QAGU

Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE

10.1002/2015JD024273

Special Section:
Deep Convective Clouds and
Chemistry 2012 Studies (DC3)

This article is a companion to Huntrieser
et al. [2016] doi:10.1002/2015JD024279.

Key Points:

- Severe overshooting Central U.S.
thunderstorms probed in situ by
three aircraft

« Highly variable NO, and O; mixing
ratios in the anvil outflow region

« Mixing of lightning-produced NO,
and Os-rich stratospheric air masses

Correspondence to:
H. Huntrieser,
Heidi.Huntrieser@dlr.de

Citation:

Huntrieser, H., et al. (2016), Injection of
lightning-produced NO,, water vapor,
wildfire emissions, and stratospheric air
to the UT/LS as observed from DC3
measurements, J. Geophys. Res. Atmos.,
121, 6638-6668, doi:10.1002/
2015JD024273.

Received 25 SEP 2015

Accepted 28 MAR 2016

Accepted article online 1 APR 2016
Published online 11 JUN 2016

©2016. American Geophysical Union.
All Rights Reserved.

Injection of lightning-produced NO,, water vapor, wildfire
emissions, and stratospheric air to the UT/LS
as observed from DC3 measurements

H. Huntrieser’, M. Lichtenstern’, M. Scheibe’, H. Aufmhoff', H. Schlager’, T. Pucik'?, A. Minikin®,
B. Weinzierl3, K. Heimerl', I. B. Pollack®*%, J. Peischl*>, T. B. Ryerson®, A. J. Weinheimer’,

S. Honomichl’, B. A. Ridley’, M. I. Biggerstaff®, D. P. Betten®, J. W. Hair®, C. F. Butler®,

M. J. Schwartz'®, and M. C. Barth’

'Deutsches Zentrum fiir Luft- und Raumfahrt, Institut fiir Physik der Atmosphére, Oberpfaffenhofen, Germany, 2Masaryk
University, Brno, Czech Republic, 3Faculty of Physics, University of Vienna, Vienna, Austria, “NOAA, Boulder, Colorado, USA,
SCIRES, University of Colorado Boulder, Boulder, Colorado, USA, SNow at Atmospheric Science Department, Colorado State
University, Fort Collins, Colorado, USA, ’NCAR, Boulder, Colorado, USA, 8School of Meteorology, University of Oklahoma,
Norman, Oklahoma, USA, °NASA Langley Research Center, Hampton, Virginia, USA, 10)et Propulsion Laboratory, California
Institute of Technology, Pasadena, California, USA

Abstract During the Deep Convective Clouds and Chemistry (DC3) experiment in summer 2012, airborne
measurements were performed in the anvil inflow/outflow of thunderstorms over the Central U.S. by

three research aircraft. A general overview of Deutsches Zentrum fiir Luft- und Raumfahrt (DLR)-Falcon in
situ measurements (CO, Oz, SO,, CHy4, NO, NO,, and black carbon) is presented. In addition, a joint flight

on 29 May 2012 in a convective line of isolated supercell storms over Oklahoma is described based on Falcon,
National Science Foundation/National Center for Atmospheric Research Gulfstream-V (NSF/NCAR-GV), and
NASA-DC8 trace species in situ and lidar measurements. 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. Lofted biomass burning (BB) plumes were frequently
observed in the mid- and upper troposphere (UT) in the vicinity of deep convection. The impact of
lightning-produced NO, (LNO,) and BB emissions was analyzed on the basis of mean vertical profiles and
tracer-tracer correlations (CO-NO, and Os-NO). On a regular basis DC3 thunderstorms penetrated the
tropopause and injected large amounts of LNO, into the lower stratosphere (LS). Inside convection, low O3
air (~80 nmol mol™") from the lower troposphere was rapidly transported to the UT/LS region. Simultaneously,
O5-rich stratospheric air masses (~100-200 nmol mol™") were present around and below the thunderstorm
outflow and enhanced UT-O3 mixing ratios significantly. A 10 year global climatology of H,O data from the Aura
Microwave Limb Sounder confirmed that the Central U.S. is a preferred region for convective injection into the LS.

1. Introduction

Thunderstorms and lightning are known to redistribute and produce chemical constituents within the
troposphere [Dickerson et al., 1987; Huntrieser et al., 1998, 2012]. Especially, the upper tropospheric bud-
gets of ozone (Os) and nitrogen oxides (NO,=NO + NO,) are significantly affected by deep convection.
There is a need for a more comprehensive understanding of these processes and their effect on O3 which
plays a key role in the chemistry and acts as a prominent greenhouse gas at these altitudes [Myhre
et al, 2013].

The main sources of tropospheric ozone are photochemical production and downward transport (entrain-
ment) of Os-rich air from the stratosphere [Crutzen, 1995; Stevenson et al., 2006]. A variety of natural and
anthropogenic sources in the boundary layer (BL) (e.g. wildfires and fossil fuel combustion) emit large
amounts of ozone precursors, such as carbon monoxide (CO), methane (CH,4), NO,, and volatile organic
compounds (VOCs). These emissions can be uplifted to the upper troposphere (UT) by warm conveyor
belts and/or deep convection embedded in frontal systems [Cooper et al., 2004]. In addition, further emis-
sion sources in the UT originate from lightning-produced NO, (LNO,) (5+3Tga~") and aircraft [Schumann
and Huntrieser, 2007]. Ozone is produced in the troposphere by photochemical oxidation of these precur-
sors in the presence of hydrogen oxides (HO,2HO +HO,) and NO [Crutzen, 1970; Fishman et al., 1979].
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Ozone in the UT has been estimated to be enhanced globally by 12% due to the net effect of convective
transport of O3 and its precursors [Lawrence et al., 2003]. In contrast, Doherty et al. [2005] found a reduction
in UT-O5 of similar magnitude (13%) caused by convective transport of low Os air from the lower troposphere.
Lawrence and Rasch [2005] showed that differences in the tracer transport may be caused by the applied
convective mass flux scheme. Besides vertical transport and photochemical processes in lofted polluted air
masses, LNO, is an important natural O3 precursor in the UT. Compared to the boundary layer (BL), where
the lifetime of NO, is only a few hours, the lifetime in the UT increases to ~2-3 days [Ehhalt and Rohrer,
1995]. During airborne field experiments [e.g., Huntrieser et al., 2002] aged upper tropospheric thunderstorm
outflow has been observed ~1-2 days after the main convective activity; however, its effect on the O3 budget
at these altitudes is still not well understood.

Furthermore, simulations with global models over North America (NA) in summer have shown large discre-
pancies in quantifying UT-O3 and UT-NO, produced by lightning compared to observations [Pfister et al.,
2008; Cooper et al., 2009; Hudman et al., 2009; Allen et al., 2010; Jourdain et al., 2010]. Recently, 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™" compared to measurements with ozonesondes.

The overall aim of the present and a follow-up study [Huntrieser et al., 2016] is to contribute to the important
scientific tasks described above and to give further evidence from an airborne field experiment that thunder-
storms over the Central United States (U.S.) may play an even larger role in the upper tropospheric and lower
stratospheric NO, and O3 budgets than previously thought.

From previous studies it is known that intense thunderstorms may penetrate the tropopause region.
Evidence from aircraft and satellite observations of extratropical convection injecting BL into the lowermost
stratosphere has been reported in several studies [Roach, 1967; Poulida et al., 1996; Fischer et al., 2003; Dessler
and Sherwood, 2004; Hegglin et al., 2004; Ray et al., 2004; Anderson et al., 2012; Homeyer et al., 2014]. Based on
detailed observations in one overshooting mesoscale convective complex (MCC) over North Dakota, Poulida
et al.[1996] stated that MCCs may contribute more to the stratosphere-troposphere exchange than assumed.
Stenchikov et al.[1996] concluded that if the investigated MCC is typical of the ~100 MCCs occurring annually
at midlatitudes, this transport mechanism may play an essential role for O3, NO,, and CO budgets in the
UT/lower stratosphere (LS) region and is probably the most important source of water vapor (H,0) at these
altitudes in the extratropics. Observations by Wang [2003] and more recently by Anderson et al. [2012] indi-
cate that a high frequency of the deep convective events in midlatitudes may penetrate into the lowermost
stratosphere (LMS), which significantly impacts the H,O budget in this region. Evidence for this transport pro-
cess was found in ~50% of Anderson et al. flights over North America.

The findings summarized above show that the dynamics and chemistry in deep convection are very complex
processes that have a large impact on the composition of trace species in the UT/LS region. There is a need for
a more comprehensive understanding of these processes and their effect on the O3 budget.

The objective of the Deep Convective Clouds and Chemistry Project (DC3) experiment presented here was to
investigate midlatitude deep convection in large detail by a variety of different instruments [Barth et al.,
2015]. The idea was to study dynamical, physical, and electrical processes, as well as the effect of deep
convection on the chemical composition in the UT/LS region simultaneously. Previous thunderstorm experi-
ments as the “Stratosphere-Troposphere Experiment: Radiation, Aerosol, and Ozone” (STERAO-A) campaign
in 1996 over Colorado and the “Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area
Cirrus Experiment” (CRYSTAL-FACE) in 2002 over Florida [Dye et al., 2000; Ridley et al., 2004] focused either
more on chemistry or more on dynamical/physical/electrical processes as described in Barth et al. [2015].
For reasons mentioned above and below, the Central U.S. was selected as a suitable operation area for
DC3. Recent global satellite measurements indicate that thunderstorms over the Central and southeastern
U.S. are among the strongest on Earth producing especially large hail and high overshooting cloud tops
reaching into the LMS [Cecil, 2011; Cecil and Blankenship, 2012; Schwartz et al., 2013]. The lightning stroke
density is also very high in this region [Holle and Murphy, 2015; Virts et al., 2015].

During the DC3 experiment in summer 2012, a more pronounced interaction between thunderstorms and
stratospheric air masses was observed than reported from previous U.S. experiments as STERAO-A and
CRYSTAL-FACE. For example Pan et al. [2014] presented first evidences in lidar images of downward transport

HUNTRIESER ET AL.

TRACE SPECIES INJECTION TO THE UT/LS 6639



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015)D024273

of Os-rich air masses from the stratosphere wrapped around the anvil outflow of a mesoscale convective
system (MCS). Further recent evidence of mixing between polluted convective outflow and stratospheric
air masses during DC3 has been presented by Schroeder et al. [2014].

