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Abstract On 27 August 2013, during the Studies of Emissions and Atmospheric Composition, Clouds and
Climate Coupling by Regional Surveys field mission, NASA’s ER-2 research aircraft encountered a region of
enhanced water vapor, extending over a depth of approximately 2 km and a minimum areal extent of
20,000 km2 in the stratosphere (375 K to 415 K potential temperature), south of the Great Lakes (42°N, 90°W).
Water vapor mixing ratios in this plume, measured by the Harvard Water Vapor instrument, constitute the
highest values recorded in situ at these potential temperatures and latitudes. An analysis of geostationary
satellite imagery in combination with trajectory calculations links this water vapor enhancement to its source,
a deep tropopause-penetrating convective storm system that developed over Minnesota 20 h prior to the
aircraft plume encounter. High resolution, ground-based radar data reveal that this system was composed of
multiple individual storms, each with convective turrets that extended to a maximum of ~4 km above the
tropopause level for several hours. In situ water vapor data show that this storm system irreversibly delivered
between 6.6 kt and 13.5 kt of water to the stratosphere. This constitutes a 20–25% increase in water vapor
abundance in a column extending from 115 hP to 70 hPa over the plume area. Both in situ and satellite
climatologies show a high frequency of localized water vapor enhancements over the central U.S. in summer,
suggesting that deep convection can contribute to the stratospheric water budget over this region
and season.

1. Introduction

Water vapor in the upper troposphere and lower stratosphere (UTLS) is important both radiatively and
chemically. The flux of outgoing longwave radiation is especially sensitive to water vapor concentrations in
the UTLS [Held and Soden, 2000], with increases leading to cooling at these levels and warming at the surface
[Forster and Shine, 1999, 2002]. Indeed, Solomon et al. [2010] proposed that variability in lower stratospheric
water vapor concentrations has had a measurable influence on global surface temperature trends.
Additionally, the results of an analysis by Dessler et al. [2013] suggest that stratospheric water vapor may
constitute a positive feedback in the climate system, whereby a warmer climate leads to increases in strato-
spheric water vapor concentrations, which then contribute to further warming. Their estimates of the
magnitude of this feedback in W/m2 per degree warming indicate that stratospheric water vapor may be
important in determining the sensitivity of the climate system.

Water vapor is also integral to stratospheric chemistry as it is the dominant source of OH in the lower
stratosphere [Hanisco et al., 2001]. Furthermore, increases in stratospheric water vapor concentrations
can enhance the rates of several heterogeneous reactions that amplify stratospheric ozone loss by
promoting the uptake, growth, and dilution of the ubiquitous sulfuric acid aerosol [Carslaw et al., 1995;
Carslaw et al., 1997]. Given sufficient surface area and sulfate dilution, these liquid aerosols can become
highly efficient catalysts for the heterogeneous conversion of inorganic chlorine reservoir species to their
catalytically active free radical forms [e.g., Shi et al., 2001; Hanisco et al., 2002; Drdla and Müller, 2012;
Anderson et al., 2012, 2017].
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Despite the well-documented importance of UTLS water vapor to atmospheric chemistry and climate, the
processes that control its distribution in this region are not well understood. This is especially true in the
extra-tropics where several different dynamical mechanisms are capable of influencing UTLS water vapor
concentrations [Weinstock et al., 2007; Pittman et al., 2007; Ploeger et al., 2013]. The primary mechanism by
which air and water vapor enter the stratosphere, i.e., the Brewer-Dobson circulation (BDC), is characterized
by air gradually ascending across the tropical tropopause, and then progressing upward and poleward
toward higher latitudes, where it descends and reenters the troposphere [Brewer, 1949; Holton et al., 1995;
Holton and Gettelman, 2001]. As air ascends through the tropical tropopause layer, water vapor in excess
of the saturation mixing ratio condenses and is removed by sedimentation [Jensen and Pfister, 2004;
Fueglistaler et al., 2005, 2009; Schoeberl and Dessler, 2011]. Though there is debate regarding the efficiency
of this mechanism [Jensen et al., 2005, 2013; Fueglistaler et al., 2014; Schoeberl et al., 2014; Rollins et al.,
2016], tropical tropopause temperatures account for the typically dry conditions of the stratosphere, as well
as the annual cycle observed in stratospheric water vapor concentrations. When tropical tropopause tem-
peratures are colder in the winter, water vapor concentrations in the lower tropical stratosphere are lower,
and when tropical tropopause temperatures are warmer in the summer, water vapor concentrations are
higher [e.g., Mote et al., 1996]. The signature of this annual cycle persists as the air rises and moves poleward
with the BDC.

Extra-tropical tropopause-penetrating convection, the pathway under consideration here, provides a means
of directly injecting air and water, predominantly as ice, into both the middleworld stratosphere (altitudes
between the local tropopause level and the nominal level of the tropical tropopause at 380 K potential
temperature) and overworld stratosphere (>380 K potential temperature) [Hoskins, 1991; Dessler et al.,
1995]. In contrast to the slow ascent associated with the BDC, the convective mechanism effectively bypasses
the thermal control of tropical cold-point tropopause temperatures [Dessler and Sherwood, 2004]. In the
following analysis, we focus specifically on deep convective storm systems that occur over the Contiguous
U.S. (CONUS) during the summer and their impact on stratospheric water vapor concentrations over this
region and season.

Fundamentally, convection arises from the temperature difference between a parcel of warm air and the
cooler air surrounding it. Warm air, which is less dense, i.e., more buoyant, rises through the atmospheric
column and adiabatically expands and cools. When the temperature of the rising air parcel has cooled
sufficiently, the water vapor it contains will begin to condense and release energy (latent heat). This addition
of heat leads to further warming and facilitates the continued ascent of the parcel. If the surrounding atmo-
sphere cools quickly with height, it leads to unstable conditions, and the parcel will continue to rise until it is
at the same temperature as the environment, a level known as the equilibrium level, where it becomes
neutrally buoyant. This level is often near the tropopause. The anvil structure at the top of deep convective
storms is indicative of the level where the rising motion is stopped, and the mass has spread out horizontally.
If parcels within the convective core have enough upward momentum, however, as in the case of overshoot-
ing tops (OTs), they can continue to rise past their equilibrium level and penetrate into the stratosphere by
crossing the local tropopause level. The rising motion will continue until negative buoyancy in the strato-
sphere decelerates these overshooting parcels. The vast majority of themass transported vertically in convec-
tive overshoots rapidly descends back toward the equilibrium level in the upper troposphere. A fraction,
however, can detrain in the stratosphere via gravity wave breaking and turbulent mixing with stratospheric
air [Wang, 2003; Mullendore et al., 2005; Grosvenor et al., 2007; Homeyer et al., 2014a; Wang et al., 2011;
Homeyer et al., 2017]. These diabatic processes increase the potential temperature of the overshooting parcel,
making it neutrally buoyant at stratospheric altitudes, and result in the irreversible delivery of tropospheric air
and moisture to the stratosphere [Mullendore et al., 2005; Homeyer et al., 2014a, 2017].

Convective overshoots that penetrate the tropopause in both the tropics and the extra-tropics have the
potential to increase the humidity of the stratosphere, including the stratospheric overworld, through the
rapid sublimation of convectively lofted ice. This has been demonstrated in both modeling (tropics:
Grosvenor et al. [2007], Jensen et al. [2007], and Dessler et al. [2007]; extra-tropics: Wang [2003], Dessler and
Sherwood [2004], Le and Gallus [2012], and Homeyer et al. [2017]) and observational studies (tropics: Kley
et al. [1982], Corti et al. [2008], de Reus et al. [2009], Khaykin et al. [2009], Iwasaki et al. [2010], Sayres et al.
[2010], Sargent et al. [2014], and Khaykin et al. [2016]; extra-tropics: Poulida et al. [1996], Hegglin et al.
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[2004], Ray et al. [2004], Hanisco et al. [2007],Weinstock et al. [2007], and Homeyer et al. [2014b, 2017]). Most of
the water carried aloft in OTs is bound in the solid phase as ice, with the partitioning between the ice and
vapor phases determined by the very cold temperatures attained within these rapidly rising air masses
[Jensen et al., 2007]. Even a small volume of tropospheric air can carry a significant quantity of water in the
condensed phase. Mixing of tropospheric air with the surrounding stratosphere, which is typically subsatu-
rated [Smith et al., 2001], facilitates the rapid sublimation of convectively lofted ice. The expected lifetime
for ice in this dry environment, especially for particles with diameters <20 μm, is short [Jensen et al., 2007],
and as the ice sublimates, it moves the stratosphere toward saturation. The resulting mixed parcel, often
evident in observational data as a discrete plume, will exhibit a larger fractional change in water vapor than
in other long-lived trace species [e.g., Dessler and Sherwood, 2004].

The net contribution of deep tropopause-penetrating convection to stratospheric water vapor concentra-
tions is not well understood and is not well represented in global models because of the small spatial scales
and short time scales over which convection occurs. However, the model and measurement studies cited
above, and the results of this work, show that localized deep convective events can impact the chemical com-
position, in particular the moisture levels, of the stratosphere. Deep convection may also facilitate the rapid
transport of boundary layer species directly to the overworld stratosphere (model: Stenchikov et al. [1996] and
Mullendore et al. [2005]; observations: Fischer et al. [2003], Jost et al. [2004], and Ray et al. [2004]), possibly
including halogen precursors implicated in stratospheric ozone loss [Liang et al., 2014]. Given the potential
for changes to both convective frequency and strength in response to anthropogenic climate forcing
[Trapp et al., 2007, 2009; Van Klooster and Roebber, 2009; Booth et al., 2012], it is imperative that this convec-
tive term be well characterized for incorporation into prognostic coupled chemistry-climate models.

In the following analysis, we begin by showing the in situ record of encounters with plumes in the strato-
sphere characterized by large localized enhancements in water vapor, with a focus on those observed in
the overworld. The data were acquired by the Harvard Water Vapor instrument, flown aboard NASA’s WB-
57 and ER-2 aircraft, over a decade of missions targeting the central and south-central U.S. in summer.
Within this framework, we highlight the results of a singular plume observed on the ER-2 flight of 27
August 2013, during the Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling
by Regional Surveys (SEAC4RS) campaign in the summer of 2013. Next we identify the storm system that
was the likely source for this plume through a strategic combination of diverse data types and provide a
quantitative estimate of the water vapor irreversibly delivered to the overworld stratosphere via the this
storm system. Finally, utilizing both aircraft and satellite climatologies, we discuss the impact of
tropopause-penetrating convection on water vapor concentrations in the stratosphere within a larger seaso-
nal and regional context.

