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Abstract

Tropical tropospheric ozone affects Earth’s radiative forcing and the oxidative capacity
of the atmosphere. Considerable work has been devoted to the study of the processes
controlling its budget. Yet, large discrepancies between simulated and observed trop-
ical tropospheric ozone remain. Here, we characterize some of the mechanisms by
which the photochemistry of isoprene impacts the budget of tropical ozone. At the
regional scale, we find that isoprene nitrates can account for up to 70 % of the lo-
cal NO, sink. Using forward sensitivity simulations, we show that the modulation of
O, by isoprene nitrates photochemistry can be characterized by their net impact on
NO,. We use adjoint sensitivity simulations to demonstrate that the oxidation of iso-
prene can affect ozone outside of continental regions through the transport of NO, over
near-shore regions (e.g., South Atlantic) and the oxidation of isoprene outside of the
boundary layer far from its emissions regions. The latter mechanism is promoted by
the simulated low boundary-layer oxidative conditions. In our simulation, 20 % of the
isoprene is oxidized above the boundary layer in the tropics. Changes in the interplay
between regional and global effect are discussed in light of the forecasted increase in
anthropogenic emissions in tropical regions.

1 Introduction

The impact of tropical ozone on Earth’s radiative forcing (Forster et al., 2007) and
oxidative capacity have motivated considerable work to unravel the complex interplay
between dynamics (Bowman et al., 2009; Nassar et al., 2009; Chandra et al., 20083;
Ziemke and Chandra, 1999; Jacob et al., 1996; Wang et al., 2006), surface emissions
and chemistry that controls its distribution. Spatial patterns such as the South Atlantic
ozone maximum (Thompson et al., 2000; Bowman et al., 2009) have been particularly
explored as well as the sensitivity of ozone to NO emissions from lightning (Sauvage
et al., 2007b), biomass burning (Jacob et al., 1996; Chandra et al., 2002; Ziemke and
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Chandra, 1999; Jourdain et al., 2007; Edwards et al., 2006) and soil (Jaeglé et al.,
2004). However, recent advances in observations of tropospheric ozone have revealed
that the tropical budget of ozone remains poorly captured by models (Bowman et al.,
2009; Zhang et al., 2010).

South Atlantic ozone exhibits a well-defined zonal “wave-one” pattern. Numerous
studies have been devoted to the study of the different factors controlling this pattern
ranging from emissions (Sauvage et al., 2007b; Edwards et al., 2006; Jacob et al.,
1996) to dynamics (Wang et al., 2006), but the influence of uncertainties in chemical
mechanisms on the simulation of Atlantic ozone has been seldom addressed (Bowman
et al., 2009).

The tropics are characterized by very large biogenic emissions, whose photooxida-
tion impacts the budgets of O,=05 + NO, and HO,=0OH + HO, (Lelieveld et al., 2008).
The influence of the photooxidation of isoprene, a five-carbon dialkene that accounts
for 30 % to 50 % of biogenic volatile organic compound (BVOC) emissions (Guenther
et al., 1995; Guenther et al., 2006) on photochemistry has recently motivated consid-
erable laboratory (Paulot et al., 2009a,b; Lockwood et al., 2010; Crounse et al., 2011),
field (Thornton et al., 2002; Ren et al., 2008; Lelieveld et al., 2008) and theoretical work
(Peeters et al., 2009; Dibble, 2004a,b). Simulations suggest that the effect of isoprene
chemistry on the O, budget extends to much larger scale than isoprene’s short atmo-
spheric lifetime would suggest (Roelofs and Lelieveld, 2000; von Kuhlmann et al., 2004;
Pfister et al., 2008). This study aims to better characterize the mechanisms that control
the spatial extent of the isoprene photochemical cascade, the complex suite of photo-
chemical and physical transformations undergone by isoprene and its photochemical
products, as well as its interplay with the O, and NO, tropical budgets.

The photooxidation of isoprene is primarily initiated by reactions with OH. This re-
action produces isoprene peroxy radicals (ISOPO,), whose fate is critical to the O,
budget:

ISOP + OH + 0, — ISOPO, (1)
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When ISOPO, reacts with NO, isoprene photooxidation promotes O, formation

ISOPO, + NO — ISOPO +NO, 2)
ISOPO — OVOC + HO, (3)

HO, + NO — OH + NO, (4)
NO, + hv+ 0O, — NO + Og (5)

where OVOC denotes oxygenated volatile organic compounds.

Reactions (2) to (4) contribute to the formation of O, in regions where urban centers
are embedded in forested areas (e.g., Atlanta, Chameides et al., 1988). The auto-
catalytic production of O, is terminated by radical losses, e.g., the formation of nitric
acid (OH + NO, — HNO3) and hydrogen peroxide (HO, + HO, — H,0,). Since the
ozone production efficiency — the number of molecules of O; produced per molecule
of NO, consumed (Liu et al., 1987) — generally increases as the ratio of NO, to VOC
decreases (Seinfeld and Pandis, 1998), tropical regions with high isoprene emissions
and low anthropogenic NO, emissions can be expected to be extremely sensitive to
increasing NO emissions (Thornton et al., 2002). For instance, ozone production in the
outflow of Manaus (Brazil) is similar to that of major North American cities (Kuhn et al.,
2010).

When ISOPO, reacts with HO,, HO, is destroyed Eq. 6. This slows the local photo-
chemistry, contributing to the very low ozone levels over remote tropical forests:

ISOPO, + HO, — ISOPOOH + O, (6)

Because isoprene emissions are so large, its photooxidation can modulate the local
photochemical conditions. Under very low NO, conditions, the removal of HO, via
Reaction (6) is predicted to result in very low concentrations of HO, in the isoprene-
rich boundary layer (Houweling et al., 1998). Under these conditions, the lifetime of
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ISOPO, can become long (~60s) and unimolecular processes become competitive
with Reactions (2) and (6) (Peeters et al., 2009; Crounse et al., 2011). This attenuates
the removal of HO, by isoprene photochemistry, more consistent with field observations
of HO, (Peeters and Muller, 2010; Stavrakou et al., 2010; Archibald et al., 2010):

ISOPO, — xOH + (1 + y)HO, + OVOC x,y=>1 (7)

Understanding low oxidative photochemical conditions is important for determining
the extent of the isoprene photochemical cascade as such conditions promote the
transport of isoprene and its photochemical products. In particular, the transport of
biogenics to the upper troposphere through convection has been suggested to influ-
ence the budget of ozone on the global scale as ozone and NO, are much longer lived
in this region of the atmosphere than at the surface (Doherty et al., 2005; Collins et al.,
1999; Moxim and Levy, 2000).

