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Abstract. Tropical tropospheric ozone affects Earth’s radia- distribution. Spatial patterns such as the South Atlantic
tive forcing and the oxidative capacity of the atmosphere.ozone maximumThompson et a]200Q Wang et al. 2006
Considerable work has been devoted to the study of the prohave been explored in great depth and the sensitivity of ozone
cesses controlling its budget. Yet, large discrepancies beto NO emissions from lightningSauvage et al.2007h,
tween simulated and observed tropical tropospheric ozondiomass burningJacob et al.1996 Chandra et a).2002
remain. Here, we characterize some of the mechanisms b¥iemke and Chandrd 999 Jourdain et a).2007 Edwards
which the photochemistry of isoprene impacts the budget ofet al, 2006 and soil Jaegé et al, 2004 or to dynamics
tropical ozone. At the regional scale, we use forward sensi{Wang et al. 2006 Nassar et al.2009 has been charac-
tivity simulation to explore the sensitivity to the representa- terized. However, significant discrepancies between model
tion of isoprene nitrates. We find that isoprene nitrates carand observations remai#tjang et al.2010. Since ozone is
account for up to 70% of the local N& NO+NGO;, sink. photochemically produces, we focus here on the uncertain-
The resulting modulation of ozone can be well characterizedies in the chemical transfer function that relates emissions
by their net modulation of NQ We use adjoint sensitivity and ozone, a topic that has been seldom addre8ssahian
simulations to demonstrate that the oxidation of isoprene caret al, 2009.
affect ozone outside of contmentgl regions through the tra_ms- The tropics are characterized by very large biogenic
port of NO; over near-shore regions (e.g., South Atlantic) . . C

N . . emissions, whose photooxidation impacts the budgets of
and the oxidation of isoprene outside of the boundary IayerO =03+ NO and HG=OH-- HO; (Lelieveld et al, 2008
far from its emissions regions. The latter mechanism is pro-.. 2 2 s )

. A . The influence of the photooxidation of isoprene, a five-
moted by the simulated low boundary-layer oxidative condi- . 0 0 .
. : . . : - carbon dialkene that accounts for 30% to 50% of bio-
tions. In our simulation;~20 % of the isoprene is oxidized

above the boundary layer in the tropics. Changes in the ingenic volatile organic compound (BVOC) emissio@en-

terplay between regional and global effect are discussed irt1her et al, 1995 Guenther et 32009 on photochemistry

. . : . .~~~ "has recently motivated considerable laborat®sulot et al.
light of the forecasted increase in anthropogenic em|SS|on§0093b_ Lockwood et al, 201Q Crounse et aJ2017), field
in tropical regions. ' i ’ ’

(Thornton et al. 2002 Ren et al. 2008 Lelieveld et al,
2008 and theoretical work Reeters et gl1.2009 Dibble,
2004gb). Simulations suggest that the effect of isoprene
1 Introduction chemistry on the @ budget extends to much larger scale
than isoprene’s short atmospheric lifetime would suggest
The impact of tropical ozone on Earth’s radiative forcing (Roelofs and Lelieveld200Q von Kuhimann et aJ.2004
(Forster et a].2007) and oxidative capacity have motivated Pfister et al. 2008. In this study, we first use forward
considerable work to unravel the complex interplay betweensensitivity simulations to show that the impact of different
dynamics, surface emissions and chemistry that controls itsepresentations of isoprene nitrate chemistry on the regional
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Table 1. Summary of the changes to the standard GEOS-Chem mechan@maw(tz et al.(1998, see alsdttp://acmg.seas.harvard.edu/

geos/wikidocs/chemistry/chemistrypdatesv6.pdf

ISOP+OH— ISOPG

2.7x 10711 x exp(390/T)

@)

ISOPG +NO — NO» +HO»+0.378IALD A-Y)xkdo (2
+0.378MVK-+0.244MACR+ 0.622CH,0
ISOPO2+NO — INGO Y xkBo (3)
ISOPQ, + HO, — ISOPOOH o, @)
ISOPQ — OH+ 2HOy + CHpO+ 0.5(MGLY + GLYC + GLYX +HAC) 4.07x 10° x exp(—7694/T)  (5)
INGg+ OH— ING0O, 1.28x 10 1 x exp(380/T)  (6)
INGO2 +NO — 2NO, +HO, 4+ OVOC ax2.7x 1072 x expE50/T) (7)
INGQO2+NO—> 0.5ING1 4 0.5ING, +HO» +NO» (1—a) x 2.7x 10712 x exp(350/T)  (8)
INGoO2 +HO2 — ko,
INGg+03 — NO, +HO, + OVOC a x 1.09% 10713 x exp(—2100/T)  (9)
INGg+ O3 — 0.5ING;40.5ING; + HO, (1—a) x 1.09x 10~ 13 x exp(—2100/T) (10)
ISOP+NO3 — INO, 3.15x 1012 x exp(—450/T) (11)
MVK + OH—> MVKO 2.6x 10 exp(610/T)
MVKO 5 4+NO — NO,+0.28HO, + OVOC Ko
MVKO5+NO — ING1 Ko
MACR +OH— MRO, +MAO3 ko
MRO2+NO — NO, + HO2+ HAC + CH20 ko
MRO, +NO — ING; ko
INO5+NO — 1.15NO, +0.8HO, + 0.85INGg + 0.IMACR ko
0.15CH,0+0.05MVK
INO»+HO, — INPN kﬂoz
INPN+OH — 0.3INO, +0.70H+0.7INGg 3.8 x 10712 x exp(200/T)
IALD +OH — 0.4301A0, +0.5701A03 37x10°11
IAO5 +NO — OVOC+0.920H0,+0.920NO,+0.080ING; ko
INPN+OH — ING1 + OH 5x 1011
ING1 +OH— NO, +HO, + OVOC 8x 10712 (12)
ING2 4+ OH— HO, +NO, + OVOC 4x 10713 (13)
ING2 — NOo +PA+HO» JINGZ (14)
IAO5 — CO+MEK +OH kZax©
IAO3 — PACLD+HO, kZgx©
MRO, — CO+HAC + OH k_3x®
ISOPOOH+ OH — IEPOX+OH 1.9x 10M x exp(390/T)

ISOPOOH+OH — 0.387RIG, +0.6130H4-0.613IALD

4.75x 10~ exp(200/T)

PACLD — 1.0000H+0.500(MCO3 + GLYX + CO+HO,) JPACLD

8 ko, = 2.91x 10~ 13exp(1300/T) (1 — exp(—0.245:¢)) (Saunders et al2003

b kno = 2.7 x 10712 x exp(350/T)

¢ k' =8.81x 10%exp(—751Q'T) (Crounse et al., submitted)

d JinG, estimated using average of cross sections fRwberts and Fajg1989); quantum yield estimated kienkin et al(1997)
€ JpacLp estimated using R the cross section of MACR and a quantum yield oP&éters and kller, 2010

budget of ozone can be well understood by characterizing The photooxidation of isoprene is primarily initiated by
their overall impact on NQ We then use adjoint sensitiv- its reaction with OH (Tabléd, Reaction (R)). This reaction
ity simulations to trace the processes that contribute to theoroduces isoprene peroxy radicals (ISQP.Qvhose fate is
long-range influence of the isoprene photochemical cascaderitical to the G budget. When ISOP£xeacts with NO, iso-
on tropical ozone. prene photooxidation promotes @rmation (Reation (R)).
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This reaction is especially important in regions where ur-a reservoir (like peroxyacetylnitrate (PAN)). Depending on
ban centers are embedded in forested areas (e.g., Atlanttheir lifetime and fate, the transport of these organic nitrates
Chameides et al1988). The auto-catalytic production of contribute to the export of NQaway from its emission re-
Oy is terminated by radical losses, e.g., the formation ofgions. The efficiency of this export depends on the fraction
nitric acid (OH+ NO> — HNOg3) and hydrogen peroxide of NOy that is returned to the atmosphere through the pho-
(HO2 +HO2 — H207). Since the ozone production effi- tooxidation of ISOPON@ and its nitrate-containing oxida-
ciency (OPE) — the number of molecules of @oduced per tion products RONO,.