2. In Situ Observations of Convectively Sourced Plumes Over North America
2.1. Harvard Water Vapor Instrument

Aircraft data provide high spatial and temporal resolution measurements at a scale (1 Hz or a horizontal reso-
lution of ~200 m) that is well matched to the scale of convectively sourced water vapor plumes, which have
been observed to be a few hundred kilometers in horizontal extent and up to ~2 km in vertical depth hours to
days after the convective event. Simultaneous in situ measurements of the atmospheric state variables and
trace species reveal the physical and chemical properties of the background atmosphere, as well as the com-
position within these plumes in the UTLS. For this analysis, we use water vapor measured by the Harvard
Water Vapor instrument (HWV) and temperature and pressure obtained by the onboard Meteorological
Measurement System [Scott et al., 1990; Gaines et al., 1992]. The data, constrained primarily by limitations
in aircraft flight tracks, provide detailed information regarding the precise geographic location and altitude
of these plumes, their physical size, the magnitude of the moisture enhancement above the background
concentration, and additional chemical signatures arising from the mixing of tropospheric and stratospheric
air parcels associated with tropopause-penetrating storms.

HWV has a long history of acquiring data in situ in the UTLS aboard both NASA’s ER-2 and WB-57 air-
craft [Weinstock et al., 1994; Hintsa et al., 1999; Weinstock et al., 2006a, 2006b, 2009; Sargent et al., 2013].
The current version of the instrument, first flown in 2011, combines two independent measurement
methods for the simultaneous detection of ambient water vapor mixing ratios within a shared duct
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[Sargent et al., 2013]. This dual-axis
instrument combines the heritage
of the Harvard Lyman-α photo-
fragment fluorescence instrument
(Ly-α) with a custom tunable diode
laser direct-absorption instrument,
the Harvard Herriott Hygrometer
(HHH). The observed agreement
between these axes provides a strin-
gent constraint on the accuracy of
the measurements in both the
laboratory and flight environments.

The dual-axis HWV instrument
obtains 1 s measurements of ambient
water vapor mixing ratios from ~1 to
~500 ppmv. The typical measure-
ment accuracy for Ly-α (5–10% 1σ) is
determined through laboratory cali-
bration and is validated in-flight at
mixing ratios >100 ppmv by direct
UV absorption across the instrument
duct [Hintsa et al., 1999; Weinstock
et al., 2006a, 2009; Smith, 2012]. The
accuracy of HHH (5–10% 1σ) is cal-
culated from the uncertainties in

HITRAN spectral parameters [Rothman et al., 2009] and validated through comparisons with the Harvard
laboratory calibration system [Sargent et al., 2013]. The precision is typically better than 0.2 ppmv (Ly-α)
and 0.01 ppmv (HHH) in 1 s data, and additional laboratory tests constrain biases in the Ly-α and HHH detec-
tion axes to less than ±0.3 ppmv [Hintsa et al., 1999; Smith, 2012; Sargent et al., 2013]. In summary, the Harvard
Water Vapor (HWV) instrument is well suited to resolve the highly localized changes in ambient water vapor
associated with convective detrainment in the UTLS.

2.2. In Situ Record of Convectively Sourced Plume Encounters

Figure 1 shows in situ measurements of water vapor mixing ratio, measured by HWV (10 s data), as a
function of potential temperature. The data shown here were obtained aboard NASA’s WB-57 and ER-2
aircraft north of 25°N over the central U.S. during four missions that were staged out of Houston, TX, over
the past decade. Several distinct enhancements in water vapor, potentially tied to tropopause-penetrating
convection, are apparent in the data set. Water vapor mixing ratios in these moist plumes are elevated by
more than 3σ above the nominal 4–6 ppmv background. Individual plume encounters in the overworld
are color-coded by mission and labeled by flight date. The latitude and longitude coordinates for each
encounter are also indicated. The 370 K potential temperature surface, which is representative of the typi-
cal tropopause level for summertime missions over the U.S., and the 380 K surface, which marks the
boundary between the middleworld and overworld stratosphere, are shown for reference. What is note-
worthy about these plumes is (1) the magnitude of the enhancements, up to 12 ppmv above the back-
ground in the overworld, and (2) the altitudes within the stratospheric overworld at which they were
observed, up to nearly 440 K (~19 km).

During missions prior to the SEAC4RS campaign, the moist plumes evident in Figure 1 were encountered
serendipitously and were not intentional targets of study. In contrast, SEAC4RS explicitly sought to character-
ize the impact of deep convection on the chemical composition of the UTLS and overworld stratosphere
[Toon et al., 2016]. Indeed, with peak 10 s values between 10 and 16 ppmv, the plume encounter on 27
August 2013 during SEAC4RS (black stars) represents the highest mixing ratios ever observed in situ at these
potential temperatures (380–415 K) and latitudes (>40°N).

Figure 1. In situ water vapor data as a function of potential temperature.
Water vapor was measured in situ by HWV (10 s) over the central and
south-central U.S. during four summertime airborne missions: Aura
Validation Experiment Summer 2005 (AVE-2005), AVE-Water Isotope
Intercomparison Flights (AVE-WIIF), Tropical Composition, Cloud and Climate
Coupling (TC4), and SEAC4RS. Extreme moist plume encounters are labeled
by flight day. The starred points denote the plume encountered north of
40°N on the flight 27 August 2013 during the SEAC4RS mission. The
horizontal solid black line indicates the 380 K level, the lower boundary of the
overworld, and the dashed black line indicates the 370 K level, representative
of the typical tropopause level for summertime missions over the U.S.
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2.3. SEAC4RS Mission Overview

A central goal of NASA’s SEAC4RS
field mission, based out of Ellington
Field in Houston, TX, during August
and September of 2013, was to gain
an improved understanding of how
radiatively and chemically important
atmospheric constituents are trans-
ported vertically through the atmo-
spheric column, i.e., from the
boundary layer through the lower
stratosphere [Toon et al., 2016]. The
unique capabilities of the high alti-
tude NASA ER-2, which carried an
array of in situ instrumentation for
measuring water vapor, and other
long-lived trace gases provided the
means to (1) determine the depth of
tropopause-penetrating storms, (2)
examine the chemical impact of
convective penetration into the stra-
tosphere, and (3) probe the role of
the large-scale circulation, i.e., the
summertime, quasi-stationary North

American Monsoon upper level Anticyclone (NAMA) [Gill, 1980; Dunkerton, 1995], in determining the chemi-
cal composition of the UTLS. In total, seven flights during SEAC4RS targeted the NAMA specifically, with an
additional nine flights targeting the vertical distribution of trace species within the UTLS as well as the influ-
ence of convection on the stratosphere.

Figure 2 shows the vertical distribution of water vapor, as measured by HWV (1 s data), throughout the UTLS
for the entire SEAC4RS period. Together, Figures 1 and 2 capture two important features of the humidity
structure of the summertime stratosphere over CONUS: (1) a broad region of increased variability and season-
ally enhanced (>6 ppmv) moisture (bump) in the stratosphere between the nominal tropopause level and
~420 K and (2) distinct plumes with significantly elevated water vapor mixing ratios (extrema). To unequivo-
cally distinguish the extrema, they are defined here as mixing ratios that are greater than 3σ from the
SEAC4RS mission-wide mean. It is a central objective of the following analysis to show that these extrema
represent the characteristic signature of direct convective injection. Note that the majority of the extreme
values observed during SEAC4RS were observed during plume encounters on the flight of 27 August 2013.

2.4. SEAC4RS 27 August 2013 Plume Encounter

The 27 August 2013 flight provided key observational evidence wherein the ER-2 achieved all three of the
objectives outlined above. The large-scale dynamical setting was characterized by a well-defined anticyclonic
circulation in the UTLS common in the summer, i.e., the NAMA, which can increase the residence time of air
parcels over CONUS for an average of 5 days [Sun and Huang, 2015; Koby, 2016]. A strong gradient in tropo-
pause height in the proximity of the Rocky Mountains, i.e., low to the west and high to the east, marked the
western edge of this circulation, and the center was positioned over the north-central Great Plains [Toon et al.,
2016]. Additionally, real-time Next Generation Weather Radar (NEXRAD) Weather Surveillance Radar, 1988
Doppler (WSR-88D) reflectivity data revealed the locations of several recent deep convective storms over
the U.S., many of which were energetic enough to penetrate the tropopause [Toon et al., 2016]. The data
showed that the region extending from the Northern Great Plains to Southern Canada and eastward across
the Great Lakes was impacted by a series of large convective storm systems over a period of several days, and
forecast trajectory calculations were used to predict the storm outflow region and to direct flight planning.
Accordingly, on 27 August 2013, the ER-2 headed north out of Houston, TX, to sample vertical gradients
within the NAMA, as well as outflow from the recent storm systems.

Figure 2. SEAC4RS water vapor data as a function of potential temperature.
Water vapor was measured in situ by HWV (1 s) over the central U.S. during
SEAC4RS. The mission-wide mean profile is plotted in the solid black circles.
Also shown are the mean ± one and three standard deviations (solid and
dashed wavy black lines). The majority of the values in excess of 3σ (extrema)
were encountered on the 27 August 2013 flight (solid red circles). The hori-
zontal solid black line indicates the 380 K level, the lower boundary of the
overworld, and the horizontal dashed black line indicates the 370 K level,
which corresponds to the tropopause level throughout SEAC4RS. Note the
logarithmic scale on the x axis.
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Figure 3a shows the ER-2 flight track
for this day superimposed on a map
of the U.S., and Figure 3b shows the
corresponding time series of water
vapor mixing ratio and ambient pres-
sure (note the scales are inverted) for
the 27 August 2013 flight. Six vertical
sampling dives were executed along
the flight track to probe the chemical
composition of the UTLS within the
NAMA [Toon et al., 2016]. Moisture
plumes were encountered in the
overworld stratosphere on at least
two of these descent/ascent vertical
profiles. Figure 3c shows high-
resolution water vapor data acquired
by HWV (1 s) as a function of poten-
tial temperature during this flight.
Dive 4 (blue dots) reveals a plume of
significantly elevated water vapor
present above both the local tropo-
pause level and the 380 K surface
and evident up to 415 K. This encoun-
ter, which occurred just south of the
Great Lakes, registered the highest
stratospheric water vapor enhance-
ments of the mission, with mixing
ratios reaching 18 ppmv, or 11 ppmv
above a background of 7 ppmv at
380 K, and reaching 12 ppmv, or
8 ppmv above a background of
4 ppmv at 412 K.

