM (7) 3 To quantify the impact of neglecting all
the chemical interactions on the system.

NULL_ISOP (8) 0 To understand how OH evolves in the
absence of isoprene.

LIGHTNING (12) 3 To investigate how adding NO source of
0.0016 ppb s–1 from lightning (at 8-
12 km) influences the system evolution.

LIGHTNINGþNULL_COND_ICE (14) 3 To investigate how adding NO source of
0.0016 ppb s–1 from lightning (at 8-
12 km) along with shutting off the
condensation on ice influences the
system evolution.
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influences them in the lower and upper levels of the cloud
(Madronich and Flocke, 1999; Brasseur et al., 2002).

The enthalpy of vaporisation, DH, and the effective
saturation vapour pressure, Ph

eff , which is a product of
the saturation vapour pressure at 298K and the activity
coefficient (see Bardakov et al., 2020, for details) for
compounds 0-15 in Table 1 were estimated using the
Henry’s law function from Sander (2015). DH and Ph

eff

for the isoprene oxidation products (16-32 in Table 1)
were estimated using the UManSysProp (Topping et al.,
2016) calculator and the AIOMFAC (https://aiomfac.lab.
mcgill.ca, Zuend et al., 2008, 2011; Zuend and Seinfeld,
2012) model for the activity coefficient. Figure 2 shows a
diagram depicting the volatilities of the considered com-
pounds. In general, the more volatile and less soluble spe-
cies tend to stay in the vapour phase whereas less volatile
and more soluble gases are more readily taken up by
hydrometeors. In the absence of aqueous-phase chemical
reactions, Bardakov et al. (2020) concluded that gases
can be divided into three volatility bins depending on
their DH and pheff : We have categorised the species into
three volatility groups: twelve of the studied species
belong to the high volatility (HV) group, eleven to the
low volatility (LV) group, and the remaining nine species
to the intermediate volatilities (IV) group in between
these two extremes (see Fig. 2). Condensation to both
liquid and ice hydrometeors is an important factor con-
trolling the concentrations of the chemical species, which
may close certain chemical transformation pathways
expected in a cloud-free environment. For simplicity and
as a default, the interaction of the chemical species with
ice were assumed to be the same as for liquid water. This

is obviously a crude assumption (since in reality low vola-
tile species are taken up by ice with different efficiencies),
and its effect on the modelled results was also accessed
and discussed in Sect. 3.3.

Some trace gases have retention coefficients less than
1, which can impact the gas redistribution within the
cloud (Jost et al., 2017; Ge et al., 2018; Bela et al., 2018).
Nevertheless, we do a rough assumption that all species
are completely retained upon droplet freezing since the
majority of the modelled species still lack any experimen-
tally derived retention efficiency values and assessing the
influence of a hypothetical retention is out of the scope
of this study.

To obtain representative boundary layer concentrations
for the Amazon prior to the convective event, we
included a spin-up period (of � 22 hours) before the
simulation during which all the species (except for O3,
NO, CO, CH4 and isoprene) were allowed to evolve with-
out any interaction with hydrometeors until a stationary
state was reached. Initial concentrations for the spin-up
were based on available observational data (see Table S2
in the SI) and corresponded to background concentra-
tions at 1 km height. The vertical background profiles in
this study are idealised, but derived based on available
observational data from multiple campaigns (Table S2
for references and Fig. S1 in the SI for all the profiles
used). Resulting concentrations after the spin-up were
then used as initial values in the parcel model. The exact
conditions of the boundary layer chemistry and compos-
ition were, however, not considered particularly import-
ant as our main aim is to evaluate, in a relative sense,
changes due to transport through a convective event.

NO affects the instantaneous OH concentration, and
thus the isoprene oxidation rate, as well as the fate of the
isoprene peroxy radicals. At NO concentrations much
higher relative to HO2, the isoprene peroxy radical will
react predominantly with NO to produce an alkoxy rad-
ical and an alkyl nitrate (RONO2) with an �85 and 15%
yield, respectively (Paulot et al., 2009a). The alkoxy rad-
ical generally loses a carbon atom to produce C4 alde-
hydes and ketones such as methacrolein (MACR) and
methylvinylketone (MVK). At low NO, isoprene peroxy
radicals are thought to react mostly with HO2 (due to its
abundance in the atmosphere) yielding a C5 hydroxy
hydroperoxide, ISOPOOH, which is further oxidised
by reaction with OH to form mostly an epoxy diol,
IEPOX (Paulot et al., 2009b), as well as second-gener-
ation di-hydroxy hydroperoxy isoprene peroxy radical.
Understanding the branching between all these
isoprene oxidation products is likely necessary to predict
new particle formation and growth as the resulting vola-
tility distributions will differ depending on the predomin-
ant pathways.

Fig. 2. Volatility diagram for the compounds in the
modelled system.
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We considered five simulations reflecting different
plausible scenarios in the tropical atmosphere (see Table
2). The reference simulation (REF) was used to study the
sensitivity of gas transport to the different cloud cases
and different parcels within the same cloud. REF was
also used as the base for all other configurations. The
simulation NULL_CHEM was used to study gas trans-
port without chemical reactions to quantify how the reac-
tions influence the fraction of isoprene transported into
the cloud outflow. The LIGHTNING simulation
included a constant source of NO of 0.0016 ppb s–1 that
was added to the parcel between 8 and 12 km altitude to
evaluate the impact of an NO source from lightning on
the system evolution. This rate allows NO concentration
reach levels similar to those observed in cloud anvils (see

e.g. Huntrieser et al., 2007; Pollack et al., 2016) and used
in analogous modelling studies (see e.g. Cuchiara
et al., 2020).