molecule of NQ consumedl(iu et al., 1987 — generally in-

creases as the ratio of N@o VOC decreasesSginfeld and  ISOPONG O O v, NO; (R15)
Pandis 1998, tropical regions with high isoprene emissions

and low anthropogenic NQOemissions can be expected to M R*ONO; (R16)

be extremely sensitive to increasing NO emissidrsfnton

etal, 2002. Forinstance, ozone production in the outflow of wetdry deposition (R17)
Manaus (Brazil) is similar to that of major North American

cities (Kuhn et al, 2010. There has been considerable laboratory research to de-

When ISOPQ reacts with HQ, HOy is destroyed (Reac- termine the yield of ISOPOND(Y = (R3)/((R3) + (R2))~
tion (R4)). This slows the local photochemistry, contributing 10%+ 5%, (Chen et al. 1998 Sprengnether et al2002
to the very low ozone levels over remote tropical forests.  Paulot et al. 2009a Lockwood et al. 2010. Laboratory
Because isoprene emissions are so large, its photooxidgPaulot et al.2009a Lockwood et al, 2010 and field obser-
tion can modulate the local photochemical conditions. Un-vations Grossenbacher et aR001, 2004 Giacopelli et al,
der very low NQ conditions, the removal of HOvia Re- 2005 Perring et al. 20098 suggest isoprene nitrates have
action (RY) is predicted to result in very low concentra- a short atmospheric lifetime. However, there is much un-
tions of HQ, in the isoprene-rich boundary layétguweling certainty regarding the relative importance of deposition and
etal, 1998. Under these conditions, the lifetime of ISOPO photochemical sinks (by OH and ozonkd et al.(2007) and
can become long~ 60s) and unimolecular processes (Re- Perring et al(20093 estimated that the fate of isoprene ni-
action (F5)) become competitive with Reactions4Rand  trates is dominated by photochemical losses wHibeowitz
(R2) (Peeters et gl2009 Crounse et al.2011). This at- et al.(2007 andGiacopelli et al (2009 concluded that de-
tenuates the removal of HCby isoprene photochemistry, position is their primary sink.
more consistent with field observations of Hi(Peeters and If the isoprene nitrates are primarily lost through photoox-
Mdller, 201Q Stavrakou et al201Q Archibald et al, 2010. idation, assessing their impact on the budget of reactive ni-
Here we do not explicitly represent the intermediate carbonyltrogen and ozone must include proper representation of their
(HPALD) that is produced by the isomerization and assumeghotochemical product$&sfossenbacher et a2001), about
it photolyzes readilyReeters and Miler, 2010. which very little is known. Paulot et al.(20093 reported
Understanding low oxidative photochemical conditions is the formation of propanone nitrate and ethanal nitrate from
important for determining the extent of the isoprene photo-ISOPONG oxidation by OH and inferred that the ratio of
chemical cascade as such conditions promote the transpoReactionsR15) to (R16) is ~1, i.e., that~ 50% of the NQ
of isoprene and its photochemical products. In particular, thesegregated in ISOPONQs promptly recycled. In the fol-
transport of biogenics to the upper troposphere through conlowing we will refer to this fraction ag. Similarly, Gia-
vection has been suggested to influence the budget of ozormopelli et al. (2005 proposed a suite of possible ozonoly-
on the global scale as ozone and N&e much longer lived  sis products. The formation of long-lived organic nitrates is
in this region of the atmosphere than at the surféxeherty  significant as they may contribute to the long-range trans-
et al, 2005 Collins et al, 1999 Moxim and Levy 2000. port of NGO, and the unexplained burden of organic nitrates
The modulation of N through isoprene nitrates in the free tropospherddprowitz et al, 2007 Perring et al.
(ISOPONQ@), minor products of the reaction of ISORO 20093. There are also large uncertainties on the yield and
with NO, is another mechanism that allows the impact of fate of organic nitrates formed at night from isoprers O3
isoprene photochemistry to propagate to larger scales (e.gchemistry Horowitz et al, 2007 Brown et al, 2009.
Wau et al, 2007 Gauss et al2006 Ito et al, 2007 Horowitz The representation of NOrecycling (Reaction R15)),
et al, 2007 Fiore et al, 2005 Stevenson et gl200§. The  segregation (ReactiorR(6)) and depositional loss (Reac-
formation of ISOPON® (R3) modulates @ by diminish-  tion (R17)) vary considerably across models. This is known
ing its local formation through NQsequestration. Further- to contribute to differences in simulated ozor&egvenson
more, with high isoprene emissions, the fraction of\f®g- et al, 2006 Wu et al, 2007 Jacob and Winner2009.
regated in ISOPON@can become large enough that their For instance, in the standard release of GEOS-Chem, iso-
formation contributes to the loss of NOUnlike nitric acid,  prene nitrates are assumed to deposit readily, such that they
usually a terminal sink of NQin the boundary layer, or- behave like a terminal sink for NOmuch like nitric acid
ganic nitrates may not be a terminal sink of NBut rather  in the boundary layerFjore et al, 2005. In MOZART
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(Horowitz et al, 2007), isoprene nitrates are short-lived and of the diversity of chemical regimes resulting from the very
a large fraction is oxidized by ozone and OH to yield second-broad range of NQ@to-isoprene ratios to examine how the
generation organic nitrates that are then solely deposited. impact of isoprene photooxidation ony@ modulated by

To determine the impact of isoprene photochemistry, thelocal photochemical conditions. In Se&. we briefly de-
relative importance of Reactions ZR (R3) (R4) and (F5) scribe the model and its adjoint. In Se8tl, we detail the
must be known. It remains, however, very uncertain. In par-treatment of isoprene chemistry used in our reference sim-
ticular the fate of ISOP@depends critically on: ulation that is used as a starting point for the forward sen-

1. The rate of the reaction of ROwith HO,. GEOS- s@tivity §imu|ations (Sect3.2.] and. the adjoint.sensitivity

Chem and MOZART assume that the rate of,RGHO, simulations (Sect3.2.2. 'We then dlsc'uss the different pro-

is independent of R (fon(C) > 2) with kwo, = 7.4 x cesses that control _the impact of the isoprene photochemlcal
10~ 13exp(700/T) (Horowitz et al, 1998 2007). Kinet- cascade at the reg|on_al scalg (Sdct), far _from isoprene

ics studies suggest, however, that the rate of REIO, sources (Sec#.2) and |mmed|ately downwind of large iso-
increases with the size of the molecule. The expresPrene sources (Seet.3). Finally, we conclude by presenting
sion derived bySaunders et a(2003, k., =2.91x some avenues that may help tease out these different pro-
10~ Bexp(1300'T) (1— exp(—0.2451(C))) 2is in good cesses and improve their representations in chemical trans-

. ort models (Sect.4).
agreement with the rate measuredByyd et al.(2003 P ( )
for ISOPG. For isoprene at 298 Mf,,’4c)2/lc|.|o2 ~2.