Furthermore, 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 (presented here) and the lightning frequency [Lang et al.,, 2014]. It is known that smoke
particles can efficiently be transported to the UT by deep convection and contribute to the intensification
of thunderstorms and lightning frequency due to an increased number of smaller ice particles transported
to higher altitudes [Lyons et al, 1998; Murray et al., 2000; Andreae et al., 2001, 2004; Yuan et al., 2011].
Furthermore, it is known that the convective transport of biomass burning emissions may produce significant
amounts of O3 [Pickering et al., 1996].

In the present study we introduce a unique set of new measurements obtained from the DC3 field experi-
ment. The analyses are divided into two parts, as described in more detail in the next paragraph; a general
overview of our measurements is given in the present paper, and more detailed analyses follow in HH2016
(which refers to Huntrieser et al. [2016]).

Here we report on airborne in situ measurements carried out by two U.S. and one German research aircraft.
Our analyses focus on a number of trace species, such as sulphur dioxide (SO,), CO, O3, CH;, NO, NO,,
and refractory black carbon (rBC) measured in situ by the latter aircraft, a Falcon-20 of the Deutsches
Zentrum fiir Luft- und Raumfahrt (DLR). The analyses are based on mean vertical profiles of a variety of
trace species and tracer-tracer correlations (CO-NO, and O3-NO) to give an overview of the Falcon measure-
ments. The primary objective is to study emissions from wildfires and LNO, within and in the vicinity of the
fresh thunderstorm outflow. Independently of the DC3 field experiment, a data set containing Aura
Microwave Limb Sounder (MLS) water vapor measurements is analyzed to study the general impact of deep
convection during DC3 on the lowermost stratosphere compared to other regions. The stratosphere-
troposphere exchange of Oz and H,O0 is touched upon. Finally, a case study (joint Falcon flight with DC8
and Gulfstream-V (GV)) is presented focusing on a severe convection case on 29 May 2012 over
Texas/Oklahoma where deep convective clouds with overshooting tops developed. The secondary objec-
tive in the present study is to analyze the dynamics of this storm system and its impact on the O3 and aero-
sol composition in the UT/LS region. In contrast, HH2016 presents detailed analyses based on three Falcon
case studies with the main focus on the Oz distribution within and in the vicinity of the fresh and aged
thunderstorm outflow.

The DC3 field experiment design and meteorological situation, the airborne trace gas instrumentation on
board of the Falcon, selected flight planning tools and postanalysis products are described in section 2. A
general overview of Falcon observations during DC3 impacted by emissions from wildfires and LNO, is given
in section 3. Evidence of convective injection into the lowermost stratosphere of LNO, and H,0 is discussed
in section 4. A case study focusing on the fresh anvil outflow from a severe convective line over
Texas/Oklahoma on 29 May 2012 and its impact on the aerosol and O3 composition in the UT/LS region is
presented in section 5. A summary, discussion, and conclusions are given in section 6.

2, DC3 Mission Design and Data Products
2.1. DC3 Field Experiment and Meteorological Situation

The DC3 project (https://www.eol.ucar.edu/field_projects/dc3) was initiated by the National Center for
Atmospheric Research (NCAR), the U.S. university community, the National Aeronautics and Space
Administration (NASA), and the National Oceanic and Atmospheric Administration (NOAA). A detailed over-
view of the DC3 field experiment is given by Barth et al. [2015]. From 1 May to 30 June 2012 the field phase
was carried out mainly targeting thunderstorms over Texas/Oklahoma, Colorado, and Alabama. All three
operating research aircraft, the National Science Foundation/National Center for Atmospheric Research
Gulfstream-V (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 German aircraft operated in Salina from 27 May to 17 June. Ground-based
radar networks and lightning mapping arrays complemented the aircraft measurements with electrical,
physical, and kinematic characteristics of the storms.
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Figure 1. Thirteen Falcon flights were performed over the Central U.S. during DC3 from the operation site in Salina (KS). The
flights are color coded according to date and flight number as listed in the legend.

The main objective of the Falcon and GV aircraft was to study the fresh and aged high-altitude outflow from
thunderstorms, whereas the DC8 aircraft focused on the low-altitude thunderstorm inflow region and
provided remote sensing observations to guide the other aircraft during the flights. After completing the
low-level inflow sampling, the DC-8 also often sampled convective outflow in the UT. The main features
observed during all DC3 flights are summarized by Barth et al. [2015, Table 5].

All aircraft were equipped with a variety of instruments to measure trace species, radiation, and cloud particle
characteristics [see Barth et al., 2015, Tables 2—-4]. The performance of similar instruments on different aircraft
was tested during several intercomparison flights (wingtip-to-wingtip formation). More details on the Falcon
instrumentation and its performance are presented in section 2.2.

The overarching goal of DC3 was to sample thunderstorms in a coordinated fashion in conjunction with the
ground-based observations. The Falcon flew in the same storm systems as the U.S. aircraft during three
missions (29 May and 6 and 11 June) but was slightly separated in time and/or space [see Barth et al.,
2015, Table 5]. Limiting factors for the Falcon aircraft were its maximum flight duration and altitude of
3.5h and 12.4 km, respectively. Since the targeted thunderstorms were located at a far distance from the
aircraft base in Salina, the Falcon often made at least one stop during the mission flights. The Falcon aircraft
provided a critical capability in DC3 in sampling within the anvil and in close proximity to the storm core.

During the field phase the Falcon aircraft operated over a wide area over the Central U.S., Kansas, Colorado,
Wyoming, Nebraska, Missouri, Arkansas, Oklahoma, Texas, and New Mexico, and sampled over 40 flight hours
during 13 local flights, as shown in Figure 1. The distant DC3 Alabama area was excluded for Falcon flights.
Details on flight planning tools used by the Falcon crew are presented in section 2.3. The main task was to
probe the fresh and aged (0-12/12-24 h) anvil outflow from different types of convective systems as super-
cells, MCCs, MCSs, and squall lines. Furthermore, emissions from wildfires were probed. In general, anthropo-
genic pollution sources were rather low over the Central U.S. [Barth et al., 2015].

The synoptic situation over the Central U.S. during DC3 was characterized by a number of shortwave troughs pro-
pagating from the west to the east, occasionally interacting with the subtropical jet stream. Thunderstorms
occurred on a daily basis in different regions over the Central U.S, especially in Texas/Oklahoma and
Colorado. In contrast, thunderstorms rarely developed in Kansas and around the operation site except an
extended MCS on 30 May [Pan et al., 2014]. A dry line often formed over the Texas Panhandle, where ideal

HUNTRIESER ET AL.

TRACE SPECIES INJECTION TO THE UT/LS 6641



@AG U Journal of Geophysical Research: Atmospheres

10.

1002/2015JD024273

Table 1a. Airborne Falcon Trace Gas Instrumentation Used in the Present Study and in HH2016

Averaging Horizontal
Species Technique Time (s) Resolution (km) Accuracy Principal Investigator Reference
Wind (u, v, w) Rosemount flow angle sensor 1 ~0.2 1m s~ " horizontal Andreas Giez, DLR, Boegel and Baumann [1991]
and 03ms " vertical Germany
Temperature PT100/Rosemount 1 05K Wendisch and Brenguier [2013]
Humidity Composite of dewpoint 1 5% and 10% below Wagner et al. [2003]
mirror/capacitive sensor/Lyman ~5 and 10 km flight
Alpha absorption instrument altitude, respectively
O3 UV absorption 1 +5% Hans Schlager, DLR, Baehr et al. [2003]
Germany
co VUV fluorescence 1 +10% Gerbig et al. [1999]
NO NO-O3-Chemiluminescence 1 +1 pmol mol ™" Ziereis et al. [2000, 2004]
NO, CLD + blue light converter 1 +2 pmol mol ™! Pollack et al. [2010]
NO, CLD +NOy-Au converter 1 +5 pmol mol ™" Ziereis et al. [2000, 2004]
CHy Cavity ringdown analyzator (CRDS) 1 +5% Chen et al. [2010]
SO, Chemical ionization-ion trap 10 ~2 +20% Heinfried Aufmhoff, Speidel et al. [2007]
mass spectrometer DLR, Germany
VOC Gas chromatography/flame ~1-2min ~12-24 +15% Bernhard Rappengliick,  Rappengliick et al. [2006]

ionization detector

University of Houston,
USA

and Leuchner and
Rappengliick [2010]

conditions for the initiation of thunderstorms exist: strongly unstable air mass with appreciable vertical wind
shear, conditions conducive for supercells. The line separates warm and humid air masses advected from the
Gulf of Mexico in the south, from hot and dry air masses advected from the desert regions in the west. The
Central U.S. is known to be a preferred region for the development of damaging storms [Schultz et al., 2014].

2.2. Falcon Airborne Instrumentation

In the present study we analyze a variety of in situ trace species measurements (CO, O3, SO,, CH,, NO, NO,,
and rBC) sampled by the Falcon. A similar trace gas instrumentation as described above has been used
during several DLR thunderstorm field campaigns in the past [Baehr et al., 2003; Huntrieser et al., 2005,
2007, 2009, 2011]. For details on the aerosol instrumentation see http://www.pa.op.dlr.de/aerosol/dc3/DLR-
IPA_AerosolPackage_DC3.pdf. The airborne instrumentation used for this study and the accuracies are listed
in Tables 1a and 1b. In addition, some trace species (NO, and CN) presented first in HH2016 are listed in the
overview table. Due to a number of technical problems at the beginning of the DC3 field phase, not all instru-
ments were operational during the first Falcon flights. For example, due to the extremely high temperatures
in the flight cabin during the low-level flights in BB plumes, some instruments shut off automatically. In
Table 2, a selection of operating instruments for the local Falcon flights is listed. For all instruments in
Table 1a (except for SO, and VOCs) the averaging time of available data is 1s. Ozone values are available
every 4-5s, however, interpolated to the 1s time base of other key trace gases. In Table 1b the averaging
time of the aerosol measurements varied between 1 and 10s depending on the instrument. The resolution
of the averaging times is high enough to receive representative measurements during the anvil probing,
since the probing of single anvil outflows roughly lasted ~500-2000s (~100-400 km horizontal extension).