LIGHTNINGþNULL_COND_ICE was the same as
LIGHTNING except that the condensation and evapor-
ation of the gases to/from ice particles was completely
neglected. This simulation allowed us to estimate the
impact of the uncertain process of vapour condensation (or
reactive uptake) on ice for the system enhanced by a light-
ning NO. The simulation NULL_ISOP was used to study
gas transport without isoprene to see how OH is influenced
in the cloud parcel by isoprene transport, as isoprene can
deplete OH due to its high concentrations in the boundary
layer over the Amazon and high reactivity towards OH.

3. Results

Figure 3a shows all the 400 simulated deep convective
cloud parcel trajectories and the bin-averaged parcels for
the reference case, i.e. April 23, 2020. Most buoyant par-
cels reach altitudes up to 16 km, but air parcels mainly
end up within the 12-14 km altitude bin (cf. Figure 3b).
Parcel A is representative for the predominant transport
pathway to high altitude cloud outflow and we investi-
gated this parcel in more detail. Figures 3c, d show the
microphysical properties of parcel A (solid lines) together
with its altitude as a function of time (red line). Water
vapour concentrations decline quickly as hydrometeors
appear in the system, and reach background values after
t� 4500 s. The hydrometeors consist primarily of liquid
water up to an altitude of about 6 km and then transition
into ice upon further ascent. After t� 4500 s, the mass of
hydrometeors quickly declines in the system primarily
due to precipitation. The height reached by parcel A at
the end of the simulation is � 12.6 km. Figure 3e shows
the reversed timescale of gas mixing with the out-of-par-
cel air as a function of time (we use the reversed timescale
since the timescale turns to infinity in some points, e.g.
before t� 1500 s). Most of the mixing occurs during
transport between approximately 6 and 12 km with a
maximum timescale of � 0:0025 s–1 when the parcel
approaches the immediate cloud outflow. Once the parcel
reaches the immediate outflow, and the cloud starts dissi-
pating, the mixing decreases. For an insoluble non-react-
ing trace gas transported in clean air, this mixing leads to
a dilution rate of � 5 % km–1, which is in a reasonably
good agreement with previous studies (see e.g. Fried
et al., 2016; Barth et al., 2016; Cuchiara et al., 2020),
where a corresponding rate of � 4�10 % was typic-
ally reported.

Fig. 3. Trajectories of the 400 simulated deep convective cloud
air parcels for the April 23, 2020 case (grey), parcels averaged by
height bins (black), parcel A used for further analysis (red) (a),
distribution of parcels according to their final altitude (b), the
altitude of parcel A (red line) and the corresponding water
vapour concentration (green line) (c), the total water mass of the
different types of hydrometeors (d), and the reversed timescale of
mixing (e).
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3.1. Sensitivity of predicted concentrations to
chemical processes, scavenging by hydrometeors and
turbulent mixing

Figure 4 shows the concentrations of 21 selected modelled
species (see Table 1) as a function of time along the tra-
jectory A for the REF and NULL_CHEM simulations
(Table 2). A comparison between the reference system
evolution (REF) and the one where chemical reactions
were neglected (NULL_CHEM) allows us to quantify the
influence of the chemical reactions during transport
through the convective system.

For some of the highly volatile gases, chemical reac-
tions during vertical transport play a minor role in the
evolution of the gas concentrations. Instead, mixing with

out-of-cloud air is the defining factor. A clear example is
O3 - the concentration steadily increases during the
propagation of the parcel upwards due to mixing with
the increasing background air O3 concentration. CH4 is
also primarily affected by mixing. Its background concen-
tration is high in the boundary layer, but also high in the
upper layers of the troposphere (see Fig. S1 in SI), so
that when the parcel propagates upwards encountering
turbulence there is no strong dilution of CH4 along the
trajectory. The concentration towards the end of the
simulation for parcel A decreases by � 15 % but can
range between 5-15% for other outflow parcels (see Fig.
S2-S35 in SI for the range of concentration values
reached by different parcels in the outflow in the REF
case). For CH4, there is no clear difference between REF

Fig. 4. Evolution of gas phase concentrations of the 21 selected compounds (see Table 1) along the trajectory A (see Fig. 3) for the
REF and NULL_CHEM simulations given in Table 2. The concentrations in ppb are normalised to the corresponding initial values
also in ppb. The compound notations are followed by the corresponding volatility acronym in parentheses. Corresponding figures for all
the 33 modelled species are provided in SI.
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and NULL_CHEM indicating that chemistry has a negli-
gible impact in CH4 concentrations, which is also
expected given its relatively long chemical lifetime com-
pared to the timescale of convective transport.

The radical species, on the other hand, experience a
greater impact from gas-phase chemical reactions. NO
and NO2 are almost completely eliminated from the sys-
tem during parcel advection. The concentration of NO at
the end of the simulation in parcel A is � 10 % of its ini-
tial value primarily due to chemical reactions with O3,
HO2, RO2, ISOP1O2, ISOP1NitO2 and C4CBYLO2. The
concentration of NO shows a slight increase after
t¼ 3000s (around the altitude of 8 km) due to dampened
reactions with low-volatility species that disappear from
the gas-phase by condensation onto hydrometeors, and
due to mixing with the upper tropospheric background
NO. The NO concentration at the end of simulation can
decline by � 5�100 % (cf. Fig. S3 in SI) in other parcels
that reach the outflow, showing its strong dependence on
the thermodynamic properties of the particular parcel.
The NO2 concentration in the parcel is reduced by almost
100% for parcel A but also for other outflow parcels at
the end of the simulation, of which � 40 % is attributed
to mixing processes and the rest to chemical reactions.
The simulation that includes a NO source during the
ascent from lightning is discussed in Sect. 3.1.1.

