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Abstract: Isoprene emissions can affect the oxidizing capacity of the atmosphere and are
likely to increase with an increase in the world’s biomass. The emission of isoprene is
strongest in tropical forested regions, suggesting a major portion of tropospheric chemistry
occurs in the tropics. As well as deforestation and reforestation having a direct impact
on the world’s climate through land cover, there is also an indirect environmental impact
(e.g., global warming, air pollution) through the resulting change in isoprene emissions.
Previously, incomplete understanding of isoprene oxidation chemistry caused a model-
measurement breakdown for concentrations of HO, radicals observed over certain low-
NOxy regions, such as the pristine Amazon rainforest. Over the last decade, however,
understanding of isoprene oxidation chemistry has been vastly improved. Numerous
research studies have provided evidence for the involvement of 1,6-H and 1,5-H shift
reactions in the isoprene oxidation mechanism, which increases the level of HOy recycling
that occurs. As well as helping to reduce the model-measurement breakdown observed, the
updated isoprene oxidation mechanism affects the tropospheric burdens of other species,
including carbon monoxide (CO), methane (CHy), ozone (O3), organic peroxides (ROOH),
secondary organic aerosol (SOA), and organic nitrates (RONO;). There are still gaps in the
understanding of the impacts and oxidation chemistry of isoprene emissions, which this
literature review identifies and discusses. In the future, there is still much scope for further
research, including modeling future reforestation scenarios with isoprene emissions and
their impacts on both global and regional scales.

Keywords: ozone; Amazon; climate change; deforestation; reforestation; oxidation mechanism;
secondary organic aerosol

1. Introduction

Terrestrial vegetation accounts for around 90% of the total atmospheric non-methane
volatile organic compounds (VOCs) emission. Hence, this source dominates biogenic VOCs
(BVOCs) emissions into the atmosphere [1]. Among BVOCs, isoprene (C5Hg) has the largest
emission flux, contributing approximately half of the total BVOCs (about 1000 TgC yr—!) [2],
and has been the focus of a significant amount of research in terms of the controlling factors
of its emission, atmospheric oxidation chemistry, and subsequent environmental impacts.
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A review of literature concerning isoprene emissions and its measurements, recent updates
to isoprene oxidation chemistry and its environmental impacts, the impact of deforestation
and reforestation on isoprene emissions, and its oxidation products are presented.

As isoprene is emitted mainly from terrestrial vegetation, its emissions are directly
dependent on the land cover (e.g., tree, shrub, grass, crop) and on the plant species within
those land covers [2,3]. Isoprene emissions from plants is directly linked to photosyn-
thesis, as the formation of the C5 compound is non-trivial, in fact requiring a significant
amount of energy [4,5]. The production of isoprene occurs within plants during photo-
synthetic metabolism through the precursors dimethylallyl pyrophosphate (DMAPP) and
isopentenyl pyrophosphate (IPP), with the former being the substrate for the isoprene
synthase [6,7]. The isoprene synthase converts DMAPP to isoprene through cleavage of
pyrophosphate, and emission of isoprene can subsequently occur, although it does so at
significant cost to the plant in terms of carbon and adenosine triphosphate (ATP). Plants
can release isoprene through other metabolic pathways when drought inhibits photosynthe-
sis [8]. Algae, which are photosynthetic organisms, can produce isoprene in darkness [9-11].
Various bacteria can emit isoprene through enzymatic mechanisms [12-14]. Different root-
associated fungi can emit isoprene, but its production mechanism is still undetermined [15].
The ocean is a source of isoprene to the atmosphere, but global isoprene emissions from
the ocean are small (0.32-11.6 TgC yr~!) [16-20] compared with the terrestrial sources.
Isoprene is also emitted from vehicular exhaust [21-23] and human exhalation [24,25]. In
addition to biogenic emissions, other emissions are found to contribute only approximately
15% (~100 TgC yr—!) [26] of the total global isoprene emissions. In this review we will
focus mainly on the biogenic emissions of isoprene and therefore discuss the biological
controlling factors of its emission.

2. Biological Function of Isoprene Emission

In the literature review by Sharkey and Monson [27], isoprene biology is described as
‘enigmatic’. Sixty years after its discovery, with many of its chemical reactions and biological
synthetic pathways recognized, the scientific community still does not fully understand
why plants evolved to emit isoprene in the first place, and indeed why they continue to do
so. When categorizing isoprene-emitting species, a simple pattern is difficult to decipher.
Many closely related species can differ in their emissions or capacity to emit altogether;
European oaks, for example, produce insignificant levels of isoprene, whereas their closely
related American counterparts are high emitters of the species [28]. One of the benefits of
understanding the biological function of isoprene could be to help scientists better explain
these interspecies differences. However, theories as to why plants emit isoprene have been
emerging for years, with little definitive evidence for one argument over another [7]. The
emission of isoprene is a metabolic cost for plants (starting from carbon dioxide (COy),
20 ATP and 14 Nicotinamide adenine dinucleotide phosphate (NADPH) per isoprene
molecule [4]), but benefits may outweigh the cost, especially under high temperature [29]
and oxidative stress [30].

A popular hypothesis as to the biological function of isoprene is thermotolerance.
Specifically, protection against heat specks that arise when sunlight strikes a leaf and causes
the surface to rapidly warm. A correlation between light exposure and isoprene emission
was first reported in 1966, although this evolved into attributing more specifically the effect
of the thermal excitation from light 30 years later [31,32]. This is consistent with findings
that trees at the top of rainforest canopies emit the highest concentrations of isoprene, as they
have to tolerate the highest radiation levels from the sun [33]. It was through this connection
between daylight and isoprene emission that the direct relationship to photosynthesis was
also established [5]. Isoprene protection against reactive oxygen species is another popular
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theory. Ozone (O3) has been shown to damage the photosynthetic apparatus in plants, with
an increase in external isoprene concentration counteracting the detrimental effect [34,35].
Similarly, it was found that the presence of isoprene in combination with nitric oxide (NO)
could also be used against oxidative stress in the form of ozone or singlet oxygen [36].
Although, similarly to thermotolerance theories, the exact mechanisms of protection are not
known, and counterarguments to these conclusions are also reported [37]. During the use
of isoprene as an insect repellent, it has been shown to interfere with the chemoreceptors
in some species of parasitic wasps, hindering their ability to locate the plant they sought
to attack [38]. In a species of tobacco plant, isoprene has been shown to act as a deterrent
to its damaging inhabitant, the tobacco caterpillar [39]. The relationship between animal
and plant will not be discussed further, but it is worth mentioning its significance, as plants
may have evolved isoprene emission for protection against a variety of stressors.

Through the dependence of isoprene on biogeochemical and biophysical properties,
isoprene emissions are directly related to land cover [40], and so accurate land cover
inputs are vital for biogenic emission models [1,2,41]. Naturally, the highest emissions
of isoprene are found between the tropics over the landmass where most of the Earth’s
biomass is located. The isoprene fluxes from different types of vegetation are limited,
and this imposes constraints on model development. The Model of Emissions of Gases
and Aerosols from Nature (MEGAN) global database developed by Guenther et al. [42]
with updates highlighted in Guenther et al. [2] and Sindelarova et al. [43] showed that the
dominant source of isoprene emissions is broadleaf tropical forests (84.5%), followed by
temperate shrubs (10%), cool and warm grass (4%), and finally needleleaf forest in boreal
regions (1.5%) (Table 1). Thus, the emitted isoprene is mostly visible in the tropical region
(e.g., 56% in the southern tropics and 32% in the northern tropics), followed by temperate
regions (e.g., 7% in the northern temperate and 4% in the southern temperate) with a minor
contribution from the northern Arctic (<1%).

Table 1. Global land area (10'2 km?) and isoprene emissions for individual plant functional types
estimated using MEGAN2.1 algorithms for the year 2000. Adapted from Guenther et al. [2].