2. The isoprene emission inventory. Compared with2 Model description
MEGAN, the GEIA emissions inventoryGuenther
et al, 1999 is characterized by higher isoprene emis- We use the GEOS-Chem global 3-D chemical transport
sions in the northern mid-latitudes, which favor the re- model v8.2.1 Bey et al, 2001, www.geos-chem.ojgand
action of isoprene peroxy radicals with NO. Using the its adjoint Henze et al.2007. The model is driven by the
GEIA inventory andkno,, Paulot et al (2009 found GEOS-5 assimilated meteorology from the NASA Goddard
the fate of isoprene peroxy radicals to be dominated byEarth Observing System. Here the resolution of the model
their reaction with NO. is 4 x 5° and 47 vertical layers. The reported results corre-
) o ) i spond to the period spanning June 2006 to May 2007 after
3. The isomerization rate of isoprene peroxy radicals. Theg gne and a half year spin-up. Isoprene emissions are calcu-
rate derived byCrounse et al(201]) is significantly  |5ted using MEGANV2.0Guenther et al2006 Millet et al.,
slower than the theoretical rate der!vedFEgeters etal. 2008. Anthropogenic emissions of NGare calculated us-
(2009. It follows that the overall importance of the g the EDGAR v3.2 inventory scaled to the model run year
isomerization is mgch smaller than previous eSt'mateSaccording to fossil fuel usag®(ivier and Berdowski2001).
(e.g.,Peeters and Mler, 2010. NOy is also emitted from biomass burning (from GFED2 in-
In this study, we focus on the regions located betwee&t$15 ventory, Randerson et al2006, soil (Yienger and Levy
and PN (Fig. 1) where more than 50 % of the global terres- 1995 and lightning Price et al, 1997 Wang et al, 1998
trial isoprene emissions are located. These estimates remaBauvage et al.20073. Dry deposition is calculated us-
uncertain Guenther et a].2006 as (a) bottom-up estimates ing a resistance-in-series modéVgsely 1989 Wang et al.
are derived from ground studies that are too sparse to capt998. Wet deposition is calculated following the approach
ture the diversity of plants in the rain forest, and (b) top- presented bari et al.(2000 andJacob et al(2000. Emis-
down estimates using satellite measurements of formaldesions and dry deposition are uniformly distributed in the
hyde Palmer et a].2003 Barkley et al, 2008 rely on chem-  planetary boundary layer.
ical mechanisms that are known to poorly represent the pho- Isoprene nitrate photochemistry is represented here using
tochemistry under high biogenics and low N@onditions  three surrogates: INGGING1 and ING (Tablel). INGg rep-
(e.g.,Lelieveld et al, 2008 Stone et al.2010. In particu- resents first-generation nitrates formed from isoprene pho-
lar, the yield of formaldehyde from isoprene oxidation under tooxidation during day and nighttime. INGetains a double
these conditions is ill-defined. bond, such that it is rapidly oxidized by OH (@98 K) =
The ratio between emitted isoprene and ,Néxhibits a 4.6 x 10" cmPmolec's™1, Reaction (®)) and ozone
strong seasonality that is primarily driven by N@mis-  (k(298 K) = 9.5 x 10~ 7cm®molec!s™1, Reactions (R)
sions from biomass burning (Fig. S1). This is in contrastand (RLO)), consistent with laboratory observatiorzga(lot
to the Northern mid latitudes where this ratio is driven by et al, 2011, Lockwood et al.2010. For simplicity, the ox-
the seasonality of isoprene emissions. The ratio of isoprenéation of ING by OH and ozone is assumed to yield the
to NOy emissions spans a very wide range from less tharsame products. INGand ING are both second-generation
10 in the peak biomass burning season in Africa and Southerganic nitrates. INGrepresents nitrates from methacrolein
east Asia to more than 100 outside the biomass burning segMACR), methylvinylketone (MVK) and other hydroxycar-
son in South America. In the following, we take advantagebonyls formed from isoprene photooxidation (e.g., HC5 and

Atmos. Chem. Phys., 12, 1307325 2012 www.atmos-chem-phys.net/12/1307/2012/
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Fig. 1. OMI/MLS tropospheric column ozone in Dobson unifsgmke et al.2006 compared with simulated tropospheric column ozone in
the new reference simulation (cf. Se8tl) and in a standard simulation where Ij@ a terminal sink of NQ. The different geographical
regions used in this study are denoted by white contours. The tropical region extends fr8rtoI8 N. Top row: June 2006—October 2006,
middle row: November 2006—February 2007, bottom row: March 2007—May 2007.

INGo, Paulot et al.20093. ING; is assumed to react rapidly the isoprene photochemical cascade, as it allows us to ex-
with OH (kon(298 K) = 8 x 10~ 2cmPmolec s, Reac-  plore the sensitivity of a given function of the model outputs
tion (R12)), since it represents compounds that generally fea{7) to small perturbations of many parametegetring and

ture an aldehyde group. Lacking a double bond, {NlBes  Kaminski 1998,

not react with ozone. INgphotooxidation also yields IN&

This species represents the formation of long-lived nitratesz 1 Reference simulation

and its oxidation by OHkoH = 4.0x 10 13cm®molec s 1,
Zhu et al.(199)), Reaction (R3)) and photoly5|slenk|n

et al.(1997: Roberts and Fajef1989, Reaction (R4)) are Both adjoint and forward sensitivity simulations use the same

derived f itrate. Wet and drv d i freference simulation. We set the yield of the isoprene ni-
erived from propanone nitrate. Vet and dry deposition ot ., (Y) to 10 %, the recycling to 50 %). Henry’s con-

INGg, ING1 and ING are treated as terminal losses of NO stants are taken frorto et al. (2007 for INGo and ING,

:Réhilﬁgovl':&% we will use the notation ING to denote (H =1.7 x 10*Matm) and fromSander(1999 for ING,
0 ! 2: =10°Matm). The oxidation of isoprene in this simu-

Besides the representation of the isoprene nitrates, th
tion is dominated by OH in every regior 85 % globally,
standard GEOS-Chem mechanism has been modified 1o 'q:lg 2). The lifetime of isoprene can exceed six hours over

corporate the isomerization of the isoprene peroxy rad|cal%Outh America, because of very low OH. This long lifetime
(grOletset et 3’%20%1]) the flcl)rm?;]lon of;he (Ijsoprege epoxﬁﬁ results in the efficient transport of isoprene to the free tropo-
( autlo € fll—l 't?\ aswe asd. elcar ond eper; Tzr](;:g N sphere through convection, such that 20 % of isoprene is ox-
reaction of HQ with peroxy radicals%aunders et 3l2003. idized outside of the boundary layer (Fig. S2). In the tropics,

These changes are detailed in Tahle isoprene peroxy radicals react primarily with pHQ~60 %).
Reaction with NO and isomerization (Peeters et al., 2009;
Crounse et al., 2011) accounts feR5 % and 10 % of iso-
prene peroxy radical fate, respectively.