The modulation of NO, through isoprene nitrates (ISOPONO,), minor products of the
reaction of ISOPO, with NO, is another mechanism that allows the impact of isoprene
photochemistry to propagate to larger scales (e.g., Wu et al., 2007; Stevenson et al.,
2006; Ito et al., 2007; Horowitz et al., 1998, 2007; Fiore et al., 2005)

ISOPO, + NO — ISOPONO, (8)

The formation of ISOPONO, Eq. (8) modulates O, by diminishing its local formation
through NO, sequestration. Furthermore, with high isoprene emissions, the fraction
of NO, segregated in ISOPONO, can become large enough that their formation con-
tributes to the loss of NO,. Unlike nitric acid, however, organic nitrates may not be a
terminal sink of NO, but rather a reservoir (like peroxyacetylnitrate, PAN). Depending
on their lifetime and fate, the transport of these organic nitrates contribute to the ex-
port of NO, away from its emission regions. The efficiency of this export depends on
the fraction of NO, that is returned to the atmosphere through the photooxidation of
ISOPONO, and its nitrate-containing oxidation products R*ONO, .
25609
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OH, 03, hv
_—

ISOPONO, NO, 9)

R*ONO, (10)

wet/dry deposition
Ty copoeTen, (11)

There has been considerable laboratory research to determine the yield of
ISOPONO, (Y ~10%+5 %, Chen et al., 1998; Sprengnether et al., 2002; Paulot et al.,
2009a; Lockwood et al., 2010). Laboratory (Paulot et al., 2009a; Lockwood et al., 2010)
and field observations (Grossenbacher et al., 2001, 2004; Giacopelli et al., 2005; Per-
ring et al., 2009) suggest isoprene nitrates have a short atmospheric lifetime. However,
there is much uncertainty regarding the relative importance of deposition and photo-
chemical sinks (by OH and ozone). Ito et al. (2007) and Perring et al. (2009) estimated
that the fate of isoprene nitrates is dominated by photochemical losses while Horowitz
et al. (2007) and Giacopelli et al. (2005) concluded that deposition is their primary sink.

If the isoprene nitrates are primarily lost through photooxidation, assessing their im-
pact on the budget of reactive nitrogen and ozone must include proper representation
of their photochemical products (Grossenbacher et al., 2001), about which very little is
known. Paulot et al. (2009a) reported the formation of propanone nitrate and ethanal
nitrate from ISOPONO, oxidation by OH and inferred that the ratio of Eq. (9) to Eq. (10)
is ~1. Similarly, Giacopelli et al. (2005) proposed a suite of possible ozonolysis prod-
ucts. The formation of long-lived organic nitrates is significant as they may contribute
to the long-range transport of NO, and the unexplained burden of organic nitrates in
the free troposphere (Perring et al., 2009; Horowitz et al., 2007). There are also large
uncertainties on the yield and fate of organic nitrates formed at night from isoprene
+NO3 chemistry (Horowitz et al., 2007; Brown et al., 2009).

The representation of NO, recycling Eq. (9), segregation Eqg. (10) and depositional
loss Eq. (11) vary considerably across models. This is known to contribute to differ-
ences in simulated ozone (Stevenson et al., 2006; Wu et al., 2007; Jacob and Winner,
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2009). For instance, in the standard release of GEOS-Chem, isoprene nitrates are
assumed to deposit readily, such that they behave like a terminal sink for NO, much
like the production of nitric acid in the boundary layer (Fiore et al., 2005). In MOZART
(Horowitz et al., 2007), isoprene nitrates are short-lived and a large fraction is oxidized
by ozone and OH to yield second-generation organic nitrates that are then solely de-
posited.

To determine the impact of isoprene photochemistry, the relative importance of
Eq. (2), Eq. (6), Eq. (7) and Eq. (8) must be knows. It remains, however, very un-
certain. In particular the fate of ISOPO, depends critically on:

1. The rate of RO, +HO,. GEOS-Chem and MOZART assume that the rate of RO, +
HO, is independent of R (for n(C) >2) (Horowitz et al., 1998, 2007) with ko, =

7.4 x 10_1Sexp(7OO/T). Kinetics studies suggest, however, that the rate of RO, +
HO, increases with the size of the molecule. The expression derived by Saunders

et al. (2003), k,;oz =2.91x10""°exp (1300/T) (1 — exp(-0.245 n(C))), is in good
agreement with the rate measured by Boyd et al. (2003) for isoprene. For isoprene
at 298K, kHO2 / Ko, ~ 2.

2. The isoprene emission inventory. Compared with MEGAN, the GEIA emissions
inventory (Guenther et al., 1995) is characterized by higher isoprene emissions
in the northern mid-latitudes, which favor the reaction of isoprene peroxy radicals
with NO. Using the GEIA inventory and ko, Paulot et al. (2009b) found the fate
of isoprene peroxy radicals to be dominated by their reaction with NO.

3. The isomerization rate of isoprene peroxy radicals. The rate derived by Crounse
et al. (2011) is significantly slower than the theoretical rate derived by Peeters
et al. (2009). It follows that the overall importance of the isomerization is much
smaller than previous estimates (e.g., Peeters and Muller, 2010), calling for addi-
tional laboratory investigations.
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In this study, we focus on the regions located between 15°S and 7°N (Fig. 1) where
more than 50 % of the global terrestrial isoprene emissions are located (Fig. 5). These
estimates remain uncertain (Guenther et al., 2006) as (a) bottom-up estimates are
derived from ground studies that are too sparse to capture the diversity of plants in the
rain forest, and (b) top-down estimates using satellite measurements of formaldehyde
(Palmer et al., 2003; Barkley et al., 2008) rely on chemical mechanisms that are known
to poorly represent the photochemistry under high biogenics and low NO, conditions
(e.g., Lelieveld et al., 2008; Stone et al., 2010). In particular, the yield of formaldehyde
from isoprene oxidation under these conditions is ill-defined.

The ratio between emitted isoprene (on a C basis) and NO, exhibits a strong sea-
sonality that is primarily driven by NO, emissions from biomass burning. This is in
contrast to the Northern mid latitudes where this ratio is driven by the seasonality of
isoprene emissions. The ratio of isoprene to NO, emissions spans a very wide range
from less than 10 in the peak biomass burning season in Africa and Southeast Asia to
more than 100 outside the biomass burning season in South America. In the following,
we take advantage of the diversity of chemical regimes resulting from the very broad
range of NO,-to-isoprene ratios to examine how the impact of isoprene photooxidation
on O, is modulated by local photochemical conditions using both forward and adjoint
sensitivity simulations.

2 Model description

We use the GEOS-Chem global 3-D chemical transport model v8.2.1 (Bey et al., 2001)
and its adjoint (Henze et al., 2007). The model is driven by the GEOS-5 assimilated
meteorology from the NASA Goddard Earth Observing System. Here the resolution
of the model is 4° x 5° and 47 vertical layers. The reported results correspond to the
period spanning June 2006 to May 2007 after a one and a half year spin-up.