Plant Species Land Area (101> km?) Isoprene (Tg yr—1)
Needleleaf Evergreen Temperate Tree 5.46 1.61
Needleleaf Evergreen Boreal Tree 10.6 59
Needleleaf Deciduous Boreal Tree 1.46 0.0002
Broadleaf Evergreen Tropical Tree 15.6 244
Broadleaf Evergreen Temperate Tree 2.64 21.9
Broadleaf Deciduous Tropical Tree 12.9 178
Broadleaf Deciduous Temperate Tree 5.33 35.4
Broadleaf Deciduous Boreal Tree 2.14 4.79
Broadleaf Evergreen Temperate Shrub 0.18 0.23
Broadleaf Deciduous Temperate Shrub 4.15 21.8
Broadleaf Deciduous Boreal Shrub 9.33 2.93
Arctic C3 Grass 494 0.97
Cool C3 Grass 14.3 11.2
Warm C4 Grass 13.2 593
Crop 1 16.3 0.02
Total 118.5 535
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Amazonia is known to be a major source of isoprene emissions. Areas of elevated
isoprene emissions can also be seen over Russia and Canada in a biome known as boreal
forest. Regions of boreal forest, or Taiga, are characterized 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 release a significant mass of isoprene contributing to the global
budget [44]. Karl et al. [45] estimated that over 70% of total emitted BVOCs originate
from the tropics, and Figure 1 shows how the south tropical region dominates the spatial
distribution of isoprene emissions globally [43]. Emissions of isoprene are also strongly
species-dependent, leading to further spatial differences in the distribution of emissions
between distinct tropical regions such as Amazonia and Southeast Asia.
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Figure 1. Spatial distribution of mean isoprene emissions (mg m~2 day_l) for January (left) and July
(right) averaged over the years 1980-2010 calculated by the MEGAN model. The figure is adapted
from Sindelarova et al. [43].

Numerous field and modeling studies have calculated a value for the atmospheric
emission flux of isoprene and have shown remarkably consistent results. Arneth et al. [3]
summarized several previous studies to investigate why estimates of global terrestrial
isoprene emissions are so similar when the same is not true for monoterpenes (another
prominent BVOC). They calculated an average annual global terrestrial isoprene emission
rate of 516 TgC yr~!, with a range of 460-570 TgC yr~!. For perspective, this estimated
flux of isoprene is roughly equal to the annual atmospheric flux of methane on a carbon
mass basis [1]. Atmospheric modelling by Pacifico et al. [46] estimated global annual
isoprene emissions of 460 TgC yr~!, and Sindelarova et al. [43] estimated emissions of
523 TgC yr~!, both showing agreement with previous studies and the average range
calculated by Arneth et al. [3].

The experimental data indicates that temperature and light are the key environmental
factors affecting isoprene emission from plants [47]. The architecture, leaf size, and form of
the existing plants all have an impact on many of these variables, which vary across the
canopy. It is generally known that isoprene emission depends on light, which differentiates
isoprene emissions from monoterpenes and other hydrocarbon emissions from plants that
occur at night. Isoprene emissions are strongly temperature sensitive. The evaporation
temperature of isoprene is very low (34 °C), which explains the exponential growth of
isoprene emissions at physiological temperatures [48]. Due to the great temperature
sensitivity of isoprene synthesis, the temperature is a crucial factor affecting the rate of
isoprene emission. Young leaves do not release isoprene, and isoprene emission normally
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occurs several weeks after the start of photosynthesis at the start of the growing season.
The leaves must attain complete maturity before the maximum isoprene emission rates may
be reached, which in certain species may not happen until the beginning of the summer.
When dealing with isoprene emissions, it is important to specify the regions, seasons, and
types of plants.

In addition to temperature and light, isoprene emissions are controlled by the levels of
carbon dioxide (CO,). It was found from laboratory and field studies that a direct inhibition
of isoprene production was caused by an increasing concentration of atmospheric CO,
which can have opposite responses to surface ozone concentrations, e.g., decreases in
polluted regions and increases in less polluted regions [49]. The tropical forests may
have the ability to maintain a strong atmospheric oxidation capacity whilst emitting large
quantities of isoprene, which may to a degree be explained by the CO; inhibition effect.
Climate change had the potential to increase levels of isoprene emissions due to higher
temperatures; however, increased concentrations of CO, would oppose this effect. In
future climate change scenarios, including the CO, inhibition effectively cancelled out
climate-induced increases in isoprene emissions, and modeled global isoprene emissions in
2100 could be very similar to present-day emissions [46]. A similar conclusion was reached
in a study by Heald et al. [50] who also suggested that future isoprene emissions would
be, to a large degree, buffered by competing influences (CO; inhibition effect), with the
projected global isoprene emissions in 2100 dropping from 696 to 479 TgC yr—!. Wilkinson
et al. [51] showed that the isoprene emission rates from several species of trees (eucalyptus,
sweetgum, cottonwood, and aspen) were reduced when trees were exposed to a higher
concentration of CO, whilst growing. They presented a new model [51] for isoprene
emission accounting for its response to CO,, consistent with Guenther and co-workers’ [1]
algorithms, which can be used for the effect of long-term changes in CO, levels on isoprene
emission rates. However, Sun et al. [52] showed that the CO, inhibition effect may not take
effect in a warmer climate, as the isoprene could protect leaf photosynthetic function against
heat stress more effectively under increased CO; levels. Furthermore, Heald et al. [50]
discussed the possibility of the CO, inhibition of isoprene emissions being counteracted
by the fertilization effect of CO,, which enhances photosynthesis and water use efficiency,
hence also increasing vegetation productivity.

Isoprene is rapidly oxidized once it is emitted into the atmosphere, leading to its
breakdown and a lower overall concentration despite a high initial emission rate. Thus,
an accurate representation of isoprene oxidation chemistry is of vital importance to global
atmospheric models.

3. Initial Isoprene Oxidation Chemistry

Oxidation by hydroxyl radicals (OH) is the main atmospheric removal process for
isoprene. Hydroxyl radicals can add to any of the four carbons involved in double bonding,
as shown labeled in Figure 2. Peeters et al. [53] found experimental evidence to support
(within a few percent) their structure-activity relation predictions of 60% 1-OH-, 30% 4-OH-,
5% 2-OH-, and 5% 3-OH-isoprene adducts.

Figure 2. Structure of isoprene with C-atom labelling.
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Whilst the more stable trans structure is the dominant conformer of isoprene, the
addition of a hydroxyl radical releases around 38 kcal mol~! of energy. The trans-
and cis-structures of the activated OH-isoprene adducts are thus able to readily inter-
convert as suggested in the Leuven isoprene mechanism (LIM), facing barriers of only
14-15 kcal mol~!. After the initial reaction between isoprene and OH radicals, peroxy
radicals are formed.

Traditionally, chemical regimes have been divided into high NOy (where the forma-
tion of peroxy radicals is the rate-limiting step for oxidation chemistry) and low NOx
(where the reactions of peroxy radicals with NOy is the rate-limiting step for oxidation
chemistry). The metric was used to assign photochemical conditions that ranged from
urban/anthropologically impacted (high NOy) to remote/ pristine (low NOy). However,
as a result of emission controls, NOy levels can be as low as a few hundred ppt [54],
so one should use the term high NOy with caution when referring to urban/remote
chemical regimes.

It was previously thought that at low NOx conditions, peroxy radicals can recombine
into peroxides (Pathway I), which are removed from the atmosphere through deposition
processes, resulting in reduced tropospheric OH levels and thus depleting the atmospheric
oxidation capacity. At high atmospheric NOy concentrations, the alternate pathway (Path-
way II) recycles OH through reactions with NO, producing secondary tropospheric pol-
lutants such as ozone. This additional ozone can contribute to climate change as it is an
effective radiative forcing agent in the tropical troposphere.

The isoprene oxidation is directly linked to the concentrations of NOx which is mostly
released during fossil fuel combustion, with an approximate rate of 30 Tg N yr~! [55] How-
ever, in forest regions, soil-biogenic NOx emissions are also important, which can globally
contribute around 12.9 + 3.9 Tg N yr~! of the total source [56]. Soil-biogenic emissions of
NOy are influenced by vegetation type, use of nitrogen-containing fertilizer, and meteoro-
logical parameters such as moisture and temperature. In pathway II, the peroxy radicals
formed from the initial oxidation reaction react with NO to form NO;. The subsequent
photolysis of NO, produces NO and ground state oxygen atoms, which can react with O,
to form tropospheric O3. Barket et al. [57] showed that the oxidation of isoprene produced
a significant amount of ozone with a rate of 1-5 ppb ozone per hour during daytime for
the anthropogenically impacted rural environments (NOy concentrations in the range of
0.1-10 ppb). However, the simulated impact of isoprene emissions on the global O3 burden
is small overall [46]. This is in agreement with previous studies where 91-92% of increased
ozone concentrations were found to be related to direct effects of human activities [58].

