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Abstract Unique in situ measurements of CO, O3, SO2, CH4, NO, NOx, NOy, VOC, CN, and rBC were carried
out with the German Deutsches Zentrum für Luft- und Raumfahrt (DLR)-Falcon aircraft in the central U.S.
thunderstorms during the Deep Convective Clouds and Chemistry experiment in summer 2012. Fresh and
aged anvil outﬂow (9–12 km) from supercells, mesoscale convective systems, mesoscale convective
complexes, and squall lines were probed over Oklahoma, Texas, Colorado, and Kansas. For three case studies
(30 May and 8 and 12 June) a combination of trace species, radar, lightning, and satellite information, as well
as model results, were used to analyze and design schematics of major trace gas transport pathways within
and in the vicinity of the probed thunderstorms. The impact of thunderstorms on the O3 composition in the
upper troposphere/lower stratosphere (LS) region was analyzed. Overshooting cloud tops injected high
amounts of biomass burning and lightning-produced NOx emissions into the LS, in addition to low O3 mixing
ratios from the lower troposphere. As a dynamical response, O3-rich air from the LS was transported
downward into the anvil and also surrounded the outﬂow. The ΔO3/ΔCO ratio was determined in the anvil
outﬂow region. A pronounced in-mixing of O3-rich stratospheric air masses was observed in the outﬂow
indicated by highly positive or even negative ΔO3/ΔCO ratios (+1.4 down to 3.9). Photochemical O3
production (ΔO3/ΔCO = +0.1) was found to be minor in the recently lofted pollution plumes. O3 mixing ratios
within the aged anvil outﬂow were mainly enhanced due to dynamical processes.

1. Introduction
Ozone (O3) plays a key role for the chemical composition in the atmosphere and acts as a prominent greenhouse gas in the upper troposphere (UT) [Myhre et al., 2013]. The main sources of tropospheric ozone are
photochemical production and downward transport (entrainment) of O3-rich air from the stratosphere
[Crutzen, 1995; Stevenson et al., 2006]. Emissions from natural and anthropogenic sources in the boundary
layer (BL) (e.g., wildﬁres and fossil fuel combustion) are rich in O3 precursors such as carbon monoxide
(CO), methane (CH4), and volatile organic compounds (VOCs) and can be uplifted to the UT by warm
conveyor belts and/or deep convection [Cooper et al., 2004]. In the UT, O3 precursors are emitted from
lightning-produced NOx (≙NO + NO2) (LNOx) and aircraft, where LNOx (5 ± 3 Tg a 1) is the most important
natural O3 precursor in the UT [Schumann and Huntrieser, 2007]. In the presence of hydrogen oxides
(HOx = HO + HO2) and NO (also from anthropogenic sources) O3 can be produced by photochemical oxidation of the precursors [Crutzen, 1970; Fishman et al., 1979]. Due to the increasing lifetime of tropospheric
NOx with altitude (a few hours in the BL and ~2–3 days in the UT), it is possible to trace thunderstorm outﬂow
~1–2 days after the thunderclouds have dissipated [Huntrieser et al., 2002].
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Due to the large variety of the processes mentioned above, measurements inside and in the vicinity of thunderstorms have shown a wide spectrum of O3 mixing ratios. Almost zero ozone has been measured in the
convective outﬂow over remote unpolluted regions (e.g., tropical Paciﬁc) because of direct upward transport
of low O3 mixing ratios from the marine BL [Kley et al., 1996; Folkins et al., 2002]. Elevated O3 in the range of
100 ppbv (or nmol mol 1) has been observed in the outﬂow of continental thunderstorms as a result of
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convective transport of surface polluted air followed by downwind chemistry [Pickering et al., 1990, 1996].
Extreme O3-rich transients of a few hundred up to ~2000 nmol mol 1 O3 have been measured in humidiﬁed
air masses affected by convection over tropical oceanic and rain forest areas possibly because of natural and
artiﬁcial corona discharges [Zahn et al., 2002; Ridley et al., 2006; Bozem et al., 2014]; on the other hand, a stratospheric inﬂuence has been suggested [Suhre et al., 1997]. Further explanations for this wide O3 range
observed in fresh and aged anvil outﬂow are discussed below and in section 5. A method to distinguish
the different processes impacting the O3 composition is described next.
Ozone enhancements observed in the troposphere, whether photochemically produced or transported downward from the stratosphere, are generally distinguished by the sign of the O3-CO correlation, as introduced by
Fishman and Seiler [1983] for aircraft measurements. In the stratosphere, CO decreases with increasing O3 mixing ratios. Negative O3-CO regression slopes characterize the downward transport of stratospheric air masses
into the troposphere. Positive slopes have been observed in aged lofted pollution and biomass burning (BB)
plumes rich in CO and photochemically produced O3, not only in the tropics but also at higher latitudes
[Parrish et al., 1993; Chin et al., 1994; Singh et al., 2010; Jaffe and Wigder, 2012]. The linear regression slope of
the O3-CO correlation can also be expressed as ΔO3/ΔCO ratio in nmol mol 1/nmol mol 1. Up to now, not
much is known about which of the above mentioned processes dominate the O3 budget and the O3-CO correlation within the anvil outﬂow from thunderstorms. The main objective of the present study is to analyze processes
affecting the O3 composition in the UT/lower stratosphere (LS) region over the central United States (U.S.) during the
Deep Convective Clouds and Chemistry (DC3) experiment. More speciﬁcally, Which ΔO3/ΔCO ratios were observed
within and in the vicinity of the probed thunderstorms and how can they be explained? The DC3 ﬁeld experiment
has been described in detail by Barth et al. [2015] and in HH2016 (which refers to Huntrieser et al. [2016]). In the
present study details on DC3 are given later in this section and in section 2.
The major processes that may affect the O3 composition in the thunderstorm outﬂow region and its range are
brieﬂy summarized next: (1) photochemical O3 production by BB emissions, (2) photochemical O3 production
by LNOx emissions, and (3) stratosphere-troposphere exchange.
1. Photochemical O3 production by BB (and mixed in anthropogenic) emissions. In general, anthropogenic pollution sources were low in the DC3 thunderstorm inﬂow regions over the central U.S. [Barth et al., 2015;
HH2016]. However, during DC3 some of the largest and most destructive wildﬁres in New Mexico and
Colorado state’s history were burning, which strongly inﬂuenced air quality in the DC3 thunderstorm inﬂow
and outﬂow region, as described later (see section 3). In a review article by Jaffe and Wigder [2012], the O3-CO
regression slope in air masses impacted by wildﬁres was given a range from 0.1 to +0.9, however, most likely
from nearly zero to +0.7, based on many single observations around the world. In boreal regions, O3-CO
ratios tend to be low (O3 enhancement <5 nmol mol 1), due to a low nitrogen content in boreal vegetation
and low emission rates of urban pollution (O3 precursors) [Alvarado et al., 2010; Singh et al., 2010].
Furthermore, the cooler temperature and lower insolation in these regions favor slow O3 production rates.
In the middle to upper troposphere (5–9 km) at high northern latitudes, Singh et al. [2010] reported a correlation ratio of ΔO3/ΔCO = +0.1 in aged BB and urban plumes observed during Arctic Research of the
Composition of the Troposphere from Aircraft and Satellites (ARCTAS). A tendency to higher correlation
ratios (up to +0.5) has been observed in BB plumes mixed with heavier urban pollution over North
America (NA) [Hecobian et al., 2011; Wigder and Jaffe, 2013]. In aged BB plumes affected by tropical deep
convection, an O3 formation rate of 7–8 nmol mol 1 d 1 has been calculated in case studies, and an O3
enhancement in the range of 30 nmol mol 1 after 5 days transport has been observed [Pickering et al.,
1996; Thompson et al., 1997]. Elevated ΔO3/ΔCO ratios, up to +0.8, have been observed in Asian pollution
plumes transported in the UT to NA [Price et al., 2004; Bertschi and Jaffe, 2005; Liang et al., 2007]. Both strong
photochemical production due to high pollution levels and mixing processes with stratospheric air masses
along isentropic surfaces have been suggested as explanations for these high ratios. A number of observations have shown that the interweaving of stratospheric intrusions with pollution plumes may complicate
the ﬁne-scale ΔO3/ΔCO correlations [Parrish et al., 2000; Nowak et al., 2004; Price et al., 2004; Liang et al., 2007].
2. Photochemical O3 production by LNOx. In the literature a wide range of convective ozone production
enhancements ranging up to ~20 nmol mol 1 d 1 have been published [Morris et al., 2010, Table 1;
Bozem et al., 2014, Table 3]. However, ozone production rates as high as ~5 nmol mol 1 h 1, as found in
Morris et al. [2010] study, may be unrealistic. Model simulations indicate that most of the O3 production
HUNTRIESER ET AL.
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happens within the ﬁrst 24 h after convection occurs [Barth et al., 2012]. In cases with higher production
rates, the presence of anthropogenic pollution and BB emissions, in addition to LNOx, seems to play an
important role for the enhanced O3 production in the convective outﬂow [Real et al., 2010]. Recently,
the importance of isoprene (emitted from vegetation) for especially high O3 production rates in modeled
LNOx plumes has been pointed out [Apel et al., 2012]. For a Stratospheric-Tropospheric Experiment:
Radiation, Aerosols, and Ozone (STERAO-A) thunderstorm (central U.S.) and a European Lightning
Nitrogen Oxides (EULINOX) thunderstorm (southern Germany), where mainly LNOx played a role for the
O3 production, DeCaria et al. [2005] and Ott et al. [2007] calculated O3 production rates on the order of
~5 and up to 13 nmol mol 1 d 1, respectively. For a tropical thunderstorm over Suriname, Bozem et al.
[2014] calculated a production rate of 5–11 nmol mol 1 O3 per day based on HOx measurements over
the tropical rain forest. For two DC3 thunderstorms strongly impacted by BB emissions on 22 June
2012 box model calculations (initialized with measurements in the outﬂow) by Apel et al. [2015] predicted
a production rate of 11 and 14 nmol mol 1 O3, respectively, over a two-day period.
3. Stratosphere-troposphere exchange. Besides the strong inﬂuence of BB plumes on the thunderstorm environment during DC3, the interaction with O3-rich air masses from the stratosphere was also prominent as
already mentioned in HH2016. Evidence from aircraft and satellite observations of extratropical convection injecting BL air into the lowermost stratosphere (LMS), e.g., forming ﬁlaments 50–100 km in width
and several 1000 km in length, has already been reported in previous studies [Roach, 1967; Poulida
et al., 1996; Fischer et al., 2003; Hegglin et al., 2004; Ray et al., 2004; Anderson et al., 2012; Homeyer et al.,
2014]. Besides the deep convective upward transport, traces of downward intrusions of O3-rich air masses
from the stratosphere into the anvil outﬂow region have been modeled in a number of studies [Wang
et al., 1995; Stenchikov et al., 1996; Tang and Prather, 2010; Homeyer et al., 2011; Tang et al., 2011; Frey
et al., 2015]. However, this process has infrequently been observed before the DC3 ﬁeld experiment
was conducted. Only a few observations are available [Dickerson et al., 1987; Poulida et al., 1996;
Winterrath et al., 1999; Dye et al., 2000; Hitchman et al., 2004; Homeyer et al., 2011]. Different processes have
been described in the literature causing a downward intrusion. Boatman and Auer [1983] and Blyth et al.
[1988] introduced the so-called “cloud top entrainment” mechanism: O3-rich air masses from above mixes
into the upper tropospheric anvil outﬂow. A distinct rear inﬂow from the stratosphere was observed in a
Mesoscale Convective System (MCS) by Houze et al. [1989] based on Doppler radar analyses. Recently, Pan
et al. [2014] presented the ﬁrst evidence in lidar images of a pronounced downward transport of O3-rich
stratospheric air masses wrapping around the anvil outﬂow of a MCS during DC3. Evidence of mixing
between polluted convective outﬂow and stratospheric air in the UT during DC3 was recently also
described by Schroeder et al. [2014].
As previously stated, the objective of the present study is to investigate if and how the above mentioned
processes (1), (2), and (3) affected the O3 composition in the thunderstorm outﬂow region during DC3. The
airborne in situ thunderstorm observations presented throughout this paper will contribute to answer the
following questions. (1) Did deep convection during DC3 substantially impact the O3 budget in the UT/LS region?
(2) What processes, coinciding with DC3 deep convection, affect the O3 budget over the central U.S.: chemical
and/or dynamical processes? (3) Which of these processes dominate the O3 budget in the fresh and aged
(0–12/12–24 h) thunderstorm outﬂow during DC3?
The DC3 ﬁeld campaign was carried out from Kansas in May–June 2012. The general experimental setup is
described by Barth et al. [2015]. An accompanying DC3 study is introduced in HH2016 where measurements
with the German research aircraft of the Deutsches Zentrum für Luft- und Raumfahrt (DLR), a Falcon-20, and
one joint ﬂight with the two U.S. aircraft (NASA-DC8 and NSF/NCAR-Gulfstream-V (GV)) are presented. In
HH2016 the primary objective is to give an overview of the Falcon measurements and to study emissions
from wildﬁres and LNOx within and in the vicinity of the fresh thunderstorm outﬂow. A secondary objective
is to analyze the dynamics of a single storm system and its impact on the O3 and aerosol composition in the
UT/LS region. The analyses are based on vertical proﬁles of trace species and tracer-tracer correlations
(CO-NOx and O3-NO). The stratosphere-troposphere exchange of O3 and H2O is touched upon; however,
the exchange of O3 is highlighted ﬁrst in the present study.
Here we show detailed analyses based on three Falcon ﬂights during DC3. During these ﬂights the fresh and
aged anvil outﬂow in supercells, Mesoscale Convective Complexes (MCCs), MCSs, and squall lines were

HUNTRIESER ET AL.