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

Table 1b. Airborne Falcon Aerosol Instrumentation Used in the Present Study and in HH2016

Averaging Horizontal Principal
Species Technique Time (s) Resolution (km)  Accuracy Investigator Reference
Total and nonvolatile Condensation particle counter with/ 1 ~0.2 +10% Andreas Minikin, Minikin et al. [2012]
CN concentration without thermal denuder DLR, Germany
Cloud particle number Optical scattering (FSSP-100) 5 ~1 +25% Andreas Minikin, Minikin et al. [2012]
concentration DLR, Germany
and size (2-50 um)
Refractory black carbon Single particle soot photometer 10 ~2 +20% Bernadett Weinzierl, Laborde et al. [2012] and

mass

(SP2)

DLR, Germany

Dahlkétter et al. [2014]
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Table 2. Available Falcon Measurements During DC3 (Only Selected Trace Species From Tables 1a and 1b
Are Considered)

DC3 Flight Number, Date, Flight a or b co

o
w

SO, CHy NO NO, NO,

<
o
@)

rBC

F#1 290512a
F#2 290512b
F#3 300512a
F#4 300512b
F#5 050612a
F#6 050612b
F#7 060612a
F#8 080612a
F#9 080612b
F#10 110612a
F#11 110612b
F#12 120612a
F#13 140612a

X

X X X X X X X X X X X
X X X X X X X X X X X X X
X X X X X X X X X X X X
X X X X X X X X X 1
X X X X X X 1 X X X X
X X X X '

'
X X X X X X X X X X X X X
X X X X X X X X X X X

presence of smoke from wildfires. Further, the Falcon was equipped with a standard meteorological measure-
ment system to measure position, altitude, temperature, pressure, humidity, and the three-dimensional wind
vector (u, v, w). 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 +5h (eg,
06:00 CDT = 11:00 UTC).

During DC3, the performance of similar instruments on different aircraft was tested during several intercom-
parison flights [Pollack et al., 2016]. The Falcon aircraft performed an intercomparison flight with the DC8 on
11 June 2012 in polluted (BB) and clean air masses. At the first level of the intercomparison (2.1 km) at
16:30-16:50 UTC the Falcon and DC8 aircraft measured similar mean Oz mixing ratios: 59+ 1 and 60
+1nmolmol™', respectively. The mean CO mixing ratios measured by the Falcon were slightly higher com-
pared to the DC8: 142+ 9 and 139+ 10 nmol mol ™, respectively. At the second level of the intercomparison
(6.4 km) at 17:02-17:15 UTC mean O mixing ratios agreed well for both aircraft (47 + 3 nmol mol '), whereas
the mean CO mixing ratios measured by the Falcon (83 +6 nmol mol™") were again slightly higher than mea-
sured by the DC8 (81 + 6 nmol mol™"). Overall, CO and O mixing ratios between the Falcon and DC8 agreed
well (less than 2% difference). For NO, mean mixing ratios measured by the Falcon were distinctly higher than
measured by the DC8: at the first level 126 compared to 39 pmol mol~" and at the second level 145
compared to 23 pmol mol™" (the lower values are close to the detection limit). Unfortunately, the Falcon
NO instrument was not working properly during the intercomparison performed soon after the takeoff
(16:11 UTCQ). The flight cabin was still too hot which caused a very unstable zero point. The limit of detection
for NO was distinctly higher (~50 pmol mol™") than during the other Falcon DC3 flights (~20 pmolmol ™).
In addition, the highly unstable zero point during this flight due to the heat caused an uncertainty of
+50 pmol mol ™", which may explain the differences in the NO measurements during the intercomparison.

Unfortunately, no direct intercomparisons between NO, and NO, from the Falcon and DC8 are available.
However, to achieve some information on the general performance of the instruments, we compared the
mean NO background values given later in section 3.2 for the Falcon, DC8, and GV aircraft. Here we estimate
that in the free tropospheric background air at ~2-8 km altitude, the Falcon NO measurements are on aver-
age higher by ~0.06 and ~0.05 nmol mol™" NO, respectively, than both the DC8 (0.03 nmol mol™") and GV
(0.04 nmol mol™") background measurements, most likely due to the higher detection limit of the Falcon
instrument. For the flight on 11 June, we also compared the NO, measurements of the Falcon and the NO
and NO, (NO + NO, = NO,) measurements of the DC8 when the aircraft were flying in the free tropospheric
background (~2-8 km). The average Falcon NO, mixing ratios were in the range of 0.30 nmol mol™', while
the DC8 measurements indicated average NO, mixing ratios in the range of 0.13 nmolmol™" for the free
tropospheric background.

On several days (25 and 30 May and 1, 5, and 17 June) also intercomparison flights between the NASA-DC8
and NSF/NCAR-GV aircraft were performed. The average percent differences between these two aircraft were
in the range of 2% for NO, 28% for NO,, 5% for CO, and < 1% for O3 [Pollack et al., 2016]. The large difference
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in the NO, measurements may result from the thermal dissociation of methylperoxynitrate applied to DC8
NO, instrument [Nault et al., 2015]. A total uncertainty of 30% for NO, measured in storms sampled by the
GV and DC8 and an overall uncertainty of 55% for NO, measured in storms sampled by the Falcon were
applied by Pollack et al. [2016].

2.3. Flight Planning Tools and Postanalysis Products

For the flight planning support and postanalysis of the Falcon in situ data, a variety of meteorological pro-
ducts are available from the DC3 field catalog (http://catalog.eol.ucar.edu/dc3/).

Experimental products, e.g., the high-resolution rapid refresh forecasts by NOAA showing the composite
reflectivity for the Central U.S. on an hourly basis (http://ruc.noaa.gov/hrrr/), were successfully applied by
the Falcon team to predict favored regions of thunderstorm development within the DC3 domains (not
shown). This data product is based on an hourly updated cloud-resolving atmospheric model, initialized by
3 km grids with 3 km radar assimilation over a 1 h period.

The general cloud development over the DC3 operation area was analyzed by using different kinds of
visible/VIS (channel 1) and infrared/IR (channel 4) products with a high temporal (5-10 min) and spatial reso-
lution (1-4 km) from the Geostationary Environmental Operational Satellite 13, i.e., cloud top heights derived
from the thermal-IR cloud top temperatures (available from the DC3 data catalog, http://catalog.eol.ucar.edu/
dc3/). Furthermore, GOES East—-Aerosol/Smoke Products (GASP) available every 30 min were used for the
monitoring of extensive smoke plumes, as frequently observed during DC3. The GASP product is a retrieval
of the aerosol optical depth (AOD) made from the current GOES East visible imagery (http://www.ssd.noaa.
gov/PS/FIRE/GASP/). This product is available at a 4 km x 4 km spatial resolution during the sunlit portion of
the day. Natural color images from the Moderate Resolution Imaging Spectroradiometer (MODIS) (http://
modis.gsfc.nasa.gov/) on NASA's Aqua satellite (http://aqua.nasa.gov/) were used to retrieve the position of
active wildfires and the spreading of the smoke plumes.

Optical measurements from the NASA Langley Airborne Differential Absorption Lidar-High Spectral
Resolution Lidar system on board the DC8 aircraft were used in the present study to analyze 2-D vertical cross
sections of ozone concentration and particulate backscatter, extinction, and depolarization near thunder-
storms. The system incorporates multiple lasers to produce five different wavelengths that are transmitted
in the zenith and nadir direction. Two wavelengths (292 and 300 nm) are used to measure ozone [Browell,
1989]. The instrument also incorporates backscatter, extinction, and depolarization measurements at 532 nm
via the high spectral resolution lidar technique and backscatter and depolarization at 355 and 1064 nm using
standard lidar retrievals [Hair et al., 2008]. Uncertainties in the ozone and aerosol profiles are assessed during
each campaign and have previously been compared to state-of-the-art in situ and remote sensing measure-
ments [e.g., Rogers et al., 2009].

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 posi-
tion indicator images from the Next-Generation Radar (NEXRAD): a network of 160 high-resolution 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/). Based on
the information from this NCAR-EOL operation tool, the ground crew sometimes contacted the pilots (by
satellite phone), e.g., to redirect the heading of the aircraft to avoid areas with a high lightning frequency
not visible to the pilots on the aircraft radar. 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 3DVAR analyses of SMART radar data were used to derive the vertical
velocity within the storms. The analysis technique follows Potvin et al. [2012].

Online Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) backward trajectories [Draxler and
Rolph, 2014; Rolph, 2014] (http://ready.arl.noaa.gov/HYSPLIT.php) were used to determine the age of emis-
sions from wildfires probed by the Falcon aircraft. The trajectory calculations were run with North
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American Mesoscale data from National Centers for Environmental Prediction (NCEP) with a horizontal
resolution of 12 km.

A 10year climatology (2005-2014) of Aura MLS version 3 data products [Livesey et al., 2011; Schwartz et al.,
2013] was used to analyze the occurrence of elevated H,O at 100 hPa (~16 km) over the U.S. and globally
during the months May-June (spatial resolution: 3 km in the vertical and 200 km along the orbital-track line).
The global grid has 78 longitudinal bins (~4.6° spacing) and 30 latitudinal bins (~6° spacing), with the bin
edges chosen to have a uniform number of MLS observations per bin (~900 for May-June for the mission),
and for them to be symmetrically located within the bins, based upon the known 16 day orbital repeat cycle.
Bin statistics are mean and maximum of all observations within a bin that pass screening. The uncertainty of
MLS H,O data at 100 hPa is about 10% [Read et al., 20071].

3. Falcon Observations During DC3

A general overview of the Falcon observations is given next. In section 3.1 the influence from wildfires is
presented on the basis of vertical profiles of trace species (CO, SO,, CH,, O3, and rBQ). In section 3.2 vertical
profiles of NO and NO, are analyzed focusing on lightning-produced NO, and compared to profiles from past
thunderstorm field experiments.

3.1. Influence From Wildfires

Mean vertical profiles of trace species (CO, SO,, CH,, O3, and rBC) are shown in Figures 2a-2e in different
colors for every single Falcon flight. Mean values for every 250 m altitude bin are given. For every species
the white profiles show average profiles for the entire DC3 campaign. Except for O3 (stratospheric source),
all vertical profiles show a general decrease with altitude. Besides the common enhancements in the BL
due to surface pollution, it is obvious that strongly polluted layers (especially enhanced in CO, SO,, and
rBC) were observed during numerous flights throughout the entire troposphere up to ~10 km. These lofted
pollution layers (BB plumes) originated from strong wildfires as described next.