The low-NOy oxidation scheme, which is applicable to the forested and remote re-
gions, highlights the historical controversy over isoprene oxidation mechanisms, as early
mechanisms suggested a near-complete titration of isoprene. The observations of elevated
OH concentrations in tropical forested regions (e.g., Amazon, Borneo) throughout the
2000s [59,60] contradicted these findings, and a large model-measurement of OH break-
down began to become apparent. Unexpectedly high OH concentrations, up to 10 times
more than predicted by models at the time, were measured [61]. These differences were
most noticeable in areas where high isoprene concentrations (>1 ppbv) corresponded with
low NOy concentrations (<1 ppbv). Hofzumahaus et al. [62] calculated the turnover rates
of OH and HO; during a measurement campaign in the Pearl River Delta, China. The
calculated OH concentration was found to be 3- to 5-fold higher than expected, and they
proposed the additional OH was being generated by a pathway independent of NO and
thus not producing additional ozone. These findings suggest that there is an unknown
recycling mechanism of OH at low NOy which is not included in conventional isoprene
degradation mechanisms. Lelieveld et al. [59] suggested that an OH recycling efficiency in
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isoprene oxidation of 40-80% was needed to explain the unexpectedly high OH concentra-
tions over the Amazon rainforest.

4. Isoprene HOx Recycling and Updated Isoprene Oxidation Chemistry

The increased understanding of isoprene HOy recycling at low NOy has occurred in the
past 15 years, mostly due to the realisation that H shift reactions in peroxy radicals formed
in the initial oxidation of isoprene can occur quickly enough to compete with, or even
dominate, their reactions via pathways I (attachment to the 1-carbon) and II (attachment to
the 4-carbon atom) [53,63]. A theoretical study conducted by Peeters et al. [53] proposed
that unimolecular isomerization reactions of specific RO, radical isomers by 1,6-H- and
1,5-H-shifts are sufficiently rapid to be competitive with bimolecular reactions with other
peroxy radicals to form organic hydroperoxides (ROOH). The new RO; radicals formed
from unimolecular isomerization generate additional ROOH, which can be photolyzed,
leading to a significant source of OH. These HOx regenerating reactions have subsequently
been included in many atmospheric models and were estimated to yield ~0.7 HO; and
~0.03 OH radicals per isoprene oxidized [53]. A chamber study with conditions relevant to
the remote forested regions undertaken by Paulot et al. [63] found the formation of high
concentrations of dihydroxyepoxides via an OH neutral pathway. These dihydroxyepoxides
are thought to be more stable (lifetime with respect to OH addition is of the order of 18-22 h)
than the precursor hydroperoxides, and their reactive uptake to aerosol surfaces may lead
to a significant source of isoprene-derived secondary organic aerosol (SOA). The stability
of the hydroxyepoxides could also help to explain the remarkable stability of OH in remote
regions, as it is a stable chain-terminating reaction formed by an OH neutral mechanism.

Due to the presence of allyl resonance in both the 1-OH and 4-OH adducts as well as
the proposed isoprene oxidation mechanism [53], initial OH isoprene adducts can quickly
add O, molecule at two additional sites, as depicted in Figure 3. The Z-5-OH-peroxy
(i.e., Z-1-OH-4-O0. and Z-4-OH-1-00.) is demonstrated to be the most reactive in both
cases. In this compound, the weakly bonded x-OH hydrogen undergoes a 1,6-H shift
to the peroxy radical site to produce a resonant hydroxy hydroperoxyalkenyl radical.
These radical products can react quickly with O, generating HO, along with photolabile
hydroperoxyl-methylbutenals (HPALDs), which quickly produce OH radicals. In addition
to the 1,6-H shift channel, the 1,5-H shift reaction of the 3-OH peroxy radicals produces
HOx radicals along with oxygenated organic products methacrolein (MACR), methyl vinyl
ketone (MVK), and formaldehyde [53,64]. However, the OH radical generation through
1,5-H shift is found to be very low compared with 1,6-H shift isomerization [61].

Crounse et al. [65] reported experimental evidence for the formation of HPALDs from 1,6-H
shift isomerization for 8-isoprene peroxy radicals with kisom (295 K) = 0.002 s~!. They estimated
that the fraction of isoprene peroxy radicals reacting through this mechanism could be 8-11%
globally, up to 20% in the tropics. This rate is substantially slower than predicted in the theoretical
calculations [53,66,67]. The direct comparison to the theoretical rate is not straightforward, as
the experimental study [65] only observed the end products of interconversion between the
[-OH-00, Z-5-OH-00, and E-5-OH-OO0 radicals and the 1,6-H shift reactions of the Z-6-OH-
OO radicals. From the isomerization rates determined, Crounse et al. [65] concluded that
isomerization reactions of isoprene peroxy radicals were unlikely to explain the differences in
HOy concentrations between model measurements [68].
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Figure 3. Reaction scheme for the addition of O, to initial 1-OH and 4-OH adducts of isoprene,
following the reaction of isoprene with an OH radical. Adapted from Peeters et al. [53].

Archibald et al. [68] used a box model to investigate the impacts of mechanistic
changes on HOy formation and recycling in the oxidation of isoprene in remote forested
regions. The Master Chemical Mechanism version 3.1 (MCM v3.1) was used as a base
reference mechanism with sensitivity studies conducted over a wide range of NOx levels.
The radical propagating channels for the reactions of HO, with RO, radicals (namely acyl
and (3-oxoperoxy radicals) and the partial revision of the first generation hydroperoxides
(representative of Paulot et al. [63] OH regeneration) in their study led to increases of OH
concentrations by ~5-7% over the sub-ppb NOy range. However, implementing the uni-
molecular isomerization reactions proposed by Peeters et al. [53] into the MCM mechanism
yielded a factor of up to 3.3 increase in the OH concentration, with the highest increase at
the low end of the NOy range. A representation of isoprene HOy recycling for use with
the Common Representative Intermediates version 2, reduction 5 (CRI v2-R5) mechanism
was developed using the MCM v3.1 sensitivity studies as a reference benchmark [68]. The
mechanism included a reduced representation of HOy recycling resulting from isomeriza-
tion of isoprene-derived peroxy radicals (based on Peeters et al. [53]) and the inclusion of
propagating channels for the reactions of HO, with acyl peroxy radicals [69]. The inclusion
of isoprene HOy recycling caused an increase of up to 40% in the OH concentration over
forested regions (the tropics in February and the tropics as well as forested boreal regions
in August) with an increase of more than 20% simulated in the free troposphere [68].
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The theoretical study [61] showed that 1,6-H shift isomerization occurred with large
reaction rate constants (5.7 s~! and 0.52 s~! at 298 K for 4-OH and 1-OH adducts, re-
spectively), which are in good agreement with the experimental study (3.6 s~! and
04571 respectively) [70]. However, 1,5-H shift isomerization occurred with small reaction
rate constants (1.1 x 1073 s~ and 0.7 x 1073 s~! at 298 K for 4-OH and 1-OH adducts,
respectively) [61], which makes the reaction competitive only in the presence of exception-
ally low NO levels (<10 pptv). Peeters et al. [61] updated the isomerization mechanism
(Figure 4) and suggested that the bulk isomerization of Z-5-OH-peroxy 1,6-H-shift rate kisom
increases approximately linearly with the traditional bimolecular reaction rates, ki, because
these bimolecular reactions reduce the abundances of majority 3-OH peroxy radicals but
have much less influence on the abundances of Z-5-OH-peroxy radicals. In the experi-
ments of Crounse et al. [65], traditional bimolecular reaction rates, ki, were found to be
~0.02 s~1. However, Xiong et al. [71] reported that ki, is highly variable with NOx levels
with a range of ~0.02 s~ 1in the afternoon (low NO) to ~0.1 s~ ! in the morning (high NO).
The measured bulk isomerization rate reported by Crounse et al. [65] is at the lower end of
atmospherically relevant k¢, which leads to an underestimation of the actual isomerization

2 \
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isoprene Hydroperoxy-carbonyl
b v di-HPCARPs
S
—_ OOH

[B-OH-peroxy Z-8-OH-peroxy
- \o (i) Enolic 1,6-H
(ii) 0
Traditional Products o) _-HO
\ 0o
OH---"

Figure 4. Updated reaction scheme of OH-initiated oxidation of isoprene under low NOy conditions
(adapted from [61]).

