
JournalofGeophysicalResearch:Atmospheres

RESEARCHARTICLE
10.1002/2013JD020931

Key Points:

• Convective overshooting and trans-

port are sensitive to stratospheric

stability

• ARW-WRF model is capable

of simulating representative

convective depths

• Choice of model microphysics

scheme has negligible impact

Correspondence to:

C. R. Homeyer,

chomeyer@ucar.edu

Citation:

Homeyer, C. R., L. L. Pan, and M. C.

Barth (2014), Transport from

convective overshooting of the extra-

tropical tropopause and the role

of large-scale lower stratosphere

stability, J. Geophys. Res.

Atmos., 119, 2220–2240,

doi:10.1002/2013JD020931.

Received 24 SEP 2013

Accepted 21 FEB 2014

Accepted article online 24 FEB 2014

Published online 12 MAR 2014

Transport from convective overshooting of the extratropical

tropopause and the role of large-scale lower

stratosphere stability

Cameron R. Homeyer1, Laura L. Pan1, andMary C. Barth1

1National Center for Atmospheric Research, Boulder, Colorado, USA

Abstract Simulations of observed convective systems with the Advanced Research Weather Research

and Forecasting (ARW-WRF) model are used to test the influence of the large-scale lower stratosphere

stability environment on the vertical extent of convective overshooting and transport above the

extratropical tropopause. Three unique environments are identified (double tropopause, stratospheric

intrusion, and single tropopause), and representative cases with comparable magnitudes of convective

available potential energy are selected for simulation. Convective injection into the extratropical lower

stratosphere is found to be deepest for the double-tropopause case (up to 4 km above the lapse-rate

tropopause) and at comparable altitudes for the remaining cases (up to 2 km above the lapse-rate

tropopause). All simulations show evidence of gravity wave breaking near the overshooting convective top,

consistent with the identification of its role as a transport mechanism in previous studies. Simulations for

the double-tropopause case, however, also show evidence of direct mixing of the overshooting top into

the lower stratosphere, which is responsible for the highest levels of injection in that case. In addition, the

choice of bulk microphysical parameterization for ARW-WRF simulations is found to have little impact on the

transport characteristics for each case.

1. Introduction

Stratosphere-troposphere exchange (STE) changes the concentration and distribution of important

greenhouse gases in the upper troposphere and lower stratosphere (UTLS) and has been shown to have

significant impacts on chemistry, climate, and the radiation budget [e.g., Holton et al., 1995; Stohl et al.,

2003]. Most studies of STE focus on important large (planetary and synoptic) scale processes such as the

Brewer-Dobson circulation, Rossby wave breaking, and tropopause folding (or stratospheric intrusions), for

which broad aspects of the dynamics and chemistry are well known. Despite an extensive understanding of

large-scale processes, the role of transport at smaller scales (mesoscale or microscale) such as that in deep

tropopause-penetrating convection has not been well examined and is not resolved in current global cli-

mate models. In particular, convective transport occurs globally and has the ability to rapidly inject water

vapor and additional short-lived tropospheric boundary layer species into the dry lower stratosphere. How-

ever, the frequency, vertical extent, irreversibility, and sensitivity to the background meteorological state for

convective overshooting events are not well understood. In the tropics, deep convection is considered to

play a significant role in water vapor transport into the stratosphere, but whether the process dehydrates or

hydrates the tropical tropopause layer (TTL) is a topic of ongoing research [e.g., Sherwood and Dessler, 2000;

Jensen et al., 2007; Corti et al., 2008; Hassim and Lane, 2010]. In the midlatitudes, convective transport may

also play an important role in determining the water vapor variability in the extratropical lower stratosphere,

which has recently been shown to significantly impact the rate of global climate change [e.g., Solomon et al.,

2010]. In addition, Anderson et al. [2012] have recently suggested the possibility of chlorine activation and

associated ozone destruction from deep injection of water vapor into the extratropical lower stratosphere,

which could lead to significant impacts in the radiation budget and human exposure to UV radiation at the

surface if convective intensity and frequency were to increase in a warming climate. Understanding and

quantifying the impact of convective transport is a critical step for predicting chemistry-climate interactions.

There have been numerous observational studies that show direct and indirect evidence of STE in extra-

tropical convection [e.g., Poulida et al., 1996; Fischer et al., 2003; Fromm and Servranckx, 2003; Dessler and

Sherwood, 2004; Hegglin et al., 2004; Ray et al., 2004; Hanisco et al., 2007; Anderson et al., 2012]. The majority
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Figure 1. Illustrations of the three background states tested

in this study: (a) double tropopause, (b) stratospheric intru-

sion, and (c) single tropopause. (left) The dashed black

lines in the vertical sections identify the locations of (right)

the profiles of temperature (T, black) and static stability

(Brunt-Väisälä frequency squared, N2, gray), and the solid

and dashed orange lines in each vertical section show the

primary and secondary lapse-rate tropopauses, respectively.

of these studies focus on convective injection

of water vapor and additional tropospheric trace

gases into the extratropical lower stratosphere and

often show that convective transport and mixing

can be confined to distinct and shallow vertical

layers. In addition, most observational studies

of STE in convection involve aircraft measure-

ments, since measurements from other platforms

(e.g., satellite, radar, and sounding data) are

often limited in space and/or time and are not

capable of detecting transport and mixing at suf-

ficiently small spatial scales. Recent advances in

computational efficiency and numerical model-

ing, however, have enabled explicit simulation

of convection and associated transport in the

extratropical UTLS, which is a topic of research

that has received increasing attention [e.g., Gray,

2003;Wang, 2003; Mullendore et al., 2005; Lane

and Sharman, 2006; Chagnon and Gray, 2007;

Luderer et al., 2007; Chagnon and Gray, 2010; Tang

et al., 2011; Le and Gallus, 2012]. One of the main

findings from these numerical simulations is the

critical role of gravity wave breaking in facilitating

irreversible transport in overshooting convec-

tion. This prevalence of gravity wave breaking has

also been observed in modeling studies of over-

shooting convection in the tropics and is shown to

produce significant moistening of the lower strato-

sphere [e.g., Hassim and Lane, 2010]. In addition to

wave breaking, some simulations show that direct

mixing of the overshooting convective top into

the lower stratosphere is also possible [e.g.,Wang,

2003]. Further studies of simulated convection

are required to examine the sensitivity of trans-

port to model parameterizations, resolution, and initialization. Additional measurements of overshooting

convection are also required to examine the frequency and extent of STE and to validate the model results.

As previously outlined, one unknown factor in the occurrence and extent of overshooting extratropical con-

vection and transport is the role of the large-scale environment. Lane and Sharman [2008] have illustrated

the importance of lower stratosphere wind shear and stability in controlling the intensity and extent of grav-

ity wave activity (and related mixing) above overshooting convective clouds. In particular, the turbulent

intensity (mixing) and extent are directly related to the magnitude of lower stratosphere wind shear. The

lower stratosphere stability, however, is shown to play a less important role and affects primarily the extent

of wave activity, which decreases as the stability increases. More recently, aircraft observations of convec-

tive injection of water vapor into the lower stratosphere have shown that the depth of overshooting may

be largely determined by the stability of the lower stratosphere and that exceptionally deep overshooting

(up to 5 km above the lapse-rate tropopause) can be observed within regions of double tropopauses (C. R.