ING photochemistry can affect ozone production in two dif- The fate of isoprene peroxy radicals has important con-
ferent ways: (a) their formation depletes N@iminishing  sequences regarding the yield of its second- and third-
local ozone production and the concentration of OH, and (b)generation products. In the reference simulation, we find
their photooxidation releases NOwhich, conversely, pro- that IEPOX, the epoxide formed from the oxidation of
motes local photochemistry and ozone formation. If ING isoprene hydroxyhydroperoxide (ISOPOOH) has a global
lifetime is short and NQ is recycled efficiently, (a) and (b) yield of ~ 32%, significantly larger than that simulated by
largely compensate each other and the regional effect of INGPaulot et al(20093 usmngO , the GEIA emission inven-
is reduced. Conversely, if ING lifetime is long, their for- tory and neglecting |somer|zat|on (Fi@). This has im-
mation and transport modulate ly@oncentration and thus portant implications for the representation of secondary or-
ozone production in both local and remote regions. ganic aerosol from isoprene photooxidation under lowgNO
Forward sensitivity simulations are used to explore the lo-conditions Surratt et al. 201Q Froyd et al, 2010Q. The
cal and regional impacts of the representation of isoprene nichemical representation of the isoprene photochemical cas-
trate photochemistry. The long lifetime of ozone makes itcade also affects the use of the formaldehyde total column
difficult to ascribe large-scale changes in ozone to either (a)io estimate isoprene emissions in tropical regions as the
(b) or the transport of ozone using forward simulations. Weyield of formaldehyde from the photooxidation of HPALD
use adjoint modeling to evaluate the large scale impact ofind ISOPOOH, which together account fe65 %—75 % of

3 Simulations
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100

100 wind of continents compared to the standard GEOS-Chem
simulations that treats isoprene nitrates as terminak NO
sinks (Fig.1). The general seasonal and spatial patterns
o are in reasonable agreements with OMI-MLS measurements
100 (Ziemke et al.20086.

150

50p- ~150

0
100

oy 3.2 Sensitivity simulations

0
100rg 60 100rF 100 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

W DRYDEP  EN Sgs = 282 — Reaction (R)), three different N@ recycling efficiency
: \SI,ETDEP ; HO2 ) (¢ =0,0.5,1) from the reaction of ING with ozone (Re-

actions (M) and (RL0O)) and OH/NO-NQ@ (Reactions (B),
Fig. 2. Overview of the isoprene photochemical cascade (thick (R7) and (RB)), and three different wet and dry deposition of
color bars) for the reference simulation in different regions (Tropics INGg, ING1 and ING. The deposition rate of INGs is mod-
(1), Africa (A), South America (S), Southeast Asia (s) and World jfied by adjusting their associated Henry’s constants. The ef-
(w)). Branching ratios for the reference run (in percent) are indi- to ot of model resolution is not investigateito et al. (2009
cated by bars for isoprene oxidation (A, left axis), isoprene per-p .o shown that the optimal representation of isoprene ni-
oxy radical fate (B, left axis), isoprene nitrate sources (C, left aXIS)'trates may depend on the grid resolution: coarser grid results

INGq fate (D, right axis), ING fate (E, right axis), ING fate (F, . S . . . .
right axis). Black open circles indicate the lifetime (in hours) of in greater dilution of NQ emissions increasing the simu-

isoprene (A, right axis), ING (D, left axis), ING, (E, left axis) lated OPE Valin et al, 2011). However, the different mech-
and ING, (F, left axis), and the fractional loss of N@aused by ~ anisms identified in this study should operate regardless of
isoprene nitrate chemistrng/Lno, (C, right axis in %). The  the resolution though their relative magnitude may change.
extent of the error bars represents the minimum and maximum val\We expect this artifact to be most severe in regions with high
ues calculated using the different representations of isoprene nitratbiomass burning. Outside of these periods, when the sensi-
chemistry. J designates the isomerization of isoprene peroxy radicaivity to isoprene nitrate chemistry is greatest, Nénissions
(B, Peeters et a(2009) or the photolysis of ING (F). are low over most isoprene source regions with an important
contribution of soil NQ, resulting in limited segregation be-
tween NQ and isoprene source. The impact of resolution
isoprene photooxidation in the tropics, is not knowalfner s expected to be reduced on the synoptic sdaier¢ et al,
et al, 2003 Barkley et al, 2008. 2003.
INGo sources are dominated by OH/NO chemistry In the base case, Henry’s constants are taken fitom
(Fig. 2). As noted byHorowitz et al.(2007) and Brown et al. (2007 for INGg and ING (H = 1.7 x 10* Matm™1)
et al. (2009, however, nocturnal formation of organic ni- and fromSander(1999 for ING, (H = 10°Matm™1). In
trates (from NQ@ chemistry) can be a significant source of the slow deposition case, INGs are deposited like PANL
reactive organic nitrates. INJoss is dominated by pho- 3.6 Matm !, no wet deposition) while in the fast deposi-
tooxidation, consistent witho et al.(2007. The mean pho- tion case, they are all assumed to behave like nitric acid
tochemical lifetime of ING is shorter than that of isoprene (H =1 x 104 Matm™1). This range of parameters captures
primarily because the formation of INfGs favored by higher  the uncertainty in the representation of isoprene nitrates in
concentrations of NO, which correlate with higher OH and chemical models.
ozone. Photochemical sinks of IN@re dominated by ozone In addition, one simulation is carried out where the yield
(Fig. 2). This reflects both the short atmospheric lifetime of of INGy (Reaction (R)) is set to 0%. In another simula-
INGq with respect to ozond pckwood et al. 2010 and the  tion, the yield ING is set to 10 % (Reaction @) but INGg
importance of nocturnal sources of IN@&hen OH oxida-  does not undergo any additional photochemistry. The later
tion is negligible. Because of its short atmospheric lifetime, simulation is similar to the treatment of INGn the default
the impact of ING on the transport of reactive nitrogen to GEOS-Chem chemical mechanism.

the upper troposphere and to oceanic basins is very limited, Modifying the treatment of isoprene nitrate chemistry has

suggesting the fraction of NQecycled from ING photoox- |ittle impact on the relative importance of the oxidation chan-
idation, as well as the fate of INGand ING,, are essential nels of isoprene, because variation in ozone and OH mix-
for assessing the overall effect of ING photochemistry. ing ratios are well correlated. However the lifetime of iso-

Accounting for the photochemistry of isoprene nitrates re-prene is strongly impacted by the representation of isoprene
sults in an increase of5 DU in tropospheric ozone down- nitrate chemistry with variations exceedingt20% across
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Fig. 3. Isoprene nitrate chemistry significantly affects the budget of NCthe tropics. Positive numbers represent the fraction of the net
chemical loss of NQ (Lo, ) accounted for by isoprene nitrate photochemisPPy > 0) in the tropospheric column. Negative numbers
denote the fraction of the net chemical source ofyN@counted for by isoprene nitrate photochemis®y < 0) in the tropospheric
column.

the different simulations (Fig2). The largest changes are defined as either the mean tropospheric ozone gr KiRing
found over South America, where NO is very low. ratio (in ppbv). We consider three time periods: July 2006 to
The branching between night and day formation of fNG October 2006 (high biomass burning in all tropical continen-
depends on the assumed yield of isoprene nitrates (Y, Readal regions, Fig. S1); December 2006 to February 2007 (high
tion (R3)). For an organic nitrate yield of 5% from OH/NO biomass burning in Northern Africa, low biomass burning
chemistry, NQ chemistry (Reaction (Rl)) becomes the pri- over South America and Southeast Asia); April 2007 to May
mary source of ING consistent with the conclusions from 2007 (low biomass burning for all tropical regions); and four
Horowitz et al. (2007 (Fig. 2). Even when ING is as-  geographical regions (Fid,) that are largely isolated from
sumed to deposit as fast as nitric acid, its fate remains domtransport of ozone from Northern midlatitudes. For each time
inated by photooxidation reflecting its short photochemicalperiod, the model is run for one additional buffer month in or-
lifetime. Because of their slower photooxidative sinks, NG der to limit the bias for long-range influence and initial condi-
and ING are much more sensitive to the treatment of de-tions (Figs. S3 and S4). For instance, the sensitivity of a cost
position. Better constraints on the relative importance offunction defined over the period April to May is calculated
photochemical and depositional sinks are especially criticaby running the adjoint back through March. We deffgﬁ@
for ING3 since it contributes significantly to the transport of as the normalized sensitivity of A in region o changes in
NOy. From this analysis, it is clear that the treatment of NG B in the model box X located at latitude lat, longitude lon,
as a terminal sink of NQ(e.g., the assumption that they fully and altitude z, i.e.?ﬁag—gﬂ whereJ = A|g, and(.) des-
deposit) in the GEOS-Chem standard simulations cannot bé@nates the tropospheric mean. We define:
reconciled with laboratory data presentedlmgkwood et al.

