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Abstract. Given the increasing role of intercontinental and higher altitude emissions influence on surface air quality, it is
important to understand the transport characteristics of these emissions both for policy and mitigation strategies. The
horizontal and vertical transport of directly emitted upper troposphere anthropogenic cruise altitude aircraft emissions
(CAAE) has not been well understood due to limited studies. Therefore, in this study we conducted tracer simulations for
key source regions in the Northern hemisphere to understand the transport and influence of CAAE on surface air quality. Our
results from Northern hemisphere simulations highlight that < 0.6% of CAAE tracer mass fraction occur near the surface
even after 90 days of transport time. 30 — 40 % of tracers are found in the upper and mid-troposphere with slightly higher
downward transport occurring during winter than summer season. The tagged source tracer simulations illustrated the

source-receptor relationships and showed that ~ 10 — 50% source contributions occur in downwind receptor regions.

1 Introduction

The dynamic processes in the atmosphere influence the fate and transport of pollutants in the overall troposphere. In
the upper troposphere, due to higher wind speed and westerlies, pollutants can get transported from local regions to regional
and even to transcontinental regions, and vice versa. Several studies (Cooper et al., 2011; Rosa et al., 2012; Lin et al., 2014)
investigated the transport of surface emissions to free and upper troposphere, but very limited studies assessed the transport
of upper troposphere emissions sources to lower troposphere and surface. One such anthropogenic source that emits
pollutants directly into upper troposphere and lower stratosphere (UTLS) region is civil aviation. Aviation is one of the
fastest growing modes of transportation with a unique four-dimensional emissions profile. The aviation emissions that occur
between 9 — 12 km are considered cruise altitude emissions (CAAE) and contribute ~ 60 — 75 % (Wilkerson et al., 2010;
Olsen et al., 2013) of total aviation emissions in terms of global NOx and fuel burn. Of all aviation activities, CAAE are
predicted to contribute ~ 75% (Yim et al., 2015) of total premature mortalities that are attributed to aviation-related fine
particulate matter. Given the ability to transport these emissions over long distances, understanding the fate of these
emissions is critical. For example, studies (Liang et al., 2009; Cooper et al., 2011) have highlighted that pollutant levels

increase in highly convective areas and downwind locations due to transport mechanisms and circulation patterns. Further,
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several modeling studies (Tarrason et al., 2002; Barrett et al., 2010; Koo et al., 2013; Lee et al., 2013) estimated that the air
quality impacts from CAAE emissions (including emissions occurring above ~ 914 m (3000 ft)) at surface are higher when
compared to contributions from landing and takeoff (LTO, emissions below ~ 914 m) emissions alone. These studies raise
questions regarding our understanding on the role of transport processes on CAAE and their impact on surface air quality.

Multiple modeling studies (Gauss et al., 2006; Kohler et al., 2007; Arunachalam et al., 2011; Woody et al., 2011;
Vennam et al., 2015; Cameron et al, 2017; Vennam et al, 2017) have investigated the aviation-attributable perturbations due
to aircraft emissions from LTO and CAAE at local, regional to global scales and their role in causing human health effects
(Stettler et al., 2011; Levy et al., 2012; Morita et al., 2014; Yim et al., 2015). All these studies used the traditional approach
to assess the impacts of any individual emission source in atmosphere by calculating differences between ‘with emission
source (unperturbed)’ and ‘without emission source (perturbed)’ modeling scenarios. With this approach, one cannot isolate
the individual role of physical and chemical processes on the overall emissions source impacts in chemistry-transport model.
To attribute the sole effect of transport process, an inert tracer modeling approach was implemented previously in few early
chemistry-transport studies (Alapaty and Mathur 1998; Allen et al., 1996). In these studies, all the atmospheric processes
except for transport processes are turned off. This approach is computationally efficient and presents the opportunity to
characterize the transport pathways of an emitted source or source sector. Some recent studies (Wang et al., 2014; Jiao and
Flanner 2016) implemented tracer-tagging technique in a global chemistry transport model to quantify source-receptor
relationships and transport pathways of black carbon (BC) aerosol. Hence, here in this study we implemented the same tracer
approach to study the transport of CAAE at northern hemispheric level and to understand the source-receptor relationships of
the CAAE source.

Till date, limited studies have looked at the transport of aviation emissions in the UTLS region. An earlier study
(Wauben et al., 1997) pointed out that passive transport studies could reproduce the general pattern of aviation NOx
perturbations. Van Velthoven et al., (1997) studied the transport of aviation NOx passive tracer in an ensemble of models
ranging from two-dimensional to three-dimensional chemistry transport and global models. They illustrated that the vertical
exchange processes show minor contribution to NOx concentrations at varying altitudes and models captured these trends.
However, the authors clearly identified few limitations where some of the models used in this study lacked parameterization
of convective transport, which is crucial for vertical transport and need to be considered in future studies. Hauglustaine et
al., (2012) concluded that by treating deep convection in the model, they observed ~10 — 30 % change in surface ozone
associated with aircraft emissions. In recent years, global as well as regional-scale model transport schemes were adequately
tested, enhanced and uncertainties in the formulations were reduced. Presently, addressing the transport of CAAE with more
recent modeling systems with updated transport calculation schemes is ideal. Another study (Whitt et al., 2011) conducted
passive tracer simulations by placing CAAE at ~ 11km in the GATOR (Jacobson et al., 2011) global model with 4° x 5°
horizontal resolution. Their findings concluded that the extra-tropical cruise altitude emissions do not directly affect surface
air quality through dynamical vertical mixing processes alone. This study used a coarser model resolution to conduct the