An adjoint model provides an efficient tool for calculating the gradient of a scalar
model response function with respect to all of the model parameters simultaneously.
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Here the formulation of a discrete adjoint model is briefly described; more de-
tailed derivations can be found in works such as Giering and Kaminski (1998) or
Sandu et al. (2005). A chemical transport model can be viewed as a sequence of
discrete operators, F”, that advances a concentration vector from time step n to step
n+1,

cn+1 — Fn(Cn,O')

where ¢” is the vector of all K tracer concentrations, ¢ =[c™,..., ck,..., c”K]T at time
step n=0,...,N and o is a vector of M parameters, o =[0y,0,,..., oM]T, such as emis-
sions and reaction rate constants. The adjoint model is used to calculate the sensitivity
of a scalar model response function, 7, with respect to the model parameters, o. For
sensitivity analysis, the response function is a function of terms, J"(¢"), that may de-
pend upon only concentrations of particular species or in particular locations

N
=2 J"c").

n=0
The Jacobian matrices of the model operator around any given time step can be written
as

oc™" _0F"(c") _p oc™" _0F"(c") _pn
dcn ocn ¢ do oo 7

The adjoint sensitivity variables are defined as 1] = V.7 and 1, = V,J, where the
subscripts ¢ and o indicate sensitivity with respect to ¢ and o, respectively. Initializing

aJ" 0J,
07 and /].o- = -,

AN =
¢ 0o
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adjoint sensitivities are found by evaluating the following update formulas iteratively
from n=N, ... .1,

n-1
Agnr = (F7Y dgn + o)

Ay = (FI Y Aon+ 1,

o

at the conclusion of which 1.0 is the sensitivity of the cost function with respect to initial
conditions, V7, and A, is the desired sensitivity of the cost function with respect
to the model parameters, V,;J. This pair of equations represents the adjoint model,
and shows how it entails application of pieces of the forward tangent linear model
(F]) in reverse order. The adjoint model calculates the sensitivity of the scalar model
response with respect to all M elements of the model parameter vector in ~3 times the
length of a forward model run, which is nearly M times more efficient than repeatedly
perturbing individual parameters and rerunning the forward model M times. Given
M is 0(105), the savings are considerable. Adjoint capabilities were added to the
GEOS-Chem model by Henze et al. (2007). The adjoint of the chemistry is generated
by the Kinetic PreProcessor (KPP, Damian et al. (2002); Sandu and Sander (2006)),
which was expanded to include calculation of sensitivities with respect to reaction rate
constants directly from the discrete forward-model chemical solver operators.

Isoprene emissions are calculated using MEGANv2.0 (Guenther et al., 2006; Millet
et al., 2008). Anthropogenic emissions of NO, are calculated using the GEIA inventory
scaled to the model run year according to fossil fuel usage (Bey et al., 2001; Benkovitz
et al., 1996). NO, is also emitted from biomass burning (from GFED2 inventory, Ran-
derson et al., 2006), soil (Yienger and Levy, 1995) and lightning (Price et al., 1997;
Sauvage et al., 2007a). Dry deposition is calculated using a resistance-in-series model
(Wesely, 1989; Wang et al., 1998). Wet deposition is calculated following the approach
presented by Mari et al. (2000) and Jacob et al. (2000).

Isoprene nitrate photochemistry is represented here using three surrogates: ING,
ING; and ING, (Table S1). ING, represents first-generation nitrates formed from
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isoprene photooxidation during day and nighttime. ING, retains a double bond,
such that it is rapidly oxidized by OH (k(298 K) = 4.6 x 10'11cm3molec'1s'1) and
ozone (k(298 K) = 9.5 x 10~""cm®molec™'s™! ), consistent with laboratory observations
(Paulot et al., 2009a; Lockwood et al., 2010). For simplicity, the oxidation of ING, by OH
and ozone is assumed to yield the same products. ING, and ING, are both second-
generation organic nitrates. ING; represents nitrates from methacrolein (MACR),
methylvinylketone (MVK) and other hydroxycarbonyls formed from isoprene photoox-
idation (e.g., HC5 and ING, Paulot et al., 2009a). ING, is assumed to react rapidly
with OH (kon(298 K) = 8 x 10’120m3molec'1s'1), since it represents compounds that
generally feature an aldehyde group. Lacking a double bond, ING, does not react with
ozone. ING, photooxidation also yields ING,. This species represents the formation
of long-lived nitrates and its oxidation by OH (koy = 4.0 x 10" "®cm®molec™'s™" (zhu
et al., 1991)) and photolysis (Jenkin et al., 1997; Roberts and Fajer, 1989) are derived
from propanone nitrate. Wet and dry deposition of ING,, ING, and ING, are treated
as terminal losses of NO,. In the following, we will use the notation ING to denote
INGy+ING{ +INGs.

Besides the representation of the isoprene nitrates, the standard GEOS-Chem
mechanism has been modified to incorporate the isomerization of the isoprene per-
oxy radicals (Crounse et al., 2011), the formation of the isoprene epoxide (Paulot et al.,
2009b) as well as the carbon dependence of the reaction of HO, with peroxy radicals
(Saunders et al., 2003). These changes are detailed in Table S1.

3 Simulations

ING photochemistry can affect ozone production in two different ways: (a) their forma-

tion depletes NO,, diminishing local ozone production and the concentration of OH,

and (b) their photooxidation releases NO,, which, conversely, promotes local photo-

chemistry and ozone formation. If ING lifetime is short, (a) and (b) largely compensate

each other and the regional effect of ING is reduced. Conversely, if ING lifetime is long,
25615
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their formation and transport modulate NO, concentration and thus ozone production
in both local and remote regions.

Forward sensitivity simulations are used to explore the local and regional impacts of
the representation of isoprene nitrate photochemistry. The long lifetime of ozone makes
it difficult to ascribe large-scale changes in ozone to either (a), (b) or the transport of
ozone using forward simulations. We use adjoint modeling to evaluate the large scale
impact of the isoprene photochemical cascade, as it allows to explore the sensitivity of
a given function of the model outputs (7) to many parameters (Giering and Kaminski,
1998),

3.1 Reference simulation

Both adjoint and forward sensitivity simulations use the same reference simulation. We
set the yield of the isoprene nitrate to 10 %, the recycling to 50 %. Henry’s constants
are taken from lto et al. (2007) for ING, and ING; (H =1.7 x 10* M/atm) and from
Sander (1999) for ING, (H = 10° M/atm). The oxidation of isoprene in this simulation
is dominated by OH in every region (~ 85 % globally, Fig. 2). The lifetime of isoprene
can exceed six hours over South America, because of very low OH. This long lifetime
results in the efficient transport of isoprene to the free troposphere through convec-
tion, such a significant fraction of isoprene is oxidized outside of the boundary layer
(Fig. S2). In the tropics, isoprene peroxy radicals react primarily with HO, (~60 %).
Reaction with NO and isomerization (Peeters et al., 2009; Crounse et al., 2011) ac-
counts for ~25 % and 10 % of isoprene peroxy radical fate, respectively.