2010 andPaulot et al(20093. R1aA
late Rp;z<z; Aton(X)

3.2.2 Adjoint sensitivity simulations

wherez; is the tropopause altitude an,(X) =5° is the
The adjoint of GEOS-Chem has been primarily used in in-longitudinal resolution of the model. Acronyms used far R
version problems to improve emissions inventoriderfze  and R are listed in Tablé\. For instance§883H+|NG0 refers
et al, 2009 Kopacz et al.2010. It was recently used by to the normalized sensitivity of Atlantic mean tropospheric
Kopacz et al(2011) to constrain the sources of black carbon ozone (in % pef longitude) to the rate of oxidation of ING
in the Himalayas and Tibetan Plateau and4hang et al. by OH over Africa. We will use the notatid?‘iSBA to refer to
(2009 to investigate the impact of intercontinental transport zonal changes in the sensitivity of A in region #® B.
on ozone pollution on the west coast of the United States.

Here we use the adjoint of GEOS-Chem to explore the sen-

sitivity of ozone and N@to some of the photochemical pro- 4 Discussion
cesses controlling the isoprene photochemical cascade: the
emissions of isoprene and NOY and«. Similar adjointap-  The modeled tropical ozone over continental regions is very
proaches have been used previously to investigate the chensensitive to the treatment of ING photochemistry (Figand
ical processes controlling ozone pollution in urban settingsS5). Over continental regions, ozone can vary by as much as
(Menut et al, 200Q Vautard et al.200Q Schmidt and Mar- +20% from the reference simulation as a result of changes
tin, 2003 Martien et al, 2009. Here, the cost functioly is in the representation of ING photochemistry. Changes in
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ozone are not limited to continental regions with high iso- 201
prene emissions. Downwind of Africa and South America, ] ¥
for instance, the Atlantic and Pacific basins exhibit a sensi-
tivity to ING chemistry similar to continental regions. Ozone 101 v
over remote oceanic regions is also found to be affected by ] 5’7
isoprene photochemistry.

NOy concentrations play a critical role in modulating
ozone production. In order to rationalize the simulated sen- ]
sitivity of ozone to changes in the representation of isoprene Q
nitrates, we thus define the local net removal of N¥ iso- 9
prene nitrate chemistry as: . A

AP, (%)
o

(@]

-

DinG =PiINGo + Ping, — £ING, — LiNG, — & X LING, ] A

. . . . :
where Ping, and Pjy, are the photochemical sources of -40 2.2 o) 40

INGg and ING (excluding the source from IN; Ling,. e
L'NGl and ﬁ'NGZ are th? photochemlf:al losses _Of lNG_ Fig. 4. The correlation betwee®ng and Po, on the regional
”\,lGl and IN,GZ' Din def'm_es thr(_ae regimes gssomated With geale (South America) across a large range of representations of
different regions of the tropics (Fi§): the continents, where NG chemistry suggests that the influence of ING chemistry on
isoprene nitrate photochemistry results in NG@ss DinG > Po, is primarily controlled by its net impact on NO Upward-
0); the near-shore oceanic basins, where isoprene nitrate ph@ointing triangles/Circles/downward-pointing triangles denote dif-
tochemistry contributes to NQproduction Oing < 0); and  ferent ING yields: Y =5 %/10 %/15 %; red/black/blue colors refer
the remote oceanic basirB g ~ 0). to fast/medium/slow ING deposition; empty/half filled/filled sym-
In this section, we show that the impact of isoprene photo-bols denote different N recycling from the photooxidation of
chemistry on ozone in each of these regions reflect differentNGo: @ = 0/50/100%. The reference simulation is indicated by
mechanisms: modulation of NQvhereDing > 0, transport a vertical cross. The purple diamond indicates a simulation where

. - the yield of ING from ISOPQ + NO is set to zero. The green di-
of ozone produced in the upper troposphere wiakg; ~ 0 amond indicates a simulation where INANG4 and ING have

and finally the competition between the transport of ozone, | photochemical sink (similar to the standard GEOS-Chem mech-
and NG whereDjnG < 0. anism).

4.1 NO removal efficiency controls the impact of
isoprene nitrates over tropical continental regions

biomass burning seasons, when isoprene impactgf,
(DinG >0)

is largest. Conversely, the representation of isoprene ni-
trate chemistry has little regional impact on ozone during
the biomass burning period regardless of isoprene emissions.
This difference can be understood through the seasonal vari-
ation of Ding/Lno,. While increasing the production of
INGs, large emissions of NOduring 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. This effect is not captured when iso-
prene nitrates are assumed to be a terminal sink gf €.,
independent of the photochemical conditions) such as in the
standard GEOS-Chem mechanism (Fiy. The sensitivity

to changes in isoprene or biomass burning emissions is thus

Over regions with high isoprene and low N@missions (e.qg,
South America, New GuinealPng can account for up to
70% of NQ, loss (Cno,). On continental scales, however,
a large fraction of the NQsegregated in isoprene nitrates
is cycled back to the atmosphere (61 % for Africa, 48 % for
South America).

The sensitivity of Q production Po, ) to ING photochem-
istry is well correlated with its effect o®ng (Fig. 4). It
follows that very different representations of the ING chem-
istry can have comparable effects on continefg): {Y =
15%, o = 100 %, fast depositidn {Y = 10%, o = 50 %,
fast depositioh {Y = 15%, « = 50 %, default depositign .
yield similarPo, over South America. However, as the NO expected _to_ be d|ffe_r(_ar?t. . . .
loss mechanisms (export to oceanic basins and deposition) The.adjomtose.nsnlwty .Of tropical ozone .to |sopr.en.e ni-
are different in each of these representations, they result iffate yield @Ys) is negative everywhere (Fig). This is
diverse predictions regarding nitrogen deposition and ozon&onsistent with the regional removal of N@ominating the
formation downwind from continents, such that the need toimpact of isoprene nitrate photochemistry on ozone. Sea-
accurately constrain ING photochemistry is not relaxed. sonal and regional variations in the sensitivity reflect those of

The sensitivity ofPo, to Ding Vvaries regionally and sea- Ding/ Loy, €.9., the sensitivity of tropical ozone to changes
sonally reflecting changes in the fraction of NIBst through  in the isoprene nitrate yield over AfrickSy?, is ~ 5 times
the isoprene nitrate chemistry (Fig. S6). Continental ozonegreater from April to May than from December to February.
iS most sensitive to isoprene nitrate chemistry outside théSf()3 is significantly greater thaiqslos%P+o3, suggesting that
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July - October

Fig. 5. Adjoint sensitivity of tropical ozone (solid lines) and N@dashed lines) to changes in the isoprene nitrate yield (red), the isoprene
nitrate recycling (bluex5 ), the loss rate of methane (green, fSHOH), the rate of OH-NO> (black, x0.5). For example, the mean
sensitivity of tropospheric tropical ozone to methane oxidation from July to Octobe0i®28% per degree longitude (from15°N to