passive tracer simulations. On the other hand, multiple studies (Land et al., 2002; Rauscher et al., 2010; Klich et al., 2014;
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Gan et al., 2016) have shown better representation of model processes, seasonal trends and local gradients when compared to
observational data at a finer vertical and horizontal resolution. Therefore, the transport of CAAE to the surface needs to be
further investigated with a finer model resolution (both horizontal and vertical) (Klich and Fuelberg 2014) to improve the
understanding of their air quality impacts.

In this study, we characterized the role of dynamic processes in transporting CAAE to the surface by conducting
passive tracer simulations. Compared to previous studies our study uses continuous tracer emissions with no decay rate and
fresh initialization for each season (further details in methodology). These conditions make this an idealized but worst-case
scenario tracer test to quantify the maximum amount of CAAE that can be transported to the surface with continuous
emission input and zero loss. Our study also improves upon prior work by using a spatial resolution of 108 x 108 km? which
is ~ 4 — 5 times finer than global models (4° x 5°). Finally, we also tagged the emissions in three key high aviation activity
regions of the world such as North America (NA), Europe (EU) and East Asia (EA) and conducted tagged tracer simulations.
To our knowledge, this is the first study to use tagged tracer simulations to illustrate the role of intercontinental transport of

civil aviation emissions and to quantify the source region emissions contribution near receptor regions.

2 Methodology
2.1 Model Inputs and Specifications

The state-of-the-art Community Multi-Scale Air Quality (CMAQv4.7.1) chemistry-transport model (Byun and
Schere 2006) was used over a Northern hemispheric-wide domain at a grid resolution of 108 x 108 km? as shown in Figure
1. For transport schemes, we used the Yamartino (YAMO) (Byun and Schere 2006) scheme for advection process and the
Asymmetric Convective Mechanism (ACM2) (Pleim 2007a) scheme for diffusion process. The ACM2 scheme has been
evaluated (Pleim 2007b; Tang et al., 2011) and used in various modeling applications. As mentioned in Pleim et al., (2007a),
ACM2 is convective model combined with eddy diffusion scheme that can better represent even sub-grid scale components
of turbulent transport in the convective boundary layer.
NASA’s Modern-Era Retrospective Reanalysis (MERRA) (Rienecker et al., 2011) meteorology downscaled data was used
as inputs to Weather Research and Forecasting model (WRF) (Skamarock et al., 2008) model to generate meteorology data.
Additional description of the WRF configuration and evaluation of the WRF outputs against multiple observation datasets
are discussed in Vennam et al., 2017. A finer scale vertical resolution was used in this modelling study to improve the
characterization of vertical transport in the model, and avoid potential numerical diffusion. We generated gridded aviation
emissions from FAA’s Aviation Environmental Design Tool (AEDT) (Roof et al., 2007; Wilkerson et al., 2010) by using a
processing tool that spatially and temporally (hourly) allocates the chorded flight segment emissions according to domain’s
grid specifications. In this study, we considered only the cruise altitude aviation emissions (CAAE) for year 2006 that fall in

the altitude range of 9 — 12 km.
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2.2 Tracer simulations

To conduct tracer simulations, we considered emissions of NOx as our passive tracer since it is one of the highly

emitted pollutants at cruise altitudes from aircraft, besides water vapor. The rates of emissions of these tracers were based on
actual cruise altitude NOx emissions estimates from AEDT, to capture the spatial as well as temporal variation of aviation
emissions in the upper layers of the atmosphere.
Tracer simulations were run for three-month periods that coincided with: winter (December — February), spring (March —
May), summer (June — August), and autumn (September — November) seasons. For each of the four seasonal simulations,
tracers are added throughout the period at cruise altitudes and since there are no removal processes, they will accumulate in
the model. Since it typically takes 30 — 90 days for the tropospheric mixing to occur at hemispheric scale (Liang et al., 2009),
this approach enables us to look at the tracer transport processes over a full transport cycle and to assess inter-seasonal
variability. These simulations are carried out using cruise altitude emissions in the entire Northern hemisphere for the year
2005.

In addition to the complete Northern hemisphere CAAE tracer simulations, we also conducted another source
region-based tracer model scenario, but only using tagged tracers from each of the three regions of largest aviation
emissions: North America (NA: 20N — 60N, 130W — 60W), Europe (EU: 20N — 60N, 10W — 60E), and East Asia (EA: 20N
— 60N, 100E —150E). The spatial extents of these regions CAAE are shown in Figure 1. We considered cruise altitude
emissions that fall in the spatial bounds of these three sub-regions and named these tracers based on the specific region name
(for example: NOx_NA, NOx_EU, NOx_EA). We conducted these simulations for three months modeling period for each
season by continuously adding emissions for each of the three sub-regions. The main goal of these tagging tracer runs is to
study the role of intercontinental transport and the impact of each source region on all three receptor regions (i.e., NA, EU

and EA).