Homeyer et al., in preparation, 2013). An illustration of this large-scale environment is given in Figure 1a.

Figure 1a (left) shows a vertical cross section of the troposphere and lower stratosphere with an upper tro-

pospheric jet and tropopause heights superimposed, and Figure 1a (right) shows characteristic temperature

and static stability profiles on the extratropical (poleward) side of the jet. Large-scale double-tropopause

environments are primarily sourced by poleward transport of TTL air into the extratropical lower strato-

sphere at altitudes above the subtropical jet during Rossby wave-breaking events. This extension of cold

TTL air north of the subtropical jet introduces large decreases in static stability in the extratropical lower

stratosphere for several kilometers above the primary tropopause, and identification of the chemical
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characteristics of these large-scale transport events has received recent attention [e.g., Pan et al., 2009;

Homeyer et al., 2011].

An additional unique stability transition in the UTLS is associated with deep descent of lower stratosphere

air into the troposphere on the cyclonic side of an upper troposphere jet (a stratospheric intrusion or

tropopause fold), for which cyclonic stretching of the atmospheric column decreases the stability of the

lower stratosphere and broadens the otherwise sharp transition in stability at the tropopause [e.g., Reed,

1955; Keyser and Shapiro, 1986]. This large-scale stability environment has been a focus of previous studies

that evaluate stratosphere-to-troposphere transport in extratropical convection [e.g., Gray, 2003; Chagnon

and Gray, 2007, 2010]. An illustration of the large-scale environment during a stratospheric intrusion event is

given in Figure 1b. Although significant, the magnitude of the reduction in stability in the lower stratosphere

for a stratospheric intrusion is often less than that for the double-tropopause environment.

In the absence of unique stability environments introduced by the large-scale dynamical processes of

double tropopauses and stratospheric intrusions, the extratropical UTLS often resembles characteris-

tics representative of the climatological mean state. This large-scale environment is referred to here as a

“single-tropopause” case (Figure 1c) and is consistent with recent studies of high-resolution radiosonde data

in the extratropical UTLS. In particular, profiles for single-tropopause events are characterized by a sharp,

shallow temperature inversion above the tropopause that is associated with a large peak in static stability

(a tropopause inversion layer (TIL) [e.g., Birner et al., 2002; Birner, 2006]). The stability in the lower strato-

sphere above the TIL reduces slightly but remains significantly higher than that for double-tropopause and

stratospheric intrusion environments.

In this study, the influence of the large-scale UTLS environment on the extent of

troposphere-to-stratosphere transport in extratropical convection is examined using explicit simulations of

observed overshooting convection events at high horizontal and vertical resolution for each of the three

large-scale stability environments outlined above: double tropopause, stratospheric intrusion, and single

tropopause. In the remaining sections, an outline of the model used and cases chosen for simulations of

overshooting convection are presented. Because there are significant differences in the size and lifetime

of convective events between the three analyzed case studies, quantitative transport estimates are not

discussed. Any transport characterizations presented are qualitative and represent the fraction of the local

stratosphere that is influenced by convective injection rather than the mass flux across the tropopause.

2. Model Description andMethods

For simulations of convective overshooting, version 3.4.1 of the Advanced Research Weather Research and

Forecasting (ARW-WRF) model is used [Skamarock et al., 2008]. ARW-WRF is a fully compressible, nonhydro-

static three-dimensional cloud resolving model that is commonly used for mesoscale weather prediction.

ARW-WRF simulations with two-way nesting are performed, where a coarse outer domain provides bound-

ary values for the finer nested domain and the nested domain returns its calculation back to the outer

domain. Figure 2a shows the outer (d01) and nested (d02) domains for each of the three large-scale stabil-

ity cases. In each simulation, the horizontal resolution of the outer domain is 15 km and the resolution of

the nested domain is 3 km. Figure 2b shows the vertical resolution used for all domains, which is highest

in the boundary layer and UTLS (≤200m) and reduced in the middle troposphere and stratospheric “over-

world” (altitudes above 380 K potential temperature). For the three large-scale environments outlined in

section 1, real cases with comparable magnitudes of convective available potential energy (CAPE) were

identified using large-scale analyses, radiosonde data, and radar observations over the continental United

States. Although not shown, the CAPE for each case is near 1500 J kg−1 and the lower stratosphere wind

shear (up to 4 km above the tropopause) is 2–4m s−1 km−1 (small compared to the range tested in Lane and

Sharman [2008]). The duration of each model simulation is 24 h, initialized at 12 UTC on 8 April 2011 for the

double-tropopause case, 12 UTC on 21 May 2011 for the stratospheric intrusion case, and 12 UTC on 18 June

2011 for the single-tropopause case and retained for analysis at 1 h intervals.

It is important to note that there are some limitations for simulations with explicitly resolved convection

at horizontal grid spacing of O(1 km) that may directly impact transport and STE. In particular, simulations

at O(1 km) grid spacing have been shown to overpredict the horizontal scales of convective updrafts and

underpredict gravity wave and turbulence spectra generated by convection [e.g., Bryan et al., 2003; Lane and

Knievel, 2005; Bryan and Morrison, 2012]. However, the vertical velocity within simulated storms has been
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Figure 2. For ARW-WRF simulations, (a) outer (D01) and nested (D02) domains for the double-tropopause case (red),

stratospheric intrusion case (blue), and single-tropopause case (green), and (b) model vertical resolution as a function of

altitude. Black dots in Figure 2b show altitudes of the individual model levels.

shown to rapidly increase with decreasing grid spacing due to changes in nonhydrostatic pressure per-

turbation, which may partially compensate for decreases in convective updraft scales [e.g.,Weisman et al.,

1997; Cotton et al., 2011]. Although changes in quantitative transport estimates are likely for changes in the

model resolution, it is not known if changes in the qualitative aspects of transport (the focus of this study)

are significant. The results from Bryan and Morrison [2012] do show for an idealized case that although the

quantitative estimates of transport change when the horizontal grid spacing is decreased, the qualitative

aspects of transport are largely independent of model grid spacing, which provides increased confidence in

the results presented in this study.

In order to ensure that the full three-dimensional extent of overshooting storms and associated transport

are captured in the ARW-WRF simulations, a model top of 10 hPa (∼30 km) is used. In addition, because

ARW-WRF provides extensive options for the parameterization of cloud microphysics, moist convection, the

planetary boundary layer (PBL), and other physical processes and the goal of this study is to identify qual-

itative aspects of cross-tropopause convective transport, only the cloud microphysics parameterization is

varied for simplicity. The PBL parameterization used for all domains and simulations is the Yonsei University

scheme [Hong et al., 2006]. Because the grid spacing of the nested domains is not sufficiently small in

the horizontal, subgrid scale mixing in each simulation is accomplished in the vertical by the PBL parameter-

ization, while the Smagorinsky first-order closure is used in the horizontal. Potential differences in transport

for simulations where the vertical mixing is determined from three-dimensional turbulence closure, which

typically requires horizontal grid spacing less than 2 km, are not known. For moist convection, the modi-

fied Tiedtke parameterization is used in the outer 15 km domain [Tiedtke, 1989; Zhang et al., 2011], while

convection is explicitly resolved in the nested 3 km domains.

