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< The GEOS-Chem adjoint is used to quantify health risk from intercontinental pollution.
< Sensitivities of human health risk to aircraft pollution are calculated.
< >90% of aircraft emissions-related human PM exposure is due to NOx.
< Aircraft NOx creates half of aircraft-attributable surface sulfate.
< 95% of US aviation emissions-related health risk is incurred outside the US.
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a b s t r a c t

We perform the first long-term (>1 year) continuous adjoint simulations with a global atmospheric
chemistryetransport model focusing on population exposure to fine particulate matter (PM2.5) and
associated risk of early death. Sensitivities relevant to intercontinental and high-altitude PM pollution
are calculated with particular application to aircraft emissions. Specifically, the sensitivities of premature
mortality risk in different regions to NOx, SOx, CO, VOC and primary PM2.5 emissions as a function of
location are computed. We apply the resultant sensitivity matrices to aircraft emissions, finding that NOx

emissions are responsible for 93% of population exposure to aircraft-attributable PM2.5. Aircraft NOx

accounts for all of aircraft-attributable nitrate exposure (as expected) and 53% of aircraft-attributable
sulfate exposure due to the strong “oxidative coupling” between aircraft NOx emissions and non-
aviation SO2 emissions in terms of sulfate formation. Of the health risk-weighted human PM2.5 expo-
sure attributable to aviation, 73% occurs in Asia, followed by 18% in Europe. 95% of the air quality impacts
of aircraft emissions in the US are incurred outside the US. We also assess the impact of uncertainty or
changes in (non-aviation) ammonia emissions on aviation-attributable PM2.5 exposure by calculating
second-order sensitivities. We note the potential application of the sensitivity matrices as a rapid policy
analysis tool in aviation environmental policy contexts.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Civil aviation represents the main anthropogenic source of high
altitude emissions. While emissions from aircraft at cruise have
long been studied in terms of their climate impacts (Penner et al.,
1999; Lee et al., 2010), until recently only aircraft landing and
takeoff (LTO) emissions, commonly defined as emissions below
3000 feet above ground level, have been considered in terms of
their potential to impact surface air quality and human health
(Ratliff et al., 2009; Woody et al., 2011; Mahashabde et al., 2011).
All rights reserved.
Although >90% of aircraft NOx and SOx emissions occur above
3000 ft (Wilkerson et al., 2010), it has previously been assumed that
these emissions do not have an impact on surface air quality
(Brasseur et al., 1998). For this reason aviation’s impact on air
quality has primarily been considered a local and regional issue.

In contrast, recent studies by Barrett et al. (2010, 2012) have
found that non-LTO emissions dominate LTO emissions in terms of
their impacts on surface air quality and human health. Barrett et al.
(2010) focused on the impact of cruise emissions on surface fine
particulate matter (PM2.5) concentrations, and resultant human
exposure and premature mortality risk. The primary mechanisms
identified by which cruise emissions impact surface air quality
include: (i) the transport of direct PMprecursors (SO2 andNOx) from
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cruise altitudes to the surface in dry subsiding regions of the at-
mosphere and (ii) aviation NOx increasing the oxidative capacity of
the atmosphere, which results in an increase in oxidation of non-
aviation PM precursors to sulfate and nitrate aerosol. [This has also
been explored by Unger et al. (2006) and Leibensperger et al. (2011)
in a general intercontinental pollution context.] The studies also
found a significant intercontinental component of air pollution
associated with aviation emissions, which are deposited in high-
speed westerlies at w10 km altitude. For example, while civil avia-
tion over India and China combined accounts for 10% of global avi-
ation fuel burn, their combined share of global aviation-attributable
prematuremortalities was calculated to be 35% (Barrett et al., 2010).
Pollution associated with aircraft emissions is therefore an inter-
continental issue, but the breakdown of regional sources and their
intercontinental impacts has not been investigated.

