
Environmental Science:
Atmospheres

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

1.
11

.2
5 

05
:1

7:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Seasonality of iso
aUK Centre for Ecology & Hydrology, Bush E

benngf@ceh.ac.uk
bLancaster Environment Centre, Lancaster U
cInstitute of Physics, University of São Paulo
dEarth Observation Science Group, Departme

Leicester, UK
eLeicester Institute for Space and Earth Obse

UK
fDepartment of Physics and Astronomy, Univ
gWolfson Atmospheric Chemistry Laboratorie

of York, York, YO10 5DD, UK
hNational Centre for Atmospheric Science, U

Cite this: Environ. Sci.: Atmos., 2022, 2,
230

Received 13th July 2021
Accepted 8th January 2022

DOI: 10.1039/d1ea00057h

rsc.li/esatmospheres

230 | Environ. Sci.: Atmos., 2022, 2,
prene emissions and oxidation
products above the remote Amazon†
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The Amazon rainforest is the largest source of isoprene emissions to the atmosphere globally. Under low

nitric oxide (NO) conditions (i.e. at NO mixing ratios less than about 40 pptv), isoprene reacts rapidly with

hydroxyl (OH) to form isoprene-derived peroxy radicals (ISOPOO), which subsequently react with the

hydroperoxyl radical (HO2) to form isoprene epoxydiols (IEPOX). IEPOX compounds are efficient

precursors to the formation of secondary organic aerosols (SOA). Natural isoprene emissions, therefore,

have the potential to influence cloudiness, rainfall, radiation balance and climate. Here, we present the

first seasonal analysis of isoprene emissions and concentrations above the Amazon based on eddy

covariance flux measurements made at a remote forest location. We reveal the forest to maintain

a constant emission potential of isoprene throughout the year (6.9 mg m�2 h�1). The emission potential

of isoprene is calculated by normalising the measured fluxes to a set of standard conditions (303 K and

1500 mmol m�2 s�1). During the wet season a factor of two reduction in absolute emissions was

observed but this is explained entirely on the basis of meteorology and leaf area index, not by a change

in isoprene emissions potential. Using an innovative analysis of the isoprene fluxes, in combination with

measurements of its oxidation products and detailed chemical box-modelling, we explore whether

concentrations of IEPOX follow the same seasonal cycle as the isoprene precursor. Our analysis implies

that during the dry season (Sep–Jan) air pollution from regional biomass burning provides a modest

increase in NO concentrations (indirectly inferred from a combination of other anthropogenic tracer

measurements and box-modelling) which creates a competing oxidation pathway for ISOPOO; rather

than forming IEPOX, alternative products are formed with less propensity to produce aerosol. This

competition decreases IEPOX formation rates by a factor of two in the dry season compared with

a scenario with no anthropogenic NO pollution, and by 30% throughout the year. The abundance of

biogenic SOA precursors in the Amazon appears not to be dictated by the seasonality of natural isoprene

emissions as previously thought, but is instead driven by regional anthropogenic pollution which

modifies the atmospheric chemistry of isoprene.
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Universitat Autònoma de Barcelona, 08193 Bellaterra (Barcelona), Spain.

230–240 © 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ea00057h&domain=pdf&date_stamp=2022-03-11
http://orcid.org/0000-0002-6968-5197
http://orcid.org/0000-0001-7973-2666
http://orcid.org/0000-0001-7754-3036
http://orcid.org/0000-0002-4420-9442
http://orcid.org/0000-0002-8227-742X
http://orcid.org/0000-0001-5477-8051
http://orcid.org/0000-0003-4529-3874
http://orcid.org/0000-0003-2203-3471
http://orcid.org/0000-0001-6408-5961
http://orcid.org/0000-0002-1765-6298
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ea00057h
https://pubs.rsc.org/en/journals/journal/EA
https://pubs.rsc.org/en/journals/journal/EA?issueid=EA002002


© 2

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

1.
11

.2
5 

05
:1

7:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Environmental signicance

We demonstrate the Amazon rainforest to maintain a constant isoprene emission potential, with the factor of two reduction in emission observed during the wet
season explained entirely by meteorology and leaf area. Although isoprene emission rates are twice as large in the dry season, we suggest that widespread
biomass burning at this time leads to modest increases in NO, which serves to suppress the formation of isoprene epoxydiol (IEPOX) secondary organic aerosol
precursors by up to a factor of two. Rather than reacting with HO2 to form IEPOX, the isoprene peroxy radicals have an increased opportunity to react with NO.
Therefore, the seasonal cycle in aerosol precursors in Amazonia is regulated, not by the availability of isoprene, but by anthropogenic biomass burning.
1. Introduction

