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Abstract. Although it is generally accepted that the level of 1 Introduction
neutral buoyancy (LNB) is only a coarse estimate of updraft
depth, the LNB is still used to understand and predict storm
structure in both observations and modeling. This study used he most efficient method for transporting heat, moisture,
case studies to quantify the variability associated with us-2nd chemical tracers from the boundary layer to the upper
ing environmental soundings to predict detrainment levels roposphere and lower stratosphere is through moist con-
Nine dual-Doppler convective cases were used to determin¥ection (e.g.Dickerson 1987 Pickering et al. 1988 Mul-
the observed level of maximum detrainment (LMD) to com- lendore et al.2009 . Deep convection allows constituents
pare with the LNB. The LNB for each case was calculatedfrom the boundary layer to be transported within tens of
with a variety of methods and with a variety of sources (in- Minutes into the upper troposphere and lower stratosphere,
cluding both observed and simulated soundings). The moswhere longer chemical residence times can increase their im-
representative LNB was chosen as the proximity soundingP@ct on the radiative budget, and higher wind speeds can in-
from NARR using the most unstable parcel and including icecréase their influence region from local to regional or even
processes. global (e.g.Dickerson 1987, Pickering et al.1993 Thomp-

The observed cases were a mix of storm morphologiesSOn et al. 1997).
including both supercell and multicell storms. As expected, For atmospheric chemistry models to correctly simulate
the LMD was generally below the LNB, the mean offset for the upper troposphere and lower stratosphere and their inter-
all cases being 2.2km. However, there was a marked difactions, the level at which mass is being detrained from con-
ference between the supercell and non-supercell cases. THction must be correctly simulated. These models must be
two supercell cases had LMDs of 0.3km and 0.0 km belowinitialized with accurate data and methodologies that provide
the LNB. The remaining cases had LMDs that ranged from'eliable detrainment level estimations. In large-scale mod-
4.0 km below to 1.6 km below the LNB, with a mean offset of €ls where convection is not explicitly resolved, parameteri-
2.8 km below. Observations also showed that evolution of theZations of convective transport are utilized. These convective
LMD over the lifetime of the storm can be significant (e.g., fransport parameterizations use the level of neutral buoyancy
~2 km altitude change in 30 min), and this time evolution is (LNB), as calculated by parcel theory, as an upper bound of
lacking from models with coarse time steps, missing signifi-Significant transport, assuming entrainment of environmen-
cant changes in detrainment levels that may strongly impactal air will cause most parcels to be detrained below the

the amount of boundary layer mass transported to the uppeeNB. Parcel theory struggles to accurately predict detrain-
troposphere and lower stratosphere. ment levels given the number of upper-air observations that

are available and the lack of detail about storm morphology
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182 G. L. Mullendore et al.: Relationship between LNB and LMD

