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Executive Summary

Aircraft emissions of particles, particle precursors, NOx, and water vapor, can have

significant impacts on chemistry in the upper troposphere and lower stratosphere

(UT/LS). Previous groups have assessed the important terms involving UT/LS chemistry
and noted the following issues that limit the ability to reduce uncertainties in assessments
of aircraft impacts:

il
1

= =

Incomplete knowledge of exhaust emissions of gases (primarily sulfur oxides) and
particles (e.g., soot) and their geographic and altitudinal distributions.

Important discrepancies between modeled and measured distributions of key HOx
arnd NOx radical species involved in ozone formation and destruction.

Poor understanding of the sources of NOx in the upper troposphere, especially
due tolightning.

Incomplete knowledge of the evolution of NOx and NOy in aircraft plumes
during the first ~2sours following emission.

Incomplete understanding of, and potential finearities in, the coupling among

CH,, CO, OH and @in the troposphere.

Potential scavenging and removal of NOx by aerosols and cirrus.

Limited understanding of atmospheric trangpaspecially that between the
stratosphere and troposphere.

This SSWP summarizes important results in key areas since the last major aircraft
impacts assessment [IPCC 1999]. Significant progress has been made in the areas of:

il
T

= =

Measurements of emission§ @hemtions, NOx, and trace organic species from
aircraft engines.

Observations constraining the lightning and convective fluxes of NOx to the
upper troposphere.

Measurements of HOX, its precursors, and coupled NOx/HOx chemistries in the
UT.

Ratesand exent of conversion of NOx to NOy in the UT.

New observations of water vapor and particles that help to constrain important
processes that determine stability of cirrus clouds and persistent contrails.

Model studies of the impact of aircraft emissions oftipies on ozone in the
UT/LS.

Model studies of the potential role for destruction of ozone in the UT by
heterogeneous reactions involving halogen species.

In addition to studies that can lead to improvements in our understanding of the impacts
of aircrat emissions, there are longstanding issues and new observations that raise
important new questions about our understandhdJT/LS chemistry that may be
significant, including:

T

Ongoing discrepancies of upwards of 30% between observations of water vapor
in the cold, dry upper troposphere and lower stratosphere that limit our ability to

-3-
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predict formation and persistence of cirrus clouds and, hence, their impact on the
budgets of trace species that control ozone abundances in the UT/LS.

1 Important discrepanes between modeled and observed HOx species (primarily
HO,) at high NO values in the region where subsonic aircraft emissions represent
the most significant perturbation to chemistry.

1 New observations of heterogeneous activation of chlorine in the trop®pau
region.

1 Observations that indicate greater abundances of inorganic bromine than
previously believed, presumably due to more efficient transport of -keait
bromine sources to the UT.

1 Observations of significant uptake of nitric acid in ice partieled an increased
role for HNG; in the stability of ice in the UT/LS.

Perhaps the most significant new result related to the impacts of some of these new
findings is hat of Sovde et al. [2007] showigreversal in the sign of ozone response to
increasedaircraft emissions in the UT, primarily as a result of heterogeneous chemistry
on particles. If confirmed, this result could have important implications for the sign and
magnitude of climate impacts due to aircraft.

These results, if studied with the besodeling tools available, should help constrain the
role of aircraft emissions on chemistry in the UT/LS. It is expected that the new result
will imply a diminished enhancement of ozone due to NOx/hydrocarbon chemistry in the
UT, and possibly ozone lossén some regions where aircraft emissions enhance the
production of particulate surfaces areas or the lifetimes of cirrus clouds. Constraints on
OH abundances throughout the troposphere should reduce the uncertainties in modeled
impacts of aircraft emissns on the lifetime of methane, which is currently believed to
have a negative forcing on climate. Finally, modeling studies of the sensitivity of ozone
and HOx to heterogeneous processes, including sedimentation of particles that contain
HNO; and halogeractivation, should help to define the range of possibfgacts these
processesould have.

Ideally, to make the best use of the new results in a future aircraft impacts assessment, the
following issues will need to be better understood. Progress imeals as likely to take

the concerted efforts of a number of research groups involved in atmospheric
measurements (both in situ and from satellites) and modeling programs designed to
explore the new results in great detail. Among the issues identifiets IBSWP are:



84 1 Resolving discrepancies in water vapor measurements should be the highest

85 priority for addressing remaining uncertainties in UT/LS chemistry. It would also
86 be desirable to develop a standard for water vapor measurements under cold, dry
87 condiions so that more costly largeale intercomparisons and validations can be
88 infrequent. This top priority cannot be overlookednything less, and it is likely

89 t hat i n a few yearso ti me, a similar
90 recommendation. Validationsf temperature should be a nearly equal priority,

91 and should be feasible with a small augmentation to a water vapor program.

92

93 1 Addressing gaps in measurement capabilities for species that are important in
94 assessing the impact of heterogeneous reactionplanme dispersion processes.

95 Programs should be started very soon, even with limited funds, so that
96 investigators have confidence that i n a
97 participate in missions of opportunity. Priority should be placed on
98 instrumenation with a heritage, even if from other platforms, so that development
99 of calibrations and standards does not take up a significant fraction of the
100 available resources. Instruments using new techniques would be desirable in a few
101 cases for corroboratiosf the most critical measurements.

102

103 1 Developing a strategy for model simulations to assess the range of possible
104 impacts and that incorporate new results, especially those relating to plume
105 dispersion and nolinear effects. The program should focus on ssisg the

106 range of impacts over a wide set of boundary conditions for those processes that
107 are currently unconstrained by observations (e.g., redistribution of nitric acid by
108 sedimentation, chlorine and bromine chemistry, unknown coupled HOx/NOx
109 chemistry,errors in water vapor and supersaturation).

110

111 1 Guided by results from studies of the above issues, new questions should be
112 developed to help guide measurement programs (dedicated or flights of
113 opportunity).

114

115 1 Convene annual meetings of investigators pawidng in aviation impactselated

116 activities to foster frequent exchange of ideas. Rather than a ebemsive

117 meeting, presentations and discussions should focus on results of studies that
118 reduce the critical uncertainties in aircraft impacts or stuitias highlight new

119 and important processes that could result in a major shift in understanding of
120 those processes. The community should be conditioned to respond quickly and
121 productively to new developments and shifting priorities, much like the
122 atmosphen chemistry community responded to the ozone hole and methyl
123 bromide issues.

124

125
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1. Introduction and Background

Exhaust emissions from aircraft contribute to degradation of urban air quality near
airports [Carslaw et al., 2006; Farias and Simon, 2006; Regade 2006, and Pison and
Menut, 2004] and can influence background atmospheric chemistry in major flight
corridors [Klemm et al.,, 1998]. They may also impact global climate directly by
enhancing the greenhouse effect and indirectly by altering therpespef background
atmospheric aerosol and cloud particles in the upper troposphere and lower stratosphere
(UT/LS), thereby affecting absorption, emission, and transmission of both visible and
infrared radiation [IPCC, 1999]. In order to accurately attebthe atmospheric impacts

of current aviation operations, and reliably predict future impacts, it is necessary to have
a good understanding of the gaseous and particulate emissions of different aircraft types,
as well as an understanding of the fundamiecthemical and dynamical processes that
occur in the relevant regions of the atmosphere.

The goals of this White Paper are to summarize the ways in which aircraft emissions
impact atmospheric chemistry in the UT/LS, to examine what has been learreethsinc

last major assessments, and to prioritize future scientific studies that can reduce the most
important uncertainties that remain and that address new problems that have arisen.

2. Processes that Impact Climate

2.a. Current State of the Science

Two previous assessments have thoroughly reviewed the important properties of
emission products that are thought to be the most relevant to atmospheric chemistry
[IPCC, 1999; Brasseur et al., 1998]. Based on these reports, the most important products
of combustion of aircraft fuel (e.g., kerosene) are £8,0, NOx, soot, and oxides of
sulfur. All of these species interact strongly with infrared or visible light, serving to
directly warm or cool the planet. Some can alter the nature and radiative properties of
particulate matter (e.g., aerosols and clouds) or can promote formation of new particles
by changing the extent of supersaturation through influence on temperature and water
vapor abundances. Some, such as NOx and soot, can also have important inoliretst im

on the atmosphere, including subtle shifts in chemical balance that can alter the natural
abundances of radiatively important gases suchs@a@CH, or cause the redistribution

of naturally occurring species such asOHand HNQ via sedimentationof large
particles. Finally, through influences on radiation balance, these emissions can impact
atmospheric transport, especially between the troposphere and stratosphere.