The Amazon rainforest is a globally important source of
isoprene,1–3 yet only a few, short-term emission measurements of
this reactive compound exist. These provide a tantalizing but
narrow insight into the diurnal and seasonal dynamics of
isoprene emission from the rainforest canopy, and its impact on
atmospheric chemistry.4–9 Even less is known about how isoprene
emissions might change as the forest transitions between the wet
and dry seasons and what impact this might have on isoprene-
derived SOA precursors such as IEPOX. Satellite observations of
formaldehyde (HCHO), a second generation oxidation product of
isoprene, have previously been used to probe seasonal isoprene
emission dynamics indirectly.10 Barkley et al. (2009)11 showed
that HCHO column density measured above the Amazon rain-
forest exhibits a clear and robust seasonal cycle, with lower
HCHO amounts detected in the wet season and higher amounts
in the dry season. This pattern reects the metabolic processes
that control the production of isoprene synthase, which are
closely linked to photosynthesis and hence to light and temper-
ature.12 However, this analysis also showed a marked dip in
HCHO amounts in the transitional period between the wet and
dry seasons, alluding to further controls. They postulated that the
near absence of HCHO above background levels at this time was
either due to a shutdown in isoprene emissions, caused by
a wide-scale seasonal leaf ushing event, or to a dramatic
decrease in the concentrations of the hydroxyl radical (OH), the
primary chemical isoprene oxidant in the atmosphere.

Understanding of isoprene oxidation chemistry has evolved
rapidly in the last decade, with numerous laboratory and
theoretical studies exploring in detail the key degradation
pathways and branching ratios involved.13–17 Under pristine
conditions (i.e. concentrations of NO < �40 pptv), isoprene
reacts with OH to form a range of peroxy radical species (ISO-
POO) which can react with HO2 radicals to produce isoprene
hydroxyhydroperoxides (ISOPOOH).14 ISOPOOH can be further
oxidised by OH to form lower volatility epoxydiols (IEPOX),
which have been shown to efficiently condense onto pre-
existing aerosol and so contribute mass to secondary organic
aerosols (SOA)17–20 (see Section 9 of ESI†).

In more polluted environments, NO emitted from anthro-
pogenic combustion processes (e.g. fossil fuel combustion and
biomass burning) provides a competing reaction pathway for
the ISOPOO radicals,21 resulting in the formation of greater
amounts of methyl vinyl ketone (MVK) and methacrolein
(MACR), as well as HCHO, glyoxal and methacrylic acid epoxide
(MAE). These all give lower yields of SOA precursors than
IEPOX22 under the temperature regime of the tropical forest.23

Previous eld measurements of these species/processes in the
022 The Author(s). Published by the Royal Society of Chemistry
Amazon rainforest have only been conducted downwind of the
city of Manaus (ca. 2.1 million inhabitants) and are limited to
the wet season.24,25 A detailed long-term study of isoprene
emissions and its oxidation under remote conditions and
through different seasons is still lacking.

To improve understanding of the sources and fate of
isoprene in Amazonia, we measured the surface-atmosphere
exchange of isoprene and the sum of its oxidation products
(MVK + MACR + ISOPOOH, collectively termed Isoox) with
hourly resolution using a proton transfer reaction mass spec-
trometer (PTR-MS)26 for an eleven month period at a remote site
in the central region of the Amazon rainforest. We use this
unique data set to reveal the seasonal dynamics of both
isoprene emissions and its oxidation chemistry above the
Amazon biome.
2. Results

Monthly average daytime (09:00–17:00 local time) isoprene
concentrations and uxes are shown in Fig. 1A and B respec-
tively. A seasonal cycle is evident with both concentrations and
uxes largest during the dry season and up to a factor of two
lower during the wet season. Fig. 1C shows the monthly and
annual average isoprene emission potentials, which are calcu-
lated by normalising the measured uxes to a set of standard
conditions (303 K and 1500 mmol m�2 s�1) (see Section 2 of
ESI†).27 Monthly values (except November and March, when
data were limited and uncertainty large) deviate only very
slightly and are statistically not signicantly different from the
annual average of 6.9 mg m�2 h�1. This demonstrates that the
rainforest maintains a constant isoprene emission potential
throughout the year and that the seasonal cycle in observed
emission rates and ambient concentrations can be explained by
uctuations in light, temperature and leaf area index. It is,
therefore, not necessary to invoke changes in the emission
potential caused by phenomena such as leaf ushing or mass
owering events or changes in phenology8 to explain the
observed seasonality in isoprene emission rates at this site.
These measurements also provide, for the rst time, direct
unequivocal evidence that isoprene uxes in Amazonia do not
substantially decrease during the transitional period between
wet and dry seasons.

