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Abstract 

Recent revisions to our understanding of the oxidation chemistry of isoprene have been 

incorporated into a well-established global atmospheric chemistry and transport model, 

STOCHEM-CRI. These revisions have previously been shown to increase the production and 

recycling of HOx radicals at lower NOx levels characteristic of the remote troposphere. The 

main aim of this study is to assess the resultant broader changes to atmospheric composition 

due to the recent revisions to isoprene oxidation chemistry. The impact of the increased 

isoprene-related HOx recycling is found to be significant on the reduction of volatile organic 

compounds (VOCs) lifetime, e.g. a decrease in isoprene’s tropospheric burden by ~17%. The 

analysis of lifetime reduction of the potent greenhouse gas, methane, associated with the 

increased HOx recycling, suggests its significant lifetime reduction by ~5% in terms of the 

current literature. The revisions to the isoprene chemistry also reduce the amount of ozone 

(by up to 10%), but provide a significant increase in NO3 (by up to 30%) over equatorial 

forested regions, which can alter the oxidizing capacity of the troposphere. The calculated 

mixing ratios of formic acid are decreased which in turn leads to an increase in the inferred 

concentrations of Criegee intermediates due to reduced loss through reaction with formic acid 

(up to 80%) over the dominant isoprene emitting regions. 
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1. Introduction 

Isoprene (2-methyl-buta-1,3-diene) is emitted into the atmosphere on a similar scale 

to methane, averaging approximately 600 Tg year-1 and thus positioning the species as the 

most abundant non-methane hydrocarbon emitted into the troposphere (Guenther et al., 2012; 

Sindelarova et al., 2014). Approximately 85-90% of all isoprene emissions are from biogenic 

sources (Guenther et al., 2012), with the remainder emitted from anthropogenic sources (e.g. 

vehicular exhaust) (Borbon et al., 2001; Reimann et al., 2000; Khan et al., 2018) and oceanic 

sources (Arnold et al., 2009). Isoprene emission from plants is directly linked to 

photosynthesis, as the formation of the C5 compound is non-trivial requiring a significant 

amount of energy (Delwiche et al., 1993; Sharkey and Yeh, 2001). Therefore, the highest 

mixing ratios of isoprene are seen across the tropics over landmasses where most of the 

Earth’s biomass is located. Areas of elevated isoprene mixing ratios can also be seen over 

Russia and Canada in a biome known as the boreal forest. Regions of boreal forest or Taiga 

are characterised by coniferous trees situated in a highly seasonal climate, with cold seasons 

seeing extreme low temperatures and snow coverage. In spring, the melted snow reveals vast 

forests that can achieve high rates of photosynthesis and hence realise a significant source of 

isoprene for the global budget (Fuentes et al., 1999).  

Isoprene is not thought to be a major threat to human health in its unreacted form, but 

it is highly reactive with a relatively short atmospheric lifetime (e.g. 2.8 hours with respect to 

reaction with 106 molecule cm-3 OH at 298 K; Atkinson and Arey, 2003) and possesses a 

greater risk when its subsequent atmospheric reaction products are considered. For example, 

its complex atmospheric reactions have significant impact on the distribution and variability 

of the key short-lived climate forcers: tropospheric ozone, secondary organic aerosol (SOA) 

and methane (Fiore et al., 2012). In low NOx environments e.g. the Amazon, isoprene derived 

SOA is formed through the oxidation of isoprene (Lin et al., 2012), whereas in high NOx 

environments such as cities, the oxidation of isoprene can potentially enhance local or 

regional scale production of ozone (Geng et al., 2011). Incidence of these species in 

populated regions increases the prevalence of respiratory diseases and damages the 

environment and infrastructure.  

High levels of OH are maintained from initial oxidation of volatile organic 

compounds (VOCs), which forms chain-propagating species and regenerates the oxidant, 

OH. Isoprene oxidation products have been reported to be responsible for the formation of 

cloud condensation nuclei (CCN) leading to a cooling effect (Zhu et al., 2017). However, a 

recent study showed that isoprene produced a modest amount of aerosol that are oxidized in 

mixtures of atmospheric vapours suppressing both particle number and mass of SOA 

(McFiggans et al., 2019). The competitive reaction of isoprene with OH also has an 

increasing influence on the lifetime of methane and other trace gases, and a resultant impact 

on global warming.  