The fate of isoprene peroxy radicals has important consequences regarding the yield
of its second— and third— generation products. In the reference simulation, we find
that IEPOX, the epoxide formed from the oxidation of isoprene hydroxyhydroperoxide
(ISOPOOH) has a global yield of ~32 %, significantly larger than that simulated by
Paulot et al. (2009b) using k,ﬂloz, the GEIA emission inventory and neglecting isomer-
ization (Fig. 2). This has important implications for the representation of secondary
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organic aerosol from isoprene photooxidation under low NO, conditions (Surratt et al.,
2010; Froyd et al., 2010). The chemical representation of the isoprene photochemical
cascade also affects the use of the formaldehyde total column to estimate isoprene
emissions in tropical regions as the yield of formaldehyde from the photooxidation of
HPALD and ISOPOOH, which together account for ~65 %—75 % of isoprene photooxi-
dation in the tropics, is not known (Palmer et al., 2003; Barkley et al., 2008).

ING, sources are dominated by OH/NO chemistry (Fig. 2). As noted by Horowitz
et al. (2007) and Brown et al. (2009), however, nocturnal formation of organic nitrates
(from NO3 chemistry) can be a significant source of reactive organic nitrates. ING, loss
is dominated by photooxidation, consistent with the conclusion from Ito et al. (2007).
The mean photochemical lifetime of ING, is shorter than that of isoprene primarily
because the formation of ING, is favored by higher concentrations of NO, which corre-
late with higher OH and ozone. Photochemical sinks of ING, are dominated by ozone
(Fig. 2). This reflects both the short atmospheric lifetime of ING,, with respect to ozone
(Lockwood et al., 2010) and the importance of nocturnal sources of ING, when OH
oxidation is negligible. Because of its short atmospheric lifetime, the impact of ING,
on the transport of reactive nitrogen to the upper troposphere and to oceanic basins
is very limited, suggesting the fraction of NO, recycled from ING, photooxidation, as
well as the fate of ING, and ING,, are essential for assessing the overall effect of ING
photochemistry.

3.2 Sensitivity simulations
3.2.1 Forward sensitivity simulations

To assess the effect of different representations of isoprene nitrate photochemistry,
we carry out 27 simulations that span three different isoprene nitrates yields (Y =
0.05,0.10,0.15), three different NO, recycling efficiency from the reaction of ING, with
ozone and OH (a =0,0.5, 1), and three different wet and dry deposition of ING,, ING,
and ING,. The deposition rate of INGs is modified by adjusting their associated Henry’s
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constants. In the base case, Henry’s constants are taken from Ito et al. (2007) for ING,,
and ING, (H=1.7x 10*M atm'1) and from Sander (1999) for ING, (H = 10°M atm'1).
In the slow deposition case, INGs are deposited like PAN (H = 3.6Matm'1, no wet
deposition) while in the fast deposition case, they are all assumed to behave like nitric
acid (H=1x10"Matm™).

In addition, one simulation is carried out where the yield of ING, from Reaction (8)
is set to 0 %. In another simulation, the yield ING,, is set to 10 % from Reaction (8) but
ING, does not undergo any additional photochemistry. The later simulation is similar
to the treatment of ING, in the default GEOS-Chem chemical mechanism.

Modifying the treatment of isoprene nitrate chemistry has little impact on the relative
importance of the oxidation channels of isoprene, because variation in ozone and OH
mixing ratios are well correlated. However the lifetime of isoprene is strongly impacted
by the representation of isoprene nitrate chemistry with variations exceeding ~ +£20 %
across the different simulations (Fig. 2). The largest changes are found over South
America, where NO is very low.

The branching between night and day formation of ING, depends on the assumed
yield of isoprene nitrates. For an organic nitrate yield of 5% from OH/NO chemistry,
NO3 chemistry becomes the primary source of ING, consistent with the conclusions
from Horowitz et al. (2007) (Fig. 2). Even when ING,, is assumed to deposit as fast as
nitric acid, its fate remains dominated by photooxidation reflecting its short photochem-
ical lifetime. Because of their slower photooxidative sinks, ING; and ING, are much
more sensitive to the treatment of deposition. Better constraints on the relative im-
portance of photochemical and depositional sinks are especially critical for ING, since
it contributes significantly to the transport of NO,. From this analysis, it is clear that
the treatment of ING, as a terminal sink of NO, (e.g., the assumption that they fully
deposit) in the GEOS-Chem standard simulations cannot be reconciled with laboratory
data presented by Lockwood et al. (2010) and Paulot et al. (2009a).
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3.2.2 Adjoint sensitivity simulations

The adjoint of GEOS-Chem has been primarily used in inversion problems to improve
emissions inventories (Henze et al., 2009; Kopacz et al., 2010). It was recently used
by Kopacz et al. (2011) to constrain the sources of black carbon in the Himalayas and
Tibetan Plateau and by Zhang et al. (2009) to investigate the impact of intercontinental
transport on ozone pollution on the west coast of the United States.

Here we use the adjoint of GEOS-Chem to explore the sensitivity of ozone and NO,
to some of the photochemical processes controlling the isoprene photochemical cas-
cade: the emissions of isoprene and NO,, Y and a. Similar adjoint approaches have
been used previously to investigate the chemical processes controlling ozone pollution
in urban settings (Menut et al., 2000; Vautard et al., 2000; Schmidt and Martin, 2003;
Martien et al., 2006). Here, the cost function 7 is defined here as either the mean
tropospheric ozone or NO, mixing ratio (in ppbv). We consider three time periods:
July 2006 to October 2006 (high biomass burning in all tropical continental regions,
Fig. 5); December 2006 to February 2007 (high biomass burning in Northern Africa,
low biomass burning over South America and Southeast Asia); April 2007 to May 2007
(low biomass burning for all tropical regions); and four geographical regions (Fig. 1)
that are largely isolated from transport of ozone from Northern midlatitudes. For each
time period, the model is run for one additional buffer month in order to limit the bias
for long-range influence and initial conditions (Figs. S3 and S4). For instance, the sen-
sitivity of a cost function defined over the period April to May is calculated by running

the adjoint back through March. We define S‘ sg‘ as the normalized sensitivity of A in
region R4 to changes in B in the model box X located at latitude lat, longitude lon, and

altitude z, i.e., #ag_(jx) where 7 = Z|,?1 and 6 designates the tropospheric mean.
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We define:

R, SA
Ri cA X “B
Sh =
Re B z AIon (X)
t

lateRy;2<z

(12)

where z; is the tropopause altitude and A, (X) = 5° is the longitudinal resolution of the

model. Acronyms used for Ry and R, are listed in Table 1. For instance, f\SS'iHNGO

refers to the normalized sensitivity of Atlantic ozone (in % per ° longitude) to the rate
of oxidation of ING, by OH.

