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STARTO8 combined high-altitude long-range
aircraft, new chemical instrumentation, and

high-resolution meteorological models to map
the chemical and microphysical structure and
the major transport processes in the extratro-
pical upper troposphere and lower stratosphere.

several nations conducted atmospheric tests of nuclear weapons. It was thought these
NSF/NCAR Gulfstream V (GV) tests would be safe, in that most radioactive particles would fall out close to the test site
aircraft at Rocky Mountain  while the remainder would decay harmlessly in the stratosphere before eventually falling
Metro Airport, Broomfield,  jntg the troposphere. However, radioactivity appeared in eastern North American food only
Colorado, ready for the first 3. () fter weapons tests. In response, ground-breaking meteorological studies were carried
STARTO8 research flight, on U Yean ' RORSSE i 08
April 18, 2008. (Photo: James  Out that discovered processes responsible for rapid exchange of air between the stratosphere
Bresch) and troposphere (e.g., Reed 1955; Danielsen 1968). Over the next half century, P
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the study of stratosphere-
troposphere exchange
(STE) brought new under-
standing to many aspects of
atmospheric science beyond
that of radioactive fallout.
The upper troposphere
(UT) and lower stratosphere
(LS) are now known to be
strongly coupled through
transport processes that
are driven by both weather
systems and large-scale
stratosphere circulations
(Holton et al. 1995).
Chemically, the UT and
LS have distinct air masses.
The stratosphere is rich in
ozone but extremely dry,
with ~5 ppmv of water
vapor. The troposphere is
relatively ozone poor but
moist. The chemical gra-
dients across the tropo-
pause, especially those of
water vapor and ozone,
are important compo-
nents of Earth’s radiative
balance (e.g., Forster and
Shine 1997; Shepherd 2007).
Because many trace con-
stituents have relatively
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Fic. |. This schematic (based on Stohl et al. 2003) portrays important
processes that couple dynamics, chemistry, and cloud microphysics in the
UTLS region. STARTO08 targeted major transport processes that are indi-
cated by bold arrows. The dashed green line represents the time-averaged
tropopause. In the tropics, maximum outflow from deep convection occurs
near ~12-14 km, while the cold-point tropopause occurs near 17 km. The
intervening region has characteristics intermediate between the troposphere
and stratosphere and is termed the tropical transition layer (TTL). Extra-
tropical STE occurs in tropopause folds and intrusions linked with synoptic
weather systems; these events transport stratospheric air high in ozone into
the troposphere. Transport above the subtropical jet (ST)) couples the TTL
and the extratropical LS. In addition, synoptic-scale uplift (‘““warm conveyor
belts”’) and deep convection brings near-surface emissions of gases and par-
ticles into the upper troposphere, where they can strongly influence global-
scale chemistry. Here GW generation and breaking also contribute to the
mixing of chemical constituents in the UTLS.

long lifetimes in this part of the atmosphere, transport
processes play a critical role in determining trace
species distributions. Many meteorological phenom-
ena such as Rossby waves, gravity waves (GWs), jets
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and upper-level fronts, baroclinic disturbances, and
convection have ramifications for chemical trans-
port. UTLS transport, therefore, is an important
link in chemistry-climate interactions. For example,
will changing weather patterns in a future climate
redistribute radiatively significant chemical species
and pollutants? For these reasons, evaluating and
improving the representation of UTLS transport in
global Chemistry-Climate Models (CCMs) is a key
element of the ongoing CCM validation (CCM Val)
activity (Eyring et al. 2005).

Significant progress on these problems has been
made in the last 10 years using newly available high-
resolution meteorological analyses and Lagrangian
models (Stohl et al. 2003; Sprenger and Wernli 2003;
Wernli and Sprenger 2007). These analyses provided
a global perspective of preferred locations of STE
based on the variability of the meteorological fields.
In parallel with model studies, aircraft observations
have shown that relationships among chemical con-
stituents can be used to diagnose STE and mixing
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across the tropopause (e.g., Hintsa et al. 1998; Zahn
et al. 2000; Fischer et al. 2000; Hoor et al. 2002,
2004; Pan et al. 2004; Marcy et al. 2004; Pan et al.
2007). Despite significant progress, quantifying STE
remains a challenge. A detailed understanding of the
connections between dynamical processes and tracer
distributions is yet to be established.

Motivated by the needs for process studies and
diagnosis of CCMs, the Stratosphere-Troposphere
Analyses of Regional Transport 2008 (START08)
experiment was conducted, using the new National
Science Foundation (NSF)-National Center for
Atmospheric Research (NCAR) Gulfstream V (GV)
research aircraft, also known as the High-Performance
Instrumented Airborne Platform for Environmental
Research (HIAPER). The experiment was designed
to establish a better connection between the chemical
structure of the UTLS region and atmospheric dynam-
ics. A primary hypothesis was that measurements of
chemical distributions in well-defined meteorological
conditions could be used to identify tracer signatures
associated with the key transport processes near the
extratropical tropopause. The investigation focused
on the behavior of the extratropical tropopause as a
transport boundary and on the chemical distributions
and relationships associated with dynamical processes
in the UTLS (see Fig. 1). The contributing dynamical
processes include the breaking of Rossby waves; the
growth and decay of synoptic-scale waves, tropopause
folds, and warm conveyor belts; the devel-
opment of frontal systems; the initiation
and breaking of gravity waves; and deep
convection.