7°N). Hence, a uniform increase of 1% of the oxidation rate of methane by OH is predicted to cause an increase in tropospheric tropical
ozone of~0.1%. In contrast, an increase of the isoprene nitrate yield (Y) by 1% would result in a decrease in 0zO&2d%. Increases

in the absolute sensitivity of ozone to N@sses from one season to another (e.g., over Africa from December—February to April-May)
reflect changes in OPE. The grey shaded region denotes the region over which the cost functions are evaluated.

the segregation of NOby isoprene nitrate is more effective tochemical lifetime of ING is very short under these condi-
at reducing ozone than its direct destruction by I1SOB; tions and it is not an efficient sink of NO However, under
(Fig. S9). low NOy conditions and high isoprene emissions, Ngho-

The sensitivity of tropical ozone to the yield of the nitrate, tooxidation is limited and it behaves, at least locally, as an
Y, can be compared to its sensitivity to methane oxidationimportant sink of NQ (Fig. 3). It follows thatt583H+N02

(Fig.5). tsg,?; CHa IS @lways positive and its zonal variations and tS$3 have opposite dependence on surface, NON-

largely reflect the fraction of methylperoxy radicals reacting ditions. This is supported by their seasonal variations over

with NO (Jaege et al, 200L Wennberg et a.1998. Asa  south America whergsgm,\,oz is greater thahSy? during

result,t88,3_|+CH4 is generally larger over continents, where the biomass burning seasoPic/£no, <1), but signifi-

NO emissions are concentrated. An important exception isantly lower outside the biomass burning seasons @®ig.

South America where the oxidation of methane is limited by Seasonal variations are even greater in Africa W|i§83

the low OH concentrations simulated by the model in low- j5 glmost negligible from December to February (Fi).

NOy, high-biogenic environments. when isoprene and biomass burning emissions are collocated
Ozone is very sensitive to the formation rate of nitric acid (Fig. S1), but comparable 1)‘&)58'3_'+No from April to May.

t O3 I . ;- : 2 .

(SOH+N02), a major sink of NQ in much of the atmosphere, A similar mechanism may also explain the large contrast

emphasizing the need for very accurate understanding of thgetween Java, Whe'tse;83<<t558ﬂ+moz as a result of large

reactiork; thOH with NdQ (Mollne(; et a|,|201(?]. Tlhe produc-  anthropogenic activities, and the more pristine New Guinea

tion of both ING and nitric acid result in the loss of NO t cOs__t cO3

As a result,tsgﬂ NO, andtS?3 are negative throughout the WhefSSY S0k N0,

tropics. Nitric acid formation is most efficient when the con- 'Sz suggests, however, that the impact of isoprene ni-

centrations of OH and Ngare elevated, i.e., over large NO trate photochemistry (and more generally of isoprene pho-

sources (biomass burning in Africa or anthropogenic andtochemistry) on ozone is not restricted to the modulation of

biomass burning in Java, Fig). Unlike nitric acid, the pho-  the local photochemistry. Indeed, whﬂ§093 is generally
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Fig. 6. Adjoint sensitivity of tropical ozone (solid lines) and NO Fig. 7. Adjoint sensitivity of tropospheric ozone (solid lines) and

(dash lines) to changes in the emissions of isoprene (green), light: . . .
ning NO (red, x0.5), biomass burning N (blue), soil NG NOx (dashed lines) over South America (shaded region) to changes

(cyan) and anthropogenic NQblack). The grey shaded region in th(_e emissions of isoprene (green)_, lightning ,;N@ed), biomass
denotes the region over which the cost functions are evaluated. burning NG (blue) and anthropogenic NQblack).

positive, as would be expected from its impact on the lo-continental regions, through the well-known “Atlanta” mech-
cal Ding (Fig. 3), it becomes negative when isoprene emis- anism Chameides et gl1988, i.e., by the boundary layer
sions and biomass burning are collocated, e.g., in Africaoxidation of isoprene under elevated N@onditions (e.g.,
from December to February. Similarly, the sensitivity of from December to February in Africa). The spatial impact
ozone to tropical emissions of isopreﬁg&lso , Fig. 6) of this mechanism is usually limited in the midlatitudes be-
P e . . -
cause the lifetime of Qis relatively short in the boundary
is always positive regardless of the source of,N@or in- layer. In the tropics, hqwever, efficient convective transpo_rt
tancet.s%2 i itive during the biom burnin may allow G to be carried to the free troposphere, where it
2 6:1 CFeiS GE({JSCiB (S)ptoi re nud bg ri On ass;ivu t?isria- can be advected over much larger spatial scales thanks to a
0 ( 9.5, July—ctobe )a €comes negative as bio aS"f*significantly longer lifetime Jacob et a).1996).
burning emissions decrease (December—February and April— )
The “Atlanta” mechanism does not, however, account for

May). Similarly, tssg(?isoa switches sign between western ) S 50 : ) )
Southeast Asia and eastern Southeast Asia. The next twif'® Maximum it Sgjsqp outside the biomass burning sea-

sections are devoted to unraveling the mechanisms that gov:0ns (April-May for Africa, Fig.7). We propose that this

ern the interactions of the isoprene photochemical cascadEefects 0zone production in the free troposphere driven by

with Oy at the local and global scales. _the transport of boundary layer isoprene and |ts_photochem-
ical products by convection. Observations of high concen-

trations of isoprene (up te-1 ppbv) and its photochemical

products in the upper troposphere have been reported over

Europe Colomb et al. 200G Stickler et al, 2009, Africa

(Bechara et a)201Q Murphy et al, 2010, and South Amer-

ica (Warneke et a).2001). The model exhibits a very char-

acteristic “C"-profile for isoprene in the tropics and a signif-

. . O3 . S 03 icant fraction of isoprene oxidation takes place outside the
large regional variability ofSgisop (":\l'g' 7). SSEO(ISOF’) boundary layer{ 20% in the tropics, Fig. S2). In these con-
is negative and well correlated withSg &op- Sgisop  ditions, the production of ozone is extremely efficient as (a)
is minimum from December to May whePing contributes  jsoprene peroxy radicals react almost entirely with NO, and
most toLno,. Unlike the regional effect of isoprene emis- (b) pj\yg ~ 0 as ING fate is almost entirely driven by NO
sions on ozone, their long-range impact (dominated byneutral photochemical reactions. The injections of reactive
Africa) is generally pOSitive and not associated with a local isoprene can have a very |arge impact on ozone production
production of ozone, a}sg(?gog is very small. in particular if it is accompanied by emissions of N@.g.,

Large-scale ozone enhancement fueled by isoprene phdrom lightning) (Collins et al, 1999 Poisson et al200Q Ja-
tochemistry may impact the transport of ozone formed overcob et al, 1996 Prather and Jacoth997. The formation of

switches sign seasonally and regionally, unfi8§(3Nox) that

4.2 Long-range impact of isoprene photochemistry
through transport to the upper troposphere
(DinG ~0)

The contrast between the remote and local impacts of iso
prene photooxidation on ,QOis directly illustrated by the
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Fig. 8. Seasonal variations in the adjoint sensitivity of Atlantic (top row) and African (bottom row) ozone to theddgrling from ING

photooxidation &) summed from the surface j9=500 mbar '51803 = Zp>pz R1§S3 in %o/°2)). Contours indicate the mean ratio between
the loss of isoprene peroxy radicals through reaction with ld@d the loss of isoprene peroxy radicals through reaction with &@ NO.

