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� High O3 at 1e4 km shows complex origins; only small influence from N. America and stratosphere.
� Transport from Asian boundary layer followed by mixing with mid tropospheric air.
� The Q diagnostic is a measure of the mixing of the air masses.
� Integrated analysis with models, reanalysis & diagnostics allows source assessment.
� WRF-STILT identifies surface impact a few days after sampling.
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a b s t r a c t

High ozone (O3) concentrations at low altitudes (1.5e4 km) were detected from airborne Alpha Jet At-
mospheric eXperiment (AJAX) measurements on 30 May 2012 off the coast of California (CA). We
investigate the causes of those elevated O3 concentrations using airborne measurements and various
models. GEOS-Chem simulation shows that the contribution from local sources is likely small. A back-
trajectory model was used to determine the air mass origins and how much they contributed to the
O3 over CA. Low-level potential vorticity (PV) from Modern Era Retrospective analysis for Research and
Applications 2 (MERRA-2) reanalysis data appears to be a result of the diabatic heating and mixing of airs
in the lower altitudes, rather than be a result of direct transport from stratospheric intrusion. The Q
diagnostic, which is a measure of the mixing of the air masses, indicates that there is sufficient mixing
along the trajectory to indicate that O3 from the different origins is mixed and transported to the western
U.S.

The back-trajectory model simulation demonstrates the air masses of interest came mostly from the
mid troposphere (MT, 76%), but the contribution of the lower troposphere (LT, 19%) is also significant
compared to those from the upper troposphere/lower stratosphere (UT/LS, 5%). Air coming from the LT
appears to be mostly originating over Asia. The possible surface impact of the high O3 transported aloft
on the surface O3 concentration through vertical and horizontal transport within a few days is sub-
stantiated by the influence maps determined from the Weather Research and ForecastingeStochastic
Time Inverted Lagrangian Transport (WRF-STILT) model and the observed increases in surface ozone
mixing ratios. Contrasting this complex case with a stratospheric-dominant event emphasizes the
contribution of each source to the high O3 concentration in the lower altitudes over CA. Integrated an-
alyses using models, reanalysis, and diagnostic tools, allows high ozone values detected by in-situ
measurements to be attributed to multiple source processes.

© 2017 Elsevier Ltd. All rights reserved.
anch, NASA Ames Research

).
1. Introduction

Ozone (O3) is a secondary pollutant influenced by local sources
as well as background hemispheric concentrations through
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transboundary transport. Recently, the U.S. Environmental Protec-
tion Agency (EPA) has decided to lower the threshold for ground-
level O3 in the primary U.S. EPA National Ambient Air Quality
Standards (NAAQS) from 75 ppbv to 70 ppbv to improve air quality
and reduce surface O3 mixing ratios (US EPA, 2015). The back-
ground O3 mixing ratios in North America have been estimated to
be in the range of 15e35 ppbv (Fiore et al., 2003), but recent studies
report them in the range of 25e50 ppbv (Lefohn et al., 2014; Zhang
et al., 2011; Emery et al., 2012), contributing more than half of the
total concentration of O3 referenced to the current NAAQS. Partic-
ularly in the context of existing O3 concerns in the western U.S., the
reduced standard emphasizes the importance of understanding the
processes and sources impacting the surface O3 (Fiore et al., 2002;
Jaffe et al., 2003a). Furthermore, because O3 can be highly affected
by the local meteorology, topography, and seasonal variability
(Cooper et al., 2010; Yates et al., 2013; Lin et al., 2015), a thorough
understanding of western U.S. O3 behavior is still lacking.

Previous literature provides that there are evidence of air aloft
influencing surface O3 in the western U.S. (Cooper et al., 2005; Jaffe
et al., 2003a; Langford et al., 2012; Lefohn et al., 2011, 2012; Yates
et al., 2014). Analyses of available observations indicate an in-
crease of springtime O3 mixing ratios in the free troposphere and at
surface sites of the western U.S. since the 1980s (Jaffe et al., 2003a;
Oltmans et al., 2008; Parrish et al., 2009; Fine et al., 2015). Inter-
estingly, the increase of O3 in the free troposphere over the western
U.S. is coincident with rising Asian anthropogenic emissions of O3
precursors as inferred from satellite measurements of column ni-
trogen dioxide (NO2) and bottom-up inventories (Richter et al.,
2005; Ohara et al., 2007; Q. Zhang et al., 2009; Lin et al., 2015).
Earlier work indicates that the contribution of Asian emissions to
surface O3 in the U.S. is reflected through an enhancement not only
in background levels (Goldstein et al., 2004; Zhang et al., 2008;
Ewing et al., 2010; Lin et al., 2012a) but also in local pollution ep-
isodes in California (Parrish et al., 2010; Huang et al., 2010; Pfister
et al., 2011). Furthermore, a recent study shows that tropospheric
O3 concentrations over China have rapidly increased by ~7% be-
tween 2005 and 2010, due to both increase in Chinese emissions
(about 21%) and increased transport of stratospheric O3. The same
study also found that the tropospheric O3 concentrations at two
sites in China increased by 1e3% per year since 2000, contributing
to positive trends in the O3 levels observed at the West Coast of the
U.S. (Verstraeten et al., 2015).

Meteorological processes play an important role in the transport
of pollution from Asia to the western U.S. Pollution originating in
the boundary layer of East Asia from direct emissions such as
combustion and industrial sources is lifted to the free troposphere
via processes such as deep convection or warm conveyor belts
associated with midlatitude cyclones (Carmichael et al., 2003; Liu
et al., 2003; Cooper et al., 2004a; Ding et al., 2009; Chen et al.,
2009; Lin et al., 2010). Recently, it has been reported that Asian
plumes of pollution can be transported by jet stream movement
due to climate variability; when the jet stream meanders south-
ward over the western U.S., the O3 from Asia can enter into the
lower troposphere, especially in the spring after La Ni~na winters.
(Lin et al., 2015). This suggests that the transport of pollution from
Asia to the western U.S. can be efficient, especially when the at-
mospheric conditions are favorable to the transport of air masses
through large-to meso-scale circulation linked to climate
variability.

Observational studies show that lofted pollutants, such as Asian
dust and sulfate aerosols, come across the North Pacific Ocean in
the mid- and upper troposphere, and eventually descend toward
the surface of the western U.S (Brown-Steiner and Hess, 2011). with
relatively high frequency and largemagnitude in some cases (Husar
et al., 2001; Jaffe et al., 2003b; McKendry et al., 2008; Weiss-
Penzias et al., 2007; Ewing et al., 2010). Studies applying chemi-
cal transport models (CTM) also show the transport of Asian pol-
lutants to the Western U.S. However, they often suggest that only a
small portion (<10%) of the Asian pollutants reaching the North
American free troposphere actually descends into surface air
(Yienger et al., 2000; Cooper et al., 2004a; L. Zhang et al., 2009).
Also, these models further minimize the impacts of the transport
on the vigorous episodic pollution events (Lin et al., 2010;
Rastigejev et al., 2010). These studies which underestimate the
modeled transport explain the disparity in terms of the limitation
of the current model framework, such as coarse resolutions of the
models, lack of numerical diffusion in the model physics, and
limited understanding of meso-scale processes contributing to the
exchange of pollutants between the boundary layer and the free
troposphere. Although the models underestimate the magnitude of
transported pollution, they still have the capability of simulating
transport of pollutants, and can provide us information about the
source distributions, the transport patterns, and duration time of
pollutants in the atmosphere.

