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Abstract Stratosphere-to-troposphere transport (STT) and biomass burning (BB) are two important
natural sources for tropospheric ozone that can result in elevated ozone and air-quality episode events.
High-resolution observations of multiple related species are critical for complex ozone source attribution. In
this article, we present an analysis of coinciding ground-based and airborne observations, including ozone
lidar, ozonesonde, high spectral resolution lidar (HSRL), and multiple airborne in situ measurements, made on
28 and 29 June 2013 during the Southeast Nexus field campaign. The ozone lidar and HSRL reveal detailed
ozone and aerosol structures as well as the temporal evolution associated with a cold front passage. The
observations also captured two enhanced (+30 ppbv) ozone layers in the free troposphere (FT), which were
determined from this study to be caused by a mixture of BB and stratospheric sources. The mechanism for
this STT is tropopause folding associated with a cutoff upper level low-pressure system according to the
analysis of its potential vorticity structure. The depth of the tropopause fold appears to be shallow for this
case compared to events observed in other seasons; however, the impact on lower tropospheric ozone was
clearly observed. This event suggests that strong STT may occur in the southeast United States during the
summer and can potentially impact lower troposphere during these times. Statistical analysis of the airborne
observations of trace gases suggests a coincident influence of BB transport in the FT impacting the vertical
structure of ozone during this case study.

1. Introduction

Atmospheric chemistry over the Southeastern United States (SEUS) has attracted significant interest from the
scientific community resulting in recent field campaigns conducted over the region, such as the Southeast
Nexus (SENEX) [Warneke et al., 2016] and the Studies of Emissions and Atmospheric Composition, Clouds
and Climate Coupling by Regional Surveys (SEAC*RS) [Toon et al, 2016]. The SEUS is distinctive due to large
emissions of natural sources in this region interacting with anthropogenic emissions resulting in high air
pollutant concentrations with a large effect of radiative forcing [Hidy et al, 2014; Leibensperger et al.,
2012a, 2012b]. However, some detailed chemical mechanisms (e.g., isoprene-ozone chemistry) [Mao et al,
2013] of the interaction between natural and anthropogenic emissions are not well understood causing
significant uncertainty in predicting future air quality and climate change in response to human activities.
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Biomass burning (BB) is an important process that affects tropospheric ozone [Galanter et al., 2000; Lelieveld
and Dentener, 2000] due to high emissions of ozone precursor species, primarily carbon monoxide (CO), vola-
tile organic compounds (VOCs), and nitrogen oxides (NO,), and can negatively impact air quality [Jaffe et al,,
2004] and human health [Bell et al., 2004]. Ozone production from BB is highly variable and dependent upon
fire emissions, photochemistry, aerosol effects on chemistry and radiation, and meteorological patterns [Jaffe
and Wigder, 2012; Parrington et al., 2013]. Recent studies show that the BB smoke is frequently observed in
the SEUS from both local fire sources [Liu et al., 2016] and long-range transport from the western U.S. [Kim
et al.,, 2015]. Its impact on climate and surface air quality could be more significant than the previously deter-
mined [Zhang and Wang, 2016].

Stratosphere-to-troposphere transport (STT) or stratospheric intrusion is another important source for tropo-
spheric ozone. STT results from various mechanisms such as tropopause folding [Shapiro, 1980], Rossby wave
breaking [Merrill et al., 1996; Thompson et al, 2010], gravity wave breaking [Lamarque et al., 1996], and
convective “wrapping and shedding” [Pan et al., 2014]. Based on model studies, STT is expected to experience
a minimum in the summer for the extratropics in terms of both intrusion frequency [Elbern et al., 1997] and
net downward flux transport [Wernli and Bourqui, 2002] when summertime tropospheric ozone is largely
controlled by in situ photochemistry [Lelieveld and Dentener, 2000]. The frequency of tropopause folding,
which is the major process controlling STT, exhibits strong seasonal and geographic variations [Rao et al.,
2008; Sprenger et al., 2003]. The detection of STT is sensitive to the selection of stratospheric tracers such
as ozone [Bethan et al., 1996], water vapor [Beekmann et al., 1997], potential vorticity [James et al., 2003], static
stability [Pan et al,, 2009], and "Be [Elbern et al., 1997]. Quantifying the cross-tropopause flux of stratospheric
air to assess the impact of STT on the troposphere is highly sensitive to the parameterization of the intrusion
process [Gettelman and Sobel, 2000; Hsu et al., 2005]. Chemical transport models also display large uncertain-
ties in STT processes, likely due to numerous factors resulting in the inability to consistently replicate
observed ozone laminae [Roelofs et al., 2003; Tarasick et al., 2007]. The numerous observational and simulated
uncertainties in summertime STT motivate the investigation of various tracers and meteorological para-
meters from detailed ground-based and airborne observations during a STT event during the summer in
the SEUS.

STT and BB smoke transport seem to be two independent processes, and the simultaneous impact of these
two processes on atmospheric chemical composition has been demonstrated in only few studies [e.g.,
Brioude et al.,, 2007; Trickl et al, 2015]. However, Langford et al. [2015] first argued that the dry air which
descends from the upper troposphere and lower stratosphere (UTLS) during STT events is favorable for wild
fires, and therefore, they could be indirectly related. Overall, both STT and BB influence at the surface are of
scientific interest due to their capability to lead to significant increases in background ozone mixing ratios
potentially resulting in air-quality exceedance events [Langford et al, 2009; McKendry et al, 2011; Morris
et al,, 2006; Pfister et al., 2008].