STARTO8 built upon the results and ex-
perience of the START05 experiment during
the initial flights of the GV aircraft. In addi-
tion to demonstrating the utility of the GV
for UTLS studies, STARTO5 flights observed
aerosol formation (Young et al. 2007), large-
scale transport (Bowman et al. 2007), and the
chemical structure of the tropopause (Pan
et al. 2007). The operational capabilities of
the GV aircraft developed during START05
were essential for planning the more com-
plex payload and goals of START08.

START08 was conducted during April-
June 2008. A comprehensive suite of trace
gas and microphysical measurements was
made in the tropopause region using the
GV, operating from the NCAR aviation
facility in Broomfield, Colorado. START08
shared its payload and flight operations
with test flights of the HIAPER Pole-
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to-Pole Observation of Atmospheric Tracers (pre-
HIPPO) experiment. Eighteen research flights (RFs)
totaling 123 flight hours were flown during 6 weeks
of operations: flights 1-12 during the spring phase
(15 April-16 May) and flights 13-18 during the sum-
mer phase (12-28 June). Extensive coverage of central
North America (25°-65°N, 80°-120°W; Fig. 2) and
altitudes from the surface to ~14.3 km were achieved.
The measurements targeted a number of different
meteorological scenarios, including intrusions of
stratospheric air into the troposphere by tropopause
folding, intrusions of tropospheric air into the lower
stratosphere associated with double tropopause events,
gravity wave generation by jets and fronts, and con-
vective transport to the upper troposphere. Several
flights surveyed the extratropical troposphere and
stratosphere, with many tropopause crossings. The
observations of chemical tracer variation and tracer—
tracer correlations will provide a set of “fingerprints”
that relate the meteorological fields and the UTLS
chemical distributions.

This overview describes the observational aspects
of the experiment, provides background informa-
tion for the research community, and gives some
highlights based on preliminary analyses. The initial
results indicate many possible areas of impact and
the broad reach of the experiment. Data analyses are
ongoing by the science team and current collabora-
tors. We invite the interest of the broader community

FiG. 2. GV ground tracks for the 18 research flights.
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investigating the extratropical tropo-
pause region. With the STARTO08
NO,NO,,0,,CO PANTHER; CLH payload its ceiling is ~14.3 km, which

e is well above the typical extratropical
tropopause, allowing measurements
in the lower stratosphere. Its flight
duration of ~8 h enables the GV to
sample a large geographic area in a
single flight. A GV flight can include
multiple profiles from the boundary
layer to the lower stratosphere. With
these capabilities, the GV can provide

Fic. 3. GV in flight as viewed during an airborne comparison during
STARTO8. Inlet locations for the 18 research instruments are
marked.

to utilize the STARTO08 data for their research. The
aircraft data are archived at the National Center for
Atmospheric Research for public use and are avail-

able online (at www.eol.ucar.edu/projects/start08/
STARTO08_HomePage.html).

DESIGN OF THE EXPERIMENT. Platform and
payload. The GV research aircraft is ideally suited for

high-resolution in situ observations
of synoptic-scale chemical and dynamical structures
as well as long-range surveys. At cruise altitude, each
sample in 1-Hz observations typically represents an air
mass of 200-250 m in horizontal scale.

In addition to standard measurements of atmo-
spheric state variables, the GV carried 18 research
instruments that measured a large suite of chemi-
cal species and microphysical parameters (Fig. 3;

TasLE I. GV research instrument payload. HAIS = HIAPER Aircraft Instrument Solicitation.

Instrument Measurement Name of princi?al investigator,
Institute

Chemical tracers
AWAS See Table 2 Atlas, HAIS/University Miami
Quantum cascade laser system (QCLS) CO,, CO, CH,, N,O Wofsy, HAIS/Harvard University
Fast ozone (Fast-O3) O, Weinheimer, HAIS/NCAR
Total reactive odd-nitrogen and nitric oxide Noy, NO Weinheimer, NCAR
Dual-beam UV absorption ozone photometer O, Gao, NOAA/ESRL/CSD
VUV resonance fluorescence co Campos, NCAR
Open path tunable diode laser hygrometer H,O vapor Campos, NCAR
:/VeétsiTEaLI)cavity surface emitting laser hygrometer H,0 vapor Zondlo, HAIS/SWS
PANTHER See Table 2. Moore/Elkins, NOAA
Airborne oxygen instrument (AO2) O,:N, Stephens, NCAR/RAF
cl‘:lful;:ﬂ:(l;:g:[l)c;s:;e device for unfractionated sampling O,N, Ar:N,, 'CO,, C*00 Stephens, NCAR/RAF
Cloud microphysics
Closed-path tunable diode laser hygrometer (CLH) Total water Avallone, University of Colorado
Small ice detector-2H (SID2) Small ice (2-60 mm) Heymsfield, HAIS/NCAR
2-D cloud particle imaging probe (2DC) Ice + rain (25-1600 mm) Cooper, NCAR/RAF
Cloud droplet probe (CDP) Cloud drop (2—60 mm) Cooper, NCAR/RAF
Condensation nuclei (water-CN) Condensation nuclei Rogers, NCAR/RAF