The primary goals of this study are i) to determine the source of
an elevated O3 episode using airborne measurements combined
with multiple model platforms such as global-, regional-scale, and
trajectory models, and ii) to help inform regional air quality man-
agement decisions by showing the methods to assess Asian pollu-
tion transport to the western U.S. for specific events when the
natural atmospheric phenomena such as stratospheric intrusions
are small. Here we focus on 30 May 2012, when high O3 is observed
offshore near the San Francisco Bay Area, CA as part of the Alpha Jet
Atmospheric eXperiment (AJAX) project. In section 2, we describe
the experimental design of AJAX measurements, models, rean-
alysis, and satellite data. Section 3 examines the local contribution
to the observed O3 concentration, as well as the influence of
stratospheric intrusion on the delivery of high O3 in this episode.
We also demonstrate transport pathways of Asian pollution over
the western U.S., including the high signature of CO over Asia, and
this will confirm the mixing of Asian polluted air masses with
stratospheric and upper tropospheric air. The potential impact of
high O3 aloft on surface O3 in the CA boundary layer is also dis-
cussed. Finally, the summary and conclusions are described in
Section 4.

2. Experimental design

2.1. Airborne instrumentation (Alpha Jet)

In situ measurements of O3 were performed as part of the Alpha
Jet Atmospheric eXperiment (AJAX). The aircraft is based at and
operated from NASA Ames Research Center at Moffett Field, CA
(37.42 �N, 122.05 �W). Scientific instrumentation is housed within
one of two externally mounted wing pods. The aircraft instru-
mentation includes an O3 monitor (described below), and a carbon
dioxide (CO2) and methane (CH4) analyzer (Picarro Inc., model
G2301-m). Further details on the airborne facility are presented in
Hamill et al. (2016).

Measurements of O3 mixing ratios were performed using a
commercial O3 monitor (2B Technologies Inc., model 205) based on
ultraviolet (UV) absorption techniques and modified for flight
capability. The dual-beam O3 instrument uses two detection cells
measuring the UV light intensity difference between O3-scrubbed
air and un-scrubbed air. The O3 monitor has undergone thorough
instrument testing in the laboratory to determine the precision,
linearity and overall accuracy. Calibration tests (ranging from 0 to
300 ppbv) were performed before and after flight using an O3
calibration source (2B Technologies, model 306). The calibration
factors for linearity offset and the zero offset (1.01 and �2.7 ppbv,
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respectively) were applied to raw data during data processing. In
situ O3 measurements are taken every 2 s, and averaged to 10 s to
improve precision. The typical overall uncertainty of the O3 mea-
surements is 3 ppbv. For more information, see Yates et al. (2013).

To compare offshore and inland ozone and greenhouse gas
conditions and assess horizontal variability above and below
boundary layers, the aircraft performed two consecutive vertical
profiles (see Fig.1). The takeoff timewas 11:15 Pacific Daylight Time
(PDT) (UTC time is PDT þ 7 h) on 30 May 2012. The aircraft arrived
on-station at Castle Airport (37.38 �N, 120.56 �W, inland) ~11:33
PDT and performed a descending spiral profile from 8.1 km to the
lowest altitude ~ 0.07 km. Then the aircraft passed over offshore
(37.2 �N,123.25 �W, RAINS) arriving at 12:20 PDTwith a descending
spiral from 8.4 km to the lowest altitude ~ 0.03 km. Total duration
for the flight was about 2 h, landing at Moffett field at around 13: 12
PDT.
2.2. Modeling analysis

In this study, we used three models including the global GEOS-
Chem model and Lagrangian trajectory models (National Aero-
nautics and Space Administration Goddard Space Flight Center
(NASA GSFC) back trajectory model, and the Weather Research and
ForecastingeStochastic Time Inverted Lagrangian Transport (WRF-
STILT) model). The NASA GSFC back trajectory model was used for
determining the origins (source regions) of air masses by tracing
the position of meanwind trajectories. Meanwind trajectories may
have difficulty in the PBL when the variability in observations is
associated with a heterogeneous surface structure (i.e. mountains)
and the surface condition is highly turbulent. The WRF-STILT
model, one of the Lagrangian Particle Dispersion Models (LPDM),
can overcome this limitation by simulating both advection and
turbulence, and capturing the small scale heterogeneous structures
Fig. 1. (a) A map of AJAX flight track with ozone (O3) values plotted in Google™ Earth. (b) 3-
O3 offshore, lower leg and onshore measured by AJAX flight on 30 May 2012. The red dashed
colour in this figure legend, the reader is referred to the web version of this article.)
in the PBL. The WRF model provides meteorology input data to
drive the STILT model.
2.2.1. GEOS-Chem model
To quantify the impact of North American pollution on airborne

measurements evaluated during this study, the global/regional 3-D
chemical transport model (CTM) GEOS-Chem (v9-01-03; http://
geos-chem.org/) was applied to simulate emissions, atmospheric
chemistry, transport, and deposition of O3 and its precursor species.
GEOS-Chem is driven by assimilated meteorological fields from the
Goddard Earth Observing System (GEOS-5) of the National Aero-
nautics and Space Administration (NASA) Global Modeling Assim-
ilation Office (GMAO) (Bey et al., 2001). The model was run in a
regional nested-grid mode with a horizontal resolution of
0.5� � 0.67� (latitude � longitude) and 47 vertical hybrid sigma-
pressure levels (including ~14 levels below 2 km) over North
America. Transport of aerosol and gaseous species is calculated
every 10 min in the model using the scheme described in Lin and
Rood (1996). The planetary boundary layer (PBL) mixing scheme
used in this study is based on Lin andMcElroy (2010) and considers
atmospheric instability conditions. Anthropogenic emissions in
North America during this study were taken from the 2005 Na-
tional Emissions Inventories (NEI) developed by the US Environ-
mental Protection Agency (EPA). The model simulates biogenic
volatile organic compound (VOC) emissions using the Model of
Emissions of Gases and Aerosols from Nature (MEGAN v2.1) model.
Daily wildfire and biomass burning emissions are taken from the
version 3 Global Fire Emissions Database (GFED3) emission in-
ventory. GEOS-Chemwas also run in a tagged tracer mode in order
to estimate the contribution of local emission sources in North
America to the O3 measured by AJAX. These model simulations tag
the quantity of O3 formed in the boundary layer over North
America, and this tracer is then transported and is subject to
D Vertical profile of O3 mixing ratio (ppbv), and (c) the plane-view of vertical profile of
lines mark the altitudes between 1.5 and 4 km. (For interpretation of the references to

http://geos-chem.org/
http://geos-chem.org/
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chemical production (only in the North American boundary layer)
and loss processes (anywhere in the troposphere and stratosphere).
The 3-hr dynamic boundary conditions for nested O3 model runs
are prescribed from global GEOS-Chem simulations with a
2 � � 2.5 � resolution.