The addition of O; to the hydroxy hydroperoxyalkenyl radicals produced from 1,6-H
shift isomerization of Z-5-OH-peroxy can proceed equally via a-hydroxy H atom ab-
straction to yield HPALDs and HO; and via addition y to the OH group, leading to
the production of the complex dihydroperoxy-carbonyl peroxy radicals, di-HPCARPs
(Figure 5) [61]. Under low NOy conditions, di-HPCARPs react significantly via a 1,4-H-shift
isomerization reaction to form OH, carbon monoxide (CO), and dihydroperoxy-carbonyl
compound, which also photolyzes rapidly to produce additional OH.
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Figure 5. Mixing ratios of isoprene simulated by STOCHEM-CRI (a) surface distribution for June-

July-August, (b) surface distribution for December-January-February, (¢) zonal distribution for

June-July-August, (d) zonal distribution for December-January-February.

There are large uncertainties on the yields of HPALD and di-HPCARPs. Peeters
etal. [61] proposed a theoretical yield of ~0.5 for HPALDs and di-HPCARPs. The experi-
mental studies conducted by Teng et al. [70] and Wennberg et al. [72] obtained a total yield
of 0.4 (3-HPALD ~0.15, 5-HPALD ~0.25). Some other experimental and theoretical [73-75]
studies suggested the formation of HPALDs with very high yield of ~0.75. A recent theoret-
ical study by Szab6 et al. [76] reported a 5-HPALD yield of ~1 with negligible contribution
from 3-HPALD. However, another recent experimental study performed by Medeiros

et al. [77] indirectly determined very low HPALD yield of 0.19 without distinction between

the 3- and 6-isomers.

The chemistry of isoprene degradation in the MCM was refined and updated to reflect

advances in understanding in the latest version, MCM v3.3.1, consisting of 1926 reactions of

602 species [78]. The updates mainly related to the OH-initiated chemistry, which has large

impacts on HOy recycling at lower NOy levels, with particularly important simulated con-

tributions resulting from the chemistry initiated by the 1,6-H shift isomerization reactions

of the Z-3-OH-peroxy and from the higher-generation 1,4-H shift isomerization reactions of

the a-formyl peroxy radicals. The rate coefficient for the 1,6-H shift isomerization reaction

is based on those reported by Peeters et al. [61] but scaled (slower by a factor of ~5) to

recreate the phenomenological bulk isomerization rate (kpyx) to form the HPALDs for

the conditions of the experiments reported by Crounse et al. [65]. The revised oxidation

chemistry of isoprene was also incorporated into the CRI v2-R5 mechanism [79] using the

MCM v3.1.1 sensitivity studies as a reference benchmark.
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Miiller et al. [74] implemented a new chemical mechanism for the oxidation of BVOCs
in the Model of Atmospheric Composition at Global and Regional Scales using Inversion
Techniques for Trace Gas Emissions (MAGRITTE v1.1), incorporating the representation
of isoprene’s oxidation scheme with major advances in recent theoretical and laboratory
studies. The isomerization reactions in the study of Miiller et al. [74] controlled the fate of
about one-fifth of the total flux of hydroperoxy radicals formed from the reaction between
isoprene and OH (16.5% for the 1,6-H shift and 3% for the 1,5-H shift). Accurate modeling
of isoprene emissions, involving the most up-to-date understanding of isoprene oxidation
chemistry, would increase the understanding of the global environmental impacts of
isoprene oxidation.

5. Environmental Impacts of Isoprene

Isoprene is not seen to be a major threat to human health in its unreacted form, with
only unrealistically high concentrations considered carcinogenic, though it possesses a
greater risk when its subsequent atmospheric reaction products are considered [80]. As
isoprene is highly reactive, its double bonds make it vulnerable to attack by the nitrate
radical (NO3), OH, and O3, with atmospheric lifetimes of 0.8 h, 1.7 h, and 1.3 days, respec-
tively [81]. Isoprene’s impact on climate, air quality, and human health can be recognized
on both regional and global levels due to the persistence of long-lived multi-stage oxidation
products. The oxidation normally occurs in the boundary layer in the vicinity of the emis-
sion regions, where it has a significant impact on the oxidizing capacity, the global carbon
cycle and radiative forcing [82-84]. Isoprene emissions contribute to various atmospheric
processes such as the formation of tropospheric O3, affect the lifetime of methane (CHy),
and the growth of SOA, which could have important climatic impacts [19,63,85]. Calculat-
ing the impact of isoprene emissions released by plants on the atmosphere is challenging
because the reactions involve radicals, can take many alternative paths, and rely on the
concentrations in a highly non-linear manner.

Under high NOy conditions ([NOx] > 1 ppb), reactions between initial isoprene oxida-
tion products and NO recycled HOy led to the formation of tropospheric ozone, which is
considered a major pollutant [83,86]. Under low NOy conditions, isoprene reacts directly
with O3 and thus reduces tropospheric O3 levels. In addition, the isoprene oxidation with
HOx recycling led to a change in the oxidative capacity of the troposphere [87]. Peroxyacetyl
nitrates (PANs) can also be produced when isoprene breaks down [88], which are recog-
nized as phytotoxins, bacterial mutagens, and eye irritants (lachrymators). Its phytotoxic
biological effects, which harm plants and vegetation, are the most detrimental [89]. Some
isoprene oxidation products at both high and low NO conditions have been identified as
precursors to the formation of SOA, which influences the number of climatically relevant
particles in the atmosphere.

SOA is the dominant contribution to atmospheric particulate organic matter (POM),
which is highly variable with season and location, and in tropical forest regions, POM
accounts for up to 90% of total atmospheric particulate mass [90]. The biogenic SOA can
act as condensation nuclei for cloud droplet formation in the atmosphere, thus exerting a
negative radiative effect on the climate [91]. Historically, it was thought that isoprene did
not contribute to SOA formation because of the volatility of its key oxidation products, e.g.,
methacrolein, methyl vinyl ketone, glyoxal, methylglyoxal, glycolaldehyde, hydroxyace-
tone, and formaldehyde [92]. However, SOA formation from isoprene oxidation has been
intensively explored during the last two decades and found that the overall contribution of
isoprene to total atmospheric POM could be large (e.g., 6 Tg/yr) because of its large global
emission flux [93]. The isoprene oxidation mechanisms identified specific SOA precursors
such as isoprene epoxydiols (IEPOX) at low NOy environments and methacryloyl perox-
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ynitrate (MPAN) at high NOx environments [94]. In isoprene-dominating regions (e.g., the
Amazon rainforest), a significant amount of IEPOX can be formed, and their reactive uptake
on acidic sulfate aerosols may lead to a substantial production of SOA from isoprene. SOA
can directly interact with incoming shortwave radiation (a direct radiative effect) and act as
condensation nuclei for cloud droplet formation (an indirect radiative effect). Considering
these direct and indirect radiative effects, it is thought that SOA produced from isoprene
in the atmosphere exerts a negative radiative effect on the climate [90,95]. Recent aircraft
observations [96,97] showed new particle formation (NPF) from extremely low volatile
oxidation products of isoprene in the Amazonian upper troposphere, which can serve as
cloud condensation nuclei (CCN) and influence the Earth’s hydrological cycle, radiation
budget, and climate.

The incidence of the secondary products produced from isoprene oxidation pro-
cesses in the troposphere increases the prevalence of respiratory diseases and damages
the environment and infrastructure. Pye et al. [98] have shown that across the United
States, biogenic SOA mass was comparable with anthropogenic SOA mass and showed
that biogenically derived SOA played a role in cardiorespiratory disease mortality. Paci-
fico et al. [46] highlighted the importance of considering isoprene emissions and their
impact on atmospheric chemistry and climate due to the complexity of competing influ-
ences on both emissions and the degradation mechanism of isoprene. Large emissions
of isoprene, coupled with its short atmospheric lifetime, leads to difficulties in global
atmospheric modelling, due to a corresponding reduction in the levels of OH over isoprene
source regions.