Because the plume was sampled
during a dive, we have precise infor-
mation regarding its vertical extent
and structure. The locations of the
aircraft encounter with the plume
on descent and ascent of Dive 4 are
denoted by the two solid black dots
on the map in Figure 3a. The plume
extended from ~375 to 415 K (~115
to 85 hPa), corresponding to a depth
of ~2 km (15.8 to 17.8 km), and there
were two large magnitude water
vapor excursions (or plume “lobes”),
each with their own finer scale struc-
ture, which comprised the plume as a
whole. These features are evident in
both the descent and ascent profiles,
though the features in the ascent
profile are displaced vertically by
about �5 K in potential temperature.
The repetition of the vertical

Figure 3. ER-2 flight track, vertical profiles and time series for the 27 August
2013 flight. (a) The flight track is color-coded by segment. Plume encounters
on descent/ascent of Dive 4 (blue), which was executed just south of the
Great Lakes, are indicated by the solid black circles. (b) Water vapor mixing
ratio as measured by HWV and ambient pressure are plotted as a function of
flight time. Note that the scales are inverted. The aircraft performed six
vertical dives, color-coded to match the segments in Figure 3a. (c) Vertical
profiles of water vapor mixing ratio as a function of potential temperature
show the large enhancement sampled on Dive 4. The red lines (one for
descent and one for ascent) are profiles of the simultaneous saturation
mixing ratio with respect to ice (SMRice). Note the logarithmic scale on the
x axis. (d) Water vapor mixing ratio (blue) and potential temperature (black)
for Dive 4 are plotted as a function of flight time. The red dots correspond
to points along the flight track (10 s) that were used to initialize the back
trajectory analysis (see section 3.2).
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structure of the plume on descent and ascent, evident in the time series in Figure 3d, suggests that we
sampled the same outflow plume on both legs of this dive. Due to the limitations of aircraft sampling, it
is impossible to ascertain the full horizontal extent of the plume. Nonetheless, we infer that it extended
at least from the aircraft encounter on descent at its western edge (42.58°N, 90.96°W, 19:40 UTC) to the
aircraft reentry on ascent at its eastern edge (41.54°, 89.00°W, 20:00 UTC). This span is ~200 km primarily
in the zonal direction. Despite limited information about its true meridional extent, if we assume a quad-
rilateral area constrained by the aircraft locations at intercept, we estimate that it covered an area of at
least 20,000 km2.

3. Linking the Moisture Plume to Its Convective Source

To link the convectively sourced plume observed on 27 August 2013 to its source storm system, we employ
several complementary data types. In order, these include (1) results from an OT detection algorithm that
utilizes Geostationary Operational Environmental Satellite (GOES-13) infrared imagery to provide a record
of tropopause-penetrating convection across North America; (2) calculations of isentropic back trajectories
for air parcels initialized within the plume encounter along the 27 August 2013 aircraft flight track, which
provide a spatial and temporal history of air parcel motion; (3) a summary of the local meteorological condi-
tions at the time and location of the case study storm system highlighting several factors favoring convective
penetration of the stratosphere; (4) a composite analysis of data from the ground-based NEXRAD WSR-88D
precipitation radar network that provides a detailed 3-D history of the storm system; and (5) complementary
visible and infrared images of the same storm system from the GOES-14 satellite operating in super rapid
scan mode (1 min frequency) that show evidence for both overshooting tops and detraining above-anvil
plumes. A discussion of each of these data types and analysis results is provided below.

3.1. GOES-13 Overshooting Top Detections

In order to identify the storm system or systems that sourced the 27 August 2013 plume, it is necessary to
have a comprehensive continental scale catalog of deep convection. For the SEAC4RS mission, infrared
imagery acquired by the GOES-13 satellite (positioned at 75°W), which has an effective resolution of ~7 km
and a 15 min scan rate, was input into an algorithm developed and tested for the purpose of identifying
OTs, defined here as convective overshoots that penetrate the local tropopause level [Bedka, 2011; Bedka
et al., 2010, 2012]. The resulting OT product is ideally suited for identifying and locating deep convective
storms—evident as clusters of OTs—capable of lofting water (predominantly in the condensed phase) into
the stratosphere.

GOES-13 infrared brightness temperature data are used to detect cloud top temperature anomalies (cold
pixels) within larger thunderstorm anvils. Because overshooting parcels are rising and cooling adiabatically,
they can be colder than the surrounding anvil as well as the local lapse-rate tropopause, with the temperature
difference indicative of both the strength of the convective updraft and the depth of penetration. Therefore,
in the identification of OTs, two quantities are considered: the difference in temperature between OT candi-
dates and the surrounding anvil cloud and the difference in temperature between OT candidates and the
local tropopause as determined from Global Forecast System (GFS) Numerical Weather Prediction (NWP)
model output. If the measured quantities show that an OT candidate is at least 6 K colder than the anvil,
cooler than an adjusted tropopause temperature, and colder than 217.5 K, the OT is validated for the OT
product [Bedka et al., 2010]. These criteria in effect ensure that the final OT product consists of OTs that have
exceeded not only the anvil level but also the tropopause.

Comparisons with higher resolution satellite-borne instruments, the Moderate Resolution Imaging
Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite (VIIRS), have shown that
GOES-13 IR temperatures are biased warm. This is due to a combination of the sensor technology employed
by GOES as well as the coarse spatial resolution of GOES relative to the other sensors [Griffin et al., 2016]. This
warm bias does not impact the determination of the OT-anvil criterion as it is the relative temperature differ-
ence that is the critical quantity. In this case, the temperature of the surrounding anvil is determined by
averaging the temperature of all pixels with IR temperatures colder than 227.5 K that are 4 pixels from the
coldest pixel in the region of the candidate OT. A 4-pixel radius is selected to ensure that the anvil regions
being sampled are outside the range of the OT (typically 15 km maximum diameter). An adjustment,
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however, is required for comparison with the local tropopause temperature. The native resolution of the
GFS-NWP model used for the tropopause comparison is 0.5° × 0.5° × 64 hybrid sigma-pressure levels ×6 h
[Sela, 2009], and the tropopause is determined using the World Meteorological Organization (WMO)
lapse-rate definition [World Meteorological Organization (WMO), 1957], and then interpolated linearly in time
to the OT pixels. For simultaneously sampled OTs, the requirement that the GOES-13 IR temperature be less
than the GFS-NWP tropopause plus 5 K, to account for the GOES-13 bias, has been shown to be consistent
with the requirement that the MODIS/VIIRS IR temperature be less than the GFS-NWP tropopause.

The absolute height of the verified OTs is subsequently determined from knowledge of three terms: the anvil
height, the candidate OT-anvil temperature difference observed by GOES-13, and an assumed constant lapse
rate derived from simultaneous MODIS-CloudSat OT overpasses that quantifies the rate at which OTs cool as
they rise above the anvil (�ΔT/Δz = 7.3 K/km) [Griffin et al., 2016]. The anvil cloud height is determined based
upon a match between the anvil mean temperature and the GFS-NWP model temperature profile. The
relationship between temperature and altitude within the UTLS is then used to convert the OT-anvil tempera-
ture difference to an absolute altitude.

Uncertainties in the OT height determination arise from the facat that GOES-13 temperatures likely emanate
from an altitude ~1 km below the physical cloud height that would be measured by more precise instrumen-
tation, e.g., aircraft-borne and satellite-borne lidar [Sherwood et al., 2004;Minnis et al., 2008]. Additional uncer-
tainties associated with the lapse rate determination may also lead to a systematic underestimation of the OT
altitude above the anvil of ~1 km. In total, these factors suggest that the estimated OT heights may be as
much as 2 km too low. The net result is that the verified OTs are likely to have penetrated to higher altitudes,
i.e., deeper into the stratosphere, than recorded in the SEAC4RS OT product. Because the primary function of
the GOES-13 OT product in the present analysis is to identify convective storms characterized by frequent,
deep, tropopause-penetrating events during the SEAC4RS period, it is not necessary to identify every single
OT or to determine the exact OT height. Rather, the focus here is to identify prominent clusters of OTs that
penetrated the local tropopause.

For SEAC4RS, every available GOES-East and GOES-West scan was processed for the full duration of the
mission, even for the nonflight days, yielding a detailed and comprehensive data set of the location,
timing, and depth of stratospheric penetration of convective storms over CONUS. The output files
include the OT geospatial coordinates, time, overshooting intensity in degrees K—related to the
temperature difference between the OT and the anvil—and the estimated maximum cloud height for
each OT in meters.

3.2. Isentropic Back Trajectories and Candidate Storm Identification

Isentropic back trajectories (BTs), which represent the idealized motion of air parcels backward in time,
are used to link the in situ observations of elevated water vapor to potential convective sources identified
in the GOES OT data set. The trajectories are computed with the TRAJ3D trajectory model [Bowman, 1993;
Bowman and Carrie, 2002], which uses a fourth-order Runge-Kutta scheme to solve the kinematic equa-
tions of motion with a 30 min time step. Winds are taken from the interim reanalysis of the European
Centre for Medium-Range Weather Forecasts (ERA-I), which has a native resolution of
~0.7° × ~0.7° × 60 vertical levels ×6 h (~1 km vertical resolution in the UTLS) [Dee et al., 2011]. The
ERA-I model grids have then been interpolated to isentropic surfaces at 350, 370, 395, 430, and 475 K,
by the National Center for Atmospheric Research (NCAR), which makes the resulting files publicly avail-
able. Within TRAJ3D, the winds are interpolated to continuous parcel locations using linear interpolation
in space and time. Trajectories are computed isentropically; that is, the diabatic heating rate, dθ/dt, is
assumed to be zero. The total diabatic heating rate in the lower stratosphere is small, <0.5 K/d, so this
is a valid approximation over a 10 day period. Furthermore, because the trajectory calculations are purely
kinematic, no attempt is made to estimate mixing that occurs along the trajectories. Small clusters of
parcels (discussed further below) are initialized at the aircraft longitude, latitude, and potential tempera-
ture at 10 s intervals along the flight track and integrated backward in time for 10 days. The TRAJ3D
outputs for each parcel include Julian day, time of day in seconds, longitude, latitude, and altitude (poten-
tial temperature in K). In total, 23 initial locations were used within the descent segment of Dive 4 and 34
initial locations were used within the ascent segment, respectively.
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The temperature, pressure, and altitude along each BT were also calculated and output. Note that for isentro-
pic trajectories, the pressure, temperature, and altitude of the parcel can change as long as potential tem-
perature is kept constant. In addition to wind, the NCAR ERA-I product includes pressure (P (Pa)) and the
Montgomery stream function (M (J/kg)) on potential temperature surfaces. P and M at each BT location
and time were evaluated by linear interpolation. Temperature along the BTs was computed using T ¼ Θ·

P
P0

� �κ
in K½ � , with Θ equal to potential temperature, P the interpolated pressure, P0 the reference pressure

(equal to 101,325 Pa), and κ = R/cP = 0.286 for air. R represents the gas constant, and cP is the specific heat
capacity at constant pressure for dry air. The corresponding parcel geopotential height, Z, was computed
from Z= (M� cP · T)/g in [m], with g equal to the gravitational acceleration of Earth. The geopotential height
is nearly equivalent to the geometric height, only differing by 60 m at 20 km, due to the decrease in g with
altitude [Andrews et al., 1987].