During the DC3 field experiment, some of the largest and most destructive wildfires in New Mexico (NM) and
Colorado state’s history were burning: the Whitewater-Baldy (NM), the Little Bear (NM), and the High Park Fire
in Colorado. See Table 3 and Lang et al. [2014] for more details. All of these fires were initiated by lightning.
On 9 June 2012 extended smoke plumes from the NM fires were advected northeastward into the DC3
domain, as shown in the MODIS and GOES-AOD images in Figures 3a and 3b. These fire emissions frequently
accumulated along the border to Texas and over the Texas Panhandle, where the dry line acts as a barrier
between dry and humid air masses. Apart from anthropogenic pollution surrounding larger cities, the general
pollution influence during DC3 mainly originated from these wildfires. Occasionally, smaller wildfires were
active that partly impacted the DC3 flights but are not listed in Table 3, e.g., the Little Sand Fire in southern
Colorado (http://en.wikipedia.org/wiki/2012_Colorado_wildfires) and the Hewlett Gulch Fire near Fort Collins
in northern Colorado [Lang et al., 2014].

The most suitable tracers measured by the Falcon for identifying upward transport of pollution (of biomass
and anthropogenic origin) from the BL to the UT were CO and CH, with lifetimes on the order of ~2-3 months
and ~9years in the troposphere, respectively [e.g., Xiao et al., 2007]. In contrast, SO, and rBC were useful
tracers in some cases when BB plumes were advected to the lower and mid troposphere. However, during
convective uplift to the UT these trace species were frequently washed out by precipitation. While CO and
rBC are well-known trace species emitted by wildfires, SO, is less known. The sulfur in wildfire emissions ori-
ginates from amino acids present in the vegetation. Independently, ozone can partly be used as a tracer for
upward transport due to its general increase with altitude throughout the troposphere (BL excluded). Ozone
has a lifetime in the range of days to months [Arlander et al., 1995; Stevenson et al., 2006].

In contrast to the rather straight average DC3 CO profile (except BL), the average CH,4 profile (Figure 2¢, white
line) had a more pronounced shape, with mixing ratios in the range of 1900 nmolmol™" in the BL and
decreasing mixing ratios in the mid troposphere down to 1830 nmol mol~". At ~10-11 km, mean CH, mixing
ratios were slightly enhanced up to 1850 nmol mol™', most likely due to uplift of pollution from the BL by
deep convection; see section 3.2. The vertical profiles for O3 showed rather constant values in the lower
and mid troposphere on average in the range of 60-70 nmol mol ™" without any distinct influence from lofted
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Figure 2. Mean vertical profiles for (a) CO, (b) SO, (c) CHyg, (d) O3, and (e) rBC derived from measurements with the Falcon
aircraft. Mean values for every 250 m altitude bin are given for available DC3 flights in different colors according to date
(ddmmyy). The mean vertical profile of all colored flight profiles in each figure is indicated as a white line.
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Table 3. Active Wildfires Impacting the Falcon Flights (Partly Adapted From http://en.wikipedia.org/wiki/List_of _wildfires and http://en.wikipedia.org/wiki/
List_of_Colorado_wildfires Updated in February 2015)

Date of Fire Start Region Name (Latitude/Longitude) Area Burned Initiation Comments
9/16 May 2012 New Mexico (SW) Whitewater-Baldy 289,478 acres Lightning Baldy and Whitewater fires merged
(Gila National Forest) (33°N/108°W) (117,148 ha) on 23 May. By 29 May, largest
wildfire in New Mexico state history.
4 June 2012 New Mexico (S) Little Bear 44,330 acres Lightning By 11 June, the fast burning fire had
(Lincoln National Forest) (33°N/106°W) (17,940 ha) destroyed ~35,000 acres. Most destructive
wildfire in New Mexico state history.
9 June 2012 Colorado (N) High Park 87,284 acres Lightning By 12 June, the fire had burned ~43,000 acres.
(near Fort Collins) (41°N/105°W) (35,323 ha) Third largest wildfire by size and third most

destructive wildfire in Colorado state history.

BB plumes (Figure 2d). In the UT, a general increase of O3z mixing ratios with height is visible, due to the
proximity to the Os-rich stratosphere. The lofted BB plumes were not pronounced in the vertical NO and
NO, profiles shown in Figures 4a and 4b, mainly due to the short lifetime of NO, in the BL and LT (only a
few hours).

Compared to the distinct presence of lofted BB plumes during many DC3 flights, the influence from anthropo-
genic BL emissions was not very pronounced in the vertical profiles. During takeoff and landing over Salina (KS),
Lubbock (TX), Ardmore (OK), Wichita Falls (TX), and Oklahoma City (OK), the average CO mixing ratios in the BL
were in the range of 130-140 nmolmol™" (partly also enhanced from aged BB emissions) and only slightly
enhanced compared to ~100-110 nmol mol ™" in the lower and mid troposphere background (Figure 2a). On
the other hand, SO, and rBC mixing ratios were distinctly more elevated in the lofted BB plumes compared
to the BL in general (Figures 2b and 2e).

During DC3, the most pronounced BB plumes (Figures 2a, 2b, and 2e) were observed on 29-30 May and
11-12 June 2012. Plume criteria and further plume details are listed in Table 4 such as fire source, distance
from source, plume height and age, and trace species mixing ratios. The source region and age of
the selected BB plumes were determined by online HYSPLIT backward trajectory calculations (here) and
partly by particle dispersion model simulations (FLEXPART; see HH2016). The BB plumes were probed
~600-1000 km downstream from the fire sources, and the plume age varied between ~9 and 27h.

Figure 3. (a) MODIS image from 9 June 2012 at 19:45 UTC. The positions of actively burning fires are marked with red dots. The red circles mark the smoke plumes
from the High Park, Whitewater-Baldy, and Little Bear wildfires. (b) Aged smoke plumes from the New Mexican fires accumulated eastward along the border to Texas
as also visible in the GOES aerosol optical depth (AOD) image from 9 June 2012 at 15:00 UTC.
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Figure 4. Mean vertical profiles for (a, ) NO and (b, d) NO, during DC3 and past airborne thunderstorm experiments (see
text). Mean values for every 250 m altitude bin are given in different colors according to the DC3 flight date (ddmmyy) or
field campaign. The mean vertical profile of all colored DC3 flight profiles in Figures 4a and 4b is indicated as a white line.
DC3* in Figures 4c and 4d includes only the DC8 and GV flights on 29 and 30 May and 5, 6, and 11 June 2012.

Biomass burning emissions were observed at all altitudes in the troposphere: the Whitewater-Baldy Fire
plume in the BL and up to ~6 km, the Little Bear Fire plume at ~6-7 km, and the High Park Fire plume at
~7-10 km. The uplift of BB plumes to the UT will be discussed in section 5. Most of the dense BB plumes were
probed in the vicinity of thunderstorms and visible to the aircraft crew by their brownish color. Occasionally,
these BB emissions were ingested into/nearby thunderstorms and observed within or just below the anvil
outflow region as discussed in section 5.

Emissions from the New Mexican Whitewater-Baldy Fire strongly impacted the first Falcon flights on 29-30
May, whereas emissions from the Little Bear Fire were the main contributor to the extremely polluted layers
observed on 11 June. Later during the campaign, wildfires in Colorado (High Park) were pronounced sources
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ratios as high as 15-16 nmol mol ™" in the same system. The Falcon mean NO and NO, mixing ratios are in the
same range as observed in the Hector thunderstorm system in Darwin, Australia, during SCOUT-O3
[Huntrieser et al., 2009], which is counted among the storms with the highest LNO, production worldwide.

During DC3, the primary tropopause in the Falcon operation area was located at ~11-12km; however, a
previous analysis indicates that the tropopause transition zone in this region can frequently reach up to
14-15km (O. Cooper, Analysis of radiosonde data, personal communication, 2012). The top of the anvil
outflow was frequently located above the maximum cruising altitude of the Falcon (12.4km). On 12 June,
continuously increasing NO and NO, mixing ratios with altitude indicate that the top of the anvil outflow from
a squall line over Kansas was most likely located above 12 km and not reachable by the aircraft (red line in
Figures 4a and 4b). The slight “C" shape of the mean vertical NO, profile (Figure 4b, white line), with a
maximum of ~2nmolmol™" in the UT, shows that LNO, clearly exceeded the pollution sources in the BL
on average (<1 nmolmol™"), as will be discussed in more detail in section 4.1.

In Figures 4c and 4d mean NO and NO, vertical profiles from DC3 (all Falcon profiles, selected DC8 and GV
profiles) are compared to vertical profiles obtained from past airborne thunderstorm experiments performed
over the Central and southeastern U.S., e.g., STERAO-A and CRYSTAL-FACE [Dye et al., 2000; Ridley et al., 2004],
and over other continents (Europe: EULINOX, CONTRACE; South America: TROCCINOX; Africa: AMMA;
Australia: SCOUT-03) [Huntrieser et al., 2002, 2005, 2007, 2008, 2009, 2011; Schumann and Huntrieser, 2007].
For the GV and DC8 aircraft only vertical profiles from the DC3 time period 29 May to 14 June 2012 were con-
sidered when the Falcon operated from Salina. In Figure 4c the y axis reaches up to 20 km since data from two
high-flying aircraft were included. The results clearly show that average NO and NO, mixing ratios in the
UT/LS region were generally higher during DC3 than observed during most previous thunderstorm experi-
ments, except for CRYSTAL-FACE in Florida where a “faucet” of NO is known to be produced by lightning
[Ridley et al., 2004]. In addition, measurements from another U.S. field campaign, STERAO-A in Colorado
[Dye et al., 2000], also show enhanced NO mixing ratios in a similar range as observed during DC3 at these
altitudes. Interestingly, the vertical NO distributions for STERAO-A and DC3 show two distinct maxima in
the UT/LS region, a primary one at ~10-11 km and a secondary one at ~12-13 km. The primary (secondary)
one is generally located in the UT, just below (above) the main tropopause at ~11-12 km. As discussed in
HH2016, a double-tropopause structure was frequently observed in the region of the subtropical jet stream.
Poleward Rossby wave breaking has been suggested to cause these large-scale double-tropopause events
[Homeyer et al., 2014]. Such a setting promotes the development of overshooting tops and the detrainment
of anvil-NO into the LMS, as will be discussed in section 4.1. Measurements in the subtropics during CRYSTAL-
FACE show that anvil-NO spread over a wide altitude range ~10-15km, with a maximum at ~12-13 km
(Figure 4c). This maximum coincides with the secondary maximum observed during DC3 and STERAO-A
and suggests that these thunderstorms developed along the subtropical jet stream in a transition zone
between the lower extratropical and the higher subtropical tropopause.