in the estimations. The purpose of this study is to attempt In this study, environmental soundings, from both obser-
to quantify the variability associated with predicting detrain- vations and simulations, are analyzed and compared to one
ment levels. another to understand the near-storm environment before and
In parcel theory, an initial parcel is chosen to best repre-during nine case studies and to estimate the LNB for various
sent the environment being studied. The parcel is then liftecharcel theory assumptions. Vertical velocities derived from
to obtain estimates of various environmental indices, suctdual-Doppler analysis of each case study are then used to
as convective available potential energy (CAPE) and LNB.calculate the LMD in order to investigate the relationship be-
The LNB (also known as equilibrium level, EL) is calculated tween LNB and LMD. An overview of the field campaigns
from an environmental sounding by lifting a representativeand associated observational platforms utilized in this study
parcel of air from the surface to the level at which a parcel isis presented in Sect. 2. Sections 3 and 4 describe the method-
no longer positively buoyant. Although simple to use, parcelology and results for calculations of LNB and LMD, respec-
theory can provide significantly varying estimations basedtively. Section 5 summaries the LNB and LMD results, and
on the choice of the initial parcel and the fact that the parcelconclusions are presented in Sect. 6.
chosen to be lifted is unlikely to be completely independent
from the environment\lanzato and Morgar2003.
More specifically, using parcel theory to determine de-
trainment heights is highly idealized, and several of the prob~2 Data
lems inherent in the idealization are listed here. One, using
a single column to represent the environment of a mesoscalPual-Doppler radar data from nine midlatitude storms, rep-
system ignores the high spatial and temporal variability at’esenting several storm types, were utilized to calculate ob-
cloud-scale, and Choosing and/or measuring the “best” C0|served detrainment hEightS. Six cases were observed dur-
umn is difficult. Two, parcel theory assumes that there ising the Severe Thunderstorm Electrification and Precipita-
no entrainment of environmental air into the updraft, which tion Study (STEP3,ang et al, 2004. Three additional cases
one would expect to reduce buoyancy and, thus, detrainwere observed as they passed through the dual-Doppler lobes
ment heights. Approximating the amount of entrained air inof the Colorado State University (CSU) CHILL-Pawnee
a storm is important to accurateiy determine the level of de-radar network. In addition, estimated idealized detrainment
trainment, which is dependent on the thermodynamic profile /evels were calculated by utilizing both simulated and ob-
storm classification, and storm siz€dhen 200Q Mullen- ~ served soundings (STEPS) or simulated soundings only
dore et al, 2009. Three, parcel theory neglects the dynam- (CHILL-Pawnee).
ically induced vertical perturbation pressure gradients (e.g.,
Doswell and Markowski2004), producing an inaccurate pic- 2.1 Radar
ture of parcel accelerations and therefore inaccurate detrain-
ment height estimates. Four, parcel theory assumes that arefphe STEPS campaign took place from 17 May to 20 July
resentative convective updraft can be defined with a single2000 in eastern Colorado and western Kansas. Among
parcel, when in fact parcels entering the storm have arange dhe main observational platforms used in the campaign,
starting locations and properties. Existing convective paramthree radars were used to create a triple-Doppler net-
eterizations attempt to address some of the above challengegork (Fig. 1, panels b and e): the Colorado State Uni-
(e.g., parcel variability and entrainment estimates), but do noversity dual-polarization Doppler radar (CSU-CHILL) lo-
yet account for variability in updraft characteristics due to cated near Burlington, Colorado, the NCAR S-band dual-
storm classification, such as possible updraft enhancementolarization Doppler radar (S-Pol) located near Idalia, Col-
due to vertical pressure gradients in supercell storms (e.ggorado, and the National Weather Service (NWS) Weather
Arakawg 2004 Randall et al.2003. Surveillance Radar-1988 Doppler (WSR-88D) at Goodland,
In summary, to understand the potential for deep convecKansas (KGLD). The CHILL/Pawnee cases utilized CSU-
tive transport in certain storm regimes, we need to understan@HILL and a second S-band weather radar located at the
the relationship between the LNB and the observed level ofCSU Pawnee site. Note that all the raw data quality con-
maximum detrainment (LMDWullendore et al.2009. This trol measures, interpolation, and dual-Doppler processing of
relationship was analyzed for tropical convection in a recentradar data described herein was performed prior to this study;
study by Takahashi and Lu¢2019. They used CloudSat for more information on the processing done seag and
reflectivity data as a proxy for LMD (“LNBmaxMass” in  Rutledge(2002 2008; Tessendorf et al(2005 2007ab);
their paper), and compared this to LNB values derived fromWiens (2005. All altitudes for the CHILL/Pawnee cases
ECMWEF analysis profiles. They found that LMD is not well- were processed as above ground level (a.g.l.). The STEPS
correlated with LNB, as would be expected for reasons statedases were converted to a.g.l. from mean sea level (m.s.l.)
above. In additionTakahashi and Lu2012 found that the by subtracting the altitude of the KGLD radar (1.1 km). All
LMD was on average over 3 km lower than the LNB. cases had both reflectivity and velocities mapped to a regu-
lar Cartesian grid with 0.5 km resolution in the vertical, and
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Table 1. Summary of detrainment analysis for each case. Most representative level of neutral buoyancy (LNB) is calculated from the central
NARR simulated sounding; mature level of maximum detrainment (LMD) is calculated by taking the mean LMD during the mature stage of
the observed storm. The mean and standard deviation calculations for LNB include all non-zero methods from all collected soundings (e.qg.
see Table 2 for LNB calculations for STEPS 6/29 case). All STEPS cases are from 2000; all CHILL cases are from 1998. All altitudes are
given as a.g.l.