2.3 Analysis metrics

We performed quantitative analysis by calculating mass fraction (MF) in each model layer as shown in equation 1.
Equation 1 defines the amount of mass present in each model layer with respect to the total mass available in the model
domain (Column Burden). The output data from the model is usually expressed in concentrations (ppbV), therefore, we
converted them into mass basis (molecules/cm?) in each layer (MasSjayer). We calculated the total mass in the domain by
integrating the tracer mass available in all model layers. Overall this mass fraction metric indicates the amount of tracer

transported from cruise altitude to different altitudes relative to the total mass burden.

M ayer
Mass Fraction (MFjayer) = ——— 2" x 100 (1)

Column Burden
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Source-receptor contributions were estimated by using equation 2 to calculate the fractional tracer contribution of
source region emissions at the receptor regions (Wang et al., 2014). In this equation i is the source region (NA, EU, or EA)

and j is the receptor region (NA, EU and EA).

Column Burden;

Contribution;; = x100 2)

Z{‘Ll Column Burdeni

3 Results
3.1 Tracer surface distributions

The tracer simulations are run over a 90-day period corresponding to the four seasons with a fresh initialization at
the beginning of each season. Throughout our calculations, other than where we specifically mentioned each month, we
considered the last month as our representative month for that season. Therefore, all results for a season are based on the last
30 days of the 90-day run. To study the surface tracer distribution, we calculated surface mass fraction percentage using
equation 1. When averaged across the domain, the winter season (0.23%) is ~1.6x higher when compared to summer months
(0.14%). Winter is followed by autumn (0.21%) and spring (0.18%), both showing ~1.5x and ~1.2x higher than summer
(Table 1). The spatial distribution of overall higher tracer mass near the surface in winter (and autumn) is clearly shown in
Figure 2, however the maximum hot spots are seen in summer months near high convection areas.

Figure 2 shows spatial distribution of the surface mass fraction percentage for all months along with maximum
domain-wide MF (top corner) that occurred in the spatial extent for each month. Throughout all the seasons (each row in
Figure 2), spatially the maximum tracer MF near the surface with respect to the total mass available in the model domain is <
0.6%. The maximum tracer surface MF of 0.56% occurred over the Tibetan Plateau and Middle East region in summer
months, whereas in winter season the maximum MF is 0.36%. Though the maximum tracer surface MF is higher in summer
the overall average tracer mass near the surface is high during winter. In all seasons, during the first 30 and 60 days, more
CAAE tracer mass (> 0.3%) near the surface occurred in the 10 — 40°N latitude bands.

In summer months, the maximum (hot spot) tracer fractions near Middle East and Eastern Mediterranean regions
could be due to the tropopause folds (Akritidis et al., 2016) and tracer getting trapped in the subtropical high that descends
near Middle East (Stohl et al., 2002) due to downwelling (downward transport). Additionally, prior studies (Liu et al., 2009)
indicated that high concentrations across Northeast Africa and Middle East during summer 2005 in mid-troposphere was
associated with anticyclone front transport that descends air from upper troposphere. Due to these episodic transport
processes, CAAE tracer from UTLS region was transported to the lower altitudes and surface in these regions. Overall
during summer season, the tracer transport occurred mainly at high convection regions and showed maximum tracer
concentrations near these regions. During winter season, horizontal transport dominates due to high westerlies near higher

altitudes, therefore the tracers undergo higher intercontinental transport. This higher intercontinental transport also transports
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relatively more tracer towards lower altitudes and to the surface layer along the isentropes (Vennam et al., 2017) during
winter season. Another interesting pattern during spring and autumn seasons is that higher tracer was seen in the Himalayas
and North India region, though these regions have relatively lower aviation emissions. In all likelihood, it is due to higher
elevation in this area. This finding explains that some of the CAAE tracer can get transported to remote regions through
vertical transport. In the next section, we discuss the detailed vertical analysis conducted to further understand the transport

patterns in higher altitudes.

3.2 Tracer vertical distribution

We calculated the relative mass fraction (MF, using equation 1) in each of the modeled vertical layers when
compared to the total column burden to understand the transport in the free and upper troposphere regions. Figure 3 shows
the vertical profiles of three months in each season for all model altitudes (each dot indicates model domain vertical layer).
Throughout all seasons as expected, the first month has peak MF near 9 — 12 km as that is where the cruise aviation tracer
emissions are emitted. After model simulation with transport process alone for 30 — 90 days, in second and third months as
shown in Figure 3, the peak MF in cruise altitude gradually decreased due to the transport of tracer mass to other model
altitudes from the cruise altitudes. Due to this transport pattern, the tracer mass fraction increased in altitudes above and
below the cruise altitudes.