PRONOUNCED O3 GRADIENTS IN THUNDERSTORMS

6602

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024279

probed extensively with the Falcon up to 12 km altitude (for storm deﬁnitions see Maddox [1980], Houze et al.
[1989], and Houze [2004]). A number of trace species, such as sulphur dioxide (SO2), CO, O3, CH4, NO, NOx,
NOy, VOCs, condensation nuclei (CN), and refractory black carbon (rBC), were measured in situ with the
Falcon. On the basis of trace species time series and tracer-tracer correlations (O3-CO) the impact on the
UT/LS O3 composition from LNOx and BB emissions and from dynamical processes is analyzed.
The DC3 ﬁeld experiment and the data products are brieﬂy described in section 2. A general overview of the
CO and O3 composition in selected wildﬁre plumes and their O3-CO correlation are given in section 3. Three
detailed thunderstorm case studies are presented in section 4 based on Falcon time series of a variety of trace
species and the O3-CO correlation within and in the vicinity of the thunderstorm outﬂow. The 30 May 2012
case focuses on the fresh supercell and MCC outﬂow over Texas and Oklahoma, whereas the 8 and 12
June 2012 cases focus on the aged MCS and fresh squall line outﬂow over Colorado and Kansas, respectively.
In section 5 the pronounced O3 gradients observed in the DC3 thunderstorm outﬂow region are discussed in
detail. The summary and conclusions are given in section 6.

2. DC3 Field Experiment and Data Products
2.1. The DC3 Field Experiment Focusing on Falcon Measurements
A detailed overview of the DC3 ﬁeld experiment is given by Barth et al. [2015]. For a detailed overview of
previous studies on thunderstorms and chemistry over the U.S. and the motivation for the DC3 ﬁeld experiment, see also Barth et al. [2015]. The DC3 ﬁeld phase was carried out from 1 May to 30 June 2012 with three
different aircraft platforms in operation and several ground-based observations. All three research aircraft,
the NSF/NCAR Gulfstream-V (GV), NASA-DC8, and DLR-Falcon, were based at the airport in Salina, Kansas
(38.8°N, 97.6°W). The Falcon performed mission ﬂights in the time period 30 May to 17 June to Colorado,
Wyoming, Nebraska, Missouri, Arkansas, Oklahoma, Texas, and New Mexico. For more details see HH2016.
The aircraft was equipped with a variety of trace species instruments, see Table 1 herein. Our main target
regions over the central U.S. were fresh and aged (0–12/12–24 h) anvil outﬂow in the UT up to 12.4 km
altitude and fresh and aged plumes from wildﬁres in the lower, middle, and upper troposphere. The anvil
outﬂow was probed from different types of convective systems, i.e., supercells, MCCs, MCSs, and squall
lines (SQLs).
In the present study, we analyze a variety of in situ trace species measurements (CO, O3, SO2, CH4, NO, NOx,
NOy, CN, and rBC) sampled by the DLR-Falcon. During each ﬂight several VOC samples were taken. In addition, a video camera was mounted in the Falcon cockpit monitoring the entire ﬂight from start to landing.
The videos were partly used to determine the in-cloud time sequences in the anvil outﬂow and the presence
of smoke from wildﬁres. Further, the Falcon was equipped with a standard meteorological measurement system to measure position, altitude, temperature, pressure, humidity, and the three-dimensional wind vector
(u, v, and w). These data were also needed for the calculation of the potential (Θ) and equivalent-potential
temperature (Θe). For the computation of Θe for a water-saturation pseudo-adiabatic process, the formula
suggested by Bolton [1980] was used for the Falcon data [see also Huntrieser et al., 2007]. All ﬂight altitude
values refer to pressure height and UTC (universal time coordinated) time. The time difference between
UTC and the central daylight time (CDT) in Salina is +5 h (e.g., 06:00 CDT = 11:00 UTC).
2.2. Selection of DC3 Flight Planning Tools and Postanalysis Products
For the ﬂight planning support and postanalysis of the airborne in situ data, a variety of meteorological
products were available from the DC3 ﬁeld catalog (http://catalog.eol.ucar.edu/dc3/).
Different kinds of visible and infrared/IR satellite products from the Geostationary Operational Environmental
Satellite, GOES-13, were used in the present study, i.e., cloud top heights derived from the thermal-IR cloud
top temperatures. Furthermore, GOES East—Aerosol/Smoke Products (GASP) were used for the monitoring
of extensive smoke plumes (http://www.ssd.noaa.gov/PS/FIRE/GASP/), see also HH2016.
The location of the upper tropospheric tracer outﬂow from thunderstorms (e.g., LNOx) was predicted on an
hourly basis with the high-resolution Weather Research and Forecasting (WRF) (Δx = 3 km × 3 km) model from
NCAR (http://ruc.noaa.gov/wrf/WG11_RT/) [see Barth et al., 2012]. The Lagrangian particle dispersion model
FLEXPART was run to forecast the location of different natural (CO biomass burning) and anthropogenic
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pollution sources (CO North America) in the lower/upper troposphere and as a column (Δx = 0.5° × 0.5°)
(http://transport.nilu.no/ﬂexpart/) [see Stohl et al., 2003].
A tropospheric NO2 product (80 km × 40 km) was available once a day at approximately noon CDT in near real
time from the morning overpass of the Global Ozone Monitoring Experiment (GOME-2) instrument on the
Meteorological Operational satellite programme (MetOp) satellite. These images were provided by NOAA
National Environmental Satellite Data and Information Service (NESDIS) for the monitoring of LNOx plumes
(same retrieval algorithm as used in Bucsela et al. [2006]).
For the monitoring of the ﬂight track during the ﬁeld missions, the NCAR-Earth Observing Laboratory (EOL)
operation tool was successfully used. The GOES-13 satellite images were overlaid by constant altitude plan
position indicator images from the Next Generation Weather Radar (NEXRAD): a network of 160 highresolution S band Doppler weather radars operated by the National Weather Service (http://www.roc.noaa.
gov/WSR88D/). Furthermore, the NCAR-EOL operation tool offered the possibility to overlay lightning data
from the National Lightning Detection Network (NLDN) and ﬂight track data on the satellite images. The
NLDN system is operated by the Vaisala Thunderstorm Unit [Cummins and Murphy, 2009]; http://thunderstorm.vaisala.com/. Similar images as the NCAR-EOL operation tool images are shown in the present study;
however, in addition, O3 distributions along the ﬂight track have been superimposed.
Detailed radar measurements were performed from the ground in Oklahoma/Texas with the Shared Mobile
Atmospheric Research and Teaching (SMART) single and dual polarized C band Doppler radars (SR1 and SR2)
[Biggerstaff et al., 2005]. Multi-Doppler three-dimensional variational (3DVAR) data assimilation analyses of
SMART and other available radar data were used to derive the vertical velocity within the storms. Here X-band
dual polarized Doppler radar data from the mobile radar known as NOAA X-POL (NOXP) operated by T.
Mansell, NOAA National Severe Storms Laboratory (NSSL), and data from the Dyess Air Force Base in
Abilene were used. The analysis technique follows Potvin et al. [2012].

3. Falcon Observations in Wildﬁre Plumes
3.1. Inﬂuence From Wildﬁres
Some of the largest and most destructive wildﬁres in New Mexico (NM) and Colorado state’s history were
burning during the DC3 ﬁeld experiment: the Whitewater-Baldy (NM), the Little Bear (NM), and the High
Park Fire in Colorado, see Table 3 in HH2016 and details herein. Pollution layers from these wildﬁres, elevated
in CO, SO2, and rBC, were observed during most of the Falcon ﬂights, not only at low altitudes but also in the
UT up to ~10 km altitude (see Figure 2 herein). Occasionally, these BB emissions were transported upward in
and/or nearby thunderstorms and observed within or just below the anvil outﬂow region as illustrated in
Figures 16 and 17 herein. In Table 4 in HH2016, the most intense BB plumes probed by the Falcon (according
to given criteria) and their mean and maximum trace species mixing ratios (CO, SO2, and rBC) are listed.
Furthermore, in this table information on date and time, ﬁre source, distance from ﬁre source, plume height
(depth), and plume age is given.
In the present study we use these selected BB plumes from Table 4 in HH2016 and divide them into thinner
layers where a clear O3-CO correlation was observed. Their maximum O3 and CO mixing ratios were determined; see Table 1 and references herein to single O3-CO correlation plots presented later in section 4.
The selected time sequences for the BB plumes are given in the legend of these correlation plots. In addition,
in Table 1 a number of LNOx plumes probed on these ﬂights and a further case with anthropogenic pollution
(8 June) were included which are discussed later in section 4.
3.2. The O3-CO Correlation in Lofted Wildﬁre Plumes
Possible reasons for the highly variable O3 and CO mixing ratios in the selected BB plumes and their O3-CO
correlation are discussed next. One way to identify cases with photochemical O3 production or intrusions of
O3-rich air from the stratosphere is to focus on the O3-CO correlation (section 1). In Figure 1, O3-CO correlations from ﬁve selected DC3 thunderstorm ﬂights are shown and colored according to ﬂight date. Negative
O3-CO correlations (stratospheric air masses) were observed during all of these ﬂights: especially pronounced
on 3 May and 8 and 12 June. In contrast, positive O3-CO correlations were frequently found in BB plumes from
wildﬁres. CO mixing ratios exceeding ~170 nmol mol 1 were, in general, caused by especially pronounced BB

HUNTRIESER ET AL.

PRONOUNCED O3 GRADIENTS IN THUNDERSTORMS

6604

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024279

Table 1. ΔO3/ΔCO Ratios in Selected Layers Impacted by Anthropogenic Pollution, Biomass Burning Emissions From Wildﬁres and Lightning-Produced NOx (LNOx)
During DC3 (in Italic/Bold: Plumes Not/Strongly Mixed With Stratospheric Air Masses) (Based On Table 4 in HH2016)

Source

Figure Number
(Including
Data Range)

Pressure
Altitude (km)

Maximum CO
Mixing Ratio
1
(nmol mol )

Maximum O3
Mixing Ratio
1
(nmol mol )

Mix With
Stratospheric
Air Masses?

ΔO3/ΔCO
Ratio

F#4 300512b

Baldy/Whitewater ﬁre (NM)
Baldy/Whitewater ﬁre (NM)
Baldy/Whitewater ﬁre (NM)
Baldy/Whitewater ﬁre (NM)
LNOx and Baldy/Whitewater ﬁre (NM)
LNOx and Baldy/Whitewater ﬁre (NM)

1
9a
9a
9a
9b
9b

1.2–1.6
8.5–8.7
9.9–10.4
at 10.4
at 9.1
9.1–9.4

200
130
120
120
160
130

80
90
100
150
130
140

No
Yes
Yes
Yes
Yes
Yes

+0.10
+0.38
+0.39
1.67
+0.49
+1.42

F#8 080612a

Anthropogenic pollution (TX)
Anthropogenic pollution (TX)
LNOx and Anthropogenic pollution (TX)
LNOx and Anthropogenic pollution (TX)

24a
24a
24b
24b

6.6–7.2
7.4–7.9
8.8–10.7
at 11.6

120
120
110
110

110
70
160
280

Yes
No
Yes
Yes

+1.44
+0.14
3.75
3.44

F#11 110612b
F#12 120612a

Little Bear ﬁre (NM)
High Park ﬁre (CO)
High Park ﬁre (CO)
LNOx and High Park ﬁre (CO)

1
16
16
16

5.8–6.9
7.1–9.6
7.9–9.7
11.0–11.9

720
180
190
130

80
120
120
260

No
Yes
Yes
Yes

+0.03
+0.44
+0.38
3.87

DC3 Flight Number,
Date, Flight a or b

plumes. From Figure 1 it is obvious that rather variable O3-CO correlations were observed in the selected BB
plumes on 30 May and 11 and 12 June. Some examples and explanations will be given below.
The change of O3 over the change of CO (ΔO3/ΔCO ratio) is determined by ﬁnding the linear regression slope
of the O3-CO correlation and is summarized for selected BB plumes in Table 1. On 30 May, in the dense BB
plume probed in the BL (1.2–1.6 km) during the descent to Lubbock (white dots), the ΔO3/ΔCO ratio (+0.1)
indicated a rather low O3 production rate ~600 km downstream from the New Mexico Whitewater-Baldy
Fire. The plume age was determined to be <24 h with online HYbrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) backward trajectories [Draxler and Rolph, 2014; Rolph, 2014] (http://ready.arl.noaa.gov/
HYSPLIT.php), see also Table 4 in HH2016. Ozone mixing ratios were rather low in the plume and mainly varied between ~50 and 70 nmol mol 1. On 11 June, similar conditions were observed in a BB plume lofted to
6–7 km (yellow dots); the ΔO3/ΔCO ratio (+0.03) was close to zero ~1000 km downstream from the New
Mexico Little Bear Fire, and the plume
age was determined to be ~24–27 h.
Ozone mixing ratios were still rather
low in the plume and varied between
~50 and 80 nmol mol 1. In contrast, on
12 June (green dots), the ΔO3/ΔCO ratio
(+0.4) was distinctly higher in a lofted BB
plume (age ~9 h) probed in the UT
(7–10 km) ~600 km downwind from the
Colorado High Park Fire and O3 mixing
ratios reached up to ~120 nmol mol 1.