Remote sensing

Microwave temperature profiler (MTP) Temperature profile Mahoney, HAIS/JPL
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Table 1). Among the chemical species, ozone, water
vapor, and carbon monoxide are the most important
and widely used for diagnosis of transport. Carbon
dioxide, methane, and nitrous oxide are long-lived
tracers for transport and for identifying anthropo-
genic and biogenic influences. Nitric oxide and total
reactive nitrogen (NO/NO,), in addition to transport,
provide information about the impact of pollution,

aircraft emissions, and lightning sources to the
UTLS. Sulfur hexafluoride and carbon dioxide have
been widely used to diagnose the age of air in the
stratosphere through comparisons with well-defined
temporal trends in the troposphere. A large suite
of constituents with a variety of chemical lifetimes
was measured by the Advanced Whole Air Sampler
(AWAS), the Peroxyacetyl Nitrate (PAN) and other

TabLE 2. Trace gas measurements from the HAIS AWAS and PANTHER/UCATS instruments.
PAN- PAN-

THER/ THER/

UCATS AWAS UCATS AWAS
Chlorofluorocarbons | | Organic nitrates
CFC-11 (CCIF) v v Methyl nitrate(CH,ONO) v
CFC-12 (CCLF)) v v Ethyl nitrate(C,H.ONO,) v
CFC-113 (CCLFCCIF,) v Propyl nitrates(C,H,ONO,) v
CFC-114 (CCIF,CCIF,) v Butyl nitrates (C,H,ONO,) v
Halons Pentyl nitrates (C;H, ONO,) v
CFC-12bl (Halon 1211,CF,CIBr) v v Peroxyacetyl nitrate (CH,C(O)OONO,) v
CFC-I3bl (Halon 1301, CF,Br) v | Nonmethane hydrocarbons
CFC-114b2 (Halon 2402, CF Br.) v Ethane (C,H,) v
Hydrochlorofluorocarbons/hydrofluorocarbons Ethyne (C,H,) v
HCFC-22 (CHF,Cl) v v Propane(C,H,) v
HCFC-141b (CH,CFCL) v v Isobutane(C,H, ) v
HCFC-142b (CH,CF,Cl) v v n-Butane (C,H,) v
HFC-134a (C,H,F,) v v Isopentane (C,H,,) v
HCFC-124 (C,HCIF,) v n-Pentane (C,H,.) v
HCFC-123 (C,HCLF,) v Isoprene (C,H, ) v
HFC-152a (CH,CHF,) v Benzene (C,H,) v
Solvents Toluene (C,H,) v
Carbon tetrachloride (CCl,) v C,-Benzenes (C,H, ) v
Methyl chloroform(CH,CCl,) v | Other
Tetrachloroethylene (C,Cl,) v Methane (CH,) v v
Methylene chloride (CH,CI,) v Carbon monoxide (CO) v v
Chloroform (CHCI,) v Nitrous oxide (N,O) v v
Trichloroethylene(C,HCI,) v Hydrogen (H,) v
,2-Dichloroethane (C,H,Cl,) v Carbonyl sulfide (COS) v 4
Methyl halides and related compounds Dimethyl sulfide (C,H,S) 4
Methyl bromide (CH,Br) v v Carbon disulphide (CS,) v
Methyl chloride (CH,CI) v v Methyl-t-butyl ether (C,H,,O) v
Methyl iodide (CH,I) v v Methyl acetate/ethyl acetate v
Methylene bromide (CH,Br,) v Acetonitrile (CH,CN) v
CHxBryClz v 1,2 Dichlorobenzene (C,H,Cl,) v
Bromoform (CHBr,) v Perfluorocarbons
Ethyl bromide (C,H,Br) v Sulfur hexafluoride (SF6) v
n-Propyl bromide (C,H,Br) v
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Trace Hydrohalocarbon Experiment (PANTHER),
and Unmanned Aircraft Systems (UAS) Chromato-
graph for Atmospheric Trace Species (UCATS)
instruments (Table 2). These tracers provide comple-
mentary information for identifying the origin of air
masses and the time scale of processes involved. For
the microphysical studies, water vapor, total water,
and ice particle measurements over the size range of
2-1600 ym were made.

Flight scenarios. The objectives of START08 were ad-
dressed by a set of prioritized flight scenarios, each
designed for specific objectives. The scenarios are
as follows:

o UTLS survey—to obtain constituent distributions
and tracer relationships across the tropopause for
a range of thermal and dynamical conditions

o Stratospheric intrusions—to investigate strato-
spheric influence on the troposphere by mixing
and irreversible transport during tropopause
folds

« Tropospheric intrusions—to study the origins and
fate of air with tropospheric characteristics in the
lower stratosphere

« Convective influence—to investigate UT tracer
distributions influenced by convective transport
and lightning and to explore flight strategies for
measuring the influence of storms

o Cirrus layers—to examine cirrus cloud layers near
the extratropical tropopause

o Gravity waves—to observe the properties of grav-
ity waves generated by multiple sources, including
jets/fronts and topography

o Pre-HIPPO—to test instrument and aircraft per-
formance while profiling from the boundary layer
to the tropopause, a strategy needed for the global
HIPPO project

Each of the 18 flights was planned around one pri-
mary objective but often contributed to additional
objectives. Examples of several major flight scenarios
are discussed in next section.