Aside from in an aviation context, intercontinental pollution has
been extensively studied (UN ECE, 2010). In terms of understanding
the relationship between sources of PM pollution and the resultant
exposure, the development of sourceereceptor (SeR) matrices is of
interest, particularly in a policy assessment context (Liu et al.,
2009a). Human PM exposure has also been related to premature
mortality risk (Liu et al., 2009b) in this context, drawing on an
increasing quantitative evidence base associating long-term fine
PM exposure with increased risk of cardiopulmonary diseases or
lung cancer (Ostro, 2004; Pope and Dockery, 2006; USEPA, 2006;
Lewtas, 2007; Pope et al., 2002; Laden et al., 2006). Forward
chemistryetransport modeling has been used to create SeR
matrices for intercontinental PM transport (Liu et al., 2009a),
resultant human exposure and health risk (Liu et al., 2009b), either
by perturbing emissions regions in-turn or tagging emissions by
region (UN ECE, 2010). Such forwardmodeling approaches have the
advantage of producing many disaggregate outputs (PM concen-
tration fields globally) based on few aggregate inputs (a computa-
tionally constrained number of tagged tracers or separate
simulations for each aggregate source region). This approach is well
matched to cases where the impact of, for example, a specific
country’s emissions onmany other countries is sought. However, in
other applications the opposite property is needed. For example, if
all contributions (multiple sources) to human PM exposure in one
country (i.e. one aggregated receptor) are required, it may be
impractical to conduct forward simulations for all possible sources
that contribute to PM in the receptor country.

In this paper we develop an adjoint approach to tackling the
problem of understanding the relationship between sources and
receptors of intercontinental PM air pollution. This approach re-
sults in the sensitivity of human PM exposure in selected receptor
regions to PM and PM precursor emissions globally. The resultant
sensitivity matrices can be multiplied by PM or PM precursor
emissions fields to estimate human PM exposure or premature
mortality risk. We apply this to the case of global civil aviation
emissions to quantify the impact of PM emissions around the
world, both on the surface and at high altitudes, on human PM
exposure and premature mortality risk in selected regions. The
method is also used to elucidate the cross-coupling between PM
emissions species e in particular the extent to which aircraft NOx

emissions enhance sulfate formation. The resulting sensitivity
matrices can also be used to determine emissions reductions e

both by species and spatially e that most effectively reduce human
PM exposure, and as a rapid policy assessment tool to assess the
health impacts of emissions changes.

2. Methodology

The adjoint method is widely used in atmospheric science for
inverse modeling and data assimilation, but less often for
sensitivity assessment. We are not aware of a prior long-term (w1
year), global scale continuous sensitivity assessment based on the
adjoint method (as distinct from applications to data assimilation).
A long-term study with a global domain is especially important for
capturing the effects of intercontinental pollution, as exemplified
by the case of aviation emissions.
2.1. GEOS-Chem and the GEOS-Chem adjoint

We use GEOS-Chem, a global tropospheric chemical transport
model (CTM). The adjoint of GEOS-Chem was developed following
the development of its forward model (Henze et al., 2007; Singh
et al., 2009), and it has been used to conduct data assimilation
and sensitivity studies that relate emissions to atmospheric com-
position (Kopacz et al., 2011; Walker et al., 2012; Jiang et al., 2011;
Henze et al., 2009). These sensitivity studies span a few days to
a fewweeks, in some cases using the average of multiple week-long
sensitivity calculations to approximate yearly average sourcee
receptor relationships (Henze et al., 2012). (This may be due to
the relatively local focus of the studies, the computational intensity
of the adjoint method, and/or numerical issues resolved in our
application of the GEOS-Chem adjoint to long-term simulations.)
This study extends the length of a single adjoint simulation to over
one-year to capture intercontinental pollution mechanisms.