This work presents an analysis of coordinated airborne and ground-based measurements acquired in
Alabama (AL) on 28 and 29 June 2013 during the SENEX investigation. The SENEX field campaign was
designed to characterize emission sources, transport processes, and atmospheric chemistry impacting trace
gases (e.g., ozone) and aerosol spatiotemporal variability in the summer months in the SEUS. During the
SENEX campaign, on 28-29 June 2013 multiple instruments, both ground based and airborne, observed large
ozone lamina over northern AL. The main objective of this study is to investigate detailed observations, from
multiple instruments including ground-based ozone lidar and aerosol lidar, to identify and quantify the
chemical signatures for trace gases and aerosols associated with STT and BB smoke transport processes.

2. Instruments
2.1. Ozone Lidar

The Rocket-city Ozone (O3) Quality Evaluation in the Troposphere (ROsQET) lidar is a differential absorption
lidar (DIAL) located on the campus of the University of Alabama in Huntsville (UAH) at 34.725°N and
86.645°W at 206 m above sea level (asl). The ROsQET lidar is one of the six systems of the Tropospheric
Ozone Lidar Network (TOLNet) (http://wwwe-air.larc.nasa.gov/missions/TOLNet) and is also affiliated with
the international Network for the Detection of Atmospheric Composition Change (http://ndacc-lidar.org).
During the working period discussed in this paper, this system measured ozone from 0.1 km up to about
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Table 1. Parameters of Raman Shifting for the UAH Laser Transmitter

First Stokes A Active Gas Buffer Gas Conversion Efficiency First Stokes Energy
289 nm 445 psi D, 350 psi Helium 29% 7 mJ/pulse
299 nm 240 psiHy 240 psi Argon 40% 5mJ/pulse

12 km during nighttime and up to approximately 5 km during daytime with a temporal resolution of 2 min.
The vertical resolutions of the DIAL retrievals vary from 150 m in the lower troposphere to 750 m in the upper
troposphere to maintain an acceptable signal-to-noise ratio (SNR) of lidar signal with altitude. Ozone lidars
are uniquely capable of providing continuous, high-temporal-resolution measurements of ozone structures.

The DIAL technique derives ozone concentrations by analyzing how rapidly the backscattered signals at two
separate but closely spaced wavelengths, one strongly absorbed by ozone and the other less strongly
absorbed, diminish with altitude. This measurement does not require the absolute signal intensities but only
the relative change of the two signals with respect to altitude. Minor hardware changes have been incorpo-
rated into this instrument compared to the earlier papers by Kuang et al. [2011, 2013]. The laser transmitter
previously consisted of two Nd:YAG-pumped dye lasers to generate 285 and 291 nm ultraviolet (UV) lasers.
The transmitter now comprises two Raman-shifted lasers at 289 and 299 nm (as of May 2013) for easier opera-
tion and higher measurable altitude. Two 30 Hz, 266 nm Nd:YAG lasers pump two 1.8 m Raman cells, respec-
tively, with mixtures of active gas and buffer gas to generate 289 and 299 nm lasers. The parameters of the
online (289 nm) and off-line (299 nm) wavelengths for the Raman shifting are listed in Table 1. Experiments
with cell gas pressure and mixing ratio based on the previously reported experiments [De Schoulepnikoff
et al, 1997; Milton et al, 1998] dictate optimized conversion efficiency and beam quality. Hydrogen (H,)
gas has a higher first stokes conversion efficiency than deuterium (D,) for Raman shifting. Less energy is
needed in the off-line channel due to less ozone absorption and Rayleigh scattering. Therefore, the pump
laser energy for the off-line channel (H; cell) is reduced to half of its maximum to avoid near-range signal
saturation issues.

An iterative aerosol correction [Kuang et al.,, 2011] is applied to reduce errors arising from differential aerosol
backscattering typically encountered below 6 km. The 289-299 nm wavelength pair has similar ozone differ-
ential absorption cross section as the 285-291 nm pair, however, is approximately 1.7 times more sensitive to
aerosol interference compared to the 285-291 nm pair due to its larger wavelength separation [Browell et al.,
1985]. The receiving system consists of three receivers and four photomultiplier tubes similar to that
described by Kuang et al. [2013] except that the solar filters have been replaced by the 300 nm short-pass fil-
ters for all telescopes accommodating the laser wavelength change. The integrated solar radiation below
300 nm is much higher than that below 292 nm so that the daytime highest measurable altitude is only about
5km. The further modification of the high-altitude channel by adding narrowband solar filters [McDermid
et al, 2002] to extend the daytime measurable altitude was not completed before the time period of this
study. By comprehensively considering these changes (e.g., larger SNR resulted by the longer wavelengths
and higher filter transmission, potentially larger aerosol interference), we estimate the lidar measurement
precision to be similar to that reported by Kuang et al. [2011], £10% in the lower troposphere and +20%
in the upper troposphere.

2.2. Ozonesondes

The Huntsville electrochemical concentration cell-type [Komhyr, 1969] ozonesondes (ENSCI 2Z) used during
this study measure ozone, temperature, pressure, and water vapor up to 35 km with a vertical resolution of
100 m [Newchurch et al., 2003], a precision better than +5%, and an accuracy better than +10% [Johnson
et al., 2002; Smit et al., 2007]. In addition to ozone, the ozonesonde measurement provides relative humidity
(RH) data that can be used as a tropospheric-air tracer. The pressure and temperature measured by the col-
located ozonesonde (usually an attached independent radiosonde) represent a more accurate atmospheric
profile compared to a standard atmosphere assumption or sounding profile at other locations and, therefore,
result in more accurate ozone lidar retrievals. The ozonesondes employ iMet radiosonde reporting Global
Position System (GPS) altitude which is more accurate than pressure-temperature-RH-derived altitude
[Stauffer et al., 2014]. Previous intercomparison experiments suggest that iMet reports temperatures about
0.5°C lower and RH 1-2% wetter compared to the widely used Vaisala RS92 below 20 km [Hurst et al.,
2011]. These biases have negligible impact on this study.
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Table 2. Measurements From the NOAA WP-3D Aircraft