OH plays a crucial role for the evolution of isoprene
and the subsequent production of lower-volatility species
that could potentially contribute to NPF. A comparison
between the REF and the NULL_CHEM simulations
shows that chemistry is an important contributor to the
OH concentration change. For better clarity, Figure 5
shows the concentration of OH (in molecules cm–3) and
the concentration of water vapour (or H2O) along the

trajectory A as a function of time for all the simulations.
Production of OH through ozone photolysis occurs in the
presence of water vapour and is generally proportional to
the concentrations of these two species (Warneck, 1975).
Since the level of O3 is sufficiently high along the whole
trajectory, the OH production is primarily limited by the
level of water vapour in the parcel, especially in the out-
flow. In the REF simulation, the OH concentration
declines more than one order of magnitude from its ini-
tial value of 0:2� 106 molecules cm–3 as the parcel is
advected from the cloud inflow to the region of outflow
(i.e. t� 4000 s and � 10 km altitude). Further within the
outflow region (at t> 4000s), OH continues to decline
due to reaction with the remaining isoprene and its oxida-
tion products and is around 0:5� 105 molecules cm–3 for
parcel A (or in range 0:4�0:9� 105 molecules cm–3 for
the parcels reaching outflow) by the end of
the simulation.

Reactions with OH significantly reduce the isoprene
concentration, but dilution through entrainment of back-
ground air accounts for the majority of the decrease in
the isoprene mixing ratio. In REF, isoprene declines by
� 70 % for parcel A, initially due to rapid oxidation by
OH and subsequently (after t� 2000 s and an altitude of
about 5 km) also due to mixing with the background air.
The impact of mixing accounts for � 50 % of the decrease
of isoprene during the parcel ascent. The rest of the
decline in isoprene (� 20 %) is due to reaction with OH.
We note here that there are strong feedbacks between iso-
prene and OH that depend upon the presence of NO and
the uptake efficiency of HO2 to ice. In other parcels
reaching the cloud outflow, isoprene concentrations
decline by � 50�85 % (cf. Fig. S17 in SI). The extent and
rate of isoprene oxidation in the outflow depends on the
isoprene concentration reaching the outflow and thus the
boundary layer concentration through its titration of OH.
Recycling of OH by reactions of RO2 and HO2 with NO
is crucial for the isoprene chemical lifetime in the out-
flow. RO2 in NULL_CHEM only decreases due to mix-
ing with the out-of-cloud air. The gas stays undiluted
until around 2000s. Mixing starts from � 1500 s (see Fig.
3e) which corresponds to a height of 2 km. At this alti-
tude the background for RO2 is still high (see vertical
profiles in SI) and effectively does not dilute RO2 and
does not lead to a noticeable mixing. It becomes stronger
when the air parcel is mixed with the clean background
at altitudes of > 4 km which corresponds to � 2000 s.

The isoprene oxidation products have different volatil-
ities (see Fig. 2) which defines whether they will be taken
up by the hydrometeors or stay in the gas-phase in the
absence of a chemical sink (see Bardakov et al., 2020).
ISOP1O2, C4CBYLO2 and PAN have elevated concentra-
tions because of their high volatility and due to the

Fig. 5. Evolution of OH along the trajectory A (see 3) for the
REF (blue solid line), LIGHTNING (black dashed line),
LIGHTNINGþNULL_COND_ICE (black dotted line),
NULL_ISOP (red dotted line) simulations as well as
concentration of water vapour (or H2O, green solid line) as a
function of time. Grey shaded area shows lightning period.
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influence of cloud chemistry. The net production of
ISOP1O2 and C4CBYLO2 is high after � 2000 s, result-
ing in elevated concentrations in the immediate out-
flow compared to the cloud inflow. However, the
concentrations of these species then rapidly decrease
after t� 3000 s (altitudes higher than about 10 km)
when isoprene oxidation is dampened due to decreas-
ing OH production. Compounds such as HO2,
ISOP2O2, ISOP1NitO2, HNO3, HCHO, ISOP1Nit,
ISOPOOH, ROOH, IEPOX, DHHPEPOX,
C4CBYLNit and ISOPDiNit have sufficiently low vol-
atilities to be almost entirely lost by condensation onto
hydrometeors both inside the core of the cloud and in
the immediate outflow. Only a small fraction of these
species are predicted to stay in the vapour phase after
the convective event.

3.1.1. Examining the impact of an NO source from
lightning and the role of condensation onto ice. The evolu-
tion of isoprene and its oxidation products is significantly
affected by a source of NO within the upper portion of the
deep convective cloud, which was added to mimic the
effects of lightning. Figure 6 shows concentrations of 21
selected compounds (see Table 1) as a function of time
along the trajectory A (see Fig. 3) for the simulations REF,
LIGHTNING and LIGHTNINGþNULL_COND_ICE.
For the LIGHTNING case, the NO concentration reaches
� 2:5 ppb at 12 km. This value is in line with the range of
values that are typically observed within storm anvils (see
e.g. Huntrieser et al., 2007; Pollack et al., 2016) and leads
to a number of impacts on other gases. The concentration
of NO2 also increases to a maximum of 0.5 ppb which
occurs simultaneously with the maximum in NO. The OH