4 Discussion

The modeled tropical ozone over continental regions is very sensitive to the treatment
of ING photochemistry (Fig. S5). Over continental regions, ozone can vary by as much
as +20 % from the reference simulation as a result of changes in the representation
of ING photochemistry. Changes in ozone are not limited to continental regions with
high isoprene emissions. Downwind of Africa and South America, for instance, the
Atlantic and Pacific basins exhibit a sensitivity to ING chemistry similar to continental
regions. Ozone over remote oceanic regions is also found to be affected by isoprene
photochemistry.

NO, concentrations play a critical role in modulating ozone production. In order to ra-
tionalize the simulated sensitivity of ozone to changes in the representation of isoprene
nitrates, we thus define the local net removal of NO, by isoprene nitrate chemistry as:

Ding = Ping, + Ping, ~ Lina; —Ling, = @ Ling,

where P, and Pnay are the photochemical sources of ING, and ING, (excluding
the source from INGy); Ling,, Ling, @and Ling, are the photochemical losses of ING,
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ING; and ING,. D)\g defines three regimes associated with different regions of the
tropics (Fig. 3): the continents, where isoprene nitrate photochemistry results in NO,
loss (Diyg > 0); the near-shore oceanic basins, where isoprene nitrate photochemistry
contributes to NO, production (Djyg < 0); and the remote oceanic basins (D)yg ~ 0).

In this section, we show that the impact of isoprene photochemistry on ozone in
each of these regions reflect different mechanisms: modulation of NO, where D\ >0,
transport of ozone produced in the upper troposphere where Dg ~ 0 and finally the
competition between the transport of ozone and NO, where Dg < 0.

4.1 NO, removal efficiency controls the impact of isoprene nitrates over tropical
continental regions (Dyg >0)

Over regions with high isoprene and low NO, emissions (e.g, South America, New
Guinea), Djyg can account for up to 70 % of NO, loss (Lyp ). On continental scales,
however, a large fraction of the NO, segregated in isoprene nitrates is cycled back to
the atmosphere (61 % for Africa, 48 % for South America).

The sensitivity of O, production (P ) to ING photochemistry is well correlated with
its effect on Dyyg (Fig. 4). It follows that very different representations of the ING chem-
istry can have comparable effects on continental Pox: {Y = 15%, a = 100 %, fast
deposition}, {Y = 10%, a = 50 %, fast deposition}, {Y = 15%, a = 50 %, default de-
position} yield similar 775 over South America. As the NO, loss mechanisms (export
to oceanic basins and deposition) are different in each of these representations, they
result in diverse predictions regarding nitrogen deposition and ozone formation down-
wind from continents, such that the need to accurately constrain ING photochemistry
is not relaxed.

The sensitivity of 75 to Djyg varies regionally and seasonally reflecting changes
in the fraction of NO, lost through the isoprene nitrate chemistry (Fig. S6). Continen-
tal ozone is most sensitive to isoprene nitrate chemistry outside the biomass burning
seasons, when isoprene impact on Lyo is largest. Conversely, the representation
of isoprene nitrate chemistry has little regional impact on ozone during the biomass
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burning period regardless of isoprene emissions. This difference can be understood
through the seasonal variation of Dyg/Lyo,. While increasing the production of INGs,
large emissions of NO, during the biomass burning season favor the production of OH
and ozone such that the lifetime of INGs is reduced and their effect on the ozone budget
is diminished.

The adjoint sensitivity of tropical ozone to isoprene nitrate yield (;833) is negative
everywhere. This is consistent with the regional removal of NO, dominating the impact
of isoprene nitrate photochemistry on ozone. Seasonal and regional variations in the

sensitivity reflect those of Diyg/Lno,, €-9-, in Africa where tAS? ® is ~5 times greater
from April to May than from December to February (Fig. 5).
The sensitivity of tropical ozone to the yield of the nitrate, Y, can be compared to

its sensitivity to methane oxidation (Fig. 5). tS(())iin 4 IS always positive and its zonal

variations largely reflect the fraction of methylperoxy radicals reacting with NO (Jaeglé

et al., 2001; Wennberg et al., 1998). As a result, t88;+CH4 is generally larger over

continents, where NO emissions are concentrated. An important exception is South
America where the oxidation of methane is limited by the low OH concentrations simu-
lated by the model in low-NO,, high-biogenic environments.

O3

Ozone is very sensitive to the formation rate of nitric acid (tSOH+NO ), @ major sink of
2

NO, in much of the atmosphere, emphasizing the need for very accurate understand-
ing of the reaction of OH with NO, (Mollner et al., 2010). The production of both ING,

. . . t »O3 t O3 .
and nitric acid result in the loss of NO,. As a result, SOH+N02 and SY are negative

throughout the tropics. Nitric acid formation is most efficient when the concentrations
of OH and NO,, are elevated, i.e., over large NO, sources (biomass burning in Africa or
anthropogenic and biomass burning in Java, Fig. 5). Unlike nitric acid, the photochem-
ical lifetime of ING, is very short under these conditions and it is not an efficient sink of
NO,. However, under low NO, conditions and high isoprene emissions, ING, photoox-
idation is limited and it behaves, at least locally, as an important sink of NO, (Fig. 3). It

follows that tsgiuNoz and t..‘S:()3 have opposite dependence on surface NO, conditions.
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This is supported by their seasonal variations over South America where ts‘gglimoz

is greater than 18833 during the biomass burning season (Dig/Lno, < 1), but signif-
icantly lower outside the biomass burning seasons (Fig. 5). Seasonal variations are
even greater in Africa where L‘Ssa is almost negligible from December to February
(Fig. 5) when isoprene and biomass burning emissions are collocated (Fig. 5), but

comparable to ngamoz from April to May. A similar mechanism may also explain the

o o ,
large contrast between Java, where tSSY3 <<tSSOﬁ|+No as a result of large anthropogenic
2

- L . t @03 t <03
activities, and the more pristine New Guinea where ¢S, ~SSOH+N02.