In summary, thunderstorm measurements performed over the Central and southeastern U.S. showed espe-
cially high NO and NO, mixing ratios in the UT/LS region (~9-12 km) compared to past Falcon thunderstorm
experiments carried out over other continents. This result is in agreement with general results on strong
thunderstorm activity over the Central and southeastern U.S. as presented in section 1. In addition, we sug-
gest that the frequent probing and the wide horizontal spreading of the anvil outflow during DC3 contribu-
ted to enhance average NO and NO, mixing ratios in the UT/LS region compared to other thunderstorm
campaigns shown in Figures 4c and 4d. In the next subsection tracer-tracer analyses are conducted to show
that LNO,, was the dominating NO, source in the UT/LS region during DC3.

4, Evidence of Convective Injection Into the Lowermost Stratosphere
4.1. LNO, in the UT/LS Region and Its Correlation With CO and O3

The sources of nitrogen oxides measured in the anvil outflow are twofold. In addition to LNO,, NO,-rich air
from the polluted BL may be transported upward by the thunderstorm and contributes to enhanced NO,
mixing ratios in the anvil outflow region. The vertical profiles in Figure 4b showed that NO, mixing ratios
in the BL (thunderstorm inflow region) were, in general, lower than in the thunderstorm outflow region
(~9-12 km). This finding indicates that the anvil outflow of DC3 thunderstorms was most likely dominated
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Figure 5. (a) CO-NOj correlations for all DC3 Falcon flights with available
NO, measurements. (b) O3-NO correlations for all DC3 Falcon flights with
available NO measurements (color coded according to date; ddmmyy).

by LNO, and the contribution from BL-
NO, was only minor, which is in agree-
ment with Pollack et al. [2016]. A similar
finding was made by DeCaria et al.
[2000, 2005] for a STERAO-A storm over
Colorado. More informative tracer-tracer
correlations are presented next to con-
firm this finding.

For all available DC3 Falcon flights
(Table 2), the correlation between NO,
and CO, and NO and O, is used to
compare the amount of LNO, to
background-NO, in the BL (takeoff and
landing) and UT/LS (anvil outflow
region). Based on this data set, the highest
NO, mixing ratios (~7 nmolmol™") were
observed on 11 June in a MCS probed
along the border between Oklahoma,
Missouri, and Arkansas, as shown in
Figure 5a. Thunderstorms were also inves-
tigated on 5 and 12 June, as visible in the
pronounced NO, enhancements. In con-
trast, no active thunderstorms were
probed on 14 June. The latter measure-
ments and the measurements in the BL
show that background-NO, mixing ratios
were generally low (<1 nmol mol ™).
Within the anvil outflow, NO, produced
by lightning within the range ~1-
7nmolmol™" was distinctly enhanced
compared to the background and BL. In
addition, CO mixing ratios were enhanced
in the outflow, ~105-135nmolmol~",
indicating upward transport of polluted
air masses from the BL by deep convec-
tion. The injection of LNO, into the
lowermost stratosphere was especially
pronounced on 12 June, where
enhanced NO, mixing ratios in the range
of 1.5nmolmol™" coincided with very
low CO mixing ratios (<80 nmol mol™").

The injection of LNO, into lower stratospheric air masses is even better visible in Figure 5b, where O3-NO
correlations for all available Falcon flights are shown. Measurements on 8 June partly indicate that NO
background mixing ratios in the lowermost stratosphere (Os; > 150 nmolmol™') are low and in the range
of ~0.1-0.2 nmol mol™" (background mixing ratios in agreement with Ziereis et al. [2000]). In contrast, a
mixture of LNO, with lower stratospheric air masses is clearly visible on 30 May (b flight), 8 June (a + b flight),
and 12 June (flights discussed in detail in HH2016). Here elevated NO mixing ratios (~0.3-3 nmol mol~")
coincide with elevated Oz mixing ratios (~100-260 nmol mol™"). These correlations clearly stand out com-
pared to the general O3-NO correlation pattern for the troposphere and lowermost stratosphere given by

the rest of the Falcon flights.

In summary, the Falcon observations during DC3 indicate that thunderstorms strongly impact the NO and
NO, budget in the UT/LS region over the Central United States. During four flights a pronounced mix of
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Figure 6. Water vapor at 100 hPa (~16 km): (a) global distribution of mean and (b) maximum H,0O mixing ratios (in pmol moI71)
based on 10 years (2005-2014) of Aura Microwave Limb Sounder (MLS) observations for the months May—June. The operation
area of the Falcon during DC3 is marked with a black box covering 30° to 43°N and 105° to 91°W.

LNO, with stratospheric air masses was observed. Further evidence for the frequent convective injection into
the lowermost stratosphere is presented next based on a water vapor satellite measurements performed
independently of the DC3 field experiment.

4.2, H,0 in the Lowermost Stratosphere

A climatology based on global satellite-borne water vapor measurements (Aura MLS) was compiled for the
DC3 region and time period to evaluate this region with respect to injection of tropospheric air into the
lowermost stratosphere.

In Figures 6a and 6b global distributions of mean and maximum H,O mixing ratios at 100 hPa for the DC3
time period (May-June) are shown. The 100 hPa level (~16 km) was selected since it is located well above
the primary tropopause and its transition region (~11-15 km). The figures are filled contour plots of gridded
data including all MLS measurements for the time periods indicated. In Figure 6a the dominating H,O
features in the 10 year climatology of mean values are, as expected, elongated areas of enhanced H,0 along
the Intertropical Convergence Zone (ITCZ), especially over central Asia and Central America. Interestingly, the
global distribution of maximum H,O mixing ratios at 100 hPa shows that H,O is not only enhanced along the
ITCZ, but the highest values (12 umol mol™") are observed over parts of the DC3 region over the Central U.S.
probed by the Falcon (indicated by the black box in Figure 6b). The highest H,O values in Figure 6b are
located in the eastern part of the black box and farther northeastward, which is probably the result of
advected anvils from intense thunderstorms formed in the Tornado Alley (e.g., northern Texas, Oklahoma,
Kansas, and eastern Colorado). Previous analyses of the same data set on an annual basis already showed that
convective events with enhanced H,0 in the UT/LS region are especially frequent over the U.S. and central
Asia [Schwartz et al., 2013].

To determine if these elevated H,0 events were especially pronounced over the Central U.S. during the DC3
time period in May-June 2012, the 10year H,O data set was separated into single annual distributions
(2005-2014) averaged over the months May—June. A H,O maximum over the Central U.S. is obvious for most
years in May-June (Figures 7a-7j). In addition, the H,O distribution in May-June 2012 shows an especially
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Figure 7. (a—j) Water vapor at 100 hPa (~16 km): maximum H,O mixing ratios (in pmol molq) for the months May-June
based on Aura Microwave Limb Sounder (MLS) observations for the years 2005-2014 centered over North America.

strong but not very extended H,O maximum over the Central U.S. (Figure 7h). One explanation for the
frequent occurrence of convectively transported water vapor in the LMS over this region has recently been
given by Homeyer et al. [2014]: poleward Rossby wave breaking was suggested to cause large-scale double-
tropopause events. As a result the reduced stability in the LMS may support the development of overshooting
thunderstorms and the convective injection of H,O to the LMS. Observations by Wang [2003] and Anderson
et al. [2012] indicate that a high frequency of the deep convective events in midlatitudes may penetrate into
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the LMS, especially impacting the H,O budget. Our measurements during DC3 confirm the high frequency of
such events over the Central U.S. as also shown in section 5.

A further explanation for the midlatitude wetness in the LMS over the Central U.S. could also be attributed to
the horizontal transport of H,O from the tropics as suggested by, e.g., Jiang et al.[2012, 2015]. This in mixing
is known to be a quasi-isentropic transport [Konopka et al., 2009; Ploeger et al., 2012]. Most likely, both this
horizontal transport and overshooting convection contribute to the enhanced H,O mixing ratios in the
LMS over the Central U.S. in May-June. MLS studies on the diurnal variation of H,O and ice water content
in the LMS are in preparation to quantify the contribution from direct convective injection (M. Schwartz, per-
sonal communication, 2016). Furthermore, MLS measurements in the LMS indicate that high H,O mixing
ratios extend into the Upper Midwest, farther north and east than predicted by present models [e.g.,
Schoeberl et al., 2013], which is consistent with our airborne observations indicating a major contribution
from convective injection in this region. Recent global Atmospheric Chemistry Experiment Fourier transform
spectrometer (ACE-FTS) HDO/H,O (i.e., 5D) measurements show that the direct convective injection from the
BL plays an important role in controlling the H,0 isotopic composition during, e.g., the North American sum-
mer monsoon [Randel et al., 2012]. Furthermore, Liu and Zipser [2015] analyzed precipitation radar data on
board the Global Precipitation Mission core satellite and found that the thunderstorm systems over the
Great Plains belong to the deepest precipitation systems worldwide. The global occurrence of this type of
extreme systems is rare, but they were found to play an important role in the global water cycle.

5. Severe Convection Case on 29 May 2012 Over Texas/Oklahoma

Next a case study is presented focusing on a severe convection case on 29 May 2012 over Texas/Oklahoma
where deep convective clouds developed with overshooting tops. This was the first mission day for the
Falcon aircraft, and it was a joint flight with the DC8 and GV aircraft. The objective here is to give a first glance
of typical observations made during DC3, especially to give an impression of the strength of the observed
DC3 storms and their impact on the trace species (O3 and aerosol) composition in the UT/LS region.
Thereby, a number of interesting observations concerning the transport mechanisms redistributing trace
species inside and near thunderstorms were made that will be discussed in this section.

This successful DC3 flight is also discussed by Pollack et al. [2016] and Cummings et al. [2014] in their studies focus-
ing on the quantification of LNO, during DC3 and on the verification of the Weather Research and Forecasting
(WRF)-Chem flash rate parameterization schemes with NLDN and Lightning Mapping Array (LMA) flash rates.
Furthermore, this flight is discussed by Barth et al. [2015], Bela et al. [2016], A. Fried et al. (Convective transport
and scavenging of formaldehyde to the upper troposphere and lower stratosphere in thunderstorms over
the Central United States during the 2012DC3 study, in preparation for Journal of Geophysical Research
Atmospheres, 2015), and Yang et al. [2015] for wet scavenging of soluble trace gases and aerosols.