GEOS-Chem uses assimilated meteorology data from the God-
dard Earth Observing System of the NASA Global Modeling and
Assimilation Office (Bey et al., 2001; Liu et al., 2001). With the
assimilated data, this study uses the standard NOxeOxe

hydrocarboneaerosol chemistry mechanism in the model, as
originally described in Wang et al. (1998) and since updated. This
tropospheric chemistry mechanism includes the gas-phase chem-
istry of about 90 chemical species. The gas-phase chemistry is
solved by Kinetic PreProcessor (KPP) (Damian et al., 2002), and
sulfateenitrateeammonium thermodynamic equation is calcu-
lated by MARS-A, an inorganic aerosol thermodynamic equilibrium
module (Park et al., 2004; Binkowski and Roselle, 2003; Zhang
et al., 2000). Stratospheric chemistry is modeled by the LINe-
arized OZone model (LINOZ), which implements the first order
Taylor expansion of the relationship between ozone mixing ratio,
temperature, and overhead ozone column (McLinden et al., 2000).
Simulations of GEOS-Chem, including the chemistry and transport
relevant to aircraft emissions, i.e. NOxeOxehydrocarboneaerosol
chemistry and intercontinental transport, have been evaluated
with networks of observations (Bey et al., 2001; Park et al., 2003,
2004; Fiore et al., 2009; Wu et al., 2009) andmost recently in terms
of vertical transport in an aircraft emissions context (Barrett et al.,
2012). Aircraft emissions from the AEDT 2006 inventory (Wilkerson
et al., 2010) were applied.
2.2. Definition of sensitivities

A sensitivity metric contains two parts: the quantity of in-
terest and the source to which sensitivities are calculated. The
objective function, J, discussed in this paper is averaged over time
and space as

J ¼ 1
PPLrVrTr

Z

Tr

Z

Vr

pplðSÞpmðS; tÞdvdt: (1)

This objective function shows a population-weighted exposure
to PM2.5 concentration. In Eq. (1), pm is the concentration of PM2.5
and ppl is the number of people exposed to the PM2.5 at (receptor)
location S, and time t. The unit of the objective function, J, is mgm�3,
PPLr is the total population in the domain of the objective function,
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Vr is the total volume of the domain of the objective function, and Tr
is the length of the simulation period. The change in objective
function can be written

dJ ¼ 1
PPLrVrTr

Z

Tr

Z

Vr

pplðSÞdpmðS; tÞdvdt: (2)

The goal of the sensitivity analysis is to compute the sensitivity,
vJ=vckðs; tÞ, such that dJ can be represented as

dJ ¼
Z

Ts

Z

Vs

XK
k¼1

vJ
vckðs; tÞ

dckðs; tÞdvdt: (3)

In this example, the sensitivity unit is mg m�3$ðkg h�1Þ�1$

ðm3sÞ�1. The sensitivities of the objective function to emissions of
chemical species k, are calculated by adjoint simulation, and
dckðs; tÞ represents the rate of emission of species k at spatial
(source) location s and time t. The subscript r in Eqs. (1) and (2)
represents the receptor time and region of which sensitivities are
calculated. The subscript s in Eq. (3) represents the emission source
region and time to which sensitivities are calculated. The location s
is three-dimensional: latitude, longitude, and altitude.

The discrete form of Eq. (3) is found as

dJ ¼ P
Ts

P
Vs

P
k

vJ
vckðs; tÞ

vðsÞDtdckðs; tÞ

¼ P
Ts

P
Vs

P
k

vJD
vckðs; tÞ

dckðs; tÞ:
(4)

Thus the sensitivities vJD=vckðs; tÞ represent the change in
population-weighted surface PM2.5 concentration in the receptor
region with respect to 1 kg h�1 of emission of chemical species k.

The sensitivity has unit mg m�3$ðkg h�1Þ�1. The population-
weighted PM concentration can be calculated from

P
spplðSÞ�

pmðSÞ=PspplðSÞ. All spatial sensitivity plots in this study are
summed over the time period of emissions,

P
Ts ðvJD=vck

ðs; tÞÞdckðs; tÞ, representing the change in population-weighted PM
concentration in the receptor region averaged over a one-year
period due to 1 kg h�1 of emissions at the particular location s.
Table 1
Change in population exposure to surface PM due to each aviation emission species
(in % relative to sum of sensitivities). BC and OC exposure is omitted (<1% of total).
The numbers in the first three rows and six columns show the change in population
exposure to PM species in the corresponding row by aircraft emissions in the given
column. The last column represents the percentage of each PM species of total PM.
The last row represents percentage of aviation-induced PM attributable to each of
the aircraft emission species.