NOy reservoirs in the upper troposphere (e.g., PAN) further The large-scale influence of isoprene emissions can be
amplifies the impact of isoprene photochemistry on,Ni® contrasted to that of lightning and biomass burningiNThe
promoting the transport of NOto remote regionsRoisson  large-scale effect of lightning is significantly greater than that
et al, 2000. Indeed, we find that an increase in the decom-of isoprene emissions and may not proceed through the same
position rate of PAN would generally result in a decrease ofmechanisms ag/SS’E\'F(’XNOX)>O suggests a direct impact on
tropical ozone (Fig. S9). This mechanism would be consis-the local ozone progluction far from its source regions. In
tent with the study oAghedo et al(2007), who reported that  contrast, the intercontinental effect of biomass burning is
most of the production of ozone fueled by African emissionsmuch more limited than that of isoprene and is not associ-
does not take place over the African continent, but ratherated with large-scale transport of NQnjection of biomass
downwind. burning emissions outside of the boundary layéal (Mar-
Ozone production in the free troposphere increases as thgn et al, 2010 as well as the formation of PAN in biomass
supply of isoprene and its photochemical products from theburning plumeskudman et al.2007 Yokelson et al.2009
boundary layer increases, i.e., under low boundary layer oxAlvarado et al. 2010 may, however, extend the spatial im-
idative conditions. Thus, the production of ozone in the up-pact of biomass burning on tropical ozorfeo{sson et a.

per troposphere is favored, somewhat paradoxically, by it200Q Roelofs and Lelieveld2000).
destruction in the boundary layer. Since ozone is also trans-

ported to the upper troposphere, the net effect of the transpo#t.3  Isoprene nitrates as NQ reservoirs (Dng <0)

of isoprene to the upper troposphere depends on the relative

magnitude of these two processes. Unlike Africa, wherg NO In this section, we focus on near shore oceanic basins, down-
is generally high enough such that isoprene photochemistryvind of major isoprene emissions. In these regions, ING
does not significantly depre$%, in the boundary layer, the photooxidation contributes significantly to the N®ource
segregation of NQby isoprene nitrates in South America re- (Fig. 3). The impact of isoprene photochemistry op liud-
sults in very low boundary layer,QFig. 7). The competition ~ get reflects the competition between the transport of con-
between the local destruction of ozone and its downwind protinental ozone over continental regions (greater continental
duction is reflected in the greater sensitivity of Pacific ozonePing) and greater ozone production downwind. Despite the
to isoprene emissions from Africa compared to South Amer-l0ss of NQ during its export (through deposition), this com-
ica outside the biomass burning seasons (Fig. S7). Similarlypetition canresultin an increase in @wnwind of ING pro-

§S|(z)(3|sog is generally negative, reflecting its impact on the %Lg:tion regions, since the OPE is generally greater far from
e .  sources.

_removal (.)f NQ by ING' Wh'IeSSE(ngOFb can be positive dur- It follows that ING and ING are too short-lived

ing the biomass burning season, when boundary layer 0ZONR) ontribute significantly to the transport of NGince

over South America is less impacted by isoprene photochemg 50

. . +S O3 So03 .

istry. The importance of VOC transport thus depends on the ~OH+INGo .803+'NGO_ and_ S.OH+|NGl are positive, even
o over oceanic basins: their impact primarily reflects their

boundary layer budget of ozone, which is largely controlled modulation of ozone production and transport from conti-

by Ding. It follows that ING photochemistry may indirectly P P

modulate the large-scale effect of isoprene photooxidation or??ntal regions: Soh+INg, IS Negative reflecting the compe-
the O, budget, tition with the G; channel that has a greater N@cycling

efficiency. Unlike ING and ING,, SS(O)3H+INGZ is generally
negative: ING contribution to NQ transport to high OPE
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Low NO, High NO, the decrease in the local production of ozone. F};(ﬂﬁ3<0

andﬁ80?3> 0 (consistent witlDing /0« <0) in the Decem-
ber to February period, it follows that the large—scale impact
dominates over the regional-scale one under elevated NO
conditions.

Free
Troposphere
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4.4 Can the effect of chemistry, emissions and dynamics
on the tropical O budget be separated using
experimental observations?
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In the previous sections, we have shown that the oxidation of
biogenics modulates the budget of énd that this modula-
tion can vary dramatically in space and time as summarized
Fig. 9. Schematic representation of the spatial modulation of thein Fig. 9. Thus, the difference in the representation of this
Oy budget by the isoprene photochemical cascade. Isoprene chen§oupling across models need to be accounted for when ana-
istry alters ozone production (blue) locally by altering the abun- lyzing intermodel differences of tropicalk@Stevenson et al.
dance of NQ; reduction in NQ due to formation of isoprene ni- 2006. More generally, uncertainties in the model chemical
trates Oing/Lnoy» continent) leads to reductions inkODown-  transfer functions should be better characterized.
wind of continents, however, the release of NG ING promotes Most studies focusing on tropical ozone have been devoted
ozone form_atlon. The resulting net impact of isoprene photochem-t0 improving the estimates of N@missions from lightning,
:zgyrgaeri%ﬁpcﬂ ?ezo.ne’ thl‘js'dde%?nﬁs og the"md't.'ortﬁ near  hiomass burning and soil to achieve better agreement with
P gions. Under high-@n increase in the con- ozone measurementSquvage et gl.2007h Jaegé et al,

tinental removal of NQ (green filled arrow, right panel) by iso- i .
prene results in a net increase of ozone downwind of continent@004 Ziemke et al.2009. It follows from this study, how-

(AO3 > 0, red empty arrows). This reflects the enhanced transpor€Ver. that the impact of changes in Neémissions on the ©

of nitrogen reservoirs from regions of low OPE (continents) to re- budget cannot be readily separated from their modulation by
gions of high OPE (oceans). Conversely, under lowxNisimilar  different representations of the photooxidation of biogenics
increase in N@ removal (green filled arrow, left panel) can result and transport processes (in particular deep convedias

in a decrease of ozone downwind of continents, as the contrast izar et al, 2009). Thus, the uncertainty of NQOemissions
OPE is not sufficient to overcome the decrease in continental ozonglerived from ozone or NOmeasurements will be commen-
advected as well as the increased loss okNIDring its transport  gyrate with errors in the representation of these processes.

(e.g., deposition of ING). The removal of NGy isoprene nitrate The different factors investigated here exhibit different
chemistry also increases the amount of BVOCs injected in the free

i . e seasonal and geographical behavior that can be used to un-
troposphere, promoting the production of ozone. This indirect ef- | thei i S | for further stud b
fect of isoprene chemistry on ozone is of opposite sign to the direcﬂ’ave €Ir coupling. Several avenues for further study can be

effect and impacts ozone away from isoprene sources. inferred from this work:

JUBUIUOD
UBUNRUOD

— the ozone contrast between land and ocean is predicted
to be amplified by biomass burning but reduced by
lightning and the transport of NOreservoirs. The
differences in seasonal and interannual variability of
biomass burning and biogenic emissions combined with
the availability of long record of tropospheric ozone
(e.g., OMI) may help disentangle the different contrib-
utors to tropical ozoneMartin et al, 2000. In particu-
lar, we find tha_ﬁSSﬁSOB and_ﬁé_‘%b(Nox) are qf similar
magnitudes (Fig. S10). This is at odds with the con-
clusions ofSauvage et a20078 who found that the
dependence of Atlantic ozone on isoprene emissions is

regions outweighs the associated increase in the removal of
NOy (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 NOfrom INGg phootooxidation
(@). aS(,? % vary seasonally and spatially in response to chang-

ing photochemical conditions over Africa (Fig). 2\8,93 is
positive where isoprene peroxy radicals react primarily with
HO, (e.g., from April to May). Under these conditions, the
increase in OPE between the isoprene emission region and

the receptor region is not large enough to compensate for the
loss of NQ during its export. Conversel;i‘&?3 is nega-

tive where isoprene peroxy radicals primarily react with NO,
i.e. whereD)\g is low and the impact of ING chemistry
on the localPg, is limited (e.g., from December to Febru-
ary, where biomass burning and isoprene emissions are col-
located). Under these conditions, the contrast in OPE can be
very large and the increase in the transport okNOtweighs