Lower
Sampling Detection

Species Technique Interval  Accuracy Limit Reference

BC Single-particle soot photometer 1s 30% 0.5fg Schwarz et al. [2008 and 2010]
co Vacuum UV fluorescence 1s 5% 0.5 ppbv Holloway et al. [2000]
CH3CN Proton Transfer Reaction Mass 157 20% 35 pptv de Gouw and Warneke [2007]

Spectrometer (PTR-MS) and Warneke et al. [2015]

RHP Chilled mirror hygrometer 1s 5% NAS Warneke et al. [2016]
Ozone Nitrogen-oxide (NO)-induced 1s 2% 15 pptv Ryerson et al. [1998]

chemiluminescence detection

@Measured for 1s interval every 14-18s.
Derived from dew point temperature.
°NA, not applicable.

2.3. HSRL

The University of Wisconsin's high spectral resolution lidar (HSRL) uses molecular scattering as a calibration
reference to provide aerosol backscatter cross section, optical depth, and depolarization with a 7.5 m vertical
resolution from the surface up to 15 km [Grund and Eloranta, 1991; Eloranta et al., 2004]. This system deployed
in Huntsville, AL, from 19 June to 4 November 2013 and operated almost 24 h every day to support both
SENEX and SEAC*RS campaigns. Because of its high spatiotemporal resolution and continuous measurement
capability, a lidar is an ideal instrument to capture the rapid variations of aerosols. Simultaneous ozone and
aerosol vertical profile measurements provide unique information on their interactions and sources of pollu-
tant transport [Browell et al., 2003].

2.4. Airborne Sensors

The National Oceanic and Atmospheric Administration’s (NOAA’s) WP-3D aircraft has a range of 3000 km, a
maximum altitude of 7.6 km and a speed of 115m-s~". During the SENEX field campaign, the aircraft had
a typical flight duration of 7 h and an actual maximum altitude of 6.4 km due to heavy instrument payloads
[Warneke et al., 2016]. This study employs measurements of black carbon (BC), acetonitrile (CH3CN), carbon
monoxide (CO), RH, and ozone made by the instruments onboard the WP-3D (see Table 2) for information
ofindividual measurements. The accuracy for these measurements is typically estimated through intercompar-
ison with data from other reliable or well-characterized instruments. Ozone was measured by a chemilumines-
cenceinstrument based on the reaction between ambient ozone and NO as a reagent gas. The fast-response CO
measurement was made by a vacuum UV fluorescence instrument. The CH;CN and other volatile organic com-
pounds (VOC) were measured by a proton transfer reaction mass spectrometer (PTR-MS) with a high sensitivity
and fast time response. The aerosol measurements such as BC were conducted in a low-turbulence sampling
inlet to minimize the impact from turbulence and improve the particle transmission [Wilson et al., 2004]. The
position and motion of the aircraft as well as many meteorological parameters such as RH were recorded with
instruments installed by the NOAA Aircraft Operations Center flight facility.

3. Results

3.1. Meteorological Context

Meteorological conditions illustrated in the upper air analysis charts (Figure 1a) for 1200 UTC 28 June 2013
show an upper air extratropical cutoff cyclone centered over the border between the U.S. and Canada with
one cold front and one stationary front at the surface (Figure 1b). In this paper, we will discuss only the cold
front to the west of the large low-pressure center, extending from Ohio to northern Texas (see Figure 1b),
which was approaching Huntsville, AL. The convective clouds on the leading edge of the cold front moving
southeasterly had already reached Huntsville at 1200 UTC on 28 June. There was a moderate upper air jet
stream between the high- and low-pressure centers on the 500 hPa level (see Figure 1a).

Figures 2a and 2b shows the backscatter and linear depolarization measured by HSRL on 28 and 29 June
2013. The cirrus clouds, which typically have high depolarization at about 40% [Eloranta, 2005], were
observed by HSRL near 14 km at near 0830 UTC on 28 June. The cirrus cloud top is typically slightly below
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Surface Weather Map at 7:00 A.M. E.S.T.

Figure 1. (a) Geostationary Operational Environmental [Menzel and Purdom, 1994] satellite-infrared image with Global Forecast System (http://www.emc.ncep.noaa.
gov/GFS) analysis field provided by the National Center for Environmental Prediction (NCEP) of NOAA including wind vectors and geopotential heights at
500 hPa (http://squall.sfsu.edu/) and (b) NOAA/NCEP surface analysis map (http://www.wpc.ncep.noaa.gov/dailywxmap/), for 1200 UTC 28 June 2013 showing an
upper air extratropical cutoff cyclone centered above the northeastern U.S. and its corresponding surface cold front approaching Huntsville.

the tropopause [Sassen et al., 2008]. According to its depth and anvil structure measured by HSRL, the cirrus
was likely produced by convective updrafts [Sassen and Campbell, 2001]. With the approach of the surface
cold front and resultant convection, the cloud-base height descended to 5km at 1730 UTC.