tSS3 suggests, however, that the impact of isoprene nitrate photochemistry (and
more generally of isoprene photochemistry) on ozone is not restricted to the modu-

lation of the local photochemistry. Indeed, while tSS ® is generally positive, as would be
expected from its impact on the local D¢ (Fig. 3), it becomes negative when isoprene
emissions and biomass burning are collocated, e.g., in Africa from December to Febru-

ary. Similarly, the sensitivity of ozone to tropical emissions of isoprene (‘SS(TSOP), Fig. 6)

switches sign seasonally and regionally, unlike tSIg(SI\IO ) that is always positive regard-
O3

less of the source of NO,. For instance, tS'SE(ISOP) is positive during the biomass burning
season (Fig. 6, July—-October) and becomes negative as biomass burning emissions
decrease (December—February and April-May). Similarly, LSS&SOP) switches sign be-

tween western Southeast Asia and eastern Southeast Asia. The next two sections
are devoted to unraveling the mechanisms that govern the interactions of the isoprene
photochemical cascade with O, at the local and global scales.
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4.2 Long-range impact of isoprene photochemistry through transport to the
upper troposphere (D;yg ~ 0)

The contrast between the remote and local impacts of isoprene photooxidation on O,

is directly illustrated by the large regional variability of SSE(slsop (Fig. 7). SSE(ISOP is
negative and well correlated with SE(ISOP) gs;ﬁsop) is minimum from April to May

when Dj\g contributes most to Lyp . Unlike the regional effect of isoprene emissions
on ozone, their long-range impact (dominated by Africa) is generally positive and not

associated with a local production of ozone, as S (ISOP) is very small.

Large-scale ozone enhancement fueled by isoprene photochemistry may impact the
transport of ozone formed over continental regions, through the well-known “Atlanta”
mechanism (Chameides et al., 1988), i.e., by the boundary layer oxidation of isoprene
under elevated NO, conditions (e.g., from December to February in Africa). The spatial
impact of this mechanism is usually limited in the midlatitudes because the lifetime of
O, is relatively short in the boundary layer. In the tropics, however, efficient convective
transport may allow O, to be carried to the free troposphere, where it can be advected
over much larger spatial scales thanks to a significantly longer lifetime (Jacob et al.,
1996).

The “Atlanta” mechanism does not, however, account for the maximum in SE(?I’SOP)
outside the biomass burning seasons (Fig. 7). We propose that this reflects ozone
production in the free troposphere driven by the transport of boundary layer isoprene
and its photochemical products by convection. Observations of high concentrations
of isoprene (up to ~1 ppbv) and its photochemical products in the upper troposphere
have been reported over Europe (Colomb et al., 2006; Stickler et al., 2006), Africa
(Bechara et al., 2010; Murphy et al., 2010), and South America (Warneke et al., 2001).
The model exhibits a very characteristic “C”-profile for isoprene in the tropics and a
significant fraction of isoprene oxidation takes place outside the boundary layer (~
20 % in the tropics, Fig. S2). In these conditions, the production of ozone is extremely
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efficient as (a) isoprene peroxy radicals react almost entirely with NO, and (b) Djyg ~0
as ING fate is almost entirely driven by NO,-neutral photochemical reactions. The
injections of reactive isoprene can have a very large impact on ozone production in
particular if it is accompanied by emissions of NO, (e.g., from lightning) (Collins et al.,
1999; Poisson et al., 2000; Bechara et al., 2010; Jacob et al., 1996; Prather and Jacob,
1997). The formation of NO, reservoirs in the upper troposphere (e.g., PAN) further
amplifies the impact of isoprene photochemistry on NO, by promoting the transport of
NO, to remote regions (Poisson et al., 2000). This mechanism would be consistent
with the study of Aghedo et al. (2007), who reported that most of the production of
ozone fueled by African emissions does not take place over the African continent, but
rather downwind.

Ozone production in the free troposphere increases as the supply of isoprene and its
photochemical products from the boundary layer increases, i.e., under low boundary
layer oxidative conditions. Thus, the production of ozone in the upper troposphere is
favored, somewhat paradoxically, by its destruction in the boundary layer. Since ozone
is also transported to the upper troposphere, the net effect of the transport of isoprene
to the upper troposphere depends on the relative magnitude of these two processes.
Unlike Africa, where NO, is generally high enough such that isoprene photochemistry
does not significantly depress Pq_in the boundary layer, the segregation of NO, by
isoprene nitrates in South America by Eq. (6) results in very low boundary layer O,
(Fig. 7). This competition is reflected in the greater sensitivity of Pacific ozone to iso-
prene emissions from Africa compared to South America outside the biomass burning

seasons (Fig. S7). Similarly, gSS(TSOP) is generally negative, reflecting its impact on

the removal of NO, by ING, while gss(‘”;sop) can be positive during the biomass burning
season, when boundary layer ozone over South America is less impacted by isoprene
photochemistry. The importance of the VOC transport thus depends on the boundary
layer budget of ozone, which is largely controlled by D)\g. It follows that ING photo-

chemistry may indirectly modulate the large-scale effect of isoprene photooxidation on
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the O, budget.

The large-scale influence of isoprene emissions can be contrasted to that of lightning
and biomass burning NO,. The large-scale effect of lightning is significantly greater
than that of isoprene emissions and may not proceed through the same mechanisms

as Z/ SSE?,QOXPO suggests a direct impact on the local ozone production far from its
source regions. In contrast, the intercontinental effect of biomass burning is much
more limited than that of isoprene and is not associated with large-scale transport of
NO,. Injection of biomass burning emissions outside of the boundary layer (Val Martin

et al., 2010) may, however, extend the spatial impact of biomass burning on ozone.
4.3 Isoprene nitrates as NO, reservoirs (Dyg < 0)

In this section, we focus on near shore oceanic basins, downwind of major isoprene
emissions. In these regions, ING photooxidation contributes significantly to the NO,
source (Fig. 3). The impact of isoprene photochemistry on O, budget reflects the com-
petition between the transport of continental ozone over continental regions (greater
continental Dyyg) and greater ozone production downwind. Despite the loss of NO,
during its export (through deposition), this competition can result in an increase in O,
downwind of ING production regions, since the ozone production efficiency is generally
greater far from NO, sources.

It follows that ING, and ING, are too short-lived to contribute significantly to the trans-

. S 03 S 03 . : .
port of NO, since SOH+|NGO and SOH+ING1 are positive, even over oceanic basins:

their impact primarily reflects their modulation of ozone production and transport from

continental regions. Conversely, SSS,?MNGZ is generally negative: ING, contribution to
NO, transport to high OPE regions outweighs the associated increase in the removal
of NO, (Fig. S8).

An example of this competition between transport of NO, and transport of ozone is

the sensitivity of South Atlantic ozone to the recycling of NO, from ING,, phootooxida-

tion (a). E‘SC(,)3 vary seasonally and spatially in response to changing photochemical
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conditions over Africa (Fig. 8). 2823 is positive where isoprene peroxy radicals react
primarily with HO, (e.g., from April to May,). Under these conditions, the increase
in ozone production efficiency between the isoprene emission region and the recep-
tor region is not large enough to compensate for the loss of NO, during its export.

