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tions with respect to aviation emissions during landing and takeoff (LTO) cycles at ten individual airports; five
located in regions of attainment of O3 and PM; s NAAQS: Boston Logan (BOS), Kansas City (MCI), Raleigh-
Durham (RDU), Seattle-Tacoma (SEA), and Tucson (TUS); and five airports in current nonattainment areas: Chi-
Editor: Philip K. Hopke cago O'Hare (ORD), Hartsfield- Jackson Atlanta (ATL), New York John F. Kennedy (JFK), Los Angeles (LAX), and
Charlotte- Douglas (CLT). We utilize these coefficients in an attainment/nonattainment emission decrease/in-
crease analysis to determine the importance of including second order sensitivity coefficients for quantifying

Keywords: 03 and PM, 5 concentration responses to LTO aircraft emission reductions near the airport. Sensitivity coefficients
CMAQ help to determine distinct chemical regimes, NOx-limited versus NOx-inhibited for the case of O3 formation, and
Aﬁrcrﬂft NHs-rich versus NHs-poor for the case of PM; 5 formation. Overall, we find that NOy LTO emissions are the largest
Airport contributor to any potential nonlinearity in O3 and PM, 5 formation through LTO emissions. However, when uti-
l?li/l . lizing Taylor series expansions to estimate O3 and PM, 5 concentration responses under LTO emission perturba-
DDM tion scenarios, differences in responses calculated using only first order coefficients and responses calculated
Sensitivity using both first and second order coefficients were less than 1% for LTO emission perturbations less than 100%.
Nonlinear Hence, we find from the results in this study that first order sensitivity coefficients are sufficient for constructing

accurate LTO emissions perturbation scenarios. This study also demonstrates through the analyses performed, an

illustration of how HDDM-based sensitivity calculations can be used to assess sector-specific impacts on attain-

ment designations.
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1. Introduction

Nonlinear chemistry governs the formation of not only tropospheric
ozone (Sillman, 1995; Tonnesen and Dennis, 2000; Sillman, 2002;
Cohan et al., 2005; Xing et al.,, 2011; Kim et al., 2017; Sharma et al.,
2017), but also secondarily formed particulate matter (Blanchard
et al., 2000; Pun and Seigneur, 2001; Pinder et al., 2007; Dennis et al.,
2008; Blanchard and Tanenbaum, 2008; Clappier et al., 2017). The non-
linear chemistry involves the interactions and subsequent availabilities
of directly emitted gases and particles in polluted or relatively clean
areas. These directly emitted gases and particles are deemed precursors
to O3 and PM with entire chemical regimes, areas of the atmosphere
with particular chemical, meteorological traits, dictating the formation
pathways from precursor to O3 or PM. Precursor sensitivity regimes
are a common study in tropospheric O; formation with nitrogen oxides
(NOx) and volatile organic compounds (VOCs) playing the precursor
roles. However, sensitivity regimes can also extend to PM formation
with NOx and VOCs as well as other gas and particle species such as sul-
fur oxides, ammonia, and primary organics adding to the roles of pre-
cursors. All of these precursors and the chemical/meteorological
impacts of an area will lead to the formation or destruction of O3 and
PM. To develop effective strategies for reducing Os and PM, it is crucial
to understand how all the pieces of these nonlinear systems interact.
We make use of the Community Multiscale Air Quality (CMAQ) model
(Byun and Ching, 1999) an Eulerian photochemical grid model; and
the Higher-Order Decoupled Direct Method in three dimensions
(HDDM-3D) (Dunker, 1984; Hakami et al., 2003; Napelenok et al.,
2006; Koo et al., 2007; Napelenok et al., 2008; Zhang et al., 2012), an ad-
vanced sensitivity analysis tool, to describe the nonlinear chemis-
try surrounding O3 and PM,; s formation from airport specific
landing and takeoff emissions and to quantify the regional air qual-
ity impacts of airports of varying sizes. We focus on ten individual
airports; five airports in regions that are currently in attainment of
the O3 and PM, 5 National Ambient Air Quality Standards (NAAQS):
Boston Logan (BOS), Kansas City (MCI), Raleigh-Durham (RDU), Seattle-
Tacoma (SEA), and Tucson (TUS); and five airports that are in areas of
nonattainment of Oz and PM,5: Chicago O'Hare (ORD), Hartsfield-
Jackson Atlanta (ATL), John F. Kennedy (JFK), Los Angeles (LAX), and
Charlotte-Douglas (CLT).

1.1. Aviation

Approximately 730 million passenger miles were flown in 2018
resulting in an increase of around 25% over the past ten years (Office
of Airline Information, 2020). The Federal Aviation Administration
(FAA) forecasts a 2.1% increase in U.S. carrier passenger growth each
year for the next 20 years, and a 2.1% and 3.5% growth in system traffic
in revenue passenger miles over the next 20 years for domestic travel
and international travel, respectively (Federal Aviation Administration
(FAA), 2011).