For increased clarity in discussing this vertical analysis, we now refer altitudes bins as regions: 13 — 20 km (UTLS),
9 — 12 km (cruise altitude region, CA), 3 — 8 km (mid-troposphere, MT), 0.05 — 3 km (lower troposphere, LT) and 0 — 0.05
km (surface). We summed up the mass fractions (shown in Figure 3) in these regions to quantify the tracer transport. During
the first month in each season, 45 (summer) — 50 (winter) % of tracer still remains at cruise altitude region and after 30 days
it decreased to 28 — 40%. This change in contribution shows the average transport time of ~1 month near tropopause and
cruise altitude region; similar results are also shown in Liang et al., (2009). In winter and autumn seasons, after 3 months, 10
— 11% of the tracers transported to UTLS, 23 — 29% of tracer remained in CA, 37% transported to MT and 18 — 23%
transported to LT. In spring and summer seasons, after 3 months, 14 — 17% of tracer transported to UTLS, 32 — 36% of
tracer remained in CA, 33 — 36% appeared in MT and 11 — 15% occur in the LT region. These seasonal differences indicate
that transport of CAAE tracer to mid-troposphere (downward transport) in winter is slightly higher (4%) when compared to
summer. In summer, the transport of tracer to UTLS region (upward transport) is slightly higher (7%) when compared to
winter and other seasons due to more upward flux. This vertical analysis illustrates that only 0.2 — 0.5% tracer mass reaches
the surface even after 90 days of model simulation.

Figure 4 shows the zonal vertical distribution of tracer mixing ratio during the last month of each seasonal
simulation. The tracer data were binned by altitude and by three latitude bands: tropics (0 — 30 N), sub-tropics (30 — 60 N)
and artic (60 — 90 N). Consistently in all seasons, the sub-tropics and arctic regions have higher tracer concentrations in CA
region (> 9km) and UTLS, since most of the cruise altitude emissions occur in these key source regions (North America,

Europe, Middle East and East Asia) and great circle flight paths. As we approach lower altitudes, the tracer concentrations
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decreased in the sub-tropics and arctic regions indicating that the CAAE tracer does not directly get transported to the
surface in the same latitudes.

In the tropics, tracer concentrations are lower in CA than compared to the sub-tropics and arctic regions due to
relatively lower aviation activity. As we reach lower altitudes (3 km) and approach towards the surface, the tracer
concentrations show an increasing trend in the tropics most prominently during winter (autumn) season, indicating that some
of the sub-tropics/arctic CAAE tracer was transported to tropics. During summer, relatively higher tracer concentrations in

tropics near higher altitudes illustrate the enhanced vertical mixing and upward transport occurring due to warmer weather.

3.3 Source-receptor relationships

In this section, we discuss the transport of CAAE from three sub-regions: North America (NA), Europe (EU), and
East Asia (EA). We tagged the CAAE emissions from these regions and looked at each source contribution in the receptor
regions. The spatial distribution of CAAE tracer mass fraction percentage (equation 1) near the surface from NA, EU and
EA emission tracers are shown in Figures 5 — 7 . The spatial trend clearly indicates that more tracer MF predominantly
occurs mainly in the downwind continents (Africa and Asia); however note that the maximum MF at surface is still < 0.6%.
For NA tracer (Figure 5), higher tracer MF percentage is in the range of 0.4 — 0.5 % and occurred mainly near India, Indian
Ocean and further towards tropics during winter season. Similar to the NA tracers, the EU tracers shows higher MF
percentage near South East Asia, Tibet Plateau and Middle East. The EU tracer (Figure 6) surface maximum MF percentage
(0.8%) is ~2x higher than the NA tracer particularly in summer near Tibet Plateau and Middle East. One other interesting
observation is that the EU tracer (0.3 — 0.4%) could get transported to western NA particularly in winter and autumn seasons
through Trans-Pacific synoptic transport due to strong westerly transport in the cruise altitude region. With EA tracer (Figure
7), the maximum MF percentage of 0.4% occurred in the Pacific region during spring season. This strong westward transport
in spring from EA was already observed in previous studies (Lin et al., 2012) and we are seeing a similar transport pattern
with the EA CAAE tracer simulation.

Figure 8 shows the contribution of the three source regions near the receptor regions computed using Equation 2. In
NA receptor region, 46 — 50% of NA contribution is due to NA tracer emissions and the remaining 28 — 34% and 19 - 21% is
due to EU and EA tracer emissions in all seasons except in summer. In summer, 69% is due to NA emissions with the
remaining 21% and 11% contributions incurred from EU and EA tracer emissions. This high contribution in summer is due
to the transport of NA emissions to the surface near high convection regions like western NA. Whereas in the EU receptor
region, 43 — 48 % contribution is due to NA source followed by 36 - 41% and 15% contributions from EU and EA sources
for all seasons except summer. During summer, both NA and EU tracers show equal contribution of 45% and EA shows 9%
in the EU receptor region. This highlights that in EU, the influence from NA is prominent in all seasons due to strong
westerly transport. In EA receptor region, 40 — 45% contribution occurred from NA and 33 — 37% contribution came from
EU source followed by EA source with 22 — 24% in all seasons except summer. In summer, the NA source contribution

decreased to 29% whereas EU and EA contribution increased to 40% and 31%.
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Throughout all three receptor regions, their own source contribution increased in summer season indicating the
influence of vertical transport due to relatively high convective mixing when compared to all other seasons. During winter
and spring seasons, the downwind source region contributions are higher indicating the influence of westerlies and

horizontal transport at higher altitudes.