These different, and in some cases offsetting, effects have been studied bsfore in
detail. IPCC [1999] identified warming due to enhancements of Cahtrails and cirrus,

and Q (which is thought to be increased by NOx chemistry), and cooling hy(@lich

is thought to decrease as a result of enhancements of OH by NOx chemmssthg,most

likely to have significant impacts on climate. It was believed that only one of these
processes, warming by GOwas well understood, whereas the relative scientific
understanding of the others was listed as fair to poor. An update of thssment by
Sausen et al. [2005], recognized that work published since the turn of the century reduced
some of the key uncertainties. Nevertheless, the limited understanding of those processes



172 continues to represent a major hurdle to reducing the overedirtamties in aviation

173 impacts [Wuebbles et al., 2006]. Of particular interest are impacts of NOx on the
174 chemistry of ozone and on the budget of methane, which together could represent more
175 than half of the total impact of aircraft emissions on climateaviation transport

176 continues to grow, it is estimated that the number of flights will double from present rates
177 by about 2025 [Cox, 2007]. Unless major changes to combustion systems can be
178 implemented, aircraft emissions can also be expected to neaulyleddy 2025.

179 Consequently, the impacts of aviation operations on climate and the oxidative capacity of
180 the atmosphere are of great interest.

181

182 Both the IPCC [1999] and the Workshop on the Impacts of Aviation on Climate Change
183 [Wuebblesetal., 2006, hereaér cal l ed the A2006 Wor kshopo]
184 following processes that influence NOx chemistry contributed most to uncertainties in

185 assessments of the iIimpact of the chemistry o
186 (1) Incomplete knowledge of exhaust esiims of gases (primarily sulfur oxides) and
187 particles (e.g., soot) and their geographic and altitudinal distributions.

188 (2) Important discrepancies between modeled and measured distributions of key HOx
189 and NOx radical species involved in ozone formation asdrdction.

190 (3) Poor understanding of the sources of NOx in the upper troposphere, especially
191 lightning.

192 (4) Incomplete knowledge of the evolution of NOx and NOy in aircraft plumes
193 during the first ~24 hours following emission.

194 (5) Incomplete understanding of, and g@atial nonlinearities in, the coupling among

195 CH,, CO, OH and @in the troposphere.

196 (6) Potential scavenging and removal of NOx by aerosols and cirrus.

197 (7) Limited understanding of atmospheric transport, especially that between the
198 stratosphere and troposphere.

199

200 In addition, we note the critical nature of understanding the processes controlling water
201 vapor in the UT/LS [see IPCC 1999]. Water vapor is important not only because it is a
202 greenhouse gas that is directly emitted by aircraft but also because it isifeasit)

203 source of odéhydrogen (HOXx) in the UT/LS. Species in the HOx family produce and
204 destroy ozone, largely determine the lifetimes of,@Hd CO, and also influence NOx

205 chemistry under the conditions that prevail in the UT/LS. FinallyO Hs the mgor

206 condensable species, playing a key role in the formation of ice particles and polar
207 stratospheric clouds in the UT/LS (see SSWPs Il and 1V). As discussed in detail in a
208 separate SSWP, the relative humidity variable, RHi, is the critical quantity for
209 understanding formation, growth, and evaporation ofcmetaining particles in the

210 UTI/LS. Therefore, direct emissions of water vapor to the atmosphere, as well as indirect
211 influences of other trace combustion products on water vapor distributions and
212 tempeatures in the UT/LS, can have major impacts on the chemistry of the atmosphere.
213

214 Due to the strong nelnear coupling between NOy, particles, and water/ice
215 precipitation, all of these factors are influenced by processes discussed in other SSWPs,
216 most inportantly, that on clouds and aerosols. Thus, the discussion here will overlap
217 strongly with other SSWP topics that address uncertainties in water vapor measurements
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and parameterizations of aerosol properties and clouds. Of particular interest to UT/LS
chemistry are factors that limit the ability to predict the presence of ice and the extent of
uptake of nitric acid. The rates of heterogeneous reactions that repartition NOx into NOy
and that release active forms of chlorine vary by several orders of o@dgnitepending

on the abundances of condensed HN#Dquantity that itself is nelmear with respect to
temperature and relative humidity (essentially a threshold with temperature or RHi) [e.g.,
see WMO 2006 and references therein]. In addition, a stgnificonfounding factor is

that heterogeneous reactions between halogens and temporary NOXx reservoirs can release
photolytic sources of HOx, which, in turn, destroy methane and accelerate theagas
formation of HNQ. Enhancements of reactive chlorinsoaalter methane abundances. It

is safe to say that highly accurate measurements of water vapor are critical for any
assessment of atmospheric chemistry that is influenced by heterogeneous chemistry.

These issues are explored in detail in the folloviwag major sections. The remainder of
Section 2 will summarize studies that have led to significant improvements in our
understanding of aircraft impacts on chemistry in the UT/LS. Section 3 will report on
recent observations that raise important new questabout chemical processes in the
UT/LS; new modeling efforts will be necessary to determine their proper roles in future
aviation impacts assessments.

2.b. The Role of UT/LS Chemistry in Aviation Impacts on Climate

The 2006 Workshop considered the @omed impacts of NOx emissions on ozone
abundances and, through perturbations to HOx chemistry, on methane abundances, to
comprise the bulk of the total uncertainty in climate forcing due to aviation [Wuebbles et
al., 2006]. This SSWP examines recent rssilat address the various aspects of UT/LS
chemistry that were identified in the 1999 IPCC and 2006 Workshop reports and listed in
the previous section. Figure 1, reproduced from Sausen et al. [2005], updates a similar
figure from IPCC [1999]. It show$e Global Radiative Forcing (RF) framework that has
largely informed the bulk of recent scientific research into the impacts of aviation on
climate. As is clear from Figure 1, terms relating to chemistries of NOx and HOx are
among the three largest contribrs to the aircraft RF, and, as will be shown in Section 3
below, the third term related to contrails is itself influenced by NOx chemistry via the
role of HNG; in ice stability and contrail evolution. Consequently, uncertainties in the
chemistry of aircaft emissions in the UT/LS dominate the overall uncertainty in climate
forcing due to aviation.
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Figure 1. Global radiative forcing (RF) [mW # from aviation for 1992 and 2000,
based on IPCC (1999) and TRADEOFF results. The whiskers denote thenfid&icoe
intervals of the IPCC (1999) values. The lines with the circles at the end display different
estimates for the possible range of RF from aviaitnmluced cirrus clouds. In addition

the dashed line with the crosses at the end denotes an estirttaeaige for RF from
Sausen et al., [2005].

A key result of research conducted in the 1990s and summarized in Chapter 2 of IPCC
[1999] was that the response of ozone to changes in NOx reverses sign in the lower
stratosphere. Formation of ozone by phb&istry initiated by oxidation of volatile
organic compounds dominates in the upper troposphere, whereas catalytic destruction of
ozone by NOx dominates in the middle stratosphere. The discovery in the early 1990s of
a shift in the relative roles of halegs and NOx in the lower stratosphere due to
heterogeneous conversion ob®4 to HNO;, lead to reexamination of the impacts of
emissions from supersonic aircraft. Model studies soon found that NOx enhancements
near 20 km due to supersonic aircraft (or ugMsansport of subsonic aircraft emissions)
would lead to increases in ozone, thereby reducing reactive halogens [e.g., Weisenstein et
al.,, 1993]. Figure 2, taken from the 1999 IPCC Report, reveals this dual nature, and
illustrates why transport and mixjrprocesses are critical in determining the response of
ozone to aircraft NOx emissions. Although the simulation shown in Figure 2 was
designed simply to illustrate the sensitivity of ozone to a change in NOx, and not to
predict the true response of ozdoea specific perturbation due to aviation, it still serves

to frame the discussion of impacts and uncertainties that follows. For example, it is easy
see that emissions that remain in the upper troposphere will lead to an increase in ozone,
whereas thosthat reach the stratosphere will increase ozone below 24 km, but decrease
it above. The net impact of NOx emissions thus depends strongly upon the vertical
distribution of the resultant perturbation to background levels. Consequently, the impact

-9-
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Figure 2. Onedimensional model results for the month of March at northern
midlatitudes used to illustrate the relative roles of ozestroying radicals (left panel)

and percentage change in the ozone destruction rate for a uniform 20% increase in NOXx
(right panel) as functions of altitude [IPCC, 1999].

of NOx on ozone will differ for subsonic and supersonic aircraft, which deposit their
exhaust mainly in the UT and LS, respectively [IPCC, 1999]. Thus, in order to assess the
impacts of aviation, the proportioof stratospheric (e.g., supersonic) and tropospheric
(e.g., subsonic) emissions from a future fleet of aircraft (theaied mixed fleet) must

be known [Gauss et al., 2006]. What is important to note here is that assessments of the
impact of emissions o& particular assumed fleet of aircraft on ozone have relied
explicitly on the ability to accurately model this altitude dependence of the ozone
response to changes in NOx, the vertical distribution of which depends not only on the
flight altitude, but ale upon knowledge of the vertical transport of NOx and possible
redistribution by cloud and aerosol processes. These themes will become important later
in this SSWP, as the implications are explored of new observations in the UT/LS that
show a more importarrole for heterogeneous chemistry and possible redistribution of
HNOj; than was known at the time of the previous assessment.