As aircraft attributable emissions become a larger component of all
transportation related emissions, it is of increasing importance to quan-
tify their impact on atmospheric air quality. Aircraft engines primarily
produce carbon dioxide (CO,) and water vapor (H,0) with about less
than 1% of the exhaust composed of nitrogen oxides (NOy), sulfur ox-
ides (SOx), carbon monoxide (CO), volatile organic compounds (VOC),
and primary particles. However, it is this approximately 1% that is re-
sponsible for the formation of air pollutants such as O3 and PM, s.
Close to 90% of all aircraft emissions are emitted during cruise
(>3000 ft) with the exception of CO and VOCs accounting for 70% at
cruise altitudes (FAA Office of Environment and Energy, 2015). U.S.
landing and takeoff (LTO) (<3000 ft) aircraft emissions have been esti-
mated to be 0.44%, 0.66%, 0.48%, 0.37%, and 0.15% of total (all sectors)
CO, NOyx, VOC, SOk, and PM, 5 emissions, respectively (Ratliff et al.,
2009), and as the aviation emission sector continues to grow, the impact
from aircraft emissions are expected to grow as well. One study on 99
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U.S. airports estimates 75 deaths in 2005 growing to 460 deaths in
2025 due to LTO aviation-attributable PM; 5 (Levy et al., 2012). Prior
studies have characterized aircraft emissions and their impact on O3
and PM, s utilizing Brute Force methods (Arunachalam et al., 2006;
Arunachalam et al., 2011; Penn et al,, 2015; Vennam et al., 2015;
Vennam et al., 2017; Woody et al., 2011; Woody and Arunachalam,
2013; Woody et al., 2016; Woody et al., 2015), and while one study
looked at first order impacts due to aircraft emissions with DDM-3D
(Penn et al., 2017), this study will be the first to look at the nonlinear
chemistry surrounding Oz and PM, 5 formation from aircraft emissions
using HDDM-3D. This study also aims to provide a quantitative measure
of LTO emissions' impact on regional air quality in the context of attain-
ment designations, and add to the extensive list of literature describing
LTO emissions' impacts in the year 2005 (Levy et al., 2012; Arunachalam
etal.,, 2011; Woody et al., 2011; Woody and Arunachalam, 2013; Woody
etal, 2016; Woody et al,, 2015).

2. Materials and methods
2.1. CMAQ

In this work we utilize CMAQ (U.S. EPA Office of Research and
Development, CMAQv5.0.2. version 5.0.2, 2014) to quantify the con-
centration and transport of PM, O3, and other pollutants in 148 x 112
grid cells with 36 x 36 km resolution spanning the continental
United States (CONUS) as described in a recent study by Vennam
etal.2017 (Vennam et al., 2017). Background emission rates, defined
to be all non-aviation related emissions, from EPA's National
Emissions Inventories (NEI-2005) are processed into gridded emis-
sion rate files using the Sparse Matrix Operator Kernel Emissions
(SMOKE) (Houyoux et al., 2000; Baek and Seppanen, 2018).
Meteorology data for 2005 is from the Weather Research and Forecasting
model (WRF) (Skamarock et al., 2008), with outputs downscaled from
NASA's Modern-Era Retrospective Analysis for Research and Applications
data (MERRA) (Rienecker et al., 2011). Simulations are performed for the
months of January and July in 2005 with a 10 day spin up for each month.
January and July are chosen to approximately represent winter and sum-
mer characteristics seen during each half of the year. O sensitivities are
considered only for July simulations. Our aircraft emission inventory
was constructed with the FAA's Aviation Environmental Design Tool
(AEDT) (Roof and Fleming, 2007) and we processed flight segments
into gridded emission rate files using AEDTProc (Baek et al., 2012). In
order to study the impacts from the ten selected individual airports, we
created inventories from all flights landing or taking off from each airport.
Information regarding the selection of these particular airports as well as
the locations of these airports within our modeling domain can be found
in the supporting information.