Conversely, iSS"’ is negative where isoprene peroxy radicals primarily react with NO,
i.e. where D)y is low and the impact of ING chemistry on the local Po, is limited (e.g9.,
from December to February, where biomass burning and isoprene emissions are col-
located). Under these conditions, the contrast in ozone production efficiency can be
very large and the increase in the transport of NO, outweighs the decrease in the local

production of ozone. From 5\823 <0and 255% 0 (consistent with D\ /0 <0) in the
December to February period, it follows that the large—scale impact dominates over the
regional-scale one under elevated NO, conditions.

4.4 Can the effect of chemistry, emissions and dynamics on the tropical O,
budget be separated using experimental observations?

In the previous sections, we have shown that the oxidation of biogenics modulates
the budget of O, and that this modulation can vary dramatically in space and time as
summarized in Fig. 9. Thus, the difference in the representation of this coupling across
models need to be accounted for when analyzing intermodel differences of tropical O,
(Stevenson et al., 2006).

Most studies focusing on tropical ozone have been devoted to improving NO, emis-
sions from lightning, biomass burning and soil to achieve better agreement with ozone
measurements (Sauvage et al., 2007b; Jaeglé et al., 2004; Ziemke et al., 2009). It fol-
lows from this study, however, that the impact of changes in NO, emissions on the O,
budget cannot be readily separated from their modulation by different representations
of the photooxidation of biogenics and transport processes (in particular deep convec-
tion, Nassar et al., 2009). Thus, the uncertainty of NO, emissions derived from ozone
or NO, measurements will be commensurate with errors in the representation of these
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processes.

The different factors investigated here exhibit different seasonal and geographical
behavior that can be used to unravel their coupling. Several avenues for further study
can be inferred from this work:

ACPD
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— the ozone contrast between land and ocean is predicted to be amplified by
biomass burning but reduced by lightning and the transport of NO, reservoirs.

Jaded uoissnosig

Impact of the

The differences in seasonal and interannual variability of biomass burning and h 'fOP;;ene_ |

biogenic emissions combined with the availability of long record of tropospheric  © photoc e(r’nlca

ozone (e.g., OMI) may help disentangle the different contributors to tropical § cascade

ozone (Martin et al., 2000). In particular, we find that iSI(E)(?iSOP) and f\SS:b(NOX) (é F. Paulot et al.

are of similar magnitudes (Fig. S9). This is at odds with the conclusions of ?U

Sauvage et al. (2007b) who found that the dependence of Atlantic ozone on iso- &

prene emissions is negligible. This may be associated with the treatment of iso-  © g

prene nitrates as a terminal sink of NO, in the standard GEOS-Chem mechanism. ! !
— the fraction of isoprene (and more generally biogenic volatile organic compound) ©

oxidized in the upper troposphere (i.e., vertical profile of isoprene or formalde- § ! !

hyde) governs the large-scale impact of short-lived volatile organic compound on % ! !

the O, budget. Instruments such as TES, IASI and ACE-FTS provide some in- =

. . . . . o

formation on the vertical profile of many chemical compounds that are impacted & ! !

differently by NO, and biogenic emissions. These multi-compounds analysis has &

been used to investigate the budget of ozone (Bowman et al., 2009; Cooper etal., ! !

2011) or formic acid (Gonzalez Abad et al., 2009; Paulot et al., 2011). Verti-

cal profiles also provide essential constraints on the photooxidative conditions in g ! !

the boundary layer, complementing surface measurements. In particular, if the § g

fraction of isoprene oxidized outside of the boundary layer is found to be over- =

estimated by the model, this would confirm that HO, concentration in high iso- ~ — _

prene/low NO, environments are higher than simulated (Stone et al., 2010). Such & g

a multi-compound approach may also be useful to constrain isoprene emissions
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from satellite observations of formaldehyde total column (Palmer et al., 2003). Un-
der low-NO, conditions, i.e., where the fate of ISOPO, is dominated by reactions
with HO, and isomerization, it is unlikely that isoprene emissions can be directly
related to formaldehyde total columns (Barkley et al., 2008). Instead, a formal
inversion approach explicitly taking into account the spatial and vertical footprint
of isoprene emissions on formaldehyde is probably required (Fig. S10).

The sensitivity of ozone to isoprene photochemistry can be altered by changes
in anthropogenic activities. This is illustrated by the sensitivity of ozone to an-
thropogenic NO, emissions in Java. Ozone is also very sensitive to soil NO,
emissions (Fig. 6), which are also affected by human activities such as deforesta-
tion (Keller et al., 1993, 2005). To explore further the sensitivity of the interplay
between ozone and biogenics activities, we modify anthropogenic emissions of
NO, such that NO, emissions per capita are identical to those of North America
(7.8 kg(NO)/yr/person, circa 2005) everywhere. This extreme scenario yields a

large increase in OH (~30 %) and tropical ozone (Fig. S11). tSS(SISOP) increases

throughout the tropics (Fig. 10). This increase can be large enough to make

tSf—:)(?fsop) positive in regions where it is negative in the present-day simulation.

Since some tropical crops are known to emit more isoprene than the rain forest
they replace, this would further amplify the ozone increase associated with di-

rect anthropogenic emissions (Hewitt et al., 2009). Similarly, negative tsgs are
not isolated to Africa as in the reference simulation but extend to large regions
of the tropics (Fig. S13), underlying the profound change in the chemical regime
of the tropics if all inhabitants had the same NO, emissions per capita as North
Americans.
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5 Conclusions

The rapid economic development of the tropical regions calls for a better assessment of
how anthropogenic perturbations may influence the concentration of ozone and assess
the consequences of this change on food security (Van Dingenen et al., 2009; Hewitt
et al., 2009), human health (World Health Organization, 2005) and radiative forcing
(directly or indirectly (e.g., Sitch et al., 2007)).

In this work, we have shown that accurate simulation of tropical ozone must take
into account the modulation of the O, budget by the photooxidation of biogenics. In
particular, the regional simulation of ozone is shown to be very sensitive to the removal
and export of NO, by isoprene nitrates. In South America and New Guinea, the high
ratio of isoprene—to—NO, emissions makes isoprene nitrates chemistry the primary sink
of NO,.

We have also shown that the impact of isoprene photooxidation on tropical ozone
is not limited to the regional scale. We hypothesize that this long-range effect is the
result of dynamic and photochemical processes: efficient vertical mixing (through deep
convection) and low boundary layer HO, (as a result of high biogenics and low NO,
emissions). Under these conditions, the model predicts that a significant fraction of
isoprene is oxidized in the free troposphere, where its contribution to ozone production
is amplified. The inability of models to reproduce ground HO, observations may thus
have consequences beyond the regional scale.