The strong linkages between these three topics, especially heterogeneous chemistry and
aerosol and cloud processes, couple varitiemes that are addressed in this and other
chapters of this report, and require that we consider the direct impacts of the major
aircraft combustion products, as well as the indirect effects ofQ@nemissions that
participate in gaphase and heteregeous reactions (e.g., SOx, soot, NOx, an@)H

with the background atmosphere.

-10-
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2.c. Advancements since the 1999 IPCC Report

Since the publication of the 1999 IPCC report, there have been more than several
hundred studies that address important issaised in that report. While it is not possible

to do justice to all of these studies in this SSWP, we summarize here where significant
advances have been made.

To help define the range of species and concentrations of important engine exhaust
emissions new measurements have been obtained of soot and particle precursor gases
[Dakhel et al., 2007; Hays and Vander Wal, 2007; Karcher et al., 2007; Sorokin and
Arnold, 2004] such as chesions [Arnold et al., 2000; Eichkorn et al., 2002; Haverkamp

et al., 2@4; Miller et al., 2005; Sorokin and Arnold, 2006], sulfur and NOx [Herndon et

al, 2004; Schroder et al., 2000; Schumann et al., 2002; Tsague et al., 2006, 2007;
Wormhoudt et al., 2007], and volatile organic compounds (VOCs) and particles
[Anderson, et a).2006; Herndon et al., 2006; Lobo et al., 2007; Knighton et al., 2007;
Nyeki et al., 2004; Sorokin et al., 2001; Wey et al.,, 2007; Wilson et al., 2004;
Yelvington et al., 2007], in the exhaust of engines or aircraft on the ground and at cruise
altitudes.In addition, new laboratory studies have further defined the reactivity of engine
emitted soot, most importantly regarding uptake of water and reactivity to NOx, NOy,
and Q [Popovicheva et al., 2000, 2003, 2004, 2007; Shonija et al., 2007; Talukdar et al
2006; Wei et al., 2001]. These new studies help to constrain parameters that are critically
important for modeling the perturbations of reactive species (e.g., NOx and VOCs) and
particle evolution (e.g., cheAwns, VOCs, and soot) emitted by aircraftthe UT/LS

[Ma and Zhao 2000; Petzold et al., 2005; Wei and Liu 2007]. Key new results and
implications of these studies are summarized in Section 2.c.l.

Evidence is mounting from more than a decade of in situ measurements and from new
satellite obserw#ons that air in the UT/LS is influenced considerably by convective
transport from the surface. In fact, there are more recent studies reporting on this issue
than for any of the other issues of this SSWP. In Section 2.C.Il. some new results are
highlighted, in particular those that address some key uncertainties in NOx and HOx
budgets. Of particular interest to this SSWP are efforts to quantify lightning, biomass
burning, and convective PBL (planetary boundary layer) pollution sources of NOx to the
uppertroposphere [Brunner et al, 2001; Decaria et al., 2005; Fehr et al., 2004; Hudman et
al., 2007; Koike et al., 2002; Lange et al., 2001; Leue et al., 2001; Levy et al., 1999; Ma
et al., 2002; Martin et al., 2006, 2007; Muhle et al., 2002; Parrish et @, Perce et

al., 2003; Ridley et al., 2005; Sauvage et al., 2@&humann and Huntrieser, 2007;
Sioris et al., 2007; Smyshlyaev et al., 2003; Stohl et al., 2002; Thakur et al., 1999; van
Noije et al., 2006; Wang et al., 2000; Zhang et al., 2000; Zietead., 1999, 2000],
fluxes that were highlighted in previous assessments as being poorly constrained. Not
only do these sources of NOx (and, hence, NOy) dominate the odd nitrogen budget in the
UT, thereby setting the background conditions upon whichadiremissions represent a
small, but potentially significant, perturbation, incomplete knowledge of their magnitudes
and seasonal and geographic distributions make it difficult to directly attribute NOXx
enhancements to aircraft operations except in hilgluglized plumes or heavily traveled
flight corridors [Brunner et al., 2005; Colette and Ancellet, 2005; Colette et al., 2005;

-11-
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Grewe et al., 2002; Koike et al., 2000; Marecal et al., 2006; Mari et al., 2002; Meijer et
al., 2000; Park et al., 2004; Schlagg al., 1999; Tsai et al., 2001; Wang and Prinn,
2000]. New in situ observations with a larger suite of measurements of tracers for
biomass burning, human activities, lightning, and stratospheric fluxes [Bertram et al.,
2007; Singh et al., 2007], not gnprovide for attribution of sources other than aircraft
emissions, but also provide new clues into photochemical processes that transform
reactive NOXx into species that serve as reservoirs or that can redistribute NOy (hence,
NOx) by condensation onto gi@tes followed by sedimentation [Neuman et al., 2006].

The interactions of NOy species with particles [Gao et al., 2004; Popp et al., 2006;
Karcher and Voigt, 2006; Voigt et al., 2006, 2007] raise important new questions that
rely on the ability to moddormation, composition, and reactivity of particles [Considine

et al., 2000; Meier and Hendricks, 2002; Meilinger et al., 2001; von Kuhlmann and
Lawrence; 2006]. Several key new modeling studies have shown that heterogeneous
chemistry involving NOx, HOxand halogens, is extremely important in partiodd

exhaust plumes and persistent contrails, and, depending on the subsequent behavior of
these species as these plumes and contrails disperse, can even have important
implications on the sign of ozone pesise to aircraft exhaust on hemispheric scales
[Meilinger et al., 2005; Sovde et al., 2007]. These results and their implications are
discussed in Section 2.c.lll.

The importance of convective sources of HOx in the upper troposphere has been known
for many years [Collins et al., 1999; Crawford et al., 1999; Muller and Brasseur, 1999;
Reiner et al., 1999; Singh et al., 2000]. New observations of HOx and volatile organic
compounds in conjunction with modeling studies, continue to reinforce this view
[Colomb et al., 2006, Mari et al., 2002; Olson et al., 2004; Ravetta et al., 2001; Singh et
al., 2004; Snow et al., 2003, 2004; Stickler et al., 2006; Wang and Chen, 2006], and they
provide some important insights into the nature of previous disagreements rbetwee
modeled and measured HOx that seem to depend on NOx [Ren et al., 2008] (the
previously referenced Acoupled HOx/ NOx di
measurements of HBO, [Murphy et al., 2004; Kim et al., 2007] could help to identify
important missing chemistry, while issues of resolution have been shown to be important
under some conditions [Olson et al., 2006].

Measurements of water vapor in the upper troposphere and the stratosphere, where the
naturally occurring humidities are thenlest found on Earth, have always been a source

of controversy [e.g., Kley et al., 2000]. Not only are emissions of water vapor from
aircraft critical for understanding radiative impacts of exhaust, accurate knowledge of
background water vapor distributioasd temperatures, and the microphysics of water
containing particles, are essential in order to accurately model heterogeneous chemistry,
HOXx distributions, and possible redistribution of reactive species in the UT/LS by
sedimentation. Ongoing studies aynumber of groups [Bencherif et al., 2006; Bortz et

al., 2006; Ferrare et al., 2004; Folkins et al., 2006; Gao et al., 2005; Gulstad and Isaksen,
2007; Helten et al., 1999; Kley et al., 2000; Luo et al., 2007; Marecal et al., 2007;
Miloshevich et al., 208; Nedoluha et al., 2002; Park et al., 2004; Ramaswamy et al.,
2001; Spichtinger et al., 2002; Troller et al., 2006; Vaughan et al., 2005; Vay et a]., 2000
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that have improved our understanding of water vapor and supersaturation are summarized
in Section Z.1IV. New studies addressing temperatures in the UT/LS are summarized in
Section 2.c.V.

In addition to results that have improved our understanding of key uncertainties outlined
in previous asessments, there avbservations, some controversial, thaseamportant

new questions about our basic understanding of chemistry in the UT/LS that could have
major implications for the impacts of aviation. These will be presented in Section 3 of
this SSWP, and include new studies related to the bromine budgét §Dal., 20064,
2006b; Salawitch, et al., 2005; Schauffler, et al., 1999; Sioris, et al., 2006; Theys, et al.,
2007], the unusual impacts of bromine on NOx chemistry [Sinnhuber and Folkins, 2006;
Hendricks, et al., 2000; Yang, et al., 2005], and neveasions of chlorine activation

in the UT/LS [Thornton, et al., 2003, 2005, 2007] that call for a fresh look at the potential
impacts of heterogeneous reactions in the UT/LS, especially in persistent contrails
[Borrmann, et al., 1996; Lelieveld, et al999; Bregman, et al., 2002].