2.2. DDM

Various sensitivity analyses in the atmospheric CTM framework
are used for guiding policy and environmental scenarios (Clappier
et al., 2017). We use a sensitivity analysis method, DDM—3D, that
directly calculates sensitivities to model inputs within the CTM
framework. In the CMAQ DDM-3D framework, inputs that can be
varied include initial conditions, boundary conditions, emissions,
and reaction rates. DDM-3D first defines parameters ¢; as scaling var-
iables to an input of the model, P; = (1 + ¢;) x Pjo, where Pjo is an
input to the model, which in our case would be emission species
from LTO aircraft at an individual airport (the subscript ; denoting
the individual emission species and airport), and P; is the resulting
input from being scaled by ¢;. Output from DDM-3D is in the form
of sensitivity coefficients (S,(,lj) in Eq. (1)) which express the sensitiv-
ity of the numerical solution to the output chemical concentration
(C;) of the CTM to the parameters ¢;. Coefficients in Eq. (1) express
the first order sensitivities with respect to ;.
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HDDM-3D describes higher order changes to sensitivity parameters.
Second order sensitivity coefficients can be used to describe second
order changes to either only one varying input parameter (5,(,2} in
Eq. (2a)) or two simultaneously varying input parameters (S{% , in
Eq. (2b))
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Six aircraft LTO precursor emissions that are responsible for the for-
mation of PM; 5 and two precursor emissions responsible for the forma-
tion of O3 are chosen as sensitivity parameters for HDDM-3D analyses.
Three gas phase species; nitrogen oxides (NOy), sulfur dioxide (SO;),
volatile organic compounds (VOC), and three particle phase species;
primary elemental carbon (PEC), primary organic carbon (POC), and
primary sulfate (PSO,4) are directly emitted from aircrafts and can lead
to the formation of PM, 5 in the atmosphere. For O5 formation, we con-
sider NOx and VOC emissions to be the only precursors. Table S5 shows
the model species that comprise the sensitivity parameters.

We utilize Taylor series expansions (Cohan et al., 2005; Hakami
et al,, 2003) in conjunction with our sensitivity coefficients to quantify
how perturbations in aircraft emissions from individual airports will im-
pact O3 and PM, 5 concentrations:

n ) n 1 2c@) n n—1 2)
CO3,PM25zCO3U,PM250 + Z stij + Z jGj sij + Z Z Ejeksij,k (3)
j=1 j=1 Jj=1 k#j

where n corresponds to the number of precursors for O3 and PM; s, two
and six, respectively and Cos, pv2.50 refers to the O; and PM, 5 concen-
trations prior to perturbations. Eq. (3) includes an additional higher or-
der term (Eq. (2b)) that accounts for competing interactions that may
occur by simultaneously perturbing two different precursors. If O; and
PM, s concentrations change linearly with perturbations in aircraft
emissions; the higher order terms in Eq. (3) would be zero, and the im-
pact of perturbations from one aircraft emission species is independent
from all other aircraft emission species.

As described by Cohan et al. (Cohan et al., 2005) and Wang et al.
(2011) for O3 sensitivities; nonlinear responses can vary spatially and
may occur outside of the immediate vicinity of an emission source re-
gion (Cohan et al., 2005). Cohan et al. utilize a nonlinearity index and
Wang et al. utilize a slightly modified form of the nonlinearity index,
the nonlinearity ratio, to characterize the nonlinear response of O3 con-
centrations to varying emission regions. We utilize the nonlinearity
ratio as described in Wang et al. not only to characterize nonlinear re-
sponses of O3 to aircraft precursor emissions; but also, to characterize
nonlinear responses of PM, 5 to aircraft precursor emissions.

(2)
. 0557
W 2
Isij'| + 058
3. Results and discussion
3.1. O3 sensitivities

Tropospheric O3 is formed through the reactions of NOx and VOCs
with the OH radical (Seinfeld and Pandis, 1998). And since NOy and
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VOCs compete for available OH in the atmosphere, the O3 formation
pathways can vary based on the emissions of VOCs or NOx in a region.
Regions with high NOy emissions leading to Oz formation are deemed
NOy-inhibited (VOC-limited) and are often highly localized to urban re-
gions. Regions where available NOy is low are deemed NOx-limited and
tend to categorize most suburban to rural areas. Due to the nonlinearity
of O3 production pathways, emission control strategies for reducing O
differ based on which chemical regime one may be in. EKMA diagrams
were one of the first analyses to show how O3 concentrations change
with reductions of NOx and VOCs in NOx-inhibited and NOx-limited re-
gimes (Kinosian, 1982). They rely on knowing the O concentrations for
varying amounts of NOx and VOCs in a given region. Chemical regimes
will be determined by how Os either increases or decreases with respect
to increasing or decreasing NOx and VOC emissions.

We modeled sensitivities from all ten airports, but for the sake of
brevity, spatial distribution plots and analyses presented here focused
on a subset made up of O3 and PM, 5 results from ORD. We present sim-
ilar analyses of a LAX and ATL, in the supporting information. By describ-
ing the chemistry surrounding O3 and PM, 5 formation around these
three airports; we are capturing spatial properties of distinct chemical
regimes. Sensitivities are shown allocated to the county level for our
three analysis airports. Fig. 1a shows the first order sensitivities of O3
to LTO aircraft emissions of NOx and VOC at ORD. Os sensitivity quanti-
ties represent the daily maximum 8-h average O3 for one month's (July)
worth of simulations. The negative first order sensitivities seen in the
county containing ORD and the surrounding counties indicate a NOx-
inhibited chemical regime. A clear boundary of negative NOx first
order sensitivities to positive first order sensitivities can be seen (indi-
cated by the shift from blue to orange) which signifies the shift from a
NOy-inhibited to a NOx-limited regime. Near the airport, VOC emission
controls will govern the O3 concentration response; and downwind of
the airport, approximately 150 km, we see a shift to positive first
order NOy sensitivities indicating where NOy emission controls will
govern the O3 concentration response. First order VOC sensitivities at
the airport are positive and larger in the NOx-inhibited regime. Our
ORD findings indicating NOx-inhibited regimes for tropospheric O3
near the airport fall in line with other studies on chemical regimes for
major U.S. cities (Pun et al.,, 2003; Duncan et al., 2009; Steiner et al.,
2006).