Forecasting, nowcasting, and in-flight decision making.
Accurate and reliable forecasts and nowcasts were
critical to the success of the START08 experiment.
There were several challenging factors. Because the
mission objectives relied on specific meteorologi-
cal conditions, there was a need to identify possible
flight options several days in advance. Furthermore,
the relatively short time period of the experiment
and the need to meet the multiple objectives of the
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mission required flights roughly every other day.
These factors demanded multiday flight planning.
During the campaign, forecasts were made over large
geographic regions approximately 18 h in advance of
each flight to optimize the range and the duration
of the GV flights and to accommodate the relatively
long preflight preparations required by the chemical
instrumentation.

Forecasting and flight planning were supported
with multiple models and tools. The primary model
for flight planning was the National Centers for
Environmental Prediction’s (NCEP) Global Forecast
System (GFS) operational model converted from
its native-grid resolution of T382L64 to a 0.325° x
0.325° grid with 47 pressure levels. For this mission
we used twice-daily forecasts (0000 and 1200 UTC)
out to 54 h. Custom tools for interactively display-
ing cross sections of the GFS model output were
developed by the team to visualize the tropopause
structure, jet position, potential vorticity (PV), and
intrusions. The GFS ensemble forecasts were used for
longer-range logistical planning. In addition, high-
resolution Advanced Research Weather Research and
Forecasting (WRF; Skamarock et al. 2005) forecasts
were produced at Texas A&M (15-km-resolution
single run and a 45-km-resolution ensemble initial-
ized with a mesoscale ensemble-based multiphysics
data assimilation system; Meng and Zhang 2008a,b)
and NCAR (20-km-resolution initialized with GFS
analysis) to provide additional guidance.

Nowcasts were provided to the onboard mission
scientist to support in-flight decisions. It was an
essential element for the success of all flight scenarios,
and it was most critical during flights near convec-
tive systems. Satellite imagery, radar reflectivity, and
information from NCEP’s Rapid Update Cycle (RUC)
model were combined with real-time observations
from the GV to guide in-flight decisions for altitude
or course changes. The real-time data display capa-
bility on board the GV was a critical component of
in-flight decision-making. Chemical tracers such as
ozone, CO, and H,O were among the most valuable
indications of airmass type and airmass boundaries.
Temperature and wind speed were essential for
identifying GV position relative to the jet struc-
ture. The GV’s position was monitored in realtime
by displaying the flight track using Google Earth,
which has the capability of overlaying low-resolution
satellite or radar imagery. Weather updates were con-
tinuously provided to the onboard mission scientists
using Internet Relay Chat (IRC), which proved to be
an excellent means of communication between the
air and ground
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Satellite data and modeling. The in situ aircraft measure-
ments are complemented by global satellite data analy-
ses and multiscale models. Near-real-time data from the
Atmospheric Infrared Sounder (AIRS) on the National
Aeronautics and Space Administration (NASA) Aqua
satellite, the Infrared Atmospheric Sounding Inter-
ferometer (IASI) on the European meteorological
polar-orbiting satellite MetOp-A, and the Microwave
Limb Sounder (MLS) on the NASA Aura satellite were
produced for the experiment to provide a broader
context for the GV flights. To connect the observations
with the state-of-art models and to quantify observed
transport, a set of model studies was planned as a part
of the experiment. In particular, the NCAR Whole
Atmosphere Community Climate Model (WACCM,;
Garcia et al. 2006; Kinnison et al. 2007) was used to
simulate the meteorology and chemistry of the experi-
ment period. The high-resolution Lagrangian chemical
transport model [Chemical Lagrangian Model of the
Stratosphere (CLaMS); McKenna et al. 2002; Konopka
et al. 2007] will be used in postmission analyses to
examine the transport and mixing observed in the ex-
periment. High-resolution cloud-resolving simulations
with the Advanced Research WRF model are also part
of the postcampaign modeling effort.

EXPERIMENT HIGHLIGHTS. All seven of
the flight scenarios were successfully accomplished
during the experiment. Most of the objectives were
investigated on multiple flights. Here we present
selected results that highlight some of the major
processes examined during STARTO0S.

Tropospheric intrusion: RFOI, 18 April 2008. The ex-
istence of multiple tropopauses has been known for
more than a half century (e.g., Palmen and Newton
1969; Kochanski 1955). Evidence of subtropical
tropospheric air intruding deep into the extratro-
pical lower stratosphere has also been observed as
low-ozone laminae in ozonesonde data for several
decades (Dobson 1973; Vaughan and Timmis 1998).
Only recently has it been unambiguously identified,
using satellite data and high-resolution meteorologi-
cal analyses, that these low-ozone laminae are part of
stratified structures associated with the occurrence of
the secondary (double) tropopause (Pan et al. 2009).
Furthermore, analyses based on extensive coverage by
spaceborne GPS measurements indicate that double
tropopause events are more common than previously
documented (e.g., Schmidt et al. 2006; Randel et al.
2007). Thus, the question is how and to what extent
this type of event perturbs the chemical composition
of the lower stratosphere. Such events are capable
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of bringing tropical air (often of a photochemically
young age, containing more reactive species) into
the stratospheric overworld (Holton et al. 1995) at
high latitudes. The transport mechanism, spatial
structure, chemical composition, and impact on the
lower stratosphere are among the major issues that
STARTO08 was designed to address.