Figure 1. O3-CO correlations for ﬁve selected DC3 ﬂights where BB
plumes (indicated) and thunderstorm outﬂow were probed (color coded
according to date: ddmmyy). For a better overview, the x axis was cut at
1
210 nmol mol , however on the ﬂight 110612b measured CO mixing
1
ratios in the BB plume exceeded ~700 nmol mol .
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The determined ΔO3/ΔCO ratios in polluted plumes (mainly from BB, LNOx
excluded) vary between +1.4 and 1.7
as listed in Table 1, with a tendency to
distinctly higher positive values above
~8 km and one negative value at
~10 km. In the majority of the BB plumes
probed by the Falcon below ~8 km,
there is a tendency to a slightly positive
correlation on the order of ΔO3/ΔCO =
+0.1. In these plumes O3 mixing ratios
reach up to ~80 nmol mol 1 compared
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to ~70 nmol mol 1 in the background (O3 enhancement one day after emission: ~10 nmol mol 1). According
to the values presented in section 1, we suggest that photochemical production is the most likely source for
O3 enhancements observed in our BB plumes below ~8 km.
Higher up, at ~8–10 km, a distinct stepwise change and increase of the ΔO3/ΔCO ratio is observed toward
values in the range of +0.4 (but also one negative value), indicative of a sudden change in processes inﬂuencing
this ratio. In these UT-BB plumes, O3 mixing ratios are generally in the range of 90–130 nmol mol 1 (compared
to the background ~70–90 nmol mol 1), suggesting both in-mixing from the stratosphere and/or photochemical O3 production as possible processes. The observed O3 enhancements in the UT-BB plumes are, however,
partly higher than expected from photochemical O3 production alone (<10 nmol mol 1 d, see section 1). For
this reason, the major part of the observed O3 enhancements in lofted BB plumes above ~8 km in the vicinity
of thunderstorms would more likely be consistent with the wrapping of stratospheric intrusions around the
thunderstorm outﬂow as recently observed by Pan et al. [2014] for another DC3 thunderstorm. In the next section three Falcon thunderstorm case studies will be analyzed in detail to support the hypothesis stated here.

4. Three Falcon Thunderstorm Case Studies
In the following, observations during the Falcon ﬂight on 30 May and 8 and 12 June 2012 are described and
discussed in detail.
4.1. The 30 May 2012: Fresh Supercell and MCC Outﬂow Over Texas/Oklahoma
4.1.1. Observations on 30 May 2012
On 30 May 2012 the Falcon performed two ﬂights. The ﬁrst ﬂight was mainly dedicated to the smoke plume
from the Whitewater-Baldy Fire in New Mexico (see Table 4 in HH2016). Emissions from the ﬁre were probed
downwind of the source region (~400–700 km) between Albuquerque (NM) and Amarillo-Lubbock (TX). The
observed BB plume was most pronounced at ~2–5 km altitude (see Figures 2a, 2b, and 2e herein). At ~4 km,
CO mixing ratios reached up to 540 nmol mol 1 (1 s values not shown). Increasing rBC mass mixing ratios
with altitude were also measured from the ground to the middle troposphere (see Figure 2e herein), with
a maximum value at ~4 km of 1508 ng kg 1 (10 s value not shown). This value is similar to rBC mass mixing
ratios observed the day before in the same region (1477 ng kg 1, BB plume at ~1–4 km) (Table 4 herein).
After a brief stop in Ardmore (OK), the second ﬂight was dedicated to thunderstorm probing. Images from GOES
East—Aerosol/Smoke Products (GASP) distinctly indicated that the New Mexican smoke plume was advected
eastward in the evening of 30 May, crossed the Texas Panhandle and moved into western Oklahoma
(Figure 2a). Similar to the setup the day before (29 May case in HH2016), two intense thunderstorm clusters
developed in this area with the dense smoke plume (Aerosol Optical Depth (AOD) ~ 1.3): a huge MCC with several supercells east of the Texas Panhandle, along the Texas/Oklahoma border, and an isolated supercell near
Abilene a few hundred kilometers west of Dallas. Both the probed MCC and the supercell were severe, triggered
several tornadoes, and had very large hail as reported by the Storm Prediction Center in Norman, Oklahoma.
The thunderstorm systems mentioned above were characterized by high cloud tops with temperatures
colder than 60°C, as indicated in the thermal-IR image from GOES-13 (http://catalog.eol.ucar.edu/cgi-bin/
dc3_2012/ops/index). According to the GOES data, the average cloud top height of the anvil outﬂow deck
of the MCC and supercell was ~11–13 km, however pronounced overshooting tops reached up to
~17–18 km (Figure 2b). The Mobile GPS Advanced Upper-Air Sounding System operated by the National
Severe Storms Laboratory (NSSL) released a radiosonde in the prestorm environment (34.07°N, 99.39°W,
border TX/OK) around 22 UTC which indicated a primary, secondary, and third tropopause at ~10.5, ~12.5,
and ~15.5 km, respectively (http://data.eol.ucar.edu/). Later radiosonde temperature proﬁles from Fort Worth
(TX) near Dallas (http://catalog.eol.ucar.edu/cgi-bin/dc3_2012/ops/index), Lamont (northern Oklahoma), and
Dodge City (southwestern Kansas) for 31 May at 00 UTC showed a distinct large-scale double-tropopause
structure with a primary and secondary tropopause located at ~11.5–12.5 km and at ~17 km, respectively
[see also Homeyer et al., 2014, Figures 3b and 9]. A similar heterogeneously structured tropopause was already
observed the day before (29 May case in HH2016), which may have facilitated the development of very deep
convective cells with overshooting tops.
During the ﬁrst part of the second ﬂight on 30 May, the Falcon headed southwestward from Ardmore
(Figure 3a), ascending below the MCC outﬂow (according to the onboard video). Thereafter, the aircraft
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Figure 2. GOES Aerosol Optical Depth (AOD) over the U.S. and Canada on 30 May 2012 at 23:15 UTC (a). The left red circle indicates the source region of the
Whitewater-Baldy ﬁre (New Mexico), and the right red circle shows the area of aircraft operations (MCC and supercell over Texas/Oklahoma probed by the Falcon
aircraft). Cloud top heights (in kilometer) derived from GOES data on 30 May 2012 at 23:25 UTC (b) (© NCAR/EOL). The yellow circle shows the area of the Falcon
operations (supercell and MCC probed). The white squares mark the selected DC3 operation areas and the white cross the campaign base in Salina (KS).
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Figure 3. Flight tracks of the Falcon (red aircraft) in the evening on 30 May 2012 at 23:50 UTC (a) and 31 May at 00:50 UTC
(b) to probe a smoke plume near Lubbock (TX), and after a brief stop in Ardmore (OK) to probe a MCC and an isolated
supercell storm over Texas/Oklahoma (blue aircraft: GV). The ﬂight tracks (color coded according to O3 mixing ratios along
the ﬂight) are superimposed on a GOES IR satellite image (grey), NEXRAD reﬂectivity (colored clouds), and NLDN lightning
data (white/pink plus/minus sign for positive/negative ﬂashes). The white arrow marks a storm cell shown in more detail in
Figures 5a and 5b. The smoke plume from the New Mexico Whitewater-Baldy Fire is visible near Lubbock.

circled counterclockwise around the supercell located just south of the MCC and crossed its dissipating outﬂow (Figure 3b). Thereby highly variable CO, O3, and NO mixing ratios were observed as shown in the Falcon
time series in Figures 4a and 4b, mainly impacted by emissions from wildﬁres, LNOx, and stratospheric intrusions as discussed below in more detail.
During the ascent (Figure 4a, <85,500 s), the lower and middle troposphere up to 6 km was polluted by the
Whitewater-Baldy smoke plume (CO mixing ratios up to 150 nmol mol 1). Above the smoke plume, at
~6–8 km, typical background mixing ratios for both CO and O3 were observed in the range of 70–80 nmol mol 1.
Between 8.5 and 10.4 km, as the aircraft was ascending just below the MCC anvil outﬂow and partly into the
lower boundary of the outﬂow (Figure 3a), CO mixing ratios were elevated up to ~130 nmol mol 1 indicating
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traces of a lofted BB plume (83,819–
85,250 s, 23:17–23:41 UTC). NO mixing
ratios were still low here suggesting that
the main MCC outﬂow (rich in LNOx)
was not probed during the ascent.
Interestingly, O3 mixing ratios continuously increased with altitude to stratospheric values (up to ~150 nmol mol 1
at 10.4 km, however still UT according to
sounding data), as the aircraft ascended
below the MCC outﬂow along the southern side of the storm. This indicates that
the lofted BB plume most likely mixed
with O3-rich stratospheric air masses surrounding the MCC outﬂow as discussed
later in section 4.1.2.
Evidence for the presence of a pronounced upper level downward motion
within the MCC is available from multiDoppler 3DVAR radar analyses. In
Figures 5a and 5b data from the SMART
radars and the Weather Surveillance
Radar (WSR-88D) in Frederick (Oklahoma)
on 30 May at 2330 UTC are combined.
Two vertical cross sections (east-west
and north-south) of the strongest supercell (white arrow in Figure 3a) embedded
within the MCC are shown. Echo tops
Figure 4. Time series of NO, CO, O3, pressure altitude (all 1 s values), and reached up to ~18 km. Along the edges
vertical wind vector component (30 s mean) for the Falcon ﬂight on 30
of the main storm core dominated by
May 2012: (a) complete ﬂight (b) and selected time period from 86,000 to
strong updrafts (40–50 m s 1), down88,000 s. Positive vertical wind component values indicate downward
1
motion. Colored bars in Figure 4a indicate selected time sequences of the drafts (15–20 m s ) were particularly
ﬂights with different air masses: BB plume (yellow), lower stratosphere
well developed on the western and
(black), and fresh supercell outﬂow (red); see also Figures 9a and 9b.
southern side of the core, where the
Falcon sampled. The main subsidence
extended from 14 km to 10 km with a secondary region of subsidence down to ~8 km altitude. The centers
of the maximum updrafts and downdrafts in the UT/LS region were located in a narrow region less than
~10 km apart, likely promoting a strong mixing of lower stratospheric air masses with tropospheric air masses
from the BL not only inside the storm but also just outside the anvil outﬂow as observed by the Falcon.
At the rear side of the MCC, the Falcon passed the dry line. At a cruising altitude of 10.7 km (Figure 3a), O3
mixing ratios were distinctly enhanced (~200 nmol mol 1) and CO mixing ratios were low (50–80 nmol mol 1)
suggesting that the tropopause was located lower in this region (10.4 km) compared to the front side (10.7 km)
and that the aircraft penetrated into the lowermost stratosphere (~85,000–86,500 s, Figure 4a). The two different tropopause altitudes are clearly visible in the vertical temperature proﬁles (T, Θ, and Θe) as illustrated in
Figures 6a and 6b.
After the probing of the MCC, the Falcon headed further southwestward and probed an isolated supercell
(Figure 3a). The aircraft circled around the isolated supercell and reached its front side (again UT), descending
from 10.7 to 9.1 km to probe the dissipating anvil outﬂow (Figure 3b). In the vicinity and within the anvil
outﬂow, a rapid change between updrafts and downdrafts dominated as illustrated by the vertical wind
vector component (30 s mean) in Figure 4b. These time sequences are listed separately in Table 2, according
to updrafts and downdraft dominated areas, to illustrate the major differences observed in a variety of
measured trace species (CO, O3, SO2, and NO) due to dynamical effects.
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1

Figure 5. Radar reﬂectivity (dBZ) (colored) and vertical velocity (black isolines every 5 m s , upward solid and downward
dashed) obtained from multi-Doppler 3DVAR analysis of data from the SMART and NOXP radars on 30 May 2012 at 2330 UTC.
(a and b) Vertical cross sections in east-west and north-south direction of the strongest supercell embedded in the MCC
probed by the Falcon in Figure 3a marked by a white arrow. The grid center is the location of the SR1 radar (33.9°N, 100.3°W).