In order to investigate potential seasonality in isoprene
photochemistry we derived the relative abundance of the major
oxidation products of isoprene, MVK + MACR and ISOPOOH
(Isoox). ISOPOOH reacts on the metal surfaces within the PTR-
MS sampling and analysis system (e.g. inlet lines, capillary
and dri tube) and is converted to MVK. As a result, Isoox can be
measured directly as the sum of species detected at m/z 71 by
Environ. Sci.: Atmos., 2022, 2, 230–240 | 231
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Fig. 1 Box and whisker plots (centre line, median; box limits, upper and lower quartiles; whiskers, 10th and 90th percentiles) showing themonthly
mean daytime (09:00 to 17:00 local) isoprene concentrations (A) and fluxes (B) measured above the rainforest, in relation to the wet–dry
seasonality. Panel (C) shows the isoprene fluxes normalised to standard conditions (see text) to give the isoprene emission potential (IEP) of the
forest. N ¼ number of observations. Error bars show �1s of calculated emission potentials. Panels (D–F) show the concentration, flux and
deposition velocities, respectively, for the isoprene oxidation products MVK, MACR and ISOPOOH, which we collectively term Isoox.
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the PTR-MS.28 The exact conversion efficiency within our
instrument is not known, but the long inlet line (>50 m) and
steel capillary combined with a lack of signal at the ISOPOOH
parent m/z suggest conversion was at or close to 100%.

Isoox concentrations and uxes and its derived deposition
velocity (Vd ¼ �ux/concentration) are shown in Fig. 1D–F,
respectively. The seasonal cycle in monthly average concentra-
tions of Isoox (Fig. 1D) broadly follows that of isoprene but is
enhanced further due to changes in the deposition process, as
implied by the larger deposition velocity, between February and
May (Fig. 1F).

Resistance analysis (see Methods) allows the total deposition
resistance (Rt ¼ 1/Vd) to be decomposed into the component
resistances describing atmospheric transport (aerodynamic
resistance, Ra and boundary layer resistance, Rb) and the
interaction with the canopy (Rc). Fig. 2 shows a clear seasonal
cycle in Rt (and thus Vd), which is driven almost entirely by
variations in the canopy resistance, with Ra and Rb relatively
constant throughout the year. This can be related to a change in
the relative abundance of the three components of Isoox.
Previous deposition measurements of ISOPOOH + IEPOX above
232 | Environ. Sci.: Atmos., 2022, 2, 230–240
a temperate forest suggest a near zero Rc.29 This is due to the
rapid conversion of ISOPOOH to MVK upon contact with leaf
surfaces and subsequent conversion to methyl ethyl ketone
(MEK).30 In contrast, MVK + MACR deposits with an Rc value of
at least 50 s m�1, as implied by the January measurements in
Fig. 2. Utilizing the strongly contrasting canopy resistances of
these compounds, we can estimate the fraction of ISOPOOH
detected at m/z 71 as:

fISOPOOH ¼ VdðsÞ � VdðsÞMVKþMACR

VdðsÞISOPOOH � VdðsÞMVKþMACR

; (1)

where Vd(s) is the measured deposition velocity of Isoox and Vd(s)
MVK+MACR and Vd(s)ISOPOOH are the deposition velocities of MVK +
MACR and ISOPOOH, respectively. Because the aerodynamic
resistance is in part height dependent, here we use deposition
velocities that have been extrapolated to the surface (s)0
BB@ e:g: VdðsÞ ¼ 1�

1
Vdðz � dÞ

�
� Raðz � dÞ

1
CCA: For ISOPOOH, where

the value of Rc is expected to be at, or close to, zero, the Vd(s) can be
given as 1/Rb, equal to 4.5 cm s�1. Determining the deposition
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Monthly average total Isoox deposition resistance (Rt) broken
down into the three major rate-limiting stages, the aerodynamic
resistance (Ra), the boundary layer resistance (Rb) and the canopy
resistance (Rc), on a monthly basis. Only data where the friction
velocity (u*) exceeded 0.3 m s�1 and the Isoox deposition velocity was
positive were included in this analysis. Error bars show �1 standard
error. Fig. 3 Scatter plot showing the measured relationship between the

ratio of ISOPOOH to MVK + MACR production rates and both black
carbon (BC) and acetonitrile (ACN) concentrations, two proxies for
biomass burning and hence anthropogenic pollution. Data were
stratified for each point to represent the average of 200 measure-
ments and error bars show �1 standard error. Solid lines show an
exponential fit to the data and the shaded areas indicate the 95%
confidence interval of the fit. The simplified chemical schematic
shown highlights two of the possible loss routes for one of the primary
ISOPOO species formed, which predominately follows either the HO2

(left hand side) or NO (right hand side) pathways to form either (1,2)-
ISOPOOH isomer or MVK + HCHO respectively. An analogous
pathway, not shown, would yield the (4,3)-ISOPOOH isomer or MACR
+ HCHO via HO2 and NO reactions, respectively.

