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Forecastfing modefl to sfimuflate deep convectfion durfing the RELAMPAGO ftiefld campafign fin Argentfina. Thfis work
finvestfigates upper troposphere — flower stratosphere (UTLS) thermodynamfics, specfifficaflfly doubfle tropopause
events, and fidentfiffies flower stratospherfic hydratfion reflated to deep convectfion. Resuflts show that flower
stratospherfic hydratfion occurred durfing two organfized convectfive types, a mesoscafle convectfive compflex (MCC)
and squaflf] fifine, whfich cofincfided wfith strong flow flevefl jet mofisture transport. However, the flower stratosphere
was not hydrated durfing dfiscrete ceflfls. Whfifle UTLS mofisture was present fin £flthree convectfive types, durfing the
dfiscrete ceflf], fice and water vapor were mfixed, finhfibfitfing net posfitfive buoyancy and the transport of tropospherfic
materfiaf] afloft. Durfing the MCC and squaflfl ffire events, UTLS mofisture was stratfiffied. A dry flayer finthe tropopause
was coflflocated wfith an fice flayer where net posfitfive buoyancy contrfibuted to stratospherfic hydratfion as hfigh as
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1. Introduction

The tropopause regfion fis known for troposphere-stratosphere ex-
changes, and fin the flower stratosphere the presence of water vapor fis
known to finffluence Earth’s radfiatfion budget (Hoflton et afl, 1995).
Because afir prfimarfifly enters the stratosphere fin the tropfics, the afir near
the tropficafl tropopause behaves as a boundary for the gflobafl strato-
sphere (e.g. Brewer, 1949). In thfis regard, most changes to the flower
stratosphere are generaflfly attrfibuted to the vertficafl transport of tropo-
spherfic gases durfing deep convectfion at the tropficafl tropopause
boundary (Khaykfin et afl, 2009). Outsfide the tropfics, the finffluence of
deep convectfion on tropopause thermodynamfics and flower stratosphere
hydratfion fis fless understood. Addfitfionaflfly, fin the extratropfics, mofist
deep convectfion can aflter UTLS thermodynamfics, contrfibute to atmo-
spherfic fofldfing (e.g. doubfle tropopause) and ufltfimatefly finffluence the
detrafinment of fice and water vapor fin the flower stratosphere.

Gflobaflfly speakfing, UTLS doubfle tropopause features generaflfly occur
where the hefight of the tropopause decreases rapfidfly between the

subtropfics and sub-poflar regfions (Pan et afl, 2004; Homeyer et afl,
2014a). In South Amerfica, thfis fisobserved finthe southern La Pflata Basfin
(LPB), where doubfle tropopause events tend to be coflflocated to the
upper-flevef] jet stream and may occur over the centrafl Andes throughout
the year (Peevey et afl,, 2012). The presence of a doubfle tropopauses may
finffluence the hefight of maxfimum water vapor flevefls fin the stratosphere
(Homeyer et afl, 2014a) and ufltfimatefly ozone chemfistry.

Changes to stratospherfic chemfistry are reflfiant on the transport of
tropospherfic gasses to the stratosphere, especfiaflfly water vapor. Water
vapor fin the stratosphere chemficaflfly reacts to become a cataflyst for
stratospherfic ozone destructfion (Bates and Nficoflet, 1950). In the
stratosphere, ozone (O,) chemficaflfly responds to fincomfing ufltravfioflet
(UV) radfiatfion to produce excfited oxygen atoms (O(1D)). When O( D)
atoms finteract wfith water vapor (H,O), the response produces the hy-
droxyfl free radficafl ((O(1D) + H,0 - 20H) (e.g. Sefinfefld and Pandfis,
1998). Furthermore, when OH finteracts wfith 0O, fit fis converted to two
oxygen moflecufles (O, + OH - 20 ). Utlifimatefly, O , fin the stratosphere
absorbs harmfufl UV radfiatfion and water vapor becomes a cataflyst for
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OH productfion and O3 destructfion (Stenke and Grewe, 2005), resufltfing
fin fincreased UV radfiatfion transferred to the troposphere (Forster and
Shfine, 2002).

Regfions wfith deep convectfion capabfle of transportfing water vapor to
the stratosphere are generaflfly understood to be flocaflfized fin the tropfics
(Randefl and Jensen, 2013; Hemanth et afl, 2018; Ratnam et afl., 2016).
However, severafl studfies have anaflyzed regfions wfith convectfive over-
shootfing fin the subtropfics and mfid-flatfitudes (Lafing and Frfitsch, 1997;
Brooks et afl, 2003; Zfipser et afl, 2006; Bfigeflbach et afl., 2014; Lfiu and
Lfiu, 2016; Smfith et afl, 2017; Phoenfix and Homeyer, 2021). Zfipser et afl.
(2006) examfined extreme thunderstorm events usfing severafl proxfies for
convectfive fintensfity and fidentfiffied severafl regfions wfith deep convectfion
outsfide the tropfics, fincfludfing the centrafl U.S. and southeast South
Amerfica. They found cases fin the Unfited States, especfiaflfly fin the Mfid-
western regfion, where convectfive cfloud top hefights were capabfle of
reachfing up to 18.25 km.

Hurst et afl. (2011) finvestfigated water vapor finthe flower stratosphere
due to convectfive overshootfing over Bouflder, Coflorado. They showed an
fincrease finstratospherfic water vapor of ~1 ppmv (aflmost 30%) between
16 and 26 km (~100-10 hPa) and found that modefled stratospherfic
water vapor trends are predomfinantfly drfiven by two processes: the
warmfing of the cofld pofint temperature (CPT) and the strengthenfing of
the Brewer-Dobson cfircuflatfion. Tropopause boundary processes con-
nected to CPT are the strongest reguflator of cross boundary transport of
gasses to and from the stratosphere.