Figure 6. Vertical proﬁles of (a) temperature and (b) (equivalent)-potential temperature derived from Falcon measurements on 30 May 2012. The red arrows indicate two different tropopause levels at 10.4 and 10.7 km and stratospheric
intrusions at 8.8 and 9.2 km.
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Table 2. Trace gas and Particle (Here Only SP2) Measurements in the Anvil Outﬂow on 30 May 2012 (Separated According To Anvil Regions With Updrafts or Downdrafts and the Mean Over the
a
Entire Anvil Outﬂow in Italic)
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At ~87,000 s (Figure 4b), the aircraft was ﬁrst ﬂying just below the supercell outﬂow, outside of clouds
(according to the onboard video). NO mixing ratios were not enhanced; however, CO mixing ratios were
slightly enhanced (~110 nmol mol 1), and O3 mixing ratios were rather low (70–80 nmol mol 1) indicating
that remnants of pollution were probed (according to FLEXPART most likely lofted BB plume and not anthropogenic pollution, see DC3 ﬁeld catalog). Unfortunately, rBC measurements are not available for this time
sequence. As the Falcon penetrated into the visible anvil outﬂow between 9.6 to 9.1 km altitude, strong gradients in CO, O3, and NO mixing ratios were observed (Figure 4b). The edges of the dissipating anvil outﬂow
partly had trace gas signatures of downward motion (~87,200–87,300 and ~87,400–87,500 s), as also conﬁrmed by the vertical velocity. Ozone mixing ratios were elevated up to ~140 nmol mol 1, as typical for
the lowermost stratosphere, over a horizontal distance of ~20–40 km. In contrast, within the center of the
anvil outﬂow (~87,300–87,400 s), O3 mixing ratios were as low as ~70 nmol mol 1, indicating upward motion
from lower levels closer to the convective core, as also conﬁrmed by the vertical velocity. Interestingly, the
highest CO mixing ratios up to ~160 nmol mol 1 were observed along the edges of the anvil outﬂow dominated by downward motion (discussed in more detail in section 4.1.2). The highest NO mixing ratios
(8.6 nmol mol 1) were observed within the part of the anvil outﬂow dominated by upward motion (fresh
NO production by lightning).
As listed in Table 2, SO2 mixing ratios within the anvil outﬂow were ~50 pmol mol 1 on average (in bold italic)
and similar to background conditions (in bold). The background ethane and propane mixing ratios at 9.5 km
altitude were low with 247 and 29 pmol mol 1, respectively, and the benzene/toluene ratio was 0.2, both
indicating rather clean background conditions. Unfortunately, no VOC samples were taken within the anvil
outﬂow during this ﬂight. Due to the high humidity within the anvil outﬂow, no refractory black carbon
(rBC) measurements were available during these ﬂight sequences. Furthermore, CH4, NOx, and NOy measurements were not available for this entire ﬂight due to technical problems (see Table 2 in HH2016).
After passing the supercell, the aircraft continued heading northwestward at 9.1 km altitude and approached
the anvil outﬂow of the MCC again (Figure 3b). In the clear air between the supercell and the MCC outﬂow
(~89,500 s), O3 and CO mixing ratios dropped below ~80 and ~90 nmol mol 1, respectively, typical background values (Figure 4a). Thereafter, the lower boundary of the MCC outﬂow was sampled again
(~90,000 s), O3, and CO mixing ratios increased to values around 90–100 and 100–110 nmol mol 1, respectively, inﬂuenced by the lofted BB plume and most likely mixing with stratospheric air masses as described
before. The vertical temperature proﬁles indicate that stratospheric intrusions reached down to 8.8 and
9.2 km, visible as inversion layers (Figures 6a and 6b).
As the Falcon left the MCC outﬂow, it started to descend for landing in Lubbock. During the ﬁrst part of the
descent in clear air, between 9 and 7 km, both O3 and CO mixing ratios dropped down to 70–80 nmol mol 1,
typical background values as observed during the ascent. Below 7 km, the advected BB plume from New
Mexico was prominent again, especially pronounced between 3 km and the ground, with enhanced O3
and CO mixing ratios, ~80–90 and up to ~200 nmol mol 1 (1 s values), respectively. Compared to the start
in Ardmore, the BB plume was much more pronounced around Lubbock, due to the proximity to the
source region.
4.1.2. Discussion of 30 May 2012 Observations
From the observations during the second Falcon ﬂight on 30 May, it is obvious that especially strong upward
and downward motions, within and in the vicinity of the supercell and MCC outﬂow, efﬁciently redistributed
the chemical composition ratio in the UT/LS region. Schematics of the observations presented in the last subsection are summarized in Figure 7a for the supercell and in Figure 7b for the MCC and discussed in more
detail below.
Almost the entire horizontal extent of the supercell outﬂow (Figure 3b) was probed from south to north but
mainly the lower boundary near ~9 km, as indicated by the orange shading in Figure 7a. The entire cloud
deck extended from ~9 to 11 km altitude. In the vicinity of the convective core of the supercell, updrafts
dominated the vertical transport of CO-rich (BB plume, broad yellow arrow) and low-O3 air masses from
below (broad green arrow). Due to the strong intensity of the supercell (overshooting top), the uplifted BB
emissions (from below 3 km according to the background O3-CO composition in the LT) penetrated through
the tropopause and mixed with LMS air masses (black yellow ellipse). O3-rich but also CO-rich air masses were
transported downward again along and into the edges of the overshooting top (curved yellow and straight
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Figure 7. Schematic of an isolated, overshooting thunderstorm cell (credit: NOAA National Weather Service, http://www.
srh.noaa.gov/jetstream/tstorms/tstrmtypes.htm). Superimposed are the major air mass transport pathways (colored
arrows) observed during the Falcon ﬂight on 30 May 2012 based on in situ trace gas measurements (CO and O3) in the
lower boundary of the outﬂow from a (a) supercell and below the outﬂow from a (b) MCC (orange shaded areas). In Figure 7
a emissions from wildﬁres (BB) and low O3 mixing ratios are ingested into the supercell (yellow and green). Strong updrafts
and downdrafts within the storm redistribute the ingested pollution (accumulation at the cloud top, black shaded area).
As a response to the overshooting top, stratospheric air masses are transported downward into the anvil outﬂow (red). In
Figure 7b emissions from wildﬁres (BB, yellow) are ingested into towering cumulus along the ﬂanking line of the
overshooting MCC and mix with a stratospheric intrusion wrapped around the anvil outﬂow (red).

red arrows), as compensation to the strong updrafts in the storm core. Normally, the CO mixing ratio rapidly
decreases above the tropopause, which should cause a decrease in CO mixing ratios of the air masses
transported downward. However, we observed the opposite in this speciﬁc case. We assume that a considerable amount of CO was already injected to the LMS earlier by the isolated supercell but also by the nearby
overshooting MCC; the latter system was even more intense and higher than the isolated supercell
(Figure 2b). The GOES aerosol optical depth image (Figure 2a) shows that the center of the strong
Whitewater-Baldy smoke plume passed just below the MCC. Most likely, a high amount of CO was transported upward to the LMS by this MCC but also by the nearby isolated supercell and mixed with CO-poorer
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but O3-rich air masses. This mixture still enhanced both in CO and O3 was later brought down again by the
storm’s downdrafts as seen in our measurements. Our hypothesis on these transport pathways is supported
by the multi-Doppler radar analysis described before, where strong updrafts (~50 m s 1) and downdrafts
(~20 m s 1) observed within a MCC supercell have the capability to very rapidly (~5–15 min) mix tropospheric
and stratospheric air masses.
Besides these measurements inside the anvil outﬂow of the supercell, measurements just outside of the
outﬂow are also illustrated in Figure 7a. Compared to the UT background, CO and O3 mixing ratios were
higher and lower within this cloud-free air, respectively, indicating that pollution transport from below was
efﬁcient, not only inside the storm but also just outside of the storm (low O3 indicated by thin green arrows
in Figure 7a). Around 87,750 s, within this cloud-free air close to the storm at ~9 km, O3 mixing ratio as low as
~80 nmol mol 1 and slightly elevated CO mixing ratios (~100 nmol mol 1) were observed, indicative of pollution transport from the BL. In addition, elevated water vapor mixing ratios (0.3–0.4 g kg 1) and relative
humidity values (~60%) indicate that these air masses were possibly uplifted from lower levels. Most likely,
smaller convective cells (towering cumulus along the ﬂanking line) uplift and spread BB emissions just below
the anvil outﬂow (yellow arrows in Figure 7b), as discussed in HH2016 and illustrated in Figures 13, 16, and 17
herein. In the present study Figure 8 nicely shows that an extended area of pronounced wave clouds was
present east of the investigated thunderstorms supporting the uplift of BB emissions. The exceptional high
equivalent potential temperature observed at ~3 km altitude (>350 K) may also facilitate the rapid lifting of
such BB layers to the UT (Figure 6b).
In the MCC case (Figure 7b) the main anvil outﬂow deck spread slightly higher compared to the supercell case
(MCC main ceiling at ~12–13 km, clearly located above the primary tropopause). Stratospheric air masses
were likely forced to move downward as compensation to the powerful upward motion in the MCC penetrating the tropopause. Our in situ measurements indicate that these stratospheric air masses likely enwrapped
the anvil outﬂow (red curved arrow) similar to the ﬁndings by Pan et al. [2014] and mixed with CO-rich air
masses located just below the MCC outﬂow (lofted BB plume, yellow arrows).
A further illustrative example of the mixing of the lofted BB plume with air masses of stratospheric origin
wrapping around the MCC outﬂow is presented in Figure 9a showing the O3-CO correlation. For comparison, the correlation in the free tropospheric and stratospheric background is superimposed in gray (from
Falcon a-ﬂight on 8 June 2012). As described before, during the westward ascent, just below the MCC outﬂow, both CO and O3 mixing ratios increased with altitude between 8.5 and 10.4 km (Figure 4a). In Figure 9
a positive O3-CO correlations (ΔO3/ΔCO ratio = +0.4) were observed within this lower portion of the BB
plume (yellow dots with no or light orange edges), mainly due to mixing with the stratospheric intrusion
and not due to photochemical O3 production. The ratio value alone (also listed in Table 1) is within
common ranges reported in BB plumes affected by photochemical O3 production (section 1). However,
the steep increase in O3 mixing ratios with altitude (Figure 4a) clearly suggests that O3-rich air masses
from the LMS are mixed in which explain the enhanced ΔO3/ΔCO ratio observed. Photochemical O3 production within the plume is not expected to increase with altitude, as the production rate is slower at
colder temperatures.
Within the upper portion of the BB plume (~10.4 km), at the rear side of the MCC, a negative O3-CO correlation (ΔO3/ΔCO ratio = 1.7) was observed (yellow dots with thick black edges in Figure 9a), dominated by the
in-mixing of the BB plume into the LMS. South of the MCC, as the aircraft ascended up to 10.7 km and circled
counterclockwise around the supercell, the aircraft penetrated into the troposphere again, indicating that the
local tropopause was slightly higher in this region (tilted tropopause between thunderstorm front and rear
side supporting the troposphere-stratosphere exchange) (Figures 6a and 6b). The anvil outﬂow of the supercell (characterized by elevated NO) was probed next which was located distinctly lower, at 9.1–9.4 km
(Figure 4b). Mixing of the outﬂow with both stratospheric and BB impacted air masses was prominent (for
illustration see Figure 7a), which caused a positive O3-CO correlation, as shown in Figure 9b. During the
descent from 9.4 to 9.1 km, the regression slope was steeper (ΔO3/ΔCO ratio = +1.4) (red dots without black
edges) compared to the correlation at the cruise altitude of 9.1 km (ΔO3/ΔCO ratio = +0.5) (red dots with black
edges), due to increasing inﬂuence of stratospheric air masses and decreasing inﬂuence of the ingested BB
plume at the higher level. The high CO mixing ratios (~160 nmol mol 1) observed within the anvil outﬂow
indicate that BB emissions were most likely ingested into the supercell from the top of the BL at ~3 km
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Figure 8. GOES visible satellite images on 30 May 2012 at (a) 20:33 UTC and 30 May 2012 at (b) 21:33 UTC (© NCAR/EOL).
Along the ﬂanking line of the probed thunderstorms extended wave cloud formations are visible in Figure 8a which are
later in Figure 8b covered by the anvil outﬂow.

(according to CO and Θe values in Figures 4a and 6b, respectively). In addition, the observed elevated O3
mixing ratios (~140 nmol mol 1) suggest that air masses were simultaneously transported downward from
the tropopause region (10.4–10.7 km or above) into the anvil (values too high values for photochemical
O3 production).
In Table 2, average trace gas conditions in the supercell outﬂow (bold italic) and typical background mixing
ratios (bold) are listed. Both CO and O3 mixing ratios were on average distinctly enhanced in the anvil outﬂow
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Figure 9. (a) O3-CO correlations during the Falcon ﬂight on 30 May 2012 for the time period of the ascent from Ardmore. (b) The correlations in the lofted BB
plume are marked with yellow dots. O3-CO correlations during the Falcon ﬂight on 30 May 2012 for the time period of the cruising at 9.1–10.7 km. The
correlations within the anvil outﬂow of the supercell are marked with red dots. The correlation in the free tropospheric and stratospheric background is marked
with light gray dots.

by 11 and 5 nmol mol 1, respectively, compared to the background composition. In summary, like the lofted
BB plume in Figure 9a, the observed O3 enhancement within the LNOx plume (Figure 9b) was mainly caused
by downward mixing of O3-rich air masses from the LMS and not due to photochemical O3 production. The
highly variable ΔO3/ΔCO ratios with altitude observed in the probed LNOx plume also suggest a major dynamical and not photochemical inﬂuence. The observed trace gas gradients in the time series have larger amplitudes than expected from chemical processes only. As discussed in section 1 such chemical processes are
also much slower.
4.2. The 12 June 2012: Fresh Squall Line Outﬂow Over Colorado/Kansas
4.2.1. Observations on 12 June 2012
On 12 June 2012 a pronounced smoke plume from the High Park Fire in Colorado (see Tables 3 and 4 in
HH2016) spread southeastward along the border between Colorado and Kansas according to the FLEXPART
lower tropospheric BB tracer analyses (CO) (Figure 10). In addition, BB emissions from the wildﬁres in New
Mexico likely spread northeastward to the same region.
An elongated squall line (~700 km anvil length) with cold cloud tops (< 60°C) developed in the convergence zone of these smoke plumes along the border between Kansas, Oklahoma, and Colorado (http://
catalog.eol.ucar.edu/cgi-bin/dc3_2012/ops/index), the target area for the Falcon ﬂight on 12 June. The
average cloud top height was in the range of 12–13 km, with overshooting tops up to 14–15 km (Figure 11).
The cloud tops were not as high as observed during the previously presented ﬂight (30 May). The 00 UTC
radiosoundings from Dodge City (southwestern KS) and Amarillo (Texas Panhandle) both indicate that the
primary tropopause was located at 11.1 km (http://catalog.eol.ucar.edu/cgi-bin/dc3_2012/ops/index). In addition, in Dodge City a secondary tropopause was prominent at 11.8 km. Both tropopause heights are located
slightly below the average cloud top height (~12–13 km), which indicates that the main cloud deck likely
penetrated into the LMS.
After takeoff in Salina, the aircraft headed southwestward and remained in the lower troposphere
(~3–5 km) to probe the smoke plume from the High Park (and NM) ﬁre and the inﬂow region of the squall
line (Figures 12a and 12b). Within this lower portion of the advected smoke layer (~79,500 s), the highest CO
mixing ratios (~160 nmol mol 1) were observed at 3.3 km altitude, whereas O3 mixing ratios were rather low,
in the range of 60 nmol mol 1, indicating no pronounced photochemical O3 production (Figure 13a). In addition,
SO2 and CH4 mixing ratios were enhanced with ~0.5 nmol mol 1 and 1.90 μmol mol 1, respectively (Figures 13c
and 13d).
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Figure 10. FLEXPART BB tracer analysis for the lower troposphere over the U.S. and Mexico. Begin and end of the simulation:
1
12 June at 00 UTC and 13 June at 00 UTC, 2012, respectively. Simulated BB-CO mixing ratios (in color) are given in nmol mol .
The red circle indicates the High Park ﬁre in Colorado and the advection of the smoke plume toward the south along the
border between Colorado and Kansas.