Fig. 1b shows the second order sensitivities of O3 to LTO aircraft
emissions of NOx and VOC at ORD. While first order sensitivities tell
us how changes in LTO emissions will linearly increase or decrease O3
concentrations, non-zero second order sensitivities indicate that the
concentration response to changes in LTO emissions is nonlinear.
Matching signs (positive first order and positive second order e.g.) indi-
cate a convex concentration response curve while unmatched signs in-
dicate a concave concentration response curve. At ORD, we see that
positive second order sensitivities are present in the NOx-inhibited
(VOC-limited) regime indicating a negative concave Oz concentration
response as we would expect from a typical ozone isopleth describing
a highly polluted urban area.

Utilizing O3 isopleths can allow for a way to distinguish photochem-
ical regimes. From a modeling perspective, constructing isopleths can be
challenging since they require additional modeling simulations for each
varied amount of NOx and VOCs (Ashok and Barrett, 2016). HDDM is ad-
vantageous in this respect (Hakami et al., 2003; Cohan and Napelenok,
2011) since the sensitivity outputs allow for a comprehensive under-
standing of how O3 concentrations change with respect to varying
NOx and VOC emissions across our domain. Using the sensitivities, we
can explore how O3 concentrations may change over a range of precur-
sor perturbations. We constructed O3 isopleths using only first order
sensitivities as well as isopleths using both first and second order sensi-
tivities. We constructed the isopleths with sensitivities allocated to the
county level and selected three sets of counties downwind of ORD
(Figs. S6-S9) that extend outward from the location of airport and con-
tinue to be in nonattainment of Oz standards as of 2019 (U.S.



CA. Arter and S. Arunachalam Science of the Total Environment 777 (2021) 146121

NOX VOC
July July
ppbV
48°N - A e b te et . 48°N 4
46°Nq e e e P Sty - - - - 46°N 4
44°N 44°N
@ (o)
e kel
2 2
5 5
42°N 1 42°N 4
40°N 40°N 4
38°N A 38°N A
96°W  94°W  92°W 90°W  88°W  86°W 84°W  82°W 96°W  94°W  92°W  90°W 88°W  86°W  84°W 82°W
Longitude Longitude
NOX VOC
July July
48°N 4 48°N -
46°N 4 46°N
44°N 4 44°N
() ()
el el
= =
5 5
42°N 4 42°N
40°N 4 40°N
38°N 1 38°N
T T —ol I T : T T —ol 1 ; 7
9%6°W  94°W 92°W  90°W  88°W 86°W  84°W  82°W 96°W  94°W 92°W  90°W  88°W  86°W 84°W  82°W
Longitude Longitude

Fig. 1. Os first (a.) and second (b.) order sensitivity coefficients (ppb) with respect to LTO NOx emissions (left) and VOC emissions (right) at ORD.
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Environmental Protection Agency, 2020). We've selected counties in
the Chicago metropolitan area that are categorized as marginal
nonattainment status with the goal of looking at how a relatively
small emission source, such as LTO emissions, may be a target for emis-
sion reduction. We present isopleths for O concentration responses
with respect to varying LTO emissions from ORD. The first thing to no-
tice is the relatively small impact that varying LTO NOyx and VOC emis-
sions by £100% has on O3 concentrations in each county. Impacts
range from approximately 0.01 ppb change to 0.1 ppb change at the
counties immediately surrounding the airport. This relatively small im-
pact makes it difficult to discern proximity to the ridgeline of the iso-
pleth. We can see that for the most part, NOx controls will have the
most impact for all three of our sets of counties, excluding DuPage
county. This is due to O3 sensitivities to NOx LTO emissions being
much larger in magnitude than sensitivities to VOC LTO emissions
at ORD.