Atmos. Chem. Phys., 12, 1307325 2012

negligible. This may be associated with the treatment of
isoprene nitrates as a terminal sink of Ni@ the stan-
dard GEOS-Chem mechanism.

the fraction of isoprene (and more generally biogenic
volatile organic compound) oxidized in the upper tro-
posphere (i.e., vertical profile of isoprene or formalde-
hyde) governs the large-scale impact of short-lived
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volatile organic compound on theyudget. Instru- 027 3y “ootober
ments such as TES, IASI and ACE-FTS provide some A
information on the vertical profile of many chemical ¥ o{- A Jg{%‘/\_ —o g |
compounds that are impacted differently by Nénd -
biogenic emissions. These multi-compounds analysis -2
has been used to investigate the budget of ozBoev{ S v—————— . . .
man et al. 2009 Cooper et al.201]) or formic acid A L /\/\ A
(Gonzlez Abad et a).2009 Paulot et al.2011). Ver- LAY — LT = DAL
<

tical profiles also provide essential constraints on the
photooxidative conditions in the boundary layer, com- o2 _ _
plementing surface measurements. In particular, if the 5 ~ . . : . .
fraction of isoprene oxidized outside of the bound- Rorl-May N\/\ A

ary layer is found to be overestimated by the model, % gJ— VAU ASN 4\/\ oA |
this would confirm that HQ concentration in high - \ 7 -
isoprene/low NQ@ environments are higher than simu- i i : : : :

lated Stone et al.2010. Such a multi-compound ap- 150 -100 -50 Loong 50 100 150
proach may also be useful to constrain isoprene emis-

sions from satellite observations of formaldehyde total g 10. Absolute changes in the adjoint sensitivity of tropospheric
column Palmer et al.2003. Under low-NG condi-  tropical ozone resulting from a large increase in anthropogenic
tions, i.e., where the fate of ISORG@s dominated by  emissions of NQ (cf. Sect. 4.4AtS2=L523(high tropical NG
_reactlons Wlt.h HQ and Isomer_lzatlon, itis unlikely that emissions)- t‘9)(<33(reference), WitHS)C()?’ in %/0) to changes in the
isoprene emissions can be directly related to formalde-oissions of isoprene (green), lightning N@ed), biomass burn-
hyde total columnsRarkley et al, 2009. Instead, @ jng NO, (blue) and anthropogenic NO(black) resulting from a
formal inversion approach explicitly taking into account yery large increase in anthropogenic Némissions. Green-shaded
the spatial and vertical footprint of isoprene emissions 4reas denote regions Whé%(()s become positive because of higher
on formaldehyde is probably required (Fig. S11). Bet- NO, emissions. The grey shaded region denotes the regions over
ter experimental constraints on the yield of §Hfrom which the cost function are evaluated.

ISOPOOH and IEPOX are also critical.

o . . 5 Conclusions
— The sensitivity of ozone to isoprene photochemistry
:_f;\\n pe.ﬁlltered gybchﬁnges In_a_nthr;)pogemc aCt'\;:t'es'The rapid economic development of the tropical regions calls
ISIST [l\Jlstrate. 'yt € s§n3|t|v£y 0 o;onle to anthro- ¢, 5 petter assessment of how anthropogenic perturbations
pogenic Q EMISSIONS In Java. Lzone IS also very sen- may influence the concentration of ozone and assess the con-
sitive to soil NG EMISsions (Fig6), which are also af- sequences of this change on food securitgn( Dingenen
fected by human activities such as deforestatiGeilér et al, 2009 Hewitt et al, 2009, human healthWorld Health

etal, 1_991 2009. To explore further the se_nsitivit)_/ . Organization 2005 and radiative forcing (directly or indi-
of the interplay between ozone and biogenics aCt'V"rectIy (e.g. Sitch et al, 2007)

ties, we modify anthropogenic emissions of N&uch

that NQ; emissions per capita are identical to those of
North America (7.8 kg(NO)/yr/person, circa 2005) ev-
erywhere. This extreme scenario yields a large increas

In this work, we have shown that accurate simulation of
tropical ozone must take into account the modulation of the
Ox budget by the photooxidation of biogenics. In particular,
) . . ) 05 She regional simulation of ozone is shown to be very sensi-
In OH (~30%) and tropical ozone (Fig. S]jz;_;E(ISOFb tive to the removal and export of N®y isoprene nitrates. In
increases throughout the tropmg (FI9). Thisincrease 5o th America and New Guinea, the high ratio of isoprene-
can be large enough to makzjsop POSitive in re-  to-NO, emissions makes isoprene nitrates chemistry the pri-
gions where it is negative in the present-day simula-mary sink of NG.
tion. Since some tropical crops are known to emitmore  \ye have also shown that the impact of isoprene photoox-
isoprene than the rain forest they replace, this wouldigation on tropical ozone is not limited to the regional scale.
further amplify the ozone increase associated with di-\we hypothesize that this long-range effect is the result of dy-
rect anthropogergc emissiorsdwitt etal, 2009. Sim-  amic and photochemical processes: efficient vertical mix-
ilarly, negative'S,® are not isolated to Africa as in the ing (through deep convection) and low boundary layerHO
reference simulation but extend to large regions of the(as a result of high biogenics and low Nemissions). These
tropics (Fig. S13), underlying the profound change in conditions, promote the oxidation of isoprene outside of the
the chemical regime of the tropics if all inhabitants had poundary layer, where its contribution to ozone production
the same NQemissions per capita as North Americans. js amplified. The inability of models to reproduce ground
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HOy observations may thus have consequences beyond thedited by: R. Cohen

regional scale.
From this work, it is clear that the effect of the photochem-

istry of biogenics on ozone cannot be simply isolated fromReferences

that of emissions, even on the global scale. In particular,
better understanding of the coupling of isoprene withyNO

emissions requires a much improved representation of the

aAg

hedo, A. M., Schultz, M. G., and Rast, S.: The influence of
African air pollution on regional and global tropospheric ozone,
Atmos. Chem. Phys., 7, 1193-121@9i:10.5194/acp-7-1193-

isoprene photochemical cascade as a whole, since many of 5907 2007.
the large scale effects presented here result from the photgxjvarado, M. J., Logan, J. A., Mao, J., Apel, E., Riemer, D.,

chemistry of second-, third-, etc.-generation photochemical
products.

Appendix A
Notations

2189{ normalized sensitivity of mean tropospheric
Y over the regionk, to changes irk
over the regiorR,. For photochemical
processes, unless otherwise noted,
R, extends from the surface to the
tropopauseﬁi’S,’; is expressed in % per
degree longitude.

a Atlantic (R, Ry)

A Africa (R, R))

p Pacific R, Ry)

S South Americak;, R,)

S Southeast AsiaR, R,)

t Tropics Ry, Ry)

w World (R, Ry)

DING net effect of ING chemistry on the NO
budget

LNo, Loss of NQ, (account for the role of PAN and
ING as NG, reservoirs)

Px Photochemical production of X

Epp(NOx)  NOy emissions from biomass burning

Ei(NOy) NOy emissions from lightning

E(ISOP Isoprene emissions

Y Isoprene nitrate yield

o NOx recycling from ING photooxidation

Supplement related to this article is available online at:
http://www.atmos-chem-phys.net/12/1307/2012/
acp-12-1307-2012-supplement.pdf
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