Paper Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

1.
11

.2
5 

05
:1

7:
17

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
velocity for MVK + MACR is more challenging due to a lack of
previous MVK +MACR uxmeasurements that do not suffer from
the ISOPOOH artefact. Here, we use a value of 0.45 cm s�1, which
is themidpoint of the values used forMVK andMACR (0.3–0.6 cm
s�1) in the dry deposition scheme presented by Zhang et al.31

Once the fraction of ISOPOOH is known on a concentration
basis, it is possible to work back to the production ratio of
ISOPOOH to MVK + MACR, c, which accounts for the shorter
chemical lifetime and faster deposition velocities of ISOPOOH
relative to that of MVK + MACR, following the approach of Liu
et al. (2016)24

x ¼

�
0:6

k3

�
ð1� e�k3tÞ þ

�
0:4

k4

�
ð1� e�k4tÞ�

0:6

k1

�
ð1� e�k1tÞ þ

�
0:4

k2

�
ð1� e�k2tÞ

x; (2)

where, z is the ratio of ISOPOOH to MVK + MACR on
a concentration basis and ki are loss coefficients for the four
chemical species (1,2)-ISOPOOH (k1), (4-3)-ISOPOOH (k2), MVK
(k3) and MACR (k4), respectively. These pseudo-rst-order coef-
cients are calculated as ki ¼ ki,OH + ki,en + ki,dep which includes
chemical loss by OH and physical losses from both dry depo-
sition (dep) and atmospheric entrainment (en). The values of
ki,OH, ki,en and ki,dep used for each of the four species are shown
in the ESI.† The resulting production ratios, which assumed a 5
hours reaction time and daytime average OH concentration of 5
� 105 molecules cm�3, consistent with Liu et al. (2016) ranged
between 0.38 in January and 0.98 in March and April.

Fig. 3 shows a clear exponential relationship between the
production ratio estimated using our deposition velocity
approach and ambient concentrations of black carbon, which
© 2022 The Author(s). Published by the Royal Society of Chemistry
we take to be a proxy of anthropogenic pollution and possible
marker of increased NO concentration (see Section 4). A similar
exponential relationship was observed with measurements of
acetonitrile, a commonly used tracer for biomass burning. At
acetonitrile concentrations above �0.4 ppbv, the ISOPOOH to
MVK + MACR production ratio is low (<0.2), consistent with NO
concentrations of �200 pptv or greater. At lower pollutant
concentrations, the production ratio increases, indicating
a signicant fraction of the isoprene peroxy radicals (ISOPOO)
react with HO2, rather than NO, to form ISOPOOH.

Having established the production ratios of ISOPOOH toMVK
+ MACR with monthly time resolution, we now combine our
ndings with detailed chemical box model simulations incor-
porating theMaster Chemical Mechanism (MCM22) (seeMethods
and ESI† for details). Fig. 4, panel (a), shows the relationship
between the ISOPOOH to MVK + MACR production ratio (c) for
a given NO concentration as predicted by theMCMboxmodel. In
the example shown, the model was initialized using the average
daytime above-canopy isoprene concentration (5.8 ppbv)
measured for the month of September. Panel (b) shows the
Environ. Sci.: Atmos., 2022, 2, 230–240 | 233
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Fig. 4 The output from the Master Chemical Mechanism box modelling study which calculated the ratio of ISOPOOH to MVK + MACR
production rates (c) for a range of NO concentrations (a) and the corresponding reactive loss to be expected to each of the four degradation
pathways fNO, fHO2

, fRO2
and fISOM (b). The box model was initialised for the average conditions of the month of September, where the measured

isoprene concentration was 5.8 ppbv. Equivalent plots were made for the other 10 months of the study. The production ratio uncertainties are
discussed in Section 4 and the ESI (Section 6.2†).
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fractional contribution of the four reaction pathways for ISO-
POO, fHO2

, fNO, fRO2
and fISOM over the same range of NO

concentrations. Using an equivalent of these two plots for each
month as a lookup table, we estimated the fraction of ISOPOO
that reacts via the main HO2 and NO pathways as well as the
contributions from peroxy radical (RO2) cross and self-reactions32

and isomerisation pathways16,33,34 over the 11 months measure-
ment period. The results of this exercise are shown in Fig. 5a
together with the average concentrations of BC and acetonitrile.