Case Storm Type Most Representative  Mean LNB ~ LNB Standard  Mean LMD
LNB (km) (km) Deviation (km) (km)
STEPS 6/3 single cell 11 10.1 0.8 8.2
STEPS 6/11 convective line 11.4 10.4 1 8.3
STEPS 6/19 convective line 10.7 10.4 1.4 6.7
STEPS 6/22 convective line 12.3 12 0.6 10.5
STEPS 6/23 multicell 12.7 11.3 1.3 8.8
STEPS 6/29 supercell 12.3 11.4 1 12.3
CHILL 7/2 supercell 11.1 10.7 0.3 10.8
CHILL 7/15 convective line 11.9 10.7 1.3 9.4
CHILL 7/21 multicell 12.6 12.2 0.2 10.9

either 0.5 or 1.0 km resolution in the horizontal (see dual-time 21:00 UTC). The NARR grid point closest to this loca-
Doppler processing articles cited above). tion was calculated, and then the proximity NARR sounding
was chosen as the location one or two points further east or
south (resulting in a distance from storm of 33 to 63 km).
) _ This proximity sounding was also labeled as “most represen-
NCAR mobile soundings systems (M-GLASS) were de- tative”, and additional simulated soundings were read from
ployed during STEPS to characterize the storm environmentne grid points surrounding the most representative location
(Lang et al, 2004. The times (UTC) and locations of the (rijg. 1, plus signs; “most representative” location is bolded),
mobile soundings collected for the 29 June 2000 and 22 Jung, sample the local variability. All NARR soundings were
2000 cases are shown in Fij.panels b and e, as triangles. converted to a.g.l. by subtracting out the surface altitude of
Some soundings from the campaign were not used due tghe chosen grid point and interpolated to 250 m vertical grid

missing upper-level data (e.g., the 29 June 20:00, 23:55 UT(pacing using cubic interpolation. Throughout the remainder
sounding recorded no data above 300 hPa). Bad data pointgs this article, all altitudes are given as a.g.l.

e.g., anomalous spike in the 29 June 2000, 20:22 UTC sound-
ing, and superadiabatic layers near the surface in some moz- 4 C verview
bile soundings, were removed from the sounding data be-" aseovervie

fore calculating parcel ascents. Mobile sounding altitudes are ] ] )
given as a.g.l. Table1l lists the nine cases that were used for this study. The

cases studied included single cell and multicell storms, su-
percells, and convective lines. Figuk@resents an overview

of the 29 June 2000 STEPS supercell case (panels a—c) and
As previously discussed, traditional environmental sound-the 22 June STEPS convective line case (panels d—f). Panels
ings are limited in time and space and therefore do not al-a and d show a visible satellite image of each case, with the
ways provide reliable information about pre-storm environ- dual-Doppler analysis area highlighted with a yellow square.
ments. One source of information that is useful for supple-Panels b and e show horizontal cross-sections of radar reflec-
menting environmental soundings after a storm has occurretivity at 2 km height (a.g.l), and indicate the location of the

is the North American Regional Reanalysis (NARR) datasetvertical cross-section, shown in panels ¢ and f. More detailed
(Mesinger et a].2006. The reanalysis data have a horizontal information on the STEPS cases can be found in the mis-
grid spacing of 32-km, 29 layers in the vertical, and 3-hourly sion summaries from the STEPS campaign archil@AR,
output. To obtain a sounding representative of the pre-storn20123. In addition, many of these cases have been described
environment using NARR data, the “proximity sounding” in detail in previous studied.éng and Rutledge2002 Lang
methodology was used fiompson et al.2003, i.e. a loca- et al, 2004 Tessendorf et gl2005 Kuhlman et al. 2006