4 Conclusions

In this study, we implemented a passive tracer approach to understand the role of physical processes in transporting
cruise altitude aviation emissions (CAAE) in the atmosphere. Overall the model predictions indicated < 0.6% of CAAE in
the total column was transported to the surface in northern hemisphere for all seasons, indicating that most of the tracer still
exists in the MT and UT. Therefore, more than direct transport to surface, most of the CAAE tracer is transported to MT
region and can be subjected to the chemical processes in these regions. CAAE tracers tend to concentrate in sub-tropics and
arctic region at cruise altitudes. As we approach the surface, however, tracer concentrations began to increase in the tropic
regions. This is the result of the model transporting CAAE tracers from the sub-tropics higher altitudes towards lower
altitudes in the tropics. We found that tracers in upper altitudes are mainly driven by horizontal transport followed by vertical
transport at high downward flux convection regions. Winter season shows higher proportion of tracer mass near the surface
than summer season, whereas summer season showed maximum tracer near high convection regions.

From our source-receptor analysis we found that both NA and EU regions are primarily impacted by emissions
from their own regions. Overall, we see that NA source emissions can significantly affect EU and EA regions in all seasons
and both NA as well as EU source emissions can affect EA region. Our intercontinental tracer study showed evidence that
NA and EU cruise emissions mainly show higher impacts near high terrain regions like Tibet Plateau and can also impact
places with relatively lower aviation emissions regions such as North Africa, India and South East Asia due to transport.
This partly explains some of the aviation-attributable high mortality estimated by Barrett et al., (2010) in Asia. A future
extension of this work is to go beyond the physical processes, and study the role of chemical processes in UTLS region by
conducting sensitivity analyses with different chemical mechanisms. Note that the range of mass fraction provided in this
study cannot be directly translated to concentrations or surface air quality impacts, as we did not consider the atmospheric
chemical processes in our modeling study. However, the key purpose of this study is to highlight the extent of CAAE
transport to the surface and lower altitudes when the worst-case scenario (no chemistry, no decay or loss) is considered. The
tracer mass contributions presented in this study is entirely driven by the meteorology considered in the modeling set up, and
these CAAE tracer contributions are subjected to change with meteorological patterns from other years, and other model or

model configurations (due to change in transport schemes).



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-601 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

Discussions

20

25

Acknowledgements

This work was funded by the Federal Aviation Administration through grants under the Partnership for
AiR Transportation Noise & Emissions Reduction (PARTNER) (http://partner.mit.edu) and Aviation

Sustainability Center (ASCENT) (http://ascent.aero ) to the University of North Carolina at Chapel Hill
under 13-C-AJFE-UNC. PARTNER and ASCENT are FAA/NASA/Transport Canada/US DOD/EPA-
sponsored Centers of Excellence. The aircraft emissions inventories used for this work were provided
by the U.S. Department of Transportation’s Volpe Center. Any opinions, finding, and conclusions or
recommendations expressed in this work are those of the author(s) and do not necessarily reflect the
views of FAA or Volpe. We would also like to acknowledge Bok Haeng Baek from the UNC Institute
for the Environment for developing the AEDTProc tool, and Mohammad Omary for initial assistance

with processing the AEDT emissions for CMAQ.

Data Availability

The readers are requested to contact the corresponding author for the data that supports the analysis and

conclusions of this work.

References

Alapaty, K., Mathur, R., 1998. Effects of Atmospheric Boundary Layer Mixing Representations on Vertical Distribution of
Passive and Reactive Tracers. Meteorol. Atmsopheric Phys. 69, 101-118.

Allen, J., Rood, R.B., Thompson, A.M., Hudson, D., 1996. Three-dimensional radon 222 calculations using assimilated
meteorological data and a convective mixing algorithm Abstract . The distribution of 222Rn is simulated using a three-
dimensional chemistry ( PBL ) to the upper troposphere CTM-calculated at Bermu. J. Geophys. Res. 101, 6871-6881.

Arunachalam, S., Wang, B., Davis, N., Baek, B.H., Levy, J.I., 2011. Effect of chemistry-transport model scale and resolution
on population exposure to PM2.5 from aircraft emissions during landing and takeoff. Atmos. Environ. 45, 3294-3300.
doi:10.1016/j.atmosenv.2011.03.029.

Barrett, S.R.H., Britter, R.E., Waitz, .A., 2010. Global mortality attributable to aircraft cruise emissions. Environ. Sci.
Technol. 44, 7736-7742. do0i:10.1021/es101325r.

Byun, D.W., Schere, K., 2006. Review of the governing equations, computational algorithms, and other components of the



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-601 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

Discussions

20

25

30

models-3 Community Multiscale Air Quality (CMAQ) modeling system. Appl.Mech.Rev 51-57.