Atmospheric observations in areas characterised by low NOx concentrations (e.g. the 

Amazon and Borneo) have shown levels of OH radicals to be much higher than those 

simulated using traditional understanding of isoprene oxidation (Lelieveld et al., 2008; Pugh 

et al., 2010; Müller et al., 2019). This highlighted an incomplete representation of recycling 

mechanisms for HOx radicals (i.e. OH and HO2) that could operate at low NOx levels. More 

recent studies of isoprene oxidation have led to substantial improvements in understanding, 

as a result of theoretical studies (Peeters et al., 2009; 2014) and laboratory investigations 

(Wennberg et al., 2018). Updated isoprene mechanisms incorporating this understanding 

show increased production and recycling of HOx radicals at lower NOx levels (Wennberg et 

al., 2018; Archibald et al., 2010; Jenkin et al., 2019). This illustrates that accurate 

representation of atmospheric isoprene oxidation chemistry is an essential component of 

models aiming to assess the impact of isoprene emissions on air quality, human health and 

climate change.  

The reduced representation of isoprene degradation in the Common Representative 

Intermediates (CRI) mechanism has been recently updated, and implemented into the 

chemical transport model, STOCHEM-CRI (Jenkin et al., 2019). That study illustrated that 

the updates resulted in increased concentrations of HOx radicals in regions characterised by 

low NOx and high isoprene emissions. In this study, we report the broader impacts of the 

mechanistic updates (including the effects of increased HOx recycling) on the global-scale 

composition of the troposphere, using STOCHEM-CRI.  

 

2. Model description 

STOCHEM is a 3-dimensional model that utilises a 3h time step for the advection of 

its 50,000 constant mass air parcels that represent the Earth’s troposphere (Collins et al., 

1997). It is within these isolated air parcels that the chemical reactions and photochemical 

dissociations leading to the loss and production of trace gases are considered to be taking 

place. A Lagrangian approach is employed with regards to the transport processes. The main 

advantage of a Lagrangian approach is that the chemistry and transport processes can be 

uncoupled allowing the local determination of a chemistry timestep. The chemistry scheme 

uses a backwards Euler solver using a timestep of 5 minutes allowing an accurate solution of 

chemical ordinary differential equations to be evaluated. The meteorological data concerning 

pressure, temperatures, winds, clouds, humidity, tropopause heights, precipitation, boundary 

layer depth and surface parameters are taken from the UK Met Office Unified Model (UM) 

for the year 1998 which are at a resolution of 1.25° longitude, 0.8333° latitude and 12 

unevenly spaced vertical levels with 1 km level thickness near the surface.  

Advection of the 50000 constant mass Lagrangian air parcels is described by wind 

fields generated from the UK Met Office Unified Model (UM) for the year 1998 (Cullen, 

1993). The archived meteorological data used contains 6 hourly wind fields for horizontal 

and vertical winds, with an advection time-step set to 3 hours. This allows the wind fields to 

be linearly interpolated with respect to time, using a cubic polynomial in the vertical domain 



and a bi-linear method in the horizontal. Additionally, a fourth-order Runge-Kutta advection 

scheme is used to calculate the new Lagrangian cell positions, and an analogous interpolation 

method is used for the pressure, temperature and humidity of the cells.  

A hybrid-pressure vertical coordinate is used in the STOCHEM model, the main 

advantage of using a hybrid system being that the ‘terrain-following’ nature of the coordinate 

avoids the issue of intersecting ground topography. The two methods used for treatment of 

the boundary layer in STOCHEM draw parallels from those reported in the NAME model by 

Ryall et al. (1998). These methods allow the boundary layer, the region between the Earth’s 

surface and the free troposphere, to be estimated from the temperature and wind fields 

provided by the archived meteorological data. The STOCHEM model uses a parameterisation 

where, when an air parcel is established in the boundary layer, the vertical coordinate is 

subsequently randomly reassigned within the boundary layer plus a small calculated extra 

thickness to allow transport out of the layer (Ehhalt et al., 1992).  