The choice to vary only the bulk microphysics parameterization (BMP) in this study is motivated primarily

by the goal of providing insights into qualitative differences in transport between the three large-scale sta-

bility environments. Although variations in additional physical processes such as the PBL parameterization

are expected to affect convective initiation, quantitative transport estimates, and the identified source air

mass (PBL, middle troposphere, etc.), extensive testing with the ARW-WRF model suggests that varying only

the PBL parameterization has little impact on the vertical extent of simulated convection (C. Stephan, per-

sonal communication, 2013). In comparison, the choice of BMP can have a large impact on the physical and

dynamical nature of simulated convection and its vertical extent [e.g.,Morrison and Milbrandt, 2011]. As a

result, an important goal of this study is to examine the fidelity of two classes of BMPs for providing rep-

resentative depths of tropopause-penetrating convection, which directly impacts the qualitative aspects

of transport above the tropopause. Two BMPs that explicitly predict cloud water, rain, cloud ice, snow, and

graupel are tested with the ARW-WRF model: Thompson [Thompson et al., 2008] and Morrison [Morrison et

al., 2009]. The Thompson BMP is a single-moment scheme with the exception of cloud ice. The common pre-

dicted moment of each hydrometeor is the mass mixing ratio, while the second moment for cloud ice is the

number concentration. In addition, the number concentration for rain, graupel, and snow in the Thompson

HOMEYER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2223



Journal of Geophysical Research: Atmospheres 10.1002/2013JD020931

BMP varies with the mixing ratio. The Morrison BMP is a double-moment scheme that predicts the mixing

ratio and number concentration of each hydrometeor. Apart from the differences in the number of moments

predicted between the Thompson and Morrison BMPs, the two differ in their treatment of snow. Snow in the

Thompson BMP is assumed to be composed primarily of fractal-like aggregates with a density that varies

inversely with size, while the Morrison BMP assumes constant-density spherical snow particles.

For model initialization and lateral boundary conditions of the outer 15 km domain, large-scale fields

from the ERA-Interim global atmospheric reanalysis produced by the European Center for Medium-Range

Weather Forecasts (ECMWF) are used [Dee et al., 2011]. The ERA-Interim fields are available every 6 h on a

0.75◦×∼ 0.75◦ (∼80 km) horizontal Gaussian grid and at 37 pressure levels in the vertical from 1000 to 1 hPa.

The ERA-Interim is chosen due to the availability of relatively high vertical resolution in the UTLS, which

is typically between 500 and 1000m, while that provided by most large-scale operational analyses in the

UTLS is 1000 to 2000m. In addition, lapse-rate tropopause information in the ERA-Interim and ARW-WRF

simulations is determined following the definition of the World Meteorological Organization (WMO): “the

lowest altitude at which the temperature lapse rate decreases to 2 K km−1, provided that the average lapse

rate between this level and all higher levels within 2 km does not exceed 2 K km−1”, where the lapse rate,

Γ, is defined as the negative of the vertical temperature gradient (Γ = −�T∕�z) [World Meteorologi-

cal Organization, 1957]. Additional tropopauses in the WMO definition are defined following the criteria

outlined above “if above the first tropopause the average lapse rate between any level and all higher levels

within 1 km exceeds 3 K km−1”.

Maps of upper tropospheric wind speed and geopotential height and vertical cross sections through the

regions of convective development from the ERA-Interim at 18 UTC on the start date for the three select

cases are shown in Figure 3. Corresponding temperature and static stability profiles within the regions of

convective development and at relative altitude to the primary lapse-rate tropopause are given in Figure 4.

In accordance with the WMO definition, green colors in the vertical sections of Figure 3 represent tropo-

spheric values of the vertical temperature lapse rate (i.e., Γ greater than 2 K km−1), and blue colors represent

stratospheric values. There is no well-defined subtropical jet for the double-tropopause case (Figure 3a).

However, a deep layer of tropospheric temperature lapse rates is observed in the extratropical lower strato-

sphere well north of the sharp decrease in primary tropopause heights from the tropics (∼16 km) to the

extratropics (∼12 km), producing an extensive double-tropopause feature over the central continental

United States. The corresponding profiles in Figure 4 show the large decrease in temperature and static

stability from 2 to 5 km above the tropopause associated with this poleward excursion of cold TTL air.

The stratospheric intrusion case (Figure 3b) is associated with a deep midlatitude low-pressure system near

the border of Nebraska and South Dakota. In the vertical section, potential vorticity contours on the cyclonic

side of the upper tropospheric jet show the descent of the intrusion into the middle troposphere (as low

as 6 km), with lapse rates near the 2 K km−1 tropopause threshold throughout the depth of the intrusion.

The corresponding temperature and stability profiles on the cyclonic side of the jet (blue lines in Figure 4)

illustrate the broad transition in stability near the tropopause and the decreased stability of the lower

stratosphere compared to the single-tropopause case.

The single-tropopause case (Figure 3c) is also within the Nebraska-South Dakota region, with extratropical

tropopause heights near 11 km. Despite the higher vertical resolution of the ERA-Interim, the vertical grid

spacing is often too coarse to represent the typically sharp temperature and stability inversion above the

extratropical tropopause observed from radiosondes, evident in the green profiles in Figure 4. The stability

throughout the lower stratosphere for the single-tropopause environment, however, remains significantly

higher than that for the double-tropopause and stratospheric intrusion cases.

For analysis of the vertical extent of simulated storms and comparison with observations, built-in routines

in the ARW-WRF model are used to compute the equivalent horizontally polarized radar reflectivity for a

10 cm wavelength (S-band) radar. These routines are based on that outlined in Morrison et al. [2009], tak-

ing into account Rayleigh scattering only (sufficient for comparisons with S-band radar) and the effects

of partially melted graupel and snow. The simulated cloud top, taken as the highest altitude of cloud

particle concentrations of 0.1 per liter, is also used to determine the vertical extent of each storm. Obser-

vational data used for comparison with the simulated fields are from the Next Generation Weather Radar

(NEXRAD) program Weather Surveillance Radar—1988 Doppler (WSR-88D) network in the continental

United States [Crum and Alberty, 1993]. The WSR-88Ds are S-band radars that are continuously operated
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Figure 3. Observed background meteorological states from the ERA-Interim for the (a) double-tropopause case valid at

18 UTC on 8 April 2011, (b) stratospheric intrusion case valid at 18 UTC on 21 May 2011, and (c) single-tropopause case

valid at 18 UTC on 18 June 2011. (left) The maps show (in Figures 3a and 3c) 200 hPa wind speed (m s−1 , color fill) and

geopotential height (dm, black lines), and (in Figure 3b) 300 hPa wind speed and geopotential height. (right) The vertical

sections show the vertical temperature gradient (K km−1 , color fill), wind speed (m s−1 , black lines), potential vorticity