tion was chosen 30 min or 40 km upwind and in the path ofLang and Rutledge008. Classification of these storms was
the storm. For this study, a point was chosen along the easbased on all sources cited herein; the “convective line” des-
ern or southern edge of the reflectivity region, depending orignation was chosen to be general, describing a system with
storm propagation direction, of a given storm at 00:00 UTC significant areas of both convective and stratiform structures,
(except for the 21 July 1998 CHILL case, which used thewith the convective elements being at least quasi-linear. Note

2.2 Mobile soundings

2.3 NARR soundings
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Fig. 1. Overview of the 29 June 2000 STEPS supercell case at time 23:57&Hd}and the 22 June STEPS convective line case at time
00:48 UTC(d-f). Panels a and d show a visible satellite image of each case, with the dual-Doppler analysis area highlighted with a yellow
square. Panels b and e show horizontal cross-sections of radar reflectivity (dBZ) at 2 km height (a.g.l). Solid dots indicate radar locations,
triangles indicate locations of mobile soundings (with launch times labeled), and plus marks show locations of NARR simulated soundings.
The bolded plus mark indicates the “most representative” NARR soun@irand(f) show vertical cross-sections of radar reflectivity (dBZ)

at the locations indicated by a dashed horizontal lingoJrand (). Contours of vertical velocity of 1 & and 10 ms? are overlain (thin

and thick black lines, respectively).

that while the 11 June 2000 convective line case did not havealculations were performed for each observed and simulated
an observed embedded supercell, a relatively large and pesounding. Three different initial parcels were used in each
sistent single cell was observed at the southern end of thease - the surface-based parcel (surface air and dewpoint tem-
line. peratures), the most unstable parcel (air and dewpoint tem-
peratures at the height where the equivalent potential tem-
perature®., was the greatest in the lowest 500 hPa), and the
3 LNB calculations mixed-layer parcel (average of the lowest 1500 m). Calcula-
) tions were performed using all three initial parcels assuming
Itis generally accepted that level of neutral buoyancy (LNB) poth jiquid water processes only and also incorporating both
derived from environmental profiles is highly variable, and liquid and ice processes. Ice processes were included fol-
sensitive to several parameters including choice of initial Paowing the work ofBryan and Fritsc{2004), which allows

cel and method of calculation (e.g., irreversible or reversiblegy, mixed phase processes between 0 ad@°C. Note that
ascent). With the goal of quantifying the variability, several
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Table 2. Level of neutral buoyancy (LNB) calculated for the STEPS 6/29 case, including simulated (NARR) and observed soundings. LNB is
calculated assuming irreversible (pseudoadiabatic) ascent using two methods (liquid only hydrometeors and liquid and frozen hydrometeors)
and using three different initial parcel assumptions (surface-based, mixed layer, and most unstable).

STEPS 6/29 Liquid Only LNB (km) With Ice LNB (km)
Location Time (UTC) Surface Mixed Most Surface Mixed Most
Layer Unstable Layer Unstable
NARR 38.78 N, 101.30 W  30/06 00:00 12 11.8 12 12.3 12 12.3
NARR South 30/06 00:00 12.1 11.8 12.1 12.3 121 12.3
NARR West 30/06 00:00 11.6 11.4 11.6 11.6 11.6 11.9
NARR East 30/06 00:00 12.1 11.8 121 12.1 121 121
39.367 N, 101.703 W 29/06 17:27 NA NA 8.9 NA NA NA
40.44T N, 102.306 W 29/06 17:57 10.8 9.4 11 10.6 9.3 10.9
39.367 N, 101.703 W 29/06 20:22 10.9 10.8 111 10.7 10.6 10.9
40.44F N, 102.306 W 29/06 23:38 NA NA 8.5 NA NA NA