From this work, it is clear that the effect of the photochemistry of biogenics on ozone
cannot be simply isolated from that of emissions, even on the global scale. In partic-
ular, a better understanding of the coupling of isoprene with NO, emissions requires
a much improved representation of the isoprene photochemical cascade as a whole,
since many of the large scale effects presented here result from the photochemistry of
second-, third—, etc.— generation photochemical products.

25630

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
11, 2560525654, 2011

Impact of the
isoprene
photochemical
cascade

F. Paulot et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25605/2011/acpd-11-25605-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25605/2011/acpd-11-25605-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Supplementary material related to this article is available online at:

http://www.atmos-chem-phys-discuss.net/11/25605/2011/acpd-11-25605-2011-supplement.pdf.
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Table 1. Notations.

Y
YSX

X

R

ING
NO,

DY TP WD >

Epo(NOy)
Ei(NOy)
E(ISOP)

normalized sensitivity of mean tropospheric Y over
the region R, to changes in X

over the region R,. For photochemical processes,
unless otherwise noted,

R, extends from the surface to the tropopause. gi S;
is expressed in % per degree longitude.

Atlantic (R,, R))

Africa (R,, R,)

Pacific (R,, R,)

South America (R,, R,)

Southeast Asia (A,, A,)

Tropics (R,, R))

World (R,, R,)

net effect of ING chemistry on the NO, budget
Loss of NO, (account for the role of PAN andING as
NO, reservoirs)

Photochemical production of X

NO, emissions from biomass burning

NO, emissions from lightning

Isoprene emissions

Isoprene nitrate yield

NO, recycling from ING, photooxidation
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Fig. 1. OMI/MLS tropospheric total column ozone in Dobson units (Ziemke et al., 2006). The
different geographical regions used in this study are denoted by white contours. The tropical re-
gion extends from 15° S to 7° N. Top panel: June 2006—October 2006, middle panel: November
2006—February 2007, bottom panel: March 2007-May 2007 .

25645

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
11, 25605-25654, 2011

Impact of the
isoprene
photochemical
cascade

F. Paulot et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/11/25605/2011/acpd-11-25605-2011-print.pdf
http://www.atmos-chem-phys-discuss.net/11/25605/2011/acpd-11-25605-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

100

50

100

150

100 A 15 4
sopflg LN . 75 2po kbS04
b o b
0 0 0
100 5 30
SOp A e o 15}
0 il
100 C 60 100

I DRYDEP
N WETDEP
m  OH

Fig. 2. Overview of the isoprene photochemical cascade (thick color bars) for the reference
simulation in different regions (Table 1). Branching ratios for the reference run (in percent)
are indicated by bars for isoprene oxidation (A, left axis), isoprene peroxy radical fate (B, left
axis), isoprene nitrate sources (C, left axis), ING, fate (D, right axis), ING, fate (E, right axis),
ING,, fate (F, right axis). Black open circles indicate the lifetime (in hours) of isoprene (A, right
axis), ING, (D, left axis), ING, (E, left axis) and ING, (F, left axis), and the fractional loss of NO,
caused by isoprene nitrate chemistry, Dya/Lyo, (C, right axis in %). The extent of the error bars
represents the minimum and maximum values calculated using the different representations
of isoprene nitrate chemistry. J designates the isomerization of isoprene peroxy radical (B,

— o3
/3  NO3
3 HO2

Peeters et al., 2009) or the photolysis of ING, (F).
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Fig. 3. Isoprene nitrate chemistry significantly affects the budget of NO, in the tropics. Positive
numbers represent the fraction of the net chemical loss of NO, (Lno,) accounted for by isoprene
nitrate photochemistry (Dyg > 0) in the tropospheric column. Negative numbers denote the
fraction of the net chemical source of NO, accounted for by isoprene nitrate photochemistry
(Ding < 0) in the tropospheric column.
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Fig. 4. The correlation between D) and P, on the regional scale (South America)
across a large range of representations of ING chemistry suggests that the influence of
ING chemistry on 75 is primarily controlled by its net impact on NO,. Upward-pointing
tnangIes/ClrcIes/downward pointing triangles denote different ING,, yields: Y 5%/10 %/15 %;
red/black/blue colors refer to fast/medium/slow ING deposition; empty/half filled/filled symbols
denote different NO, recycling from the photooxidation of ING,: a = 0/50/100 %. The reference
simulation is indicated by a vertical cross. The purple diamond indicates a simulation where
the yield of ING, from ISOPO, + NO is set to zero. The green diamond indicates a simulation
where ING,, ING; and ING, have no photochemical sink (similar to the standard GEOS-Chem
mechanism).
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Fig. 5. Adjoint sensitivity of tropical ozone (solid lines) and NO, (dashed lines) to changes in the
isoprene nitrate yield (red), the isoprene nitrate recycling (blue, x5 ), the loss rate of methane
(green, CH, + OH), the rate of OH+NO,, (black, x0.5). For example, the mean sensitivity of
tropospheric tropical ozone to methane from July to October is ~0.028 % per degree longitude
(from —15°N to 7°N). Hence, a uniform increase of 1% of the oxidation rate of methane by
OH in the tropics is predicted to cause an increase in tropospheric tropical ozone of ~0.1 %.
Increases in the absolute sensitivity of ozone to NO, losses from one season to another (e.g.,
over Africa from December—February to April-May) reflect changes in ozone production effi-
ciency. The grey shaded region denotes the region over which the cost functions are evaluated.
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Fig. 6. Adjoint sensitivity of tropical ozone (solid lines) and NO, (dash lines) to changes in the
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(cyan) and anthropogenic NO, (black). The grey shaded region denotes the region over which
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Fig. 9. Schematic representation of the spatial modulation of the O, budget by the isoprene
photochemical cascade. The impact of isoprene photooxidation on ozone depends on its im-
pact on NO, near isoprene emissions (Diyg/Lno,, continent). In particular, Diyg/Lyo, influ-
ences the amount of BVOCs injected in the free troposphere and therefore the large-scale
impact of the isoprene photochemical cascade. Under high NO,, an increase in the conti-
nental Dyg /[:NOx (green filled arrow) results in an increase of ozone downwind of continents
(AO4 > 0) because of increased transport of nitrogen reservoirs and a large contrast in ozone
production efficiency (black arrow). Conversely, under low NO,, a similar increase can result in
a decrease of ozone downwind of continents, as its transport from continents dominate over its
local production (low OPE contrast).
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Fig. 10. Absolute changes in the adjoint sensitivity of tropospheric tropical ozone
('S =S (H-NO,) — 'S¢, with 'S2° in %/4?) to changes in the emissions of isoprene
(green), lightning NO, (red), biomass burning NO, (blue) and anthropogenic NO, (black) re-
sulting from a very large increase in anthropogenic NO, emissions. Green-shaded areas de-

note regions where tS)c() ® become positive because of higher NO, emissions. The grey shaded
region denotes the regions over which the cost function are evaluated.
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