Uncertainties in the trajectories can arise from multiple sources including errors in the ERA-I winds caused
by underlying observational or model errors; errors arising from the temporal and spatial resolutions of
the reanalysis model; unresolved components in the reanalysis wind field, such as convection; and
truncation error in the numerical scheme used to compute the trajectories. With a 30 min time step,
the truncation error is small compared to the other error sources [Bowman et al., 2013]. Uncertainties
in the analyzed wind direction are typically small except in areas of low wind velocity, and global root-
mean-square errors in wind speeds for ERA-I are on the order of a few meters per second at the altitudes
of interest [Dee et al., 2011]. A 1–2 m/s error in wind speed, for example, can lead to a maximum error in
parcel position of ~100 km (or 1°) over the course of a day; however, trajectories in the lower stratosphere
have typically demonstrated better agreement than this with atmospheric features observed by aircraft
and satellites for time scales up to a week [Schoeberl et al., 1993; Bowman, 1993; Bowman et al., 2007].
Strong vertical shear in the horizontal wind increases the sensitivity of the computed trajectory to initial
conditions, and additional uncertainty can arise from the 6 h synoptic reanalysis frequency. Finally, in the
presence of convection, the horizontal winds will have larger errors than normal due to the fact that
storm-scale convergence and divergence are not resolved in the reanalysis model.

To help account for these uncertainties in the trajectory calculations, a cluster of 27 parcels arranged in a
3 × 3 × 3 grid (±0.25° in latitude, by ±0.25° in longitude, by ±5 K in potential temperature, which is
roughly equivalent to 200 m in altitude) was initialized every 10 s along the aircraft track. The technique
of using a cluster instead of a single trajectory is similar to that employed by Sayres et al. [2010]. Whereas
a single trajectory offers a binary solution that can miss the impact of some convective systems due to
the aforementioned uncertainties, the cluster approach allows for a more lenient determination of
convective influence. Schematics illustrating the initialization of a cluster and its associated BTs are shown
in Figures 4a and 4b, respectively.

Figure 4. Representation of back trajectory initialization andmatch criteria. (a) To account for uncertainties in the trajectory
calculations, a cluster of 27 BTs was initialized every 10 s along the flight track. The center of the cluster was located at
the latitude, longitude, and potential temperature of the aircraft location (black circle), with the rest of the points
spaced ±0.25° and ±5 K from the center (solid red circles). (b) BTs were calculated, and data output every hour for a 10 day
period. An OT (dark gray circle) is flagged as a match if there is spatial and temporal coincidence between its match
criteria envelop (light gray shaded area) and a point along a BT (wavy lines). This schematic shows that two (solid lines) of
the three BTs shown fall within the match criteria envelope and one does not (dashed line). The matches are denoted
by the solid red circles. In this example, each BT matches the specified OT at two time steps.
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3.3. Identifying the Source Storm
for the 27 August 2013
Outflow Plume

To identify the storm system that was
the most likely source for the high
water vapor data observed on Dive
4 of the 27 August 2013 flight, we
designate an OT as a candidate when
there is temporal and spatial coinci-
dence between it and a point along
a BT initialized within the plume
encounter. To meet the criteria for
coincidence, a BT must pass within
1° in latitude and longitude and
within ±2 h of the OT occurrence.
The 1° criterion was selected to be
consistent with the integrated 1 day
uncertainty in position discussed
above, and the ±2 h window
accounts for the 1 h resolution of
the trajectory output as well as uncer-
tainties in the trajectory calculations
and underlying reanalysis wind

speeds. We also apply an altitude filter. We use the estimated OT altitude from the GOES analysis to select
for those OTs that either exceed the altitude of the BT at the matching location and time or are within
0.5 km of the BT altitude, i.e., if BTaltitude� OTaltitude is<0.5 km. Finally, the cluster of 27 trajectories initialized
around each flight point allows us to capture the sensitivity of the trajectory analysis to small changes in
initial conditions. We consider an OT to be a more likely candidate when a greater fraction of the BT cluster
meets the criteria listed above. The schematic in Figure 4b illustrates a match between an OT and a point
along a BT initiated within the plume.

Figure 5 shows the geographic locations of all GOES OT detections over North America for 10 days prior to the
aircraft encounter (light gray dots), those with cloud top altitudes greater than the local tropopause level at
16 km (dark gray dots), and those that met the spatial and temporal coincidence criteria, from the OT-BT
analysis (colored dots). In total, there were 27 × N trajectory runs, where N is the number of points initialized
within the aircraft plume encounter on descent and ascent (N = 57). The colored dots highlight every OT that
met the spatial and temporal match criteria for at least one of these 27 × N trajectories. We highlight those
OTs that exceeded 16 km because they represent the OTs most likely to lead to hydration of the overworld
stratosphere. Of the OTs that meet the spatial and temporal matching criteria, ~95% havemaximum altitudes
greater than 16 km.

The data show that during the 10 day period prior to the 27 August 2013 flight, there were three
primary areas of deep convective activity: (1) the region over the Sierra Madre in Mexico and the south-
western U.S., which is typically referred to as NAM convection; (2) the region off the southeast coast of
the United States and over the Gulf of Mexico; and (3) the region extending from the Great Plains to
Southern Canada and eastward across the Great Lakes. Limiting our selection to those OTs that meet
the match criteria (colored dots) causes the distribution to contract to a few discrete storm systems that
occurred between 10 h and up to 9 days prior to flight. The most recent of these is the storm system
that occurred over Minnesota and Wisconsin between 26 August 2013 21:00 UTC and 27 August 2013
12:00 UTC (hereafter MN-WI). In the following section, we demonstrate that this system is the most likely
source for the high water vapor values in the plume sampled by the ER-2.

Also plotted in Figure 5 are six trajectories, three from the cluster of 27 BTs initializedwithin the higher-altitude
plume segment encountered on Dive 4 descent (dotted lines) and another three that were initialized within
the higher-altitude segment on ascent (solid lines). These plume encounters on descent/ascent have similar

Figure 5. OTs 10 days prior to the plume encounter and BTs initialized within
the plume encounter. All OTs (light gray dots) for 10 days prior to the plume
encounter are shown on a map of the continental U.S. OTs with cloud tops
exceeding 16 km altitude (dark gray dots) and OTs that meet the coincidence
criteria for BTs initialized within the 27 August 2013 plume encounter
(colored dots) are highlighted. The color-coding corresponds to day of
month (MM/DD). Also shown is the ER-2 flight track with selected 10 day BTs
(curved solid and dashed black lines) initiated at the time and location of the
plume intercept on descent/ascent of Dive 4 (solid black circles).
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magnitude water vapor (>10 ppmv)
and occurred at similar potential tem-
peratures (~400–410 K). Some, but
not all, of the colored OTs meet the
match criteria for the six trajectories
shown. The trajectories illustrate the
flow pattern associated with the
NAMA circulation, demonstrating
that these air parcels were circulating
over CONUS for at least 3, and in
some cases, more than 10 days prior
to the aircraft plume encounter.
They also demonstrate the sensitivity
of the calculations to subtle differ-
ences in initial conditions. In this case,
the latitude and longitude of the
three trajectories in each set are iden-
tical, but the potential temperatures
differ by ±5 K (~200m) about the cen-
ter position located along the aircraft
flight track. Both sets of trajectories
show the divergence with time that
results from wind shear in the lower
stratosphere. Finally, the trajectories
suggest that the air parcels may have
been influenced by more than one
tropopause-penetrating convective
storm system during their confine-
ment over North America. Of the
three trajectories initiated at a point
during the descent encounter with
the plume (dashed lines), all three
pass through a region impacted by
the MN-WI storm system, and two of

the three pass in the vicinity of storms at the Arizona/California border, over the west coast of Mexico, and
over the Gulf of Mexico. If the time criteria between these BTs and the OTs are met, there is some likelihood
that each one of these storms could have contributed to themoisture observed at this point in the plume. The
most likely storm to have sourced the observed plume, however, is the most recent one, i.e., the MN-WI storm
complex because this storm shows the greatest coherence of trajectories for points initialized at comparable
altitudes during both the descent and ascent encounters.

Figures 6a and 6b show only those OTs that meet the spatial and temporal match criteria for BTs initialized
when the aircraft encountered the peak of the lower-altitude plume segment on both descent (19:42:34
UTC) and ascent (19:58:04 UTC) of Dive 4, respectively. The color coding in these figures corresponds to
the fraction of each BT cluster that satisfies the selection criteria, with the red colors indicating a higher frac-
tion (>80%) and thus a greater likelihood that an individual OT was a candidate for the observed water vapor
enhancement. These two figures broadly represent the results for 7 points that encompass the lower-altitude
lobe of the plume on descent and 6 points that encompass the corresponding lobe on ascent. In every case,
the storm system that developed and matured over Minnesota and Wisconsin (MN-WI) is the dominant
candidate. Though we cannot rule out potential influence from storms that occurred further back in time,
e.g., the clusters of OTs located over southwestern Arizona and along the west coast of Mexico roughly
3–7 days prior to the plume encounter, two features of the analysis lead us to conclude that the MN-WI storm
system is the primary source. (1) A majority of unique OTs (73%) in the cluster associated with the MN-WI
storm system meet the match criteria for points initialized within the plume encounter. (2) This is the only

Figure 6. Candidate OTs for individual plume points. (a) The location of all
OTs that meet the match criteria for a single point (red square) within the
plume encounter on descent of Dive 4 are shown. The color coding corre-
sponds to the fraction of the cluster of 27 BTs that meet the match criteria,
with red circles indicating >0.8 match. (b) Same as Figure 6a, but for a cor-
responding point (red square) within the plume encounter on ascent of Dive
4. The black arrows specify the location of the storm snapshot captured in
the NEXRAD maps shown in Figure 8.
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storm system that matches the plume encounter in its entirety, i.e., it is the only cluster with OTs that match
points initialized within both the upper and lower lobes of the plume during both the descent and ascent
encounters. (3) For nearly every point initialized within the plume, the BT analysis favors OTs within the
MN-WI storm system.