(pvu (1 pvu= 10−6 Km2 kg−1 s−1), purple lines), primary tropopause (solid orange lines), secondary tropopause (dashed

orange line), and locations of the temperature profiles in Figure 4 (dashed black lines). In each map, the locations of the

vertical sections are given by the thick red line labeled “A-B,” and the locations of the temperature profiles in Figure 4 are

given by the black circle symbols along the red lines.

by the National Weather Service. For deep convection, WSR-88D data are provided by the National Cli-

matic Data Center (NCDC) on native spherical grids every 4–7min. The methods outlined in Homeyer

[2014] are used to create three-dimensional composites of the radar data at a horizontal resolution of 0.02◦

longitude-latitude (∼2 km) and 1 km in the vertical. Uncertainty in the altitude of a given convective system

from the composite radar data is about 500m.

For transport analysis, a set of seven passive tropospheric and stratospheric tracers are added to the

ARW-WRF model following Barth et al. [2012]. In addition to two tracers initialized throughout the depth

of the troposphere and the stratosphere, the remaining tracers are initialized in the boundary layer, middle

troposphere, upper troposphere, lower stratosphere, and stratospheric overworld. For analysis of convec-

tive injection into the lower stratosphere in this study, only one passive tracer is presented: the boundary

layer tracer. Little to no transport of middle and upper troposphere tracers above the tropopause was found

at any point during simulation for each case. We set the boundary layer tracer to 100% of each grid point

HOMEYER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2225
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Figure 4. Profiles of (left) temperature and (right) static stabil-

ity from the ERA-Interim for the double-tropopause case (red),

stratospheric intrusion case (blue), and single-tropopause case

(green) in relative altitude to the tropopause at the times and

locations given in Figure 3.

volume that lies at or below the altitude of the

PBL. The tracer is reset at these levels during

each model time step (2 s) to provide a con-

tinuous source of boundary layer air and to

account for diurnal variations in the PBL height.

The only pathway for transport of boundary

layer air to the stratosphere during each model

simulation is through moist convection.

3. Results
3.1. Storm Characteristics

Because the goal of this study is to identify the

extent of convective overshooting and trans-

port within various large-scale environments,

only model simulations from the nested 3 km

domains with explicitly resolved convection

are presented below. Although the simulated

and observed storms are not expected to be

equivalent, several studies have shown that state-of-the-art model simulations with explicitly resolved con-

vection (such as ARW-WRF) on horizontal grid scales less that 4 km are often capable of reproducing the

location, horizontal scale, and evolution of observed mesoscale convective systems (MCSs), though addi-

tional factors such as the timing and associated precipitation can show significant biases [e.g., Done et al.,

2004; Trier et al., 2012] Figure 5 shows observations of column-maximum radar reflectivity from the NEXRAD

WSR-88D network and that simulated in the ARW-WRF model using the Morrison and Thompson BMPs dur-

ing mature stages of the targeted convective systems for each of the three large-scale stability cases. The

times of the observed and simulated fields are equivalent, and the targeted convective systems are iden-

tified by the black ellipses in each case. Despite some expected differences in the timing and location of

the simulated storms, the extent and orientation of each system compare well with observations. For the

double-tropopause case (Figure 5a), the simulation with the Morrison BMP correctly predicts the evolu-

tion of one MCS that splits into two distinct MCSs: one that continues to travel north and east and another

that travels primarily eastward. Although this predicted evolution is correct, the observations illustrate that

the timing of the MCS split occurs too early in the simulation. The simulation of the double-tropopause

case with the Thompson BMP, however, does not produce the observed split and evolution of two dis-

tinct MCSs, with the southern portion of the system collapsing several hours prior to the given analysis

time. For the stratospheric intrusion case (Figure 5b), both BMPs predict a system with similar structure: a

large leading-line trailing-stratiform MCS to the north and a smaller convective line to the south and east.

The observations show that although the targeted convective system had similar structure, the northern

and southern components of the convective line have less asymmetry. For the single-tropopause case

(Figure 5c), the orientation and structure of the simulated storms from each BMP are nearly identical but dif-

fer from observations in the scale and organization of the targeted convective system. The observed system

is split into two distinct convective systems with clear separation in latitude, while the simulated systems are

more continuous with a smaller latitudinal extent.

An understanding of the vertical extent of the simulated convection is critical for evaluating the ability of

the ARW-WRF model to represent potential injection of tropospheric air into the lower stratosphere. For

each convective system, the three-dimensional NEXRAD WSR-88D composites provide an observed rep-

resentation of the vertical extent of each storm that can be compared to simulated reflectivity and cloud

fields from ARW-WRF. Because the NEXRADWSR-88D systems are not capable of sensing the cloud top, they

provide underestimations in the altitude of the observed storms which are expected to be small near deep

convection (< 500m) and larger in the trailing-stratiform and anvil regions where detectable hydrometeors

gradually settle [e.g., see Homeyer, 2014, Figure 6]. Figure 6 shows frequency distributions of the maximum

altitude of the 10 dBZ radar reflectivity surface from NEXRAD WSR-88D observations and ARW-WRF sim-

ulations, the ARW-WRF simulated cloud top, and the mean altitude of the primary lapse-rate tropopause

within 450 km× 450 km boxes centered on the location of the identified convective systems (similar to

the ellipses in Figure 5). These altitude distributions are for a single observation during stages of mature
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Figure 5. Maps of column-maximum radar reflectivity during select times of mature, tropopause-penetrating convec-

tion from (left) composite NEXRAD WSR-88D observations, (middle) ARW-WRF simulations with the Morrison BMP, and

(right) ARW-WRF simulations with the Thompson BMP for the (a) double-tropopause case valid at 03 UTC on 9 April 2011,

(b) stratospheric intrusion case valid at 02 UTC on 22 May 2011, and (c) single-tropopause case valid at 00 UTC on 19

June 2011. The storm systems analyzed in this study are identified within the black ellipses in each panel.

tropopause-penetrating convection for each case (see figure caption for exact date and time), and distri-

butions of the observed and simulated storm top altitude variables at additional times during the mature

stages of each storm are comparable. For all cases, altitude distributions of the simulated radar reflectivity

fields largely underpredict the observed distributions. Frequency distributions of the simulated cloud top,

however, are centered at altitudes slightly higher than the simulated and observed radar reflectivity fields,

in agreement with the limitations of the radar observations outlined above.