3.2. DIAL and HSRL Measurement Analysis

The HSRL curtains in Figures 2a and 2b revealed large aerosol concentrations in the planetary boundary layer
(PBL) with an elevated aerosol layer at about 5 km from 0800 to 1600 UTC 28 June. At 1800 UTC, the strong
convection removed the aerosols below 5km when the center of the convective clouds approached
Huntsville, and the cloud base appeared to be at its lowest. The DIAL measured ozone mixing ratios between
80 and 100 ppb below the cloud base as shown in Figure 2c, representing higher than summer average
ozone for this altitude level (about 80 ppbv). Large ozone gradients at the upper air cold front suggest that
not only meteorological variables but also trace gases exhibit discontinuity on the frontal zone [Pickering
et al, 1988]. The ozone beneath the cold front surface was about 40 ppb because the postfrontal air was
transported from the northwest where lower tropospheric ozone is generally lower [Cooper et al, 2001]
and may not be affected by the STT. Typically, after a cold front passage, ozone decreases in the PBL due
to precipitation, lower temperature, and higher wind speeds. Ozone significantly decreases in the lower free
troposphere (FT) due to westerly advection and increases in the upper troposphere due to influence from the
UTLS. The FT, including the lower FT, may have laminar enhancement structures arising from STT, which will
be discussed later in this study.

The aerosol layers occurring in the FT up to 5 km before 0000 UTC 29 June had higher backscatter and were
coupled with minimal ozone enhancement, compared to the lower tropospheric average, suggesting a fresh
smoke or urban source. In Figure 2¢, two free tropospheric (FT) ozone layers (with the one at about 3.5 km
denoted as L2-1 and the one at about 5.5 km denoted as L2-2) with significant ozone enhancement com-
pared to their surrounding areas, 30 ppb on average, were detected by the ozone lidar after 0000 on 29
June. The shape of L2-2 was highly correlated with the aerosol structures measured by the HSRL, while L2-
1 was moderately correlated with the aerosols. Both L2-1 and L2-2 were likely influenced by aged smoke from
BB due to their relatively low backscatter and low depolarization. The linear depolarization of aged smoke can
be lower than fresh smoke [Burton et al., 2012; GroB et al., 2013] because the scavenging and deposition pro-
cesses remove some of the large and nonspherical particles during transport. However, ozone enhancements
due to BB alone will rarely reach 30 ppbv [e.g., Real et al., 2007; Parrington et al., 2013] even when ozone

KUANG ET AL.

OZONE ENHANCEMENT DUE TO BB AND STT 1297


http://www.emc.ncep.noaa.gov/GFS
http://www.emc.ncep.noaa.gov/GFS
http://squall.sfsu.edu
http://www.wpc.ncep.noaa.gov/dailywxmap/

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD026078

bagohsrl backscatte cross section 28-jun-2013

Altitude--msl (km)
o]
1/(m sr)

08 12 18 00 06 12 18
bagohsrl linear depolarization 28-Jun-2013

14 [
12
E 10
=
e 3 =
&
S 6
=
4
2
0
08 s 00 06
x Time (UT)
convection
15F T T T T T T T T T T T T [! Al |
= Development of the 4
- () ‘ daytime mixing layer ’ y
10— | “I' 'q 1 —
g [ ]
< [ J STT& BB |
- | - 60
=zt .
i 1 Il U |||‘|u\|ﬂ”‘|“_
L ¥ . 40
i rain ]
(4} rare09PT I I 1 1 RART Y 1 FETH 1 P AT e 1A *lzo
02:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 &
' -0
29 Jun, 2013
Time [UTC]

Figure 2. Coincident ozone lidar and HSRL observations on 28 and 29 June 2013, which suggest that the free tropospheric
ozone at Huntsville was affected by both STT and smoke transport. (a) HSRL backscatter cross section, (b) HSRL linear
depolarization, and (c) ozone mixing ratios. The black triangle represents the collocated ozonesonde profile.

production is very efficient at a low NO, concentration [Hudman et al,, 2004]. Therefore, there may be other
sources (which will be discussed later) responsible for the large ozone enhancement.

Multiple active fires occurred several days before 29 June. For example, the aerosol optical depth (AOD)
[Remer et al., 2005] and fire locations detected by the Moderate Resolution Imaging Spectroradiometer
(MODIS) in Figures 3a and 3b show smoke in Nevada, Colorado, New Mexico, Nebraska, Texas, Arkansas,
and Canada associated with fires on 27 or 28 June. We employ Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) [Rolph, 2016] backward trajectory ensemble calculation to explore possible sources for
the smoke layers observed by the HSRL. This ensemble mode generates multiple trajectories at the same loca-
tion. Each trajectory is computed by offsetting its initial meteorological grid by +0.15 factor (i.e., 0.15x 1 km
here) to account for calculation uncertainties arising from meteorological field input [Stein et al, 2015].
Substantial HYSPLIT simulation experiments indicate that the trajectory ensemble for 4km at ending at
1500 UTC 28 June in Figure 3¢, mostly reflected by both horizontal advection and convectively uplifting move-
ment, generally represents the trajectories for the smoke between 2 and 5 km observed by the HSRL before
0000 29 June. The accurate identification of the smoke source is difficult because these trajectories pass
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Figure 3. MODIS AOD at 550 nm overlaid MODIS Level 1B radiances from Terra Satellite on (a) 27 and (b) 28 June 2013.
Clouds are shown in white, and AOD at 550 nm is shown in various colors ranging from green to yellow indicating low
to high aerosol concentrations. The purple dots represent Terra-detected fire locations using the algorithm described by
Giglio et al. [2003]. The arrows mark the likely source for the fresh smoke observed above Huntsville on June 29. 48 h
HYSPLIT backward trajectory ensemble in Huntsville for the observed smoke layers at (c) 4 km asl at 15:00 UTC 28 June, (d)
3.5 km asl at 03:00 UTC 29 June, and (e) 5.5 km asl at 03:00 UTC 29 June.
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Figure 4. Satellite data and model calculations showing the influence of STT over Huntsville. (a) OMI total ozone column
[Liu et al,, 2010] on 29 June 2013 gridded to a resolution of 1° longitude x 1.25° latitude. The blank area is missing data
resulting from the OMI row anomaly. The black triangle represents Huntsville, AL. (b) Analysis field of the ozone mixing ratio
at 5 km above ground level with resolution of 1°x 1° simulated by RAQMS for 1200 UTC 29 June 2013.

multiple active fire locations. However, we believe the most likely source for the fresh smoke was the agricul-
tural burning near Arkansas because of three reasons. First, Figure 3c suggests major convection occurring
between 1200 27 June and 1200 28 June when the air parcel passed Arkansas. The convection was helpful
to lift the smoke from PBL to free troposphere. Second, smoke sourcing from Arkansas is supported by the
animation of model-simulated CO from another chemistry model (not shown). Third, the fires in Arkansas
were more significant and lasted longer than other possible fire sources as suggested by Figures 3a and 3b.