2.c.l. Engine Emissions

Although knowledge of the emissions of sulfate was identified as a key uncertainty in
previous assessments, the main issue was not so much the sulfate itself, as the impact of
fuel sulfur on particle neleation. Since then, a number of studies have characterized
particulate emissions from a variety of aircraft engines. The most significant new result is
that particle production does not closely track fuel sulfur content [Wey et al., 2006;
Yelvington et &, 2007]. While studies have shown that ion nucleation is the probable
mechanism for volatile aerosol production in aircraft exhaust [e.g., Miller et al., 2005],
measurements of positive and negative chemiions have revealed a greater role for LVOCs
(low volatility VOCs) than previously believed [Eichkorn et al., 2002; Sorokin and
Arnold, 2006; Miller et al., 2005].

In a study of an omving commercial gas turbine engine, Lobo et al. [2007] recently
found little dependence of particulate emissions with iagryfuel sulfur content,
although they did observe that the soluble mass fraction of particles increased with
distance from the engine exit plane and with increasing aromatic and sulfur content of the
fuel, consistent with increased uptake of water by bosgppic particles. Recent
measurements aénginegenerated soofShonija et al., 2007found significant water
uptake due to the existence of impurities within the engine, with amounts of absorbed
water increasing with decreasing temperatures in the skipdwme (reaching 18% by
weight at threshold conditions for contrail formation). In light of previous observations
of significant uptake of water by soot, these authors have inferred that to be hygroscopic,
soot does not have to be processed by reactiotins sulfuric or nitric acids, as was
previously believed, and that impurities in enggenerated soot will play key roles in

the formation of CCN in aircraft plumes. These results are consistent with a laboratory
study of Talukdar et al. [2006], whouod that uptake of nitric acid on aviation kerosene
soot is reversible, and not a significant source of NOx, as had been suggested previously.
They are also consistent with another study that fadbadcharacteristics of soot emitted
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by engines are deterned largely by combustor processes, and not by subsequent
reactions in the turbine/nozzle.

It is important to recognize thanheasurements of soot from combustors must be
considered carefully, as it may be chemically and physical unstable, as showrenta re
study by Popovichava et al. [2003]in addition, it is unclear whether ground level
measurements will applynder cruise conditions, where combustion is more complete
and LVOC emissions are likely to be significantly smaller. But from the majoribeof
studies, it does appear that aircigéinerated particles are relatively hygroscopic, and
therefore are likely to be good CCN. A new particulate emission inventory developed
under the EuropeaRartEmis program should help reduce uncertainties in raddel
impacts of particulate emissions by aircraft [Petzold et al., 2005].

Important new measurements of the emissions of hydrocarbons and NOX, including
speciation, have been obtained in the exhaust plumes of a variety of aircraft types during
the APEX canpaign [Herndon et al., 2004; Herndon et al. 2007; Knighton et al., 2007;
Wormhoudt et al., 2007]. To first order, the results are in good agreement with previous
studies, increasing confidence in the emissions databases used for modeling aircraft
impacts. Additional insights from these studies include the finding that fuel type and
plume age appear to have only minor effects on the emissions of hydrocarbons, including
speciation, whereas temperature appears to be an important factor. NOx emissions were
found to increase with thrust, while the fraction of X0Ox decreased from 80% at
lowest thrust to below 7% at highest thrust. Nitrous acid (HONO) was found to be a
minor species (~7%) that increased with thrust, and also served as a good indicator for
predcting abundances of other trace species, such as oxides of sulfur.

In summary, new results indicate an increased role for hydrocarbons in formation of
particles in aircraft exhaust, a decreased tendency for reduction of tdNNIDx on soot,

and, as will ke discussed in a separate chapter, a general inéne@sgforming activity

for aircraft emissions. This raises the importance of heterogeneous chemistry to reduce
NOx, and increase the importance of HOx and halogens, in persistent contrails.

2.c.Il. Saurces of NOx and HOXx in the Upper Troposphere

Motivated by the dominant role placed on NOx and HOx by previous aircraft
assessments [Brasseur et al., 1998; IPCC 1999], the past decade has been witness to a
multitude of studies to attribute sources of thepecies in the upper troposphere,
especially those that could potentially be due to aircraft. A brief review of some
important new results is presented below.

Sources of NOx

The main source of NOx in the stratosphere is oxidation 63, Mind based ongint
correlations that have been observed between NOy (the sum of reactive nitrogen species)
and NO, it is relatively straightforward to simulate the impact of an additional source of
NOx from direct injection of aircraft exhaust or parameterized trandpom the
troposphere [IPCC 1999]. However, there are a number of potentially significant sources
of NOx to the upper troposphere, not just those from aircraft emissions, all of which must
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be reasonably well understood in order to determine the perturbaftidlOx due to
aircraft [IPCC 1999]. Of these naaircraft sources, lightning and convective transport
from the boundary layer have stood out as dominant sources of NOx in the UT [Grewe et
al., 2002]. The studies are too numerous to describe here, Bunmearize a few key
results that have emerged from these studies that significantly improve our understanding
of NOx sources.

Around the time of the 1999 IPCC assessment, lightning was estimated to represent a

source strength of aboutB3Tg(N) yr. In a comprehesive review of three decades of

research on this topic, Schumann and Huntrieser [2007] have concluded that the best

estimate for the annual lightning NOXx source & 3 Tg(N) yr’. Consistent with this, in

a recent study using a combination opasebased NQ@ observations from
SCIAMACHY, O3 observations from OMI and MLS, and HN®@bservations from
ACE-FTS, Martin et al. [2007] determine a range of @ Tg(N) yr* for the lightning
NOx sources. For reference, such a sogtoength is about-80 times larger than the
estimated NOXx source from aircraft emissions [Kraabol et al., 2002] but only abBut 1/8
of the total NOx source strength assumed in giftbeart aircraft NOx emissions
impacts studies [e.g., Gauss et al., 2006].

It is importantto note that aircraft emissions are more confined in altitude and to heavily

traveled corridors than these other sources, so they can still represent a large local

perturbation. What makes assessing aircraft contributions so difficult, then, is not only
the quantification of these larger global sources, but specifying their geographic
distributions with sufficient precision so that the contributions due to the highly localized
aircraft emissions can be quantified. In other words, the large, distributedesou
determine the broader background abundances of NOx into which the aircraft emissions
represent a highly localized perturbation. Thus, studies addressing the contributions of
various sources of NOx (or NOy) to the UT are critical for evaluating thefisence of

that due to aircratft.

Source Attribution of NOx in the Upper Troposphere

Singh et al. [2007] analyzed observations of reactive nitrogen species in the UT over
North America in the summer of 2004, reporting that ~30% of the NOy in the UT is in
the form of NOx. PAN and HN©Owere the dominant reservoirs of reactive nitrogen in
the UT and LS, respectively. Relying on tracers for biomass burning emissions (e.g.,
HCN) and anthropogenic pollution, they concluded that lightning represents a larger
souce of NOx to that region than was believed previously. Model simulations based on
these observations [Hudson et al.,, 2005] imply that lightning was responsible for
approximately 75% of the NOx observed in this region. These results suggest that the
NOxolserved in this region is relatively
aging (e.g., oxidizing). Consistent with this, Sioris et al. [2007] reported large logal NO
enhancements at ~10 km that they attributed to lightning, estimating thae#ponsible

for 60% of the upper tropospheric N the tropics.

Bertram et al . [ 200 7] devel op the idea
observed NOx to that determined with a photochemical model with similar total NOy
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(i.e., NO»p/NOxs9 to estimate that ~17% of the air in the UT under the conditions
sampled was transported from the planetary boundary layer. Furthermore, they estimate a
turnover rate by convection of 0.1 dafpr air in the UT (although it should be noted that

this is ncludes altitudes somewhat below typical aircraft cruise altitudes).

These results suggest that raircraft sources of NOx to the upper troposphere are more
important than previously believed, consistent with the observations of Klemm et al.,
[1998], who found that clear perturbations due to aircraft in the nasthétlantic
corridor were difficult to identify on scales larger than a few km due to natural
variability, whereas in 6freshd plumes betw
of up to 10 pb were observed. Based on NOy/€brrelations, Koike et al. [2000]
estimated that the mean NOy enhancement in the North Atlantic corridor is of order 70
ppt at 11 km, implying NOx enhancements of about 40% above backgrounds. They also
found the NOy enhamenents to increase with increasing ozone (e.g., closer to the
chemical tropopause). Given the more recent observations of Singh et al. [2007] of
significant transport from the surface, Koike et al. [2000] may have significantly
overestimated the NOx corititions from aircraft.

Sources of HOx

Not only does OH largely determine the lifetime of methane, a greenhouse gas that plays
a key role in the Aircraft RF uncertainties framework (Figure 1, [Sausen et al., 2005]),
both OH and HQ@participate in catalyti cycles that destroy ozone and are necessary for
ozone production. Therefore, models must be able to reproduce both total HOx
abundances and the partitioning within the HOx family (the generally preferred indicator
being the OH/HQ@ratio) over a wide rarggof conditions found in the UT/LS.