Fig. 6. Evolution of gas phase concentrations of the 21 studied compounds (see Table 1) along the trajectory A (see Fig. 3) for the
simulations REF (blue line), LIGHTNING (dashed black line) and LIGHTNINGþNULL_COND_ICE (dotted black line), see Table
2. The grey shaded area denotes period of simulated lightning. The concentrations in ppb are normalised to the corresponding initial
values also in ppb. The compound notations are followed by the corresponding volatility acronym in parentheses. Figures for all the 33
modelled species as well as a figure which compares the REF and LIGHTNING cases are provided in SI.
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concentration is 50% higher within the region where light-
ning NO is added but then returns back to the initial value
of � 5� 105 molecules cm–3 at the end of the simulation
(see Fig. 5). HO2 increases by a factor of 3, from 0.005 to
0.015 ppb, and then decreases again, mostly as a result of
the high abundance of NO. The simulated lightning NOx

leads to changes of less than 10% in O3, CH4, ROOH,
HCHO and HNO3 over the simulated time period.
However, as expected, there is a sharp decline in RO2 and
related species such as ISOP1O2 and C4CBYLO2 due to
the enhanced rate of reaction between organic peroxy radi-
cals and NO. Isoprene declines more rapidly with lightning
NOx present in the outflow due to the somewhat higher
concentrations of OH (amounting to 0.5 ppb at the end of
LIGHTNING compared to 0.9 ppb that of REF).
Lightning NOx has a negligible influence on most of the
isoprene oxidation products, including ISOP2O2,
ISOP1NitO2, ISOP1Nit, ISOPOOH, IEPOX,
DHHPEPOX, C4CBYLNit and ISOPDiNit (for clarity see
Fig. S35 in SI where only the REF and LIGHTNING sim-
ulations are compared). The rate of production of many of
these species, such as ISOP1Nit, does change substantially,
but the production is cancelled by efficient scavenging by
the anvil ice. These effects are further evaluated in the
LIGHTNINGþNULL_COND_ICE simulation.

Neglecting gas condensation onto ice for the system
with lightning NOx does not change the concentrations of
O3 and CH4 appreciably over the simulation period, in

part because of their initial abundance and high volatility,
which prevents condensation to ice in the other simula-
tions. In contrast, ROOH and HCHO survive transport
and are not completely removed as in the REF and
LIGHTNING simulations. The concentration of NO
after transport through the region with a simulated light-
ning source (gray shading in Fig. 6) is lower than for the
LIGHTNING case. The lower NO is due to higher reac-
tion rates of NO with HO2, which is no longer scavenged
by the ice phase. The enhanced reaction of NO with HO2

leads to increased NO2 and HNO3. The concentration of
HNO3 increases about four times compared to the initial
concentration at the end of the simulation due to a higher
production rate and lower scavenging to ice. Uptake of
HNO3 to ice under cirrus conditions has been well docu-
mented and follows a Langmuir-Hinshelwood mechanism
(Abbatt, 1997; Ullerstam et al., 2005). Thus, completely
suppressing its condensation to ice is likely not accurate.
Nevertheless, neglecting HNO3 uptake to ice does not
affect the oxidation of isoprene substantially, which is of
interest here. In contrast, neglecting HO2 uptake to ice
for the system with lightning leads to significantly ele-
vated OH concentrations of up to 3� 107 molecules cm–3

(see Fig. 5). HO2 production is somewhat enhanced in
LIGHTNINGþNULL_COND_ICE due to reactions of
NO with isoprene-derived peroxy radicals. These are
more abundant because they do not condense onto ice
and because higher OH leads to faster oxidation of

Fig. 7. Trajectories from three different simulated deep convective cloud events (a, b and c). All parcels were divided into bins as a
function of their arrival altitude and their properties were thereafter averaged (filled circles in a, b and c). Histogram of the final
altitudes of the parcels (d) and chemical concentrations (e) in the out-of-cloud background (dashed line) and in the binned parcels after
2 h of simulation for three deep convective cloud cases (colored lines). Simulation settings are according to REF (see Table 2).
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isoprene. When gas uptake by ice is suppressed, isoprene
is eliminated completely within 2 hours of simulation due
to the high OH. Products of isoprene oxidation, especially
ISOP2O2, ISOP1NitO2, ISOP1Nit, C4CBYLNit, and
ISOPDiNit are strongly enhanced after the beginning of
the lightning period compared to the other simulations.
Of particular interest are the clear enhancements in multi-
functional products, such as di-hydroxy di-nitrates of iso-
prene (ISOPDiNit), which at outflow temperatures have
saturation vapour pressures and enthalpy of vaporisation
that place them well into the extremely low volatility
(ELVOC) range. Their concentrations are enhanced by a
factor of >104 in LIGHTNINGþNULL_COND_ICE
compared to the simulations that include their condensa-
tion to anvil ice. All other compounds are relatively
unaffected as compared to the LIGHTNING simulation.
The evolution of the concentrations on a logarithmic scale
as well as with concentrations in ppb are found in Fig. S2
- S34 in the SI.