Cameron, M. A., Jacobson, M.Z., Barrett, S.R.H., Bian, H., Chen, C.C., Eastham, S.D., Gettelman, A., Khodayari, A., Liang,
Q., Selkirk, H.B., Unger, N., Wuebbles, D.J., Xue, Y., 2017. An intercomparative study of the effects of aircraft
emissions on surface air quality, J. Geophys. Res. Atmos., 122, 8325-8344, do0i-10.1002/2016JD025594.

Cooper, O.R., Oltmans, S.J., Johnson, B.J., Brioude, J., Angevine, W., Trainer, M., Parrish, D.D., Ryerson, T.R., Pollack, I.,

Cullis, P.D., Ives, M. a., Tarasick, D.W., Al-Saadi, J., Stajner, 1., 2011. Measurement of western U.S. baseline ozone
from the surface to the tropopause and assessment of downwind impact regions. J. Geophys. Res. 116, DOOV03.
doi:10.1029/2011JD016095.

Gan, C.M., Hogrefe, C., Mathur, R., Pleim, J., Xing, J., Wong, D., Gilliam, R., Pouliot, G., Wei, C., 2016. Assessment of the
effects of horizontal grid resolution on long-term air quality trends using coupled WRF-CMAQ simulations. Atmos.
Environ. 132, 207-216. doi:10.1016/j.atmosenv.2016.02.036.

Hauglustaine, D. a., Koffi, B., 2012. Boundary layer ozone pollution caused by future aircraft emissions. Geophys. Res. Lett.
39, L13808. doi:10.1029/2012GL052008.

Homeyer, C.R., Bowman, K.P., 2013. Rossby Wave Breaking and Transport between the Tropics and Extratropics above the
Subtropical Jet. J. Atmos. Sci. 70, 607-626. doi:10.1175/JAS-D-12-0198.1.

Jacobson, M.Z., Wilkerson, J.T., Naiman, A.D., Lele, S.K., 2011. The effects of aircraft on climate and pollution. Part I:
Numerical methods for treating the subgrid evolution of discrete size- and composition-resolved contrails from all
commercial flights worldwide. J. Comput. Phys. 230, 5115-5132. d0i:10.1016/j.jcp.2011.03.031.

Jiao, C., Flanner, M.G., 2016. Changing black carbon transport to the Arctic from present day to the end of 21st century. J.
Geophys. Res. Atmos. 121, 4734-4750. doi:10.1002/2015JD023964.

Klich, C.A., Fuelberg, H.E., 2014. The role of horizontal model resolution in assessing the transport of CO in a middle
latitude cyclone using WRF-Chem. Atmos. Chem. Phys. 14, 609-627. doi:10.5194/acp-14-609-2014.

Koo, J., Wang, Q., Henze, D.K., Waitz, I.A., Barrett, S.R.H., 2013. Spatial sensitivities of human health risk to
intercontinental and high-altitude pollution. Atmos. Environ. 71, 140-147. doi:10.1016/j.atmosenv.2013.01.025.

Land, C., Feichter, J., Sausen, R., 2002. Impact of vertical resolution on the transport of passive tracers in the ECHAM4
model. Tellus, Ser. B Chem. Phys. Meteorol. 54, 344-360. doi:10.1034/j.1600-0889.2002.201367 .x.

Lee, H., Olsen, S.C., Wuebbles, D.J., Youn, D., 2013. Impacts of aircraft emissions on the air quality near the ground.
Atmos. Chem. Phys. 13, 5505-5522. doi:10.5194/acp-13-5505-2013.

Levy, J.I.,, Woody, M., Baek, B.H., Shankar, U., Arunachalam, S., 2012. Current and Future Particulate-Matter-Related
Mortality Risks in the United States from Aviation Emissions During Landing and Takeoff. Risk Anal. 32, 237-249.
doi:10.1111/5.1539-6924.2011.01660.x.

Liang, Q., Douglass, A.R., Duncan, B.N., Stolarski, R.S., Witte, J.C., 2009. The governing processes and timescales of
stratosphere-to-troposphere transport and its contribution to ozone in the Arctic troposphere. Atmos. Chem. Phys.

3011-3025.

10



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-601 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

Discussions

20

25

30

Lin, J., Pan, D., Davis, S.J., Zhang, Q., He, K., Wang, C., Streets, D.G., Wuebbles, D.J., Guan, D., 2014. Chinas
International trade and air pollution in US. PNAS 111, 1736-1741. doi:10.1073/pnas.1312860111.

Lin, M., Fiore, A.M., Cooper, O.R., Horowitz, L.W., Langford, A.O., Levy, H., Johnson, B.J., Naik, V., Oltmans, S.J., Senff,
C.J., 2012. Springtime high surface ozone events over the western United States: Quantifying the role of stratospheric
intrusions. J. Geophys. Res. Atmos. 117, 1-20. doi:10.1029/2012JD018151.