5.1. General Observations With Focus on Falcon In Situ Measurements

On 29 May 2012 the Falcon performed two flights. The first one was dedicated to the smoke plume from the
Whitewater-Baldy wildfire in New Mexico with a brief refueling stop in Lubbock (TX). Increasing rBC mass mix-
ing ratios with altitude were measured from the ground to the mid troposphere (Figure 2e), with a maximum
value at ~4 km exceeding 1400 ng kg ™" (Table 4). Near Lubbock two VOC probes were taken within this BB
plume at ~4 km altitude (at 76,740 s and at 79,110 s). Ethane mixing ratios in the two probes were strongly
enhanced (3013 and 5277 pmolmol™") and also propane mixing ratios (1989 and 4819 pmolmol™").
Figure 8 shows the smoke plume spreading eastward over the Texas Panhandle and toward Oklahoma.
The predominant AOD signal surrounding the thunderstorms over Texas/Oklahoma was from the
Whitewater-Baldy Fire; however, the northernmost side of the storm system was likely also impacted by emis-
sions from the Little Sand Fire in southern Colorado.

During the second flight, strongly enhanced SO, mixing ratios up to 2.6 nmol mol ™" (Table 4) were measured
within the dense smoke plume (AOD ~1.3) as the aircraft ascended from Lubbock. The mean vertical SO, pro-
file shows that the plume reached up to ~5km altitude (Figure 2b). Unfortunately, no rBC measurements
were available for this flight and only one VOC probe in the UT/LS background. The main objective of the sec-
ond flight was to probe the anvil outflow from a line of isolated supercell storms over Oklahoma together
with the DC8 and GV aircraft.

HUNTRIESER ET AL.

TRACE SPECIES INJECTION TO THE UT/LS 6654



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015)D024273

e e

GOES Aerasol Optical Depth  00:45UTC 5/30/2012

Figure 8. GOES aerosol optical depth (AOD) over U.S. and Canada on 30 May 2012 at 00:45 UTC. The smoke plume from the
New Mexico Whitewater-Baldy wildfire is advected to the east over the Texas Panhandle and surrounds the probed
thunderstorms over Oklahoma.
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Figure 9. Cloud top heights (in km) derived from GOES data on 30 May 2012 at 00:15 UTC. The white squares mark the
selected DC3 operation areas and the white cross the campaign base in Salina.
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Figure 10. GOES visible satellite images on 29 May 2012 (a) at 22:38 UTC, (b) at 23:03 UTC, and (c) at 23:33 UTC and (d) on 30 May 2012 at 00:38 UTC (© NCAR/EOL).
The colored bars indicate highlighted time periods where Falcon photos (red/green bars; see Figures 11 and 12) and Falcon/DC8 measurements (yellow bar; see
Figures 15 and 16) are described in the text. The white bars coincide with the yellow bar and are used for orientation purposes.

In the evening of 29 May, several intense thunderstorm systems developed over Texas and Oklahoma along the
dry line. Cloud top heights derived from GOES 13 at 23:45 UTC (29 May, not shown) and at 00:15 UTC (30 May,
Figure 9) indicate that the cloud deck of the main anvil outflow was growing rapidly from ~11-12km to
~12-13 km and the overshooting tops grew from ~15 km to 16 km. One hour later, the overshooting tops even
reached ~17-18 km in agreement with NEXRAD radar data (not shown). The 00 UTC radiosoundings from Fort
Worth (TX) near Dallas and Norman (OK) indicate that the primary tropopause was located at ~11.0-11.5 km
(http://catalog.eol.ucar.edu/cgi-bin/dc3_2012/ops/index) in agreement with Falcon temperature profile mea-
surements (not shown), and a secondary and third “tropopause” (weak capping of temperature) is visible at
~13.5-14.0 and ~15.0-16.0km, respectively. Farther to the north the soundings from Lamont (border
Oklahoma-Kansas) at 17 UTC (29 May) and 06 UTC (30 May) indicated that the height of the primary tropopause
rose during the afternoon and evening from ~10 km to ~12 km. In addition, a Mobile GPS Advanced Upper-Air
Sounding System (MGAUS) was operated by the National Severe Storms Laboratory (NSSL) who released a
radiosonde in the prestorm environment (35.67°N, 98.34°W). The sounding from 20 UTC indicated a primary
and secondary tropopause at ~11 and ~13 km, respectively (http://data.eol.ucar.edu/). Tropopause heights
were also available from NCEP Global Forecast System-Final (GFS-FNL) model analyses (6-hourly, 1°x 1° grid)
interpolated to the Falcon aircraft position and time (http://catalog.eol.ucar.edu/dc3/). These analyses indicate
a primary tropopause height distinctly higher at ~16-17 km. Overall, the measurements and the model analyses
indicated a wide tropopause transition zone in the vicinity of the storms between ~11 and ~17 km altitude.
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(a) 23:31 UTC (b) 23:32 UTC

e

(c) 23:38 UTC (d) 23:43 UTC

Figure 11. Falcon flight on 29 May 2012: view from the cockpit at (a) 23:31 UTC, (b) 23:32 UTC, (c) 23:38 UTC, and
(d) 23:43 UTC. Along the border between Texas and Oklahoma, in a polluted air mass impacted by the smoke plume
from the New Mexico Whitewater-Baldy Fire, a rapidly growing supercell developed with a double-decker outflow (Photo:
R. Welser, DLR).

The rapid cloud development in the evening on 29 May is shown in Figures 10a-10d. The NW flow advected
the anvils to the ESE. The southernmost system consisted of three supercells aligned in north-south direction
at the border between Texas and Oklahoma. This convective line was not probed in situ by any of the aircraft.
However, the strong intensity of the three supercells was observed from the Falcon cockpit (Figures 11a-11d).
The photos were taken after the takeoff from Lubbock when the aircraft headed to the NE (red bar in Figure 10c).
The presence of the Whitewater-Baldy smoke plume (brownish layer below cruise altitude) is clearly visible in
Figure 113, as well as in the satellite images (Figure 10d, lower left). The southernmost supercell is enlarged in

(a) 2012/05/29 23:54 UTC (b) 2012?9573{‘

Figure 12. Falcon flight on 29-30 May 2012: view from the cockpit (a) on 29 May at 23:54 UTC and (b) on 30 May at
00:02 UTC. The lower boundary of the anvil outflow from severe convection over Oklahoma was probed. (Photo: R.
Welser and A. Minikin, DLR).
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Figure 13. A joint flight of the Falcon (red aircraft), DC8 (yellow aircraft), and GV (blue aircraft) in the evening on 29 May to
probe a line of isolated supercell storms over Oklahoma. The flight tracks (color coded according to measured O3 mixing
ratios) are superimposed on a GOES IR satellite image (grey), NEXRAD radar reflectivity (colored clouds), and NLDN
lightning data (white/pink plus/minus sign for positive/negative flashes) from 30 May at 00:35 UTC. The Falcon flight

(b flight) with start from Lubbock is shown. In addition, portions of the DC8 and GV flight tracks for the last hour are
superimposed. The smoke plume from the New Mexico Whitewater-Baldy Fire is visible near Lubbock. The black circle
highlights the two supercells measured by the SMART radars as shown in Figures 14a and 14b.

Figure 11d. The anvil outflow of this storm had a double-decker structure in the shape of a broad and persis-
tent overshooting top (“anvil dome”), shaped during the crossing of the primary and secondary tropopause.

The Falcon continued heading northeastward along the dry line and passed through a narrow gap between
the southern and northern line of supercells over Oklahoma. The probing of the anvil outflow started (green
bar in Figure 10c). A view from the cockpit in Figure 12a confirms that the supercells developed an overshoot-
ing top as described before. When the Falcon reached the northern convective line, the DC8 and GV aircraft
were already probing the front side of the line, the eastern outflow as shown in Figure 13. DC8 and GV
reported that the vertical extension of the main anvil outflow was located at 10.4-11.3 km which was below
the primary tropopause according to the sounding measurements described before.

An analysis of SMART radar data indicated that the cloud deck of the main anvil outflow was located slightly
higher as illustrated in Figures 14a and 14b. The E-W vertical cross section of SMART radar data is shown for
the two southernmost storm cells probed by the aircraft (marked by the black circle in Figure 13). Here the
main anvil outflow reached up to ~12-13 km (coinciding with the secondary tropopause). The overshooting
tops reached up to ~18 km (located just above the third tropopause); however, in Figures 14a and 14b the
radar analysis topmost altitude is 16 km. Maximum updrafts within the storm cells were very strong and
exceeded 50m s~ near the tropopause layer around 11-12 km.

Around 00 UTC, the Falcon approached the rear side of the northern convective line. First, a stratospheric
intrusion was passed with O; mixing ratios as high as 180 nmol mol~" (Figure 13). Thereafter, the lower
boundary of the anvil outflow was probed at 10.7 km (Figure 12b). During the penetration to the front side
of the convective line, ozone mixing ratios varied between ~80 and 100 nmol mol™" inside the anvil outflow
as measured by all three aircraft (Figure 13). In Figure 15 measured Os mixing ratios along the Falcon flight
path are shown in more detail: as horizontal longitude/latitude, vertical longitude/altitude, and vertical
altitude/latitude distributions. Unfortunately, CO measurements are not available for this flight (see Table 2).
Inside the anvil outflow O3 mixing ratios are distinctly lower than observed before along the edge of the
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Figure 14. Radar reflectivity (dBZ) (colored) and vertical velocity (m 5_1) (black isolines) obtained from multi-Doppler
analyses of data from the SMART radars on 30 May 2012 at 0000 UTC. Vertical cross sections (east-west) of two storm
cells embedded in the line of isolated supercells probed by the Falcon in Figure 13 (located north of Oklahoma City). The
grid center is the location of the SR2 radar (35.8°N, 98.3°W). (a) The supercell located just north of the supercell passed by
the Falcon in Figure 13 is shown. (b) The supercell passed by the Falcon in Figure 13 is shown.

anvil outflow at the same altitude by the Falcon. However, the in-cloud values are within the range of mean
03 mixing ratios (~90 nmol mol™") observed at this altitude during the campaign (Figure 2d). In the LT, mix-
ing ratios varied between ~70 and 80 nmol mol ™" during this flight. The lower O; values observed within the
anvil outflow (down to ~80 nmol mol™") were influenced by air masses transported upward from the LT,
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Figure 15. Distribution of O3 mixing ratios along the Falcon flight path on 29 May 2012 from Lubbock (TX) to Salina (KS):
(bottom right) longitude/latitude distribution, (top right) longitude/altitude distribution, and (bottom left) altitude/latitude
distribution. The flight was performed from the rear to the front side of a convective line of isolated supercell storms.
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which is confirmed by the strong updrafts illustrated in Figures 14a and 14b. The higher Os values observed
along the edges of the anvil outflow coincide with pronounced downdrafts (~15ms™"), suggesting that
Os-rich air masses from above (stratosphere) mixed into the anvil outflow.