The storm top altitude distributions in Figure 6 illustrate that the ARW-WRF model is capable of simulating

representative depths of convection in overshooting storms. There are apparent limitations, however, in the

representation of the storm top that differ between large-scale environments and BMPs. Frequency distribu-

tions of the storm top from ARW-WRF simulations with the Thompson BMP are found at lower altitudes than

from simulations with the Morrison BMP for all cases. The largest differences in distributions of the simulated

and observed radar reflectivity fields are found for the double-tropopause case (Figure 6a). Underprediction

of the vertical extent is larger for the Thompson BMP, which shows a much broader frequency distribution

and a peak 4 km below that observed. The Morrison BMP also underpredicts the 10 dBZ reflectivity height

but shows two peaks in the frequency distribution, one within 1 km of that observed and the other 5 km

below. Frequency distributions of the cloud top height for the double-tropopause case, however, exceed

that observed from radar at all altitudes above the tropopause for the simulation with the Morrison BMP,

while the highest altitudes are underrepresented in the simulation with the Thompson BMP. For the strato-

spheric intrusion case (Figure 6b), simulations with the Thompson and Morrison BMPs are comparable, with

a slight underprediction of the peak in the observed altitude distribution ranging from 1 to 2 km. Frequency
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Figure 6. Frequency distributions of the maximum grid point altitude of the 10 dBZ reflectivity surface from NEXRAD

WSR-88D observations (black lines) and the 10 dBZ reflectivity surface and cloud top (particle concentration ≥ 0.1

per liter) from ARW-WRF simulations (red and gray lines, respectively) for the (a) double-tropopause case valid at 00

UTC on 9 April 2011, (b) stratospheric intrusion case valid at 01 UTC on 22 May 2011, and (c) single-tropopause case

valid at 01 UTC on 19 June 2011. For the ARW-WRF variables, simulated fields with the Morrison (left column) and

Thompson BMPs (right column). The blue vertical lines in each panel show the mean lapse-rate tropopause altitude from

the ARW-WRF simulations.

distributions of the cloud top for the stratospheric intrusion case also show that the simulated convective

systems do not reach the highest altitudes observed by radar which, as outlined above, are likely to be

underestimations of the true cloud top. This underrepresentation of the maximum simulated vertical extent

of the convective system for the stratospheric intrusion case is at least 2 km. For the single-tropopause case

(Figure 6c), the ARW-WRF simulation with the Morrison BMP shows altitude frequency distributions con-

sistent with the observations, while altitude distributions from the simulation with the Thompson BMP

underpredict the observed vertical extent, especially for the simulated radar reflectivity field.

Following examination of the fidelity of model simulations for producing representative depths and scales

of the observed convective systems above, the remaining analysis of the three case studies is largely

restricted to model simulations with the Morrison BMP. Unless otherwise noted, results from ARW-WRF

simulations with the Thompson BMP are comparable.
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Figure 7. Frequency distributions of the lapse-rate

tropopause altitude in ARW-WRF simulations with the

Morrison BMP from preconvection (black lines), mature con-

vection (red lines), and postconvection (blues lines) states for

the (a) double-tropopause case, (b) stratospheric intrusion

case, and (c) single-tropopause case.

3.2. Tropopause Modification

Because the tropopause represents a boundary

between tropospheric and stratospheric air and

diagnosing transport into the lower stratosphere

requires its identification, an understanding of

the variability and modification of the altitude of

the tropopause within the environment of the

convective system in ARW-WRF simulations is

needed. Figure 7 shows frequency distributions

of the altitude of the tropopause within mov-

ing storm-centered 450 km × 450 km boxes (as in

Figure 6) during preconvection (2 h before the first

tropopause-penetrating convection), mature con-

vection (time of deepest tropopause-penetrating

convection), and postconvection states (2 h

following tropopause-penetrating convec-

tion). In the postconvection state, the vertical

extent of any residual convective system is lim-

ited to altitudes several kilometers below the

tropopause. We choose a time of 2 h following

tropopause-penetrating convection in this case

to avoid additional dynamical modification of

the targeted convective environment from non-

convective processes during the remainder of

the simulation.

For all cases, the frequency distributions

show clear modification of the altitude of the

tropopause between preconvection and postcon-

vection states. In addition, the distributions are

broadest during the mature convection states,

indicating contributions from rapid modification

near active convection and the relatively unper-

turbed environment outside of the convective

systems. Mean increases in the altitude of the

tropopause following tropopause-penetrating

convection are smallest for the double-tropopause

case (∼500m) and largest for the stratospheric

intrusion case (∼1.5 km), with increases of ∼1 km

for the single-tropopause case. For the strato-

spheric intrusion case (Figure 7b), a small peak

in the frequency distribution is observed near

altitudes of 14 to 15 km. This secondary peak rep-

resents a portion of the large-scale environment

on the anticyclonic (subtropical) side of the jet and is not representative of processes near the analyzed

convective system.

The primary mechanism responsible for modification of the tropopause altitude does differ between

large-scale stability cases. Two primary mechanisms are considered here: erosion of the preconvection

tropopause layer from convective mixing and diabatic heating of the atmospheric column. Examination

of the passive tracers initialized in the stratosphere shows extensive downward transport into the tropo-

sphere within the convective system for the stratospheric intrusion case, suggesting that mixing is a primary

mechanism (not shown). Alternatively, downward mixing of stratospheric air is not observed in the single-

and double-tropopause cases, suggesting that diabatic heating is the primary mechanism for elevating the

tropopause in those cases.
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Figure 8. Maps of column-maximum radar reflectivity and the maximum altitude of nonzero boundary layer (BL) tracer

fractions (≥1%) relative to the altitude of the lapse-rate tropopause from the ARW-WRF simulation with the Morrison

BMP of the double-tropopause case valid at (a) 21 UTC on 8 April 2011, (b) 00 UTC on 9 April 2011, and (c) 03 UTC on

9 April 2011. The storm system analyzed in this study is identified within the black ellipses at each time.

3.3. Transport Characteristics
3.3.1. Evolution

In order to illustrate the evolution of the simulated convective systems and associated transport, snapshots

of column-maximum radar reflectivity and the maximum altitude of nonzero boundary layer tracer (≥ 1%)

relative to the altitude of the tropopause are shown. Figure 8 shows the evolution of the targeted convective

system for the double-tropopause case. The evolution from one MCS that splits into two distinct systems,

discussed previously in reference to Figure 5, is clearly observed in Figures 8a–8c. Transport of boundary

layer air above the tropopause is evident in the earliest stages of the storm, showing two primary sources

of injection exceeding 2.5 km in altitude above the tropopause from the northern and southern elements

of the initial convective system. The horizontal scale of these injected plumes increases with increasing dis-

tance from the convective source due to both the splitting MCS evolution and the advection and mixing of

the injected air into the lower stratosphere.

Figure 9 shows the evolution of the targeted convective system for the stratospheric intrusion case. The con-

vective system of interest in this case is preceded by numerous convective systems within the domain that

transport boundary layer air near and slightly above the tropopause. Vertical transport of boundary layer air

within the targeted convective system, however, extends to higher altitudes above the tropopause than the

adjacent systems during its life cycle. The maximum relative altitudes of injection for the stratospheric intru-

sion case are lower than the plumes observed in the double-tropopause case but do reach altitudes up to

2 km above the tropopause. Because the stratospheric intrusion and convection in this case are associated

with a large upper tropospheric cyclone moving from west to east over South Dakota during the simula-

tion time period, the transported boundary layer air is routinely advected and mixed into the center of the
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Figure 9. As in Figure 8 but for the stratospheric intrusion case valid at (a) 00 UTC on 22 May 2011, (b) 04 UTC on

22 May 2011, and (c) 08 UTC on 22 May 2011.

cyclonic circulation. Despite the apparent complexity introduced by the upper tropospheric cyclone in this

case, the circulation acts to confine the injected boundary layer air into a distinct sector for further analysis.