The box model results suggest that HO2 accounts for 46% of
the reactive loss of ISOPOO over the year, consistent with the
view that HO2 is the principal ISOPOO sink in the Amazon,
especially under the clean, low NO, conditions of the wet season
when its contribution peaked at 53%.14,34 By comparison, the
NO pathway accounts for between �28 and 54% of the ISOPOO
reactive loss, with an average contribution of 37% over the year.
The NO pathway is largest during September and January (the
dry season) when increased deforestation activities and agri-
cultural practices result in biomass burning plumes containing
elevated concentrations of NO. These plumes are advected
throughout the Amazon rainforest.35,36 Rainforest soils also act
as a minor source of NO and these emissions may exhibit some
seasonal cycle.37 However, the strong association between the
NO pathway and both black carbon and acetonitrile, two tracers
of biomass burning that are independent of soil emissions,
suggests that locally produced NO cannot be the principal driver
for the observed pattern. An analysis of terrestrial re counts
and brightness retrieved by the Terra MODIS satellite along
calculated back trajectories conrms that biomass burning is
234 | Environ. Sci.: Atmos., 2022, 2, 230–240
the most likely dominant source of the measured BC and
acetonitrile concentrations (see Section 8 of the ESI†).

To relate our results to current understanding, we addi-
tionally ran the GEOS-Chem global chemical transport model
over the same period for the grid square coincident with our
measurement site (see Section 5.3 of the ESI†). Concentrations
of NO in the model were relatively constant (28 pptv) across the
11 months period, with an even split between anthropogenic
(EDGAR v4.2) and natural emissions (GFED Version 4). The
resulting fNO/fHO2

ratio was approximately unity throughout the
year, which suggests the seasonal inuence from biomass
burning is not well captured within the model.
3. Discussion

The isoprene emissions dataset presented here shows, for the
rst time, that the seasonal cycle in isoprene emissions in
Amazonia is controlled purely by variations in meteorology and
leaf area, and that the emission potential of the forest remains
rather constant throughout the seasons. This implies that the
inability of chemical transport models to reconcile isoprene
concentrations during the wet-to-dry transition points towards
uncertainty in chemistry rather than in the modelled isoprene
emission rates. This is consistent with the ndings of Wells
et al. (2020) who attribute the discrepancies in satellite-derived
isoprene concentrations with model estimates to underesti-
mates in NO concentrations, which bias modelled OH concen-
trations.38 Our measurements further support this conclusion,
with NO concentrations ranging between 40 and 145 pptv
required to obtain our derived production ratios in the chemical
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Stacked bar chart showing the relative fractions of ISOPOO
lost via the four major chemical pathways fNO, fHO2

, fRO2
and fISOM for

each month compared to the measured black carbon (BC) and
acetonitrile concentrations (error bars show �1 standard error), two
markers of biomass burning, used here as a proxies for NO. Panel (b)
shows the formation rate of the SOA precursor IEPOX from the MCM
box model for the chemical regimes in panel (a) (IEPOX (i)), and for
a regime assuming no anthropogenic influence, where NO is kept
constant at 35 pptv throughout the year (IEPOX (ii)). IEPOX error bars
reflect the uncertainties in the derived ISOPOOH to MVK + MACR
production ratios (see Section 4†).
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box model simulations. These are 30% higher than that pre-
dicted by GEOS-Chem for the wet season and a factor of four
larger than in the dry season.

While we have provided a robust isoprene emission potential
for a single specic measurement site, recent airborne ux
measurements of isoprene made above the rainforest of Ama-
zonia have shown spatial variability in isoprene emission
potentials, particularly across topographic gradients where
species distributions change markedly.7 Accounting for spatial
heterogeneity over the vast expanse of the Amazon rainforest
can therefore only be achieved through Earth observations. New
tools are now enabling direct observations of isoprene
concentrations using these platforms, which should help to
reveal the dynamics of isoprene emissions throughout the
region.11,39,40

Our analysis of isoprene oxidation products point to
seasonal changes in oxidation chemistry between the wet and
dry seasons, driven by anthropogenic pollution, that are not
currently captured by chemical transport models. We nd that,
under the most clean conditions (February to May), isoprene
oxidation favours reaction with HO2 (fHO2

¼ 51%) which leads to
the production of isoprene epoxydiols (IEPOX),17 a precursor to
isoprene SOA. However, as anthropogenic NOx pollution
increases, the NO oxidation pathway becomes progressively
more important, especially in the dry season when regional
© 2022 The Author(s). Published by the Royal Society of Chemistry
biomass burning is at its peak. Such a shi in chemistry
suppresses the formation of IEPOX via the HO2 pathway,
despite isoprene emissions and concentrations being a factor of
two larger than during the wet season.