3.4. Meteorological Context

Themeteorological conditions over the U.S. near the end of August 2013 were ideal for generating the strong
tropopause-penetrating MN-WI storm system that originated on the western border of Minnesota around 27
August 2013 00:00 UTC and moved east across Wisconsin over the following five or more hours. Similar to a
long-term climatology for the region, the prevailing near surface circulation pattern at 850 hPa on 26 August
2013 was characterized by a northward flow carrying warm, moist air originating off the Gulf of Mexico, along
the eastern edge of the Rocky Mountains and across the northern Great Plains. This flow converged with a
weaker but predominantly eastward flow in the vicinity of the Canadian border and then turned east in
the vicinity of the Great Lakes with daily variations in its northerly extent. The flow at higher levels, e.g.,
500 hPa, for this period, originated with air coming off the Gulf of California and Tropical Pacific. This air
was carried north-northeast over the Rocky Mountains and then eastward over the northern Great Plains
as a part of the NAMA circulation. The combination of (1) a well-defined low-level jet between 850 and
900 hPa supplying moist air at low levels and (2) colder air aloft was ideal for the development of deep
convection as it led to steep tropospheric lapse rates and a corresponding decrease in atmospheric stability
[e.g., Brooks et al., 2003; Zipser et al., 2006].

Convective available potential energy (CAPE), a measure of the maximum kinetic energy available to an
ascending parcel (i.e., positive buoyancy), provides a means of predicting the intensity and updraft strength
of thunderstorms [e.g., Brooks et al., 2003; Holton, 2004; Trapp et al., 2009]. Observed values of CAPE in thun-
derstorm environments often exceed 1000 J/kg, with values greater than 4000 J/kg indicative of extreme
instability. Atmospheric soundings out of Minneapolis, MN, during 24 h prior to the development of the
MN-WI storm, showed large CAPE values ranging from approximately 2000 to 4000 (J/kg), confirming that
conditions were favorable for powerful storms.

3.5. NEXRAD Analysis of Storm Evolution and Stratospheric Penetration

The extensive coverage of the NEXRAD WSR-88D network throughout CONUS [Crum and Alberty, 1993], in
combination with the development of sophisticated data processing algorithms, has yielded a powerful high
spatial and temporal resolution product for three-dimensional studies of convection [Homeyer, 2014;
Homeyer and Kumjian, 2015]. Individual radar volume scans from multiple radars are merged into high-
resolution three-dimensional composites every 5 min on a regular 0.02° (~2 km) longitude-latitude grid with
1 km resolution in the vertical. We use this processed NEXRAD data to provide a detailed account of the struc-
ture and time evolution of the MN-WI storm system identified by the OT and BT analysis shown in Figure 6.

We employ one of several available radar variables: the radar reflectivity at horizontal polarization, ZH, typi-
cally expressed in units of decibels of the radar reflectivity factor Z (dBZ). Z is a function of both the number
of cloud particles per unit volume and cloud particle size, with its value proportional to the sixth moment of
particle diameter (D6) assuming spherical particles. The NEXRAD WSR-88D radars are capable of reliably
detecting cloud particles producing echoes (nonzero values of ZH) as small as �42 dBZ and as large as
75 dBZ, with the smaller reflectivities detectable at ranges nearer to the radar location. Deep convection is
typically characterized by a column-maximum ZH in excess of 45 dBZ, and the echo top (or storm top) altitude
is the highest level in each radar composite column that is equal to or greater than a specified threshold. The
echo top altitudes shown here are for a radar reflectivity threshold of 15 dBZ. Uncertainties in the echo top
determination, which have been evaluated via comparison with higher-resolution vertically pointing radars,
are between 500 m and 1 km depending on coverage within the NEXRAD network [Homeyer, 2014].

Figure 7a shows a 15 h history of the maximum echo top height, expressed in both altitude and correspond-
ing potential temperature, determined at each location for the period from 26 August 2013 21:00 UTC to 27
August 2013 12:00 UTC using the 5 min composite data set. This window encompasses the full lifetime of the
MN-WI storm system. Due to the reduced density of the NEXRAD network in Northern Minnesota, the vertical
sampling is limited, and there is larger uncertainty in the echo top determination in this region (~1 km).
Nonetheless, it is clear that the candidate storm system penetrated both the local tropopause level and
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the overworld stratosphere. The pur-
ple colors represent storm tops at or
exceeding 17 km (~400 K), and in
the most intense regions, penetra-
tions regularly reached or exceeded
18 km (~425 K). Furthermore, the
NEXRAD 15 h history shows that
there were at least five individual
long-lived (>2 h) storms present
within the larger system. These indi-
vidual storms, evident as thin wavy
white lines, were tracked utilizing
the objective storm-tracking method
described by Homeyer et al. [2017].
Each one had echoes extending well
above the tropopause level during
its lifetime.

Figure 7b shows the same data with
the maximum storm top altitude
referenced to the local tropopause.
The tropopause used in conjunction
with the NEXRAD data is derived
by applying the WMO lapse-rate
definition [WMO, 1957] to ERA-I out-
put on model levels. Tropopause
altitudes are then interpolated line-
arly in space and time to the higher
resolution radar grid for comparison.
The agreement between tropopause
altitudes computed from ERA-I and
radiosondes is typically within
~500 m [Solomon et al., 2016;
Homeyer et al., 2017]. The fact that
the MN-WI storm system penetrated
the local tropopause level frequently
over the course of its lifetime is evi-
dent. The pink to red colors indicate
regions where the radar observed
storm tops at altitudes greater than
the local lapse-rate tropopause. The
depth of stratospheric penetration
was as much as 4–5 km, and the
strongest (deepest) storm was
located farthest to the west over cen-

tral Minnesota. The NEXRAD record of the location and time of tropopause-penetrating storm tops also pro-
vides independent verification of the GOES-13 OT product.

The NEXRAD composite data show that a considerable area of the overworld stratosphere was exposed to
convective overshoots and turbulent mixing leading to the potential for large enhancements in stratospheric
water vapor concentrations. The data set also provides the means to objectively quantify the area impacted
by tropopause-penetrating convection over the lifetime of the MN-WI storm system. The area of storm tops
exceeding the local tropopause level was determined from 5min radar volumes over the domain of themaps
in Figure 7. The cumulative sum of the 5 min data yields a total area impacted of 113,620 km2, and the total
area impacted without counting every 5 min occurrence independently yields a value of 36,786 km2. The

Figure 7. Maps showing the15 h evolution of stratospheric penetration
depth for the candidate storm system using NEXRAD data. (a) The maxi-
mum storm top altitude recorded at each location between 21:00 UTC on 26
August 2013 and12:00 UTC on 27 August 2013 from 5min NEXRADWSR-88D
radar composites, expressed in both altitude and the corresponding poten-
tial temperature. This interval encompasses the full lifecycle of the MN-WI
storm system that was identified in the GOES OT and BT analysis. The color-
coding corresponds to the storm top altitude (the 15 dBZ radar reflectivity
echo top), with the dark blue and purple colors indicating storm tops
reaching altitudes >15 km (>370 K). Several individual long-duration (>2 h)
storm tracks are evident within the larger complex (white arrows). (b) The
difference between the maximum storm top altitude and the altitude of the
local tropopause from ERA-I (~16 km) is shown for the same period. The pink
and red colors denote penetration into the stratosphere. The black arrow
specifies the location of the storm snapshot captured in NEXRAD data that is
shown in Figure 8.
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difference in these estimates arises from the fact that many locations along the storm tracks experience
multiple overshoots. Though the magnitude of the cumulative area estimate depends in part on the
motion of the storm relative to the temporal resolution of the radar product, it is clear that many regions
were subject to repeated or sustained tropopause-penetrating convection.

The NEXRAD data also reveal what is occurring at high spatial and temporal resolutions. Figure 8a shows a
map of column-maximum ZH over central Minnesota for a particularly severe period in the development of
the deepest storm at 00:45 UTC on 27 August 2013. A 2-D vertical transect along the line “A-B” in Figure 8a
is shown in Figure 8b. This figure reveals the depth of penetration of convection above the local tropopause
level (4–5 km), with the high ZH (values ≥30 dBZ) indicating that significant condensate was carried well into
the overworld stratosphere. Note that this image captures a single moment of the hours-long lifetime of just
one of the storm tracks evident in Figure 7a.

3.6. GOES-14 Images Showing Stratospheric Penetration and Plume Formation

Visible and infrared data from the GOES-14 satellite provide further evidence of convective penetration into
the stratosphere during this particularly intense interval of the MN-WI storm system. Both the position of the
satellite and its scan mode were well suited to probe the detailed structure and evolution of the storm.
GOES-14, which has an effective resolution of 6.4 km in the IR and 1.6 km in the visible, is positioned at
105°W and at this time was operating in “super rapid scan mode” [Schmit et al., 2013]. In this mode, images
are collected every minute with occasional gaps of up to 4 min.

GOES-14 observations in the visible show the locations of OT peaks and the shadows they cast on the
surrounding anvil. Shadow length and knowledge of the image time/day can then be used to derive the
above-anvil penetration height following the method described in Bedka et al. [2015]. Figure 9a shows a
visible image captured by GOES-14 at 00:41 UTC on 27 August 2013, and Figure 9b records the evolution
of estimated OT depth over the next 6 min. This time period is coincident with the NEXRAD radar reflectivity
data shown in Figure 8. Long shadow slant paths at dusk make the determination of tower altitudes more
difficult and considerably less accurate, and no height estimates were available after 00:46 UTC. However,
for the 6 min analyzed here, the above-anvil OT penetration height grew from 2.16 km around 00:40 to
2.83 km by 00:46, with an error estimate of ~0.25 km due to uncertainties in the determination of the shadow
length and geometry. A comparison of the temperature of the anvil dome in the immediate vicinity of the OT
(208 K) with the 00:00 UTC Minneapolis, MN, temperature sounding yields an anvil height of 17.5 ± 0.2 km,
which is consistent with the NEXRAD radar-reflectivity cross-section data shown in Figure 8b. Thus, with a
shadow-derived above-anvil OT penetration height of ~3 km, we estimate that the OT reached a max altitude
of ~20 km, or ~4 km above the local tropopause (16 km), confirming the NEXRAD peak echo top at 00:45 UTC.