3.2. Sensitivity to the parcel height and simulated
cloud case

We calculated gas concentrations at different parcel alti-
tudes and for three different simulated deep convective
clouds. Figure 7a, b and c shows the trajectories of the
400 air parcels for the three cases together with the bin-
averaged parcels for the corresponding REF simulation
(Table 2). The three clouds were initiated in a very
unstable environment and all cloud tops reach up to
16 km height (see Sect. 2.1). More than half of the simu-
lated parcels sink downwards while the buoyant parcels
mainly end up within the 12-14 km outflow height bin
(see Fig. 7d). The maximum updraft velocity within the
parcels reaches up to 53, 43 and 40m s–1 for the April 8,
23 and 27 cases, respectively. The maximum precipitation
content in the parcels within the outflow bin ranges from
48 to 68 g m–3 and the condensate content from 0.9 to
11 g m–3. Based on this comparison we conclude that the
three cloud cases are similar in terms of their dynamical
and microphysical properties, supporting the choice of
the April 23 case as a representative example. Moreover,
convective systems with similar dynamical properties can
often be observed over tropical and subtropical regions
(see e.g. Teitelbaum and D’Andrea, 2015; DiGangi
et al., 2016).

In general, the vertical profiles of most chemical spe-
cies are similar for the three convective events. Figure 7e
shows concentrations of 8 selected compounds inside the
bin-averaged air parcels after 2 hours of deep convective
cloud simulation (the filled circles) for the three REF sim-
ulations. The concentration differences for the selected
chemical species are less than 20%; the only exception is

the NO3 concentration in the lowest altitude bin. The
high concentration in one of the cases (April 23) is
explained by a smaller condensation sink for this case
which led to a much higher concentration of HNO3. All
other compounds show either very low concentrations or
similar concentrations for all cloud cases (concentrations
for all compounds are shown in Fig. S36 in SI). We
therefore conclude that it is sufficient to use output from
one simulation to assess tracer transport for a typical
deep convective cloud event over the Amazon.

3.3. Discussion

Our results elucidate the impact of convective clouds on
isoprene-driven gas-phase chemistry and potential to
form precursors for aerosol formation in the tropical
upper troposphere. The transport of isoprene, its oxida-
tion products, and the corresponding effects on atmos-
pheric oxidant profiles within the cloud are highly
dynamic. The fraction of isoprene that makes it to the
cloud outflow is mainly influenced by turbulent mixing
which dilutes the convective core and outflow. Chemistry
and related chemical sinks depending on radical oxidant
concentrations is next in importance. Isoprene itself is an
important sink for OH during vertical transport. The
decrease of OH related to the reaction with isoprene was
also highlighted in studies by Martinez et al. (2010) and
Taraborrelli et al. (2012). This process makes the isoprene
lifetime in convective outflow sensitive to NO and the
fate of HO2. Assumptions about NO levels and HO2

scavenging to ice hydrometeors result in an up to two-
orders-of-magnitude range in the predicted OH levels in
the cloud outflow (typical OH concentrations are
reported to be �106 molecules cm–3 in the ambient
atmosphere, Brune et al., 2018). The strength of NO pro-
duction from lightning and efficiency of gas condensation
to ice allows for at least two distinct scenarios of the pre-
cursor transport leading to different possibilities for NPF.

In the first scenario, when the system evolves without
lightning activity and where there is efficient gas uptake
by ice (REF simulation), our results indicated that trans-
port of low volatility isoprene oxidation products (which
could contribute to NPF or growth) is inefficient mainly
due to scavenging by water and ice hydrometeors. For a
typical outflow air parcel (parcel A in Fig. 3), isoprene
mixing ratios decreased by � 70 % compared to the
inflow due to chemistry and turbulent mixing with the
background air. The range of decrease in the whole set of
air parcels that reached the outflow varied between
� 50�85 %, depending on the variability in the thermo-
dynamic properties of the air parcels. The suppressed OH
in the outflow set the chemical lifetime of the remaining
isoprene to approximately a day. In the discussion
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following next, we will neglect many other processes that
may influence NPF besides isoprene and its oxidation
products. For the REF case (where gas condensation to
ice is considered efficient and lighting NOx neglected),
our results imply that NPF from isoprene oxidation prod-
ucts within the aged outflow is possible, but likely very
slow. In a variation of the first scenario, when NOx from
lightning was introduced to the system but the uptake on
ice was still efficient (LIGHTNING simulation), the iso-
prene oxidation was more intense due to enhanced OH
concentrations. However, the low volatility products
quickly condensed onto ice and were ultimately removed
by precipitation. This scenario was thus similar to REF
in terms of NPF potential within the cloud outflow. For
both REF and LIGHTNING, condensation to ice can
still be a source of organic aerosols to the upper tropo-
sphere - if the ice sublimates and as long as the tempera-
tures are low enough to keep the vapour pressures of the
organic compounds low so that they stay in the residual
particle and thus contribute to particle growth. In the
third scenario, where large amounts of NO from lightning
were added to the system and where gas uptake on ice
was inefficient (LIGHTNINGþNULL_COND_ICE
simulation), there were remarkably high concentrations of
several low volatile organic gases in the immediate cloud
outflow. This should lead to an enhanced probability of
NPF (lightning-enhanced SOA production was also
pointed out by Schulz et al., 2018, based on aircraft
measurements)), but the exact NPF-potential of these low
volatility species would depend on the nucleation mech-
anism and whether other relevant species are present in
the system.

We use a relatively simple representation of trace gas
uptake to ice in this study which includes only two
extreme approximations: efficient (treated as for water
droplet) or inefficient (simply neglected) gas uptake.
Support for using both of these approximations is found
in the literature for different gases, e.g. efficient conden-
sation of HNO3 onto ice (Abbatt, 1997; Ullerstam et al.,
2005) for the former approximation and small HO2

uptake on ice (Brune et al., 2018) for the latter. This
means that there is a strong need for identifying more
precise atmospheric trace gas properties and a better
understanding of the process of gas interaction with cloud
ice, especially the interactions of low volatility organics
with ice. In this study we employed a simplified isoprene
oxidation mechanism for the simulations as compared to
the MCM chemical mechanism due to computational lim-
itations. This simplification could increase the uncertainty
for the concentrations of some species (in particular OH)
in the system.