calculations were also done assuming all condensed watéeFhis positive bias in the NARR soundings was seen in all the
fell out of the parcel (irreversible, or pseudoadiabatic ascentSTEPS cases, with the offset between the most representative
and again under the assumption that no condensed water feNARR sounding and the average mobile soundings ranging
out of the parcel (reversible ascent). However, the results infrom 0.2 km (STEPS 6/19) to 2.1 km (STEPS 6/11, 6/23).
corporating reversible ascent were not significantly different Table 1 shows the variability in LNB for all cases ana-
from the irreversible calculations. Therefore, only the irre- lyzed. Individual LNB values using all calculation methods
versible results are shown throughout the remainder of thidor all cases (not shown) demonstrates that for all but one
study. of the cases, LNB values calculated using the surface-based

Table 2 shows the calculated LNB for multiple method- parcel and the most-unstable parcel are within 0.5 km. This
ologies for the 29 June 2000 STEPS case. Parcels with ngs similar to the finding infakahashi and Lu(2012) that, for
buoyancy, or insignificant buoyancy (LNB5 km), were la-  tropical convection cases, LNB values calculated by using
beled as “NA’ in the table, and were not used in calculationthe surface parcel and the parcel with maximum moist static
of LNB statistics (Tabld). For parcels with significant buoy- energy were nearly identical. However, for one case, the 15
ancy, LNB ranged from 8.5 to 12.3 km, showing significant July CHILL storm, the LNB values using the surface-based
variability due to methodology and data sources. Focusingparcels were 3.0 km lower than LNB values using the most-
on differences due to methodology alone, choice of surfacainstable parcels, suggesting an elevated convective regime.
parcel caused differences up to 1.7 km for calculated LNBTherefore, the most representative LNB (Tableolumn 3)
(Table2, 17:57 UTC), and often was the difference betweenis chosen to be the most unstable parcel calculated with ice
a buoyant ascent and no buoyancy at all (e.g., 17:27 UTC)processes from the central NARR sounding. Columns 4 and
For a given initial parcel type, inclusion of ice processes had5 show the mean value and standard deviation for a particu-
a relatively small impact on the calculated LNB@.5km). lar case using all data methodologies and all soundings. As
However, inclusion of ice is more physically accurate, sois expected, the mean LNB is lower in all cases than the most
should be included in the absence of computational confepresentative, as the most unstable parcel with ice processes
straints. The differences between LNB estimations obtaineds most likely to produce the highest LNB values. The vari-
using just one sounding emphasize the amount of variabilityability seen in the 29 June 2000 case is typical for all cases,
in estimating the LNB from environmental soundings. as seen in the standard deviation values.

Variability in LNB is also seen due to spatial and temporal In summary, determining a single LNB value for a given
variability. As seen in results for a single methodology (Ta- storm is difficult, as the LNB is highly variable, dependent on
ble 2; most unstable parcel with ice), calculated LNB rangesthe choice of lifted parcel, method of calculation, source of
from 10.9 to 12.3km, representing soundings taken over asounding (observed versus simulated), local spatial and tem-
6.5 h time period and covering a distance of 236 km. Basecporal variability, and storm-relative location. In any storm,
on time and position, the most representative of the mobilehe likelihood of having a single representative sounding
soundings is the 20:22 UTC sounding (the 23:38 UTC sound~valid for the lifecycle of the entire storm is low. However,
ing was likely contaminated by convection occurring to the this case study is a “best case scenario”, as the temporal and
north of the main storm). Comparing the most representativespatial resolution is significantly greater in a field campaign
mobile sounding to the most representative NARR sound-with special soundings than cases that rely only on regular
ing shows that the LNB calculated from NARR is over 1 km weather station soundings. Although the LNB is widely rec-
higher than the LNB calculated from the mobile sounding. ognized as only an approximation to the actual level at which
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parcels will detrain from the updraft, it remains an important 18
index for understanding convective dynamics and predicting
the depths of convective mixing. Therefore, systematic test-
ing of the relationship between LNB and observed storm de- 14}

trainment height is important.
12

[
o

4 LMD calculations

Height (km)