Figure 11. Cloud top heights (in kilometer) derived from GOES data on 12 June 2012 at 23:32 UTC (© NCAR/EOL). The
yellow circle shows the area of the Falcon operations (squall line probed). The white squares mark the selected DC3
operation areas and the white cross the campaign base in Salina (KS).
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Figure 12. (a and b) Flight tracks of the Falcon (red aircraft) in the evening on 12 June 2012 at 23:15 UTC and at 23:35 UTC. After
the start in Salina, the Falcon approached a squall line, located along the border between Kansas, Oklahoma and Colorado, at
low altitudes. Below the anvil outﬂow the aircraft started to ascend in northerly direction and several cross sections in north
southerly direction followed at different altitudes below, inside, and outside the anvil outﬂow. The ﬂight tracks (color coded) are
superimposed on a GOES IR satellite image (grey), NEXRAD reﬂectivity (colored clouds), and NLDN lightning data (white/pink
plus/minus sign for positive/negative ﬂashes). The ﬂight tracks are color coded according to O3 mixing ratios along the ﬂight.

As the aircraft reached the squall line, it started to ascend below the anvil outﬂow, thereby also heading northward toward a smaller, isolated thunderstorm cell (Figure 12a). In the middle troposphere between 5 and 7 km,
low CO and O3 mixing ratios in the range of 80–90 nmol mol 1 and 50–60 nmol mol 1, respectively, were
observed as typical for the background (Figure 13a). During the previous ﬂight (30 May) described in the last
subsection, the same type of layer with low CO and O3 mixing ratios was observed between 6 and 8 km. On
12 June, the layer above 7 km and below 9.7 km was characterized by strongly elevated CO and O3 mixing
ratios, up to 190 and 120 nmol mol 1, respectively (~82,500–84,000 s). The vertical (equivalent)-potential temperature proﬁles indicate that an air mass layer located at ~3–4 km altitude, characterized by elevated Θe temperatures (~335 K), would have the potential to be uplifted to these altitudes in the UT (Figures 14a and 14b).
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Figure 13. Time series of NO, NOx, CO, O3, SO2, CH4, and pressure altitude for the Falcon ﬂight on 12 June 2012: (a, c, and d) complete ﬂight and (b) selected time
period from 83,000–88,000 s. Colored bars in Figures 13a and 13b indicate selected time sequences of the ﬂight with different air masses: BB plume (yellow),
stratospheric intrusion/lower stratosphere (black), and fresh squall line (SQL) outﬂow (red), see also Figure 16.

The aircraft then (after 84,000 s) started to probe the northeastern edge of the squall line outﬂow during stepwise ascent from 9.7 to 11.9 km altitude. Thereby, the aircraft was cruising between the squall line, background
air and the smaller, isolated thunderstorm cell in the north (Figures 12a and 12b). Within the anvil outﬂow
(Figure 13b: ~84,500–85,000 and ~86,000–87,000 s), elevated CO and low O3 mixing ratios were observed, in the
range of 120 and 70 nmol mol 1, respectively, indicating upward transport from lower altitudes below ~4 km. In
addition, NO and NOx mixing ratios were distinctly enhanced within the anvil outﬂow (Figures 13a–13c), mainly
due to in situ production by lightning. Along the northern edge of the anvil outﬂow, the lofted BB plume was
most prominent in a layer between ~7 and 9.7 km. Above ~8 km and up to 9.7 km (~82,500–84,000 s) O3 mixing
ratios were, in addition, enhanced. As in the previous thunderstorm case described, no signiﬁcantly elevated
NO and NOx mixing ratios were observed within this lofted BB. Most likely, the BB emissions were not uplifted
inside the storm cell but near the active thunderstorm by ﬂanking convection (see visible satellite images 1 km
resolution, http://catalog.eol.ucar.edu/cgi-bin/dc3_2012/ops/index), as also illustrated for the previous case in
Figure 8a. The high SO2 and CH4 mixing ratios observed within the UT-BB plume (~0.6 nmol mol 1 and
1.89 μmol mol 1), similar to the composition observed at the beginning of the ﬂight in the LT-BB plume
(~0.5 nmol mol 1 and 1.90 μmol mol 1), support this assumption of direct uplift to the UT outside of the squall
line not affected by any wash-out processes prevalent inside the storm. However, interestingly rBC mass mixing
ratios were low within the UT-BB plume (maximum <30 ng kg 1, mean ~12 ng kg 1) (see Figure 2e in HH2016).
This observation indicates that perhaps other processes, e.g., sedimentation, possibly lowered the rBC mass
mixing ratio in the UT-BB plume. Within the lofted plume on 12 June, water vapor measurements are available
between 7 and 9 km altitude (82,500–82,860 s). The relative humidity was highly variable between ~10 and
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Figure 14. Vertical proﬁles of (a) temperature and (b) (equivalent)-potential temperature derived from Falcon measurements on 12 June 2012. The red arrows indicate two different tropopause levels at 11.2 and 11.8 km and a stratospheric
intrusion between 8.2 and 9.1 km.

100%; however, most frequently values between 40% and 70% were measured and elevated H2O mixing
ratios in the range of ~0.3 g kg 1, indicative of transport from lower levels. CO mixing ratios were elevated
(100–180 nmol mol 1) as expected in a plume generated from BB, but also ozone-rich stratospheric air masses
(up to ~120 nmol mol 1) mixed into the plume.
At ~85,000–86,000 s, as the aircraft left the anvil outﬂow at ~11 km to turn for the next higher ﬂight level, the BB
plume was not prominent anymore but O3 mixing ratios were clearly enhanced (~140 nmol mol 1) and CO
mixing ratios decreased down to ~90 nmol mol 1 (Figure 13a). At the next higher level along the anvil edge
(~12 km, ~87,000–87,500 s) the inﬂuence from the LMS was even more distinct with elevated O3 mixing ratios
over a horizontal distance of ~50 km with mixing ratios up to ~260 nmol mol 1 and CO mixing ratios as low as
~80 nmol mol 1. In addition, NO and NOx mixing ratios were still distinctly elevated during this time sequence
inside the anvil outﬂow.
4.2.2. Discussion of 12 June 2012 Observations
A schematic of the major air mass transport pathways based on observations from 12 June 2012 is shown in
Figure 15 (colored arrows). One side of the storm system was probed during stepwise ascent from 9.7 to
11.9 km altitude as indicated by the orange shaded area.
Within the center of the anvil outﬂow, low O3 and elevated CO mixing ratios (70 and 120 nmol mol 1, respectively) were observed indicating upward transport from lower altitudes below ~4 km, as illustrated by the
green and yellow arrows near the storm core. In contrast, along the edges of the anvil outﬂow and at the
highest ﬂight level in the anvil outﬂow (~11.9 km, ~87,000–87,500 s) a clear mixing of elevated NOx (mainly
LNOx) with O3-rich stratospheric air masses (~260 nmol mol 1) was observed. The highest ﬂight level in the
anvil outﬂow was located above the primary/secondary tropopause (~11.1/11.8 km) giving evidence of
detrainment of LNOx into the LMS.
Elevated O3 mixing ratios were still measured down to ~8 km when the aircraft left the anvil outﬂow and started
the steep descent for landing. Air masses of lower stratospheric origin not only mixed with the top and edges of
the anvil outﬂow (straight red arrows) but also surrounded it as a stratospheric intrusion (curved red arrow). This
latter air mass transport pathway is similar to the observations by Pan et al. [2014] as seen in O3 lidar images.
However, since lidar measurements are not available inside thick clouds such as thunderstorms, the direct
downward injection of O3-rich air masses into the anvil edges and upward injection of anvil-LNOx into the
LMS was not observed by Pan et al. [2014].
As in the previous ﬂight described (Figure 7b), here we also observed that just outside and beneath the
anvil outﬂow a lofted BB plume (curved yellow arrow in Figure 15) mixed with the stratospheric intrusion

HUNTRIESER ET AL.

PRONOUNCED O3 GRADIENTS IN THUNDERSTORMS

6620

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024279

Figure 15. Schematic of an isolated, overshooting thunderstorm cell (credit: NOAA National Weather Service, http://www.
srh.noaa.gov/jetstream/tstorms/tstrmtypes.htm). Superimposed are the major air mass transport pathways (colored
arrows) observed during the Falcon ﬂight on 12 June 2012 based on in situ trace gas measurements (CO and O3) within the
main vertical (and partly horizontal) extension of the anvil outﬂow from a squall line (orange shaded area). Emissions from
wildﬁres (BB) and low O3 mixing ratios are ingested into the overshooting squall line (yellow and green). As a response to
the overshooting top, stratospheric air masses are transported downward along the boundaries of the anvil outﬂow (red).
In addition, emissions from wildﬁres (BB, yellow) are ingested into towering cumulus along the ﬂanking line of the squall
line and mix with a stratospheric intrusion wrapped around the anvil outﬂow (red).

(~8–9.7 km). The O3 mixing ratio in the lofted BB plume was much higher (twice as high) as observed before
in the LT-BB plume at ~ 5 km (~60 nmol mol 1), which excludes that the major O3 enhancement was due to
photochemical O3 production.

Figure 16. O3-CO correlations during the Falcon ﬂight on 12 June 2012
for the time period of the stepwise ascent below/inside the squall line
(SQL) outﬂow at cruise altitudes 9.1–11.9 km and the descent to Salina.
The correlations in the lofted BB plume and in the anvil outﬂow of the
squall line are marked with yellow and red dots, respectively. The
correlation in the free tropospheric and stratospheric background is
marked with light gray dots.
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To illustrate the strong inﬂuence of the
squall line on the chemical composition
in the UT/LS also the O3-CO correlation
in BB and LNOx plumes was determined
as shown in Figure 16. Just below and
outside of the anvil outﬂow, the lofted
BB plume (yellow dots) mixed with
a stratospheric intrusion (~8–10 km),
causing a positive regression slope
(ΔO3/ΔCO ratio = +0.4) in the same range
as observed in the 30 May case (Table 1).
The anvil outﬂow at 9.7–11.0 km (red
dots with black edges) was characterized
by a mixture of O3- and CO-rich air
masses from the stratosphere and
wildﬁres, indicating partly negative and
partly positive O3-CO correlations. The
in-mixing partly took place along the
boundaries of the anvil outﬂow, as indicated in Figures 13a and 15. Higher up
within the anvil outﬂow (11.0–11.9 km),
an increased in mixing of stratospheric
air masses with altitude was observed
(red dots without black edges),
causing a negative O3-CO correlation
(ΔO3/ΔCO ratio = 3.9).
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Table 3. Trace Gas and Particle (Here Only SP2) Measurements in the Anvil Outﬂow on 12 June 2012 (Separated According To Anvil Regions With Updrafts or Downdrafts and the Mean Over the
a
Entire Anvil Outﬂow in Italic)
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In Table 3, trace species mixing ratios
within the squall line is compared to
the background. Elevated CO and low
O3 mixing ratios within the anvil outﬂow (~120 and ~ 80 nmol mol 1) compared to the background (~100 and
~130 nmol mol 1) indicate that the
anvil outﬂow above ~10 km was surrounded by lower stratospheric air
masses. SO2 mixing ratios within the
anvil outﬂow (~10–20 pmol mol 1)
were distinctly lower compared to the
background (~40–80 pmol mol 1) and
the BL (>100 pmol mol 1) suggesting
efﬁcient wash-out processes within
the squall line (see also Figure 13d). In
contrast, CH4 mixing ratios were
slightly elevated by ~10 nmol mol 1
within the anvil outﬂow compared to
the background due to ingested wildﬁre emissions (see also Figure 13c).
Within the anvil outﬂow peak NO
(NOx) mixing ratios, 3.1 (4.1)
nmol mol 1, were observed at
11.0 km. Enhanced anvil NOx was present above the primary tropopause
(11.1 km) indicating injection into the
LMS. The presence of ingested wildﬁre
emissions within the anvil outﬂow is
also supported by the enhanced
ethane and propane mixing ratios
(1073 and 615 pmol mol 1) compared
to the BL (443 and 410 pmol mol 1)
and the background from the previous
ﬂight on 30 May (247 and
29 pmol mol 1), see also Table 2.
Unfortunately, no VOC background
measurements were available from
the ﬂight on 12 June. Within the anvil
outﬂow, the benzene/toluene ratio
(=0.3) was distinctly lower compared
to the BL (=1.7) and similar to background values (=0.2) observed on 30
May, indicating no pronounced inﬂuence from fresh anthropogenic emissions in the BL. In addition, on 12
June low rBC mass mixing ratios
(<20 ng kg 1) were observed in the
background.
The results from this second thunderstorm case study, 12 June (Figure 15),
support the ﬁndings from the ﬁrst
presented DC3 Falcon case from 30