Figures 3d and 3e present the backward trajectories for the smoke layers observed at 3.5 km (L2-1 in Figure 2)
and 5.5 km (L2-2 in Figure 2) at 0300 UTC 29 June. The sources for L2-1 and L2-2 are highly uncertain because
these trajectories crossed many possible fire locations and these trajectories do not indicate major convec-
tion which is necessary to uplift the smoke from the PBL to free troposphere, especially for the 5.5 km back
trajectories. However, these trajectories did not pass several major active fires in the southwestern U.S. such
as the fires in Nevada, New Mexico, and Colorado (with even longer duration of HYSPLIT back trajectory), leav-
ing the possibility that L2-1 and L2-2 originated from forest fires in western Canada. They were relatively aged
and were probably transported from the PBL to the free troposphere some time earlier by convection which
is not well captured by HYSPLIT. The HYSPLIT back trajectory analysis suggests that the observed smoke
layers in the free troposphere before and after 0000 29 June sourced from different locations consistent with
the earlier analysis of the HSRL measurements. The subsidence suggested by most trajectories in Figures 3d
and 3e is distinctive to the mostly convective and horizontal motion in Figure 3c. This descending feature is
rather robust after many sensitivity experiments of HYSPLIT modelling indicative of a highly likely influence
from UTLS for L2-1 and L2-2. After the precipitation, ozone in L2-1 weakened around 0730 UTC on 29 June.
Ozone generally has a negative correlation with RH because of heterogeneous loss of the catalysts in the
ozone production chain, which are primarily hydrogen oxides (HO,) and nitrogen oxides (NO,) [Jacob,
2000]. However, L2-2 slowly descended without much reduction of its ozone concentration because it was
located slightly above the nimbostratus. The low-ozone layer (about 45 ppbv), formed by NO, titration in
the nocturnal boundary layer, was quickly enhanced to about 55 ppbv with the development of the daytime
convective mixing layer in the early morning (near 1430 UTC) due to downward mixing of higher-ozone
amounts from higher altitudes. The horizontal structure of total ozone [Liu et al., 2010] measured by the
satellite-borne Ozone Monitoring Instrument (OMI) [Levelt et al., 2006] in Figure 4a suggests the potential
influence from stratospheric ozone at Huntsville on 29 June, although the impact of stratospheric ozone is
not expected to be as large as spring or fall. Figure 4b presents the ozone analysis field with 1° x 1° resolution
at 1200 UTC simulated by the Real-time Air Quality Modeling System (RAQMS) [Pierce et al.,, 2007] showing
that significant ozone enhancement at 5 km occurs at the places with the greatest total ozone gradients
meaning these ozone enhancement were caused by STT [Wimmers et al., 2003]. The background ozone at
5km to the west of the low-pressure system simulated by RAQMS was approximately 40 ppbv consistent
what the ozone lidar measured underneath the upper air frontal zone. The RAQMS model, with real-time
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Figure 5. Meteorological structures derived from the NAM model showing the STT process caused by tropopause folding. (a) 340K IPV (black dotted and solid
interweaved lines) with a 2 PVU interval and the 2 PVU tropopause pressure (color contours) for 0000 29 June 2013. (b) Pressure-latitude cross section of IPV
(black dotted and solid interweaved lines) and RH (color contours). L5-1 and L5-2 represent two dry layers associated with the STT process. (c) Pressure-latitude cross

section of potential temperature (dotted lines) and wind speed (solid lines) at 86.645°W. The heavy solid line represents the 2 PVU tropopause or dynamic tropo-
pause. The triangles represent the location of Huntsville.

satellite observations assimilated, has been shown to have the capability to capture both the dynamic and
chemical features associated with STT events and provides good context for interpretation of the ozone
observations [Langford et al., 2015; Yates et al., 2013].