Forecasts of tropospheric intrusions were made
using the high-resolution GFS data. Following the
method demonstrated in Pan et al. (2009), the GFS
temperature forecasts were used to identify regions
with a double tropopause. The minimum static stabil-
ity between the two tropopauses and the altitude of the
minimum were calculated and used for flight planning.
Figure 4 shows the horizontal extent of the area with a
double tropopause, based on GFS, over North America
at 1800 UTC 18 April 2008 and the GV ground track
for RFO1. The minimum static stability between the
primary and secondary tropopauses is given by the
color shading. The purple and blue shadings indicate
regions where this layer has near-tropospheric static
stability. This layer is located ~3 km above the primary
tropopause (see Fig. 5a) and well north of the tropo-
pause break associated with the subtropical jet, which
lies along the southern edge of the United States.

A triangular flight path with several vertical
profiles was carried out to sample the vertical and
horizontal structures of the air mass associated with
the intrusion. Figure 5a shows the first leg of the GV
flight track and the vertical section of the along-track
static stability (d6/dz), which went northeastward
from Colorado to near the shore of Hudson Bay,
Canada. The cross section of the static stability shows
a layered structure with two stable layers, one near
300 hPa, associated with the primary tropopause,
and one above 100 hPa, associated with a secondary
tropopause. The layer of low-stability air in between
is centered around 150 hPa (~14 km altitude, 380 K
potential temperature). Vertical gradients of trace
species were measured for the altitude range from the
upper troposphere to the center of the low-stability
layer. The primary tracers, O, and CO, are consis-
tent with the dynamic variables in GFS analyses,
showing a sharp increase of ozone as the GV entered
the stratosphere and immediately dropped back to
near-tropospheric levels in the low-stability layer.
The behavior of the tropospheric tracer, CO, is op-
posite to that of O,, as expected. Together, the data
reveal anomalous values of O, (~150 ppbv) and CO
(~50 ppbv) at 380 K near 50°N.

Although this is the largest tropospheric intrusion
event observed during STARTO08, the influence of this
type of event was seen many times during the experi-
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ment. As a result, anoma-
lous values are observed
in all long-lived chemical
tracers and many inter-
mediate lifetime tracers.
Figure 6 shows the tropo-
pause referenced vertical
profiles of selected tracers.
The signatures of the tropo-
spheric intrusion are groups
of anomalous points ~3 km
above the tropopause. These
points are separated from
the expected stratospheric
behavior for the long-lived
tracers (months-years; O,
and N,O are given as ex-
amples). The signature is
no longer as apparent for
the shorter-lived species,
such as C ,H, (isobutane),
which has a lifetime of ~10
days. The impact of these
events on the age spectrum
of the extratropical lower
stratosphere will be a focus
of further analysis.

FiG. 4. Map shows areas with a double tropopause on 18 Apr 2008. All color-
shaded regions are having a double tropopause based on the 1800 UTC GFS
analysis. The color indicates the minimum static stability (in terms of potential
temperature lapse rate df/dz, in K km™) between the primary and secondary
tropopauses. For a vertical cross section that explicitly shows the tropopause
heights, see Fig. 5. The red line marks the ground track for RF0Il. The black
contours are the geopotential height at 250 hPa.

Stratospheric intrusion: RF04, 28 April 2008. Following
the pioneering work of Danielsen (1968), stratospheric
intrusions, in the form of tropopause folds, have been
the focus of a number of research aircraft investiga-
tions (e.g., Shapiro 1980; Browell et al. 1987; Cooper
etal. 2004, 2005; Pan et al. 2007). The preferred region
of these events has been examined on a global scale
using PV analyses (Elbern et al. 1998; Sprenger et al.
2003). The current interest of such events largely
relates to the impact on tropospheric ozone and the
behavior of the tropopause during this type of active
two-way exchange event. Since dynamical variables,
such as PV, and chemical variables, such as ozone,
may not have the same lifetime in the tropopause
region, meteorological analyses alone are not able to
quantify the impact of folding events on the chemical
structure of the UTLS. The START08 mission was
able to map the chemical structure of stratospheric
intrusions using the large suite of tracer instruments
on the GV. The ultimate goal is to link the dynamical
and the chemical behavior of the process. In particu-
lar, we will examine the irreversible mixing during
folding and its impact on chemical and dynamical
variables. Some initial results from RF04 are given
as examples.