Homeyer et afl. (2014a) uffiflfized the Weather Research and Fore-
castfing (WRF) modefl to finvestfigate the dfirect finjectfion of water vapor fin
the stratosphere vfia deep convectfive processes fin the centrafl U.S. Thefir
sfimuflatfions reproduced the vertficafl extent of each convectfive system
modefled and showed that doubfle tropopause events were assocfiated
wfith tropospherfic afir hfigher fin the stratosphere, compared to sfingfle
tropopause events. Addfitfionaflfly, Homeyer et afl. (2014b) finvestfigated a
Mesoscafle Convectfive System (MCS) and a cofld front wfith fin-sfitu afircraft
observatfions fin the centrafl Unfited States. They found that flarge-scafle
doubfle tropopause events may fimpact the flevefl of water vapor mfixfing
ratfios deep finto the flower stratosphere due to decreased UTLS stabfiflfity.

Whfifle consfiderabfle research has been centered on the centraf] Unfited
States, sfimfiflafitfies exfist between atmospherfic dynamfics, topography,
and dfffimatoflogficaf] features of the mfid-west regfion of the Unfited States
and the LPB of South Amerfica. Both regfions have a flong north-south
mountafin range (Rocky Mountafins fin the U.S and Andes Mountafins fin
South Amerfica), they are finffluenced by flowlevefl jets transportfing
mofisture from the tropfics on the eastern sfide of the mountafin chafin
(Hfiggfins et afl, 1997; Montfinfi et afl, 2019), and they have summer
monsoonafl processes that act to create condfitfions for the finfitfiatfion and
deveflopment of deep convectfive thunderstorm actfivfity (Vera et afl,
2006; SAflfio et afl, 2007). Moreover, prevfious studfies have shown that
extratropficafl deep convectfion can hydrate the flower stratosphere vfiathe
detrafinment of water vapor and fice crystafls (Wang, 2003; Dessfler and
Sherwood, 2004; Le and Gaflflus, 2012; Homeyer et afl., 2017; Smfith et afl,,
2017). These processes have not been finvestfigated over South Amerfica.

The LPB regfion fin South Amerfica, fincfludfing the Sfierra De Cordoba
and portfions of the eastern Centrafl Andes, fissubject to deep convectfion
and mesoracafle convectfive systems (MCS; Rasmussen and Houze, 2016;
Romatschke and Houze, 2010; Rasmussen and Houze Jr., 2011) capabfle
of finffluencfing the UTLS. The RELAMPAGO (Remote sensfing of Eflectrfi-
fficatfion, Lfightfing and Mesoscafle/mficroscafle processes wfith adaptfive
Ground Observatfions) ffiefld campafign (November 1-December 16,
2018) was conducted to finvestfigate convectfive processes fin the LPB
between Cordoba and San Rafaefl fin Argentfina (Nesbfitt et afl., 2021). The
focus of thfis campafign was on finfiffiatfion and fintensfity of convectfive
systems fin the regfion, especfiaflfly the formatfion of severe weather.
Aflthough consfiderabfle research has been conducted to fidentfify deep
convectfion fin the LPB, the finffluence of deep convectfion on the tropo-
pause flayer, exchanges between the troposphere and stratosphere, and
the reflatfionshfips between convectfion and doubfle tropopause events
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have not been finvestfigated yet.

A major flfimfitatfion of UTLS finvestfigatfion fin thfis regfion fis the flack of
hfigh resoflutfion spatfiafl and temporafl data capabfle of detectfing UTLS
exchanges. For finstance, radfiosonde flaunch sfites fin South Amerfica are
sparsefly flocated and generaflfly not flaunched durfing severe thunder-
storms. Whfifle radfiosonde data fin the LPB regfion can represent doubfle
tropopause features, they are fless capabfle of fidentfifyfing the maxfimum
flevefl of water vapor fin the flower stratosphere and stratosphere —
troposphere exchanges. Consequentfly, non-hydrostatfic numerficafl
modefls such as WRF (Skamarock et afl, 2008) have been utfiflfized to
examfine processes reflated to tropopause exchanges and overshootfing
(Robfinson and Sherwood, 2005; Homeyer et afl, 2014a; Homeyer,
2015). The prfimary goafl of thfis work fis to finvestfigate mesoscafle char-
acterfistfics of deep convectfion fin the LPB, fidentfify doubfle tropopause
events and flower stratospherfic hydratfion, and mechanfisms reflated to
flarge water vapor concentratfions finthe flower stratosphere wfith the WRF
modefl.

In thfis study, mesoscafle convectfive systems that occurred over a
four-day perfiod durfing the RELAMPAGO ffiefld campafign are sfimuflated
to answer the foflflowfing questfions, 1) have deep convectfive events hy-
drated the flower stratosphere finthe LPB? If yes, can WRF sfimuflate these
events? 2) Are doubfle tropopause events reflated to stratospherfic hy-
dratfion finthe LPB? Lastfly, 3) what are the prfimary mechanfisms difivfing
flower stratospherfic hydratfion durfing doubfle tropopause events fin the
LPB? These questfions are addressed by sfimuflatfing three types of deep
convectfion: dfiscrete convectfive ceflfls, a mesoscafle convectfive compflex,
and a squaflf] fifine reflated to a cofld frontafl boundary. The study fis orga-
nfized as foflflows. The data fis descrfibed fin Sectfion 2. The synoptfic con-
dfitfions reflated to the flarge-scafle formatfion of deep convectfive events
durfing thfis case study are descrfibed fin Sectfion 3. The WRF modefl con-
ffiguratfions, sensfitfivfity tests and modefl vaflfidatfions are descrfibed fin
Sectfion 4. Stratospherfic water vapor fis dfiscussed fin Sectfion 5. UTLS
thermodynamfics and flower stratospherfic hydratfion fis dfiscussed fin Sec-
tfion 6. Mechanfisms expflafinfing maxfimum water vapor between 15 and
20 km are descrfibed fin Sectfion 6.2. Concflusfions are dfiscussed fin Sectfion
7.