The inter-mixing of parcels in regions of convective clouds can significantly vary 

species concentrations within and above the boundary layer. The model’s archived 

meteorological data provides information concerning the convective cloud cover, convective 

cloud top height, convective cloud bottom height and convective precipitation, with these 

fields used to parameterise convective mixing due to it being a sub-grid scale process (Collins 

et al., 1999) 

The chemical mechanism used previously in STOCHEM was the Common 

Representative Intermediates mechanism version 2, reduction 5 (CRI v2-R5). Developed 

initially by Jenkin et al. (2008) with subsequent additions by Watson et al. (2008) reduction 5 

of the mechanism was the most reduced variant, making it suitable for global modelling due 

to its traceability to the prevailing version of the Master Chemical Mechanism at the time 

(MCM v3.1). For the present study, the mechanism was updated to CRI v2.2. As described 

by Jenkin et al. (2019), CRI v2.2 contains a series of updates to the chemistry of isoprene 

degradation, and performs consistently with the current version of the Master Chemical 

Mechanism, MCM v3.3.1 (http://mcm.york.ac.uk). The complete isoprene oxidation scheme 

contains 186 reactions of 56 closed shell and free radical species, and is an order of 

magnitude smaller than MCM v 3.3.1. The details of the oxidation scheme can be found in 

Jenkin et al. (2019) including a full description of those features that result in increased HOx 

recycling at low NOx levels. Addition of the Criegee field involved the inclusion of 17 

individual stabilized Criegee intermediates (sCIs) along with explicit formation from 

ozonolysis reactions of the alkenes and loss processes by unimolecular decomposition, and/or 

reaction with water, water dimer, sulphur dioxide and formic acid (see Supplementary 

Information Table S1). The complete Criegee field scheme contains 17 new species, which 

compete in 58 additional reactions. More details of the Criegee species and their formation 

and loss reactions can be found in Caravan et al. (2020) and Chhantyal-Pun et al. (2019).  

The emission profile for STOCHEM consists of three different categories: surface 

emissions, stratospheric sources and 3-dimensional emissions. Emissions that fall under 



surface emissions are biomass burning, vegetation, ocean and soil and are dispersed using 

monthly two-dimensional source maps at a resolution of 5° longitude by 5° latitude (Olivier 

et al., 1996). The STOCHEM emissions inventory is discussed in detail in Khan et al. (2014). 

In STOCHEM, a simple approach of emitting isoprene is used at a rate proportional to the 

cosine of the solar zenith angle during the day with no emissions at night. This is because, 

unlike other biogenic hydrocarbons such as monoterpenes, isoprene has a direct relationship 

with the photosynthetic activity of plants (Seinfeld and Pandis, 2006). The rate is adjusted to 

give the appropriate total emission over a month for each grid square. These monthly 

emissions were taken from Guenther et al. (1995) and include the appropriate scaling of 

isoprene emissions with temperature. In the STOCHEM model, surface emissions are added 

on a 5 degree latitude by 5 degree longitude Eulerian grid square basis. This is too coarse 

(600 km × 400 km at mid-latitudes) to resolve individual centres of pollution but it is large 

enough to give an average Lagrangian cell occupancy of approximately two Lagrangian cells 

within the boundary layer per grid square in the mid-latitudes. After each 3-hour advection 

time-step, the surface emissions are distributed equally over all the cells within the boundary 

layer for a particular emission grid square. If there are no cells within the boundary layer for a 

particular emissions grid square then those emissions are stored during the next advection 

time-step or until a cell does pass through the emissions grid square. While the advection 

time-step is set at 3-hours, the storage contains only 1/2920 of the annual emissions and so 

impacts on the chemistry of the stored emission are small. Finally, all emissions are 

converted into units of molecules per second per grid square. 

The prevalent removal processes for chemical species within air parcels at the 

boundary layer are dry deposition and wet deposition. Dry deposition rates depend on 

whether a Lagrangian air parcel is treated as above land or ocean. The removal of soluble 

species through dissolution in precipitation in known as wet deposition. These dissolved 

components can originate in the environment during nucleation or incorporate into 

precipitation as it falls. Equations used for wet deposition in STOCHEM combine species 

dependent scavenging coefficients with scavenging profiles and precipitation rates to 

calculate wet deposition loss rates. More details about the dry and wet deposition 

implemented in STOCHEM can be found in Percival et al. (2013). 

Two simulations were conducted to investigate the impacts of the updated isoprene 

oxidation mechanism on global scale atmospheric composition and oxidizing capacity. The 

base case simulation was based on the reference conditions described in Utembe et al. (2010) 

using CRI v2, with the addition of Criegee field as in Caravan et al. (2020). The Criegee field 

described in the Supplementary Information allowed enhanced modelling of the atmospheric 

fate of formic acid. Another simulation referred to as ‘ISOP’ was based on the updated 

version of the model with inclusion of the CRI v2.2 isoprene chemistry described in Jenkin et 

al. (2019) along with the Criegee field. A streamlined overview has been given in Scheme 1 

to focus the most significant changes in ISOP from base case. All simulations were run with 



meteorology from 1998 for a period of five years and the results were taken from the fifth 

year.  