To compare with LNB calculations, an estimate of the ac-
tual detrainment heights is needed. Aircraft chemical re- 61
trievals are not available for the cases presented, and evel
when available, in situ measurements present the challenge
of being only point measurements of the complex three- 2r
dimensional, time-variable storm. Chemical concentrations e
from satellite retrievals are not able to resolve both the hor- 4 -3 -2 -1 0 1 2 3 4 5 6 7
izontal and vertical cloud-scale transports (i.e. horizontal Vertical Divergence (kg m™* s 'x 10°)

scales of order 1km and vertical scales of order 100 m)

. o . ) . Fig. 2. Horizontally-integrated vertical divergence for the 29 June
Vertical velocities derived from dual-Doppler radar retrievals 2000 supercell case at 23:57 UTC (dashed line) and averaged over

can be used to estimate the level at which mass was detrainegj ;o (solid line). The level of maximum detrainment (LMD)
in the observed stormMullendore et al. 2009. At the is 12.1 km for the 23:57 UTC divergence line, and 12.3 km for the
level where the vertical momentum decelerates most sharplyime-averaged divergence line.

parcels will accumulate due to a maximum in vertical con-

vergence. Assuming local changes in density are negligible

relative to the mass flyxhis means that the same amount of From this graph, we can define the LMD, 12.1km, and

mass must be exiting the volume horizontally. Therefore, the, . . ,
. ' . : ._the “detrainment envelopment”, or the range of values over
level at which a maximum in vertical convergence occurs is

expected to be the same level at which horizontal divergencé. hich vertical divergence is negative, suggesting horizontal

is maximized. Throughout this study, the level of maximum detrainment. For the time shown, the detrainment envelop-

horizontal divergence will be considered to be synonymousment extends from 5.3 10 15.6 km. By averaging over all sam-

with the level of maximum detrainment (LMD), i.e. the loca- pled times, we can _Obt"’?'” an average detrainment envelope
. : . . - for the storm (Fig.2; solid line). The time-averaged LMD
tion at which the transfer of air from an updraft is maximized.

The vertical divergence profil®fw/dz, Fig. 2) was cal- for thls. casels 12.3km. . .
i ; . To investigate how the deep convective detrainment
culated for each vertical column and then horizontally in-

tegrated over the entire dual-Doppler domain at each timefevowmj with time, the detrainment envelope was plotted at

Vertical divergence was calculated by taking a first order for-each observation time and the altitudes of the LMD (g,

. : . .—_red line), and minimum (gray line) and maximum (blue line)
ward difference along each vertical column. This calculation :
. . S . . extent, were recorded. The black dashed line shows the most
included an estimate of the variability of density) (with

height by incorporating the basic equation representative LNB. As stated previously, the LNB is gener-

ally considered an upper bound on the LMD, but from obser-
0 = poexp(z/H), vation times 23:57 UTC onward, the LMD is approximately

at or above the most representative LNB. The magnitude of
where pg is 1.22kgnT3, H is 7km, andz is the altitude the LMD was also recorded at all times; the case-normalized
(km) of the calculation, as was used in the dual-DopplerLMD magnitude is shown on the right-hand y-axis of F3g.
calculations. These vertical divergence values were ther{solid black line). The 29 June 2000 case was unique in that
horizontally-integrated to derive a net vertical divergenceit showed a significant increase in the altitude (RBgred
value at each height. Note that the horizontally-integratedine) of the LMD over time, with a mean altitude of 11.0 km
vertical divergence values were calculated by including pos-before the strengthening period (23:20 to 23:38 UTC; solid
itive vertical velocities only. Negative velocities were re- black line) and a mean altitude of 12.3 km after the strength-
moved because the main goal is to diagnosis the level of deening period. This increase in LMD strength and altitude cor-
trainment for deep transport from the boundary layer, and, asesponds to the time of the strong right turn (“severe right
shown in Fig. 4c oMullendore et al(2009, vertical diver-  mature phase"Tessendorf et gl2005. The timing of this
gence in deep downdrafts can alter the signature of verticaincrease suggests that the enhancement in transport corre-
convergence due to the deep updrafts alone. sponds to the co-location of the supercell updraft with pos-