Figure 8. High-resolution storm map and 2-D cross section showing 4–5 km penetration into the stratosphere. (a) This
map shows column-maximum radar reflectivity at a time of strong tropopause-penetrating convection (00:45 UTC on
27 August 2013) from composite NEXRAD observations. (b) A vertical cross section along the line labeled “A-B” in
Figure 8a highlights the depth of penetration above the local tropopause (as determined using 00:00 UTC radiosonde
observations from nearby Minneapolis, Minnesota). The reflectivity data reveal that significant condensate was carried to
altitudes >4 km above the tropopause level.
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GOES-14 visible imagery also pro-
vides direct evidence for the exis-
tence of cirrus plumes that have
detrained away from OTs at heights
above the anvil [Setvák et al., 2013;
Bedka et al., 2015; Homeyer et al.,
2017]. Plumes of condensate, directly
connected to OT locations, are evi-
dent in consecutive super rapid scan
images for this intense period of the
MN-WI storm system. The altered tex-
ture and shadowing associated with
these plumes provides evidence that
they are present above the level of
the anvil. The image in Figure 10a,
acquired at 00:11 UTC on 27 August
2013, reveals two active cirrus
plumes (green ovals). For these cirrus
plumes, the imagery shows material
being ejected from OTs on multiple
successive images. A long-duration
animation of super rapid scan ima-
gery from GOES-14 is provided as
supporting information to show the
evolution of OTs and above-anvil
plumes during this period. Recently
decayed OTs and detrained plumes
(yellow ovals) as well as older, diffuse
plumes from decayed OTs (dashed
yellow ovals) are also evident in this
visible image.

In contrast to actively rising OTs (cyan circles) that have colder tops than the surrounding anvil and tropo-
pause, material ejected from OTs that has recently irreversibly mixed with the surrounding stratosphere
(yellow ovals) will radiate at warmer temperatures than the anvil and tropopause. Both these cold and warm
anomalies are evident in the infrared image shown in Figure 10b. In this image, the anvil associated with the
storm cell on the right is predominantly composed of black pixels signifying a temperature of ~203 K (16 km,
380 K potential temperature), which is right at the level of the local lapse rate tropopause. The pixels in the
central rising OT are purple, indicative of a minimum temperature of ~197 K or ~6 K colder than the anvil.
Three other rising OTs (cyan circles) are also evident, two at the northeastern edge of the main cell and
one in the maturing storm cell on the left. This is the OT examined in Figure 9 at a time ~30 min earlier in
its development. In addition, there are two above-anvil regions that are radiating at warmer temperatures
(yellow ovals). Both regions are composed of red pixels (~208 K, 17.5 km, 420 K potential temperature) and
are surrounded by the black pixels of the colder anvil. These regions are approximately +5 K warmer than
the anvil, which is equivalent to an above-anvil height of ~1.5 km. Similar warm anomalies, indicative of
above-anvil plumes and detrainment, are evident throughout much of the lifetime of the MN-WI
storm complex.

In summary, the GOES-13 OT detections in combination with the processed NEXRAD data, and GOES-14
imagery, considered within the regional scale meteorological context, all indicate that deep, tropopause-
penetrating convection occurred frequently during the MN-WI storm system on 27 August 2013. The back
trajectory analysis shows that this storm system was the most probable source for the water vapor plume
observed by the ER-2 later that day. The plume represents the integrated effect of multiple OT events.
Indeed, the GOES-13 product identifies 1821 unique OTs in the domain of the NEXRADmaps for the 15 h per-
iod encompassing the lifetime of this storm system. Together, the radar data and satellite visible and infrared

Figure 9. GOES-14 visible imagery showing OT height above anvil. (a) This
image, recorded by the GOES-14 satellite during an intense period in the
development of the case study storm system (00:41 UTC on 27 August 2013),
highlights a single OT and the shadow it casts on the surrounding anvil
cloud below. The above-anvil height of the OT can be determined from the
measured shadow length in combination with time/day and geometry.
GOES-14 was acquiring images every minute during this period. (b) The
evolution of this OT over a 6 min interval. By 00:46 UTC the OT had
penetrated to a height nearly 3 km above the anvil.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026831

SMITH ET AL. CONVECTIVE PLUME CASE STUDY 15



imagery illustrate the processes of OT injection, mixing and detrainment of convectively lofted air and ice
that leads to the irreversible transport of water into the stratosphere.

4. Convection on the Broader Scale

For convection to irreversibly moisten the stratosphere, the storm systems must be powerful enough to
penetrate the local tropopause and deposit ice directly into the subsaturated stratosphere where it can
rapidly sublimate. There are several indications that North America, and the central U.S. in particular, is
subject to a greater frequency of summertime, tropopause-penetrating convective storm systems than other
regions at similar latitudes. Global distributions of deep convection show a high frequency of events over
North America, in particular, over the Great Plains states of the U.S., with some events extending as far as
50°N [Laing and Fritsch, 1997; Doswell and Bosart, 2001; Brooks et al., 2003; Zipser et al., 2006; Liu and Liu,
2016]. No other region at comparable latitudes exhibits such a high frequency of extreme convective storm
systems. Furthermore, because the altitude of the 380 K potential temperature surface decreases with lati-
tude, deep convective storms, i.e., those reaching or exceeding 16 km, are more likely to penetrate into
the overworld at higher latitudes.

Climatological studies of convection focusing on CONUS, made possible by the development of the NEXRAD
3-D, gridded, composite radar reflectivity data set, show that tropopause-penetrating convection over this
region has both a strong annual cycle and a characteristic geographic distribution [Solomon et al., 2016].
Solomon et al. [2016] evaluated maximum storm-top altitudes at 3 h intervals for 1 year (2004) of composited
NEXRAD data and determined the frequency, magnitude, and location of tropopause-penetrating storms by
comparison with the lapse-rate tropopause determined from ERA-I. They found that tropopause-penetrating
convection is most common in the north-central part of the U.S. (the Great Plains) and that there is a pro-
nounced seasonal cycle, with the majority of overshooting systems occurring between March and August.

Ongoing investigations of the NEXRAD data have expanded the analysis to examine tropopause-penetrating
convection over the U.S. for the months of March to August at 1 h intervals over 10 years (2004–2013) (J. W.
Cooney, private communication, 2017). The study domain extended from 69°W to 115°W longitude and 25°N
to 49°N latitude. As in Solomon et al. [2016], the geographic distribution of tropopause-penetrating storms
was found to favor the central U.S., with the very deepest storms (absolute altitude) occurring more fre-
quently in June, July, and August. Though there is significant interannual variability in the number of over-
shoots detected, there are on average ~46,000 overshooting convective updrafts for the months March

Figure 10. GOES-14 visible and infrared imagery of active and decayed plumes in the stratosphere. (a) Visible image
acquired at 00:11 UTC on 27 August 2013 showing active plumes (green ovals) of condensate ejected from active
OT regions. These cirrus plumes were evident on multiple successive images. (See also animation in the supporting
information.) Also evident are diffuse plumes from decayed OTs (dashed yellow ovals), and actively rising OTs (cyan
circles). The OT at the far left of the image is the one featured in Figure 9 at an earlier stage in its development. (b) The
corresponding image in the infrared. Actively rising OTs are evident as colder pixels above the warmer anvil below.
Plume material that has recently mixed with the surrounding stratosphere is evident as warmer red pixels (yellow ovals)
above the comparatively cooler anvil.
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through August or ~250 per day that reach or exceed 1 km above the local tropopause level over the analysis
region. It is estimated that approximately 50% (or ~125 per day) of these will surpass the 380 K potential
temperature level and reach the overworld. While convective penetration is a necessary but not sufficient
condition for hydration [e.g., Homeyer et al., 2017], deep, tropopause-penetrating storms constitute a
potentially important source for stratospheric water vapor over the U.S. in summer. Furthermore, the
confinement of air parcels within the NAMA may the effect of multiple storms over approximately week-
long intervals.

In the following sections we calculate the net contribution of the MN-WI storm system to the water vapor
budget in the overworld stratosphere, and then reexamine it within the broader context informed by the
NEXRAD climatology of convection summarized above, in addition to aircraft and MLS satellite climatologies
of convectively sourced extreme water vapor excursions over CONUS.

4.1. Estimated Contribution of the MN-WI Storm to Stratospheric Humidity Over the U.S.

We estimate the convective contribution from the MN-WI storm system by integrating the difference
between the profiles that sampled the plume on Dive 4 and an inferred unperturbed background profile.
The multiple vertical sampling dives executed during the 27 August 2013 flight provide the data to establish
a reliable background. An initial profile was determined by calculating the mean mixing ratio in each 0.1 hPa
bin from 150 hPa to 60 hPa. Because the water vapor extrema skew this simple mean profile, we calculate a
more robust bin-average profile by excluding all data greater than one standard deviation from the simple
mean. This adjusted bin-average profile is then extrapolated tomatch the dimensions of the original 1 s water
vapor data set. Figures 11a and 11b show the adjustedmean background profile (black), the measured values
(blue), and the absolute difference between the two (red) as a function of pressure, for Dive 4 descent and
ascent, respectively. The approximate potential temperature is shown on the right-hand vertical axis, and
the potential temperatures of individual water vapor extrema within the larger plume structure are identified
for both the descent and ascent profiles. In the regions immediately above and below the plume encounter,
themeasurements return to the nominal background value, with most of the data falling within the envelope
of one standard deviation from the mean. Two features mentioned in section 2.4 stand out in this figure: (1)
the distinct layering of the plume encounter, with peak values in each layer roughly double the background,
and (2) the similarity in the vertical structure between sampling on descent and ascent.