PM species Emission species

NOx SOx HC CO BC OC Each PM species
in total PM

NO3
� 100.0 �0.4 0.2 0.2 0.0 0.0 65.7

SO4
2� 53.0 47.8 0.1 �0.9 0.0 0.0 10.8

NH4
þ 91.9 7.9 0.2 0.0 0.0 0.0 23.0

Total PM caused
by each emission
species

92.6 6.7 0.2 0.1 0.2 0.3
2.3. Premature mortality calculation

Health impacts of intercontinental PM air pollution are
expressed as number of premature mortalities. This is calculated
using the concentrationeresponse function (CRF)

DðPremature mortalitiesÞ ¼
X
S

h
bCPK fK;30þPSDxSBCPK

þ bLCK fK;30þPSDxSBLCK
i
; (5)

where
P
S
represents a sum over all population grid cells S, fK,30þ is

the fraction of population over 30 years of age (for which the CRF is
valid and captures the majority of early deaths) in country K, PS is
the population in grid cell S, DcS is the change in PM2.5 concen-

tration in mg m�3, bXK is the fractional increase in mortality due to
disease group X given a 1 mg m�3 increase in annual average PM2.5

exposure in country K, BXK is the baseline mortality rate due in
country K, and X denotes cardiopulmonary diseases (CP) or lung
cancer (LC). The CRF is derived in Barrett et al. (2012), and estimates
premature mortalities due to increased risk of fatal lung cancer and
cardiopulmonary diseases, corrected by country for baseline inci-
dence rates. In the US it is equivalent to a 1% increase in risk of
premature mortality per 1 mg m�3 increase in annual average PM2.5
exposure. We use the baseline incidence rates from the WHO
Global Burden of Disease database as in Barrett et al. (2012), and the
GPW population data (CIESIN, 2005). As indicated in Barrett et al.
(2012), the use of this CRF may lead to an overestimated prema-
ture mortality risk in locations with relatively high background
concentrations (such as parts of S.E. Asia) because this linear CRF is
based on US studies, whereas a CRF with a reducing gradient may
be appropriate. [Compared to Barrett et al. (2012), which used
a log-linear CRF, this study estimates the premature mortalities to
be about twice as large, with the differences caused by higher
premature mortality estimates in S.E. Asia. Applying a log-linear
CRF in our case would require that the health risk-weighted pop-
ulation data be pre-weighted according to the log-linear CRF, which
would vary spatially according to the background PM2.5.]

Uncertainty in premature mortality estimates associated with
CRF uncertainty was calculated per Barrett et al. (2012).

3. Results

3.1. Impact from different aircraft emission species

The inner product of aircraft emissions from the AEDT 2006
inventory (Wilkerson et al., 2010) and GEOS-Chem adjoint-calcu-
lated sensitivity matrices is taken to determine the total impact of
aircraft emissions. Total global population exposure to PM2.5
attributable to aviation is calculated to be 3:77� 108 ppl$mg m�3.
Table 1 shows the population exposure attributable to each aircraft
emission species on a relative basis.

NOx and SOx emissions account for 92.6% and 6.7% of total
population exposure to PM due to aircraft emissions, respectively.
Because these two emissions account for about 99% of surface PM
concentration due to aviation, the rest of this study focuses on
aircraft NOx and SOx emissions. We note that we implicitly do not
account for the potential differential toxicity amongst PM species
(Levy et al., 2012) in our assessment, consistent with current
practice due to lack of evidence for a quantitative differentiation
between species (Levy et al., 2012; USEPA, 2006).

SOx emissions account for over 20% of total aviation-attributable
global surface PM mass in the world (see the Supporting
Information e SI), but the health impact is substantially smaller
at 6.7% on a relative basis. This is because aircraft-induced sulfate is
not as concentrated in heavily populated regions compared to air-
craft emissions-attributable nitrate (Barrett et al., 2010).