334 | BAMS MARCH 2010

Flight RF04 targeted a stratospheric intrusion
event on 28 April 2008 associated with a long narrow
trough over the central United States. The northerly
polar jet accompanying this sharp trough (Fig. 7)
merged with the subtropical jet over Mississippi and
Alabama. In Fig. 8 the fold can be seen as the 2-PVU
(1PVU=10"°m?Kkg s™) potential vorticity surface
(purple) intruding underneath the jet (blue). The
flight strategy not only targets the airmass contrast
inside and outside the fold, as did in earlier studies
(Danielsen 1968; Shapiro 1980), but also the vertical
chemical discontinuity at the tropopause in the vi-
cinity of the fold. The aircraft made several transects
across the jet and the fold at different altitudes along
approximately 40°N. Several complete profiles from
~3 to ~14 km were flown to map out the chemical
gradient on both cyclonic and anticyclonic sides of
the jet. In the region of the fold, the thermal tropo-
pause (yellow) is widely separated from the 2-PVU
surface, reflecting a weak thermal gradient in the re-
gion. The correlation between ozone and CO further
indicates that a broad layer of mixed stratospheric
and tropospheric air exists in the region of the fold.
The stratospheric intrusion is therefore responsible
for a deep extratropical transition layer (ExTL;
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Fic. 5. (a) Vertical section of
selected dynamical variables
along the first leg of the RFOI
flight track (Colorado to Hudson
Bay; see Fig. 4). Colored image
indicates the static stability in
terms of the potential tempera-
ture lapse rate as in Fig. 4. The
typical tropospheric condition
is represented by purple shades
(up to 5 K km™). The typical
stratospheric condition is repre-
sented by the yellow-red shades
(>15 Kkm™). The blue and green
shades indicate transitional con-
ditions (5-15 K km™). Potential
vorticity contours are shown
in purple, and the tropopause
height (including both the pri-
mary and the secondary tropo-
pause) based on GFS is repre-
sented by black dots. The GV
flight track (multicolored line) is
colored according to the in situ
ozone values. (b) Selected mea-
surements for the same leg. The
aircraft flight level (gray), flight-
level potential temperature
(blue), ozone (red), and carbon
monoxide (green) are shown.

Fic. 6. Values of ozone (O,),
nitrous oxide (N,0), ethane
(C,H,), andisobutane (i-C H, )
from all flights during START08
as a function of altitude relative
to the tropopause. The ozone
data are from the NOAA UV
ozone photometer, subsam-
pled at a 10-s rate. The ni-
trous oxide data are from the
UCATS instrument. Ethane
and isobutane are from the
AWAS instrument. The black
lines indicate the expected
stratospheric behavior for
these species. The dashed
circles mark the anomalous
concentration due to the in-
fluence of the tropospheric
intrusions.
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FiGc. 7 (ToP). Synop-
tic-scale meteoro-
logical background
for 28 Apr 2008 and
the ground track of
RF04 (dark blue).
Jet streams are in-
dicated by 300-hPa
isotachs (light blue).
UTLS boundary
and horizontal gra-
dients at this level
are shown by 2- and

Pressure Altitude (km)

4-PVU contours 15 T y T T

(red). - 5

Fic.8(BoTTOM). Strat- g 12 > =
ospheric intrusion g e N\ 35" /]
sampled during 2 9r- =
RFO04, 28 Apr 2008. E o

(top) The 3D struc- o 6f @ <
ture of the ther- 3

mal (yellow) and g 3+ ) -
dynamical tropo- & S - !

pause (2-PVU sur- oL & N, ® . . :

face, purple), based 410 -105 100  -95 -90 -85
on 1800 UTC GFS Longitude

analyses, and the

GV flight track (black line). (bottom) The 2D cross section approximately
along 40°N latitude. Selected meteorological fields based on GFS analyses
area are shown [the thermal tropopause (cyan), potential temperature
(magenta), PV including the 2-PVU contour (black), and the jet core position
(gray shaded)]. The GV track is colored according to an O,-CO correlation-
based airmass identification (Pan et al. 2004) indicating stratospheric (red),
tropospheric (green), and mixed (blue).

ship of chemical species
and dynamical variables
such as PV; the origins and
the fate of the air mass in-
volved; and how well these
events are represented in
models.

Convective influence: RFI4,
I8 June 2008. Thunder-
storms alter the chemical
composition of the UT and
sometimes the LS through
rapid vertical transport
of insoluble constituents
from near the boundary
layer and through the
production of NO during
lightning discharges. The
extent and variety of con-
stituents added to the UT
will depend on the prox-
imity of the thunderstorm
to boundary layer pol-
lution or to locations of
strong ecosystem emis-
sions and on the frequency
and strength of lightning
activity. Additions of NO
from lightning and air-
craft or vertical transport
of other precursors to
peroxy radical formation
are a significant source of
ozone production in the
UT on regional and global
scales (e.g., Pickering et al.
1998; Cooper et al. 2007;
Hudman et al. 2007).

In situ study of the
hostile environment of
thunderstorms using in-
strumented aircraft is a
challenge (Ridley et al.
2004a; Schumann and
Huntrieser 2007). Fore-
casting storm development
often has considerable un-
certainty in space and time,
making flight planning

WMO 2003), a region strongly influenced by mix- difficult. Portions of several flights were used as a
ing. Further analyses will examine the impact of the learning experience for future investigations of deep

event to all trace gas species measured; the relation-  convection using the GV.
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Fic. 9 (Tor). Portion of the
GV flight track during RFI4,
18 Jun 2008, and radar reflec-
tivity from Minot, ND, at 2056
UTC. The yellow line is the
U.S.-Canada border. In situ
measurements during a GV
dip centered at 2105 UTC are
shown in next figure.