At 00:25 UTC (latitude 36.8°N, longitude 96.4°W) the Falcon descended down to 9.7 km just below the anvil
outflow, and O3 mixing ratios increased up to ~100-120 nmol mol~" (Figure 15). These mixing ratios are well
above the mean values observed at this altitude (~90 nmol mol™") and give a possible indication of a lower
located tropopause and/or wrapping of Os-rich air from the stratosphere around the anvil outflow, as
observed by Pan et al. [2014] in the vicinity of the 30 May MCS over Kansas during DC3.

The aircraft remained at this cruising altitude until 00:34 UTC (latitude 37.7°N, longitude 96.9°W). The large O3
gradients in the anvil outflow region between in cloud and out of cloud were also observed by the DC8 and
GV aircraft (Figure 13). Ozone mixing ratios measured by the GV (up to ~220 nmol mol~") north and south-
east of the convective line were slightly higher compared to the Falcon measurements on the western (rear)
side of the convective line. The GV was flying at altitudes just above the primary tropopause at ~11-12km
influenced by stratospheric air masses. The tropopause height surrounding the storm was most likely located
lower compared to above the storm and caused this strong vertical and horizontal gradient in O3 (multiple
tropopause structure as described before).

5.2. DC8 Remote and In Situ Measurements

Almost simultaneously with the Falcon measurements indicated by the yellow bar in Figure 10d (at
00:25-00:34 UTQ), lidar and in situ measurements were carried out on board the DC8 (at 00:36-00:44 UTC)
in the same area.

In the aerosol backscatter 532 nm image (Figure 16a, left side) the anvil outflow boundaries are indicated
with the white colors surrounded by pronounced red and yellow gradients. At this time, the top of the
main anvil cloud deck reached up to ~12 km, which is in agreement with cloud top heights derived from
GOES 13, radar data, and tropopause heights estimated from the radiosounding mentioned before. The
DC8 cruising level was at 10.7 km (black line in the lidar image). The bottom of the main anvil outflow
reached down to ~9 km. Aerosol backscatter was strongly enhanced (up to ~5 Mm ™" sr™") from the ground
up to ~5km due to the presence of the Whitewater-Baldy (and Little Sand) smoke plumes. Above the
lower smoke layer, a secondary layer of enhanced aerosol backscatter (up to ~0.5Mm™"'sr™") is visible
at ~7.5-8.5km. The lidar image (right side) suggests that this layer was most likely uplifted by smaller
convective cells (towering cumulus along the flanking line) just north of the convective line (Figure 10d).
The precipitation rate was still low within these clouds (Figure 13), causing no major washout effects.
This may explain why a high ratio of aerosol backscatter is spreading out from these clouds toward,
however, below the main anvil outflow of the supercells. In comparison, at the same altitude as the
main anvil outflow (~9-12km), but outside of clouds, no large enhancement in aerosol backscatter is
visible (Figure 16a). This observation suggests that the supercell outflow was dominated by efficient wash-
out processes as also observed for other DC3 cases [Barth et al., 2015; Yang et al., 2015]. In addition, deep
convection active earlier in the evening could also have contributed to the enhanced aerosol backscatter
layer at ~7.5-8.5 km.

In agreement with the observations by the Falcon at 10.7 km, lower O3 mixing ratios were measured inside
the anvil outflow ~90-110nmolmol™" compared to outside the outflow (~120-150nmolmol™") at
10.7 km by the in situ O3 instrument on board the DC8 (Figure 16b). The lidar measurements in the same
figure show that lower O5; mixing ratios (down to ~90 nmol mol™") were also present along the edges of
the anvil outflow at ~12 km (anvil cloud deck) and ~14 km (overshooting top). At these altitudes, Os; mixing
ratios distinctly above ~100 nmol mol™" are expected from the mean vertical O profile (Figure 2d), which
indicates that Oz-poorer air masses from below were transported upward to the UT/LS region by the super-
cells. On the other hand, just outside of the anvil outflow at ~12 km altitude, enhanced Os mixing ratios up to
~200 nmol mol™" were observed indicating downward transport of Os-rich air masses to the tropopause
region and possibly below, similar to Pan et al. [2014] findings.

In addition, slightly enhanced O5; mixing ratios (up to ~110 nmol mol™") were observed in the lofted aerosol
backscatter layer at ~7.5-8.5 km compared to the ~70-80 nmol mol™" in the lower layer. From the available
measurements it is unfortunately not possible to determine the cause of the enhanced O3 mixing ratios in the
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Figure 16. Measurements from the DC8 aircraft on 30 May 2012 at 00:36-00:44 UTC: (a) aerosol backscatter measured by
lidar and (b) ozone mixing ratios measured by in situ instrumentation (thicker line between 10 and 12 km) and by lidar (2-D
curtain above and below the cruising altitude).

lofted aerosol layer (photochemistry or/and stratospheric influence). In HH2016 more detailed case study
analyses are presented to discuss the influence from these two O3 sources.

5.3. Schematic of Major Air Mass Transport Pathways Within/Around the Storm

To summarize the findings in the last two sections, a schematic presenting our hypothesis on the major
air mass transport pathways within/around the probed DC3 thunderstorms is shown in Figure 17.
Superimposed on an isolated supercell thunderstorm are results based on Figures 14-16 from our airborne
in situ trace species and lidar measurements and ground-based radar measurements on 29 May 2012 (yellow
and red arrows). In addition, more well-known pathways (green and grey arrows) as described by, e.g.,
Poulida et al. [1996] are shown. The schematic shows that emissions from wildfires (BB) are ingested into
towering cumulus along the flanking line and into the major storm (yellow arrows). Strong updrafts and
downdrafts (green and grey arrows) within the storm redistribute the ingested pollution. As a response to
the overshooting top, stratospheric air masses are transported downward into the boundaries of the anvil
outflow and/or are wrapped around the anvil outflow (red arrows) as observed in our measurement
presented previously in this section. The latter transport pathway was also observed by Pan et al. [2014] in
Os lidar images during DC3. Each of the major air mass transport pathways illustrated in Figure 17 is
supported by further DC3 case studies discussed in more detail in HH2016.

6. Summary, Discussion, and Conclusions

During the DC3 field campaign in summer 2012 over the Central U.S., a unique data set on chemical compo-
sition, dynamical, microphysical, and electrical properties within and in the vicinity of thunderstorms was
obtained by three research aircraft (NASA-DC8, NSF/NCAR-GV, and DLR-Falcon) and a dense network of
ground-based radars and lightning detection sensors.
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Tropopause

" Rain andror Hail
Tornado

Figure 17. Schematic of an isolated, overshooting thunderstorm (credit: NOAA National Weather Service, http://www.srh.
noaa.gov/jetstream/tstorms/tstrmtypes.htm). Superimposed are arrows presenting our hypothesis on the major air mass
transport pathways within/around the probed DC3 thunderstorms based on joint in situ trace gas and lidar measurements
(Falcon, DC8, and GV) and ground-based radar measurements. Our hypothesis suggests that emissions from wildfires (BB)
are ingested into towering cumulus along the flanking line and into the major storm (yellow). Strong updrafts and
downdrafts (green and grey) within the storm redistribute the ingested pollution. As a response to the overshooting top,
stratospheric air masses are transported downward along the boundaries of the anvil outflow (red).

DC3 observations presented here can be summarized in the following general statements, and further details
are given below.

Pollution from wildfires was especially strong during DC3.

Pollution from wildfires was ingested into the DC3 thunderstorms.

Lofted pollution layers from wildfires frequently surrounded the thunderstorms.

DC3 thunderstorms were particularly intense compared to other thunderstorms probed in the past by the
Falcon over other continents.

DC3 thunderstorms frequently developed overshooting tops.

DC3 thunderstorms injected high amounts of H,0 into the lowermost stratosphere.

DC3 thunderstorms produced high amounts of LNO,.

LNO, frequently mixed with stratospheric air masses.

O3 mixing ratios were highly variable in the anvil outflow region.

N =

OV © N oW

The present study gave a general overview of a variety of trace species measured in situ by the DLR-Falcon air-
craft (CO, SO,, CH,, O3, NO, NO,, and black carbon). In addition, H,O measurements from the Aura MLS sensor
were analyzed for the DC3 period. The main focus of the general overview was on the influence of emissions
from wildfires and LNO, on the trace species composition in the UT/LS region. In addition, a case study from
29 May 2012 was presented, where a joint flight with the U.S. aircraft was performed inside and nearby a line
of isolated supercell storms. Measurements from the DC8 lidar, as well as Falcon, DC8, and GV trace species in
situ instruments in the thunderstorm inflow and outflow region in conjunction with ground-based radar mea-
surements, were analyzed to give a first glance of typical observations during DC3. The selected case from 29
May 2012 very well represents a typical thunderstorm situation during the campaign, where frequently intense
deep convection with overshooting tops developed over Texas/Oklahoma and occasionally over Colorado.