The model simulation of the initial isoprene HOx recycling mechanism [53,59,63,66]
incorporated into the global tropospheric chemistry-transport model, IMAGESv2 [99],
showed an increase of OH and HO; concentration by a factor of 4 and 3, respectively, over
the Amazon basin and an ~8% increase of ozone over tropical forests. Archibald et al. [100]
showed the impacts of initial isoprene HOx recycling for present-day, pre-industrial and
future climate/emission scenarios using UKCA global chemistry-climate model. Their
calculations showed that the inclusion of unimolecular isomerizations of the isoprene
hydroxy-peroxy radicals increased the production of HOy radicals in all scenarios. For the
present-day climate scenario, they showed an enhanced OH and HO, concentration by
as much as 410% and 225%, respectively, at the surface in tropical regions and up to 75%
OH in the zonal within the boundary layer of the tropics, which could be important to
reproduce the high concentrations of HOy measured in the tropics by Lelieveld et al. [59].
The inclusion of HOy regeneration and recycling in the oxidation of isoprene in their
model increased the global burden of ozone by 25 Tg (8%), 36 Tg (18%), and 32 Tg (9%)
and decreased the atmospheric lifetime of methane by 14%, 35%, and 11% for present,
pre-industrial, and future climate/emission scenarios, respectively.

The implementation of CRI-updated isoprene degradation chemistry into the
STOCHEM-CRI chemistry transport model [79,101-103] showed an increment of the global
tropospheric burdens of OH and HO, by 6.4% and 0.8%, respectively. The increase in HOx
did in turn reduce isoprene’s tropospheric burden by ~17% and shorten its tropospheric
lifetime from 2.7 days to 2.2 days [87]. The peak isoprene is found over the Amazon rain-
forest, southern Africa, Southeast Asia, and North Australia with levels between 1 ppb to
4 ppb as a 24 h average (Figure 5a,b). There are also substantial emissions leading to levels
up to 1 ppb over North America and Russia, and because of more sunlight during June-July-
August (Figure 5b), leading to greater biological production in the northern hemisphere.
The zonal distribution of isoprene shows the peak at the surface in the tropical region with
levels going up to 0.35 ppb during both June-July-August and December-January-February
seasons (Figure 5¢,d). The peak at the surface in the boreal forested regions are seen with
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levels up to 0.2 ppb during summer (June-July-August) season. The concentrations of
isoprene decrease significantly with altitude because of its short atmospheric lifetime.

Jenkin et al. [79] showed that the isoprene HOy recycling increased model OH levels
significantly over low NOy and high isoprene emission regions, i.e., the tropical forests
(typically 15-30%) and the boreal regions over Russia and Canada (typically 5-10%)
(Figure 6a). Furthermore, the updated isoprene oxidation chemistry in the STOCHEM-CRI
model can reduce the lifetime of methane by 5%, increase the global burden of organic
nitrates by 180%, and reduce the tropospheric ozone and methane mixing ratios by up to
10% and 0.8%, respectively, over the tropical forest region (Figure 6b,c) [87].
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Figure 6. The percentage changes of annual surface mixing ratios of (a) OH, (b) O3, (c) CHy, simulated
by STOCHEM-CRI following implementation of the isoprene HOx recycling.

The simulation study considering the recycling of OH radicals in isoprene oxidation
through the isomerization of Z-§-hydroxyperoxy radicals in the MAGRITTE model by
Miiller et al. [74] showed enhanced OH concentrations by up to 40% over western Amazonia
in the boundary layer and by 10-15% over the southeastern US and Siberia in July. Their
study also reported that isomerization reactions led to increased HO, concentration by up
to ~20% and reduced isoprene nitrate formation by up to ~40% over Amazonia. Bates and
Jacob [82] also discussed the hydrogen shift reactions throughout the isoprene oxidation
mechanism and used the condensed version of the reduced Caltech isoprene mechanism
(RCIM) [73]. Using a global GEOS-Chem model simulation with RCIM, they estimated that
the fraction of isoprene reacting with OH globally (88%) and the resultant hydroxy-peroxy
radicals react with HO, (44%), NO (28%), and RO, (9%) or undergo H shifts to regenerate
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HOx (22%). Bates and Jacob [82] looked at the overall effect of including updated isoprene
chemistry, noting an increase in OH recycling, which, under low NOy conditions, resulted
in a lower depletion of OH than reported in previous mechanisms. They calculated that
the presence of isoprene in the atmosphere could be responsible for an 11% decrease in OH,
6.5% increase in HO,, 4.2% decrease in NOx over the troposphere, and the increased OH
resulted in a 12% increase in the tropospheric lifetime of methane. They also found that the
updated isoprene oxidation chemistry could increase tropospheric ozone by 1.9 ppbv but
decrease ozone levels by as much as 3.4 ppbv over tropical forest regions. The study also
estimated the total global source of SOA from isoprene of 61 TgC yr~—! (136 Tgyr~1), with
approximately equal contributions from IEPOX, organonitrates, and highly functionalized
Cs compounds.

However, a recent study [104] developed a new mechanism, CRI-HOM, incorporating
it into the global chemistry-aerosol-climate model to simulate the formation of highly
oxygenated organic molecules (HOMs) from the oxidation of x-pinene. The simulation
with the inclusion of CRI-HOM showed a significant impact of isoprene-driven suppression
of involatile biogenic-derived species and the consequences for SOA.

Evaluating the models against atmospheric measurements of isoprene is required to
determine the extent to which using an updated isoprene oxidation mechanism improves
or reduces the accuracy of the model. The amount of isoprene measurement data from
surface stations has increased enormously over the last thirty years, which is beneficial to
evaluate the model simulations.