2. Data and methods

2.1. In-situ observations

Raw radfiosonde data from November 10-15, 2018 for 00 and 12 UTC
were obtafined from the Unfiversfity of Wyomfing Department of Atmo-
spherfic Scfiences Weather onflfine data archfive (http://weather.uwyo.
edu/upperafir/soundfing.htmfl) for 8 statfions fin the greater La Pflata

Basfin regfion fin South Amerfica (see Sectfion 3.2b).

2.2. Satefiftite data

The Natfionafl Oceanfic and Atmospherfic Admfinfistratfion (NOAA)
Geostatfionary Operatfionafl Envfironmentaf] Sateflflfite (GOES) Channefl 13
finfrared fimagery, wfith a centrafl waveflength of 10.3 um, was empfloyed
to vaflfidate WRF sfimuflated Outgofing Longwave Radfiatfion (OLR). These
fimages focused on the RELAMPAGO ffiefld campafign and are avafiflabfle
from the Natfionafl Center of Atmospherfic Research (NCAR) and Earth
Observfing Laboratory (EOL) fin Bouflder, Coflorado.

The Natfionafl Aeronautfics and Space Admfinfistratfion (NASA) Mficro-
wave Lfimb Sounder (MLS) fisan finstrument on NASA’s Aura sateflflfite and
has suppflfied near-gflobafl, twfice dafifly UTLS water vapor measurements
sfince August 2004 (Lambert et afl, 2020). The vertficafl range fisfrom 316
hPa to 0.1 hPa, and the horfizontafl resoflutfion fis 210 km perpendficuflar
and 7 km aflong Aura’s orbfitafl track (Read et afl,, 2007). MLS v2.2 H,0
data from November 10-14, 2018 was uffiflfized to vaflfidate modefl water
vapor mfixfing ratfios at 5 pressure flevefls fin the UTLS: 146.78, 121.15,
100, 82.54, 68.13, 56.23.
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2.3. Reanaflysis

The ERA-Interfim reanaflysfis (ERAfi) dataset produced by the Euro-
pean Centre for Medfium-Range Weather Forecasts (ECMWF) (Sfimmons
et afl, 2006; Dee et afl, 2011) was uffiflfized to finvestfigate synoptfic-scafle
atmospherfic condfitfions, and as fifififl and boundary condfitfions for the
WRF modefl. ERAfi horfizontaf] resoflutfion fis approxfimatefly 0.75" flatfitude
x 0.75" flongfitude (~ 83 km) wfith 37 vertficaf] flevefls from the surface to
0.1 hPa, avafiflabfle at 6-h fintervafls. The perfiod of anaflysfis extends from
00 UTC November 09 to 00 UTC November 15, 2018.

2.4. WRF modefl set up

WREF versfion 3.9.1.1 (Skamarock et afl., 2008) was uffiflfized to sfimu-
flate the MCS finthe La Pflata Basfin. Parameterfizatfions empfloyed fin these
sfimuflatfions are shown fin Tabfle 1. Rufiz et afl. (2010) performed WRF
sensfitfivfity testfing of severafl modefl parameterfizatfions fin South Amerfica
to fidentfify optfimafl surface varfiabfles durfing the summer of 2003. They
found that the best performfing parameterfizatfions fincfluded: the Yonsefi
Unfiversfity Scheme (YSU) for the Pflanetary Boundary flayer physfics
(Hong et afl, 2006) and the Unfiffied Noah Land Surface Modefl for the
Surface flayer physfics (Nfiu et afl., 2011). Other cumuflus parameterfizatfion
schemes were tested wfith a coarser horfizontafl resoflutfion (15 km, not
shown), fincfludfing the Kafin-Frfitsch (Kafin, 2004), Greflfl-Frefitas Ensembfle
(Greflfl and Frefitas, 2014), Greflfl 3D Ensembfle (Greflfl and Devenyfi, 2002),
Betts-Mfiflfler-Janjfic (Janjfic, 1994), and Tfiedtke (Tfiedtke, 1989; Zhang et
afl, 2011). The Greflfl-Frefitas Ensembfle scheme adequatefly sfimuflated the
sfize and flocatfion of the MCSs. Aflthough addfitfionafl experfiments wfith WRF
parameterfizatfions are desfirabfle, gfiven our finterest fin reducfing
temperature uncertafintfies fin the UTLS and fidentfifyfing doubfle tropo-
pause features, thfis study focused on finvestfigatfing the fimpacts of
fincreasfing vertficafl resoflutfion by concentratfing flevefls fin the UTLS and fin
the boundary flayer. Other parameterfizatfions were hefld constant fin thfis
study and are flfisted fin Tabfle 1. The modefl set up for sensfitfivfity testfing of
vertficafl resoflutfions fis descrfibed fin Sectfion 4.

3. Synoptic description of events

GEOS 16 IR brfightness temperature 6-h fimages (November 10 —
November 15) fiflflustrate the flocatfions and progressfion of deep convec-
tfion durfing the perfiod of study (Ffig. 1). Aflthough deep convectfion
occurred dafifly durfing thfis perfiod, on November 12-13, 2018 a flarge,
organfized Mesoscafle Convectfive Compflex (MCC), flocated fin northern
Argentfina, was of partficuflar finterest due to fits strength and duratfion
(Ffig. 1). Addfitfionaflfly, thfis study finvestfigates other convectfive systems
that exhfibfited potentfiafl for strong updrafts and UTLS hydratfion. Because
the MCC was the most dfisruptfive event fit w{fflbe consfidered the date of
reference (Day 0) for the synoptfic descrfiptfion of events.