6622

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024279

May (Figures 7a and 7b): (1) emissions from wildﬁres (high in CO) are ingested into the thunderstorm near the
cloud base, (2) the storm produces an overshooting top, possibly facilitated by the large-scale double(triple)tropopause structure, (3) the overshooting top injects high amounts of BB emissions and LNOx into the LMS
in addition to low O3 mixing ratios from the BL, (4a) as a dynamical response, O3-rich air from the LMS is
transported downward into the edges of the anvil outﬂow and (4b) surrounds the outﬂow like an umbrella
(stratospheric intrusion), (5a) in addition, a rapid uplift of “less diluted” emissions from wildﬁres from the
LT to the UT is frequently observed outside of thunderstorms, most likely transported upward in towering
cumulus clouds along the storm’s ﬂanking line, (5b) this lofted BB plume mixes with the stratospheric
intrusion surrounding the anvil outﬂow.
Several of these major air mass transport pathways (1–5) have by chance been observed in previous thunderstorm studies as described in section 1. However, in this study we report for the ﬁrst time on observations in
different types of thunderstorm systems during one ﬁeld campaign supported by a unique variety of airborne
and ground-based measurements. Furthermore, during DC3 the inﬂuence of smoke plumes and stratospheric air masses on the thunderstorm environment was much more pronounced than during previous
U.S. thunderstorm ﬁeld experiments. Wildﬁre emissions were useful tracers to construct a general picture
of trace gas transport pathways within and nearby DC3 thunderstorms. Air mass pathways as (4a), (4b),
(5a), and (5b) have rarely been observed and described before. However, they indicate a distinct inﬂuence
of O3-rich air masses from the LMS on the UT-O3 composition inside and nearby thunderstorms besides
the more well-known inﬂuence of low O3 air transported from the BL. In the next subsection observations
in aged thunderstorm outﬂow (~12–24 h) even more distinctly highlight the pronounced air mass exchange
in the UT/LS region caused by thunderstorms.
4.3. The 8 June 2012: Aged MCS Outﬂow Over Colorado/Kansas
4.3.1. Observations on 8 June 2012
In the evening on 7 June, scattered severe convection developed over eastern Colorado that moved eastward and lasted until the next morning on 8 June. In the night the scattered convection and their anvils
merged to a kind of MCS in the general sense (not as strict as deﬁned by Houze et al. [1989]). On 8 June,
the Falcon performed two ﬂights to investigate the remnants of the MCS. The two ﬂight patterns were similar,
covering the major extension of the MCS remnants (~700 km wide) that spread across Kansas. In addition, the
background air composition ahead and behind of the remnants was probed. The focus here is on the ﬁrst
Falcon ﬂight around noon local time.
The GOES thermal-IR image for cloud top temperatures from the previous evening (http://catalog.eol.ucar.
edu/cgi-bin/dc3_2012/ops/index) indicates that in agreement with the other two presented case studies
the MCS cloud tops reached temperatures below 60°C. However, in this case the temperatures were slightly
colder and extended over a larger area indicating that the main cloud deck reached even higher altitudes.
During the mature stage of the MCS, an embedded storm cell close to Denver developed into a strong supercell with very high radar reﬂectivity (65–70 dBZ) (not shown), producing large hail and several tornadoes. At
this time the average cloud top height in Figure 17a reached as high as ~13–14 km (higher, wider, and more
homogeneous compared to the previous two cases in Figures 2b and 11). Between 18 and 00 UTC, the
primary tropopause was located slightly lower at ~11–13 km according to the closest radiosoundings from
Denver in eastern Colorado and Dodge City in southwestern Kansas (http://catalog.eol.ucar.edu/cgi-bin/
dc3_2012/ops/index). These observations indicate that parts of the main cloud deck of the intense MCS very
likely crossed the tropopause and mixed with air masses in the LMS.
During the ﬂight the day after the mature MCS activity, not only thin cirrus clouds over western Kansas gave
evidence of MCS cloud remnants (Figure 17b) but NCAR WRF forecasts of the column LNOx tracer (8–16 km)
were also used to determine the position of the MCS remnants and to guide the aircraft. The forecasts for
11 and 16 UTC (Figures 18a and 18b) predicted that the remnants (enhanced in LNOx) spread eastward over
Kansas and merged with less pronounced remnants of a second, weaker thunderstorm system over Texas
and Oklahoma. At 16 UTC the major LNOx plume from the aged MCS outﬂow is located west of Salina. The
Falcon in situ observations of O3 in this area indicate highly variable mixing ratios between ~60 and
150 nmol mol 1 in the UT (Figure 17b). Ahead (east) of the LNOx plume a broad area with strongly
enhanced O3 mixing ratios (>150 nmol mol 1) was observed which was caused by a pronounced
stratospheric intrusion.
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Figure 17. (a) Cloud top heights (in kilometer) derived from GOES data on 8 June 2012 at 03:15 UTC over the U.S. and Mexico
(© NCAR/EOL). The yellow circle marks an extended MCS probed ~15 h later in a decaying stage over Kansas, Missouri and
Arkansas (as shown in Figure 17b). The white squares mark the selected DC3 operation areas and the white cross the
campaign base in Salina. (b) Flight tracks of the Falcon (red aircraft) on 8 June 2012 at 18:20 UTC. The ﬂight tracks (color coded)
are superimposed on a GOES IR satellite image (grey) and are color coded according to O3 mixing ratios along the ﬂight.
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Figure 18. NCAR WRF Advanced Research Workshop forecast of 8–16 km column LNOx tracer (color coded) and wind barbs at 11 km (black) for 8 June 2012 at
(a) 11:00 and (b) 16:00 UTC. The DC3 campaign base (Salina, KS) is marked with a white black dot. The black squares mark the selected DC3 operation areas and
the red dashed lines the available vertical cross sections for the LNOx tracer.

Besides model forecasts and airborne measurements, satellite measurements of NO2 from GOME-2 were also
available for the region of interest (Figure 19). At 17 UTC, GOME-NO2 data show that Kansas was entirely
covered with enhanced tropospheric NO2 vertical column densities up to 7–8 × 1015 molecules cm 2, most
likely produced by lightning ~12–24 h earlier. Within the remnants of the MCS, the Falcon observed NO
enhancements in the range of 0.5–1 nmol mol 1 between ~9 and 11.6 km altitude (~63,000–65,000 s and
~66,000–67,000 s) (Figures 20a and 20b).
In addition, NOy mixing ratios were clearly
enhanced (~2–3 nmol mol 1), and the
low NO/NOy ratios (0.2–0.3) indicate
that the LNOx emissions were aged
(Figures 20c and 20d). Furthermore,
CH4 mixing ratios reached up to
1.86 μmol mol 1, and SO2 mixing ratios
were mostly <100 pmol mol 1. Highly
variable CO (~60–110 nmol mol 1) and
O3 (~80–280 nmol mol 1) mixing ratios
were also observed within the aged
outﬂow, most likely caused by dynamical
processes. The maximum cruising altitude within the remnants of the MCS
(11.6 km) coincide with the broad
tropopause according to the vertical
temperature proﬁle from the Falcon
(Figures 21a and 21b) and the 12 UTC
Figure 19. Tropospheric NO2 vertical column densities measured by
radiosounding from Topeka in northGOME-2 over the U.S. and Canada on 8 June 2012 at 17:05 UTC (color
eastern Kansas (http://catalog.eol.ucar.
coded). The cloud fraction is superimposed in gray scales. The DC3
operation site (Salina, KS) is marked with a white black dot.
edu/cgi-bin/dc3_2012/ops/index).
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Figure 20. Time series of NO, NOy, CO, O3, SO2, CH4, and pressure altitude for the Falcon ﬂight on 8 June 2012: (a, c, and d) complete ﬂight and (b) selected time
period from 58,000 to 59,000 s. Colored bars in Figures 20a and 20b indicate selected time sequences of the ﬂight with different air masses: lofted pollution
(green), stratospheric intrusion/lower stratosphere (black), and aged MCS outﬂow (red).

4.3.2. Discussion of 8 June 2012 Observations
Based on the Falcon trace gas time series in Figure 20a, major pathways for the most likely trace gas transport
within and near the active MCS are illustrated in Figure 22. Almost the entire vertical and horizontal (E-W) extension of the MCS remnant was probed, as indicated by the orange shaded area (most complete probing compared to the two previous cases in Figures 7a and 15).
On 8 June, remnants of the MCS characterized by low O3 and high CO mixing ratios (transport from below)
were located near areas with elevated O3 and low CO mixing ratios (transport from above) as indicated in the
time series in Figure 20a and in Figure 22 by the different colored and directed arrows in the orange shaded
area. The highly variable CO and O3 mixing ratios observed at this altitude within the aged MCS outﬂow indicate a mixing and cross layering of lower stratospheric and upper tropospheric air masses in the broad tropopause transition zone.
In general, CO mixing ratios were not as enhanced as in the previously presented cases. The most likely BL
pollution source in this case was anthropogenic pollution from Dallas and northern Texas, and not emissions
from wildﬁres (results from FLEXPART analyses not shown here, see DC3 ﬁeld catalog). As indicated in
Figure 22, pollution was ingested near the cloud base of the MCS (yellow and green arrows) but was also present outside of the MCS and mixed with a stratospheric intrusion reaching as far downward as ~7 km (yellow
and red curved arrows). The time sequence of the ﬂight through the latter layer is presented in Figure 20b.
Above this mixed polluted layer, a second polluted layer was observed, however, not mixed with stratospheric
air masses. Low NO mixing ratios indicate that these two layers were most likely not processed inside the MCS.
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Figure 21. Vertical proﬁles of (a) temperature and (b) (equivalent)-potential temperature derived from Falcon measurements
on 8 June 2012. The red arrows indicate two different tropopause levels at 11.2 and 11.6 km and stratospheric intrusions
reaching down to 8.6 and 10.3 km, respectively.

On the other hand, elevated NO mixing ratios were observed within the entire aged MCS outﬂow probed
between 8.8 and 11.6 km (outﬂow depth >2.8 km) (Figures 20a and 22). Near the upper boundary of the aged
outﬂow (11.6 km), highly variable O3 mixing ratios (up to 280 nmol mol 1) coincided with elevated NO indicating mixing with lower stratospheric air masses (broad, red arrows in Figure 22). In addition, as indicated in
Figure 20a (~67,000 s) the lower boundary of the aged outﬂow (~8–9 km) likely mixed with a stratospheric

Figure 22. Schematic of an isolated, overshooting thunderstorm cell (credit: NOAA National Weather Service, http://www.srh.
noaa.gov/jetstream/tstorms/tstrmtypes.htm). Superimposed are the major air mass transport pathways (colored arrows)
observed during the Falcon ﬂight on 8 June 2012 based on in situ trace gas measurements (CO and O3) within the main
vertical and horizontal extension of the anvil outﬂow from a MCS (orange shaded area). Anthropogenic emissions and low O3
mixing ratios are ingested into the overshooting MCS (yellow and green). Strong updrafts and downdrafts within the storm
redistribute the ingested pollution. As a response to the overshooting top, stratospheric air masses are transported downward
into the anvil outﬂow (red). In addition, anthropogenic emissions (yellow) are ingested into towering cumulus along the
ﬂanking line of the overshooting MCS and mix with a stratospheric intrusion wrapped around the anvil outﬂow (red).
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Figure 23. Time series of CPC (>5 nm, >14 nm, and nonvolatile >10 nm), rBC, FSSP-100, and pressure altitude for the
Falcon ﬂight on 8 June 2012. Shaded ﬁelds (in grey and yellow) indicate time sequences with enhanced concentration
of particles >5 nm and >14 nm.