 

Scheme 1: Schematic to show an overview of the important reactions added to STOCHEM-

CRI for the revision of isoprene oxidation chemistry. New reactions are shown in red. More 

detail about the oxidation scheme can be found in Jenkin et al. (2019) 

 

3. Results and Discussion 

The results of the ISOP simulation showed increased HOx production, resulting from 

the updates to the isoprene degradation chemistry in CRI v2.2. This led to an increase in the 

OH and HO2 tropospheric burdens of 6.4% and 0.8%, respectively (Table 1). Methane (CH4) 

is a potent greenhouse gas, and its reaction with OH is the second most important sink for OH 

in the troposphere. The loss flux of CH4 + OH in ISOP was increased by 40 Tg/y (6% from 

base case) resulting in a decrease in the atmospheric CH4 lifetime of 6.8 years by 0.5 years 

(7.3% from base case). Thus, the lifetime reduction of CH4 by 0.5 years in the study (~5% 

from literature value) could be significant in terms of reducing warming of the Earth’s 

atmosphere (Collins et al., 2018). The tropospheric lifetime of CH4 estimated is on the low 

side of the studies (e.g. Sonnemann and Grygalashvyly, 2014; Stevenson et al., 2006; Prinn et 

al., 2005; Prather et al., 2012) with a range of 7 to 10 years. The OH field in the model is in 

good agreement with other studies (Cooke, 2010), however the possible warm bias of the 

temperature field in our model can have increased rate of oxidation which is likely to be the 

reason for the shorter lifetime of CH4.  

The increase in the OH concentration results in a shortened lifetime of all VOCs, 

including very reactive, short-lived biogenic VOCs e.g. isoprene, -pinene, -pinene. This, in 

turn, leads to a decrease in their tropospheric burdens of 17%, 4% and 8%, respectively. The 



simulated OH concentration during March in the base case (3.7 × 105 molecule/cm3) is found 

to be lower when it is compared with the observed OH concentration ((5.3 ± 4.6) × 105 

molecule/cm3) during March 2014 over Amazon (Liu et al., 2016). From the increased OH 

concentrations (20-50%) in the equatorial forested regions after incorporating the new 

isoprene degradation mechanism (Jenkin et al., 2019), the increased OH concentration in 

ISOP (4.9 × 105 molecule/cm3) reduces the disagreement between the model and the 

measurement significantly. The degree of isoprene HOx recycling is comparable with the 

study of Müller et al. (2019) who simulated the most recent mechanism for the oxidation of 

biogenic VOCs using the Model of Atmospheric composition at Global and Regional scales 

using Inversion Techniques for Trace gas Emissions (MAGRITTE v1.1) and found increased 

OH concentrations by up to 40% over western Amazonia in the boundary layer and 10-15% 

over the south-eastern US and Siberia.  

 

Table 1.  The annual mean global burden for the base and ISOP run and percentage 

difference for ISOP for a selection of species 

Species Base (Tg) % change 

OH 2.46 × 10-4 6.4 

HO2 2.6 × 10-2 0.8 

O3 3.16 × 102 -1.5 

NOx 4.98 × 10-1 -1.3 

NO3 1.17 × 10-2 1.0 

HNO3 5.03 × 10-1 -0.2 

CH4 4.39 × 103 -1.5 

HCOOH 1.47 × 10-1 -43.5 

Isoprene 1.64 × 10-1 -16.7 

-pinene 1.37 × 10-2 -4.3 

-pinene 1.20 × 10-2 -8.0 

RO2 4.78 × 10-2 -6.5 

RONO2 9.11 × 10-1 181.9 

PANs 4.48 -19.6 

 



  

   (a)      (b) 

Fig. 1. a) The annual concentration of isoprene in the base case, b) The annual absolute 

change in isoprene concentration between the base run and ISOP, Note: absolute change= 

ISOP-base  

 