Figure 2 shows the calculated horizontal detrainment for itive vertical pressure gradient forcing to the south of the

the 29 June 2000 supercell case at 23:57 UTC (dashed linehriginal updraft (e.g.Rotunno and Klempl985. However,
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W——————————— T T ; velope (blue lines) was at most times above the LNB, sug-
gesting some transport occurred above the LNB, and in cer-
tain cases, extended up to 16 km. This depth suggests that
at least in some cases the storms were transporting bound-
ary layer mass directly into the lowermost stratosphere. For
a given storm, irreversible transport associated with the re-
gion of the detrainment envelope from the LMD to its upper
edge is due to turbulence in both the overshooting tops and
also along the upper edge of the anvil cloud. As discussed
in Mullendore et al(2009, the majority of the air in over-
shooting tops is negatively buoyant, and therefore descends
back to lower altitudes. However, due to vigorous mixing at
the top of the storm (e.g., Fig. 9 ddullendore et al.2005
Lane et al.2003, a portion of the overshooting air is mixed
with stratospheric air, thereby attaining neutral buoyancy and
irreversible transport. Although the percentage of the air ir-
Fig. 3. Left axis: Time evolution of detrainment in 29 June 2000 reversibly transported via overshooting tops (and, more gen-
supercell case including level of maximum detrainment (LMD; red erally, via mixing at cloud top) is small compared to the
line) and maximum (blue line) and minimum (gray line) extent of amount of transport occurring at the LMD, this amount can
detrainment envel_ope: The altitude of the LNB from_the mpst réP-pe very important because of transport of even small con-
resentative sounding is shown as a black dashed line. Right axissanirations of reactive chemicals into the lowermost strato-
Time evolution of normalized detrainment magnitude (black line) sphere. Additional analysis of the amount transported to the
for same case. .

stratosphere requires careful treatment of the tropopause, as

the tropopause region becomes poorly defined above active

convection (e.g.Mullendore et al.2005, therefore further
investigation into the maximum updraft strength and updraftquantification of the cross-tropopause transport is beyond the
depth does not show a simply understood relationship, andcope of the current analysis.
this case is further complicated by upper-level temperature It should be noted the detrainment envelope calculations
structure with multiple stability layers. This case is currently are sensitive to dual-Doppler processing, e.g., the case pre-
being investigated in a modeling environment to better undersented inMullendore et al.(2009 from the LBA-TRMM
stand the causes of significant amounts of detrainment aboveampaign had spurious near-surface velocities away from
the LNB, and highlights the importance of storm morphol- main updrafts, which contaminated an analysis of the full do-
ogy in understanding deep convective transport. main and forced a more subjective selection of analysis areas.

Most of the cases analyzed fit what was expected, i.e. thé&ven in the cases presented here, some lower level contami-
mean LMD was below the most representative LNB. Figure nation existed; for times where significant lower level uncer-
shows the time evolution of detrainment envelope, identi-tainty existed, no lower bound on the detrainment envelope
cal to what is shown in Fig3 for the 29 June 2000 case, (Fig. 4a, b; dashed gray lines) was recorded. An objective
for the additional eight cases (the 3 June and 11 June 200thethodology for choosing the analysis region, with focus on
STEPS cases, panels d and e, have gaps in the returns duethe anvil region of a given case, is currently being tested (e.g.,
radar scanning strategies that limited dual-Doppler coveragéeng et al.2011).
during those times). The 2 July 1998 CHILL supercell case
(panel a) had LMDs (red line) near the altitude of the most
representative LNB (black dashed line). The 11 June 2006 Relationship between LNB and LMD
STEPS convective line (panel e) had two observed times
where the LMD was near the LNB, features which may resultThe mean LMD calculated for each case is given in Ta-
from a markedly large cell embedded in the line. Figdre ble 1. The mean LMD was calculated by averaging the
also demonstrates that all the cases studied had significatMD values over all times observed, except in the case of
variability in time, in either the LMD, the depth of the de- the 29 June 2000 STEPS supercell. For the 29 June 2000
trainment envelope, or the magnitude of detrainment (showrtase, two LMDs were calculated, one before strengthening
as normalized detrainment magnitude in Fgblack line). (to 23:20UTC, 10.9km) and one after strengthening (from
The time variability of detrainment is not captured in a signal 23:38 UTC, 12.3 km); the post-strengthening LMD is used
snapshot, highlighting an additional challenge in estimatingin comparison figures. As follows from the discussion of the
detrainment values from a single environmental sounding. time-varying LMD in Sect. 4, the mean LMD was below
In addition, even when the LMD was below the most rep-the LNB in all cases except for the 29 June 2000 STEPS