Figure 10 shows the evolution of the targeted convective system for the single-tropopause case. Similar to

the stratospheric intrusion case, the targeted convective system in the single-tropopause case is preceded

and followed by additional near-tropopause convective systems within the model domain. In this case, how-

ever, transport of injected boundary layer air in the adjacent systems is directed to the east and north and

away from the targeted convective system. The maximum above-tropopause altitudes of injected bound-

ary layer air in this case reach similar levels to the double-tropopause case but do not remain at equivalent

levels away from their source regions. Such an evolution in tropopause-relative altitude may be related to

the modification of the UTLS and tropopause by the convective storm, as discussed previously in section 3.2

and illustrated in Figure 7.

3.3.2. Vertical Structure

Vertical cross sections through some of the deepest convective elements of the simulated systems shed

further light on the transport characteristics for each case. Figures 11–13 show vertical cross sections of

the potential vorticity (PV), the vertical gradient of potential temperature (a measure of static stability), and

the fraction of air originating in the boundary layer, respectively. The locations of vertical sections for each

case are shown as the thick black lines labeled “A-B” in Figures 8b, 9a, and 10b. Although these vertical cross

sections represent each storm at a single-model time step, there are general characteristics of interest that

are present throughout each simulation. In particular, all cases show characteristics suggestive of gravity

wave breaking on the downstream edge of the overshooting top, illustrated by moderate (up to 500m)

undulations in the altitude of potential temperature contours and large gradient reversals of PV in altitude.

In addition, variations in the static stability from tropospheric (< 10 K km−1) to stratospheric (> 10 K km−1)

values above the tropopause further reveal these wave-breaking features. It is important to note here that
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Figure 10. As in Figure 8 but for the single-tropopause case valid at (a) 21 UTC on 18 June 2011, (b) 00 UTC on 19 June

2011, and (c) 03 UTC on 19 June 2011.

because vertical mixing is accomplished in the ARW-WRF simulations by the PBL scheme, unstable layers

(vertical overturning of potential temperature contours) are rapidly mixed away, preventing direct diagnosis

of gravity wave breaking in the model output fields in some cases.

The vertical cross sections of boundary layer tracer (Figure 13) reveal distinct differences in transport

and mixing of boundary layer air into the lower stratosphere between the three large-scale cases. The

double-tropopause case (Figure 13a) shows deep injection and direct mixing of the overshooting top into

the lower stratosphere near 15 km in altitude and 390 K in potential temperature, evident in the cloud and

tracer fields. This direct mixing corresponds to the distinct tracer plumes observed above the tropopause

throughout the evolution of the convective system in Figure 8. Such direct mixing is not observed in the

stratospheric intrusion and single-tropopause cases, where the cloud top is largely restricted to the alti-

tude of the lapse-rate tropopause and boundary layer air above the tropopause is limited to potential

temperatures below 370 K.

Variability in the altitude of the tropopause as diagnosed from the changing width of the altitude dis-

tribution in Figure 7 and discussion in section 3.2 is shown in the vertical cross sections to be contained

within the cloud field of the convective systems. In particular, the altitude of the tropopause (black dots in

Figures 12 and 13) is severely disrupted within the region of the overshooting top in each case, with dis-

tinct breaks (or jumps) of up to 3 km in altitude. Additional variability in the altitude of the tropopause away

from the overshooting top is primarily associated with shallow layered stability features in the upper anvil

of each storm, likely from prior wave breaking near the cloud top. One additional unique feature near the

tropopause is observed in the double-tropopause case, where the downstream anvil shows a large dipole

PV structure near 12 km in altitude. This PV structure is suggestive of diabatic cooling and is present in the

downstream anvil of both splitting MCSs at initiation and throughout the period of convective overshooting
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Figure 11. (left) Vertical cross sections of potential vorticity (pvu, color fill), contours of potential temperature � at 2 K

intervals (black lines), and cloud boundaries (gray lines, particle concentration equal to 0.1 per liter) from ARW-WRF

simulations with the Morrison BMP along the path “A-B” shown in (a) Figure 8b for the double-tropopause case, (b)

Figure 9a for the stratospheric intrusion case, and (c) Figure 10b for the single-tropopause case. (right) Vertical profiles of

the horizontal wind for the domain of each vertical section, given as the anomaly relative to the vertical profile mean.

(not shown). Such continued widespread diabatic cooling could explain why modification of the tropopause

altitude in the double-tropopause case is small.

Despite the outlined evidence of gravity wave breaking for each case, the time resolution of the output

fields (1 h) does not enable further evaluation of the detailed wave activity and potential wave-driven mix-

ing, which typically requires output at time intervals less than about 5min. The PV and stability fields in the

cross sections, however, do show significant differences between the three large-scale stability environ-

ments that may imply differences in wave activity. For the stratospheric intrusion and single-tropopause

cases, there is little modification of PV and lower stratosphere stability downstream of the overshoot-

ing top. However, for the double-tropopause case, there is a layer of deep vertical gradient reversal in PV

that corresponds with complex laminar stability structure bounding the portion of the overshooting top

being actively mixed near 15 km and extending several hundred kilometers horizontally above the down-

stream anvil. This unique PV and stability structure suggests that the layer of near tropospheric levels of

stability in the lower stratosphere may have facilitated wave breaking that penetrates deeper into the strato-

sphere, though the potential temperature contours do not suggest active wave breaking at the analyzed
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Figure 12. As in Figure 11 but vertical cross sections of the

static stability as the vertical gradient of potential tempera-

ture � (K km−1 , color fill) and the lapse-rate tropopause altitude

(black dots).

model time step. This vertical mixing in the

double-tropopause case is characteristically dif-

ferent than that observed in lower stratosphere

environments with higher stability.

Following that outlined in Lane et al. [2003],

gravity waves will break where the wind speed

increases or decreases by an amount equiva-

lent to the phase speed of the wave (typically

±15–20m s−1 for the smallest scale waves pos-

sible at the model resolution used in this study)

relative to the wind speed at the source of

the wave, often referred to as a “critical level.”

Because wavelength is directly related to phase

speed, unique critical levels exist for the entire

spectrum of waves generated in convection.