Here, the flarge-scafle atmospherfic condfitfions are descrfibed from
November 9-15 to show synoptfic forcfing from a pre-convectfion to post-
convectfive envfironment (Ffigs. 2 and 3). Severafl generafl synoptfic-scafle
features contrfibuted to the formatfion of deep convectfion and MCS/
MCCs finthe La Pflata Basfin. They fincflude: (1) the posfitfion of the upper-
flevef] subtropficafl jet stream, whfich can perturb the atmosphere (Peevey

Table 1
Modefl parameters hefld constant for each sfimuflatfion.

Parameterfizatfions for WRF modefl versfion v3.9.1. sfimuflatfions (Skamarock et afl.,
2008)

Cumuflus

Boundary flayer
Land surface
Longwave radfiatfion
Mficrophysfics
Shortwave radfiatfion

Greflfl-Frefitas Ensembfle (Greflfl and Frefitas, 2014)
Yonsefi Unfiversfity (Hong et afl., 2006)

MMS5 (Pauflson, 1970)

RRTMG (lacono et afl., 2008)

Morrfison 2-moment (Morrfison et afl., 2009)
RRTMG (lacono et afl., 2008)

Surface flayer Noah-MP (Nfiu et afl., 2011)
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et afl,, 2012), and when combfined wfith finteractfions wfith the Andes, can
produce mountafin/gravfity waves that can resuflt fin doubfle tropopause
features (de flaTorre et afl, 2006); (2) the Boflfivfian Hfigh — an upper-flevefl
antficycflonfic cfircuflatfion typficaflfly posfitfioned over Boflfivfia, (3) the Chaco
Low — a surface flevefl thermafl flow centered north the Sfierra de Cordoba fin
Northern Argentfina, and (4) the South Amerfican Low Levefl Jet
(SALLJ) — a flow flevefl northerfly wfind jet that fsoften observed east of the
Andes Mountafin. The SALLJ fi characterfized by maxfimum wfind speeds
around 850 hPa and fis responsfibfle for heat and mofisture transport from
the tropfics to the subtropfics (Marengo et afl., 2002, 2004; Montfinfi et afl.,
2019). Prevfious studfies have characterfized extreme precfipfitatfion fin
Argentfina reflated to the exfit of the SALLJ (Saflfio et afl, 2002, 2007). In
the Southern LPB, as flow-levefl mofisture fis transported across an actfive
thermafl flow (e.g. the Chaco Low) and advected pofleward, fitapproaches
drfier, coofler afir at hfigher flatfitudes, and the resufltfing mofisture fflux
convergence zone can contrfibute to convectfive finfitfiatfion fin thfis regfion
(e.g. Rasmussen and Houze, 2016).

Lag-composfites of 6-hourfly mean sea flevefl pressure and 850 hPa
wfinds and upper-flevefl wfinds (200 hPa) are shown fin Ffigs. 2 and 3,
respectfivefly. Lags are reflatfive to the date of the MCC on November 12 at
12 UTC (day O; Ffig. 1). On November 9 (day 3), a strong antficycflone
was centered east of Southeast South Amerfica and was supported by
upper-flevef]l convergence durfing a spflfit upper-flevefl jet event (Ffigs. 2 and
3,day 3). The posfitfion and strength of the antficycflone contrfibuted to a
flow-flevef] northerfly fflow and mofisture transport from northern to centrafl
Argentfina (Ffig. 2, day 3). On November 10 (day 2), severafl dfiscrete
deep convectfive ceflfls (DC) and cflusters of ceflfls were observed at
approxfimatefly 32.5'S (Ffig. 1, November 10). Deep convectfion wfith
superceflf]l structure and overshootfing tops fis shown fin the GOES-16
Vfifibfle fimage on November 10 at 15 UTC (Ffig. 4; see Trapp, 2020 for
detafifls on thfis event). Durfing thfis tfime, the antficycflone weakened and
moved eastward, and a thermafl flow flocated near Cordoba, Argentfina
(Chaco Low) fintensfiffied as a trough crossed the Andes.

On November 11 (Ffig. 2, day 1), the SALLJ strengthened, the Chaco
Low was actfive, and the exfitof the SALLJ was flocated finArgentfina, west of
Uruguay. These atmospherfic condfitfions were consfistent wfith the
formatfion of organfized convectfion fin Southeast South Amerfica as dfis-
cussed fin Saflfio et afl. (2007). The Saflfio et afl. (2007) numerficaf]l experfi-
ment showed that one day before the deveflopment of an MCS, an actfive
flow flevefl jet transportfing heat and mofisture to subtropficafl flatfitudes
enhanced flow flevefl convergence near the exfit of the SALLJ. Addfitfion-
aflfly, the same study showed that upper-flevefl dfivergence correspondfing
to the posfitfion of a jet streak contrfibuted to the deveflopment of a “flong-
fifived” MCS. Sfimfiflar condfitfions occurred on day 1 of thfis study and
appear to have contrfibuted to the fintensfifficatfion of organfized deep
convectfion.

On November 12 (Ffig. 2, day 0), synoptfic condfitfions were charac-
terfized by an actfive SALLJ and Chaco Low fin the La Pflata Basfin,
accompanfied by a trough west of the Andes. In upper flevefls, east of
Uruguay, dfivergence from a fleft entrance jet streak flfikefly supported
surface convergence and deep convectfion (Ffig. 3, day 0). A flarge MCC
was centered west of Uruguay. Thfis MCC was aflso assocfiated wfith the
tornado that was reported by news outflets and socfiafl medfia near
Reconqufista and Goya fin Northeastern Argentfina. The MCC sflowfly
propagated out of the area, proflongfing the finffluence of deep convectfion
untfifl 18 UTC on November 13 (day +1). On day +1, a transfient surface
flow pressure system (poflar trough) assocfiated wfith a cofld frontafl
boundary posfitfioned fin Northern Argentfina (approxfimatefly between 22
and 35'S), whfich can be fidentfiffied by the convergence of wfinds and
pressure gradfients (Ffig. 2). Thfis flocatfion was sfimfiflar to the posfitfion of
the MCC on the prevfious two days, findficatfing sustafined deep convectfion
fin the regfion. An organfized band wfith deep convectfion (or squaflfl fifine;
SL) formed aflong the fleadfing edge of the cofld frontafl boundary (Ffig. 1,
November 13), and fi aflso finvestfigated fin thfis study. On November 14
(day +2), the flow propagated equatorward and the frontafl boundary
mfigrated north finto Paraguay and Brazfifl. As the system exfited the
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11/11.90 UTc