Liu, J.J., Jones, D.B.A., Worden, J.R., Noone, D., Parrington, M., Kar, 2009. Analysis of summertime build up of
tropospheric ozone abundances over the Middle East and North Africa as observed by the Tropospheric Emission
Spectrometer Instrument. J. Geophys. Res. Atmos. 114, D05304. doi:10.1029/2008JD010993.

Morita, H., Yang, S., Unger, N., Kinney, P.L., 2014. Global health impacts of future aviation emissions under alternative
control scenarios. Environ. Sci. Technol. 48, 14659-14667. doi:10.1021/es5055379.

Olsen, S.C., Wuebbles, D.J., Owen, B., 2013. Comparison of global 3-D aviation emissions datasets. Atmos. Chem. Phys.
13,429-441. doi:10.5194/acp-13-429-2013.

Pleim, J.E., 2007a. A Combined Local and Nonlocal Closure Model for the Atmospheric Boundary Layer. Part I: Model
Description and Testing. J. Appl. Meteorol. Climatol. 46, 1383—1395. doi:10.1175/JAM2539.1.

Pleim, J.E., 2007b. A Combined Local and Nonlocal Closure Model for the Atmospheric Boundary Layer. Part II:
Application and Evaluation in a Mesoscale Meteorological Model. J. Appl. Meteorol. Climatol. 46, 1396-1409.
doi:10.1175/JAM2534.1.

Rauscher, S.A., Coppola, E., Piani, C., Giorgi, F., 2010. Resolution effects on regional climate model simulations of
seasonal precipitation over Europe. Clim. Dyn. 35, 685-711. doi:10.1007/s00382-009-0607-7.

Rienecker, M.M., Suarez, M.J., Gelaro, R., Todling, R., Bacmeister, J., Liu, E., Bosilovich, M.G., Schubert, S.D., Takacs, L.,
Kim, G.K., Bloom, S., Chen, J., Collins, D., Conaty, A., Da Silva, A., Gu, W., Joiner, J., Koster, R.D., Lucchesi, R.,
Molod, A., Owens, T., Pawson, S., Pegion, P., Redder, C.R., Reichle, R., Robertson, F.R., Ruddick, A.G.,
Sienkiewicz, M., Woollen, J., 2011. MERRA: NASA’s modern-era retrospective analysis for research and
applications. J. Clim. 24, 3624-3648. do0i:10.1175/JCLI-D-11-00015.1.

Roof, C., Hansen, A., Fleming, G., Thrasher, T., Nguyen, A., Hall, C., Dinges, E., Bea, R., Grandi, F., Kim, B., Usdrowski,
S., Hollingsworth, P., 2007. Aviation Environmental Design Tool (AEDT).

Rosa, D., J. F. Lamarque, and W. D. Collins (2012). Global transport of passive tracers in conventional and
superparameterized climate models: Evaluation of multi-scale methods. J. Adv. Model. Earth Syst. 4, M10003,
doi:10.1029/2012MS000206.

Skamarock, W.C., Klemp, J.B., Dudhi, J., Gill, D.O., Barker, D.M., Duda, M.G., Huang, X.-Y., Wang, W., Powers, J.G.,
2008. A Description of the Advanced Research WRF Version 3. Tech. Rep. 113. doi:10.5065/D6DZ069T.

Stettler, M.E.J., Eastham, S., Barrett, S.R.H., 2011. Air quality and public health impacts of UK airports. Part I: Emissions.
Atmos. Environ. 45, 5415-5424. doi:10.1016/j.atmosenv.2011.07.012.

Stohl, A., Eckhardt, S., Forster, C., James, P., Spichtinger, N., 2002. On the pathways and timescales of intercontinental air

11



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-601 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 September 2018 and Physics

(© Author(s) 2018. CC BY 4.0 License.

Discussions

20

25

30

pollution transport. J. Geophys. Res. 107, 4684. doi:10.1029/2001JD001396.

Tang, W., Cohan, D.S., Morris, G. a., Byun, D.W., Luke, W.T., 2011. Influence of vertical mixing uncertainties on ozone
simulation in CMAQ. Atmos. Environ. 45, 2898-2909. doi:10.1016/j.atmosenv.2011.01.057.

Tarrason, L., Jonson, J.E., Berntsen, T.K., Rypdal, K., 2002. Study on air quality impacts of non-LTO emissions from
aviation.

Toohey, D., McConnell, J., Avallone, L., Evans, W., 2010. Aviation and Chemistry and Transport Processes in the Upper
Troposphere and Lower Stratosphere. Bull. Am. Meteorol. Soc. 91, 485-490. doi:10.1175/2009BAMS2841.1.

Van Velthoven, P.F.J., Sausen, R., Johnson, C.E., Kelder, H., Kohler, 1., Kraus, A.B., Ramaroson, R., Rohrer, F., Stevenson,
D., Strand, A., Wauben, W.M.F., 1997. The passive transport of NO(x) emissions from aircraft studied with a
hierarchy of models. Atmos. Environ. 31, 1783—1799. doi:10.1016/S1352-2310(96)00330-5.