Measurements of HOx carried out in the 1990s revealed significantly larger abundances
of this critical oxidizer than could be modeled with assumed sources [e.g., see Faloona et
al., 2000]. By the time of the 1999 IPGGSsessment, it was well known that sources of
HOx in addition to HO/O; photochemistry were required to resolve this discrepancy,
especially in the upper troposphere [Collins et al., 1999; Crawford et al., 1999; Muller
and Brasseur, 1999; Reiner et al.999Singh et al., 2000]. Since then, a number of
ongoing studies related to sources of HOx have been published, and models for assessing
aircraft impacts have used any available in situ observations to constrain
parameterizations of HOX, including measueas of species such as;®i, whose
abundances serve as sensitive indicators of HOx chemistry [Brunner et al., 2005]. The
basic understanding of HOx chemistry seems to be relatively sound, in that it is widely
acknowledged that additional sources, genggalses transported from the PBL by
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Figure 3. (left panel) Comparison of the median vertical profiles of measured (circles)
and modeled (stars) of OH for INTEX. (right panel) Measuretb-modeled OH in
INTEX-A (circles), TRACEP (stars) and PEM TropicB (triangles). Individual 1
minute measurements from INTEX are shown (gray dots) [from Ren et al., 2008].

convection (in agreement with the conclusions based on NOx partitioning described
above), are required to fully explain HOx abundances. Theipamity between OH and

HO, varies with NOx in a fashion that can be reproduced reasonably well by models [for
example, see Brunner et al.,, 2005, Ren et al., 2008, and references therein]. Figure 3
shows comparison of OH measurements from recent missiors madeled OH
abundances, indicating good agreement over a wide altitude range [Ren et al., 2008].

The results shown in Figure 3 indicate that there should be a firm basis for model
simulations of OH distributions over a wide range of conditions, agjisresl to predict

the lifetime of CH to a reasonable degree of accuracy. Herewnportandiscrepancies
remain inbetween the modeled and measupeditioning of OH and H@that are not

well understood, as will be discussed in Section 3 [Hudman €086, Ren et al., 2008].

One of the challenges in comparing modeled and measured HOXx is the inherent non
linearities in HOx chemistry; in essence, unless the photochemical conditions are highly
uniform during sampling, some differences in modeled and umedstotal HOx or
OH/HO; can be due simply to the coarse temporal resolution of the model. As shown by
Olson et al. [2006], such errors are most problematic at high solar zenith angles and at
high and variable NOx conditions. In light of the significankerthat heterogeneous
chemistry plays in the effect of NOx on ozone in the UT, this type of issue could become
very important in future assessments of aircraft impacts.

There are several implications of the results highlighted above that are worthhereng

First, the increased role of convection from the PBL to sources of NOx and HOx to the
upper troposphereeduces the significance of aircraft perturbations of these species or
their precursors. Thus, it is likely that model simulations used in pEsessmentsf,
updated to reflect these new observations, would find the impacts of aircraft emissions to
ozone and methane in the UT/LS to be diminished. However, increased transport of
shortlived species from the PBL also implies increased producfi@emsols in the UT
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due to oxidation of these
UT air results in a shift in the partitioning from NOx to NOy. As discussed in the
following sections, this has important implications for thie f longlived reservoirs of
nitrogen oxides in particle stability. Heterogeneous reactions are effective in denoxifying
cold, particle rich regions of the atmosphere, such as where persistent contrails are
formed. Thus, increased transport from the PiBiplies a greater role for ozone
destroying reactions of HOx and halogen radicalcgs that are normally held kower
abundances breactions withNOx.

2.c.lll. Conversion of NOx to NOy

The laboratory finding that uptake of nitric acid on aircraft kere soot is reversible
[Talukdar et al., 2006] implies that emissions of soot will not shift the partitioning of
NOy to NOx in aircraft plumes, as was believed previously. This result, together with
new measurements of the hygroscopicity of soot andgubsequent formation of CCN

and emissions of particles from engines (e.g., see Section 2.c.l. and SSWPs Ill and V),
implies, rather, that in plumes, contrails, and potentially even in heavily traveled flight
corridors, there will be more rapid conversimhNOXx to NOy. Although the impacts of
these new findings have yet to be fully explored, results from recent modeling efforts
provide clues as to what might be the tendencies.

Lowermost Stratosphere Upper Troposphere
Mo Contrail Mo Contrail
100 T ; 0O T
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&2 .
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Figure 4. Model results from Meilinger et al. [2005] showing the impact of
heterogeneous processing of NOx in a persistent contrail in the lower stratosphere (left
panels) and in the upper troposphere (right panels). Shaded regions refer to nighttime.
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A modeling study by Kraabol et al. [2002] found that reactions that forrmachen
reservoirs in aircraft plumes and persistent contrails reduce the magnitude of changes in
ozone as a result of the conversion of -3886 of the aircraft NOx to NOy. A subsequent
study by Meilinger et al. [2005] found that NOy formation depends s&ongly on
heterogeneous reactions, especially in the lowermost stratosphere. #iglhoas the

shift in NOy partitioning due to heterogeneous chemistry in a persistent contrail. In the
lowermost stratosphere, NOx is completely converted to HMNCa mater of hours,
whereas without a contrail, even after a few days, conversion of NOx to NOy is only
50%. According to Meilinger et al2005], in the lower stratosphere, ozone destruction

by chlorine and bromine enhances that due to NQOfmGhe early plumenddominates

over NOxinduced ozone production in the aged plume. This is the result of combined
effects of halogen activation and denoxification by heterogeneous reactions on contrail
ice particles. The situation in the upper troposphere is less ale@drthe tendency of
ozone depends strongly on temperatures in the initial plume and persistent contrail.
However, reductions in net ozone production or shifts from ozone production to loss
result from the more complete treatment of heterogeneous chemistey.recent
modeling study of Sovde et al. [2007] examines the global implications of heterogeneous
reactions on the ozone changes induced by aircraft exhaust products. Although they focus
on the impacts of a mixed fleet for the year 2050, there are smpertant new
conclusions that extend the results of Meilinger et al. [2005] to hemispheric scales. (It is
also important to note that even in a mixed fleet, operations of subsonic aircraft dominate
the overall emissions budget). As shown in Figure 5, thst significant implication of

more rapid conversioof NOx to NOy is the complete reversal in the sign of the response

d03 [ppbv] due to background and aircrafl aercsol

gl [km]

Figure 5. Vertical profile of the zonally averaged response of ozone to aircraft emissions
of NOx assuming background aerosols anmtraft aerosol perturbations for a 2050
Mixed Fleet, as described in Sovde et al. [2007].
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of ozone to nitrogen emissions (e.g., see Figure 2) from net production to net loss below
18 km (i.e., in the upper troposphere) and from net loss to net prodabiome 24 km.
Although the two ozone change curves shown in the right panel of Figure 2 and Figure 5
have similar shapes, they are nearly mirror images of one another, as Figure 2 deals with
the quantity ozone loss, whereas Figure 5 shows ozone gain, Mitldea Using
reasonable estimates for an average vertical profile of ozone, the percent change in ozone
near 25 km in Figure 5 is about +2 to +4%, whereas near théatitidle tropopause (12

16 km) the change is of comparable magnitude, but opposg&m In essence, one

could achieve similar changes to those modeled in Figured2drgasingNOx by ~10%.

It is worthwhile to consider how it is possible for the sign of the impacts of NOx
emissions to completely reverse since the last major reviewasiation (and even the
2006 Workshop). Hints can be found in the study by Meilinger et al. [2005] discussed
above and one by Hendricks et al. [2000] who investigate the influence of naturally
occurring bromine on the chemistry of aircrafinissions in theUT/LS. First, the
partitioning of NOx emissions is shifted far more toward HMNCthe more recent studies
than in the model used to generate Figure 2 (and presumably thefdtaert models

used at the time of the 1999 IPCC Assessment). Second,af@atlyla consequence of
this shift from NOx to HNG@) the relative contributions of the NOx, HOx, and halogen
families to ozone loss in the UT/LS differ in the more recent model simulations from
those used for previous assessments.

Hendricks et al. [2000found the somewhat surprising result that bromine radicals, even
at the minor abundances that are thought to be present in the UT/LS, efficiently convert
NOx to NOy by heterogeneous hydrolysis of BrON@h background and aircraft
produced aerosols. Thefi@aved that this process can even be an important pathway for
denoxification in the lowermost stratospheres #oted by Meilinger et al. [2005], such
halogen chemistry becomes significantly more important in extiaiis¢nced air in the
plumes of aircraftjn cirrus, and in persistent contrails. This issue will be addressed in
more detalil in Section 3, since the role of halogens in aviation impacts has received little
attention and remains one of the major uncertainties in UT/LS chemistry.