2.2.2. WRF-STILT model
The Weather Research and Forecasting model combined with

Stochastic Time Inverted Lagrangian Transport (WRF-STILT) model
simulations were performed to identify local surface influence on
the O3 concentration at the sampled altitudes. The STILT model,
based on the HYSPLIT model developed at NOAA's Air Resources
Laboratory (Draxler and Hess, 1997, 1998), is described in Lin et al.
(2003), while theWRFmodel is described in Skamarock and Klemp
(2008) and extensively documented in Skamarock et al. (2008). Our
WRF simulations consisted of two domains at 8 and 2.7 km reso-
lution with two-way nesting over the west coast of the U.S. Time-
averaged, mass coupled winds from the WRF model were used to
improve mass conservation and the temporal representation of
wind variation (Nehrkorn et al., 2010; Hegarty et al., 2013; Mallia
et al., 2014). The native vertical levels within STILT were selected
to closely match the WRF vertical levels to further improve mass
continuity. WRF simulations were carried out from 27 May 2012 to
3 June 2012 with hourly output. The WRF physics options used for
WRF-STILT simulation are shown in Supplementary Appendix
Table S1. The STILT model is driven by meteorological fields pro-
duced by WRF using NCEP North American Regional Reanalysis
(NARR, Mesinger et al., 2006) data which provides boundary con-
ditions at a horizontal grid spacing of 32 kmwith 32 vertical levels
every 3 h.

The STILT model is one of the Lagrangian Particle Dispersion
Models (LPDM), which has been used for capturing subgrid scale
transport (Stohl, 1998) and determining the surface impact on the
concentration of conserved tracer at the observed sites (Ryall et al.,
2001; Lin et al., 2003; Nehrkorn et al., 2010). This model expands
traditional mean wind trajectory models by simulating both
advection and turbulence in the trajectories of tracer particles in
the PBL. A key advantage of the STILT model approach is the ability
to identify the possible surface influence both backward and for-
ward in time. Particles transported backward in time in STILT
simulate the history of the air particles with their footprints. These
footprints (or called sensitivity of mixing ratio (concentration) to
surface fluxes) gives the concentration change at the starting point
of the STILT run (receptor), given a unit flux from the ground sur-
face [ppm/(mmol m�2 s�1)]. In a similar way, particle transported
forward in time provide a straightforward way for quantifying the
impact of an emission source on the downstream concentrations
with its possible influence on surface. Footprints (influence) are
computed based on howmany particles are found near the ground
at a given location and how long they reside there, so that they can
link the upstream or downstream influence to the concentration
change at the receptor. Please see Lin et al. (2003), Nehrkorn et al.
(2010), and Mallia et al. (2014), and the Supplementary Appendix
for more detailed information for footprint or the surface influence.

2.2.3. NASA GSFC back-trajectory model
Back-trajectory calculations are performed using the NASA GSFC

Trajectory Model. This model was developed by Schoeberl and
Sparling (1995), and later modified by Wright et al. (2011). The
parcel history (trajectory) X(t) is calculated by integration of the
equation DX(t)/Dt¼U(t), where X(t) is the location (longitude, lati-
tude, and potential temperature) of the air parcel and U(t) is the
three dimensional wind velocity (with diabatic heating rate as the
vertical velocity). The trajectories are determined using the GMAO
Modern Era Retrospective analysis for Research and Applications 2
(MERRA-2) reanalysis fields (Suarez and Bacmeister, 2015;
Bosilovich et al., 2016). The MERRA-2 horizontal winds, tempera-
tures, diabatic heating rates are reported at a horizontal resolution
of 0.66 � longitude by 0.5 � latitude on 42 pressure levels spanning
from 1000 to 0.01 hPa, and 3-hourly time resolution. MERRA-2 is a
NASA atmospheric reanalysis for the satellite era using the Goddard
Earth Observing System Model, Version 5 (GEOS-5) with its At-
mospheric Data Assimilation System (ADAS), version 5.12.4. See
Bosilovich et al. (2011, 2016) for additional information regarding
the MERRA and MERRA-2 reanalyses. All fields are vertically
interpolated to a potential temperature grid, and are also interpo-
lated linearly in time and space to the trajectory location at each
time step of the trajectory integration. A fourth-order Runge-Kutta
method is used to calculate trajectory motion, and it is calculated
for every 28 min (i.e. fifty time steps per day).

For trajectory analysis, the west coast of the U.S. and northern
California (CA) (36e42 �N, 125e118 �W) are used. Subset regions
(37e37.5 �N, 125e120 �W) focused on locations closest to AJAX
flight pathways are also considered. This selection not only covers
the area that the AJAX aircraft measured, but also includes the
surrounding areas, to capture as many back-trajectories as possible
coming into CA. O3 measurements in these regions are also
important as the concentration can be affected both by transport or
by local pollution (Huang et al., 2010; Lin et al., 2012a).

All trajectories are released at potential temperatures of 305,
308, 310, and 312 K (1.5e4 km in the mid-latitude). These levels are
chosen for the back-trajectory calculation, specifically to determine
the source of high O3 offshore measured by AJAX. Back trajectories
were also performed at lower potential temperatures (290, 295,
300 K, corresponding to 1e1.5 km) and higher potential tempera-
ture (315 K, 317 K, 320 K, 324 K, covering 4e6 km in the mid-
latitude) to track the sources of the parcels above and below the
O3 lamina at 3 km both offshore and inland. For each back-
trajectory track, calculations are started from a regular longitude-
latitude grid with spacing of 0.625� by 0.5 � covering the region
of California at each potential temperature level, resulting in 1716
(156 � 11) (subset: 198 (¼ 18 � 11)) trajectories for this flight.
Trajectories are computed backward for 10 days. The typical
timescale for air parcels to come across the Pacific Ocean during
boreal spring is longer than a week, which is the nominal time of
transit during boreal winter (Roca et al., 2005; Moncrieff et al.,
2007; Ryoo et al., 2015). Ryoo et al. (2015) reports that there are
no significant differences between trajectory results using different
meteorological fields such as National Centers for Environmental
Predictions (NCEP) (Kalnay et al., 1996) or European Centre for
Medium-Range Weather Forecasts (ECMWF) (Simmons et al.,
2007) or MERRA reanalysis data over the west coast of the U.S.
Trajectories using MERRA and MERRA-2 show only minor differ-
ences, but MERRA-2 carries improved information, especially in the
upper troposphere and the lower stratosphere due to the improved
accuracy in the input of satellite measurements (see Supplemen-
tary Appendix. Fig. S4).