Fig. 2 shows the first, second, and second order cross sensitivities
calculated in the model grid cell containing each of our ten airports for
03. While we lose some of the impacts of chemical processes leading
to secondary pollutant formation downwind of the airport LTO emis-
sions, by focusing on the airport model grid cell we are able to see
how the magnitudes of different sensitivities change with respect to air-
port and, as we will see for PM,; s, by season. In the airport-containing
grid cell, first and second order sensitivities to NOx emissions are larger
than sensitivities to VOC emissions. Positive second order sensitivities
with respect to NOy indicate concave response curves. Second order
cross sensitivities indicate the interaction among precursors and can in-
dicate how emission control strategy results may differ simply sum-
ming the results from reducing individual emission precursors. While
second order cross sensitivities are smaller than second order sensitivi-
ties, not including the interaction term could result in an under predic-
tion (in the case of positive second order cross sensitivities) or an over
prediction (in the case of negative second order cross sensitivities)
when assessing the contribution of each precursor independently to
05 formed. In the case of Os first order sensitivities, O3 sensitivities to
NOx are positive at RDU, TUS, ATL, and CLT while they are negative for
the remaining airports.

3.2. PM, 5 sensitivities

Fig. 3 shows the first order sensitivities of PM; 5 to LTO emissions of
NOy, VOC, SO,, POC, PEC, and PSO,4 at ORD. Values shown are the January
and July monthly averages of the 24-hour averages of each day of the
simulation. The impact of the particle-phase precursors is highly local-
ized to the airport for both summer and winter months while the im-
pact of the gas-phase precursors extends further downwind of the
airport, and in the case of NOx emissions, we can see a reduction in
PM, 5.

Seasonal differences are indicative of the meteorological and chem-
ical regime differences that affect PM formation. Secondary PM, s for-
mation is highly dependent on available gas-phase precursors and
meteorological conditions. Not only will NOx and VOC-limited regimes
become important for determining the formation of secondarily formed
PM, 5, but also the availability of background (not directly emitted from
aircraft) ammonia emissions (NHs). Studies have characterized the im-
portance of NHs-rich versus NHs; poor regimes on the formation of sec-
ondarily formed PM, s (Pun and Seigneur, 2001; Pinder et al., 2007;
Blanchard and Tanenbaum, 2008; Xing et al., 2018; Baker and Scheff,
2007; Stockwell et al., 2000) and one study in particular has looked at
how important NHj is in the context of secondarily formed PM, 5 from
aircraft emissions (Woody et al., 2011).

In the U.S,, a very high percentage of secondarily formed PM, s is in-
organic and composed of three species: nitrate (NO3), sulfate (SO37),
and ammonium (NHZ") with the proportion of SO~ to NO3” dependent
on location and season (Bell et al., 2007). In summer months, up to 70%
of inorganic PM, 5 is SO3~ across the U.S. (Pinder et al., 2007; Kundu and
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Stone, 2014) while in the central valley of California during winter
months, ammonium nitrate (NH4NOs, neutralized nitric acid by ammo-
nia) comprises up to 50% of total PM (Chow et al., 1999; Blanchard et al.,
2011). The key formation of these inorganic aerosols is through the
oxidation of NOx and SOy emissions to form nitric acid (HNO3) and sul-
furic acid (H,SO,), respectively. Important reaction pathways that allow
for these gases to partition into particle phase are discussed in the
supporting information. The competition for available ammonia, the
availability of oxidants, and whether an emission source is located in
an ammonia-rich or ammonia-poor regime makes predicting the inor-
ganic PM, 5 responses much more challenging. Parameters have been
developed to study the responses in inorganic PM; 5 to changes in emis-
sions such as the Gas Ratio (GR) (Ansari and Pandis, 1998; Quadros
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etal., 2020), the excess ammonia indicator (Blanchard et al., 2000), and
the Adjusted Gas Ratio (AdjGR) (Dennis et al., 2008). Each of the param-
eters rely on concentration values of total ammonia (TA), total sulfate
(TS), and total nitrate (TN) and often express the degree of sulfate neu-
tralization as a measure of nitrate formation sensitivity to TA and TN. In
our analysis, we will use a metric that describes the amount of ammonia
available in a system after both nitrate and sulfate are neutralized. The
Free Ammonia (FA) (Woody et al., 2011) metric is defined as: FA =
[NH3] - [HNO3] where [NH3] and [HNOs] are gas phase concentrations
in molar units. Positive values of FA indicate excess free ammonia and
NH4NO5 formation will be sensitive to changes in TN rather than TA.
Fig. S14a shows FA concentrations around ORD for both January and
July. Although FA concentrations are higher in summer, sensitivities to
NH3 become much more important in the winter with regards to nitrate
formation impacting overall PM, 5 concentrations (Pinder et al., 2007).
We can observe this for LTO aircraft emissions of NOy and SO, impacting
the formation of nitrate and sulfate. Fig. S15a shows the sensitivities of
total PM, 5 to the gas-phase precursor emissions near ORD in January.
Assuming that NOy emissions contribute to overall PM, s through oxi-
dation processes that lead to the formation of nitrate and SO, through
oxidation processes that lead to the formation of sulfate, positive first
order sensitivities of total PM, 5 to SO, near the airport indicate sulfate
being formed and positive first order sensitivities of total PM, 5 to NOx
downwind indicate nitrate being formed. Negative first order sensitivi-
ties of total PM, 5 to NOyx near the airport indicate a competition be-
tween HNO3 and H,SOy, for available NHs to determine the phase state
of HNO3 and subsequent aerosol phase NH4NOs; as well as the compe-
tition between LTO NOyx and SO, for available oxidants. With little NH;
available to the system, indicated by the low values of FA, H,SO, is
much more likely to be neutralized and HNOs is more likely to be kept
in the gas-phase. By looking at the sensitivities of aerosol SO3~ and
aerosol NO3™ to the gas-phase precursors (Figs. S15¢ and S15b, respec-
tively), sensitivities of aerosol NO3™ to NOx are positive while sensitivi-
ties of aerosol SO~ to NOy are negative. This is due to NOyx emissions
limiting the oxidant budgets available to oxidize SO, to H,SO,. Aerosol
S03~ formation is also reduced by the increased aqueous-phase acidity