Besides the planned probing of intense thunderstorms (for the Falcon primarily over Texas, Oklahoma, and
Colorado), coincidentally aged smoke plumes from nearby wildfires were probed ~600-1000 km downwind
from the fire sources. These fires, named “Whitewater-Baldy Fire,” “Little Bear Fire,” and “High Park Fire”
belong to the largest and most destructive fires in New Mexico and Colorado state’s history (Table 3).
Vertical profiles of a variety of trace species (mentioned above) were analyzed to quantify the impact of these
emissions from wildfires and LNO, on the trace species composition in the UT/LS region during DC3.
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In the aged wildfire plumes (~9-27 h) strongly enhanced mixing ratios of CO, SO,, and rBC were observed.
Due to the long lifetime of CO and the elevated mixing ratios measured in these aged plumes (up to
~700 nmol mol™" about 1000 km downwind of the Little Bear Fire on 11 June 2012), CO (and partly SO,
and rBC) emissions from wildfires turned out to be an excellent tracer for vertical transport from the BL to
the UT inside and nearby the investigated thunderstorms. In comparison, CO, SO,, and rBC emissions from
anthropogenic BL sources were found to be distinctly lower. Lofted plumes from BB were observed at all
altitudes between the BL and ~10 km, however, most frequently in the lower and mid troposphere below
~7 km. The Falcon observed the most pronounced BB plumes on 29-30 May and 11-12 June 2012 in the
vicinity of intense thunderstorms.

The anvil outflow from DC3 thunderstorms was mainly observed higher up at ~9-12 km. In cases with over-
shooting cloud tops, the anvil outflow spread above ~12km according to satellite data; however, the
maximum cruising altitude of the Falcon only reached up to 12.4 km. The NO, mixing ratios measured in
the anvil outflow, typically ~1-3 nmol mol™", were distinctly higher than observed on average in the BL
(0.2-0.8 nmol mol~") and mainly attributed to LNO,. The highest mean NO, mixing ratios in the anvil outflow
(~3nmolmol™") were observed at 9.5-11.0km in a MCS over Missouri and Arkansas on 11 June 2012. The
highest NO peaks, up to 9 nmolmol™" at 9km, were measured in a supercell over northern Texas on 30
May 2012.

Compared to past thunderstorm field campaigns performed with the Falcon over Europe (e.g., EULINOX),
South America (TROCCINOX), Australia (SCOUT-03), and West Africa (AMMA), average NO,, mixing ratios in
the UT/LS region (~9-12km) were distinctly enhanced during DC3 (~1-3 nmolmol™") and higher than
observed in the above mentioned non-U.S. studies (generally <0.5 nmolmol™"). A comparison with two
further thunderstorm field experiments performed by U.S. aircraft over Colorado (STERAO-A) and Florida
(CRYSTAL-FACE) in the past also confirmed these especially elevated NO, mixing ratios in the UT/LS region
over certain parts of the United States. The general question that arises from this finding is as follows: To what
extent does the large contribution from LNO, impact the O3 budget in the UT/LS region over the Central U.S.?
More specifically, (1) what is the general impact of thunderstorms on the O; composition in the UT/LS region
over the Central U.S.? (2) To what extent does photochemical O; production catalyzed by LNO, and strato-
spheric intrusions play an important role? These questions have been addressed in the past by, eg.,
Cooper et al. [2007], Choi et al. [2009], and Barth et al. [2012] and were major tasks for our studies in the pre-
sent study, as described in the next paragraph and in HH2016.

In the present study further evidence of convective injection into the UT/LS region was presented by analyzing
tracer-tracer correlations (CO-NO, and Os-NO) for single Falcon flights. The CO-NO, correlation indicated that
NO, mixing ratios in the BL were generally low with <1 nmolmol~' compared to the anvil outflow region
(up to ~7nmolmol™") which was mainly impacted by LNO,. In addition, LNO, in the UT coincided with
enhanced CO mixing ratios in the range of ~105-135 nmolmol ™", indicating upward transport from the LT
impacted by wildfire emissions. The O3-NO correlation showed that LNO, mixed into lower stratospheric air
(rich in O3) on several days (30 May and 8 and 12 June 2012), where the strong convective activity originated
from supercells, MCCs, MCSs, and squall lines. Here elevated NO mixing ratios, typically ~0.3-3 nmol mol ™",
coincided with elevated Os mixing ratios in the range of ~100-260 nmol mol™". These three cases and further
tracer-tracer correlations (CO-Os) are presented in HH2016. The general impact of thunderstorms on UT/LS Os
composition over the Central U.S. is addressed, and the contribution of in situ O3 production to stratospheric
intrusions is analyzed. Furthermore, HH2016 shows more in detail how air rich (low) in O3 from the stratosphere
(troposphere) is being brought down (up) to the troposphere (stratosphere).

The frequent mix of LNO, with stratospheric air masses was striking during DC3. In comparison, during
CRYSTAL-FACE over Florida no significant LNO, injection above the high local tropopause was observed.
During STERAO-A over Colorado high O3 mixing ratios were observed on the upwind side of one anvil; how-
ever, there was no evidence for entrainment into the anvil [Barth et al., 2007]. In HH2016 we will give further
evidence for downward mixing of Os-rich stratospheric air masses directly into the anvil outflow.

Complementary to the airborne data gained during DC3, a 10 year global climatology based on H,O remote
sensing data at 100 hPa (~16 km) from the Aura MLS was constructed to evaluate the DC3 region with respect
to injection of tropospheric air into the lowermost stratosphere. The data set (2005-2014) indicated that H,0
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mixing ratios were especially high over the DC3 region (and farther downwind) compared to other regions at
the same degree of latitude and altitude. One explanation for the frequent occurrence of convectively
transported water vapor in the LMS over this region has recently been given by Homeyer et al. [2014]: pole-
ward Rossby wave breaking was suggested to cause large-scale double-tropopause events. As a result the
reduced stability in the LMS may support the development of overshooting thunderstorms and the convec-
tive injection of H,0 to the LMS as we observed during DC3. Furthermore, the quasi-isentropic transport of
H,O from the tropics may also enhance H,O mixing ratios in the LMS over the Central U.S. in May-June as
suggested by Jiang et al. [2012, 2015]. Anderson et al. [2012] proposed that the injection of high amounts
of H,0 into the LMS has the potential to cause a halogen-driven ozone depletion. However, Schwartz et al.
[2013] found that at least for volumes appreciable compared to MLS averaging kernels, it is extremely rare
to have parcels wet enough and cold enough to cross Anderson’s threshold for rapid binary water-sulfate
aerosol growth and ozone-destroying chemistry and also to be stratospheric enough that there is appreci-
able chlorine to activate and ozone to destroy. In the vicinity of the thunderstorms probed during DC3 we
observed that mainly dynamical and not chemical processes controlled the O3 composition in the UT/LS
region, as summarized next and in HH2016.

Finally in the present paper a case study from 29 May 2012 was presented focusing on severe convection
developing overshooting tops which was probed by all three aircraft. The objective was to give a first glance
of the kind of observations made during DC3, especially to give an impression of the strength of the observed
DC3 storms and their impact on the trace species (O3 and aerosol) composition in the UT/LS region. A con-
vective line with several supercells developed over Texas and Oklahoma and was surrounded by emissions
from the Whitewater-Baldy Fire (and Little Sand Fire). A number of interesting observations concerning the
thunderstorm dynamics and transport mechanisms redistributing trace species inside and near thunder-
storms were made, and the interaction with wildfire emissions was studied.

1. Wildfire emissions were primarily present in two layers: BL up to ~5km and between ~7.5-8.5 km, and

aerosol backscatter was distinctly enhanced in both layers.

2. In the lower BB layer O mixing ratios were low (~70-80 nmol mol™").

3. The upper BB layer was partly uplifted in the vicinity of the supercell by weaker flanking convection

(and/or previous convection) and enhanced in O5 (up to ~110 nmolmol ™).

4. No distinct enhancement in aerosol backscatter was present in the main anvil outflow region (~9-12 km),

probably due to efficient washout processes.

The main cloud deck of the anvil outflow reached up to ~11-13 km.

Overshooting tops reached up to ~17-18 km.

The tropopause transition zone in the vicinity of the storms was highly variable (~11-17 km).

Besides the primary tropopause, two weaker temperature cappings were present above.

Anvil outflow was in the shape of an anvil dome caused by multiple tropopauses.

Large O3 gradients were observed in the anvil outflow region between in cloud and out of cloud.

05 mixing ratios were lower inside the anvil outflow (down to ~80nmolmol™") compared to the

background (~90 nmol mol~") due to upward transport from the LT.

12. Os mixing ratios were frequently higher outside and below the anvil outflow (up to ~100-200 nmol mol™")
compared to the background (~90 nmolmol™") due to a lower located tropopause and/or downward
mixing of Os-rich air from the stratosphere, as observed by Pan et al. [2014] for another DC3 case.

13. The back-sheared anvil upper level downdraft was found to be a ubiquitous feature throughout the
hour-long multi-Doppler analysis of two investigated supercells.

SO VXN W,

_ -

The impression from these first Falcon measurements during DC3 is that the downward (upward) transport of
O3-rich (Os-poor) air masses may play an important role in increasing (decreasing) upper tropospheric (lower stra-
tospheric) Oz in the vicinity of thunderstorms. Until now, the main focus of this type of studies was more on
photochemical O3 production and it was thought to be the dominating process causing Os enhancements in
the UT in the aged thunderstorm outflow [e.g., Cooper et al., 2009]. However, recently published measurements
with the DC8 Os-lidar during DC3 have shown that the downward transport of Os-rich air from the stratosphere
nearby thunderstorms with overshooting tops is an important transport mechanism not considered in this extent
until now [Pan et al,, 2014]. This pronounced transport mechanism in the vicinity of thunderstorms was also
observed during a number of other Falcon DC3 flights (e.g,, 30 May and 8 and 12 June) addressed in HH2016.
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Results from both remote and in situ airborne measurements during DC3 show that thunderstorms over the
Central U.S. generally cause a stronger redistribution of LNO,, H,0, O3, and aerosols in the UT/LS region than
previously thought. This result is in agreement with, e.g., Hegglin et al. [2004] who hypothesized that
extratropical deep convection may have a larger influence on the chemical composition of the lowermost
stratosphere than claimed by cloud-resolving models at that time.

Due to the extraordinary wide horizontal and vertical extension of thunderstorm anvils in the Central U.S. area
(several hundreds of kilometers and up to ~17-18 km, respectively), in addition to their frequent daily occur-
rence in the summer season (April-August), it is important to consider this type of mesoscale convection in
future climate model studies focusing on the chemical composition (especially Os) in the UT/LS region. We
highly recommend further combined, high-resolution model and airborne in situ studies (including lidar
measurements) in the UT/LS region over the Central U.S. combined with ground-based radar measurements
on this important topic, especially within the perspective of increasing global temperatures, frequency of severe
thunderstorms, and wildfire activity [Simmonds et al.,, 2005; Turetsky et al., 2011; Brooks, 2013; Romps et al., 2014].
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