3.3. Modeled Potential Vorticity Analysis

For further analysis of the dynamic characteristics of this STT process, we examine the meteorological fields
from the North American Mesoscale (NAM) model from the National Centers for Environmental Prediction
(NCEP) [Janjic, 2003]. The NAM outputs have a horizontal resolution of 13 km and 39 vertical pressure layers
from 1000 to 50 hPa. Figure 5a presents the 340K isentropic potential vorticity (IPV) and the dynamic
tropopause pressure at 0000 UTC on 29 June 2013. PV is widely used as a stratospheric tracer with the
advantage of quantifying the air flux across the tropopause. The lowest 2 potential vorticity unit
(PVU=10"%K-m?-kg™'-s™") surface is considered as the dynamic tropopause [e.g., Lamarque and Hess,
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1994]. The shape of the PV anomaly is closely associated with the cutoff cyclone with the maximum PV mostly
located at the west flank as expected [Sprenger et al., 2007]. The dynamic tropopause relevant to our study
stayed mostly higher than 400 hPa (about 7.5 km asl), and its lowest portion was located at north of 37°N.
This is expected because the summertime STT processes generally occur farther to the north and higher in
altitude compared to other seasons [Wernli and Bourqui, 2002]. In Figure 5b, the vertical cross section of PV
and RH at the Huntsville longitude (86.645°W) clearly shows a tropopause fold occurring between 300 and
400 hPa at 40°N, slightly north of Huntsville. Two dry layers, L5-1 and L5-2, appear to the south of the fold.
L5-1 was the dry air lamina directly associated with the fold at 40°N according to the PV and RH structures.
L5-2, however, likely formed from another folding process which occurred earlier, based on analysis of the
NAM calculations. The RH cross section in Figure 5b is consistent with the ozone lidar structure measured
at Huntsville in Figure 2c. The dry tongue, L5-2, agrees with the enhanced ozone layer observed in the upper
troposphere between 0000 and 0006 29 June 2013. Upper tropospheric air often contains a stratospheric
component after the cold frontal passage due to tropopause folding [Cooper et al., 2002; Fischer et al,
2002]. Another dry layer, L5-1, extended as low as 600 hPa (about 4.3 km asl) and did not reach Huntsville
at this time, 0000 UTC on 29 June, generally consistent with the observation for the enhanced ozone layers
L2-1 and L2-2. Figure 5c shows the cross section of potential temperature and isotach. The upper air jet core
was located south of the tropopause fold with maximum winds of 40 m/s. It is difficult to accurately know
when and where the cross-tropopause transport happens. However, by assuming that the intense mixing
between troposphere and stratosphere generally happens slightly above the dynamic tropopause in the
extratropics [Pan et al, 2004], the potential temperature for maximum STT occurred approximately at
330K for this case, which was significantly higher than what was observed for springtime by Kuang et al.
[2012]. This agrees with our expectation since the potential temperature for active STT in summer is higher
than during other seasons [Sprenger and Wernli, 2003] as a consequence of the seasonal variation of the loca-
tion of the isentropic surface.

3.4. Ozonesonde Measurement Analysis

Figure 6a shows the ozonesonde measurement of temperature, RH, ozone, and its comparison to the DIAL.
Because the ozonesonde ascended with a speed of approximately 5m/s, the DIAL ozone measurements,
2 min integration time for raw data, were chosen with its closest time to the sonde at each altitude grid for
a comparison purpose. The differences between the DIAL and ozonesonde measurements are less than
7% below 2 km, less than 13% within the PBL (<3.1 km), and maximize at 30% at 3.8 km by assuming the ozo-
nesonde measurement is the true value. Their differences between 2 and 3 km are slightly larger than
expected. We checked the DIAL profiles nearly coincident with the sonde measurement times and found that
the DIAL measured ozone consistently about 10% higher than the ozonesonde between 2 and 3 km. This dif-
ference occurs because the DIAL data containing cloud interference have been discarded by the retrieval pro-
gram; therefore, the DIAL-measured ozone was the values free of cloud. But the ozonesonde measured ozone
inside the cloud between 2 and 3 km suggested by the high RH values in Figure 6a. Clouds usually reduce
ozone because of wet removal of the catalysts in the ozone production chain [Jacob, 2000; Pickering
et al, 1991].

The discrepancies between DIAL and ozonesonde above 3 km may be attributed to both the instrument mea-
surement uncertainties and drifting of the ozonesonde. The latter can be a dominant cause when large hor-
izontal ozone gradients exist. The measurement discrepancies of the two instruments generally increasing
with altitude are consistent with our expectation due to the statistical uncertainty of the lidar and ozone-
sonde measurements [Kuang et al., 2011], balloon drifting distance from the lidar laboratory, and sonde mea-
surement of the GPS geopotential height [Hurst et al., 2011] all increase with altitude.

The ozonesonde profile in Figure 6a suggests a 3.1 km daytime PBL height, where a temperature inversion
and large water vapor gradient exist, consistent with the PBL height estimated from the HSRL curtain plot in
Figure 2a. Such a PBL height is significantly higher than the average expected from climatology, about 2 km
for summertime SEUS [Seidel et al., 2012]. Below the top of the PBL, ozone slightly increased with altitude. The
laminar structure of the sonde-measured ozone above 3.4 km is result of insufficient mixing of horizontally
advected air mass containing different ozone concentrations. A low ozone layer (minimum 40 ppbv) between
3.4 and 4.1 km was associated with moderate water vapor. Above another temperature inversion at 4.1 km,
an enhanced ozone layer (80-90 ppbv) was associated with low RH, as low as 2%, typically suggesting a
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Figure 6. Ozonesonde, DIAL, and WP-3D measurements made in Huntsville on 29 June 2013 showing rapid ozone change
above 3.4 km and unchanged ozone in the PBL. (a) Ozone, temperature, and RH measured by the ozonesonde launched at
1837 UTC and the simultaneous DIAL ozone profile. (b) The DIAL ozone profile at 2030 with a 10 min average. (c) The ozone
and CO profiles measured by WP-3D at 2210.

stratospheric source with age from a few hours up to a few days [Sullivan et al., 2015; Trickl et al., 2014]. The
dry air stream descended from near tropopause level and is often found in the upper air behind the front
[Browning, 1997]. The influence from the stratosphere is consistent with our earlier analysis, but the affected
altitudes might be slightly different due to differing measurement time and horizontal drifting of the ozone-
sonde. The ozone evolution in Figure 6 suggests the free tropospheric ozone changed significantly (up to
130% around 4km) only in a few hours, mostly due to dynamics, while the PBL ozone did not
change significantly.