In an attempt to quantify the magnitude of this effect, we
repeated the box modelling for a scenario where we assume no
anthropogenic inuence and held NO concentration constant
at values observed for the wet season in the remote Amazon
(�35 pptv of NO24). The results, shown in Fig. 5b, show that the
seasonal variation in isoprene chemistry implied by our analysis
would reduce the formation rate of IEPOX by up to a factor of
two in the dry season and by 30% across the year. IEPOX are
important precursors to the formation of isoprene-derived
SOA17 and, therefore, identifying any seasonal pattern
imposed by man-made pollution represents a key rst step to
understanding how cloud formation, rainfall and climate might
be inuenced by the increasing anthropogenic activity in this
region. Our measurements were made during 2013, which had
the second lowest number of forest res ever recorded. Fires are
predicted to increase by 20-100% in the coming decades41 and,
therefore, the observed seasonality in isoprene chemistry and
resulting IEPOX suppression reported here should be viewed as
a lower limit.

The suppression of IEPOX formation due to NO pollution
might appear at odds with the ndings of Shirvastava et al.
(2019)25, who posit urban NOx pollution to greatly enhance the
formation of natural aerosol above the Amazon. However, at
this remote site, our combined measurement and modelling
approach imply only a modest increase in NO concentrations
(<140 pptv of NO) when regional biomass burning events
impact the site and is well below the levels seen within the fresh
plume of urban pollution emitted from the city of Manaus. The
fact that NOx pollution can both suppress and enhance the
formation of IEPOX at different concentrations serves only to
highlight the sensitivity of the atmospheric chemistry occurring
in this region in response to anthropogenic perturbations.

4. Assumptions and uncertainties

Our analysis is based on several key assumptions, and therefore
the absolute values of the chemical pathways reported are
uncertain. The results are very dependent on the deposition
velocities of MVK + MACR and ISOPOOH used in eqn (1). A
sensitivity analysis, where the Vd(s) of ISOPOOH and MVK +
MACR were varied, was used to assess the range of uncertainties
associated with our estimates. The Vd(s) for ISOPOOH was
already set to the maximum theoretically possible (e.g. 1/Rb)
and, therefore, it was varied by�1 cm s�1, equivalent to an Rc of
6.5 s m�1. For MVK + MACR the Vd(s) was varied by�0.15 cm s�1

to reect the range of values used for these compounds in dry
deposition schemes.31 Taking the two extreme scenarios, we
derive an uncertainty estimate for the derived production ratios
of plus 21% (ISOPOOH Vd(s) ¼ 3.5 cm s�1; MVK + MACR Vd(s) ¼
0.3 cm s�1) and minus 7% (ISOPOOH Vd(s) ¼ 4.5 cm s�1; MVK +
MACR Vd(s) ¼ 0.6 cm s�1). The uncertainties shown in Fig. 4
indicate how this uncertainty propagates through to the frac-
tion of ISOPOO reactive loss for the month of September, with
Environ. Sci.: Atmos., 2022, 2, 230–240 | 235
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details of the other 10 months shown in Section 6.2 of the ESI.†
Although the absolute production ratio is uncertain, any error is
applied systematically to each point and, therefore, the seasonal
pattern is unaffected. In contrast, changes in OH concentration
across the seasons could directly affect the production ratio
calculated for each month (e.g. ki,OH). A sensitivity analysis,
where ki,OH was varied following the seasonal pattern of OH
implied by isoprene ux to concentration ratios, shows
changing OH concentrations to have a relatively minor impact
on the estimated production rates (6% increase overall), with
the largest difference noted for September, where the produc-
tion rate increased by 15%. Even then, when accounting for
variability in the OH concentrations, the seasonal pattern in
ISOPOO reactive loss remained consistent (see Section 6.1 of the
ESI†).

Liu et al. (2016)24 reported direct observations of ISOPOOH to
MVK +MACR production ratios at a different site (T3) within the
Amazon basin during March 2014, using a more direct
measurement approach, with observed values ranging between
0.6 and 0.9. Their site was closer to Manaus and experiences, at
least at times, higher pollution (i.e. higher [NO]) than the ZF2
site used in this study, which would lower production ratios in
favour of MVK + MACR. Our production ratio for March of the
same year was 0.98, (0.91 to 1.18), falling just outside the range
reported by Liu et al., providing a useful ground-truthing for our
approach.