6. Measurements of Isoprene and Model Validation

The short lifetime (typically from minutes to hours [105]) results in isoprene concen-
trations being localized to emission regions, thus increasing the spatial and temporal range
of measurements, which is important for better understanding its sources, sinks, and atmo-
spheric impacts on local, regional, and global scales. However, in-situ measurements of
isoprene are sparse and limited due to logistical difficulties. Early studies most commonly
utilized a technique where isoprene was collected in cartridges, and these field samples
were transported outside of Amazonia to be analyzed by gas chromatography techniques,
e.g., Gas Chromatography-Flame Ionization Detection (GC-FID), Gas Chromatography-
Mass Spectrometry (GC-MS) [106]. Whilst the development of new sampling approaches
(e.g., use of drones) and more advanced analytical tools (proton-transfer-reaction mass
spectrometry (PTR-MS), comparative reactivity method, photoionization detector (PID),
semi-volatile thermal desorption aerosol gas chromatography) has meant that the emission
of isoprene has been more easily measured on site in recent years. Table 2 shows a summary
of isoprene’s measurement techniques, measurement location, and measured as well as
modeled mixing ratios for different campaigns.
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Table 2. Measured isoprene mixing ratios, measurement techniques, and the modeled isoprene mixing ratios at different locations.
Location Time Lat, Lon Measurement Technique xfjisr:lgrelfa:?gl(a;::; xfﬁ;{;%i&ﬁ;;&
Canada, Egbert [107] Jul 44, -79 GC-FID 0.5 0.18
Canada, Kejimkuijik [107] Jul 45, —65 GC-FID 2.0 0.13
Canada, Fraserdale [108] Jul-Aug 50, —82 GC-FID 0.5-5 0.20
Alabama, USA [109] Jun-Jul 32, —88 GC-FID 3.8 1.61
Michigan, USA ~801 m [110] Aug 45, -85 GC-MS 1.36* 0.18
Colorado, USA ~2840 m [111] Jun-Aug 39, —105 GC-FID 0.15+0.10*% 0.06
North Carolina, USA ~1100 m [112] Jun-Jul 36, —82 GC-MS/FID 0.74 £ 0.58 * 0.38
Nevada, USA ~1315m [113] Jun-Sep 38, —120 GC-FID 0.397 4+ 0.558 * 0.06
Amazon Basin, Brazil [114] Jul -2, —60 GC-FID/PID 2.2 (1.2-3.2) 2.55
Amazon Basin, Brazil [115] Annual -2, —60 GC-FID 24 (1.0-5.2) 213
Amazon Basin, Brazil [116] Jul-Aug -2, —60 GC-FID 2.0 (1.1-2.7) 2.53
Central Amazonia, Brazil [117] Dec-Jan -2, —60 PTR-MS 1.66 +0.9 2.00
Central Amazonia, Brazil [117] Sep-Oct -2, —60 PTR-MS 2.68 £ 0.9 1.45
Balbina, Central Amazonia, Brazil [118] Apr -1, -59 GC-MS 6.55 +1.26 2.29
Manaus-Amazonas, Brazil [45] Sep -2, —60 PTR-MS 7.8+37 1.64
Manaus-Amazonas, Brazil ~1200 m [45] Sep -2, —60 GC-MS 55+26 0.72
Manaus-Amazonas, Brazil [119] Sep -2, —60 PTR-MS 522 +15 1.64
Manaus-Amazonas, Brazil [119] Feb-Mar -2, —60 PTR-MS 1.5+0.78 1.95
Manaus-Amazonas, Brazil [120] Jul -2, —60 GC-FID 34+18 2.55
Central Amazonia, Brazil [121] Sep-Nov -2, —60 PTR-MS 59+13 1.34
Central Amazonia, Brazil [121] Dec-Feb -2, —60 PTR-MS 52+15 1.93
Central Amazonia, Brazil [121] Mar-May -2, —60 PTR-MS 41+0.7 2.61
Central Amazonia, Brazil [121] Jun—Jul -2, —60 PTR-MS 34+02 2.71
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Table 2. Cont.
Location Time Lat, Lon Measurement Technique xfjisr:lgrelfa:?gl(a;::; xfﬁ;{;%i&ﬁ;;&
Peru (~2 m) [122] Jul -5, =77 GC-MS/FID 3.3 0.83
Peru (91 m -1.2 km) [122] Jul -5, =77 GC-MS/FID 14 0.48
Venezuela, Buja [123] Sep 9, —62 GC-FID 3.3 0.96
Venezuela, Auyantepuy [123] Apr 6, —62 GC-FID 1.6 0.83
Venezuela, Calabozo [124] Sep—-Oct 9, —67 PTR-MS 0.8 (0.2-3.1) 1.40
Venezuela, Calabozo [124] Mar-Apr 9, —67 PTR-MS 0.5 (0.1-1) 0.38
Venezuela, Parupa [124] Jan-Feb 6, —62 PTR-MS 0.5 (0.1-1.2) 0.48
Surinam (PBL) [125] Mar 2to 7, —54 to —58 PTR-MS 3.5(0.5-7) 0.87
Australia, Sydney [126] Feb-Mar —34,151 PTR-MS 0.76(0.09-7.1) 0.15
Australia, Sydney [126] Apr-May —34,151 PTR-MS 0.63(0.01-4.63) 0.12
Australia, Wollongong [126] Dec-Feb —35,151 PTR-MS 0.28 (0.002—4.6) 0.14
Australia, New South Wales [126] Nov —36, 148 PTR-MS 0.15 (0.02-1.01) 0.09
Borneo, Malaysia ~426 m [127] Apr-May and Jun-Jul 4,117 GC-FID 1.06 (0.05-2.47) 0.66
Borneo, Malaysia ~426 m [128] Jun—Jul 4,117 PTR-MS 14+1.2 0.42
Jimei District, Xiamen City, China [129] Aug 24,118 GC-MS/FID 0.66 + 0.50 0.10
Jimei District, Xiamen City, China [129] Sep 24,118 GC-MS/FID 0.14 +£0.21 0.09
Shanghai, China [130] Apr-Sep 31,121 UV-DOAS 0.22 +£0.20 0.02
Nanjing, China ~1690 m [131] Jul-Aug 24,112 GC-MS 0.38 £ 0.05 0.01
Nanjing, China ~1690 m [131] Jul-Aug 24,112 GC-MS 0.29 +£0.03 * 0.01
Shenzhen, China [132] Aug-Sep 22,113 PTR-MS 0.75 0.51
Taipei, China [133] Jul-Aug 25,121 GC-MS/FID 1.26 0.20
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Table 2. Cont.
Location Time Lat, Lon Measurement Technique xfjisr:lgrelfa:?gl(z;lj xfﬁ;{;%i&ﬁ;g&
Guangdong, China ~1000 m [134] Annual 23,112 GC-MS 0.76 + 0.50 0.27
Hong kong ~507 m [135] Jun-Jul 22,114 GC-FID 1.03 £ 0.03 0.66
Lin’an Station, China ~130 m [136] Apr-May 30, 120 GC-MS/FID 0.55 + 0.52 0.37
Jianfeng Mountain, China ~820 m [136] Apr-May 18,108 GC-MS/FID 0.40 + 0.39 0.39
Tengchong Mountain, China ~1960 m [136] Apr-May 24,98 GC-MS/FID 0.08 £ 0.16 0.14
Tengyue Town, China ~1660 m [136] Apr-May 25,98 GC-MS/FID 0.13 £ 0.06 0.06
Tai O, Hong Kong ~80 m [137] Annual 22,114 GC-MS/FID 0.37 £0.16 0.27
Mt. Tai ~1532 m [138] Jun-Jul 36,117 GC-MS/FID 0.15+0.18* 0.01
Tibet, China ~3816 m [139] Jul-Aug 36,101 GC-FID/ECD/MS 0.13+£0.29* 0.01
France ~650 m [140] Jun 43,5 PTR-MS 2.09 0.11
Bosco Fontana Nature Reserve, Italy [141] Jun—Jul 45,10 PTR-MS 1.07 £ 0.80 * 0.09
Montseny, Barcelona, Spain ~720 m [142] Jul-Aug 41,2 PTR-MS 0.43 0.17
Ocean: Cape Town to Crozet Island [143] Dec —35to —47,18 to 51 GC-PID 0.033 * 0.0002
Ocean: Hobart to Punta Arenas [143] Jan-Feb —43to —72, GC-PID 0.047 * 0.002
147 to —127
Ocean: Punta Arenas to Cape Town [143] Mar :3411 tg 1_ 846 GC-PID 0.038 * 0.032

Note: The values are reported as daytime average mixing ratios except the values with *, which are daily average mixing ratios. The sampling heights (where available) are also shown in

the site description.
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The isoprene mixing ratios in the Amazonian ecoregion are comparatively higher
than in any other region and show an enormous variation depending on site, height,
and season (Table 2). The measured isoprene mixing ratios in the Amazon follow a clear
diel pattern as a function of light and temperature [117,119,120]. Compared with the
dry season, a factor of two to three reduction in isoprene mixing ratios was observed
at the Amazon forest during the wet season due to fluctuations in light, temperature,
and leaf area index [117,119,121]. The isoprene measurements in the tropical savanna
atmosphere [123,124] showed the higher mixing ratios in woodland savanna and large
vegetation compared with grassland savanna and low vegetation. A seasonal cycle
with lower mixing ratios of isoprene during the dry season was observed due to a
lower physiological activity of the vegetation compared with the wet season [123,124].
The first airborne isoprene measurements over the tropical rainforest of Surinam by
Warneke et al. [125] showed that the mixing ratios of isoprene increase strongly with the
time of day and distance from the coast in accordance with ground-level emissions dur-
ing the daytime. Measurements of isoprene within a Southeast Asian tropical rainforest
by Jones et al. [127] showed good agreement between surface and aircraft measure-
ments of boundary layer isoprene levels above this natural rainforest, suggesting that,
at least for the region studied, ground-level observations could be treated as broadly
representative of isoprene emissions for that region. Acton et al. [141], Seco et al. [142],
and Kalogridis et al. [140] observed high isoprene mixing ratios at Bosco Fontana Na-
ture Reserve, a mixed oak and hornbeam forest in northern Italy, and an elevated
(720 m a.s.l.) holm oak Mediterranean forest site near the metropolitan area of
Barcelona, and a French Mediterranean oak forest, respectively, during summer
months due to the increased physiological activity and emission rates of the vege-
tation. Isoprene mixing ratios measured at US forests, e.g., Blodgett Forest, Nevada;
Manitou Experimental Forest Observatory, Colorado; and PROPHET site, University
of Michigan Biological Station, are impacted by local isoprene emissions from oak
forests and woodlands, ponderosa pine, and quaking aspen, respectively [110,111,113].
In a recent study, Ferracci et al. [143] used the iDirac, an autonomous portable
gas chromatograph coupled with photoionization detection (GC-PID), and mea-
sured high isoprene concentrations (over 500 ppt) across the Southern Ocean dur-
ing summertime, indicating the marginal ice zone is a significant source of isoprene
at high latitudes. The measurements of isoprene at urban (summer and autumn),
coastal suburban (summer), and inland forest (late spring) sites in southeast Australia
showed 3-fold and 5-fold higher isoprene mixing ratios at urban sites compared with
coastal suburban and inland forest sites, respectively [126]. Significant variations in
isoprene mixing ratios across different environmental regions in China are observed,
e.g., (a) mountain sites in Nanjing (summer: 0.38 ppbv) [131], Guangdong (annual:
0.76 ppbv) [134], Yunnan (spring: 0.08 ppbv), Hainan Island (spring: 0.40 ppbv), and
Shandong (summer: 0.15 ppbv) [138], (b) urban sites in Shanghai (summer: 0.20 ppbv,
autumn: 0.20 ppbv) [130], Shenzhen (summer: 0.75 ppbv) [132], Taipei (summer:
1.26 ppbv) [133], Tengchong (spring: 0.13 ppbv), (c) coastal sites in Xiamen (summer:
0.66 ppbv, autumn: 0.14 ppbv) [129] and Lantau Island (annual: 0.37 ppbv) [137], (d) rural
site in Lin’an (spring: 0.55 ppbv) [136].