In order to examine whether the direct mixing

observed at 15 km in the double-tropopause

case is associated with a critical level, profiles

of the horizontal wind speed for the domain

of the vertical sections are given in Figure 11

as the anomaly relative to the vertical profile

mean. If the source of a gravity wave is near

the level of the tropopause and overshooting

top in the double-tropopause case (∼12 km),

the wind profile suggests that a critical level

(i.e., ±15m s−1 relative to the wind anomaly

at 12 km) may exist above 16 km, which is

higher than the level of direct mixing in that

case. There is, however, evidence of gravity

wave breaking upstream of the overshooting

top near 16 km. In addition, similar inspec-

tion of wind profiles for the single-tropopause

and stratospheric intrusion cases does not

reveal critical levels near the altitudes of the

overshooting top and regions of mixing.

Although diabatic influences from the con-

vective systems and gravity wave activity

in the lower stratosphere provide signifi-

cant modifications to stability, the stability

cross sections (Figure 12) show that the initial

large-scale differences in stability between the three cases are largely retained in each model simula-

tion. Sustainment of these large-scale lower stratosphere environments in the ARW-WRF simulations

enables characterization of their potential influence on the transport properties of the convective sys-

tems throughout their life cycle. There is one exception to this sustainment that can be found to the

right of the overshooting top in the single-tropopause case. In the stability cross section, there is a low

(tropospheric) stability layer near 16 km. This low-stability layer is not present at the model initializa-

tion time step and is sourced by wave activity near the subtropical jet in the southeastern portion of

the 3 km ARW-WRF nested domain several hours into the simulation (not shown). Following its source,

the low-stability layer expands slightly and rapidly decays after the time of the vertical cross section

but never extends fully over the analyzed convective system. Furthermore, although it is possible that

the convective line interacted with this low-stability layer during the model simulation, inspection

of the hourly output files suggests that convection was never deep enough to penetrate the layer.
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Figure 13. As in Figure 11 but vertical cross sections of

the boundary layer tracer (%, color fill) and the lapse-rate

tropopause altitude (black dots).

3.3.3. Irreversibility

Analyses of the evolution and mature stages

of transport in the simulated convective sys-

tems shed light on the characteristics and

mechanisms responsible for injection of tro-

pospheric air into the lower stratosphere,

but its irreversibility requires analysis of the

tracer fields following the decay of responsible

convective systems and associated thermo-

dynamical modification of the UTLS. In order

to develop an understanding of the qualita-

tive characteristics of irreversible transport for

each case (i.e., the vertical extent), the area

fraction of the 450 km × 450 km storm environ-

ment in the postconvection state (2 h following

tropopause-penetrating convection) that con-

tains nonzero boundary layer tracer at altitudes

relative to the tropopause is shown in Figure 14

for ARW-WRF simulations with each BMP. At

the initial model state, the fraction of boundary

layer air at the relative altitudes presented in

each profile is 0%. In other words, all boundary

layer air observed at these altitudes during the

simulation is sourced by convection.

In general, ARW-WRF simulations with either

BMP produce qualitatively similar trans-

port profiles for each large-scale stability

case. The greatest differences between BMPs

are observed near the tropopause for the

double-tropopause case, where the Thomp-

son BMP shows much less transport. This is

largely a result of only half of the observed

convective system predicted in the ARW-WRF

simulation with the Thompson BMP, as this

simulation did not predict splitting storms

(see section 3.1). Apart from underestima-

tion near the tropopause, simulations with

each BMP for the double-tropopause case do

show qualitatively similar transport into the

lower stratosphere. There are also distinct dif-

ferences in the vertical extent of transport between the three cases. Convective injection is deepest for

the double-tropopause case, with boundary layer air at altitudes up to 4 km above the primary lapse-rate

tropopause. The vertical extent of transport for the stratospheric intrusion and single-tropopause cases,

however, is limited to altitudes below ∼2 km above the lapse-rate tropopause. The fraction of the convec-

tive environment influenced by boundary layer air is slightly higher near 2 km above the tropopause for

the single-tropopause case. In addition to transport above the tropopause, the level of maximum detrain-

ment (largest boundary layer influence) for the double-tropopause case coincides with the altitude of the

lapse-rate tropopause, while that for the stratospheric intrusion and single-tropopause cases lies from 1 to

3 km below the tropopause.

It is worth noting here that we expect contributions to cross-tropopause transport from numerical diffusion

to be negligible. Because transport of boundary layer air into the upper troposphere and lower strato-

sphere is achieved through convection, diffusion of boundary layer air between the tropopause level and

those above in the lower stratosphere is only possible following prior convective transport. In the ARW-WRF

simulations, vertical diffusion is computed at all altitudes by the PBL parameterization. For altitudes near
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Figure 14. Profiles in relative altitude to the lapse-rate tropopause of the fraction of air with nonzero (≥1%) contri-

butions from the planetary boundary layer in the ARW-WRF simulations within 450 km × 450 km boxes centered on

the tracer plume in the postconvection state for the (a) double-tropopause case, (b) stratospheric intrusion case, and

(c) single-tropopause case. Dashed lines show results from simulations with the Thompson BMP and solid lines the

Morrison BMP.

the tropopause, vertical diffusion is only a function of the Richardson number and the horizontal wind

shear. Following examination of the boundary layer tracer and meteorological fields near the tropopause in

each case, we estimate the minimum time scale for cross-tropopause transport of nonzero boundary layer

tracer (1%) from numerical diffusion to be 1–2 h. These long time scales for vertical diffusion limit trans-

port to altitudes within one model grid point (200m) of the convectively lofted tracer during the simulation

time period.

4. Summary andDiscussion

Simulations of explicitly resolved convection from the ARW-WRF numerical model were used to examine

the influence of the large-scale environment on the injection of tropospheric air into the extratropical lower

stratosphere by moist convection. Observed cases of tropopause-penetrating convection with comparable

magnitudes of CAPE were identified for three distinct large-scale lower stratosphere stability environments:

double tropopause, stratospheric intrusion, and single tropopause. The model simulations were shown to

largely reproduce the characteristic vertical extent of each convective system. In addition, the simulations

show that the influence of the large-scale environment on convective injection into the UTLS is significant

and largely independent of the microphysics parameterization used. Convective injection of tropospheric

air into the lower stratosphere was found to be deepest in simulations of the double-tropopause case, at

altitudes up to 4 km above the lapse-rate tropopause (390 K potential temperature). Transport in the remain-

ing cases, for which the lower stratosphere stability is larger, is limited to altitudes less than 2 km above the

tropopause (370 K potential temperature).

One goal of this study was to test the dependence of the vertical extent and evolution of simulated con-

vection on the parameterization of cloud microphysics. Two BMPs that predict equivalent hydrometeor

classifications were used: a single-moment BMP (Thompson) and a double-moment BMP (Morrison).