A further limitation of our study is the absence of NO
measurements, which would provide conrmation that the
changes in calculated production ratios reect the availability of
NO. A comparison of BC and NO measurements made between
February 2014 and June 2015 at the T3 site, showed a clear
relationship between the two species on a timescale of days to
months (see Section 1.4 of the ESI†). This conrms that black
carbon concentrations can offer a qualitative assessment of the
anthropogenic trend in NO in Amazonia despite the very
different chemical lifetimes of these two species. The fact that
Fig. 3 shows such a close relationship between derived
production ratios and two well-known markers of biomass
burning provides condence that our approach can broadly
represent the trends in isoprene oxidation chemistry at this site.
In addition, the average monthly NO concentrations implied
from the ISOPOOH to MVK + MACR production ratios, ranged
between 41 pptv (March) and 139 pptv (October), which
compare well with previous background NO concentrations
reported above the Amazon (15 to 80 pptv (ref. 24, 42 and 43))
providing a further sanity check for our results. Nonetheless,
future work is required to better quantify the complex role that
anthropogenic pollution plays in mediating isoprene chemistry
and SOA formation in the remote Amazon. Recent advances in
online mass spectrometry mean it is now possible to measure
the major isoprene oxidation products, including both ISO-
POOH and IEPOX, directly. Combining long-term ground based
measurements of these species together with direct observa-
tions of NO should now become a priority, so the true impact
that human pollution has in this remote part of the world can
be further established.
236 | Environ. Sci.: Atmos., 2022, 2, 230–240
5. Conclusions

Our ndings shed light on the seasonal dynamics of both
isoprene emissions from the tropical rainforest of Amazonia
and its chemical fate. They conrm the tropical rainforest to
maintain a constant isoprene emission potential throughout
the year, with seasonal changes in emission rates explained by
the latest isoprene emission algorithms on the basis of light
temperature and leaf area index.

The deposition rates of isoprene oxidation products, when
explored to their fullest, hint at broad trends in the chemical
fate of isoprene that are driven by anthropogenic pollution,
specically by nitric oxide. They indicate that reaction with HO2

is the dominant mechanistic pathway for isoprene peroxy
radical oxidation in the remote Amazon, accounting for an
average of 46% of the reactive loss of ISOPOO throughout the
year, but that ISOPOO chemistry is sensitive to the level of NO
present, with its oxidation pathways shiing towards reaction
with NO during the dry season, when regional biomass burning
is at its highest. This competition decreases IEPOX formation
rates by a factor of two in the dry season compared with
a scenario with no anthropogenic NO pollution, and by 30%
throughout the year, despite absolute emissions of isoprene
being a factor of two larger at this time. We conclude that the
abundance of this important isoprene SOA precursor in the
Amazon is, therefore, not dictated by the seasonality of natural
isoprene emissions as previously thought, but instead, is
strongly mediated by regional anthropogenic pollution.
6. Materials and methods
6.1 Flux measurements

Sample air was drawn from an inlet mounted at a height of 38m
on the triangular tower TT34 at the LBA ZF2 measurement site
(2.594637� S, 60.209519� W, altitude 67 m) located in the Res-
erva Biologica do Cueiras in Central Amazonia, Brazil (see
Section 1 of ESI†). Flux measurements were made using the
virtual disjunct eddy covariance (vDEC) technique, in which
a covariance function between vertical wind velocity measure-
ments (w) and VOC mixing ratios (c) is used to determine the
ux for each selected compound (Fc), such that

FcðDtÞ ¼ 1

n

Xn

i¼1

w
0
�
i � Dt

Dtw

�
c
0ðiÞ; (3)

where prime denotes the deviation of the instantaneous value
from its 45 min mean vertical wind component or concentra-
tion. Dt refers to the time-lag between the concentration
measurement and the vertical wind velocity measurement
which results from the spatial separation between sonic
anemometer and PTR-MS. Dtw is the sampling interval of the
vertical wind velocity measurements (i.e. 0.1 s) and n gives the
number of samples (approx. 1350), which are in effect disjunct
due to the sequential and discontinuous sampling of the PTR-
MS, from each 45 min averaging period. The remaining 15
minutes of each hour were used for a ve minute background
measurement at the selected ions and dwells corresponding to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the MID mode and two ve minute periods in which the PTR-
MS scanned through a range of masses (m/z 21–141) whilst
sampling ambient air and zero air alternately.

The ux limit of detection for each averaging period was
calculated following the method outlined by Langford et al.
(2015).44 A prescribed time lag of 8.5 s was applied to the isoprene
data and 9 s was used for Isoox data. This time-lag (Dt) was
determined from analysis of the histogram of time-lags deter-
mined from themaximum in the cross-covariance of the isoprene
concentration and vertical wind velocity (MAX method) following
the recommendations of Langford et al. (2015).44

To identify non-stationary periods the covariance of w0 and c0

was divided into nine intervals of ve minutes and the average
of these periods was compared with the covariance for the
whole 45 min period. When the difference between these two
values was greater than 60% the data were considered non-
stationary and were rejected; this was the case for 17% of
otherwise unltered uxes.

Flux measurements were also corrected for high frequency
ux losses using the approach of Horst (1997) and assuming
a system response time of �0.2 s. This analysis showed high
frequency ux contributions to be relatively minor at this tall
forest site with a median ux loss of just 1.3%.