Table 1 shows that aircraft NOx emissions not only increase ni-
trate, but they also increase sulfate PM. NOx and SOx emissions each
contribute to roughly a half of sulfate aerosol formation, described
by a mechanism in Barrett et al. (2010) and further explored by
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Leibensperger et al. (2011). Specifically, aircraft NOx emissions
increase O3 formation, which results in increased OH. This causes
increased oxidation of non-aviation SO2 to sulfate (Barrett et al.,
2010).

The combined impact from the aircraft-emitted hydrocarbon
(HC), CO, black carbon (BC), and organic carbon (OC) was 0.8% of the
total PM exposure.

Table 2 further breaks down the impact of worldwide aircraft
SOx and NOx emissions, both of LTO and full flight, on premature
mortalities. w1600 global premature mortalities are caused by
aircraft SOx emissions, of which about 65% occur in S.E. Asia. For
NOx, 74% of thew25,000 global mortalities are incurred in S.E. Asia.
On a global basis, the premature mortalities caused by aircraft SOx

emissions above 3000 feet are responsible for 91% of the impact of
the SOx emissions at all altitudes. Similarly, aircraft NOx emissions
above 3000 feet are responsible for 85% of the total aircraft NOx

impact. In the US e which is characterized by a relatively high
density of airports and thus LTO emissions e US aviation LTO
emissions account for ½ of the total impact of US aviation on sur-
face PM mass in the US, or ¼ of the impact of global aviation on
surface PM mass in the US (see SI).

We computed the total impact of aviation NOx and SOx emis-
sions on human health by multiplying GEOS-Chem adjoint-derived
sensitivity matrices by total aircraft emissions is 26,000 early
deaths per year. In comparison, direct application of (the forward)
GEOS-Chem to determine the difference in PM2.5 exposure attrib-
utable to all aircraft emissions in combination results in 23,000
early deaths per year (12% lower) with the same concentration-
response function. This difference may be due to nonlinearities
not captured by the adjoint.

3.2. Sensitivities of surface PM concentration to emissions

Figs. 1 and 2 plot the isosurface of the sensitivities of the
population-weighted surface PM concentration (in mg m�3) to NOx
Table 2
Premature mortalities caused by global LTO and full flight aircraft SOx and NOx emission

Emission species Receptor regions

US North America

LTO emissions SOx 20 (10, 30) 20 (10, 40)
NOx 150 (60, 280) 180 (70, 340)

Full flight emissions SOx 70 (30, 130) 110 (40, 210)
NOx 400 (160, 740) 560 (220, 1030)

Fig. 1. Isosurface plots of sensitivitiesd(a) 2.0 � 10�7, (b) 1.3 � 10�7, and (c) 4.0 � 10�8 (in
emissions: The altitude of atmosphere was multiplied by a factor of 500 in order to visualize
away from the surface of the Earth, which is the typical cruising altitude of aircraft.
emissions (in kg h�1). The “plumes” of sensitivities rise to the north
and west, showing that the emissions from north and west impact
the population exposure to PM in the receptor regions. The direc-
tion of aircraft emissions impact on surface air quality is explained
conceptually in Fig. 2 of Barrett et al. (2010). It is due to the com-
bination of: (i) strong westerly winds at cruise altitudes that carry
PM precursors to the east; (ii) average meridional transport of PM
precursors to the south; and (iii) subsidence of aerosol and aerosol
precursors in the dry subtropical ridge where removal rates are
relatively low. The largest sensitivities are around and immediately
to the west of the receptors. But a non-negligible level of sensi-
tivities e of about a third to a fifth of the largest sensitivities e

exists throughout the free troposphere of the northern hemisphere.
This indicates that regardless of the emitting regions, NOx emis-
sions at aircraft cruise altitude increase the surface level PM con-
centration in the entire hemisphere.