Comparisons of the simulated horizontal radar reflectivity and cloud top altitudes with high-resolution

ground-based radar observations reveal important limitations of the model simulations that require fur-

ther attention in future studies. In particular, simulated radar reflectivity fields largely underrepresent

the observed vertical extent, with the largest differences observed for the double-tropopause case. The

simulated cloud top, however, is generally found at or slightly above radar observations of the vertical

extent of each convective system, consistent with expected differences between the radar reflectivity

fields and the true cloud top. These comparisons suggest that the apportionment of water into the vari-

ous hydrometeor classifications in the BMP used may not be representative of the observed hydrometeor

distributions in the upper levels of deep convective storms. Since the radar reflectivity fields are most sen-

sitive to large hydrometeor classifications (rain, graupel, and snow), the differences observed in this study

suggest that the microphysical parameterizations predict excessive cloud ice at these levels. These charac-

teristics are not only important for understanding convective transport and mixing of water vapor into the

UTLS, but they also impact the radiative properties of convective clouds. Improving the vertical extent and

HOMEYER ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2236



Journal of Geophysical Research: Atmospheres 10.1002/2013JD020931

distribution of these hydrometeors may also lead to significant improvements in simulating the evolution of

deep convection and precipitation.

Thermodynamical modification of the local environment by each convective system and its effect on

the level of the tropopause, which is an important consideration for evaluating STE, showed significant

differences between the three large-scale cases. In particular, the altitude of the tropopause increased

significantly for the stratospheric intrusion case from 9 to ∼10.5 km, where the stability transition at the

tropopause in the absence of deep convection is broadest. In comparison, increases in the altitude of the

tropopause were smallest for the double-tropopause case, which may in part explain the deeper levels

of convective injection reached compared to the remaining cases. For example, if the initial level of the

tropopause and maximum altitude of convection was equivalent in each case, differences in the elevation

of the convectively modified tropopause would correspond directly to differences in the depth of transport

above the tropopause.

Apart from the vertical extent of convective injection into the lower stratosphere, the double-tropopause

case involved distinct transport characteristics not found in the remaining cases. In particular, Figures 8

and 13 show that the transport to higher above-tropopause altitudes in the double-tropopause case is

related to direct mixing of the overshooting convective top into the lower stratosphere at those levels.

One factor that could contribute to deeper levels of injection is differences in the intensity of convective

updrafts between the three cases. We examined profiles of vertical velocity and vertical kinetic energy

within convective updrafts for each case, which did reveal small differences in updraft strength (not shown).

In particular, the double-tropopause case contained the strongest updrafts at altitudes within 1 km of the

tropopause, with relative differences of up to 30% compared to the remaining cases. These differences

in updraft intensity alone, however, can not fully explain such large differences in the depth of injection

and the characteristics of mixing. Because the decrease in stability and temperature above the primary

tropopause in the double-tropopause case is large, the direct mixing at higher altitudes could be a result of

the overshooting convective top reaching a secondary level of neutral buoyancy, encouraging detrainment

and mixing of the convectively lofted air mass at these levels. Such a level is supported from inspection of

the vertical structure of the cloud field, which shows horizontal downstream-oriented structure near the

maximum altitude of the overshooting top (see Figure 13a). Additional simulations of overshooting convec-

tion within each large-scale environment are required to identify the relative roles of updraft strength near

the tropopause and the vertical structure of lower stratosphere stability for achieving deeper transport in

the double-tropopause case.

One additional possibility for the occurrence of deeper injection in the double-tropopause case is that wave

activity within the lower environmental stability is characteristically different than that in the cases with

higher lower stratosphere stability, which is supported by the vertical cross sections of PV and static sta-

bility in Figures 11a and 12a. Due to limited temporal resolution of the simulated fields, it is not known

whether the dynamics of the direct mixing in the double-tropopause case differ compared to mixing at

lower altitudes near the tropopause and that in the remaining cases. However, there is evidence of gravity

wave breaking near the overshooting convective top for all cases, supporting the key role of this process

for troposphere-to-stratosphere transport in overshooting convection. Despite evidence of wave break-

ing within the overshooting top, inspection of the horizontal wind profile above the storm did not suggest

that the layer of direct mixing near 15 km in the double-tropopause case was coincident with a critical level

where gravity wave breaking is expected to be prevalent. Contours of potential temperature in the mixed

layer also did not suggest active wave breaking. Retention of model simulations, and in particular the model

mixing parameters, at higher spatial and temporal resolution in future studies may help to shed further light

on the responsible transport mechanisms and dynamical characteristics in each case.

Two unknown factors in the simulations completed in this study are the importance of the model resolu-

tion and the input data set used. The ERA-Interim reanalysis was chosen for model initialization because of

the higher vertical resolution available compared to alternative reanalyses and operational forecast model

analyses. Although not shown, limited examination of simulations that were initialized with fields from an

analysis with lower vertical resolution and higher horizontal resolution than the ERA-Interim revealed that

the vertical extent and associated transport of the targeted convective systems extended to lower altitudes

above the tropopause in each of the three cases presented in this study. These limited analyses suggest

that the vertical resolution of the initial state, especially in the UTLS region, may be an essential component
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that determines the ability of the model to predict representative convective structure and transport across

the tropopause. Independent data assimilation of operational radiosondes and other meteorological data

to a higher-resolution vertical grid may be necessary for further improvement of the model simulations. In

addition, several recent studies have illustrated that small horizontal grid spacing (O(100m)) is required for

accurate representation of gravity wave spectra and the physical process of cloud turbulence [e.g., Bryan

et al., 2003; Lane and Knievel, 2005; Bryan and Morrison, 2012]. Although model resolution is an important

consideration, the sensitivity of the qualitative aspects of transport identified in this study to horizontal

resolution, as outlined in section 2, is not known. If gravity wave spectra were to change significantly for

smaller grid spacing in the cases presented, preferred altitudes of wave breaking (critical levels) and associ-

ated transport may also change. Further studies are needed to fully examine the dependence of qualitative

and quantitative aspects of transport on model resolution for overshooting convection.

It is worth noting that the simulations in this study do not suggest that transport to levels greater than

2 km above the tropopause is only possible for cases with a double tropopause. As outlined in section 2, the

selected large-scale cases were chosen in part because their environments are characterized by similar mag-

nitudes of CAPE, which is a common metric used for predicting and classifying convective intensity [e.g.,

Rasmussen and Blanchard, 1998]. For example, if the CAPE was significantly larger in the single-tropopause

or stratospheric intrusion case, convective updrafts would likely be stronger and capable of lofting air to

higher altitudes before becoming neutrally buoyant. The sensitivity of convective overshooting to the sta-

bility of the lower stratosphere for comparable levels of CAPE identified in this study, however, suggests

that the lower stratosphere stability may be an important factor controlling the depth and occurrence of

tropopause-penetrating convection. Further examination of the role these lower stratosphere features play

for the injection of tropospheric air into the lower stratosphere in environments with varying levels of CAPE

is needed to test the ubiquity of the transport characteristics identified in this study. In particular, the role of

double-tropopause events in facilitating deep convective injection and their association with direct mixing

of convective overshoots into the lower stratosphere deserves further attention. In addition, all simulations

of the stratospheric intrusion case underrepresented the maximum observed vertical extent of the convec-

tive system, while those for the double-tropopause and single-tropopause cases were largely in agreement

with observations. The vertical depth of injected boundary layer air into the lower stratosphere may there-

fore be underrepresented in the stratospheric intrusion case. Additional case studies may shed further light

on the ability of the model to simulate representative convective systems in large-scale environments with

a stratospheric intrusion.
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