At night, a stable nocturnal boundary layer may develop
potentially decoupling the forest canopy from ourmeasurement
location above. Emissions from the forest may accumulate and
be seen as a burst in the morning as the boundary layer breaks
up. This process of storage of emissions below the measure-
ment height can be corrected for using the following equation

FsðtÞ ¼ Cðtþ1Þ � Cðt�1Þ
2 T

z; (4)

where T is the length of a ux averaging period (s�1) (e.g. 2700 s),
C(t�1), is the mean concentration of the previous averaging
period for the scalar of interest and C(t+1), is the mean of the
successive averaging period (mg m�3) and z (m) is the
measurement height. The calculated storage ux was subse-
quently added to the observed, uncorrected ux, to yield a ux
corrected for the ux of storage effects. Typically this correction
was less than a few percent.

6.2 Resistance analysis

The deposition process is governed by three rate-limiting steps
in series, the aerodynamic (Ra), boundary layer (Rb) and canopy
(Rc) resistances which together form the total resistance (Rt).
The deposition velocity (Vd) is therefore calculated as

Vdðz� dÞ ¼ 1

ðRaðz� dÞ þ Rb þ RcÞ ; (5)

which is a function of the measurement height (z) above the
zero-plane displacement height (d). Ra is proportional to
turbulence and is calculated as

Raðz� dÞ ¼ uðz� dÞ
u*2

�

2
664
jh

�
z� d

L

�
� jm

�
z� d

L

�
ku*

3
775; (6)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where u* is the friction velocity, u is the wind speed at the
canopy top, k is the von Karman's constant (0.41), L is the
Obukhov length and jh and jm are the dimensionless inte-
grated stability parameters for sensible heat and momentum,
respectively, and are here calculated following Dyer and Hicks
(1970)45 under unstable conditions (L < 0),

jh ¼
�
1� 16

z� d

L

��0:5
; (7)

jm ¼
�
1� 16

z� d

L

��0:25
; (8)

and Webb (1970)46 for stable conditions (L > 0).

jh ¼
�
1þ 5:2

z� d

L

�
; (9)

jm ¼
�
1þ 5:2

z� d

L

�
: (10)

Rb, describes the resistance created by the thin layer of
laminar air that covers all surface elements and is inversely
related to turbulence. Here, we calculate Rb following Jensen
and Hummelshøj47,48 as

Rb ¼ v

Dxu*

"
100 l u*

ðLAIÞ2v

#1=3

; (11)

where l is the leaf thickness (1 mm), LAI is the leaf area index
which was varied each month to reect satellite observations
made at this site (see ESI Section 2†), v is the viscosity of air at
the canopy height and Dx is the molecular diffusivity of the
scalar of interest. Here we use diffusivities of 8.37 � 10�6 for
ISOPOOH and 7.45 � 10�6 for MVK + MACR.29

The nal resistance, Rc, represents the canopy resistance and
can be inferred from direct micrometeorological measurements
of the deposition velocity which is calculated as

Vdðz� dÞ ¼ �FIsoox

CIsooxðz� dÞ ; (12)

where FIsoox
and cIsoox

are the ux and concentration of isoprene
oxidation products (MVK + MACR + ISOPOOH) measured atm/z
71, respectively. Rc, can therefore be obtained from the differ-
ence between the measured total deposition resistance of Isoox�
i:e:

1
VdIsoox

�
and the sum of Ra and Rb as shown in eqn (13):

Rc ¼
�

1

Vdðz� dÞ
�
� ðRaðz� dÞ þ RbÞ (13)
6.3 Box modelling

The Dynamically Simple Model of Atmospheric Chemical
Complexity (DSMACC) box model49 was used, together with
the near explicit chemical mechanism the Master Chemical
Mechanism (MCM) v3.3.1 (ref. 22) (http://mcm.york.ac.uk)50

to (a) determine what was the fractional loss of ISOPOO to
Environ. Sci.: Atmos., 2022, 2, 230–240 | 237
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each of the four degradation pathways: reaction with NO,
reaction with HO2, reaction with RO2, and isomerization, and
(b) to investigate the sensitivity of HCHO and IEPOX
production from isoprene photooxidation to the NO concen-
tration, under a range of conditions representative of the
observations.

The complete isoprene degradation mechanism in MCM
v3.3.1 consists of 1926 reactions of 602 closed shell and free
radical species, which treat the chemistry initiated by reaction
with OH radicals, NO3 radicals and ozone. It contains much of
the isoprene HOX recycling chemistry identied as important in
recent years under “low NO” conditions, including the peroxy
radical 1,5 and 1,6 H-shi chemistry described in the LIM1
mechanism,16,51 as summarized in Wennberg et al. (2018)13

Model photolysis rates were calculated using the Tropospheric
Ultraviolet and Visible Radiation Model (TUV v5.2).52
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