2.2.4. MERRA-2 assimilated O3 and NOAA interpolated daily
outgoing longwave radiation (OLR)

Compared to native MERRA O3, which is produced based on
coarser resolution data from Solar Backscattered Ultra Violet
(SBUV) instruments, MERRA-2 assimilated O3 fields are produced
based on total column O3 observational data from the Ozone
Monitoring Instrument (OMI; Levelt et al., 2006) with Microwave
Limb Sounder (MLS;Waters et al., 2006) O3 profiles at 0.625� � 0.5�

(about 50 km) horizontal resolution. The O3 assimilation system
used in MERRA-2 is described in more detail in Wargan et al.
(2015). It is known that MERRA-2 can realistically reproduce O3
observations in the upper troposphere and lower stratosphere (UT/



Fig. 2. Time series of 1 min averaged AJAX O3 (red), total O3 simulated from GEOS-
Chem (black), and GEOS-Chem simulated local North American O3 (green) on 30
May 2012 sampled along a portion of the flight track from 12:35 to 13:10 PDT (UTC
time is PDT þ 7 h). Location A refers to 37.15 �N, 122.65 �W at 3 km; B to 37.21 �N,
122.30 �W at 1.8 km; C to 37.27 �N, 122.10 �W at 0.5 km, as depicted in Fig. 1. The gray
line represents AJAX altitude (km). The O3 simulated from GEOS-Chem are calculated
along the AJAX flight path which passed through 2 different latitude (36.75e37.75 �N)
and 3 different longitude (121.667e123.667 �W) model grids with more than 15 ver-
tical model grids. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

J.-M. Ryoo et al. / Atmospheric Environment 155 (2017) 53e67 57
LS) and above, due to strongest data constraints in the higher al-
titudes, but it underestimates the actual O3 in mid-to lower
troposphere, due to lack of emissions and simplified photochem-
istry in themid-to lower troposphere (Wargan et al., 2015; Ott et al.,
2016). Considering all this, MERRA-2 O3 fields can be expected to
provide a realistic estimate of mixing ratios within stratospheric
intrusion layers, but will weakly represent observations in air
masses dominated by surface emissions. The comparison between
MERRA andMERRA-2 shows that their difference is considerable in
the upper troposphere and the stratosphere (up to 100 ppbv) in our
study location (see Supplementary Appendix Figs. S2 and S3). We
compare our aircraft O3 results with assimilated O3 fields produced
by MERRA-2 in Section 3.3.2.

Outgoing longwave radiation (OLR) is used as a simple proxy of
deep convection. The OLR data used are the NOAA spatially and
temporally interpolated OLR (Liebmann and Smith, 1996), obtained
from the NOAACooperative Institute for Research in Environmental
Sciences (CIRES) Climate Diagnostics Center (CDC; information
available online at http://www.cdc.noaa.gov/). The temporal reso-
lution is daily, and horizontal resolution is longitude 2.5� by lati-
tude 2.5�.

3. Results and implications

3.1. Local sources

3.1.1. Comparison of AJAX observations with GEOS-Chem model
simulation

Fig. 1 illustrates the 30 May 2012 AJAX flight track showing O3
mixing ratios and vertical distributions. The locations of A, B, C are
chosen to see O3 at different altitudes close to the coast line. It is
interesting to note that higher O3 (>80 ppbv) is observed around
and below 3 km offshore than anywhere onshore. Onshore, rela-
tively high O3 and its gradient has been observed around 5e7 km,
but this is not as high as values observed offshore around 3 km (see
Fig. 1b and c). High O3 mixing ratios observed around 6e7 km are
commonly attributed to PV and high O3 from the lower strato-
sphere into the mid-troposphere (Langford et al., 2009, 2012; Lin
et al., 2012b; Yates et al., 2013). High gradients observed in the
lower altitudes around 3 km, however, the processes and sources
leading to enhanced O3 are not yet well understood.

Fig. 2 shows the time series of 1 min averaged measured O3,
total O3 simulated from GEOS-Chem, and GEOS-Chem North
America boundary layer tagged tracer sampled along a portion of
the flight track. Simulated O3 values are sampled from the model
using predictions from the time-step and horizontal and vertical
grid corresponding to the location and timing of AJAX measure-
ments. There is a fairly good agreement between AJAX O3 and the
total GEOS-Chem simulated O3. Although the magnitude of
modeled O3 is smaller than AJAX measured O3 in the lamina be-
tween 2 and 4 km, the peaks and patterns of both modeled and
observed O3 are well correlated (R ¼ 0.74, Normalized Mean
Bias ¼ �18.2%). GEOS-Chem tends to underestimate the measured
O3 during the times of strong stratospheric intrusions, as shown in
previous studies (Zhang et al., 2014). Overall, the GEOS-Chem
simulations during this study predict that local sources play a
minimal role in O3 contribution to that measured by AJAX off the
coast of northern California (~1e20% of total simulated O3), and this
suggests that other sources are primarily responsible for the
observed high O3 lamina measured by AJAX.

3.2. Stratospheric intrusion into troposphere

3.2.1. Meteorological features
It has been recognized that stratospheric intrusions are one of
the major contributors to elevated O3 in the lower troposphere of
North America during the spring and winter months (Bourqui and
Trepanier, 2010; Chung and Dann, 1985; Cooper et al., 2004b, 2005,
2011; Ambrose et al., 2011; Yates et al., 2013). To determine if the
stratospheric impact on O3measured by AJAX on 30May 30, 2012 is
significant, we first examine the atmospheric conditions such as
temperature, wind, and PV fields. PV is a conservative tracer under
adiabatic conditions and is typically much larger in the strato-
sphere than troposphere. In general, the dynamic tropopause is
definedwhen PV is equal to 1.5 PVU (1 PVU¼ 10�6 m2s�1 K kg�1) or
2 PVU, so large PV values at high altitudes are regarded to be linked
to the stratosphere.

Fig. 3 shows that high O3 may be partially coming from the
upper troposphere and lower stratosphere (UT/LS) through in-
trusions. A large region of increased ozone (Fig. 3b) has been drawn
down to ~700 hPa, and a relatively weak tongue of PV descending
from the UT/LS with a separate region of high PV (>1 PVU) seen at
low altitudes highlights likely stratospheric influence. However, we
cannot say that these air masses are exclusively transported from
the UT/LS because the air is not completely dry (i.e. q is not very
low). Furthermore, the magnitude of PV in the flight region is still
small (0.5e1 PVU) (see Fig. 3a and d). Thus, we suggest that this
moist air with modest PV values is the result of sufficient turbulent
mixing (Shapiro, 1980) between upper- and lower-level air.