NOX

January

48°N

46°N

44°N

Latitude

42°N A

40°N 7

38°N 1

ol I
96°W  94°W  92°W  90°W  88°W  86°W  84°W  82°
Longitude

Latitude

Science of the Total Environment 777 (2021) 146121

by NOx and the subsequent reduced dissolution of SO, in the aqueous-
phase. Hence in regions with low FA, the negative aerosol SOZ~ sensitiv-
ities to NOx outweigh the positive aerosol NO3™ sensitivities to NOx
resulting in negative total PM; 5 sensitivities to NOx.

In the summer months, nitrate is likely to be in the gas phase and
aerosol SO3~ through the oxidation of SO, will contribute most to
total PM, s (Pinder et al., 2007). From Fig. S16a, total PM; 5 formation
due to ORD LTO gas-phase precursor emissions is positively correlated
(positive first order sensitivity coefficients) for all species except for
NOx emissions in the immediate vicinity of the airport. High tempera-
tures in the summer limits the particle-phase partitioning of NH;NO3
which causes negative aerosol SOZ~ sensitivities to NOx to be more pro-
nounced (Fig. S16¢). During summer months, LTO NOx emissions can 1.
titrate available Os (converting NO to NO,) and 2. react with available
gas-phase NO3™ forming N,Os. The reduction of both gas-phase NO3”
and O3 can lead to the reduction of SOA formed (Woody and
Arunachalam, 2013), which can also help to explain negative PM, 5
first order sensitivities to LTO NOx emissions near the airport. While
competition for available FA is not as important in the summer months
as most of the inorganic aerosol is sulfate (Pinder et al., 2007), inorganic
responses in July near the airport partially mimic what was seen in Jan-
uary with LTO NOyx emissions negatively impacting sulfate formation
and SO, emissions positively impacting sulfate formation across the en-
tire domain. The only significant nitrate aerosol formation that is seen is
at a hot spot of large FA values (located directly west of ORD in
Fig. S14a).

Fig. 4 shows the second order sensitivities of PM, 5 to LTO aircraft
emissions of NOy at ORD. We show only second order sensitivities to
NOx here because, as we had seen with O3, NOx emissions are almost
entirely responsible for any nonlinearity in the PM, s-precursor system
with positive and negative second order sensitivity coefficients. Second
order sensitivities of PM; 5 to the remaining precursors at ORD can be
seen in Fig. S11. We can expect a convex PM, 5 response curve due
NOx emissions near the airport where FA competition occurs and fur-
ther west where FA is abundant with non-matching first and second
order sensitivity signs. The same can be seen in July near ORD for the

NOX
July

ug/m”3

48°N

46°N 4

44°N

42°N -

40°N 7

38°N 1

84°W

86°W

90°W  88°W
Longitude

96°W  94°W  92°W 82°

Fig. 4. PM, 5 second order sensitivity coefficients (ug/m*) with respect to LTO NOx emissions at ORD.
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highly localized negative first order NOx sensitivities near the airport
and the large hot spot of FA directly west of ORD where we have the
only contribution of NOx emissions to aerosol nitrate formation in July.

In the case of PM, 5 sensitivities at the airport grid cells shown in
Figs. 5 and S21, first order sensitivities to all precursors are positive ex-
cept for NOx emissions. We attribute this disbenefit to either competi-
tion with SO, emissions near the airport for available FA to form
secondary inorganic aerosols or LTO NOx emissions’ impacts on scav-
enging available SOA precursors. Second order sensitivities vary de-
pending on season with second order impacts in July being much
higher than January. Like with O3, second order sensitivities to NOx
emissions greatly outweigh second order sensitivities to all other pre-
cursors. NOx emissions also have the greatest impact with regards to
second order cross sensitivities. Second order cross sensitivities be-
tween NOx and VOCs and NOx and SO, emissions indicate the most in-
teraction between these precursor species and by not including these
terms in a potential emission-control strategy, PM, s reduction would
be over predicted when only considering the reduction of independent
precursors.