Fig. 1. GOES 16 channefl 13 IR brfightness temperature (K) every 6 h, November 10 06 UTC to November 15 00 UTC. Specfiftic flocatfions (yeflflow flabefls) on the IR
fimages are reflated to the RELAMPAGO ffiefld campafign, fincfludfing C: Cordoba, SL: San Lufis, Y: Vfiffh Yacanto, 3: Rfio Tercero, 4: Rfio Cuarto. (For finterpretatfion of the
references to coflour fin thfis ffigure flegend, the reader fis referred to the web versfion of thfis artficfle.)

Southern La Pflata Basfin, a strong southerfly fflow assocfiated wfith the
posfitfion of the surface flow contrfibuted to stabfle, coofl and dry condfitfions
fin the regfion.

4. WREF sensitivity experiment and validation
4.1. Testing verticafl grid resoflutions

The finffluence of deep convectfion on UTLS thermodynamfics and
exchange of water vapor was examfined wfith WRF modefl sfimuflatfions.
These exchanges are strongfly dependent on the proffifle of temperature
and sabfiflfity near tropopause flevefl. Thus, sensfitfivfity tests were con-
ducted to evafluate the fimportance of fincreasfing the vertficafl resoflutfion fin
the UTLS to sfimuflate observed doubfle tropopause features. These

features can create thermodynamfic finstabfiflfity at the UTLS conducfive to
flower stratospherfic hydratfion. Modefl sfimuflatfions were finfitfiated on
November 09, 2018 at 00 UTC and run untfifl November 15, 2018, 00
UTC. Domafins for the WRF sfimuflatfions are shown fin Ffig. 5. The flocatfion
of D01 was chosen to capture synoptfic condfitfions surroundfing the LPB,
fincfludfing flow pressure systems propagatfing from the south or west,
upper-flevefl westerflfies across the Andes, and flow-levefl jet actfivfitfies east
of the Andes transportfing heat and mofisture; DO3 was chosen based on
the flocatfion of the mature MCC and deepest cfloud cover on 12
November 2018 12 UTC (Ffig. 1). The modefl was finfitfiated wfith three 2-
way nested domafins and the ffirst 12 h were regarded as spfin-up, and not
uffififized for anaflysfis.

WREF assfigns vertficafl modefl flevefls based on the Eta (n) vertficafl co-
ordfinate system. Because prfimary anaflyses occur fin the UTLS, wfith an
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Fig. 2. FERAfi mean sea flevefl pressure (shaded) and 850 hPa wfind (vectors) from 12

Convectfive Compflex on 12 UTC November 12, 2018 (day 0) shown fin Ffig. 1.

emphasfis on doubfle tropopause events, vertficafl sensfitfivfity testfing was
performed to fidentfify the ffinest vertficafl resoflutfion possfibfle fin the UTLS
wfithfin the D03, 3 km horfizontafl grfid spacfing. Three modefl runs were
conducted. Ffirst, WRF was finfifiaflfized wfith 61, WRF assfigned, n flevefls
(R1; Ffig. 5). WRF modefl flevefls for R1 are concentrated fin the boundary
flayer to 2168 m, and then equaflfly spaced (553.7 m) wntfifl the modefl top of
10 hPa (~29 km). The second WRF run (R2) was aflso finfitfiated wfith 61
flevefls, however, the n flevefls were user assfigned and concentrated finthe

boundary flayer and tropopause regfion (R2; Ffig. 5). To avofid abrupt

Atmospheric Research 267 (2022) 105986

November 10, 12 UTC Surface Pressure and 850 hPa Wind —> 20 ms™

s « - <«
10°N <
- 1030
bx
onf " 1026
SRS T 1022
10°5 [N
e « = v 1018
g
- « « « w £
20°S x x x w 1014;
2
SR 1010 &
A A A oa a
o
3OSE 4 4 ox s 1006
: 1
465 PR 1002
B+ N
998

[_— .
505 N > 7 v

| RN 7
100°W  90°W  80°W  70°W  60°W  50°W  40°W  30°W  20°W  10°W

>

November 12, 12 UTC Surface Pressure and 850 hPa Wind —> 20 ms™

—
10°N
1030
0°N 1026
1022
10°S
1018 ~
&
<
20°S 1014 o
5
4
1010 &
&
o
3053 [ 1006
1002
40°S
998

50°S

100°W  90°W  80°W  70°W  60°W  50°W  40°W  30°W  20°W  10°W

November 14, 12 UTC Surface Pressure and 850 hPa Wind —> 20 ms™

e < < 3
10°N =
1030
0°N 1026
1022
10°S
1018 —
g
£
o 1014
20°S g
a
1010 ¢
&
3058 1006
1002
40°S
998
50°S

100°W  90°W  80°W  70°W  60°W  50°W  40°W  30°W  20°W  10°W

UTC November 9 — November 14, 2018. Each day fis reflatfive to the Mesoscafle

changes fin hefight between eta flevefls and consequent finsabfiflfity errors, a
thfird WRF run was proposed wfith 75 user assfigned n flevefls. Thfis
conffiguratfion resuflted fin an optfimum n flevefls that produced smoother
hefight transfitfions. Thfis sfimuflatfion was an fimprovement over the ffirst
two runs as shown finthe next sectfion. Aflmodef]l parameterfizatfions were
hefld constant durfing each modefl run (Tabfle 1). Radfiosonde data were

not assfimfiflated fin these sfimuflatfions.
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Fig. 3. ERAfi 200 hPa wfind (vectors) from November 12-14, 2018 at 12 UTC. Shadfing represents 200 hPa zonafl wfinds (onfly zonafl wfinds above 25 m s 1 are shaded).