If these features are not due to transport of air from the
stratosphere, how can PV be so large at near the surface (1 000-
800 hPa), and where was that high PV region formed? The short
answer for the question appears to lie in understanding the role of
diabatic heating on PV formation. The diabatic heating effect in
lower altitudes is known to be a dominant factor that produces
low-level PV and moistens the air (Hoskins et al., 1985; Lamarque
and Hess, 1994). According to Hoskins et al. (1985), PV can be
modified by diabatic heating/cooling processes:

D
DT

PV ¼ 1
r
h,VðDHRÞz1

r
hZ,

v

vZ
ðDHRÞ (1)

Where D/Dt denotes the material derivative, h is absolute vorticity
vector, and DHR is the diabatic heating rate. Fig. 4 demonstrates
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Fig. 3. (Top) Longitude-Height vertical cross section averaged over 36e37.5 �N, and (Bottom) Longitude-Latitude cross section at 825 hPa of (a, d) Potential vorticity (PV, in PVU), (b,
e) O3 (in ppbv), and (c, f) specific humidity (q, in g/kg) on 30 May 2012 at 18 UTC obtained from MERRA-2 reanalysis data. The white area represents the data affected by
mountainous area. The black contours refer to PV of 1, 2 PVU (1 PVU ¼ 10�6 K m2 Kg�1 s�1), and the dashed dark-gray lines refer to the latitude of 37.2 �N closest to the flight track.

Fig. 4. Vertical profiles of (a) PV, (b) O3 mixing ratio, (c) specific humidity (q), (d) vertical vorticity, and (e) vertical vorticity multiplied by d(DHR/Cp)/dz averaged over 37e37.5 �N,
125e120 �W on 30 May 2012 at 18 UTC computed using MERRA-2 reanalysis data.
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how PV at a lower altitude is modified by absolute vorticity (curl of
wind vector) and the vertical gradient of diabatic heating. The peak
of PV values in the lower altitude between 1 000 and 800 hPa
matches well with the peak of the combination of absolute vorticity
and the vertical gradient of diabatic heating rate ðvðDHRÞ=vZÞ (see
Fig. 4a, d, 4e). The vertical profile of q also shows that the air in the
low altitude is not as dry as the high altitude (Fig. 4c). From these
figures and the PV formation process in the low altitude (Eqn (1)),
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we now see that the atmospheric variables such as PV, O3, and q on
30 May 2012 were more influenced by the diabatic heating pro-
cesses through mixing of airs, rather than stratospheric intrusion.
3.3. Long-range transport

3.3.1. Back-trajectory model simulations
From sections 3.1e3.2, we demonstrate that local sources and

stratospheric intrusions can only partially explain the high O3
detected by AJAX on 30 May 2012. Long-range transport is known
as an important process to cause pollutant transport to the U.S.
across the Pacific (e.g., Lin et al., 2012a). Such pollution is observed
by recent satellite images. Fig. 5a shows MOPITT (Measurement of
Pollution In The Troposphere) column carbon monoxide (CO)
averaged over 21e30May 2012, depicting that much pollution over
Northern China is emitted from combustion and other anthropo-
genic sources during the days prior to the AJAX flight.

In order to determine the impact of long-range transport on
high O3 concentration observed by AJAX, we perform a back-
trajectory analysis. Fig. 5 shows the spatial and temporal evolu-
tion of NASA GSFC back-trajectories starting from California
(36 �Ne42 �N,125 �We118 �W) at 18 UTC on 30May 2012 for about
10 days. The starting points of the colored lines represent the lo-
cations similar to where AJAX observed (37e37.5 �N, 124e120 �W,
Fig. 5. (a) Daytime column CO averaged over 21e30 May 2012 obtained fromMOPITT data, (b
305, 308, 310, and 312 K (1.5e4 km) using MERRA-2 reanalysis data coming to California
trajectories represent the individual trajectories starting at locations closest to AJAX flight p
(blue) signify the trajectories originating further north and higher altitude (south and low
colored regions in (b) represent burned area obtained from GFED. The purple contours are
interpretation of the references to colour in this figure legend, the reader is referred to the
total 18 trajectories), and the symbols represent the parcel posi-
tions at days �3, �6, and �9). The horizontal and vertical evolu-
tions of trajectories clearly show that air masses come from
different locations and altitudes. Among them, the majority of air
parcels are transported from northern Asia across the Pacific
(Fig. 5b). The shaded areas in panel (b) of Fig. 5 indicate biomass
burning area obtained from the Global Fire Emission Database
(GFED, van der Werf et al., 2010; Giglio et al., 2013), suggesting that
Russian wildfire can be one of the sources of O3 formation or pre-
cursor generation. Furthermore, the low OLR (less than
190 W m�2), which is typically associated with deep atmospheric
convective updraft, is found over the northern Asia and western
Pacific around day �10 to �9. This can trigger uplifting of the
polluted air parcel from the areas over Russia and northern China to
the free troposphere.

The time series of trajectories shown in Fig. 5c shows that the air
masses are “mixed” with each other during the process of trans-
port. To explore how the mixing of air masses from different
sources can be identified by an objective diagnostic, and whether
such a diagnostic can be used as an objective predictor of mixture of
air mass from different origins, we use Q as a measure of mixing of
air parcels in the large-scale flow:
) horizontal pathways, and (c) vertical evolution of 10 day back-trajectories releasing at
(36e42 �N, 125e118 �W on day 0 (30 May 2012 at 18 UTC)). Different colors of the
ath (37e37.5 �N, 124e120 �W) ending in different regions. The line colors closer to red
er altitude). The symbols represent the parcel locations at �3, �6, and �9 days. The
low OLR (190 W m�2) at day �9, which is used as a proxy of deep convection. (For
web version of this article.)



Fig. 6. The same as Fig. 5(c) except for the time series of O3, PV, specific humidity, and Q diagnostic. The line colors closer to red (blue) signify the trajectories originating further
north and higher altitude (south and lower altitude). The starting position of each colored trajectory is marked as the same colors in Fig. 5. The dashed vertical lines show the each
value at day �6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Where l and 4 are longitude and latitude, respectively (Haynes,
1990; Fairlie et al., 2007). Positive Q means the fluid elements are
stretched, so that there is efficient mixing of air, and this is found to
be associated with the regions of Rossby wave breaking,1 where
efficient mixing between air masses happens. Negative Q, on the
other hand, indicates that rotation of fluid is dominant, so air
1 Rossby waves, also known as planetary waves, are long horizontal wavelength
(>2000 km) oscillations in the westerlies that predominantly occur in the upper
troposphere and the lower stratosphere. In the Northern Hemisphere (NH) winter,
Rossby waves can grow to large amplitudes when winds are westerlies, but even-
tually break with irreversible mixing of potential vorticity when the winds are not
westerlies and other wave growth conditions are not satisfied.
masses do not tend to be stretched or mixed and this is associated
with non-Rossby wave breaking events.