3.3. Nonlinearity due to LTO NOy emissions

From the prior sections, it is clear that LTO NOx emissions are re-
sponsible for the most degree of nonlinearity in both our Os-precursor
and PM, s-precursor systems. Second order sensitivities to LTO NOx rep-
resent the only significant second order sensitivities among any of our
precursors. We make use of the nonlinearity ratio (Eq. (4)) to show
where nonlinearity may be important based off of the magnitudes of
the 03-NOx or PM; 5-NOx first order and second order sensitivities.
Fig. 6 shows the nonlinearity ratio for the O3-NOy system of LAX and
the PM; 5-NOx system of ORD. Higher nonlinearity ratios in the immedi-
ate vicinity of the airport indicate a nonlinear response due to NOx
emissions in the 03-NOy system while lower nonlinearity ratios down-
wind of the airport indicate a more linear response. In the case of ORD in
January, a region of higher nonlinearity ratios directly west of ORD cor-
responds to a transition regime; going from an NHs-poor regime to an
NH;s-rich regime as previously indicated with the FA metric; while in
July, a region of higher nonlinearity ratios with lower FA in southern
[llinois following the Ohio river valley can indicate a complex interaction
of LTO NOx with SO, from stationary sources in the region. Nonlinearity
and the importance of second order impacts can indicate a transition

Science of the Total Environment 777 (2021) 146121

regime with regards to PM;s's concentration response to LTO NOx
emissions.

3.4. Estimation of concentration response for airports in attainment versus
nonattainment

We can utilize HDDM sensitivities to construct emission control
strategies and determine the importance of including second order sen-
sitivities and the nonlinearity of our pollutant-precursor systems. We
present an analysis in which we calculate the total emission reduc-
tions/increases needed at each airport at the grid-based level to de-
crease/increase O by 0.01 ppb and PM, 5 by 1 ng/m> for airports in
nonattainment/attainment areas. By distinguishing between airports
in attainment versus nonattainment of O3 and PM, 5 NAAQS, we can
quantify the impacts of large airports on already polluted areas by de-
termining the LTO emission reduction amounts to decrease ambient
concentrations of Oz and PM; 5 and the impacts of moderate-large air-
ports on relatively clean areas by determining the LTO emission in-
creases to increase ambient concentrations of Oz and PM; 5. As our
measure, we have chosen small perturbations in O3 and PM, 5 concen-
trations appropriate for the level of LTO emissions' impact on regional
air quality relative to other emission sectors; however, these methods
are directly applicable to any emission sector.

We utilize Taylor series expansions as described in Eq. (3) for calcu-
lating emission reductions/increases using only first order sensitivities
and using first and second order sensitivities. By summing sensitivities,
we are able to quantify reduction/increases amounts in terms of total
LTO emissions. We then are able to relate the total emission reduc-
tion/increases amounts to total fuel burn reduction/increases needed
by relating the total amount of SO, emitted in each airport's grid cell
to the amount of aircraft jet fuel burned in each grid cell through eq.
S1in the supporting info. We use aircraft jet fuel burnt as a proxy for air-
craft activity.

Fig. 7a (Fig. 7b) shows the total fuel burn reductions (or increases)
needed at our airports located in areas of nonattainment (or attain-
ment) to decrease (or increase) Oz by 0.01 ppb. We see that decreasing
053 actually requires an increase in total fuel burned. As we saw when
examining both the spatial distribution and the grid-based results for
03 sensitivities, LTO NOx emissions govern the concentration response
and depending on what photochemical regime an airport may be lo-
cated in, a disbenefit can occur with regards to LTO emissions impacting

=

O3 nonlinearity ratio with

PM, 5 nonlinearity ratio with
respect to ORD LTO NOy in
January

» NN N AN >> 0\ > S
'.\\ \9’} ’v?’ '5\0‘?\ b“g(? 2 ° b\ﬁ /\“b %\9 Q"\\
AN N S A

PM, 5 nonlinearity ratio with
respect to ORD LTO NOy in
July

respectto LAXLTO NOy in
July

Fig. 6. Nonlinearity ratios of O3 and PM, 5 to LTO NOy at ORD and LAX, respectively.
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Fig. 7. Fuel burn changes needed to decrease or increase Os by 0.01 ppb. a. Fuel burn reductions needed at airports in nonattainment areas to decrease ambient maximum daily 8 h O3 by
0.01 ppb calculated using only first order sensitivities (left) and using both first and second order sensitivities (right) b. Fuel burn increases needed at airports in attainment areas to
increase ambient maximum daily 8 h 05 by 0.01 ppb calculated using only first order sensitivities (left) and using both first and second order sensitivities (right).