Fic. 10 (BoTTOM). In situ mea-
surements during RF14 on
18 Jun 2008 in the vicinity
of the MCS shown in Fig. 9,
including GV altitude (gray),
flight-level vertical motion
(magenta), and several chemi-
cal tracers such as nitric oxide
(black) from the NCAR NO/
NO_instrument, ozone (blue)
from the NCAR fast-ozone
instrument, carbon dioxide
(green) from the Harvard/
HAIS QCLS, and methyl iodide
(red) from the HAIS/AWAS.

As an example, RF14
allowed limited sampling
of a highly electrically

active mesoscale convec- s}

tive system (MCS) that ex- 390 - 5000
tended over North Dakota of

and southern Manitoba, sl 5000
Canada. Figure 9 shows — _ =] _

the ground track of the GV E & % 4000
superimposed on a radar %-10 R
reflectivity image of cloud 2 3 g 3000
field and radar reflectiv-  § [ g aga - ,‘:::
ity. The top of the con- 5_20 i g 2 000
vection was near 220 hPa.

Figure 10 shows that the sk P2 000
GV descended from 14 km

into the storm clouds to just a0k 0

~04
- 500
a0 %
=
[} ° g._
)
S 3008 =
E % 022
5 3 &
A
= =200 2
o1
- 100
Hdo oo

below 9 km where condi-

tions became sufficiently

turbulent, as indicated by

the vertical wind variations from ~+6 to —10 m s™,
that the GV ascended to its original altitude above the
MCS. The figure also shows that enhancements in NO
up to 4-7 ppbv were observed between 9 and 10 km,
indicative of the lightning activity. These mixing
ratio enhancements are comparable to observations
oflightning production of NO made in thunderstorm
studies over the U.S. Midwest (Dye et al. 2000) but
not as large as observed in some storms over Florida
(Ridley et al. 2004b). In situ tracers also provided

AMERICAN METEOROLOGICAL SOCIETY

20:45 21:00 21:15 21:30
Time (hh:mm) UTC

signatures of convective transport. In the center of
the convectively influenced air, low CO, concentra-
tion is indicative of biogenic uptake in the boundary
layer and subsequent rapid vertical transport. Simi-
larly, many short-lived species with emissions in the
boundary layer and normally low mixing ratios in the
UT were found to be significantly enhanced within
the convective updraft. As an example, methyl iodide
(lifetime ~4 days) is shown here. Finally, ozone varia-
tions reflect the complex flow around the convective
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system that influence UT composition. Higher ozone
at the boundary of the convective cloud suggests en-
trainment of air from the lower stratosphere, whereas
the central convective updraft contains low ozone,
typical of the boundary layer input. Further analyses
of this and other cases of storm-influenced air will
focus on characterizing convective transport signa-
ture and time scale using the tracers and the lightning
impact of NO in the upper troposphere.

Gravity wave: RF02, 21 April 2008. Gravity waves are
known to play an important role in the UTLS. In situ
measurement of terrain-induced GWs in the extratro-
pical UTLS region was a focus of a previous campaign
with the GV aircraft (Grubisi¢ et al. 2008), but the
role of jets and fronts in GW generation is not well
understood (Zhang 2004). Systematic observations of
jets and fronts as GW sources do not exist. One goal
of STARTO8 is to test how well the current generation
of mesoscale models predicts the excitation of GWs by
jets and fronts (Wu and Zhang 2004) and how tracer
measurements can contribute to our understanding of
GW breaking in the UTLS (Koch et al. 2005).

Flight RF02 on 21 April 2008 focused on GW exci-
tation from both jet/front and topography. The flight
tracks followed regions where gravity wave generation
was predicted by the real-time mesoscale analysis and
forecast system using the Advanced Research WRF
model (Skamarock et al. 2005) and an ensemble-based
multiphysics data assimilation (Meng and Zhang et al.
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2008a,b; Fig. 11). The GV ground track indicates the
sampling path in relation to the wave structure for an
8-h flight mostly in the lower stratosphere at an alti-
tude between 10 and 13 km. The GV measurements
of flight-level vertical motions show significant GW
with wavelengths ranging from 10 to 300 km. These
wave signatures are present in almost every leg of the
8-h flight, mostly in the lower stratosphere. Figure 12
displays a 2-h segment of the flight (from point B to
point A). Initial analysis shows that the mesoscale
component of the GW measured during the flight
had qualitative agreement to those predicted by the
15-km mesoscale model forecast. This result repre-
sents the first successful mesoscale model prediction
and high-resolution in situ measurement of these
types of gravity waves by a research aircraft. Future
work will examine the origin, dynamics, and impacts
of these gravity waves.