In order to quantify the convective contribution, we begin by calculating the fractional change in column
integrated water vapor for each vertical profile during the flight. To do this, we sum over the absolute differ-
ence between each of the measured profiles and the adjusted mean background profile from 115 hPa to
70 hPa and then divide by the corresponding sum over the background profile. The results for every dive des-
cent and ascent, expressed as a percentage change in humidity over the specified pressure range, are plotted

Figure 11. Vertical profiles of water vapor mixing ratio for Dive 4 of the 27 August 2013 flight. (a) The calculated unper-
turbed background profile (black) and 1 s measurements from within the plume (blue) encountered on descent of Dive
4 are plotted as a function of pressure. The absolute difference (red) between these two profiles is also shown. Above
and below the plume regions, the difference is within one standard deviation of zero (thin black dashed lines). (b) Same as
in Figure 11a, but for Dive 4 ascent. Potential temperatures for individual high water vapor extrema within the larger
plume structure are identified for both descent and ascent. The approximate potential temperature coordinate is indicated
on the right-hand vertical axis.
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in Figure 12. For eight of the 12 verti-
cal profiles, the column integrated
percentage differences are within
±3% of zero. These profiles are indis-
tinguishable, in an integrated sense,
from the estimated unperturbed
background. There may be positive
and negative excursions over the ver-
tical range, but in the net, they can-
cel. Four of the profiles, however,
show significant deviations, with the
descent and ascent of Dive 4 exhibit-
ing the largest perturbations, 22.1%
and 21.7%, respectively. The fact that
most of the vertical samples yield
near-zero results lends credibility to
the estimated background profile
for this flight day. Furthermore, the
agreement in the column integrated

percentage change on both descent and ascent of Dive 4 provides quantitative validation that the same out-
flow plume extended over this geographic region.

To calculate the total mass of additional water vapor in the overworld stratosphere associated with this
plume, it is necessary to estimate the plume area. As stated in section 2.4, we had limited information about
the full horizontal extent of the plume, but using the locations of the plume intercept, which were nearly
equivalent at 70 hPa and 115 hPa, we estimate the area impacted to be 20,000 km2 over this pressure range.
This estimate constitutes a rational lower bound.

Solomon et al. [2016] show that there is a rapid decrease in overshooting volume with altitude above the
tropopause, which results from the fact that the number of overshooting events declines exponentially with
altitude. It is probable therefore that the area at the lower altitude/higher pressure levels is substantially lar-
ger than what was observed by the aircraft. Using the data from Solomon et al. [2016], we derived a simple
exponential equation to describe how the plume area decreases with pressure above the tropopause.
Given the observational constraint of 20,000 km2 at 80 hPa, we estimate the plume area at 115 hPa (near
the tropopause level) to be ~100,000 km2. This more sophisticated determination of the plume area, which
accounts for the change as a function of altitude, provides a reasonable upper bound for our calculations, and
is consistent with the independent estimate obtained from the NEXRAD 5 min composite data described
above, 113,620 km2.

Using these area estimates, we convert the absolute difference (Figure 11a and 11b) over the vertical column
from 115 hPa to 70 hPa to an integrated mass using the following equation:

Mass H2O Added to Column½ �115�70 hPa ¼

∫70 hPa
115 hPaArea Pð Þ· 1

g

� �
· Pð Þ·ΔH2O Pð Þ· 10�6

� �
·
18:02 g

mole H2O

28:97 g
mole AIR

·102 dP in kt½ �:

Area(P) is either a constant area of 20,000 km2 or allowed to vary with pressure, P, in hPa; ΔH2O(P) is the abso-
lute difference in water vapor mixing ratio in ppmv as a function of pressure; and g = 9.81m/s2. For a constant
minimum area estimate of 20,000 km2 throughout the column, the calculation yields a total change in water
vapor mass of +6.9 kt (with 1 tonne (t) = 1000 kg) when the measurements on descent are used and +6.3 kt
when the measurements on ascent are used. When we allow for a rapid decrease in area with altitude from a
maximum at the tropopause (115 hPa) of 100,000 km2, we obtain an added water vapor mass estimate of
13.5 ± 1.7 kt. We conclude, therefore, that the MN-WI storm system identified above irreversibly delivered
approximately 6.6–13.5 kt of water to the stratosphere, based upon the in situ observations acquired
10–20 h downstream from the storm.

Figure 12. Percentage difference in integrated column water vapor evalu-
ated for every descent/ascent profile of the 27 August 2013 flight. The ver-
tical range considered is from 115 hPa to 70 hPa. The indices correspond to
descent (D) and ascent (A) of each vertical sampling dive (#) (see Figure 3a).
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To determine the contribution of this storm system to larger geographical regions we must make an assump-
tion about the representative unperturbed (or background) mass of water in the stratosphere. The simplest
approach is to assume a constant stratospheric water vapor profile of 5 ppmv. The corresponding mass in the
column between 115 hPa and 70 hPa can then be computed for different geographic regions, with

Mass AIR in Column½ �115�70 hPa ¼ Area· 1=gð Þ· P115 � P70ð Þ·102 in kt½ �; and

Mass Background H2O in Column½ �115�70 hPa ¼
Mass AIR in Column½ �·5�10�6· 18:02 g

mole H2O
� �

28:97 g
mole AIR

in kt½ �

for a constant water vapor mixing ratio of 5 ppmv and Area in km2. In these calculations, we use a constant
area through the column. Table 1 shows the results of this approach. Using this method, the estimated per-
centage increase in water vapor due to an integrated addition of 6.6 kt over a column extending from
115 hPa to 70 hPa with an area of 20,000 km2 is 23%. Note that this result, which utilizes an assumed constant
background mixing ratio of 5 ppmv, is consistent with the more precise calculations shown in Figure 12. The
percentage contribution of this plume to larger geographical regions drops off as the fractional area occu-
pied by the plume decreases. For example, the estimated percentage increase for a region encompassing
the NAMA, i.e., 25°N–50°N and 80°W–105°W, is ~0.08% (~0.16%), and for a zonal band over CONUS, i.e.,
30°N–50°N and 65°W–125°W, it is ~0.04% (~0.08%). The values in parentheses represent estimates for the lar-
ger mass estimate. Globally, the total water vapor content of the stratosphere at pressures <100 hPa is
~1000 Tg or 1 × 106 kt. Thus, in the context of the stratospheric water vapor budget, the contribution of this
case-study storm system ranges from ~0.0007 to 0.0013%.

In order to place the individual storm system analyzed here within both a regional and global context, we
next examine aircraft and satellite climatologies of extreme events.

4.2. In Situ Climatology of Water Vapor Extrema Over North America in Summer

In situ water vapor data acquired by HWV (10 s) over 10 airborne missions from 1995 to 2013 are plotted as a
function of potential temperature and color-coded by season in Figure 13. The panels correspond to three
distinct geographical regions over North America. The greatest frequency of observed water vapor extrema
is in the late spring and summer months (May–June and July–August) over the central U.S.

These figures reveal three primary seasonal and geographical features of UTLS water vapor over North
America. (1) a seasonal cycle in water vapor is evident throughout the UTLS at levels below 440 K, with mean
values in the lower stratosphere higher in the late summer and early fall and lower in the winter and spring.
This result is broadly consistent with the analysis of 30 years of water vapor data acquired on soundings
launched from Boulder, CO [Hurst et al., 2011]. As Hurst et al. [2011] noted, both the magnitude and phase
of the seasonal cycle in water vapor evident at midlatitudes are consistent with the rapid transport of this
signal from the tropical lower stratosphere [e.g., Mote et al., 1996] to higher latitudes. (2) A difference in
the frequency and magnitude of water vapor extrema is evident for the spring/summer data acquired west
of the Rocky Mountains and the data acquired over the central and eastern U.S. Of the three regions plotted,
the greatest number of extrema is observed over the central and eastern U.S. throughout late spring and
summer. (3) There is a notable difference in the frequency of these extrema between the data acquired at
midlatitudes (30°–50°N) and data acquired in the subtropics south of 30°N, with the greater frequency of high
water vapor observations at midlatitudes. For this multimission data set the number of observations obtained

Table 1. Estimated Percentage Increase in Stratospheric Water Vapor Over a Column Extending From 115 hPa to 70 hPa Due to the Case Study Storm System for
Different Geographical Regionsa

H2O Added 6.6 kt (13.5 kt) Area (km2) Mass Air (kt) Mass H2O (kt) Background = 5 ppmv % H2O Mass Added

Plume (41.5°–42.6°N; 91°–89°W) 2.02 × 104 (1.00 × 105) 9.27 × 106 2.88 × 101 23
CONUS mid/NAMA (25°–50°N; 80°–105°W) 6.08 × 106 2.79 × 109 8.68 × 103 0.08 (0.16)
CONUS 30–50 (30°–50°N; 65°–125°W) 1.13 × 107 5.19 × 109 1.61 × 104 0.04 (0.08)
Zonal (30°–50°N; 180°W–180°E) 6.79 × 107 3.11 × 1010 9.68 × 104 0.007 (0.014)

aThe first column defines the bounds for each geographic region, the second displays the area of the region in km2, the third provides an estimate of the mass
of air contained with the volume described by the area and the 115 hPa to 70 hPa pressure levels, the fourth provides an estimate of themass of water in the given
volume assuming a constant background mixing ratio of 5 ppmv, and the fifth shows the percentage increase in water vapor resulting from an addition of 6.6 kt
(13.2 kt) of water, the amount attributed to the case study storm system as determined from observations 10–20 h downstream.
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at latitudes<30°N is 30% higher than
the number obtained over the cen-
tral U.S. during July and August in
the potential temperature range of
interest. Thus, while aircraft missions
are inherently limited in both their
temporal and spatial sampling cap-
abilities, sampling cannot explain
why the central U.S. in summer exhi-
bits a greater frequency of extrema.

While aircraft missions are inherently
limited in both their temporal and
spatial sampling capabilities, the fact
that the central U.S. in summer exhi-
bits a greater frequency of extrema
is unlikely a result of sampling. For
this multimission data set the
number of observations obtained
over the central U.S. during July and
August in the potential temperature
range of interest, 360 to 480 K, is
30% lower than the number obtained
at latitudes <30°N.

The correspondence between the
regional and seasonal distribution of
deep, tropopause-penetrating con-
vective storms and the frequency
distribution of water vapor enhance-
ments in the observational data set,
including in the case study analysis
presented here, suggests that these
storms are the most likely cause of
the observed extrema. Furthermore,
in situ and satellite observations of
enrichments in the heavy isotopolo-
gue of water, HDO, on both the
plume scale [Hanisco et al., 2007]
and the regional scale [Sayres et al.,
2010; Randel et al., 2012; Sargent
et al., 2014], provide additional confir-
mation that the extrema result from
the irreversible delivery of water vapor
as ice lofted by convection into the
stratosphere over the U.S. in summer.