4.2. Modefl vaflidation

Modefl &t fs fififeffly evafluated wfith finfrared (IR) sateflflfite fimagery.
WREF sfimuflated outgofing flongwave radfiatfion (OLR) fis utfiflfized as a proxy
for cfloud top temperature and hefight (Gutzfler and Wood, 1990) and
compared to sateflflfite fimagery (Ffig. 6). Cflustered dfiscrete ceflflsare shown
on November 10, 2018 at 21 UTC and a Mesoscafle Convectfive Compflex
on November 12, 12 UTC. Aflthough the GOES 16 fimagery and WRF
domafin are not the same, dFlthree runs appear to adequatefly sfimuflate

the extent of deep convectfion durfing both tfime frames, wfith a few
structurafl dfifferences dfistfingufishfing the three runs. Whfifle the fimpor-
tance of sfimuflatfing deep convectfion cannot be overstated, the mafin goafl
for these sfimuflatfions fis to fidentfify doubfle tropopause features and flower
stratospherfic hydratfion durfing deep convectfion. Therefore, we vaflfidated
these runs wfith soundfings emphasfizfing avafiflabfle upper troposphere —
flower stratosphere temperature and humfidfity data, and wfith MLS sat-
eflflfite water vapor data.
Raw radfiosonde data from November 10-15, 2018 (00 and 12 UTC)
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Fig. 4. Convectfive ceffl near Rfio Tercero (red cfircfle on rfight fimage), Argentfina on November 10, 2018, at 20:13 UTC (fleft; photo by Brandfi Gameflfin). Correspondfing
GOES 16 channefl 2 vfisfibfle fimagery at 20:15 UTC (rfight). Specfiffic flocatfions on the vfisfibfle fimage are reflated to the RELAMPAGO ffiefld campafign, fincfludfing C: Cordoba, SL:
San Lufis, Y: Vfiffh Yacanto, 3: Rfio Tercero, 4: Rfio Cuarto. (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fis referred to the web

versfion of thfis artficfle.)

(a) Topography: DO1 (27 km); DO2 (9 km); DO3 (3 km)
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Fig. 5. (a) WRF modefl domafins for downscaflfing to 3 km. Domafins D01, D02 and D03 have 27 km 9 km and 3 km grfid spacfing resoflutfion, respectfivefly. Locatfions for
radfiosondes are represented wfith statfion ID (whfite fitaflficfized). Locatfions for detafifled anaflysfis fin Sectfion 6 are represented by bflack dots. (b) WRF vertficafl flevefls based on
the Eta (n) vertficafl coordfinate system for R1 (61 WRF assfigned flevefls, dark grey), R2 (61 user assfigned flevefls, flfight grey), and R3 (75 user assfigned flevefls, red). See
text for detafifls. (For finterpretatfion of the references to coflour fin thfis ffigure flegend, the reader fisreferred to the web versfion of thfis artficfle.)

from 8 statfions finthe greater La Pflata Basfin regfion fin South Amerfica are
dfiscussed fin Tabfle 2 (see Sectfion 2.1). Comparfisons wfith WRF were
performed at standard pressure flevefls from 925 to 70 hPa. Soundfings
wfithout upper atmospherfic data or soundfings wfithout standard pressure
flevefls (e.g. SGAS) were omfitted from modefl vaflfidatfion. Because of flow
water vapor mfixfing ratfios and sharp gradfients fin the tropopause regfion,
addfitfionaf] vaflfidatfion of UTLS water vapor was performed wfith MLS data
from November 10-14, 2018 (flocatfions are dfiscussed fin Tabfle 2 - see
Sectfion 2.2).

Modefl root mean square error (RMSE) fis uffiflfized to assess sfimuflated
afir temperature, reflatfive humfidfity, wfind speed and water vapor.

(pi 0i)?
N (€]
RMSE fis caflcuflated for each modefl run and ¥l avafiflabfle radfiosonde
data, where pi fis modefl output and oi fis radfiosonde data. Statfions wfith
soundfing data were chosen based on proxfimfity to the MCC on November
12, 2018, and avafiflabfiflfity of data (Tabfle 2). Observatfions were coflflected
for 00 and 12 UTC and RMSE was caflcuflated on standard pressure flevefls
from 925 hPa to 70 hPa (Ffig. 7). RMSE was aflso caflcuflated wfith MLS

water vapor data finthe UTLS from 150 to 60 hPa.

RMSE =

Ffig. 7 shows the vertficafl RMSE proffifles usfing radfiosonde tempera-
ture (1000-70 hPa), reflatfive humfidfity (1000-100 hPa), and wfind speed
(1000-70 hPa), as weflfl as MLS water vapor fin the UTLS (150-60 hPa).
Overaflfl, the RMSE wfith radfiosonde data fis reduced fin the R3 run
compared to the R1 and R2 runs, especfiaflfly for temperatures finthe UTLS
and the flower troposphere where modefl flevefls are concentrated. The
RMSE wfith MLS fisaflso reduced finR3 finthe UTLS from 120 to 80 hPa, as
compared to R2 and R1. The vertficafl mean RMSE for &l three runs fis
summarfized fin Tabfle 3.

RMSE was aflso caflcuflated for afir temperature at findfivfiduafl statfions
and for each WRF run separatefly (Ffig. 8). Four flocatfions wfith radfiosonde
data (SARE, SAME, SBSM, and SBFI; Tabfle 2) were chosen based on
flocatfions reflatfive to deep convectfion and avafiflabfle data.