Fig. 6 shows (a) PV, (b) specific humidity (q), (c) O3mixing ratios,
and (d) Q diagnostic computed along the trajectories obtained from
the nearest location to MERRA-2 O3 at each grid point for 30 May
2012. Note that, during the period of the back-trajectories from the
AJAX flight sites, high positive Q values (larger than 600) are
detected between day �6 and day �10, showing that there is effi-
cient mixing among parcels during the transport across the Pacific;
some of parcels are from Asia, and some of them from the strato-
sphere and the upper troposphere, and they are mixed together in
the course of the transport. These large positive Q values in the
course of back-trajectories indicate that there are significant sour-
ces in Asia across the Pacific, and they are transported through
strong wind across the Pacific over several days, contributing the
high O3 in the altitude range between the free troposphere and the
boundary layer observed by AJAX over northern California. As a
result of this mixing, for example, after a big jump in Q diagnostic
values at day�6, dry air with low q originating from the UT/LS gets
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moist around day �4 to �6 (red), while PV and O3 originating from
UT/LS get smaller at this time. Thus, Fig. 6 demonstrates that the air
coming to the western U.S. is a mixture from many different
sources.
3.3.2. Comparison with a stratospheric intrusion dominant case: 14
May 2012

Approximately two weeks before the case study discussed here,
a large stratospheric intrusion event was identified by both ob-
servations and the Realtime Air Quality Model System (RAQMS)
model (Yates et al., 2013) over California. Here we contrast how the
30 May 2012 enhancement is due to a combination of processes,
rather than solely a stratospheric intrusion.

Fig. 7 shows the vertical distributions of O3 onshore and
offshore, and the scatter plots of O3, carbon dioxide (CO2), and
water vapor (H2O) measured by AJAX during the 14 May 2012 and
the 30 May 2012 flights, respectively. For the clear stratospheric
intrusion case (14 May 2012, panel e), high O3 is observed where
low H2O (<0.01 %v) is observed. This indirectly indicates that O3
mainly came from the dry, but O3-rich stratosphere through in-
trusions. The vertical distribution of other greenhouse gases such as
CO2, methane (CH4) and H2O show relatively no variation except for
the low altitudes. In contrast, for 30 May 2012 (Fig. 8g), high O3
observed offshore in relatively low altitude (2e4 km) and the ver-
tical profiles of CO2, CH4, and H2O also show more variation than
those in the 14 May case (see Supplement Appendix. Fig. S1). Note
that this strong O3 enhancement between 1.5 and 4 km
(850e650 hPa) for 30 May case was not captured by MERRA-2 O3
(see Fig. 4b). For the 14 May case, there is strong anti-correlation
between O3 and H2O. The scatter plots between CO2 and H2O also
show less variation in CO2 offshore for the 14May case compared to
Fig. 7. (aed) Vertical onshore (green) and offshore (red) profiles of O3 [ppbv] and H2O [%v],
and (right: c, d, g, h) 30 May 2012 case. The red and green (pink and light-green) lines in
respectively. (For interpretation of the references to colour in this figure legend, the reader
those for the 30May case. This demonstrates that greenhouse gases
and O3 observed for the 30 May 2012 case come from the combi-
nation of sources.

For further characterization of these features, the vertical cross
sections of PV averaged over 121e123�W on 14 May 2012 and 30
May 2012 at 18 UTC, and their 5-day back trajectory pathways along
with O3 and Q diagnostic are shown in Fig. 8. There is a stronger
stratospheric intrusion over 30e40 �N for 14 May 2012 compared
to 30 May 2012 especially the strength of penetration of PV from
the high altitude to the lower altitude (see Fig. 8a and b). The
horizontal map of the cross section at 500 hPa (5e6 km) shows that
there are strong PV tongues, penetrating from the stratosphere into
the lower troposphere for both 14 May and 30 May cases. The big
difference is that how deep the penetration is to the mid and lower
levels. The stronger penetration into the mid-level (~500 hPa) was
clearly found in 14 May case, where the AJAX flight passed through
(Fig. 8c), but not in the 30 May 2012 case (Fig. 8d). Moreover, the
transport patterns look quite different. Fig. 8cef shows that the
intrusion-dominated air masses are transported along the south-
erly path near the eastern Pacific, not far across the Pacific. Note
that there is relatively weak mixing (small Q) around day�4 (a) on
14 May case while strong mixing (large Q) occurs around day �4
(a0) for the 30 May case, with slightly increased amounts of O3 for
30 May case. Interestingly, the O3 peak is shown around day �0.5
(b) after large mixing (large Q) on 14 May, indicating that there is
direct influence from the O3-rich region of the upper troposphere
and the lower stratosphere throughout the intrusion, given no
particular local O3 source off the coast. This indicates that direct
transport of stratospheric air and its mixing near day 0 was a pri-
mary source of the high O3 value (Fig. 8i and k) around days�1 and
0 for the 14 May case. Compared to this, the 30 May 2012 case
(eeh) scatter diagrams of O3 and CO2with H2O during (left: a, b, e, f) 14 May 2012 case
(aed) are vertical profiles averaged by every 200 (25) meters for heights for each gas,
is referred to the web version of this article.)



Fig. 8. (a, b) The latitude-pressure cross-section of MERRA-2 PV, (c, d) the back-trajectories near the AJAX flight lines overlaid with PV at 500 hPa (from the solid pink lines from (a,
b)), (e, f) 9.4 day back-trajectories coming to California (36e42 �N, 125e120 �W), releasing at (left) 315 K on 14 May 2012, and (right) 305 K on 30 May 2012 at 18 UTC, (g, h) vertical
motions of the back-trajectories for �5 days, (i, j) O3 and (k, l) Q diagnostic calculated along the trajectories. Different colors of the trajectories represent the individual trajectories
starting at locations closest to AJAX flight path (37e37.5 �N, 124e120 �W ending in different regions. The trajectory colors closer to red (blue) signify the trajectories originating
further north (south). Dashed lines a, b (a0 , b0) represent O3 and Q diagnostic around day �4 and day �0.5 for both 14 May 2012 and 30 May 2012, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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shows less O3 with somewhat moderate mixing (small Q) around
day 0.5 (b0), which implies that mixtures of air from multiple
sources throughmixing earlier (>day�4, a0) lead to O3 values at the
time of observation (day 0).