Vennam, L.P., Vizuete, W., Arunachalam, S., 2015. Evaluation of model-predicted hazardous air pollutants (HAPs) near a
mid-sized U.S. airport. Atmos. Environ. 119, 107-117. doi:10.1016/j.atmosenv.2015.08.015.

Vennam, L.P., Vizuete, W., Talgo, K., Omary, M., Binkowski, F.S., Xing, J., Mathur, R., Arunachalam, S., 2017. Modeled
full-flight aircraft emissions impacts on air quality and their sensitivity to grid resolution. J. Geophys. Res. Atmos.,
122. https://doi.org/10.1002/2017JD026598

Wang, H., Rasch, P., Easter, R., Singh, B., Zhang, R., Ma, P.-L., Qian, Y., Ghan, S., Beagley, N., 2014. Using an explicit

emission tagging method in global modeling of source-receptor relationships for black carbon in the Arctic: Variations,
sources, and transport pathways. J. Geophys. Res. Atmos. 119, 1-22. doi:10.1002/2014JD022297.

Wasiuk, D.K., Khan, M.A.H., Shallcross, D.E., Lowenberg, M.H., 2016. A commercial aircraft fuel burn and emissions
inventory for 2005-2011. Atmosphere (Basel). 7, 1-14. doi:10.3390/atmos7060078.

Wauben, W.M.F., Velthoven, P.F.J.V., Kelder, H., 1997. A 3D chemistry transport model study of changes in atmospheric
ozone due to aircraft NOx emissions. Atmos. Environ. 31, 1819—-1836. doi:10.1016/S1352-2310(96)00332-9.

Whitt, D.B., Jacobson, M.Z., Wilkerson, J.T., Naiman, A.D., Lele, S.K., 2011. Vertical mixing of commercial aviation
emissions from cruise altitude to the surface. J. Geophys. Res. 116, D14109. doi:10.1029/2010JD015532.

Wilkerson, J.T., Jacobson, M.Z., Malwitz, A., Balasubramanian, S., Wayson, R., Fleming, G., Naiman, a. D., Lele, S.K.,
2010. Analysis of emission data from global commercial aviation: 2004 and 2006. Atmos. Chem. Phys. 10, 6391—
6408. doi:10.5194/acp-10-6391-2010.

Woody, M., Haeng Baek, B., Adelman, Z., Omary, M., Fat Lam, Y., Jason West, J., Arunachalam, S., 2011. An assessment
of Aviation’s contribution to current and future fine particulate matter in the United States. Atmos. Environ. 45, 3424—
3433. doi:10.1016/j.atmosenv.2011.03.041.

Yim, S.H.L., Lee, G.L., Lee, I.H., Allroggen, F., Ashok, A., Caiazzo, F., Eastham, S.D., Malina, R., Barrett, S.R.H., 2015a.
Global, regional and local health impacts of civil aviation emissions. Environ. Res. Lett. 10, 34001. doi:10.1088/1748-
9326/10/3/034001.

12



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-601 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 September 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

— 0.

Northern hemisphere
A / :

",,u Wfk‘ [5

180 oot

120W e

Sow

20E

—._60E

&

“—East Asia ALY
M‘i/) Y
'.ﬁ

180 -

120W Tl Lot
SoW SoW

0 40 80 120 160 200 240 280

moles/s

Figure 1: Hemispheric modeling domain with cruise altitude emissions distributions for complete Northern hemisphere (top, left).
Also shown are the tagged cruise aviation emission scenarios for North America (NA) (top, right), Europe (EU) (bottom, left) and
East Asia (EA) (bottom, right).
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Figure 2: Tracer surface mass fraction percentage with respect to the total mass available during each month. Each row is a single
simulation where tracers were reset to zero at the beginning of the first month of each row, and represents one season.
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Figure 3: The overall model domain vertical profile of tracer mass fraction (%) at different altitudes (points on the line) in the
model for each month in a season.
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Figure 4: Monthly averaged tracer mixing ratios for the last month in each season. Each box plot represents the tracer mixing
5 ratios of all grid cells that fall in latitude bins of 0 — 30N (blue), 30 — 60N (green), and 60 — 90N(red). The latitude bins based tracer

mixing ratios are further binned vertically by altitudes.

16



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2018-601 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 10 September 2018 and Physics
(© Author(s) 2018. CC BY 4.0 License.

Discussions

Min: 0 Max: 0.44 Min: 0 Max: 0.42 Min: 0 Max: 0.39

Min: 0 Max: 0.54 Min: 0 Max: 0.53 Min: 0 Max: 0.52

4 045 05

Figure 5: North America tracer surface mass fraction percentage with respect to the total mass available in the model domain for
each month. Each row is a single simulation where tracers were reset to zero at the beginning of the first month of each row, and
represents one season.
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Figure 6: Same as Figure 5 but for Europe Tracer.
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Table 1: Tracer source-receptor contribution metric (Equation 2) (%) for four seasons of North America (NA), Europe (EU) and
East Asia (EA) sources.

Season Surface Mass Fraction (%)
Winter 0.23
Spring 0.18
Summer 0.14
Autumn 0.21
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