Although relevant observational data in the UT
Amazon region are scarce, some rough comparisons can

be made with current existing data sets to evaluate our
results. Apel et al. (2012) reported an isoprene concentra-
tion of 400-1000 pptv and 200-600 pptv in the boundary
layer and in the cloud outflow regions (9� 12 km),
respectively, over Canadian boreal forest environment.
This indicates a possible loss of the order of � 40 % dur-
ing convective transport. This value is lower, but in the
same order of magnitude, as the value of � 70 % reported
here for the average outflow parcel in REF. The discrep-
ancy could be explained by the very different conditions
for our simulated case and the observed events described
by Apel et al. (2012), including the different location,
environment, type of convection and thermodynamic con-
ditions. We should also highlight that the results in our
study reflect the behaviour of a typical outflow parcel,
where the isoprene concentration declined to 0.9 ppb (for
all parcels reaching outflow, the range was 0:5�1:5 ppb).

Our results can also be compared with the work by
Murphy et al. (2015) who simulated very efficient homo-
geneous nucleation of aerosol particles (with rates up to
5 cm–3 s–1) inside and in the immediate outflow of a deep
convective cloud over the Amazon, even though effects of
lightning were not considered. Murphy et al. (2015) con-
cluded that nucleation occurred inside the cloud through
transport of organic vapours from the boundary layer
and subsequent oxidation, which is at odds with the con-
clusions from our work. There are a number of key dif-
ferences between our study and the one by Murphy et al.
(2015). One difference is that Murphy et al. (2015)
included monoterpenes and sesquiterpenes in their calcu-
lations. Furthermore, they did not simulate chemical
reactions during the convective activity. Instead, the
whole chain of oxidation steps was approximated through
converting the precursors to end-products with a range of
volatilities with a fixed yield. The oxidation was assumed
to take place before the convective event, and the oxida-
tion products were assumed to be initially in equilibrium
with the background aerosol. We also make different
assumptions for the mechanism of gas uptake by ice:
Murphy et al. (2015) assumed perfect adsorption to ice
while we approximate ice with liquid water when it comes
to condensation on ice. In particular, these differences
could result in the contrasting behaviours of the in-cloud
OH profiles as well as differences in the condensation
sink values simulated in the outflow region (� 10�3 s–1 in
Murphy et al. (2015) vs. � 10�2 s–1 in this study). The dif-
ferences in condensation sink values between our study
and Murphy et al. (2015) could in itself explain the differ-
ence in transport of the lower-volatility species.

As discussed above, we did not consider organic
particle precursors other than isoprene in this study.
Mono- and sesquiterpenes will be less sensitive to the OH
concentration due to relatively more rapid reactions with
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ozone, which produce more lower volatility products than
similar ozone reactions with isoprene. As demonstrated
by e.g. Kirkby et al. (2016) and Zhao et al. (2020), mono-
terpenes (and also sesquiterpenes while much less abun-
dant) are expected to produce oxidation products with
much lower volatilities and hence higher NPF-potential
as compared to isoprene. However, McFiggans et al.
(2019) and Heinritzi et al. (2020) demonstrated a sup-
pressing effect of isoprene on monoterpene-driven aerosol
formation and NPF in conditions resembling the atmos-
pheric boundary layer. Thus, accurately accounting for
the oxidation of isoprene in deep convective cloud out-
flow is still important to NPF simulations, regardless of
its direct contribution. That said, neither the NPF-poten-
tial of isoprene oxidation products nor their interaction
with the monoterpene system (along with other chemical
species) at upper tropospheric conditions has not, to our
knowledge, been studied to date. To further develop the
work by Zhao et al. (2020), who demonstrated the poten-
tial importance of monoterpenes in upper tropospheric
aerosol formation, it would therefore be crucial to con-
duct studies that explicitly simulate the transport, chemis-
try, mixing and aerosol formation processes in systems
containing all the relevant chemical species. Finally, yet
another aspect that was not considered in this study, and
that deserves further attention for a complete picture of
the chemistry within convective clouds, is the aqueous-
phase chemistry involving isoprene oxidation products
such as isoprene-derived epoxides and organic nitrates
that potentially can form organic aerosol mass (Tsui
et al., 2019; Lamkaddam et al., 2021). While we expect
acid-catalyzed reactions to be slow in these dilute droplet
conditions and the time spent in the warm phase of the
cloud to be short (as was also previously demonstrated
by e.g. Barth et al. (2001) and Bela et al. (2018)), the
impact on net organic aerosol formation should still
be assessed.

4. Conclusions

Based on the framework of Bardakov et al. (2020), we
have studied the transport of 33 gases involved in iso-
prene photo-oxidation from the boundary layer to the
upper atmosphere over the Amazon during the wet sea-
son. We simulated three isolated deep convective clouds
and analyzed the effects of vertical transport and mixing,
chemical reactions, and gas uptake to water and ice
hydrometeors - within the cloud, during the ascent and in
the cloud outflow. Furthermore, we studied the sensitivity
of the predicted gas-phase evolution to an assumed light-
ning-driven source of NO and to the vapour uptake on
ice hydrometeors. Both these processes add large

uncertainties to the calculations and have, in particular, a
considerable effect on the predicted OH concentrations.