Fig. 3 shows two-dimensional maps of sensitivities averaged
between approximately 9.5 km and 12.5 km in altitude, which
encompass the range of typical aircraft cruise altitudes.

Fig. 3 compares the sensitivities of population-weighted PM
concentrations in several receptor regions to cruise emissions (i.e.,
the strength of the color is indicative of the PM exposure in the
receptor region caused by aircraft cruise emissions in that location).
While sensitivities to cruise emissions are evenly distributed in the
hemisphere of the receptor region, relatively higher sensitivities
can be seen upwind (to the west) of the receptor region. For
example, comparing a global population exposure objective func-
tion [Fig. 3(d)] to a North American one [Fig. 3(a)], it can be seen
that the relative strength of the sensitivity is higher for the North
American-only objective function in the Pacific e i.e. upwind in
both a zonal sense (west) and ameridional sense (north and toward
the tropopause where aircraft cruise). In contrast, LTO emissions
have high sensitivities only around the receptor regionsdLTO
emissions only impact the air quality of nearby locations (as
shown in the SI).
s with 95% confidence intervals.

Europe S.E. Asia World

40 (20, 70) 50 (30, 90) 140 (70, 240)
1540 (610, 2820) 1710 (670, 3120) 3710 (1460, 6780)
140 (50, 270) 1020 (360, 1910) 1570 (560, 2950)

4310 (1700, 7890) 18,090 (7120, 33,130) 24,610 (9680, 45,070)

mg m�3 (kg h�1)�1)dof the US population-weighted surface PM concentration to NOx

sensitivities in differing altitudes. The green circle is drawn around the equator 10 km



Fig. 2. Isosurface plots of sensitivitiesd(a) 1.5 � 10�6, (b) 6.0 � 10�7, and (c) 2.3 � 10�7 (in mg m�3 (kg h�1)�1)dof European population-weighted surface PM concentration to NOx

emissions: The altitude of the atmosphere was multiplied by a factor of 500 in order to visualize sensitivities in differing altitudes. The green circle is drawn around the equator
10 km away from the surface of the Earth, which is a typical cruising altitude for aircraft.
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3.3. Intercontinental sourceereceptor matrices of aircraft emissions’
impact on premature mortality risk

Table 3 summarizes the estimated number of premature mor-
talities in selected regions caused by aircraft emissions in each of
the regions. This was calculated by multiplying gridded global
Fig. 3. Sensitivities of population-weighted surface PM concentration in (a) North Am
mg m�3 (kg h�1))�1 between 9.5 km and 12.5 km of altitude: The green dotted line indicates
hemisphere, and the sensitivity maps exhibit similar patterns of peaks.
aircraft emissions by adjoint-computed sensitivity matrices. We
find that w26,000 global premature mortalities are attributable to
global aircraft emissions. As indicated earlier, this number is likely
to be an overestimate due to the choice of CRF.

Table 3 shows that more than a half of the premature mortalities
caused by aircraft emissions in North America and Europe are
erica, (b) Europe, (c) S.E. Asia, and (d) the world to 1 kg of NOx emissions (in
the receptor location. The sensitivities to cruise emissions are significant in the entire



Table 3
Number of premature mortalities due to aircraft (full flight) emissions of source regions on premature mortalities in receptor regions with 95% confidence intervals.