intrusion (up to 170 nmol mol 1) wrapped around the outﬂow (red curved arrow in Figure 22). In agreement,
the vertical temperature proﬁles indicate an inversion layer at 8.6 km (Figures 21a and 21b).
During the ﬂight on 8 June the exchange of tropospheric and stratospheric air masses in the aged MCS
outﬂow region was not the only striking process but also the strong inﬂuence of the MCS on the particle concentration in the UT/LS region. In Figure 23 time series of a variety of particle concentrations (condensation
particle counter (CPC), rBC, and Forward Scattering Spectrometer Probe (FSSP)-100) are shown for the ﬁrst
ﬂight on 8 June. Within the aged MCS outﬂow at 11.6 km and during the descent through the outﬂow (both
areas highlighted in yellow), the FSSP-100 concentrations are generally low indicating almost cloud free conditions. In addition, the rBC mass mixing ratios are rather low (<10 ng kg 1), most likely due to wash-out processes. In contrast, high numbers of condensation nuclei CPC >5 nm and >14 nm are present (up to 20,000–
30,000 particles STP cm 3). These concentrations partly exceed the concentrations observed in the BL and
are most likely produced in situ (by dynamical effects and from precursors as SO2 and VOCs, see below).
The measurements in the aged outﬂow indicate that new ultraﬁne particles are formed, since CPC >5 nm
partly exceeds the value for CPC >14 nm. The low concentration of nonvolatile particles (~100 particles
STP cm 3) supports the suggestion of in situ production prevailing over the upward particle transport from
the BL. Of all Falcon DC3-ﬂights in the vicinity of thunderstorms, this is the only ﬂight that shows clear evidence of new particle formation.
Next the ΔO3/ΔCO ratio in the lofted pollution layers (~7–8 km) and in the aged MCS outﬂow (~9–12 km)
mentioned above is discussed for the Falcon ﬂight on 8 June. The inﬂuence of the stratospheric intrusion
on the polluted layers probed during the ascent from Salina is shown in Figure 24a (see also Figures 20b
and 22). The ΔO3/ΔCO ratio was enhanced (+1.4) in the lower pollution layer located at 6.6–7.2 km due to
mixing with a stratospheric intrusion. Within the core of this layer a negative ΔO3/ΔCO ratio ( 0.4) was
observed, as typical for stratospheric inﬂuenced air masses. In contrast, the second lofted pollution layer
located above the ﬁrst one at 7.4–7.9 km was not impacted by the stratospheric intrusion. The observed
ΔO3/ΔCO ratio (+0.1) in this plume agrees with observations in lofted BB plumes (<7 km) not mixed with stratospheric air masses and suggests only a weak photochemical O3 production, ~5–10 nmol mol 1 (see
Figure 24a and Table 1). Within the aged MCS outﬂow (~63,000–65,000 s and ~66,000–67,000 s) in
Figure 20a, distinct negative ΔO3/ΔCO ratios ( 3.8 and 3.4, respectively) were observed in the lower
boundary (8.8–10.7 km), as well as in the upper boundary (at 11.6 km) of the aged outﬂow (Figure 24b).
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Here the mixing of the aged MCS
outﬂow with air masses from the LMS
was prominent throughout the entire
anvil outﬂow region, as illustrated in
Figure 22 in the orange shaded area by
the different colored arrows.
A summary of the chemical composition
ratio observed in the aged MCS outﬂow
on 8 June compared to the background
is given in Table 4. The day after the
major convective activity CO mixing
ratios at ~10–12 km altitude were only
slightly enhanced by ~10 nmol mol 1.
In contrast, O3 mixing ratios were
distinctly enhanced compared to the
background by ~20–50 nmol mol 1 on
average over a wide horizontal distance
of up to ~200 km, indicating a distinct
downward mixing of O3-rich air masses
from the LMS and simultaneously inmixing of tropospheric air masses (rich
in CO and low in O3) into the LMS. CH4
mixing ratios were slightly enhanced
(up to 1.85 μmol mol 1) compared to
the background due to upward transport of pollution. As in the previous
cases, SO2 mixing ratios were low
(~30 pmol mol 1) within the aged outﬂow due to efﬁcient wash-out effects.
In agreement to our observations, high
scavenging efﬁciencies in the range of
80% have been observed by Yang et al.
[2015] in other DC3 thunderstorms on
29 and 30 May 2012. In addition, H2SO4
was most likely formed from SO2 and
acted as a precursor for the formation
of new particles (Figure 23).
On 8 June, the inﬂuence from LNOx was
still observable in the aged MCS outﬂow
with mean NO and NOy mixing ratios in
the range of 0.5 and 2.5 nmol mol 1,
respectively, both well enhanced above
typical background values (Table 4). In
addition, the high ethane and propane
mixing ratios (>1200 pmol mol 1) and
benzene/toluene ratio (1.0) indicate a prominent inﬂuence of anthropogenic pollution transported upward
from the BL to the anvil outﬂow region. The rBC mass mixing ratio was low (5–7 ng kg 1) within the aged
MCS outﬂow compared to the background (11–16 ng kg 1), most likely inﬂuenced by efﬁcient wash-out processes. In comparison, the concentration of condensation nuclei >5 nm and >14 nm was much larger in the
aged outﬂow (~10,000–30,000 particles STP cm 3) compared to the background (~500–1000 particles STP
cm 3) as a result of new particle formation.
Figure 24. (a) O3-CO correlations during the Falcon ﬂight on 8 June 2012
for the time period of the ascent from Salina. The correlations in lofted
pollution plumes are marked with green dots. (b) O3-CO correlations during
the Falcon ﬂight on 8 June 2012 for the time period of the cruising at
11.2–11.6 km and the descent to Salina. The correlations within the anvil
outﬂow of the MCS are marked with red dots. The correlation in the free
tropospheric and stratospheric background is marked with light gray dots.

The last presented case study from 8 June clearly shows that tropospheric and stratospheric air masses are
efﬁciently mixed in the aged MCS outﬂow region (Figure 22). The irreversible in-mixing of UT air masses with
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Mean mixing ratios and standard deviations are given. Minimum and maximum mixing ratios are given in brackets. In addition, mean background mixing ratios outside the anvil outﬂow are
given in bold. The arrows indicate if the anvil mixing ratios are higher (↑) or lower (↓) than the background mixing ratios.
b
rBC = refractory black carbon.
c
Background: both CO and O3 mixing ratios are low indicating a mixture of tropospheric and stratospheric air masses.

16 ± 7
1.5 ± 0.03
0.2 ± 0.01
99 ± 2
9.8-10.0

81 ± 2

76 ± 16

1838 ± 1

-

↓7 ± 4 (1/23)
25/25 = 1.0
1737/1243 = 1.4
↑2.3 ± 0.3
(1.6/3.2)
↑0.4 ± 0.1
(0.1/1.0)
↓32 ± 13
(1/72)
100 ± 4
(86/111)
9.9

↑97 ± 20
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↑1848 ± 7
(1818/1859)

-

11 ± 8
6/91 = 0.1
478/124 = 3.9
1.2 ± 0.1
0.1 ± 0.06
20 ± 20
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11.6

77 ± 13

1825 ± 4

-

↓5 ± 5 (0/39)
26/86 = 0.3
1930/1357 = 1.4
↑2.5 ± 0.3
(1.5/5.0)
↑0.7 ± 0.2
(0.1/2.9)
↑1839 ± 15
(1773/1863)
↑35 ± 15
(1/94)
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(88/278)
↑98 ± 8
(64/114)
11.6

F#8 080612a
(62540–64635 s)
aged outﬂow
c
Background
(64636–65638 s)
F#8 080612a
(65921–67251 s)
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b

NO Mixing
NOx Mixing
NOy Mixing Ethane/Propane Benzene/Toluene rBC Mass
1
1
Ratio
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Mixing Ratio
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(pmol mol
(pmol mol /
1
1
1
1
1
1
pmol mol
(ng kg )
(nmol mol ) (nmol mol ) (nmol mol ) /pmol mol )
DC3 Flight Number, Pressure
CO Mixing
O3 Mixing
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CH4 Mixing
Date, Flight a or b,
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1
1
1
1
Anvil Time
(km)
(nmol mol ) (nmol mol ) (pmol mol ) (nmol mol )

Table 4. Trace Gas and Particle (Here Only SP2) Measurements in the Anvil Outﬂow on 8 June 2012 (Separated According To Anvil Regions With Aged Outﬂow and the Mean Over the Entire Anvil
a
Outﬂow in Italic)
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O3-rich air masses in the LMS is prominent at least
up to 11.6 km altitude. Here elevated NO mixing
ratios (on average ~0.5–1 nmol mol 1) from
LNOx was observed to coincide with stratospheric
O3 mixing ratios up to 278 nmol mol 1. In contrast, the cause for the elevated O3 mixing ratios
observed within the aged anvil outﬂow in the UT
is most likely in-mixing from the LMS. Any pronounced contribution from photochemical O3
production is not obvious in our observations
within the aged thunderstorm outﬂow after
12–24 h, due to the dominance of the dynamical
contribution from the LMS. The observed O3
enhancement (~20–50 nmol mol 1 on average)
in the UT is far too high and the ΔO3/ΔCO ratios
( 3.4/ 3.8) are far too low to result from photochemical production alone (~5–20 nmol mol 1 d 1
and a positive correlation expected, see section 1).
Perhaps, the duration with daylight (~6 h) was
too short to produce signiﬁcant O3 amounts.
From our measurements it is, however, not possible to investigate if a smaller contribution to the
observed O3 enhancement was generated by
photochemical O3 production, since HOx measurements were not available on the Falcon. A MCS
case study including HOx measurements on the
DC8 during DC3 is in preparation by C. Cantrell
(private communication, 2015).

5. Discussion of Observed Ozone
Enhancements Within Thunderstorms
In section 1, present knowledge on major processes responsible for O3 enhancements in
thunderstorm outﬂow were summarized, i.e.,
photochemical O3 production and stratospheric
downward mixing. The presented case studies
from DC3 indicate that the latter process was
most dominant in the central U.S. thunderstorms
investigated by the Falcon during May–June
2012. This result is not surprising given that
the sampling was conducted in convection that
had been exposed to less than ~6 h of sunlight,
likely not long enough for much O3 production
to occur.
A further mechanism responsible for O3 enhancements within thunderstorms has been discussed
by Zahn et al. [2002]. During a number of commercial “Civil Aircraft for Regular Investigation
of the Atmosphere Based on an Instrument
Container” (CARIBIC) ﬂights, “ozone-rich transients” (up to ~2000 nmol mol 1) over a horizontal
distance of 5–80 km were occasionally observed
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in the vicinity of deep convection, which were attributed to “measurement artifacts” (trigger electrical “corona” discharges on the aircraft fuselage or sampling inlets). During DC3, we observed this type of brief O3
enhancements (without accompanying CO signature) due to a triggered ﬂash during one Falcon ﬂight on
6 June 2012 (see Falcon ﬂight reports: http://catalog.eol.ucar.edu/dc3_2012/missions/missions.html).
In the past, ozone-rich transients have also frequently been observed during “Measurements of Ozone and
Water Vapor by In-service Aircraft” (MOZAIC) ﬂights over the equatorial Atlantic Ocean, as reported by Suhre
et al. [1997]. About one third of all ﬂights showed signatures of enhanced O3 (~100–500 nmol mol 1, also 5–
80 km wide at 10–12 km), occasionally coinciding with enhanced water vapor, turbulence, and wind changes
when the aircraft passed under a thunderstorm anvil at a distance of at least 15–30 km from convective towers.
Suhre et al. [1997] suggested that a stratospheric inﬂuence, “the downward turbulent transfer through the tropopause caused by convection,” was the main cause for the observed O3 enhancements. When precipitation
streaks loaded with ice particles fall from an overshooting anvil, water vapor and O3-rich air may be transported
downward through the tropopause region into the UT. The continuous evaporative cooling of the ice particles
causes a rapidly downward moving air mass and a reduction of its potential temperature. This microphysical
process would produce “cold” downdrafts. However, detailed radar measurements in squall line systems by
Biggerstaff and Houze [1993] have shown that the upper level downdrafts are “warm” and dynamically induced
compared to the microphysically forced cold downdrafts at lower levels between the surface and ~5 km. They
proposed that the upper level downdrafts were caused by gravity waves as a result of the strong convective
updrafts. Model simulations by Wang [2003] have also shown that gravity wave breaking at the top of deep
convective systems in the midlatitudes may cause an air mass exchange between stratosphere and troposphere. We believe that such a dynamical mechanism, as suggested by, e.g., Biggerstaff and Houze [1993] and
Wang [2003], may explain the O3 enhancements in the vicinity of thunderstorms that we observed during DC3.
Also, coexisting signatures in other trace gases during DC3, e.g., CO and CH4, support the presence of a dynamical mechanism. This type of downdraft structure has commonly been observed by radar measurements in
supercells in the past [Payne et al., 2010] and is similar to the upper level rear ﬂank downdraft in the Lemon
and Doswell [1979] conceptual model of supercell storms.
Compared to most other studies, where O3 enhancements from thunderstorms were more or less accidentally
observed during commercial ﬂights (e.g., CARIBIC and MOZAIC) or during single research ﬂights (section 1), the
gain of the DC3 experiment was the selective targeting of different thunderstorm types in different developing
stages over a wide area over the central U.S. supported by a variety of airborne in situ trace species measurements, dense ground-based networks of radar and lightning detection systems, and satellite data. Thus, the
measured O3 enhancements from thunderstorms could more easily be assigned to certain regions of the thunderstorms and its outﬂow and were found to extend over wide areas (~20–200 km) and to coexist with pronounced gradients in other trace gases.
To our knowledge, the study presented here is the ﬁrst one of its kind where a general picture of the major
transport paths within and in the vicinity of the central U.S. thunderstorms is obtained as schematics
(Figures 7, 15, and 22) based on such a comprehensive data set: (1) The wrapping of stratospheric air around
the anvil outﬂow in our schematic pictures based on Falcon measurements is also conﬁrmed by O3 lidar measurements on board the NASA-DC8 aircraft during DC3 [Pan et al., 2014] and has been suggested to result
from radiated gravity waves initiated when the strong convective updrafts deform the tropopause upward
[Hitchman et al., 2004]. (2) The direct injection of O3-rich stratospheric air masses into the UT anvil outﬂow in
our schematic pictures based on Falcon measurements has only rarely been observed in the past. Our case
study from 30 May indicates that the vigorous nature of a supercell and MCC thunderstorm may connect polluted layers located in the LT with the ~10 km distant LMS, thereby reversing the chemical composition ratio
in the UT/LS region. Until now our present knowledge about cross-tropopause tracer transport was mainly
based on results from model studies with, e.g., WRF and cloud-resolving models. These studies indicate that
overshooting tops have the potential to inject large amount of LT air into the LMS [e.g., Mullendore et al., 2005;
Homeyer et al., 2014] and in the opposite direction [e.g., Frey et al., 2015].
The three case studies we presented herein and in HH2016 give enough evidence to propose that “in
May–June in the UT/LS region over the central U.S. a pronounced exchange of tropospheric and lowermost stratospheric air masses is present which is inﬂuenced by the frequent occurrence of intense thunderstorms.” One main
question is if the observed O3 enhancements in the aged anvil outﬂow during DC3 signiﬁcantly contribute to
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maintain the recurring UT-O3 maximum as observed by Li et al. [2005] in a stationary anticyclone centered
over the southeastern U.S. later in summer during the NA monsoon. Until recently, the downward mixing
of O3 rich air from the stratosphere and ozone precursors (NOx and VOCs) transported upward from the BL
by convection were found to only play a minor role and O3 production by aged LNOx was found to play
the dominant role in this anticyclone [Choi et al., 2005; Cooper et al., 2006, 2007; Choi et al., 2008; Cooper
et al., 2009; Zhao et al., 2009; Allen et al., 2010, 2012]. In a sensitivity test, Cooper et al. [2007] increased global
LNOx emissions from 2.2 Tg a 1 to 6.6 Tg a 1 in their European Centre/Hamburg 5 (ECHAM5)/MESSy1 chemistry general circulation model during the 2006 summer monsoon and achieved a better agreement between
ozone measurements and model results supporting the importance of LNOx for O3 production in the stationary anticyclone. However, for some regions (e.g., at 10–11 km above Huntsville, Alabama) the discrepancies
between ozone observations and model results were still large. Cooper et al. [2007] suggested that the presence of aged ozone-rich stratospheric air masses in the UT region could contribute to this discrepancy; however, the spatial model resolutions implemented in the UT/LS region was too coarse to study this transport in
detail. Further simulations with global models over NA in summer have shown large discrepancies in quantifying UT-O3 and NOx produced by lightning compared to observations [Pﬁster et al., 2008; Hudman et al.,
2009; Jourdain et al., 2010]. Wang et al. [2013] pointed out that present model predictions for UT-O3 over NA
are generally too low and still differ by ~20–25 nmol mol 1 compared to measurements with ozonesondes.
First recent CTM results by Tang et al. [2011] suggest that the cause of the persistent ozone maximum
observed in summer over northern midlatitude continents (e.g., over the central U.S.) is a deep convective
stratosphere-troposphere exchange ﬂux. Only a small number of all convective events penetrate into the
LMS, but these events may induce a pronounced downward O3-ﬂux as reaction of the tropopause upward
deformation [Tang and Prather, 2010]. In addition, high-resolved simulations of the meteorology and chemistry with the WRF-Chem model by Barth et al. [2012] and Homeyer et al. [2014] suggest that the entrainment
of O3-rich air from the stratosphere may play a major role for the UT-O3 maximum observed during the NA
monsoon. Our measurements in a number of thunderstorms during DC3 support these more recent results
and give evidence of a more pronounced inﬂuence from the stratosphere on the convective outﬂow in
speciﬁc regions, such as the central U.S., at least during speciﬁc periods (May–June). Later during the NA
monsoon (June–August) the tropopause height is increasing, and most convective systems are less severe
which would most likely cause a less pronounced O3 contribution from the stratosphere and a larger contribution from LNOx as suggested by Cooper et al. [2007].