The final abundance of the chemical species in the
upper troposphere was primarily defined by the paths of
the individual air parcel trajectories, as different paths
could produce strong variations in the thermodynamic
properties of the air. Differences in the overall cloud
dynamics (generated by different initial meteorological
conditions) played a minor role. For a system with no
lightning and efficient gas condensation on ice (REF
simulation), up to � 30 % of the boundary layer isoprene
could be transported by an ‘average’ parcel into the cloud
outflow. Our simulations showed that � 50 % of the iso-
prene was lost due turbulent mixing of the parcel with
the out-of-cloud air and � 20 % was lost due to chemical
reaction with OH. In general, there were only small
amounts of isoprene oxidation products available within
the deep convective cloud and in the immediate outflow
due to the high condensation sink within the cloud. Any
formation of new aerosol particles would, in this case,
need to be initiated through a slow oxidation of isoprene
and subsequent condensation of the oxidation products
in the aged (i.e. after � 1� 2 h of convection) cloud out-
flow where NPF would also be promoted by a lower con-
densation sink, in line with the mechanisms proposed by
e.g. Kulmala et al. (2006) or Williamson et al. (2019).

Adding a source of NO from lightning had little effect
on the transport of isoprene and its oxidation products
through the convective cloud. The overall results were
similar to the REF simulation, except that the OH con-
centrations were enhanced at altitudes right above the
region of enhanced NO. However, in an extreme case
where any gas uptake by ice was neglected, OH concen-
trations reached � 3� 107 molecules cm–3 as a result of a
higher abundance of HO2. In this case, there were rela-
tively high concentrations of low volatile isoprene oxida-
tion products, such as ISOP2O2, ISOP1NitO2, ISOP1Nit,
C4CBYLNit, ISOPDiNit, in the cloud outflow. These
oxidation products could enhance the NPF potential.

Due to the extreme sensitivity of the system to light-
ning NOx (which led to enhanced production of isoprene
oxidation compounds) as well as the approximations used
for treating gas condensation on ice (which defined the
sink of the low volatile species), we recommend that
future research should aim at reducing the uncertainty
associated with gas uptake by ice. In particular, estimates
of e.g. coefficients of gas accommodation on ice relative
to those on liquid droplets from molecular dynamic simu-
lations in combination with lab experiments are needed
for most of the species considered in this study. Also,
investigating retention coefficients upon droplet freezing
for a range of gases would be valuable. Furthermore,
while this study focussed solely on isoprene and its
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oxidation products, we recognise the presence of mono-
and sesquiterpene emissions in the tropical atmosphere,
their known NPF-potential and interactions with the iso-
prene system. Obtaining a comprehensive picture of aero-
sol formation from organic vapours in the upper
troposphere would require (a) accounting for the full
interactive chemical system, (b) an understanding the
thermodynamic and chemical environment set by convec-
tion and associated lightning, (c) the resulting volatility
distributions of the precursor species produced and trans-
ported in regions of high biogenic volatile organic com-
pound emissions (not only the Amazon but also over
Africa, Southeast US, and Southeast Asia), (d) a molecu-
lar-level picture of the initial clustering and further con-
densational growth of new particles by these species in
the relevant conditions.

Code and data availability

Air parcel trajectories data generated by the MIMICA
code as well as the trajectory box model simulation
results are available online (Bardakov et al., 2021)
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Appendix A: Elements of the matrix of the environmental conditions

Appendix B: Atmospheric trace gases reactions and their rates

Table A1. Coefficients aij used for meteorological interactions.

Coefficient Expression

a11 �ðaðevÞ1 �a
ðremÞ
1 þ a

ðfrzÞ
1 Þ

a12 a
ðmltÞ
2

a13 ðaðautÞ3 þ a
ðaccÞ
3 Þ

a14 0
a15 a

ðcsÞ
1

a21 a
ðfrzÞ
1

a22 �ðaðevÞ2 �a
ðremÞ
2 þ a

ðmltÞ
2 Þ

a23 0
a24 ðaðautÞ4 þ a

ðaccÞ
4 Þ

a25 a
ðcsÞ
2

a31 0
a32 0
a33 �ðaðevÞ3 þ a

ðautÞ
3 þ a

ðaccÞ
3 þ a

ðfrzÞ
3 Þ

a34 a
ðmltÞ
3

a35 a
ðcsÞ
3

a41 0
a42 0
a43 a

ðfrzÞ
3

a44 �ðaðevÞ4 þ a
ðautÞ
4 þ a

ðaccÞ
4 þ a

ðfrzÞ
4 Þ

a45 a
ðcsÞ
4

a51 a
ðevÞ
1

a52 a
ðevÞ
2

a53 a
ðevÞ
3

a54 a
ðevÞ
4

a55 �ðP5
i¼1 a

ðcsÞ
i þ aðexÞ þ aðmixÞÞ

b aðmixÞCðBGÞ

See Bardakov et al. (2020) for more details about the coefficients.

Table B1. Photolysis reactions.