Emitted regions Receptor regions

US North America Europe S.E. Asia World

US 270 (100, 490) 330 (130, 600) 620 (240, 1140) 3700 (1450, 6780) 5000 (1960, 9160)
North America 320 (120, 580) 420 (170, 780) 960 (370, 1750) 5660 (2220, 10,390) 7590 (2970, 13,920)
Europe 50 (20, 100) 80 (30, 150) 2480 (970, 4540) 3770 (1480, 6920) 6960 (2720, 12,760)
S.E. Asia 50 (20, 100) 80 (30, 150) 490 (190, 900) 5580 (2190, 10,240) 6430 (2520, 11,790)
World 490 (190, 890) 690 (270, 1260) 4520 (1770, 8280) 19,200 (7510, 35,200) 26,370 (10,320, 48,360)
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associated with emissions in their own regions. However, in S.E.
Asia less than a third of the mortalities are caused by S.E. Asian
emissions (w5580 compared to w19,200). North American pre-
mature mortalities due to global aircraft emissions are about an
order of magnitude smaller than the global mortalities due to North
American emissions (690 compared to 7590) e indicating that the
majority of air pollution externalities of North American aviation
are incurred outside of North America. The number of mortalities in
Europe is similar to the number of European aviation emissions-
induced global mortalities (4520 compared to 6960). S.E. Asian
mortalities are two to three times larger than total mortalities
caused by Asian aircraft emissions (19,200 compared to 6430),
indicating a net import of air pollution mortalities due to aviation
emissions.

3.4. Second-order sensitivities

Changes in background emissions may cause impact of aviation
on PM air pollution and exposure to change (Woody et al., 2011). In
particular, reductions in emissions of other industries in the future
may increase the sensitivities of PM to aircraft emissions because it
would increase the amount of available oxidants and ammonia for
PM formation due to “new” emissions. To quantify the impact of
background emissions on aviation’s marginal impact, we used
second-order sensitivities. Specifically,

d2J
dc2

dcavz
ddJAV
dc

¼ dðJAV � JnoAV Þ
dc

z
dJAV
dc

� dJnoAV
dc

; (6)

which were calculated by taking the difference of two adjoint
sensitivity simulations: one with aircraft emissions, dJAV/dc, and
another without aircraft emissions, dJnoAV/dc. Both sensitivity sim-
ulations are performed with all other emissions. The second-order
Fig. 4. Second-order sensitivities of aviation-attributable population-weighted global sur
emissions (in mg m�3 (kg h�1)�1): the figures show that second-order sensitivities are mo
sensitivity of aviation-attributable PM exposure due to changes in any surface emission of
sensitivities represent the change in aviation’s impact due to
changes in background atmospheric composition, or due to back-
ground emissions. We calculate sensitivities of aviation’s impact to
surface background (i.e. non-aviation) emissions of ammonia
and NOx.

Fig. 4(a) shows that increase in surface NOx emissions in most
regions decreases aviation’s impact on surface PM. Fig. 4(b) in-
dicates that increase in surface ammonia emissions mostly in-
creases aviation’s impact.

We further study the second-order sensitivities to background
ammonia emissions to illustrate potential practical uses of second-
order sensitivity matrices, for example in policy assessment con-
texts. The current level of anthropogenic ammonia emissions is
varied by �5, 15% with new (first-order) adjoint simulations. We
compare the resulting first-order sensitivities with sensitivities
projected by multiplying second-order sensitivities with perturbed
ammonia emissions. For example, the effect of a 5% change in
ammonia emissions on aviation’s impact on PM exposure can be
calculated by comparing the two first-order adjoint sensitivity
matrices or approximated by multiplying the second-order sensi-
tivities to ammonia by 5% of ammonia emissions, i.e.

d2JAV ;NHðþ0:05Þ
3

¼ dJAV ;NHð1:05Þ
3

� dJAV ;NHð1:00Þ
3

z
vdJAV
vcNH3

dcNHð0:05Þ
3

(7)

As presented in the SI, the change in aviation’s impacts calcu-
lated from second-order sensitivities overestimate the marginal
impact by 13, 4, 1, and 7% for �15, �5, 5, and 15% changes in
background ammonia emissions, respectively. This indicates that
the error in estimated PM exposure due to aviation in scenarios
with changing background ammonia emissions is <13%, provided
that the changes in background ammonia emissions are <15%.

As more ammonia becomes available for aircraft emitted PM
precursors to be neutralized, more secondary particulate matter
face PM concentration to background surface (a) nitrogen oxides and (b) ammonia
stly negative for NOx and positive for NH3. Note that these are the sensitivity of the
NOx or NH3.
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will form. It will, however, slow down and eventually reach an
asymptotic limit when all aircraft-attributable HNO3 and H2SO4 are
neutralized, consistent with the second-order sensitivity approach
resulting in an overestimate.