Profiling CO, from boundary layer to stratosphere. The
objectives of the pre-HIPPO flights were to test flight
patterns, instruments, and support requirements for
upcoming pole-to-pole global operations. During
the STARTO08 experiment, in addition to the payload
verification, a strategy of routine sampling from the
surface to ~14 km was successfully tested. A typical
pre-HIPPO flight pattern, shown in Fig. 13, consists
of multiple deep profiles. Profiling into the boundary
layer, as low as ~100 m above the surface, was typi-
cally accomplished by executing preplanned missed

08

0.6

04

0.2

0.0

-0.2

-0.4

-0.6

0.8

GV in situ measurements of vertical motion (m/s)

1.0 L . L . L . n n n
26 28 3.0 32 34 36 38 4.0 42 4.4 46

Flight Time (hour)

Fig. |1 (LErT). The real-time mesoscale forecast of gravity waves valid at 2100 UTC 21 Apr for RF02. Plotted are the

12-km pressure (gray contours, every 3 hPa), vertical velocity (every 3 cm s~

I; positive, blue; negative, red), and

horizontal wind speed (shaded every 5 m s~ for values >40 m s™'). The green lines are the approximate flight tracks
with A, B, and C as the flight turning points and point O as the location of the Rocky Mountain Metro Airport.
Fic. 12 (RIGHT). The GV flight-level aircraft measurement of vertical velocity (m s™') during a 2-h segment of
RF02 when the aircraft was flying from point B to point A, denoted in Fig. I1. A 60-s running average is applied
to the raw aircraft data. The average air speed for this leg was ~220 m s™'.
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approaches at selected airports. In
addition to payload and flight op-
eration development, pre-HIPPO
flights sampled the dramatic season-
al change of CO, flux (Fig. 14). Cross
sections of CO, and other trace gases
were sampled from ~25°N (Gulf of
Mexico) to ~65°N (Hudson Bay and
Yellowknife, Canada) for both the
spring and the summer seasons.

SUMMARY AND OUTLOOK.
The STARTO08 experiment succeeded
in measuring chemical distributions,
variations, and relationships associ-
ated with major transport processes
in the UTLS region and in observing
the different chemical gradient
across “flat” and “structured” tropo-
pause regions. Deep intrusions of

Altitude (km)

Fic. 13. GV flight track for RF10 from Colorado to Hudson Bay
showing the “missed approach” flight pattern and the GFS tropo-
pause (as in Fig. 8) for 1800 UTC 12 May 2008.

tropospheric air into the lowermost =7° & X .

stratosphere associated with the o ; 3580

secondary tropopause were observed "‘g

in situ for the first time with an :E; 2 ® e,

extensive chemistry payload. The g  _| A

data analyses and modeling of the E o

observed events should bring new % © -

insight into the mechanisms that @ |

control the chemical composition  © —>— 20080512

of the UTLS. Chemical tracers with N T 20080623

different emission regions and with a

wide range of lifetimes were sampled °C L

under a wide range of meteorologi- 1550 1650 1750 1850 380 384 388 302
cal conditions. These measurements

establish the STARTO08 dataset as CHg (ppbv) CO2 (ppmv)

a significant asset for quantifying
time scales of the relevant transport
processes and for connecting me-
teorological fields to the chemical
composition. The suite of tracers
also presents a unique opportunity
to characterize the chemical age and
age spectra (e.g., Schoeberl et al.
2005) of the UTLS region under

FiG. 14. Vertical profiles of methane (CH,) and carbon dioxide (CO,)
over the Hudson Bay lowlands on 12 May (RF10) and 23 Jun (RFI5)
2008. The profiles show seasonal deepening of the troposphere
(shown in CH, profiles) and the change in the near-surface gradient
of CO,, reflecting emissions of CO, by the land biosphere in May
and uptake in Jun. The data points represent a binned average over
a 200-m vertical range. The lines are produced by a fit with a low-
pass filter.

different conditions. Age spectra and age-of-air
characterizations have been useful diagnostics for
evaluating stratospheric transport in large-scale mod-
els (Waugh and Hall 2002 and references therein).
The measurements from STARTO8 provide the op-
portunity to extend these diagnostics to shorter time
scales and especially for the UTLS, a region of active
stratosphere—troposphere interactions (e.g., Ehhalt
et al. 2007; Scheeren et al. 2003).

AMERICAN METEOROLOGICAL SOCIETY

Detailed comparisons of models and observations,
along with process studies, will be major components
of the postcampaign analyses. A planned intercom-
parison of model simulations from WACCM and
CLaMS, one in an Eulerian and one in a Lagrangian
framework, will examine the strengths and weak-
nesses of each framework in representing the tracer
structure in the tropopause region and the mixing
processes that occur under different dynamical con-
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ditions. Moreover, high-resolution cloud-resolving
simulations with the Advanced Research WRF model
will be used to explore the dynamics and impacts of
smaller-scale processes such as gravity waves, convec-
tion, and turbulence in the UTLS region.

With the extensive spatial coverage and variety of
dynamical conditions sampled, START08 data make
an important addition to an aircraft-based UTLS
trace gas climatology (Tilmes et al. 2010, manuscript
submitted to J. Geophys. Res.). The statistical char-
acteristics of UTLS chemical constituents will be an
important reference for CCMs and for validating sat-
ellite data. These are among a wide range of problems
STARTO08 team and collaborators will pursue as part
of the postcampaign research activities.
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