Isoprene’s short atmospheric lifetime results in its mixing ratios being localised to 

emission regions e.g. Amazon rainforest, southern Africa, parts of south East Asia and 

northern Australia (Figure 1a). The large emissions and short lifetime of isoprene has caused 

problems in global models because of the reduction of OH concentrations over isoprene 

source regions. However, the increase in modelled OH concentrations over equatorial forest 

regions in the ISOP simulation decreases the tropospheric isoprene burden by 17% and 

shortens the tropospheric lifetime from 2.7 days to 2.2 days. As a result, the isoprene mixing 

ratios are reduced by up to 300 ppt in the equatorial forested regions (Figure 1b). We 

compared our modelled isoprene mixing ratio data with some measurement data from around 

the tropical region (Table 2) and found a disagreement between model and measurement for 

most of the tropical stations. The increased isoprene-related HOx recycling in the ISOP 

simulation decreases the isoprene mixing ratios (see Figure 1b) in the Amazon basin, 

Venezuela, Surinam, Borneo and Peru, which slightly improves the model-measurement 

disagreement in Amazon, Venezuela and Borneo (see Table 2). However, the disagreement is 

still significant which is most likely due to the overestimation of isoprene emissions over the 

Tropics. In our model run, we used the MEGAN emission inventory, which has a factor of 2 

uncertainty due to errors in land cover and meteorological driving variables (Guenther et al., 

2012). The satellite top-down estimates (Barkley et al., 2013; Marais et al., 2014; Bauwens et 

al., 2016) suggested that the emission inventories (e.g. MEGAN, POET) used in the global 

model overestimated isoprene emissions over the Tropics. Comparing with the surface 

isoprene flux observations over Africa, Marais et al. (2014) found overestimated isoprene 

emissions from the MEGAN emission inventory but good agreement with the satellite top-

down estimate. A recent box modeling study by Mouchel-Vallon et al. (2020) also reported 

that the box model with more detailed isoprene chemistry (reactions from Master Chemical 

Mechanism, MCM 3.3.1 and Generator for Explicit Chemistry and Kinetics of Organics in 

the Atmosphere, GECKO-A) and the MEGAN emission inventory overestimated the surface 

Base case Difference between base and ISOP 



isoprene mixing ratios over the Amazon by a factor of 7. To investigate the uncertainty of the 

MEGAN emission inventory, a sensitivity study was conducted with reducing MEGAN 

isoprene emissions to the Base case by a factor of 2 in the runs referred to as ‘Base-RE’. The 

results from Base-RE simulation showed a significant improvement of the model-

measurement disagreement of isoprene mixing ratios over tropical forest area (see Table 2) 

suggesting that the overestimated isoprene mixing ratios in Base case is most likely caused by 

the MEGAN emission inventory.  

In addition, the resolution (5o × 5o) used for emissions, inter-parcel exchange and 

mapping is coarse which is roughly the size of a small country, which makes it difficult to 

compare modelled data with measurements taken in areas of low or high emissions. Also, the 

model was run with 1998 meteorology whereas the measurements were from a variety of 

years, meaning there is likely to be some variation between measured and modelled data.    

 

Table 2. Comparison of measured daytime isoprene mixing ratios (ppb) with model daytime 

isoprene mixing ratios (ppb) for base and ISOP cases. Note: The model values are adjusted 

for daytime (from 6 am to 6 pm) using 24 hour averaged model output data.  

Location Time Measured Base ISOP Base-RE 

Amazon Basin1 (2S, 60W) Jul 2.2 (1.2-3.2) 6.10 5.53 1.95 

Amazon Basin2 (2S, 60W) Annual 2.4 (1.0-5.2) 5.07 4.58 1.68 

Amazon Basin3 (2S, 60W) Jul-Aug 2.0 (1.1-2.7) 6.03 5.45 1.95 

Amazon Basin4 (2-4S, 59-61W) Sep 2.2 (0.2-5.4) 6.96 6.44 2.44 

*Peru5 (~2 m) (5S, 77W) 

*Peru5 (91m-1.2 km) (5S, 77W) 

Jul 

Jul 

3.31 

1.39 

2.03 

1.23 

1.88 

1.11 

0.72 

0.41 

Venezuela, Buja6 (9N, 62W) Sep 3.3 2.48 2.11 0.87 

Venezuela, Auyantepuy6 (6N, 62W) Apr 1.6  1.1 2.10 1.79 0.62 

Venezuela, Calabozo7 (9N, 67W) Sep-Oct 1.6  0.7 3.37 3.05 1.10 

Venezuela, Calabozo7 (9N, 67W) Mar-Apr 0.8  0.2 0.97 0.81 0.31 

Venezuela, Parupa7 (6N, 62W) Jan-Feb 0.5  0.2 1.24 1.03 0.42 

Surinam8 (2-7N, 54-58W) Mar 0.9 2.32 1.89 0.78 

Borneo, Malaysia9 (4N, 117E) April 1.1 (0.28-2.8) 1.99 1.58 0.66 

Borneo, Malaysia10 (4N, 117E) June-July 1.06 (0.05-2.47) 1.11 0.92 0.37 

Note: *The reported values are median. References: 1Rasmussen et al. (1988), 2Greenberg et al. (1984), 
3Zimmerman et al. (1988), 4Fu et al. (2019), 5Helmig et al. (1998), 6Donoso et al. (1996), 7Holzinger et al. 