6. Summary and Conclusions
A unique data set on chemistry and dynamics within and in the vicinity of the central U.S. thunderstorms
sampled during the DC3 ﬁeld experiment in summer 2012 was presented. We focused on in situ trace
species measurements (CO, O3, SO2, CH4, NO, NOx, NOy, VOC, CN, and black carbon) carried out by the
German DLR-Falcon aircraft in fresh (<12 h) and aged (~12–24 h) anvil outﬂow (~9–12 km altitude) from different thunderstorm types (MCS, MCC, supercells, and squall lines) over Oklahoma, Texas, Colorado, and
Kansas. A combination of trace gas time series and correlations (O3-CO), radar, lightning, and satellite information, as well as model results from WRF and FLEXPART, was used to analyze and design schematics of
major trace gas transport pathways within and in the vicinity of the probed thunderstorms to study the
impact of thunderstorms on the UT/LS O3 composition. On most thunderstorm days, dense smoke plumes
from huge wildﬁres in New Mexico and Colorado were also present. These wildﬁre emissions in the vicinity
of the probed thunderstorms, characterized by pronounced trace gas gradients, were useful tracers to
construct a general picture of trace gas transport pathways within and nearby thunderstorms.
The analyses indicate that the investigated thunderstorms inﬂuenced the chemical composition ratio of the
UT/LS region over the central U.S. signiﬁcantly in accordance with ﬁrst ﬁndings presented in HH2016. A
distinct redistribution and production of trace gases, especially CO, O3 and NOx, was observed in the UT/LS
region. Within and in the vicinity of thunderstorms, O3-poor (CO-rich) air from the LT was transported upward
to the UT, as known from previous thunderstorm studies. However, compared to past thunderstorm campaigns [see, e.g., Schumann and Huntrieser, 2007, Table 10; Huntrieser et al., 1998, 2002, 2008, 2009, 2011],
the frequency and intensity of events with O3-poor (CO-rich) air penetrating the tropopause into the LMS,
and simultaneously O3-rich air transported downward from the LMS to the UT, was especially high during
HUNTRIESER ET AL.

PRONOUNCED O3 GRADIENTS IN THUNDERSTORMS

6632

Journal of Geophysical Research: Atmospheres

10.1002/2015JD024279

DC3. On a regular basis, the probed DC3 storms developed overshooting tops promoting the stratospheretroposphere exchange of air masses. Furthermore, the results from three DC3 case studies gave sufﬁcient
evidence that the in-mixing of O3-rich air masses from the LMS (and not photochemical O3 production)
was the major source of elevated O3 mixing ratios observed within and in the vicinity of fresh and aged
anvil outﬂow:
1. On the Falcon ﬂight on 30 May 2012 in the center of the fresh anvil outﬂow from an overshooting supercell, where also the highest lightning NO mixing ratios were observed (8.6 nmol mol 1), O3 mixing ratios
as low as ~70 nmol mol 1 were observed at ~9 km altitude, indicating upward transport from lower levels
(LT). In contrast, along the boundaries of the anvil outﬂow a mixture of O3-rich air masses (up to
~140 nmol mol 1) from the LMS and CO-rich air masses (up to ~160 nmol mol 1) from BB emissions
(Whitewater-Baldy Fire) was observed. In addition, on 30 May, we observed that the fresh anvil outﬂow
from a nearby overshooting MCC was surrounded by a stratospheric intrusion similar to the observations
by Pan et al. [2014]; in our case lofted BB emissions (CO ~120 nmol mol 1) located below the MCC outﬂow
(~8–10.5 km) mixed with O3-rich air masses from the LMS (O3 ~ 150 nmol mol 1). In summary, our observations indicate that the major impact on the UT/LS O3 composition within and in the vicinity of the investigated supercell and MCC outﬂow must have been caused by dynamical (and not photochemical)
processes, because the observed trace gas gradients have larger amplitudes than expected from photochemical processes only. In addition, this was further supported by measurements of the vertical velocity
by aircraft and from multi-Doppler radar analyses.
2. On the Falcon ﬂight on 12 June 2012 in the fresh outﬂow from a squall line, low O3 mixing ratios in the
range of 70 nmol mol 1 were observed throughout the center of the outﬂow layer between ~9.5 and
12 km altitude in conjunction with elevated CO mixing ratios in the range of 120 nmol mol 1 from BB
emissions (High Park Fire) transported upward from the LT. At the highest ﬂight level (~12 km), both air
masses of LT origin as well as LMS origin (~260 and ~80 nmol mol 1 O3 and CO, respectively) were
observed next to each other in the anvil outﬂow in conjunction with lightning-produced NO in the range
of 1–3 nmol mol 1. In addition, a stratospheric intrusion was wrapped around the overshooting anvil outﬂow and reached down to ~9 km with O3 mixing ratios as high as ~120 nmol mol 1. Just below the anvil
outﬂow (~8–9.5 km), lofted BB emissions (CO ~180 nmol mol 1) mixed with the stratospheric intrusion.
3. On the Falcon ﬂight on 8 June 2012 in the aged outﬂow (~12–24 h) from scattered severe convection
organized to a MCS, anthropogenic pollution with CO mixing ratios exceeding ~100 nmol mol 1 was
transported upward from the LT and mixed with O3-rich air masses (>200 nmol mol 1) at ~11.5 km altitude. Observed O3 enhancements (~20–50 nmol mol 1 on average) were far too high and ΔO3/ΔCO ratios
(down to 3.8) far too low to result from photochemical production (~5–20 nmol mol 1 d 1 and a positive correlation expected) and instead the in-mixing of O3-rich stratospheric air masses was suggested to
cause these enhancements. In addition, enhanced NO mixing ratios produced by lightning (~0.5–
1 nmol mol 1) mixed with these O3-rich air masses. Furthermore, a stratospheric intrusion with O3 mixing
ratios as high as ~170 nmol mol 1 was wrapped around the lower boundary of the MCS outﬂow and
reached down to 8–9 km altitude. The highly variable CO and O3 mixing ratios observed within the aged
MCS outﬂow were most likely caused by mixing and layering of lower stratospheric and upper tropospheric air masses. Of all Falcon DC3-ﬂights in the vicinity of thunderstorms, this is the only ﬂight that
shows clear evidence of new particle formation. Results from past ﬁeld experiments have shown that
new particle formation is a common process observed in the vicinity of deep convection due to convective lifting and formation from precursors such as SO2 [Thornton et al., 1997; de Reus et al., 1999; Wang
et al., 2000; Huntrieser et al., 2002].
Our ﬁndings from the above mentioned case studies can be summarized as follows (see also schematics of
major trace gas pathways in Figures 7, 15, and 22): a rapid uplift of less diluted emissions from wildﬁres (high
in CO, SO2, and rBC) from the LT to the UT is frequently observed in the vicinity of thunderstorms, most likely
transported upward in towering cumulus clouds along the storm’s ﬂanking line; emissions from wildﬁres are
also ingested into the thunderstorm near the cloud base; DC3 thunderstorms frequently produce an overshooting top, possibly facilitated by the large-scale double (triple)-tropopause structure; the overshooting
top injects high amounts of BB emissions (mainly CO) and LNOx into the LMS in addition to low O3 mixing
ratios from the LT; as a dynamical response (most likely gravity waves), O3-rich air from the lowermost stratosphere is transported downward directly into the anvil outﬂow and in addition surrounds the outﬂow like an
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umbrella (stratospheric intrusion); and the lofted BB plume mixes with the stratospheric intrusion surrounding the anvil outﬂow.
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In comparison to the described, pronounced trace gas exchange in the UT/LS region initiated by dynamical
processes, no clear signatures of photochemical O3 production were observed within the anvil outﬂow
probed during the presented DC3 Falcon ﬂights. The exposure to daylight (<6 h) was probably too short.
We expect that sufﬁcient UT-HOx is available for the production, but the observed production rate
(<10 nmol mol 1) in the lofted BB and anthropogenic plumes is negligible in comparison to the dynamical
processes (> > 10 nmol mol 1) observed in the anvil outﬂow region. The major part of the probed thunderstorms over the central U.S. developed over regions with low mixing ratios of anthropogenic O3 precursors in
the BL, which is assumed to cause the lack of pronounced O3 production signatures. Rather low O3 enhancements (<10 nmol mol 1) and production signatures (ΔO3/CO = +0.03 to +0.14) were observed in less undiluted BB and anthropogenic plumes lofted to the LT-MT (~1–7 km) altitude in the vicinity, but outside of
the investigated thunderstorms. Occasionally, these pollution plumes (elevated in Θe) were even lofted to
the UT (~7–10 km) both inside and outside of the thunderstorms and frequently mixed with stratospheric
intrusions wrapped around the anvil outﬂow (ΔO3/CO = 1.7 to +1.4). Even more pronounced ΔO3/CO ratios
(between 3.9 and +1.4) were observed higher up in the anvil outﬂow region (~9–12 km), due to a stronger
and more direct exchange of air masses between the LT and UT/LS region.
In summary, DC3 thunderstorms over the central U.S. seem to act as huge cooking pots, mixing a cocktail of
polluted BL air (here especially enhanced in CO from wildﬁres) with O3-rich lower stratospheric air and emitting this mixture (together with high amounts of LNOx) over a surprisingly wide area in the UT/LS region and
on a surprisingly regular basis during DC3. We would expect that this aged thunderstorm outﬂow may have a
large impact on the UT/LS composition in general and may contribute to the recurring UT-O3 maximum
observed in a stationary anticyclone centered over the southeastern U.S. in summer by Li et al. [2005]. In addition, the aged thunderstorm outﬂow may impact the UT/LS composition downwind of the U.S. (e.g., North
Atlantic), as already observed by, e.g., Brunner et al. [1998] and Jeker et al. [2000]. Besides the wide horizontal
spreading of the thunderstorm outﬂow during DC3, the frequent development of overshooting cloud tops
was also striking. In these cases a large-scale multiple-tropopause structure was present, which may facilitate
the development of overshooting tops [Homeyer et al., 2014].
It is expected that the impact of thunderstorms on the NOx and O3 composition in the UT/LS region will
increase in the near future as a response to climate change. Especially within the perspective of increasing
global temperatures, frequency of severe thunderstorms and wildﬁre activity [Simmonds et al., 2005;
Brooks, 2013; Turetsky et al., 2011; Romps et al., 2014], we recommend further combined, high-resolved model
studies, airborne in situ and lidar measurements in the UT/LS region, and ground-based radar measurements
on this important topic. The analyses presented here and in HH2016 show that the frequent occurrence of
deep and severe convection over the central U.S. is a preferred target region for these kinds of studies.
The impact of smoke aerosols on the intensiﬁcation of central U.S. thunderstorms also needs to be addressed
in more detail in future studies.
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