There are relatively few observational studies (Table 2), which makes it difficult to
develop a completely accurate model representation of isoprene’s emissions and its oxi-
dation chemistry, especially when considering regional variability. An alternative indirect
approach satellite-based constraints employ is isoprene’s oxidation product formaldehyde
(HCHO), and this has been used over the last decade to provide top-down constraints on
regional and global isoprene emissions and assess their seasonal and inter-annual variabil-
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ity [144-151]. However, this approach is affected due to myriad other sources of HCHO
and spatial smearing in the isoprene-formaldehyde relationship. Stressed conditions,
e.g., drought, can induce a large reduction in isoprene emissions, but the satellite HCHO
columns did not reflect this reduction in isoprene emissions due to severe drought in the
Missouri Ozarks region [152,153]. The lack of HCHO column response can be attributed
to a photochemical feedback whereby reduced isoprene emissions due to the drought in-
crease the oxidative capacity of the atmosphere, which enhances the production of HCHO
from other VOCs [153]. Furthermore, the chemical link between HCHO and isoprene is a
strong nonlinear function of NOy, with the prompt yield increasing by a factor of 3 (from
0.3 to 0.9 ppbv ppbv 1) over a range of NO values (0.1 to 2 ppbv) and background HCHO
increasing by a factor of 2 (from 1.6 to 3.3 ppbv) [154]. Inclusion of the relationship of
HCHO column and isoprene emission into the chemistry transport model (CTM) produced
large error of the isoprene emissions with the range of 40-90% under relatively low-NOx
conditions typical of the tropics [155]. In addition, the isoprene HOy recycling led to a
decrease in the lifetime of isoprene, resulting in an increase in the ratio [HCHO]/[isoprene]
by up to 50% over the tropical forest region [82,87]. Thus, using satellite measurements
of HCHO as a proxy for isoprene emissions could lead to large uncertainties in isoprene
concentration estimates, depending on the background conditions. Fu and co-workers [156]
developed the first direct retrieval of global isoprene using Cross-track Infrared Sounder
(CrIS) satellite data, which was built upon by Wells et al. [157,158] using machine learning
approaches to improve sensitivity and spatial resolution. Such an approach has been used
to determine isoprene emissions over large ecosystems such as tropical rainforests for
daily, seasonal, and interannual variability, which can highlight the processes controlling
isoprene abundance and the drivers of variability over time. However, CrIS retrievals
contain no information about the diurnal profile of isoprene and only provide a snapshot
at 13:30. The emission of isoprene is significant in the afternoon, and the shape/peak of the
diurnal profile depends on season and location [124], which cannot be captured by current
spaceborne approaches.

Comparison of the model and measurements of isoprene concentration of the sites
near the strong source region (e.g., vegetation) is problematic because of the coarse model
grid and small-scale horizontal variations in its concentration. Given the short lifetime of
isoprene and the large model emission grids, the model produces a realistic concentration
of global isoprene levels (Figure 5). The ensemble of model-measurement data presented in
Table 2 gave a general evaluation of the regions featured. A disagreement between model
and measured isoprene concentration with the median bias of —0.36 ppb for all campaigns
is found. The observed bias is most probably due to the use of the MEGAN emission
inventory, where errors in land cover and meteorological driving variables lead to a factor
of 2 uncertainty [2]. The BVOC emissions algorithm in MEGAN parameterizes isoprene
emission rates as a vegetation-specific standard rate, which is adjusted by scaling factors
that depend on meteorological and environmental driving variables, e.g., temperature,
sunlight, leaf area indeXx, leaf age, and soil moisture. The MEGAN isoprene emissions are
strongly dependent on the accuracy and resolution of the meteorology and land cover
inputs [159,160]. Model performance is found to be good when accurate driving variables
are used [161-164], but significant sources of uncertainty still remain: for example, given
the variety of plant species, the parameterizations will not match every species present
but be a representation of the class as a whole. This highlights that whilst the chemistry of
isoprene oxidation is now more thoroughly understood, the uncertainty of the emission
inventory is still high.

Deforestation through either direct human impact or climate change can decrease
the emissions of isoprene as well as consequent environmental impact but can contribute
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to global climate change through the release of stored carbon, contributing to the rise
in atmospheric CO,. Understanding the potential effects of deforestation and future
reforestation scenarios on the climate is important in shaping CO, mitigation approaches,
strategy, and policy.

7. Deforestation and Reforestation and Their Environmental Impacts

Deforestation has increased over time due to the pressure of population growth,
which can have a significant impact on isoprene emissions. The world’s temperate zones
experienced high rates of deforestation throughout the nineteenth and twentieth centuries;
however, in contrast, the tropics did not see deforestation on this scale until after 1950. Rates
of deforestation in the tropics reached 12 million hectares per year in the 1990s [165], before
beginning to slow slightly in the twenty-first century. The overall rate of deforestation in
the tropics is still approximately 9 million hectares per year, with the exception being in
Amazonia, where deforestation rates have declined by nearly 80% since a peak in 2004,
and an increase in planted forests (reforestation) is helping to offset the overall rate of
deforestation. Scott et al. [166] showed that the simulated global deforestation can reduce
isoprene emissions by 87%: most of the reduction in emissions (72%) is occurring from
tropical deforestation.

There has been an increasing amount of evidence to support observations that show
that, in temperate and tropical regions, the surfaces of forests are cooler than grasslands
and croplands in these regions. A recent analysis, carried out by Novick and Katul [167]
identified that the cooling effect on surface temperature in temperate forests also, albeit
to a lesser extent, cools the air. Cooling was found to be of the order of 0.5 to 1 °C at the
annual timescale, and, during the daytime growing season periods, a significantly greater
effect was observed, with cooling between 2 and 3 °C.

Land cover and temperature have long been theoretically linked, which is recognized
and incorporated into climate models [168-170]. Deforestation often causes increased
atmospheric CO,, which results in a positive radiative effect on the climate (i.e., the
climate warms). However, forests are darker in color than grass or croplands, and so
their albedo (the reflectivity of the land surface) is increased with deforestation, thus
producing a negative radiative effect [166]. Overall, the balance of these impacts tends to
mean that the climates of tropical forests are warmed by deforestation, whereas forests
at high latitudes are cooled [171-173]. In the tropics, this can be explained by relatively
large evapotranspiration [174], whilst in temperate regions, albedo-driven warming is
outweighed by the combined surface temperature-reducing effects of evaporative cooling
and emitted longwave radiation [175].

Models by Scott et al. [166] looked at the effects of complete global deforestation
and found that this could lead to a net global warming of 0.8 °C after 100 years. In their
simple scenarios, tropical deforestation contributed 0.6 °C to this warming; however, boreal
deforestation cooled the climate by around 0.3 °C. In addition, deforestation can reduce
ozone and SOA formation, as the loss of vegetation results in lower isoprene and other
biogenic VOC emissions and can contribute to global warming. Scott et al. [166] also
investigated the effect of reduced isoprene emissions on SOA and found the reduction of
SOA production by 91%, with the majority of this global reduction being accounted for by
tropical deforestation accounted (80%).