(2002), 8Crutzen et al. (2000), 9Emmerson et al. (2016), 10Langford et al. (2010). 

 

The in-situ measurements of isoprene are sparse and limited in tropical rainforest 

regions (Jones et al., 2011; Hewitt et al., 2010). Over the last decade, global satellite 

observations of formaldehyde (HCHO), a high-yield, prompt oxidation product of isoprene, 

have been used to provide additional top-down constraints on regional and global isoprene 

emissions and assess their seasonal and inter-annual variability (Millet et al., 2008; Stavrakou 

et al., 2009; Barkley et al., 2013; Marais et al., 2014; Bauwens et al., 2016). However, HCHO 

is also a product of other VOC reactions, and satellite HCHO columns have been shown to 

reflect only about a quarter of the reduction in isoprene emissions associated with severe 

drought in the Missouri Ozarks region of the US (Zheng et al., 2017).  The lack of HCHO 



column response has been attributed to a photochemical feedback whereby reduced isoprene 

emission increases the oxidation capacity available to generate HCHO from other VOC 

sources (Zheng et al., 2017). Furthermore, the link between HCHO and isoprene is a strong 

nonlinear function of NOx, with the prompt yield increasing by a factor of 3 over a range of 

NOx values representing remote to urban conditions, and background HCHO increasing by a 

factor of 2 over this NOx range (Wolfe et al., 2016). Marais et al. (2012) suggested that the 

uncertainties in the chemical transport modelling of isoprene oxidation chemistry could be as 

large as 90% under relatively low-NOx conditions typical of the tropics, providing large 

errors when HCHO is used to infer isoprene emissions. Additionally, the increased isoprene-

related HOx recycling in the study leads to a decrease in the lifetime of isoprene resulting in 

increase the ratio, [HCHO]/[isoprene] by up to 50% over the tropical forest region (see 

Supplementary Information Figure S1), the result is consistent with the findings of Bates and 

Jacob (2019). Thus, the indirect remote sensing approach could lead to large errors in 

isoprene emission estimates, depending on the background conditions, if one wished to 

quantify long term emissions of isoprene from satellite measurements of HCHO. The impact 

of increased HOx chemistry and the resultant error in retrieved isoprene emissions is a critical 

factor that needs to be considered. Alternatively, the direct satellite measurements of isoprene 

(Fu et al., 2019) could be the viable option for determining isoprene emissions over large 

ecosystems such as tropical rainforests for a full seasonal cycle over multiple years. 

The global burden of simulated peroxy radicals (RO2) is found to be reduced from the 

base to ISOP simulation by 6.5% (Table 1) which is mainly as a result of the significant 

reduction in the burdens of the dominant isoprene-derived peroxy radicals: RU14O2 (MCM 

v3.3.1 analogues: ISOPAO2, CISOPAO2, ISOPBO2, ISOPCO2, CISOPCO2, ISOPDO2, 

ISOP34O2; 0.4 Gg and 24%), RU12O2 (MCM v3.3.1 analogues: C57O2, C57AO2, C58O2, 

C58AO2, C59O2, HC4ACO3, HC4CCO3; 1.3 Gg and 66%) and RU10O2 (MCM v3.3.1 

analogues: HMVKAO2, HMVKBO2, MACROHO2; 1.2 Gg and 69%). Such an observation 

arises mainly from the newly implemented peroxy radical isomerisation reactions for 

RU14O2, particularly at lower NOx levels. These reactions have the effect of both 

suppressing the concentration of RU14O2 itself and reducing its fractional conversion to 

RU12O2 and RU10O2 (e.g. via the RU14O2 + NO reaction) by providing additional 

competing loss routes that do not result in the production of peroxy radicals. The associated 

decrease in the collective flux through RO2 + NO reactions has a reducing effect on ozone 

formation, which contributes to a resultant reduction in the burden of ozone by 1.5% from the 

base case (Table 1).  