3.5. WP-3D Airborne Measurement Analysis

The NOAA WP-3D airborne observations over Birmingham on 29 June shown in Figure 7 are consistent with
the above analysis and confirm that the FT ozone in the 3 to 4.6 km range was affected by both STT and
smoke. The airborne spiral measurements above Huntsville, with a spiral diameter of about 6 km, were taken
between 2207 and 2219 UTC, about 1 h later than the lidar operation termination time and three and half
hours later than the ozonesonde launch time. The spiral was performed 2.8 km to the north of the lidar lab
and ozonesonde station as shown in Figure 7b. The WP-3D ozone and CO profiles shown in Figure 6 include
only the spiral measurements. We will show measurements for more species over a larger area above
Huntsville in a later section. On the WP-3D ozone profile in Figure 6c, large vertical gradients occurred just
above 3 km consistent with the PBL height determined from the ozonesonde observations. The CO profile
did not show a reduction immediately above the PBL top (between 3.1 and 4.3 km) as expected [Wagner
et al,, 2015], and ozone was enhanced by about 30 ppbv compared to the PBL suggesting enhancement from
pollution in the FT. In contrast, the large CO reduction between 4.3 and 4.6 km was an indicator of unpolluted
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Figure 7. NOAA WP-3D airborne ozone and CO measurements during the Birmingham flight on 29 June 2013. (a) Overview of the ozone mixing ratios measured
throughout the entire flight; (b) ozone profiles measured by WP-3D, lidar, and ozonesonde measurements in Huntsville; (c) overview of the CO mixing ratios
measured by WP-3D; (d) CO mixing ratios measured by WP-3D east of Huntsville showing mixing of clean and polluted air at 4.6 km.

air which exhibited an unclear correlation between ozone and CO, especially varied ozone (also see large hor-
izontal ozone gradients in Figure 7b) corresponding to unchanged CO at 4.6 km, reflecting a mixing of air
from difference sources.

Figure 8 presents the P-3 measurements of chemical species over the Huntsville vicinity on 29 June to inves-
tigate the relationship between different species. The time frame of the spiral flight is marked by the vertical,
solid gray lines. The variations of black carbon (BC) concentration across the PBL top, at about 3.1 km, clearly
mark the distinction between mixed layer and FT. In the FT, we can see both signatures for BB and STT at
4.6 km slightly east of Huntsville although not directly above Huntsville. Between 2200 and 2203 UTC, the
enhanced BC, CO, ozone, and CH3CN were positively correlated suggesting the BB influence. CO has been
widely used as a tracer for BB because of its significant contribution to CO [Andreae and Merlet, 2001;
Galanter et al., 2000]. CO can also be used to distinguish between tropospheric and stratospheric air by eval-
uating the ozone-CO relationship [Pan et al., 2004]. Different slopes of ozone to CO ratios are usually related
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Figure 8. WP-3D measurements of chemical species over the Huntsville vicinity on 29 June 2013. A boxcar average with a
10 s window has been applied on the BC data. The solid gray lines represent the spiral measurements within Huntsville
(used by Figure 6). The solid yellow lines represent the separation of measurements between the FT and the PBL. The air
mass with anticorrelation between CO and ozone, measured between 2203 and 2209 and located east of Huntsville, is
considered to be the stratospheric source (red in Figure 9b).

to different ages of the BB plumes [Macdonald et al.,, 2011]. CH3CN is a good tracer for biomass burning [de
Gouw et al., 2003] due to its long lifetime, about 5 months [Hamm and Warneck, 1990], and lack of production
in the urban plume [Holzinger et al., 1999]. The air with CH3CN > 150 pptv can be defined as BB plume [Finch
et al,, 2014]. For this flight, neither the peak CH3CN (200 pptv) or peak CO (128 ppbv) was very high, probably
because of dilution during transport for aged BB smoke. The RH in this lamina was mostly higher than 10%
and higher than what was expected for stratospheric-source air.

On the other hand, the high ozone (132 ppbv) at 2206 corresponded to the low CO (approximately 80 ppbv)
and low RH (5%) suggesting a stratospheric source [Hoor et al., 2002; Pan et al., 2006]. Although the CO in the
pure stratospheric air is typically below 40 ppbv [Pan et al., 2004], CO in the layer with a stratospheric source
could contain more than 80 ppbv [Brioude et al., 2006; Trickl et al., 2014, 2016] due to its irreversible mixing
with tropospheric air. The high ozone was not likely generated by lightning because of the low total reac-
tive nitrogen (NO,) concentrations observed in this altitude range (not shown). The large ozone and CO
horizontal gradients, at 4.6 km shown on Figure 8, can also be clearly seen slightly east of Huntsville in
northern AL in Figure 7 indicating insufficient mixing of the polluted air from the troposphere and the
clean air from the stratosphere. The significant ozone enhancement observed above 3.4 (Figure 6) can
be explained by the northeasterly transport of the descending dry air from the near tropopause.
Johnson et al. [2016] quantified the tropospheric ozone budget above Huntsville of the same case using
a chemical transport model and found the ozone between 3 and 6 km for 29 June 2013 was on average
~60% from long-range transport and STT. Figure 9 presents the NOAA WP-3D airborne observations for
the entire flight on 29 June 2013 used to investigate the average relationship between species. Ozone
was weakly anticorrelated with CO in the PBL meaning that dynamic processes, such as advection and
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Figure 9. NOAA P-3 airborne chemistry observations for the entire flight on 29 June 2013. (a) O3-CO correlation in the PBL;
(b) O3-CO correlation for BB source (gray, AO3/ACO = 1.3 ppbv ppbvq) and stratospheric source (red); (c) 0O3-CH3CN
correlation in the FT (gray, AO3/ACH3CN =328 ppbv ppbvq) and PBL (purple). We consider altitudes >3100 m in the FT
and altitudes < 3000 m in the PBL.