Halogen chemisy may not be dominant throughout the UT/LS, but it is important to

note that even a few tens of parts per trillion, background abundances of halogens are
sufficient to compete with (and even dominate in some regions)- HOd NOXx
catalyzed destruction ajzone in the UT/LS. The neimear coupling between HOX,

NOXx, and halogen oxidemakes the assessment of the impacts of emissions of any specie
that influences abundances of just one of these families very difficult to assess unless we
have a solid quanétive understanding of each of the major ozdnest r oyi ng r adi
response to changes in the abundances of the others. Although such an understanding has
been achieved for the mideie-upper stratosphere, the situation is less clear for the
lowermost gtatosphere and upper troposphere, especially for the reactive halogen
species, abundances of which are so strongly modulated by heterogeneous processes.
Given the additional complication of ndinearities in particle formation, composition,

-20-



709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
127
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754

and heterogermeis reaction rates with respect to relative humidity, temperature, and
abundances of ¥ and HNQ, the details of plume formation and dispersion, particle
growth, composition, and sedimentation, and the ability to predict the presence of ice
crystals in tle UT/LS all become essential factors in assessing the chemistry of aircraft
exhaust. In light of the clearly dominant role played by water vapor in all of these issues,
the next section will examine progress in understanding water vapor in the UT/LS.

2.c.IV. Water Vapor and Supersaturation

H,0 abundances in the UT/LS are controlled by a combination of transport processes.
Both large (e.g., BreweiDobson circulation) and smadcale (e.g., waves, convection)
processes are important [IPCC 1999; SPARC R0Demperature, chemistry (e.g., €H
oxidation) and microphysics also play roles. Transport phenomena are key elements in
UT water distribution; these include such occurrences as horizontal transport from the
tropics to sukropics and midlatitudes and weal motions associated with mesoscale
convection, midlatitude cyclones and downward transport from the stratosphere.

SPARC [2000] noted that there has been a 2 ppm increase@f(+H.%/yr) in the
stratosphere since the ml®50s, about 0.55 ppm of whiclan be attributed to increases

in CHa, while the source of the remaining ~1.5 ppm (75% of the total) remains unknown.
Trends in relative humidity in the upper troposphere have been found in some latitude
bands, but there is no apparent global trend; b#itia from ENSO, largescale
circulation modes and temperature all contribute to the complexity of attributing trends.

Agreement amongst measurements gOHn the lower stratosphere @00 mb) has
always been problematic. Although typically clustenmighin 10% of each other, some
individual instruments have systematically differed from the mode of the measurements
by 2530%. The source of this disagreement is under investigation.

Water measurements in the upper troposphere are less numerous tleannthios
stratosphere, and they are less reliable overall. Radiosonde data are not sufficiently
accurate for determining trends at the level of importance for understanding perturbations
by aircraft. Measurements from TOVS are reasonable, on averagegrigudifficult to
validate because of the high temporal and spatial variability,Of por in the UT. The
measurement of tropospheric water vapor amounts via radio occultation of Global
Positioning Satellite (GPS) signals has become a fairly mature ¢geghrand methods

for determining vertical profiles of water with high vertical resolution (a few hundred
meters) are under development [e.g., Troller et al., 2006].

Since the last water vapor assessment [SPARC 2000], a number of uncertainties relevant
to aircraft impacts have been addressed in some detail, as described below:
Intercomparison experiments and laboratory work for stratospheric water vapor
instruments have been ongoing; validation of satellit® Hetrievals and numerous
correlative measuremé&s have been conducted; improvements in radiosonge H
measurements have been made; a number of process studies have been conducted to
investigate the role of convection and cloud microphysical properties in UTACS H
distributions and studies of stratbgpetroposphere exchange mechanisms.
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755

756 Intercomparison and Validation

757 Detailed intercomparisons of lidar, radiosondes, and -frostt sensors (AFWEX)

758 revealed that the froptoi nt / chil l ed mirror measur ements
759 vapor) than theothers by 1625% in the UTLS [Ferrare et al., 2004]. During the 2003
760 AWEX-G campaign, (designed to validate the AIRS measurements from -th@nA

761 satellites), six radiosonegpe sensors were flown against the University of Colorado
762  Cryogenic Frostpoint grometer (CFH). With appropriate corrections for solar heating,
763 data from the Vaisala RS0 sensor was found to be suitably accurate for use in
764 validation studies [Miloshevich et al., 2006].

765

766 Intercomparisons between the satelbgssed POAM measuremesb(ar occulation) and

767 the in situ MOZAIC data set showed that POAM water vapor values are about 10%
768 higher than those determined with capacitive humidity sensors flown on sewveral in
769 service aircraft [Nedoluha et al., 2002]. Finally, based on comparisotis duaing the

770 SONEX and POLINAT campaigns in 1997, Tunable Diode Laser (TDL) and cryogenic
771 hygrometers were found to agree to within their stated instrumental accuracies of 10%
772 [Vay et al., 2000], whereas a similar intercomparison conducted between thAOL

773 and MOZAIC datasets found water vapor measurements to agree within 5% [Helten et
774 al., 1999]. However the agreement between measured values of relative humidity was
775 worse, potentially pointing to temperature measurement problems.

776

777 Perhaps of most sigicance for this White Paper will be the upcoming results from the

778 AquaVIT blind intercomparison that was carried out at the AIDA chamber in Karlsruhe
779 in Fall 2007 http:/imk-aida.fzk.de/campaigns/RHO1/Waidetercomparisorwww.htm).

780 This formal program brought together more than twenty instruments that measure water
781 vapor and/or condensed water for a week measurement campaign. The results of a
782 formal blind intercompason among a subset of the instruments are due out Spring 2008,
783 and should elucidate some of the reasons why water vapor measurements in the cold, dry
784 UTLS have disagreed to a level that is greater than their reported uncertainties.

785

786 Observations in UT

787 Ob<=rvations of relative humidity over ice (RHi) and supersaturation in the upper
788 troposphere have been analyzed in detail, and both radiosonde measurements and those
789 derived from the chillegmi r r or ASnowWhited frost point
790 supersatution with respect to ice during wintertime (24% of time) [Vaughan et al.,
791 2005]. Data from MLS show occurrences of high supersaturations in only about 0.5% of
792 observations overall, with considerably larger frequencies of occurrence found over
793 Antarctica [Sichtinger et al., 2002]. Only one direct observation of RHi relevant for
794 assessing supersaturation in an airerfited contrail has been reported. Gao et al.
795 [2005] argued that the high supersaturations they observed might be due to co
796 condensation afther species (e.g., HNDIn cloud particles.

797

798 Climatology/Mechanistic Studies

799 Ten years of MOZAIC data have been compiled to relate UT water to deep convection
800 and moisture transport [Luo et al., 2007]. Interannual variability is observed to correlate
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801 in some cases with average temperature and/or ENSO, but is not fully explained by

802 either. Regional differences are wekplained by convective frequency. However, no

803 trend in HO abundances has been found in the MOZAIC data over the period Aug 1994

804 to Dec D03 [Bortz et al., 2006].

805

806 Comparison of global or mechanistic model results with observations can also provide

807 insight into the significance of various transport processes for determining the water

808 vapor distribution. For example, MOZART model results &#l_OE water vapor data

809 are in good agreement with respect to the seasonal cycle of vertical transport (the so

810 call ed fAtape recordero), but some significat
811 tropopause [Park et al., 2004]. Much of this differem i s attri buted to
812 treatment of moisture transport in the monsoon regions, as well as stratesphere

813 troposphere exchange in those areas. Similar results were obtained when comparing

814 simulations from the NCAR Community Atmosphere Model (CAM 3®)HALOE

815 observations and reanalyses by ECMWF. Deficiencies in the calculation of stratospheric

816 water vapor are attributed to weaknesses in
817 particular, the lack of a QBO and crude representation of planetagsvw@wulstad and
818 | saksen, 2007] . The authors also note the i

819 which continue to show a polar cold bias; this particularly affects water vapor
820 distributions in the southern hemisphere.

821

822 To date, mechanistic modelnailations have focused on the representation of water
823 vapor in the tropics. For example, tropical climatologies gd HCO, HNQ and Q are

824 compared to calculations of vertical profiles of the same species obtained from four
825 models with differing parameteations of convection [Folkins et al., 2006]. No single

826 model / parameterization emerged as fibesto, wi
827 to reproduce observations. Comparisons of ballomme water vapor observations over

828 Brazil with profiles calalated by the Brazilian Regional Atmospheric Modeling System
829 (BRAMS) and ECMWEF global analyses illustrate the importance of both model vertical
830 resolution and the treatment of microphysics in the ability to calculate realistic water
831 vapor profiles [Marécadt al., 2007].