4.3. MLS Satellite Climatology of
Water Vapor Extrema Over North
America in Summer

The Earth Observing System
Microwave Limb Sounder (MLS)
aboard the NASA Aura satellite

provides a homogeneous, near-global (82°N to 82°S) observational data set of many important trace
species, including water vapor in the UTLS [Read et al., 2007; Livesey et al., 2011, 2016]. Since its launch in

Figure 13. Vertical profiles of in situ water vapor data over the U.S. showing
when and where water vapor extrema have been observed. Water vapor
data from multiple missions measured in situ by HWV (10 s) are plotted as a
function of potential temperature (K). The colors correspond to period,
with the convectively quiescent period between September and February in
gray, and the periods of most frequent overshooting convection occurring
in the late spring and summer months in yellow and blue. The thin black
lines defining the nominal envelope of the observations are the same in each
plot. (a) Water vapor data selected to be between 135° and 115°W and
between 30° and 50°N. (b) Water vapor data selected to be between 115° and
65°W and between 30° and 50°N. (c) Water vapor data selected to be
between 135°W and 65°W and located south of 30°N.
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July 2004, MLS has supplied near continuous measurements leading to a long and valuable data set for
investigating the stratospheric water vapor budget, as well as seasonal-to-decadal scale variability in UTLS
water vapor. The stated uncertainty of the MLS water vapor product is ~10% at 100 hPa [Read et al., 2007],
and the spatial resolution is 3 km in the vertical and approximately 200 km in the horizontal. In the
following analysis, we use version 4.2 water vapor data at 100 hPa and follow the quality-control
recommendations of the MLS science team [Livesey et al., 2011, 2016]. There are some important limitations
to the MLS observations: (1) the sparse sampling of the North American continent on any individual day
and (2) the vertical and horizontal averaging, which significantly impacts both the number of extreme
events observed and their absolute magnitude. Despite these considerations, the broader statistics evident
in the geographical and seasonal distributions of MLS data shown below are robust and informative.

An examination of MLS monthly or seasonally averaged water vapor at 100 hPa reveals significant summer-
time enhancements over two regions in the Northern Hemisphere, the Himalayas in the Asian sector and the
central to southeastern U.S. in North America [Ploeger et al., 2013; Randel et al., 2015; Dessler and Sherwood,
2004]. Both regions occur in conjunction with upper-level anticyclonic circulations in proximity to monsoons
[Dunkerton, 1995; Gettelman et al., 2004]. This signal is also evident in analyses of other satellite data sets, such
as the Halogen Occultation Experiment and Atmospheric Composition Experiment-Fourier Transform
Spectrometer satellite instruments [Randel et al., 2001, 2012]. Additionally, applying a threshold of >8 ppmv
at 100 hPa, Schwartz et al. [2013] report a high frequency of water vapor extrema in the same two regions in
summer. In Figure 2 of Schwartz et al. [2013], the region with the greatest frequency of water vapor extrema
over Asia is centered near 25°–30°N and not clearly isolated from the subtropics. In contrast, the observations
of high water vapor over the U.S. extend to 50°N, where subtropical influence is significantly less likely and
local tropopause-penetrating convection is more probable.

Aggregate results of individual water vapor retrievals by MLS reveal many of the same features as the aircraft
climatology. In Figure 14 we show superimposed time series (black traces) of all MLS retrievals of water vapor
at 100 hPa for each year within a 12 year period (2005–2016) subdivided by geographical region (35 geo-
graphic bins encompassing CONUS). The data shown in each bin were acquired within the bounds of the
underlying latitude-longitude area, and the corresponding regional daily mean value for the 12 year record
is overlaid in pink. This figure shows the seasonal cycle in the underlying mean, as well as the variation in the
amplitude of the mean as a function of geographic location. The seasonal and geographical dependence of
the water vapor extrema is also evident.

Similar to what was found in the analysis of the in situ data, and consistent with the analysis of Schwartz et al.
[2013], Figure 14 reveals several features about water vapor in the lower stratosphere over North America.

Figure 14. Time series of geographically binned MLS water vapor at 100 hPa. Daily time series of 100 hPa water vapor
retrievals for each year from 2005 to 2016 are plotted (black traces) in boxes superimposed over their corresponding
geographical region. The daily mean values over the 12 year period for each geographical bin are shown in pink. These data
reveal the seasonal and regional localization of the water vapor extrema.
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(1) The seasonal cycle in the mean is evident at 100 hPa with the summertime maximum prominent at sub-
tropical latitudes and also evident at higher latitudes. (2) Many extreme water vapor mixing ratios are
observed by MLS. Because of vertical and horizontal averaging, the absolute magnitude of these observa-
tions is less than, but qualitatively similar to, the enhancements observed in situ by HWV. (3) As in the air-
craft climatology, these extrema appear almost exclusively within the continental interior, primarily over
the Great Plains east of the Rocky Mountains, and are observed as far north as 50°N. (4) There is a strong
seasonality in the occurrence of these anomalous water vapor enhancements. The extrema are observed
preferentially in the months of June, July, and August, with peak frequency in July and August. (5) The total
number of water vapor extrema in the summertime over CONUS (30°–50°N; 65°–125°W) exhibits large
interannual variability, with some years registering as many as 4 times the mean number. In summary,
the seasonal and geographic distribution of water vapor extrema evident in the MLS data set supports
the conclusions drawn from the more limited, but higher resolution, aircraft data set.

It is clear from both the in situ and satellite climatologies that the occurrence of stratospheric water vapor
extrema is highly dependent upon both geographic region and season. In the western hemisphere, the
central and southeastern U.S. in summer reveals not only the greatest frequency of these extrema but also
the largest magnitude water vapor mixing ratios. The case study plume encountered on the 27 August
2013 flight is an example of one such extremum, and we have tied the high water vapor mixing ratios evident
in this plume to a convective storm system that occurred approximately 12 h prior to the aircraft encounter.
Given the high frequency of tropopause-penetrating storms over this region and season evident in NEXRAD
data, it is likely that local convection is a dominant source of these extrema.

5. Conclusions

Deep convection over the central and eastern U.S. frequently penetrates the tropopause level. Turbulent pro-
cesses associated with overshooting convective cores can lead to the detrainment and mixing of water, pre-
dominantly as ice, which rapidly sublimates in the subsaturated environment. This mechanism provides a
means of irreversibly delivering water vapor directly into both the middleworld and overworld stratosphere,
bypassing the thermal control of tropical cold-point tropopause temperatures, which is considered to be the
primary constraint on stratospheric humidity. Moist plumes arising from these events are evident as water
vapor extrema in both high-resolution aircraft and global satellite data.

The SEAC4RS field mission staged out of Houston, TX, during the summer of 2013 provided multiple oppor-
tunities to sample convective outflow in the stratosphere with the high-resolution capabilities of NASA’s ER-2
high-altitude research aircraft. On the flight of 27 August 2013, the aircraft encountered a region of enhanced
water vapor, extending over a depth of ~2 km in the overworld (~380 K to 415 K), south of the Great Lakes.
The plume was sampled during the fourth vertical dive of the flight. The locations of the aircraft encounter on
descent at its western edge (42.58°N, 90.96°W, 27 August 2013 19:40 UTC) and ascent at its eastern edge
(41.54°, 89.00°W, 27 August 2013 20:00 UTC) are used to infer a minimum plume area of 20,000 km2. Water
vapor mixing ratios in the plume, measured in situ by HWV, reached 12 ppmv (8 ppmv above the nominal
background) in an upper lobe between 400 K and 415 K potential temperature and reached 18 ppmv
(11 ppmv above the nominal background) in a lower lobe between 375 K and 385 K potential temperature.
The magnitude of water vapor in this plume was unprecedented for the high potential temperatures and
latitudes at which it was observed.

Complementary data products derived from satellite and ground-based sources, in conjunction with isentro-
pic trajectory calculations, allow for the identification and characterization of the contributing storm system.
An OT detection product, derived from GOES-13 IR imagery, offers a comprehensive record of convective
activity over CONUS for the period of the SEAC4RS mission, and back trajectories provide the means to tie
individual points within the plume encounter to individual OTs. Results of the OT and BT analysis show that
a storm system that developed and matured over Minnesota and Wisconsin between 26 August 2013 21:00
UTC and 27 August 2013 12:00 UTC was the most likely convective source for the elevated water vapor
observed in situ on 27 August 2013.

A high-resolution 3-D data product derived from the NEXRAD network gives a detailed picture of the struc-
ture and history of this storm. The data demonstrate both the instantaneous penetration of the tropopause,
up to ~4 km into the stratosphere and 450 K potential temperature, in the convective core of one storm cell,
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as well as the long (>2 h) history of several independent storms within the larger system. The radar data
confirm that a considerable area of the lower stratosphere was exposed to convective influence, leading to
the large enhancement in water vapor observed in situ approximately 10 to 20 h downstream. Similarly,
super rapid scan GOES satellite imagery in both the visible and infrared provide an independent method
of visualizing the evolution of OTs and detrained plumes above the anvil.

Vertical sampling by the ER-2 makes it possible to calculate the net fractional change in the water vapor
column and to estimate the integrated quantity of water irreversibly transported to the overworld by this
particular storm system. Analysis of the in situ data shows that column water vapor over a range from
115 hPa to 70 hPa was elevated by ~22%, and estimates of the total mass of water vapor added to the lower
stratosphere are found to be between +6.6 kt and +13.5 kt approximately 10–20 h after convection. While the
contribution of this storm system is found to be small, ~0.08%–0.16% in the NAMA region, the integrated
effect of multiple storms over a period of a week or two, resulting from the confinement of air parcels within
the NAMA circulation, may become significant, particularly during years of frequent convection.

Both in situ and satellite climatologies of water vapor extrema show that the frequency of these events in the
Western Hemisphere is largest over the central and south-central U.S. in summer, broadly consistent with the
geographical and seasonal distribution of tropopause-penetrating convective storms. More work is needed
to quantitatively link the observations of overshooting convection in the GOES and NEXRAD composites with
the observations of both stratospheric water vapor extrema and the enhancement in mean water vapor over
the U.S. in summer. Similarly, analysis of the impact of convection on the broader chemical composition of
this region and season is warranted. Given the potential sensitivity of convective frequency and/or strength
to increased climate forcing from rising greenhouse gas concentrations, it is important that the details of this
mechanism be understood.
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