resentative LNB, the maximum extent of the detrainment en-case, which had a mean LMD equal to the LNB. Figbre
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Fig. 4. Same as shown in Fi@, but for additional case studies.

summarizes the comparison between the most representatitéNB_CTH (maximum extent) and LNECBH (minimum ex-

LNB (x-axis) and mean LMD (y-axis). The one-to-one com- tent). The mean offsets for maximum and minimum extent in

parison is plotted as a gray solid line. The supercell caseshat study (for tropical convection over land) are 0.4 km be-

(shown as diamonds) had markedly higher LMDs than thelow the LNB and 5.3 km below the LNB, respectively, which

other storm types (x is single cell, plus signs are multicells,is a smaller average detrainment envelope depth than found

circles are convective lines). On average, all other stormdor the nine midlatitude cases. This difference may be par-

had mean LMD values 2.8 km below the most representatially due to the fact thaffakahashi and Lu@2012 uses

tive LNB (Fig. 5, gray dashed line). This offset for non- radar reflectivity as a proxy for deep convective transport,

supercell storms is similar to the average offset found forand the study presented here only uses dual-Doppler derived

a large data set of tropical convection over land (offset be-divergence profiles. Howeve¥ullendore et al(2009 also

tween LNBmaxMass and LNB of 3.1 kmJakahashi and uses reflectivity as proxy, and found good agreement between

Luo, 2012. the two methods. Additional research is currently being con-
The offset between extent of the detrainment envelope andlucted to more fully understand the relationship between di-

LNB was also investigated, with the average offset calculatedrergence profiles and reflectivity.

for each storm individually, then averaged over all storms.

The average maximum extent of the detrainment envelope

ranged from 3.7 km above the LNB to 0.9 km bglgw, with an 6 Conclusions

average offset of 1.6 km above. The average minimum extent

of the detrainment envelope ranged from 4.2km to 7.5 kmAS stated in Sect. 1, the purpose of this study is to quantify

below the_ LNB, with an average offset of 6.7km be_low. the variability associated with predicting detrainment levels,
The detrainment envelope extent corresponds to detra'”me%tpecifically the prediction from environmental soundings.

levels as shown iMakahashi and Lug2012), specifically  ajthough it is generally accepted that the level of neutral
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14 for transport calculations. However, with further case studies,
a predictable relationship between LNB and LMD may yet
13 ‘ be determined for a given storm regime. The Deep Convec-
tive Clouds and ChemistryJCAR, 20121 field campaign
will provide several additional cases that can provide further
X STEPS GG insights into the relationships presented in this study.

O STEPS6/11
D STEPS 6/19

S Srereem This study has also demonstrated the evolution of the

o +  STEPS 6/23

STePs o120 LMD over the lifetime of the storm can be significant (e.g.,

> CHILL-Pawnee 7/2
CHILL-Pawnee 7/15

GHILL_pawnee 721 >2 km altitude change in 30 min for 29 June 2000 supercell),
and this time evolution is lacking from models with coarse
time steps, missing significant changes in detrainment levels

8 ‘ that may strongly impact the amount of boundary layer mass

transported to the lower stratosphere.
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