832

833 2.c.V. UTI/LS Temperatures

834 Atmospheric temperature is a fundamental quantity in all areas that this SSWP considers
835 1 gasphase and heterogeneous chemistry, the formation and persistence of condensed
836 matter (e.g., cirrus, contrails, polarabspheric clouds), and transport processes. Thus
837 uncertainties in our knowledge of the mean temperature in the UT/LS, as well as its
838 natural variability, impact a wide range of processes important for understanding the
839 impacts of aircraft emissions onirohte. Furthermore, the inability of models to

840 adequately simulate the temperatures in the atmospheric regions of interest may have
841 significant impacts on their treatment of heterogeneous processes and parameterizations
842 of microphysics (in addition to thele of temperature in model dynamics, such as the
843 classic GCM "cold pole" problem). A review of the temperature trends associated with
844 the broader climate change issue is beyond the scope of this document and controversies
845 surrounding the temperature redofor the surface and miloposphere will not be

846 discussed.
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A comprehensive review of temperature trends in the stratosphere was published in 2001
[Ramaswamy et al., 2001]. This work indicated that temperature trends in the lower
stratosphere were native (0.5 + 0.25°C/decade) and consistent with known trends in
stratospheric ozone as well as other greenhouse gases. These authors noted, however, that
better knowledge of the vertical profiles of ozone and water vapor, and their changes,
throughout tle upper troposphere and lower stratosphere were critical for proper
attribution of the observed temperature changes. Stratospheric temperature trends updated
through 2005 are presented in Chapter 5 of WMO [2006] and are consistent with those
reported eardr.

Similar exhaustive trend studies for the UT/LS have not been carried out, although data
for this region do exist (from radiosondes, satellites and ewserince aircraft). One
regional study [Bencherif et al., 2006] uses radiosonde data gathereSoank Africa to

show that temperatures are decreasing throughout the UT/LS (200 hPa and altitudes
above) between 1980 and 2001. In that region, upper tropospheric temperatures have
decreased at a rate ©£10 + 0.18°C/decade, a value similar to thapoeted by Parker et

al. [1997] for an analysis based on globally gridded radiosonde observations.

Sensitivity of the rates of chemical processes to temperature can be significant. In general
an error of a degree or two makes little difference in the ohte gasphase process;
however, the same cannot be said for heterogeneous chemical transformations. The
composition of condensed phases is often a strong function of temperature, as is the
threshold for condensation. For example, at 200 kKachange intemperature changes

the saturation vapor pressure of water over ice by approximately 15%. When coupled to
uncertainties in water vapor measurements, errors in temperature observations or
calculations can have dramatic impacts on the determination oftiomsdisuch as
supersaturation or the presence of polar stratospheric clouds, and hence, chlorine
activation.

2.d. Present State of Measurements and Data Analysis

To understand the photochemistry of ozone in the UT/LS, it is important to know the
distributions of the major species that produce ozone (HOx, NOx, and hydrocarbons) and
those that destroy it (HOx, CIOx, BrOx, and NOx). Due to the strong coupling between
species within the radical families and between species from different families, it is not
necessary to measure all of the important species simultaneously. However, it is
important to have a good understanding of interrelationships between the major ozone
forming/destroying radicals under the wide range of conditions that prevail where aircraft
emissions can be found. This includes temperatures that can range fror@40180

solar zenith angles from O degrees to greater than 90 degrees, and ozone abundances that
range from tens to thousands of ppb.

Not only is it a primary emission product@mbustion, NOx has a controlling influence

on partitioning within the HOx and halogen families. Therefore, measurements of NOX in
the UT/LS are important for defining the range of variation of the other ezamteolling
radicals. Results from a number gjor aircraft campaigns, some designed to validate
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893 new orbiting platforms, as well as routine measurements from commercial airliners
894 equipped with instrumentation, have provided a wealth of information relevant for
895 understanding oxidation, as well asone formation and loss, in the UT/LS. The results
896 summarized in section 2.c for UT NOx and HOx chemistries have provided a strong
897 foundation for new modeling studies to address the impacts of NOx emissions on ozone
898 and methane in the broader upper tropesphand lower stratosphere. However, new
899 results pointing to a reversal in the impacts on ozone in aircraft contrails and cirrus
900 clouds raises important questions about the completeness of the measurements.
901 Unfortunately, observations in regions of low N®ave not been a major priority of

902 recent aircraft campaigns, and key satellite instruments do not have sufficient vertical or
903 horizontal resolution to examine these kinds of issues in narrow regions where
904 heterogeneous chestiy could play a dominant role

905

906 Our understanding of the distribution of water vapor and the processes that control it
907 remains problematic. In the regions where heterogeneous chemistry would be most
908 important (i.e., at or near the tropopause), istemding discrepancies between

909 measwements makes it extremely difficult to predict the chemical response to any
910 perturbation, let alone one that includes potential ice nuclei, water vapor and important
911 co-condensable species such as nitric acid, plus species that can inhibit ice formation
912 (such as volatile organic compounds). Although this issue is addressed in detail in
913 another SSWP in the context of cirrus and persistent contrail formation, the critical role
914 that these observations play in allowing for the prediction of the reactivitiparbfles

915 and, hence, their importance to this SSWP, cannot be understated. Resolution of this
916 problem is critical for assessing the impacts of aircraft emissions on particle formation,
917 heterogeneous chemistry, redistribution of condensable speciepottanfsemissions to

918 the stratosphere, and production of HOx. Currently, the reported differences of up to 30%
919 between widely respected measurements is unacceptable, especially when they imply
920 strange behavior for particles that could change our fundameavta of the nature of

921 aerosols and clouds [e.g., cubic ice, nitric acid antifreeze, and very large
922 supersaturations].

923

924 Important results on water vapor measurements are expected in 2008 from the recent
925 AquaVIT intercomparison discussed in Section 2.c.Nowever, it is important to note

926 that laboratory intercomparisons of the same or similar instruments have been carried out
927 Dbefore, and while they have answered some questions, they have largely been
928 unsuccessful at resolving the major discrepancieshé atmospheric measurements
929 themselves. Consequently, the stateagfeementamong water vapor measurements
930 remains inadequate for assessing the key remaining aviation impacts issues, even though
931 the instruments themselves may be in a mature state.

932

933 A newapproach to water vapor intercomparisons would be welcome. One approach that
934 could be promising dedicated flights into the combustion plumes of rockets and aircraft
935 - is described in more detail below. In 2008, potentially important results will be
936 forthcoming from a smal/l pil ot proauemantscal | ed
937 Acquisition) that explore the nature of the discrepancy between water vapor
938 measurements in the UT/LS and the implications of heterogeneity on interpretations of
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nortlinear proesses (such as threshold behaviors for condensation and evaporation of
ice, HOx and halogen photochemistry, and redistribution of major species, sug® as H
and NOx). Preliminary analyses of® and particulate water data in evaporating plumes
are quite pomising, and indicate that future measurements in these environments could
play a critical role in validating the accuracies of water vapor measurements. An
interesting question raised by these studies is whether the highly perturbed plumes
represent a rdigtic environment for investigating fundamental photochemical and
dynamical issues important in the UT/LS. From the point of view of the assessment of
aircraft emissions, it would seem that such environments, especially the plumes and
persistentcontralpr oduced by aircraft themselves,
for studying important processes identified in these SSWPs. In addition, there are some
who argue that pushing measurements outside their normal dynamic range is one sure
way to find gpoblems that might help in identifying those issues that are important under
more normal conditions.

Finally, it is important to note here that satellite observations, with a few noteworthy
exceptions, have not yet been a major driving force in refiomgunderstanding of
aircraft impacts. However, following completion of validation activities, new results from
the AURA platform, as well as ¢ise from SCIAMACHY, ACE, etcwill be analyzed in

light of the issues raised here and in previous assessriteéntgery likely that significant

new insights into convective sources of NOx and NOy, HOx, and aerosols will be
forthcoming from analyses of observations made from numerous satellite platforms. Such
results will be especially important in defining thesioastate of the UT/LS into which
aircraft emissions represent a small, but important, perturbation.

2.e Current estimates of climate impacts and uncertainties

Since the IPPC [1999] Assessment and the Sausen [2005] of the Brasseur et al. [1998]
EuropeanReport, there are no direct comparative model studies that address current
estimates of climate impacts and uncertainties. However, on the basis of the new results
presented above, some general conclusions can be drawn. First, on the basis of improved
undeastanding of upper tropospheric sources of NOX, in particular, due to lightning and
convection from the PBL, it can be interred that the climate impact of aircraft emissions
on regional and global scales will be reduced. Second, on the basis of studieg sro
increased sensitivity of NOx and NOy to heterogeneous chemistry, it is likely that for
subsonic emissions there will be regions of the atmosphere where aircraft NOx and
particles may, in fact, result in ozone losses, especially in the tropopalk§& aegions.