Photolysis reaction Rate, s–1 Source

O3 þ hm ! 2OH 6.52e-5 k0

[H2O]/(k00[M])
TUV model ða, bÞ

H2O2 þ hm ! 2OH 1.18e-6 TUV model
CH3OOH þ hm ! OH 9.9e-6 TUV model
HCHO þ hm ! 2HO2þCO 9.8e-5 TUV model
NO2 þ hm ! NOþO3 1.2e-2 TUV model
NO3 þ hm ! NO2 2.8e-4 TUV model
ISOPOOH þ hm ! 2OHþHCHO 9.9e-6 TUV model

a) [M] ¼ 7:243� 1016 P ðPaÞ
T ðKÞ , where P is the air pressure.

b) k0 and k00 are the rates for reactions Oð1DÞ þH2O ! 2OH and Oð1DÞ þN2 ! Oð3P Þ þM� with assumed values of 2:1� 10�10 and
3:3� 10�11 respectively (Tan et al., 2019).
c) all constants in front of the rates are defined for standard TUV calculator simulations.
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Table B2. Chemical reactions for the system components and their rates. Part 1.

Reaction Rate, cm3

molec s Source

NOþO3 ! NO2 2.07e-12EXP(-1400/T) IUPAC
OHþO3 ! HO2 1.7e-12EXP(-940/T) MCM
HO2þO3 ! OH 2.03e-16(T/300.)4:57 EXP(-693/T) MCM
HO2þNO ! OHþNO2 3.45e-12EXP(270/T) IUPAC
OHþNO2 ! HNO3 K1a IUPAC
OHþHNO3 ! NO3 KMT11 MCM
NOþNO3 ! 2NO2 1.8e-11EXP(110/T) MCM
HO2þNO2 ! HO2NO2 KMT09 MCM
OHþHO2NO2 ! NO2 3.2e-13�EXP(690/TEMP) MCM
OHþHO2 ! - 4.8e-11�EXP(250/TEMP) MCM
OHþHCHO ! HO2þCO 4.8e-11�EXP(250/TEMP) MCM
HO2þHO2 ! H2O2 K2b IUPAC
OHþCO ! HO2 KMT05 MCM
OHþCH4 ! RO2 1.85e-12EXP(-1690/T) IUPACc

HO2þRO2 ! ROOH KRO2HO2 MCM
RO2þNO ! HCHOþNO2 KRO2NO MCM
IsopreneþOH ! ISOP1O2 2.10e-11 EXP(465/T) IUPAC
ISOP1O2þHO2 ! ISOPOOH KRO2HO2 MCM
ISOP1O2þNO ! 0.104 ISOP1Nit þ 0.896 (C4CBYLþNO2þHCHOþHO2) KRO2NO MCM
ISOP1O2þRO2 ! 0.3 ISOP1OH þ 0.7 C4CBYL þ 0.4 HO2 1e-12 assumed
ISOP1O2þ ISOP1O2 ! 2 (C4CBYLþCOþHO2) 1e-12 assumed
ISOPOOHþOH ! 0.7 IEPOX þ 0.7 OH þ 0.3 ISOP2O2 1.54e-10 MCM
ISOP2O2 ! DHHPEPOXþOH 3.3e12EXP(-8660/T) assumed
ISOP2O2þHO2 ! ISOPDHDHP KRO2HO2 MCM
ISOP2O2þNO ! 0.13 ISOPDHHPNit þ 0.87 (C4CBYLþNO2þHCHO) KRO2NO MCM
ISOP2O2þRO2 ! 0.3 ISOPTHHP þ 0.7 (C4CBYLþHCHO) e-12 assumed
ISOP1NitþOH ! ISOP1NitO2 2.17e-11 assumed
ISOP1NitO2þHO2 ! ISOP1NitHP KRO2HO2 MCM
ISOP1NitO2þNO ! 0.16 ISOPDiNit þ 0.84 (C4CBYLNitþNO2þHCHO) KRO2NO MCM
ISOP1NitO2þRO2 ! 0.3 ISOPTHNit þ 0.7 (C4CBYLNitþHCHO) 1e-12 assumed
IEPOXþOH ! C4CBYLþHCHO 8.4e-12 MCM
DHHPEPOXþOH ! C4CBYLþHCHOþOH 8.4e-12 MCM
C4CBYLþOH ! C4CBYLO2 8.0e-12EXP(380/T) MCM
C4CBYLO2þNO2 ! PAN KFPAN MCM
PAN ! RO2þNO2 KBPAN MCM
C4CBYLO2þNO ! 0.07C4CBYLNit þ 0.93(2 HCHO þ 2 COþNO2þHO2) KRO2NO MCM
ISOPDiNitþOH ! C4CBYLNitþHCHOþNO2þHO2 1.63e-12 assumed
ISOPDHDHPþOH ! C4CBYLþHCHO 1.05e-11 EXP(465/T) assumed
C4CBYLNitþOH ! 2 HCHO þ 2 COþNO2þHO2 2.6e-12 EXP(610/T) assumed
ISOPDHHPNitþOH ! C4CBYLNitþHCHO 1.05e-11 EXP(465/T) assumed
ISOPTHHPþOH ! C4CBYLþHCHO 1.05e-11 EXP(465/T) assumed

a) K1¼3:2�10�30ðT=300Þ�4:5 ½M��3:0�10�11F

3:2�10�30ðT=300Þ�4:5 ½M�þ3:0�10�11 :

b) K2¼2:2� 10�13e600=T f0 þ 1:9� 10�33e980=T ½M�f0:
½M� ¼ 7:243� 1016 P ðPaÞ

T ðKÞ , where P is the air pressure.
F is the broadening factor defined from: log10F ffi log10Fc

1þ½log10ðk0=k1Þ=ð0:75�1:25log10FcÞ� , with Fc ¼ 0:41:
f0 ¼ 1þ 1:4� 10�21½H2O�e2200=T :
c) OH þ CH4 ! H2Oþ CH3 reaction rate used. IUPAC data is available at https://iupac-aeris.ipsl.fr/
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