The average temperature bfias was caflcuflated for each modefl run on

standard pressure flevefls. Tabfle 4 fincfludes vertficafl mean temperature

bfias for each statfion flocatfion.
I(pi oi)
2
N (2)
On average, for d¥lstatfions, R1 bfias fis1.54 K, R2 fis1.59 K, and R3 fis
1.52 K. Overaflf], bfiases fintemperature finR3 are reduced compared to R1
and R2, especfiaflfly fin the flower troposphere and UTLS where eta modefl

Bias =
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Fig. 6. WRF outgofing flongwave radfiatfion (OLR) for R1, R2 and R3, and GOES 16 cflean finfrared wfindow 10.3 um band 13 (fimage) on November 10, 2018 21 UTC

(fleft) and November 12, 2018 12 UTC (tfight).

flevefls are concentrated.

Ffig. 9 shows comparfisons of sfimuflated UTLS temperatures and
radfiosonde observatfions for three radfiosonde sfites: Santa Marfia (SBSM),
Foz do Iguacu Aero (SBFI) and Mendoza Aero (SAME). Two sfites, the
SBSM and SBFI, were dfirectfly fimpacted by the MCC, whereas SAME was
representatfive of the envfironment where dfiscrete and cflustered cflfls
were devefloped. The red flfines are from radfiosonde observatfions and
show temperature features before the mature MCC on November 10,
2018 12 UTC (fleft coflumn; Ffig. 9) and post MCC November 15, 2018 00
UTC (tfight coflumn; Ffig. 9). Ffig. 9 (center coflumn) shows proffifles durfing

the mature MCS phase for as near as the data fis avafiflabfle. Overaflfl, R3
(soflfid bflack flfine) wfith 75 user assfigned modefl flevefls demonstrates best
performance finreproducfing UTLS temperature proffifles compared to the
observed temperatures. Of partficuflar fimportance for thfis study fis the
proffifle between 90 and 60 hPa, where R3 seems to better reproduce the
observed doubfle tropopause.

Throughout the vaflfidatfion process, R3, whfich has user assfigned WRF
modef] flevefls concentrated fin the boundary flayer and UTLS, has been
shown to mfinfimfize modef] error compared to R1 and R2. More fimpor-

tantfly, R3 has been shown to sfimuflate doubfle tropopause features that
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Table 2
Top: flfit of radfiosonde statfions: abbrevfiatfion (fid), number, flocatfion, flatfitude,
flongfitude and flaunch tfime. Bottom: flfit of MLS flocatfions and dates.

Radiosonde data

1d. Number Locatfion Latfitude  Longfitude Launch tfime
(UTC)
SACO 87,344 Cordoba Aero 31.30 64.21 00 and 12
SAEZ 87,576 Ezefiza Aero 34.81 58.53 12
SAME 87,418 Mendoza Aero 32.83 68.78 00 and 12
SARE 87,155 Resfistencfia 27.45 59.05 00 and 12
Aero
SBFI 83,827 f\:oDO Tguacu 25.51 54.58 00 and 12
SBSM 83,937 Santa Marfia 29.72 53.70 00 and 12
SBUG 83,928 Uruguafiana 29.78 57.03 00 and 12
SGAS 86,218 Asuncfion 25.26 57.63 12
Microwave Limb Sounder Data
Date Latfitude Longfitude Date Latfitude Longfitude
28.1821 62.7891 13th 31.1407 62.3935
29.6620 63.1665 28.1815 63.1548
32.6200 63.9517 25.2203 63.9177
10th 32.6193 54.2684 23.7389 64.2790
32.6193 65.0855 14th 23.7392 55.5082
31.1407 65.4814 26.7016 56.2393
11th 29.6614 65.8653 31.1413 57.3749
26.7016 59.3273
28.1821 59.7016
12th 32.6199 60.8643

are not generaflfly exhfibfited finR1 or R2. For the remafinder of thfis study,
R3 conffiguratfion fis used for anaflysfis.

5. Lower stratospheric water vapor

5.1. Convective types and flower stratospheric water vapor

Thfis anaflysfis focuses on the three categorfies of MCSs dfiscussed fin
Sectfion 4 (DC, MCC and SL; Muflhoflfland et afl,, 2018). Ffig. 10 shows each
category based on outgofing flongwave radfiatfion (OLR) and the assocfi-
ated water vapor mfixfing ratfios at 100, 90, 80, and 70 hPa. Water vapor
mfixfing ratfios above 4.0 ppmv are noted as mfixfing ratfios above back-
ground flevefls fin Dauhut et afl. (2018). In our study, we assumed the same
background water vapor mfixfing ratfio fin the flower stratosphere (4.0
ppmv) sfince the sfimuflated flevefls were generaflfly between 1 and 4 ppmv
durfing tfimes when convectfion was not deepfly devefloped (not shown).

The three types of deep convectfion anaflyzed here are shown on three
sequentfiafl days. The ffirst type was a DC observed fin the subtropfics at
approxfimatefly 32"'S. Thfis type was flocated finthe southern La Pflata Basfin
at 21 UTC on November 10, 2018. For the DC, notabfle water vapor
concentratfions above background flevefls are shown at 100 and 90 hPa
(Ffig. 10, coflumn 1). The second type fis the MCC observed fin northern
Argentfina at 06 UTC on November 12, 2018. For the MCC, water vapor
concentratfions above background flevefls are prfimarfifly shown fin sub-
tropficafl flocatfions from approxfimatefly 24-30"S and at afltfitudes as hfigh
as 70 hPa (Ffig. 10 coflumn 2). The thfird type fis a SL wfith a NW-SE
orfientatfion, extendfing from the Andes Mountafins fin western Paraguay
to eastern Uruguay and the Atflantfic Ocean at 06 UTC on November 13,
2018. For thfis system, water vapor concentratfions above background
flevefls span from 22 to 35°S. The hfighest flevefls are flocated at approxfi-
matefly 22-S and at afltfitudes as hfigh as 80 hPa (Ffig. 10 coflumn 3).