On the basis of this result, one would expect the climate impacts of subsonic aircraft
emissions to be smaller than previously believed, and possibly reversed in sign relative to
previous evaluations (e.g., negative instead of positive), ealsethe impacts of
supersonic emissions would be greater than previously believed, and positive instead of
negative. Third, the observation of nitric acidntaining particles in the UT/LS, along

with measurements indicating more vigorous transport of K@x the surface, raises

the possibility that NOx and NOy are processed more rapidly in the UT/LS than
previously believed. Finally, the presence of reactive halogens in the UT/LS, species that,
at the abundances that have been observed, can only coglidOx if there is rapid
heterogeneous processing, raises the possibility for highKimesr photochemistry that
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can result in a net positive or net negative change in ozone with aircraft emissions of
NOx and particles.

It is likely that future studis of the climate impacts of subsonic aircraft emissions that
have more realistic treatments of lightning and convective sources of NOx, more
complete treatments of redistribution of NOy, especially in persistent contrails, and
heterogeneous halogen chetmyiswill find that the climate impacts are reduced, or even
reversed in sign (i.e. ozone losses due to aircraft) in the UT/LS. This possibility, calls into
guestion the uncertainties ascribed to the chemistry of NOx emissions by aircraft. Our
understandingr obabl y remains as Afairo, unt il
the magnitudes of the error bar placed on the RF terms in Figure 1 may be too small, and
may need to accommodate a reverse in sign, at least until the implications of these new
resuts can be properly assessed with new model studies.

The growing body of HOx observations in the UT indicates that OH abundances are at
the high end of most model predictions, resulting in a lower lifetime for methane in the
UT. This implies that, at leag these regions, methane will have a greater sensitivity to
perturbations on NOx and aerosols due to aircraft emissions. In addition, the potential for
an increased role in halogen chemistry in cirrus and persistent contrails raises the
possibility thataircraft perturbations to methane may currently be underestimated, as the
reaction of methane with chlorine atoms is likely to be more important in the UT/LS than
is currently believed.

2.f. Interconnectivity with other SSWP theme areas

As has been dissged earlier, the chemistry of aircraft emissions is highlylinear and
strongly coupled with important processes dealt with in other SSWPs, including
formation of persistent contrails and cirrus. Furthermore, and potentially more
problematic for assesg impacts, emissions of NOx could alter redistribution of NOy
and water, not only from aircraft exhaust, but from the background atmosphere as well if
the addition of NOx results in enhanced lapgeticle stability and sedimentation. It is
also possibléor NOx influences to impact transport of NOy angOHalthough the latter

may be too small to matter) from the UT into the LS. As noted in Section 2.d., the
greatest uncertainty for this SSWP is due to the implications of continuing discrepancies
in wate vapor measurements in the cold and dry regions of the UT/LS. Thus, there is a
strong interconnection between this SSWP and those on particle microphysics and
contrail and cirrus cloud formation.

3. Outstanding issues

Progress made in areas highlighted $ection 2.c., especially that relating to the
importance of heterogeneous chemistry, raise new questions about the fundamental
chemistries of NOx, HOx, and halogens, and the interactions of ice and nitric acid in the
UT/LS, all which can have importanbiesequences in future assessments of aviation
impacts. Key new findings in these areas are summarized in Section 3.a. Although their

new

impacts have not yet been adequately assessed, their tendency to push the effects of

aviation emissions in the same genatiakction that has been found in model studies
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summarized in Section 2.c.lll. is somewhat troublesome, in that they have the ability to
offset some of the advances that have occurred over the past decade.

3.a. Science

The key developments in UT chemissummarized in Section 2.c. place considerably
more emphasis on the role of heterogeneous chemistry edireyaft species, such as the
halogens, on understanding the distributions of backgrou@dafd nitrogen oxides, and

on the need for new studiesatraddress chemical heterogeneities of the UT/LS. One of
the interesting consequences of the increased importance of heterogeneous processes is
the change in sign of ozone response with NOx perturbation described earlier. This
section will highlight impomnt issues listed in the 2006 Workshop [Wuebbles et al.,
2006] that remain unresolved, and new findings that raise new questions about chemistry
in the UT that must be understood before uncertainties in the impacts of aircraft
emissions on chemistry in ther/LS can be reduced further.

3.a.l. Discrepancies in Coupled HOx and NOx Chemistry

The ability to realistically simulate ozone production and loss and the coupling between
CH,4, CO, OH, and @relies upon an accurate model representation of the respbnse
HOx (and, to a lesser extent, halogen radicals) to variations in NOx. There have been a
significant number of campaigns where NO, N@H, HGO, and ozone have been
measured simultaneously, and the fosfer linkages between the NOx and HOx
families rave been demonstrated. However, model comparisons with HOx observations
have been somewhat problematic [Faloona et al., 2000]. Olson et al. [2006] show that
most of the previous modeteasurements discrepancies at high NOx (e.g. during
SONEX) can be explaed by nordinearities of HOx chemistry under highly variable
conditions for NOx (i.e., the model timescales are too long, relative to the measurements,
such that averages of derived quantities do not represent quantities derived from averages
of the indivdual measurementssee also Wild and Prather [2006]).

Despite considerable progress that has been made in the area of tropospheric HOx
chemistry, as noted in two very recent papers [Hudman et al., 2007; Ren et al., 2008],
observations continue to highht important discrepancies between models and
measurements. Figure 6 taken from Ren et al. [2008] shows how well models agree with
measurements of HOx during three recent major field campaigns for which there were
comprehensive suites of measurementssadfrces of HOx. The agreement between
modeled and measured OH is quite good over most of the range, except, perhaps, at the
very highest NO where a slight underprediction develops for INREKvhere the
highest NO values were observed). However, at high M@asured HOx exceeds that

from the model by as must as an order of magnitude at highest NO. Further insight into
this issue is gained by examining the altitude dependence of the discrepancy, as shown in
Figure 7. Clearly these results are problemati@ésessments of the impacts of aviation,
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Figure 6. (a) Comparison of NO dependence for observations of OH (upper panel) and
the ratio of measuretb-measured OH (lower panel). (b) Comparison of NO dependence
for observations of HO(upper panel) valuesnd the ratio of measuréd-modeled HQ

from INTEX-A (circles), TRACEP (stars) and PEM Tropics B (triangles). Individual
INTEX-A 1-minute measurements are shown (gray dots). All lines show the median
profiles [from Ren et al., 2008].

since high NOx abutances can develop in heavily traveled flight corridors [e.g., see
IPCC 1999]. The reasons for these discrepancies remain elusive. However, new
observations of a critical species, pernitric acid §NO,), whose abundance is
determined by the coupled phobt@mistry of HOx and NOx, may help provide some
answers [Murphy et al., 2002; Kim et al., 2007]. In a new report of simultaneous in situ
observations of HENO,, NO,, and HQ, at aircraft cruise altitudes, Kim et al. [2007]
found that abundances of H{O, were about a facteof-two low than those calculated

with assumed photochemistry and observed abundances of ad® NQ. This
discrepancy can be reconciled if one of the measurements (most likeNOQ40r HO,)

were in error (too small or too large,
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Figure 7. Similar to Figure 3, but for HO (left panel) Comparison of the median
vertical profiles of measured (circles) and modeled (stars) of OH for INAEKight
panel) Measuretb-modeled OH in INTEXA (circles), TRACEP (stars) and PEM
Tropics B (trangles). Individual dminute measurements from INTEX are shown (gray
dots) [from Ren et al., 2008].

respectively). However, it is interesting to note that the trend in this discrepancy with
altitude is similar to that of Figure 7, raising the possipilif missing or poorly
understood chemistry coupling HOx to NOx in the relatively cold and dry upper
troposphere. It is particularly problematic for assessments of aircraft emissions that the
discrepancy is largest at cruising altitudes for most largeositaircratft.

3.a.ll. Halogen Chemisty

In any modeling study of the impacts of a perturbation, it is important to start with a
correct description of the composition of the background atmosphere. In previous aircraft
assessments [Brasseur et al., 1988CC 1999] it has been assumed that reactive
halogens are not present in sufficient abundances to significantly impact ozone chemistry.
Such a view was not based on observations, as there were few reliable observations of
ClO and BrO in the UT/LS. Followm the first observations of enhanced CIO in the
lowermost stratosphere in 1991 [e.g., Avallone et al., 1993], ozone loss due to
heterogeneous chemistry on cirrus clouds was proposed as a way to explain a gap
between modeled and measured ozone trends mithatitude LS [e.g., Borrmann et al.,
1996; Solomon et al.,, 1997]. A detailed examination of water vapor and CIO
measurements in the UT/LS found no evidence for heterogeneous activation of chlorine
[Smith et al., 2001]. However, subsequent measuren@&ntsiO in the Arctic and
examination of measurements over the continental US, both near the tropopause, found
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