The analysis presented here shows that the 30 May 2012 case
has more complex patterns, suggesting that O3 has multiple sour-
ces with the mixture of air, while the 14 May 2012 case has simpler
patterns, identifying that O3 has a stratospheric origin (Fig. 8iel).
Although high PV signatures in themid-to high altitudes are clearly
linked to stratospheric intrusions, especially in the eastern Pacific
(Waugh, 2005; Ryoo et al., 2008), 30 May 2012 case shows that
there is more contribution of long-range transport than pure
stratospheric intrusion. These relatively weak PV signatures and
the horizontal transport pathways from Asia clearly indicate that
complicated processes are involved in this case.

Fig. 9 summarizes where the air masses coming to CA originated
and how much the different source regions contribute to the O3
captured by the trajectories. It also shows how the observed O3 is
different from the MERRA-2 assimilated O3. The trajectories are
classified, using their altitudes, as originating from the upper
troposphere and the lower stratosphere (UT/LS, if trajectory at
day �10 comes from above 8 km)), mid- (MT, if trajectory at
day �10 comes from between 3 and 8 km), and lower troposphere
(LT, if trajectory at day �10 comes from below 3 km). Panel (a) was
computed from the form ni=

P3
i¼1ni which is the ratio of the

number of trajectories (ni) in each group (i) to the total number of



Fig. 9. (a) The percentage of back-trajectories (solid bar) and percentage of O3 (hatched bar) from the different source regions: i) lower troposphere (LT) in red, ii) mid troposphere
(MT) in green, and iii) upper troposphere/lower stratosphere (UT/LS) in blue, (b) Probability density function (PDF) of the O3 mixing ratio of different sources (LT, MT, UT/LS) at the
end of back trajectories (day �10) coming to California (37e37.5 �N, 125e120 �W at 1e6 km) on 30 May 2012. (c) (top) AJAX-measured O3, (middle) MERRA-2 assimilated O3,
(bottom) Reconstructed O3 from the trajectories at day �10 to the nearby region of California offshore closest to AJAX flight paths (37e37.5 �N, 124e122 �Wat 1.5e4 km) on 30 May
2012. The horizontal red line in each bar in (c) stands for its standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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trajectories arriving into the source regions. Panel (b) was obtained
from the mean and standard deviation of the each classified tra-
jectory group, and panel (c) was obtained from the equally aver-
aged O3 values, i.e. O3=

P3
i¼1O3i which is the ratio of the mean O3

ðO3iÞ in each group (i ¼ 1,2,3) to the sum of the mean O3 coming
from all source regions. The proportion of trajectories coming from
UT/LS is lower (5%) compared to that from the MT (76%) and the LT
(19%), and the O3 mixing ratio in the air masses coming from UT/LS
is still lower (14%), compared to those from theMTand LT (65%, 21%
respectively) (Fig. 9a). The probability density function (PDF) plots
(Fig. 9b) show that the O3 mixing ratio coming from UT/LS has not
only a large mean, but also a large standard deviation, while O3
coming from LT has both a small mean with a small standard de-
viation. The air mass coming from LT appears to be mostly coming
from Asia (Fig. 5), and it accounts for about 20% of the total O3
mixing ratio in this particular case. The contribution of O3 mixing
ratio from MT was highest, reaching about 65%, although its
contribution is expected to vary depending on individual cases
because they are affected by both LT and UT/LS. Fig. 9c summarizes
the measured O3 by AJAX between 1.5 and 4 km offshore at day
0 (18 UTC, 30 May 2012), MERRA-2 O3 between 1.5 and 4 km at day
0, and transported O3 computed using the relative percentage of
trajectories from day �10 multiplied by its mean values, coming to
the altitude between 1.5 and 4 km at day 0. The mean O3 measured
by AJAX is 72.3 ± 14.4 ppbv while MERRA-2 mean O3 is
60.4 ± 5.3 ppbv. The reconstructed O3 by trajectories transported
from day �10 days to day 0 is 68.9 ± 10.1 ppbv, which better
matches with the measured O3, but still underestimate the
measured O3 enhancement by 3 ppbv. The sensitivity of O3
depending on the selection of regions (e.g. broad regions
(36e42 �N, 125e118 �W) versus narrow regions of CA along with
AJAX flight paths (37e37.5 �N, 124e120 �W)) was about ±5 ppbv,
but MERRA-2 consistently underestimates the actual O3 measured
by AJAX no matter where we choose. Overall, MERRA-2 O3 tends to
underestimate the measured O3 enhancement in the layer of
1.5e4 km, especially the O3 lamina offshore, by approximately
3e12 ppbv. This may be because of the relatively coarse resolution
of MERRA-2 data compared to the observation, and the coarse
footprint of the MLS observations (approximately 200e300 km),
diminishing its capability to capture fine-scale laminar features of
O3 affected by intrusion, surface emission, and long-range trans-
port. Fig. 9 also shows that the contribution of long-range transport
and Asian pollution on the western U.S. can be non-negligible.
3.4. O3 transported aloft and its potential surface impact

3.4.1. WRF-STILT analysis
Herewe assess the possible surface impact of the high O3 lamina

aloft observed by AJAX on 30 May 2012 by simulating trajectories
using the WRF-STILT model.

Fig. 10 gives the particle locations backward (left) and forward
(right) in time as a function of altitude and time (0e48 h) release
from 37.15 �N, 122.65 �Wat 3 km (the same as location A in Fig. 2).
The particle ensemble size is chosen as 500, but no large difference
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in simulation when using larger (smaller) ensembles such as 2000
(200). The sensitivity test for this size is well documented in Mallia
et al. (2014). For time-backward simulation starting at the altitude
where the high O3 lamina offshore was detected, all the particles
come from the higher altitude (see Fig. 10 (a, c, e)). The forward
time simulation, however, shows that the particles at the high O3
region can transport to a broad surface region of central CA,
implying the influence of upstream O3 on the downstream con-
centration (see Fig. 10 (b, d, f)). Note that for the time-forward
simulation, the potential surface influence can be significant as
the particles offshore (~3 km above ground level (a.g.l.)) are
transported into the downstream surface regions over CA within
1e2 days (see gray shaded region in Fig. 10b). Together with Fig. 2,
time-backward simulation using STILT indicates that high O3
observed at the sampled locations is not strongly associated with
local North American sources, but is linked to the transport aloft,
including transport from Asia. In the meanwhile, time-forward
simulation using the STILT model indicates that O3 transport aloft
can affect the surface O3 concentration in CA.