03 formation. This is readily apparent for LAX, JFK, and ORD where an in-
crease in total fuel burned is needed to decrease O3 by 0.01 ppb in the
airport's grid cell. And for MCI, BOS, and SEA, a decrease in total fuel
burned is needed to increase O3 by 0.01 ppb. This trend occurs for esti-
mating O3 concentration response using both first and first and second
order sensitivities. For airports that have positive first order sensitivities
of O3 to NOx emissions (as seen at ATL, CLT, RDU, and TUS in Fig. 2), pos-
sibly indicating that they are in a NOx-limited photochemical regime;
LTO NOx emissions do not have the same disbenefit in that reducing
(orincreasing) fuel burned at these airports will reduce (or increase) Os.

Fig. 8 (Fig. 9) shows the total fuel burn reductions (or increases)
needed at our airports located in areas of nonattainment (or attain-
ment) to decrease (or increase) PM, 5 by 1 ng/m>. Although we saw
some disbenefit due to LTO NOy emissions on PM, 5 formation at the
airport grid cell, it was not enough to cause total LTO emission impacts
to adversely impact PM,s formation. For airports in regions of
nonattainment, a decrease in total fuel burned is needed to decrease
ambient PM; 5 concentrations while airports in regions of attainment
need an increase in total fuel burned to increase ambient PM, s. The re-
ductions (or increases) needed for both O3 and PM, 5 indicate the small
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impact LTO emissions have on ambient concentrations. In addition, the
almost negligible difference between using only first order sensitivities
and using both first and second order sensitivities in our analysis indi-
cate that while nonlinearity may still be important with regards to
LTO aircraft emissions; at the scale we are able to effectively construct
emission reduction/increase scenarios (0.01 ppb change in O3 and
1 ng/m> change in PM, 5 in the airport containing grid cell), second
order impacts provide little additional information with regards to non-
linear effects that may impact emission perturbation amounts needed
to achieve reductions in ambient pollutant concentrations. While we ac-
knowledge perturbations of 0.01 ppb change in O; and 1 ng/m> change
in PM, 5 are small amounts from a policy standpoint, to decrease Oz and
PM, 5 concentrations in line with what emission reduction strategies
would require; ~1.6 times more fuel burnt (160% increase) is needed
at LAX to decrease O3 by 1 ppb in the airport-containing grid cell and
~3.3 times less fuel burnt (330%) is needed at LAX to decrease PM, 5
by 0.1 ug/m?. It is with caution that we interpret these results as pertur-
bations this large are outside the range of HDDM model accuracy as
discussed by previous studies (Huang et al., 2017; Digar and Cohan,
2010; Yarwood et al., 2013; Downey et al., 2015).
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Fig. 8. Fuel burn reductions needed at airports in nonattainment areas to decrease PM, 5 by 1 ng/m? calculated using only first order sensitivities (left) and using both first and second order

sensitivities (right) for the months of January (a.) and July (b.)

4. Conclusions

For the case of aircraft LTO emissions; any HDDM modeling pursuit
that aims to capture the effects of LTO emissions on pollutants need not
consider second order sensitivities as levels in emission perturbations
that are susceptible to nonlinear effects are well outside the range of accu-
racy in the HDDM framework; and appropriate methods must be used to
account for perturbations of that size (Huang et al., 2017; Yarwood et al,,
2013). And although the sensitivities themselves are quite small, the
HDDM framework inherently accounts for small perturbations by directly
calculating the partial derivatives of air pollutant concentrations with re-
spect to changes in emissions. This removes the noisy behavior that is
often seen in brute force applications for small perturbations. This study
has shown that aircraft LTO emissions' small impact on the overall emis-
sions budget owing to the formation of PM; 5 and O3 locally (near the air-
port) and downwind; may be susceptible to nonlinearity at very large
perturbations in emissions (> 100%) and that first order sensitivities
should be enough to capture the impacts of LTO emissions on the forma-
tion of ambient Oz and PM, 5 for any emission control strategy looking at
emission perturbations less than 100%. We have shown that the applica-
tion of sensitivity coefficients to individual airports and precursor species
allows for a more tailored approach in assessing air quality and health
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impacts, which will become increasingly important as the aviation sector
continues to grow. Future work should make use of an updated LTO emis-
sions inventory, especially considering the impacts of the 2008 economic
recession in the U.S. and the COVID-19 pandemic in 2020 on commercial
aviation. In this study we have also demonstrated how HDDM-based sen-
sitivity calculations can be used to develop source specific impacts on po-
tential attainment designations for a region which can be expanded to
additional source sectors besides aviation.
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Fig. 9. Fuel burn increases needed at airports in attainment areas to increase PM, 5 by 1 ng/m> calculated using only first order sensitivities (left) and using both first and second order

sensitivities (right) for the months of January (a.) and July (b.)
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