4. Conclusions

We modify and apply the GEOS-Chem adjoint to develop three-
dimensional sensitivity matrices for intercontinental PM air pollu-
tion,whichdescribe the change inanobjective functionof interest to
emissions in any location. The objective functions assessed include
surfacePMmass, populationPMexposure, andhealth risk-weighted
population PM exposure (for estimating premature mortalities due
to PM air pollution precursors). Sensitivitymatrices were calculated
for emissions of NOx, SOx, HC, CO, BC and OC, and with a global
objective function, and for specific regions (North America, Europe,
S.E. Asia and the US). NOx and SOx dominate the total aircraft emis-
sions induced impact. These sensitivity matrices can be used to es-
timate PM exposure and premature mortality due to any present-
day emissions change scenario, effectively instantaneously, but
have been studied in the case of aircraft emissions as the resolution
of the GEOS-Chem adjoint as applied is suitable for intercontinental
pollution and the effects of high altitude emissionsewhich result in
dispersed surface impacts.

We find that NOx emissions contribute to over three-quarters of
surface PMmass due to full flight aircraft emissions and to over 90%
of population PM exposure and premature mortalities. Aircraft SOx

emissions cause w1600 premature mortalities globally, or roughly
6% of the total impact. Changing aircraft fuel to ultra-low sulfur jet
(ULSJ) fuel, containing fuel sulfur content of 15 ppm rather than
w600 ppm of conventional Jet A, can prevent approximately
w1500 prematuremortalities (calculated by scaling SOx emissions).
This is lower than the figure of w2300 from Barrett et al. (2012) e
which assessed ULSJ in detail with forward modeling e but within
its error bound. The fuel change is estimated to result in a 16%
decreases in aviation emissions-attributable premature mortalities
in North America, and about 3e6% in Asia and Europe.

This study estimates the total global premature mortalities due
to aircraft emissions at w26,000. As explained, the Asian compo-
nent of this is likely an overestimate due to the CRF choice. Asia and
Europe incur w19,000 and w5000 premature mortalities, respec-
tively, accounting for the majority of global premature mortalities
due to aircraft emissions. In various receptor regions, LTO emissions
are responsible for 10e40% of full-flight emissions’ impact, where
LTO emissions are relatively more important in regions such as the
US where there is a relatively high density of airports. This value is
consistent with 20e30% as shown in Barrett et al. (2010). The
sourceereceptor matrix of full flight aircraft emissions to prema-
ture mortalities demonstrated the significant level of inter-
continental transport of aircraft PM air pollution, with the US
exporting 95% of its aviation pollution externalities (Table 3).

Second-order sensitivities have two roles. First, they represent
how changes in background emissions influence the aviation’s (or
another sector’s) impact on PM concentrations changes. Second,
they can be used for uncertainty assessment where background
emissions are uncertain. Second-order sensitivity matrices were
computed for aircraft emissions for background surface NOx and
NH3 emissions. Future work will apply second-order sensitivities
for both uncertainty quantification and assessment of future im-
pacts with changing background emissions.

The sensitivity matrices developed in this work constitute
a “rapid policy assessment tool”, developed for application to air-
craft emissions in particular. However, there is no treatment spe-
cific to aircraft emissions for first-order sensitivity matrices, and
the resulting sensitivities can be used to assess PM air quality
impacts (in certain regions) of any emissions scenario. In the case of
second-order sensitivities, the resulting sensitivity matrices are
specialized to a particular sector’s emissions. The second-order
sensitivity matrices can be used to compute the effect of any sec-
tor’s emissions on the particular sector of interest’s PM air quality
impacts. We note that in a policy assessment application it would
be appropriate to further include uncertainty estimates related to
modeling [e.g. as per Barrett et al. (2012)] and intercomparisons
with results from other models.

Future work will consider the temporal variation in sensitivity,
compute second-order sensitivities for other background emissions
species, and compute sensitivities relevant to climate change.
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