The formation of first generation isoprene nitrates by reaction of isoprene peroxy 

radicals (RU14O2) with NO was assumed to have a branching ratio of 10% in ISOP which is 

within the range of 4% to 15% suggested by previous laboratory and field studies (Chen et 

al., 1998; Chuong and Stevens, 2002; Sprengnether et al., 2002; Horowitz et al., 2007; Paulot 

et al., 2009; Lockwood et al., 2010; Nguyen et al., 2014; Xiong et al., 2015; Schwantes et al., 

2015). In the updated chemistry, the further oxidation of RU14NO3 generates two new 

second-generation nitrates, RU12NO3 and RU10NO3 (Scheme 1) with details shown in 

Jenkin et al. (2019) with global burdens of 0.08 and 0.83 Tg, respectively, which lead to an 



overall increase the global burden of organic nitrates by 0.91 Tg (~180% from base case). 

The spatial distributions of RU12NO3 and RU10NO3 are very similar to that of RU14NO3, 

but the mixing ratios of RU12NO3+RU10NO3 is found to be ~3 times higher than that of 

RU14NO3 (see Supplementary Information Figure S2). The comparison of model isoprene, 

ISOPOOH, IEPOX and organic nitrates with the SEAC4RS measurements (compiled from 

Fisher et al., 2016 and Müller et al., 2019) showed improved agreement due to increased 

isoprene-related HOx recycling in the ISOP simulation. For organic nitrates, there is a large 

model overestimation throughout the troposphere (see Figure S3). The losses of organic 

nitrates through deposition (wet and dry), hydrolysis and heterogeneous uptake by aqueous 

aerosols were not considered in the model, which can be significant over vegetated areas 

(Romer et al., 2016; Fisher et al., 2016). This would likely lead to overestimation of model 

RONO2 mixing ratios in the troposphere. Considering the loss rate of organic nitrates into the 

aerosol phase as 6 × 10-6 s-1, the same as HNO3 (Derwent et al., 2003), we performed another 

simulation in a run hereafter referred to as ON-AER. The simulation results showed a 

significant improvement of the model-measurement disagreement of organic nitrates with the 

reduction of the overestimation by ~60-80% (Figure S3). 
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Fig. 2. The percentage changes in (a) organic nitrates (RONO2), (b) NOx, (c) peroxy radicals 

(RO2), (d) ozone (O3), (e) nitrate radical (NO3) (f) nitric acid (HNO3) from base case to ISOP 

case. Note that percentage change= ((ISOP-base)*100)/base 

  

The increased formation, transport and degradation of the isoprene-derived organic 

nitrates potentially has an impact on the global budget and distribution of NOx, and thereby 

ozone. The recycling efficiency of NOx is reported to range from <5% to >50% for isoprene 

nitrates (Bates and Jacob, 2019; Horowitz et al., 2007; Paulot et al., 2009). In this study, the 

increased formation of isoprene derived organic nitrates in the ISOP simulation (Figure 2a) 

results in decreased NOx over the source regions (e.g. equatorial forested areas and the 

surrounding oceans) by up to 16% (Figure 2b). However, as a result of the decreased burden 

of isoprene derived peroxy radicals due to more rapid isomerization in the ISOP simulation, 

total RO2 is decreased by up to 30% in the equatorial forested region (Figure 2c). 

Consequently, the formation of ozone is found to be reduced in the equatorial forested 

regions by up to 10% from the decreased RO2 and NOx (Figure 2d).  

The increased isoprene-related HOx recycling leads to increased NOx removal via 

reaction with OH in the ISOP simulation. This results in significant increased formation of 

HNO3 (from the OH + NO2 reaction) by 7 Tg/yr (3.3% from base case). The mixing ratios of 

HNO3 have increased over the boreal and tropical regions (Figure 2f) and, along with the 

increased oxidising capacity, leading to an increase in the formation flux of NO3 from the OH 

+ HNO3 reaction (2nd largest contributor of NO3 formation with ~3% contribution) by 0.6 

Tg/yr (7.1% from base case). The updated chemistry includes an additional NO3 production 

pathway (~2% of the total NO3 production) through the oxidation of MPAN 

(peroxymethacryloyl nitrate; OH initiated oxidation of the second-generation product from 

methyl vinyl ketone/methacrolein), which produced a significant amount (7.4 Tg/yr) of NO3. 