3.4.2. Surface O3 measurement and the upstream influence
To further investigate how high altitude O3 leads to enhanced

surface O3 during this time, two weeks of ozone measurements
Fig. 10. The horizontal map of particle locations, vertical evolution of particles with time, an
for 2 days (48 hr) starting on 30 May 2012 at 20 UTC. The particles are released at 37.15 �N
dotted line in (d) shows the possible surface influence area (the sensitivity of the concentra
simulated by STILT model. The gray scale is logarithm base 10 of the surface influence in each
(less) surface influence. The green solid line in (c) represent the footprint simulated by STILT
at each panel. The arrow in (e, f) represents the direction of simulation starting from release
referred to the web version of this article.)
from five rural surface sites in CA are shown in Fig. 11. Three
datasets (Pinnacles (PIN, 36.48 �N,121.2 �W), Sequoia (SEK, 36.5 �N,
118.8 �W) and Yosemite (YOS, 37.85 �N, 119.55 �W) National Parks
in CA) were obtained from CASTNET (https://www.epa.gov/
castnet) and two (Merced (37.3 �N, 120.5 �W) and Visalia, 36.3 �N,
119.3 �W) were obtained from San Joaquin Valley (SJV) California
Air Resources Board (CARB) (https://www.arb.ca.gov). Hourly
measurements fromMerced and Visalia were converted into the 8-
hourly maximum daily average (MDA8). Fig. 11 shows O3 MDA8
increased between 28May 2012 and 1 June 2012 at all five sites. For
more detailed analysis of CASTNET surface O3, see Yates et al. (2016,
in review).

The time-forward particle locations shown by STILT (Fig. 10) and
several surface O3 measurements (Fig. 11) imply that the high O3
aloft at 1.5e4 km can affect the surface O3 concentration through
vertical and horizontal transport. This is consistent with the find-
ings of Yates et al. (2014), reporting that i) southern SJV O3 surface
sites show a shift towards maximum correlations at time-offsets
that increase with distance along the valley, and ii) O3 at high
elevation surface sites shows significant correlation with higher
offshore altitudes (2.5e4 km a.s.l.). Here we extend the modelling
analysis of in-situ airborne O3 data using STILTmodelling to provide
a helpful insight into understanding the possible causes of these
d 3-D view of particle locations simulated (a, c, e) backward and (b, d, f) forward in time
, 122.65 �W, at 3 km above ground level (a.g.l.). The gray-shaded area in (b) and green
tion change to the surface flux, in ppm/(mmol m�2s�1)) derived from particle locations
1/4� latitude by 1/4� longitude gridcell. The darker (lighter) color represents has more
backward in time. The red-cross diamonds represent the releasing points of the parcel
point. (For interpretation of the references to colour in this figure legend, the reader is

https://www.epa.gov/castnet
https://www.epa.gov/castnet
https://www.arb.ca.gov


Fig. 11. Time series of 8-hr MDA surface O3 measurements [ppb] from Sequoia (SEK), Pinnacles (PIN), and Yosemite (YOS) National Parks, and San Joaquin Valley (Merced, Visalia)
sites in CA. The gray shaded area highlights the time window between 28 May 2012 and 1 June 2012.
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high O3 aloft, as well as predicting the potential impact on the air
quality in the CA boundary layer.

4. Summary and conclusions

Here we have studied a high ozone (O3) episodic event detected
by the airborne Alpha Jet Atmospheric eXperiment (AJAX) on 30
May 2012, and analyzed the sources using multiple analyses
including the regional-scale GEOS-Chem, MERRA-2 reanalysis data,
NASA GSFC back trajectory model, andWRF-STILT model. We found
that the elevated O3 off the coast of the San Francisco Bay Area can
be attributed primarily to a combination of downward transport
from the upper troposphere and lower stratosphere through in-
trusions, and long-range transport of Asian pollution. GEOS-Chem
simulation indicates the contributions from local/North American
sources are likely small. The high MERRA-2 PV observed at low
altitudes is only partially due to stratospheric intrusion, because
the air inside the high PV region is moist. Thus, the 30 May 2012
stratospheric intrusion was not the sole source of O3 delivered to
the CA coastal region. In addition, long-range transport from Asia
had an important influence on the O3 pollution over the western
U.S.

A back-trajectory model was used to determine the air mass
origins and how much they contributed to the O3 in CA. Using Q
diagnostic, we quantify how and where the mixing among the air
masses from different altitudes and locations occurred. The vertical
motions of trajectories combined with Q diagnostic clearly
demonstrate that pollution is exported from the Asian boundary
layer to the free troposphere, mixed with air masses from the other
altitudes, and descended to the western U.S. across the Pacific. The
relative number of trajectories coming from the upper troposphere
and lower stratosphere (UT/LS) is low (5%) compared to that from
the lower troposphere (LT) (19%), and the relative O3 mixing ratio
coming from UT/LS is also still low (14%) compared to that from the
LT (21%). The contribution of air parcels from the mid troposphere
(MT) is dominant in terms of both the number of the trajectories
(76%) and the O3mixing ratio (65%), showing that themajority (2/3)
of parcels and O3 near the measured sites for this case was trans-
ported aloft. The air masses coming from the LT appear to bemostly
originating from Asia. MERRA-2 assimilated O3 and the recon-
structed O3 along the trajectories underestimate measured O3 by
3e12 ppbv, which shows the difficulty in capturing the fine struc-
ture of O3 in the western U.S. with models.

The potential surface impact is also investigated using theWRF-
STILT model and surface O3 data. The particle locations and influ-
ence maps as well as the increasing surface O3 leading up to the
airborne measurement day show that the observed high O3,
considered to be transported aloft, affects the surface O3 concen-
tration through vertical and horizontal transport within a few days.
Although the duration of the influence may vary depending on the
seasons and the given synoptic conditions, it is certain that O3
transported aloft has an influence on the surface O3. The actual
magnitude of its effect on the surface O3 remains to be a topic for a
future study, though.

This case study demonstrates, through the combination of ob-
servations and multiple modeling systems, that the attribution of
lower altitude O3 concentrations to stratospheric origins is not al-
ways a simple assignment. Thus, systematic studies are needed to
identify the magnitude of influence of Asian pollution on the
western U.S in the future. Many model and measurement studies
clearly show that the transport and entrainment of trace gases from
the free troposphere to the boundary layer are complex and
different depending on the atmospheric conditions and
geographical characteristics, but all agree in terms of the influence
of Asian pollution on downstream regions. Since the distribution,
the magnitude of concentration, and the transport patterns of
traces gases are highly affected by the geographical distribution,
season, and meteorological characteristics, it will be important to
establish generalized and objective guidelines to identify the
impact of Asian pollution.

Nowwe are facing the era inwhich air pollution causes not only a
local problem, but also influences the whole world. Ozone over the
west coast of the U.S. is influenced by the hemispheric concentra-
tions of O3 in the free troposphere through large-scale and meso-
scale atmospheric processes, and can be significantly affected by
emissions from Asia through long-range transport. Thus, continued
studies need to collect more evidence and develop additional tools,
such as the Q diagnostic, for identifying the influence of upwind
emissions that may be transported in tandem with stratospheric
ozone. Such data and tools would certainly provide useful infor-
mation to air quality managers and policy makers.
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