convection, dominated in controlling the chemical distribution, and the photochemistry was relatively quies-
cent in the PBL. The quiescent photochemistry and lack of noticeable influence from the stratosphere for the
PBL were also discovered for the entire month June in 2013 with low monthly PBL ozone average (53 ppbv)
according to the Huntsville ozonesonde data. Ozone in the FT can be affected by both STT and transport of
BB smoke. Therefore, we separate the air measured between 2203 and 2209 UTC and located at the east of
Huntsville (marked by the dashed rectangle in Figure 8) as the STT-sourced air because of its moderately
(R=—41%) anticorrelated ozone CO (as identified earlier). For other air masses in the FT, ozone was signifi-
cantly correlated (R=75%) with CO meaning a combustion source as precursors for ozone. The slope of
the correlation, AO3/ACO=1.3 ppbv- ppbv’1, is higher than other observations for summertime over
North America [e.g., Chin et al., 1994; Mao et al., 2013; Parrington et al., 2013] probably because of two reasons.
First, this high production ratio can be found for the aged BB smoke [Mauzerall et al., 1998; Zhang et al., 2006].
Second, the approach where we manually separated the stratosphere is not accurate enough, so the
“biomass-burning category” still included stratospheric-source ozone to result in a higher ratio. For the entire
flight, the CH3CN average is much higher in the FT than the PBL reflecting a stronger influence in the FT from
biomass burning transport. The moderate correlation between ozone and CH3CN (R=150%) is also an evi-
dence for the link between ozone and biomass burning in the FT, while the ozone was weakly anticorrelated
(R=—20%) with CH3CN in the PBL.
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In summary, we conclude the STT influence on the FT ozone at SEUS for 29 June 2013 according to the
Huntsville ozonesonde profile and a small portion of the WP-3D airborne data made east of Huntsville with
confirmation by the HYSPLIT back trajectory analysis, RAQMS ozone simulation, and NAM PV structures. The
majority of the WP-3D data, however, shows a wide BB influence for the FT ozone at SEUS consistent with the
ground-based HSRL aerosol and ozone DIAL observations at Huntsville. The identification of the ozone source
attribution reflects a complex nature of atmospheric physics and chemistry.

4, Discussion and Conclusions

The ground-based ozone lidar and HSRL measurements reveal detailed ozone structures at a SEUS site asso-
ciated with a cold frontal passage. The tilted upper air frontal surface prohibited the direct exchange of the air
mass at its two sides similar to Pickering et al.'s [1988] findings. The ozone below the front surface was signif-
icantly lower than that above. Two enhanced (+30 ppbv) ozone layers between 3 and 6 km behind the upper
air cold front were captured by the ozone lidar. Further analysis from both the lidar and NOAA WP-3D mea-
surements suggests that the ozone enhancement was caused by both STT and BB smoke transport. The dry
ozone-rich air, originally from the stratosphere, mixed with the BB smoke behind the cold front [Hudman
et al., 2004; Trickl et al., 2015] was the primary source of the enhanced ozone layers. The smoke could be pro-
duced by the wild fires in western Canada as suggested by the HYSPLIT back trajectory analysis with some
uncertainties. The STT process was driven by a tropopause fold near 40°N associated with an upper air cutoff
cyclone according to the PV analysis from the NAM model. Although the tropopause fold did not extend very
deeply, its influence at low altitudes has been clearly observed indicative of the potential importance of sum-
mertime STT on the tropospheric ozone budget and on surface air quality [Bachmeier et al., 1994; He et al.,
2011; Merrill et al., 1996; Sullivan et al,, 2015; Thompson et al., 2007].

The large horizontal ozone and CO gradients arising from insufficient mixing of the STT air and BB smoke
were also captured by the NOAA WP-3D airborne observations about 45 km southeast of the Huntsville lidar
laboratory. Statistical analysis of the WP-3D chemistry observations of the whole flight on 29 June indicates
that ozone in the PBL was relatively low for summertime because of unfavorable meteorological conditions
(e.g., high water vapor and strong convection) for ozone production and accumulation. The weak anticorre-
lation between CO and ozone in the PBL means quiescent photochemical production in the PBL consistent
with the seasonal average characteristics in the lower troposphere at SEUS [Wagner et al., 2015]. In the FT,
however, ozone was significantly correlated with CO (R=75%) and moderately correlated with the biomass
burning tracer CH3CN (R=50%) indicative of influence of BB smoke transport. The relatively low CO, low
CH5CN, and high AO3/ACO ratio (1.3 ppbv - ppbv ') suggests that the BB smoke was highly aged. We note
that the WP-3D touched only the lower edge of the 5km aerosol layer observed by the HSRL, and the time
of the WP-3D sampling in the FT was not long because the original target of this flight was PBL instead of
FT. Therefore, the conclusion from the lower FT probably does not also apply to the middle and upper tropo-
sphere. The ROsQET lidar agrees with the ozonesonde within 7% below 2 km and within 13% in the PBL
(<3.1km) as shown in Figure 6. After an analysis, we believe that this 13% difference is very likely real and
caused by the fact that the ozonesonde measured ozone concentrations in a cloud layer lower than the
ozone measured by ROsQET lidar outside of clouds. The ozone difference between inside and outside of
clouds may be worth further study [Crawford et al,, 2003], as noted in the discrepancy between the ozone-
sonde and DIAL measurements. The ozone evolution shown in Figures 2 and 6 exhibits stable ozone in the
PBL and highly variable ozone in the FT for this case. The consistent ozone measurements within the PBL
by all three instruments also suggest their accuracies in spite of no time overlap between the ROsQET lidar
and WP-3D measurements.
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