The combination of OH + HNO3 and OH + MPAN may result in an NO3 concentration 

increase by up to 30% over tropical forested regions (Figure 2e). The increased NO3 levels 

are therefore a consequence of the additional oxidising capacity associated with elevated HOx 
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recycling and potentially further enhance the oxidizing capacity through initiating isoprene 

oxidation during night time (Brown et al., 2009). 

The burden of formic acid (HCOOH) is found to decrease by 43.5% in the ISOP 

simulation (Table 1). This results partially from a decrease in the flux through the O3 + 

isoprene reaction (because of the increased importance of OH-initiated removal), but also 

from significant updates to the product distribution assigned to that reaction. The yield of 

HCOOH from the reaction of isoprene with ozone is 17.5% in the updated mechanism, 

compared with 73% in the base case mechanism. The revised yield is compatible with about 

30% formation of HCOOH from the reaction of the Criegee intermediate, CH2OO, with H2O 

or (H2O)2; which is therefore intermediate to the yields of 54% and <10% reported by 

Nguyen et al. (2016) and Sheps et al. (2017), respectively, for the likely dominant (H2O)2 

reaction. This update resulted in a decrease in the mixing ratios of HCOOH, with the greatest 

reductions of up to 80% experienced over the landmass in the tropics (Figure 3a) where both 

of the reactants, ozone and isoprene, are themselves also decreased. This result is therefore 

consistent with the results of Sheps et al. (2017) who used an overall yield of 6% for the 

formation of HCOOH from isoprene ozonolysis, followed by reaction of CH2OO with 

(H2O)2, and found a reduction of the global HCOOH levels by 10-90%. However, the 

reduction in HCOOH mixing ratios is in the opposite direction to that required by recent field 

measurements, that suggest the existence of large missing sources, which are currently 

unknown but could be a biogenic emission source from the oxidation of unspecified light-

dependent biogenic VOCs (Millet et al., 2015; Bannan et al., 2017). 

 

 

Fig. 3. The annual percentage change in (a) HCOOH mixing ratios between the base and 

ISOP (b) Criegee loss via reaction with HCOOH between the base and ISOP cases. Note that 

percentage change= ((ISOP-base)*100)/base 

 

Previous studies show that the reaction of HCOOH with stabilised Criegee 

intermediates (sCIs) can be a dominant removal processes for tropospheric HCOOH 

(Chhantyal-Pun et al., 2018; Welz et al., 2014). The simulated decrease in tropospheric 

HCOOH due to incorporation of the new isoprene chemistry can overestimate the Criegee 



intermediate concentrations due to the reduction of the Criegee loss by around 80% over the 

isoprene regions (Figure 3b). Given the importance of the linkage between HCOOH and 

Criegee fields, the burden to find HCOOH sources is increased. 

 

4. Conclusions 

Updated isoprene chemistry, based on the CRI v2.2 mechanism, has been 

implemented into the STOCHEM-CRI global 3D atmospheric chemistry and transport model. 

By doing so, an increase in HOx burden is found which results in a decrease in tropospheric 

isoprene mixing ratios in equatorial forested region, giving a slight improvement between 

model-measurement disagreements. However, reducing MEGAN isoprene emissions by a 

factor of 2 in the model brings the model isoprene levels into closer agreement with measured 

isoprene levels in Amazon, Surinam and Venezuela. Inclusion of the updated isoprene 

chemistry reduces the simulated atmospheric lifetime of CH4 by 0.5 year. Through the 

additional chemistry implemented in ISOP, nitrate concentrations have been increasing by up 

to 30% in the areas with the highest vegetation levels, not only through an increase in NO3 

and HNO3 mixing ratios but also an increase in alkyl nitrates especially isoprene-related 

nitrates. With regards to ozone mixing ratios, these were seen to decrease by up to 10% in the 

equatorial forested region. Formic acid is decreased over vegetated areas, which can decrease 

the loss rates of Criegee Intermediates in Amazon areas.  

Satellite remote sensing of isoprene is now a reality, though current satellite 

technology limits its usefulness to high-emission regions (Fu et al., 2019). A thermal infrared 

sounder focused on optimized spectral resolution and range for remote sensing of isoprene 

along with PAN, ozone, and HCOOH, when combined with current remote sensing of ozone, 

NO2 and HCHO in the ultraviolet region of the spectrum, would provide an ideal global 

dataset to test isoprene chemical mechanisms and better-constrain isoprene emissions and 

chemistry.   
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