The paper published by Bastin et al. [176] estimated that by 2050, the global potential
canopy cover (Where “canopy cover” refers to an area of land that is covered by tree crown
vertically projected to the ground) could shrink by as much as 223 million hectares. The
majority of this loss is projected to occur in the tropics. The study also stated how over
50% of global reforestation potential could be found in just 6 countries: Russia, the United
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States, Canada, Australia, Brazil, and China. Under the current climate, Bastin et al. [176]
estimated that in total, 4.4 billion hectares of canopy cover could be supported on land.
When cropland and urban regions are excluded, this means that there is space for an extra
0.9 billion hectares of canopy cover than currently exists (Figure 7), as calculated based on
the European Space Agency’s land cover model [177].

Figure 7. Global distribution of 0.9 billion hectares of extra canopy cover, which could exist outside
of cropland and urban regions, based on the European Space Agency’s land cover model [177]. The
figure is adapted from Bastin et al. [176].

The paper by Bastin et al. [176] has been interrogated, related to calculations of the
carbon storage potential of these 0.9 billion hectares of extra canopy cover (reported at
205 GtC). This carbon capture estimate represents a value 20 times that of the current annual
fossil fuel emissions and a third of total historical anthropogenic carbon emissions [178].
The 205 GtC figure also seems to ignore carbon that is currently stored in these regions [179],
and thus greatly overestimates the carbon storage potential of the extra canopy cover. The
uncertainty over how much potential future reforestation may affect carbon sequestration
continues to motivate research, but there is also great interest in whether reforestation
can mitigate temperature conditions and offer a direct global cooling effect. As well as
reforestation having a direct impact on the world’s climate through land cover, there is also
an indirect impact (e.g., oxidizing capacity of the atmosphere, increased SOA, and ozone
formation) through the resulting increase in isoprene emissions.

A preliminary study of climate change due to global deforestation and reforestation
have been investigated by assuming 50% reduction and 100% increase of isoprene emis-
sions in the STOCHEM-CRI model, respectively. Decreased isoprene emissions due to
deforestation lead to enhanced OH levels (Figure 8a), whereas increased isoprene due to
reforestation leads to more OH depletion over the tropical forested regions (Figure 8b)
in the isoprene source regions. There is a tipping point in isoprene chemistry where OH
recycling peaks and then starts to decrease as more isoprene is added and commensurately
less OH is regenerated, which needs to be investigated further. The formation of ozone is
found to be reduced in the deforestation scenario (Figure 8c) due to the decreased peroxy
radicals formed from the oxidation of isoprene with OH. The ozone is also decreased in
the tropical forested region for the reforestation scenario (Figure 8d) which is due to the
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increased organic peroxides (ROOH) formation with increased RO, and HO,. However, the
increased NOy over the equatorial oceans combined with high levels of water vapor results
in an increase in ozone by up to 30% (Figure 8d). The increase of OH due to deforestation
can decrease CHy levels in the forested region by up to 0.2% (Figure 8e), which is very
small, so deforestation does not have any overall environmental impact in terms of the
decreased lifetime of CHy. However, the decrease of OH due to reforestation can increase
CHy levels throughout the globe by up to 1% (Figure 8f), which can have an environmental
impact in terms of global warming potential (GWP).
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Figure 8. The percentage changes of annual surface mixing ratios of (a) OH, (c) O3, (e) CHy, simulated
by STOCHEM-CRI following 50% reduced isoprene emissions, and (b) OH, (d) O3, (f) CHy simulated
by STOCHEM-CRI following 100% increased isoprene emissions.



Atmosphere 2025, 16, 259

23 of 32

With the high uncertainty of the isoprene emission inventory, it may be asked why
research into the environmental significance of isoprene is so important. Future changes in
climate and land use might lead to substantial changes in the biogenic isoprene emission,
which would further influence the radiative balance in the global climate as well as the air
quality in urban areas. Isoprene is integral in the formation of ozone and aerosols [83], both
of which pose serious health concerns and negative environmental impacts. If the triggers
to isoprene release were known, conclusions could be drawn about how the changing
atmosphere could be damaging to plants, and in turn humans, through isoprene’s atmo-
spheric reactions. The impacts of deforestation could be understood from an atmospheric
composition viewpoint, as well as the effect of planting large quantities of certain plant
species in specific areas. Of course, a better understanding of the relationship between
vegetation and atmospheric makeup would allow the estimates to be more accurate, the
benefits of which would be substantial in terms of future planning, risk analysis, and
environmental impact examinations.

8. Conclusions

Terrestrial vegetation accounts for a large portion of non-methane VOCs emitted into
the atmosphere, with isoprene (CsHg) having the largest emission flux. The dominant
source of isoprene emissions are broadleaf tropical forests (84.5%), followed by temperate
shrubs (10%), cool and warm grass (4%), and finally needleleaf forest in boreal regions
(1.5%). In both polluted and unpolluted environments, isoprene emission and oxidation
chemistry can affect the climate in several ways. In the atmosphere, isoprene is oxidized by
OH radicals, and isoprene can thus deplete the oxidizing capacity of the atmosphere. This
causes concern as reaction with OH is also the main removal process for many other organic
compounds, such as methane, which is a primary greenhouse gas (GHG). Furthermore, in
polluted environments, isoprene can contribute to the production of tropospheric ozone,
which is a pollutant and major component of smog. In unpolluted environments, certain
isoprene oxidation products have been identified as precursors to the formation of sec-
ondary organic aerosol, which influences the number of climatically relevant particles in the
atmosphere. Initial isoprene oxidation mechanisms were thrown into doubt, as far greater
levels of HO radicals were measured over pristine Amazon rainforests than predicted by
models at the time. Following the observation of this model-measurement breakdown, it
was realized that the peroxy radicals formed in the initial oxidation of isoprene could un-
dergo isomerization reactions. These 1,6- and 1,5-H shifts were found to occur fast enough
to compete with, or even outperform, other isoprene oxidation pathways and isoprene
oxidation mechanisms were subsequently updated. Updated isoprene chemistry has since
been included in numerous studies and has reduced the model-measurement breakdown
seen in HOy concentrations. Due to the role of HOx radicals in the oxidizing chemistry of
the atmosphere, these revisions have also affected the tropospheric burdens of important
species such as carbon monoxide, secondary organic aerosols, PANs, methane, and ozone.
With the updated isoprene oxidation chemistry scheme, the modelled-measured isoprene
concentrations are still found to be a disagreement possibly due to the uncertainty of the
MEGAN emission inventory used in the STOCHEM-CRI model. Laboratory studies have
enabled us to develop a full reaction scheme for the oxidation of isoprene as a function of
NOx. Such laboratory studies have revealed previously unknown pathways, such as the
isomerization reactions, which have been shown to have major impacts on the oxidizing
capacity of the troposphere. Whilst these studies have provided a fundamental understand-
ing of the reaction mechanism, there still remain many unknowns. For example, there have,
as of yet, not been any isomer-specific studies on the 6 peroxy radicals shown in Figure 4,
and thus their fate remains highly uncertain. Chemical synthesis of novel precursors to
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generate one peroxy radical at a time in the laboratory are needed or to be able to measure
each isomer independently in a measurement system. This would enable new experimental
studies, analogous to the use of 1,1-diodo compounds as photolytic precursors of Criegee
intermediates, to study their fate for the first time [180-182].

Isoprene emissions and their response to deforestation and reforestation have been a
major topic studied by atmospheric chemists over recent decades. This demonstrates
the need for including a correct mapping of land covers by trees due to deforesta-
tion/reforestation in models. How isoprene emissions will change in response to climate
change remains highly uncertain, and thus how altered isoprene emissions will impact
air quality, human health, and climate change in the future remains unknown. Coordi-
nated field studies are required both on a local and regional scale to investigate the impact
of isoprene chemistry. Isoprene emissions vary with season, diurnally and are strongly
tied to temperature, water availability and light. One could imagine using the airborne
Hyperspectral Thermal Emission Spectrometer (HyTES) to retrieve canopy temperature
and evapotranspiration, the Airborne Visible/Infrared Imaging Spectrometer (AVIRIS)
to retrieve plant functional type, and solar-induced fluorescence to retrieve GPP (gross
primary productivity) in conjunction with isoprene measurements in order to improve
understanding of factors controlling isoprene emissions. There is a pressing need for
both long-term and diurnal measurements, which can be achieved by using multiple field
campaigns in conjunction with geostationary spaceborne retrievals.
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