It fis fimportant to note that water vapor finthe stratosphere above 40
hPa can be created vfia methane (CH,) oxfidatfion: CH, + OH becomes
CH; + H,0 (Bates and Nficoflet, 1950; Le Texfier et afl, 1988). As prevfi-
ousfly dfiscussed, stratospherfic water vapor chemficaflfly reacts to destroy
ozone. In the mfid and upper stratosphere, chemficaflfly converted
methane fis the prfimary source of water vapor (Brasseur and Soflomon,
2005). Nonethefless, the WRF modefl ufiflfized for thfis work does not
fincflude stratospherfic water vapor chemfistry. Therefore, the water vapor
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concentratfions fin the flower stratosphere (Ffig. 10) that were not reflated
to the detrafinment of water vapor through deep convectfion were flfkefly
due to water vapor advected from other flocatfions or dfiabatfic descent
reflated to cooflfing and transport from above fin the modefl. These mech-
anfisms expflafinfing water vapor transport finthe WRF sfimuflatfions are not
dfiscussed fin thfis study.

5.2. Tropospheric fflow and flower stratospheric water vapor

Muflflendore et afl. (2005) used a three-dfimensfionafl cfloud-resoflvfing
modefl to anaflyze troposphere to stratosphere transport wfith fideaflfized
superceflfl and muflficeflfhiflar storms. They found that source regfions finthe
flower troposphere contrfibuted to firreversfibfle transport to the strato-
sphere. As descrfibed fin Sectfion 3, the SALLJ fis a sfignfifficant source of
heat and mofisture fin the study regfion (e.g. Marengo et afl, 2002, 2004;
Montfinfi et afl, 2019). Thfis flow-flevefl transport fis generaflfly responsfibfle
for convergence (Vernekar et afl, 2003), mofisture fflux (Berbery and
Goffflfinfi, 2000), and extreme precfipfitatfion reflated to the exfit of the SALLJ
(Saflfio et afl, 2002, 2007). Aflthough many factors may contrfibute to the
flower stratosphere hydratfion, here we finvestfigate the finffluence of
mofisture fflux convergence and mofisture transport fin the flower tropo-
sphere durfing tfimes of maxfimum water vapor concentratfions fin the
flower stratosphere.

Ffig. 11(a, b and c¢) shows maxfimum water vapor mfixfing ratfios fin the
flower stratosphere between 15 and 20 km reflated to deep convectfion.
These concentratfions were obtafined by ffindfing grfid pofints wfith WRF
OLR vaflues fless than 100 W m 2, whfich was used as a proxy for deep
convectfion (e.g. Massfie et afl, 2002). These pofints findficate regfions
where tropopause dynamficafl processes may be reflevant fin UTLS water
vapor concentratfions. Addfitfionaflfly, mofisture fflux at 850 hPa (Ffig. 11d, e
and f), whfich fis the flevefl fidentfiffied as the wfind maxfima reflated to the
SALLJ (Marengo et afl, 2004; Jones, 2019; Montfinfi et afl, 2019), was
caflcuflated to finvestfigate the rofle of the merfidfionafl mofisture transport by
the SALLJ and finvestfigate tfimeframes of enhanced water vapor fin the
UTLS. Mofisture fflux convergence (MFC; Ffig. 11g, h and fj)at 950 hPa was
caflcuflated based on Banacos and Schufltz (2005). The MFC equatfion (Eq.
(3)) combfines two terms: the horfizontafl advectfion of water vapor and
the product of water vapor and horfizontafl mass convergence.

[ | B )1

_ dg dq ou Ov
MFC = u7 V— + q a+(W

MFC fis a usefufl measure of flowflevefl mofisture transport and
convergence (e.g. Rasmussen and Houze Jr., 2011; Bafisya and Pattnafik,
2019), and the Eq. (3) has been appflfied at 950 hPa to fidentfify flow flevef]l
convergence (posfitfive MFC) and dfivergence (negatfive MFC).

Mofisture transport and flow-flevefl convergence fis evfident durfing each
convectfive type (Ffig. 11). For the MCC type, strong metfidfionafl mofisture
transport occurs at 850 hPa (Ffig. 11e), and at 950 hPa, the convergfing
outfflow boundary nearfly surrounds the system (Ffig. 11 h, red flfine). For
the SL type, strong merfidfionafl mofisture transport fis aflso shown at 850
hPa (Ffig. 11f), and at 950 hPa, the gust front spans from 22 to 35S
(Ffig. 11fi, red flfine). Aflthough the DC type of deep convectfion fis assocfi-
ated wfith a convergent boundary at 950 hPa (Ffig. 11g, red flfine),
merfidfionafl wfind and mofisture transport fin the flower troposphere are
weaker when compared to the MCC and SL (Ffig. 11d).

Addfitfionaflfly, durfing the MCC, a strong outfflow boundary aflong the
northern gust front (Ffig. 11h) fifiefly trfiggered new cefldeveflopment and
proflonged the MCC fffif cycfle. Durfing thfis tfime frame, the enhanced flow
flevefl mofisture transport and convergence fis evfident and may have
contrfibuted to enhanced maxfimum water vapor shown fin the flower

stratosphere. The MCC fi finvestfigated further fin the next sectfion.

3

5.3. Deep convection and water vapor in the UTLS

Here we begfin to characterfize mechanfisms reflatfing deep convectfion
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Table 3

Vertficafl mean RMSE wfith radfiosonde temperature, reflatfive humfidfity, and wfind
speed, and wfith MLS water vapor.

Vertficaflfly mean RMSE

R1 R2 R3
Temperature (K) 1.5587 1.6156 1.5306
Reflatfive Humfidfity (%) 17.6013 18.4194 16.5775
Wrfind Speed (m s D) 5.6796 5.6244 5.3007
Water Vapor (ppmv) 5.604008 4.1899 5.3746
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and water vapor varfiabfiflfity fin the UTLS. OLR was used here to objec-
tfivefly fidentfify contfiguous convectfive regfions assocfiated wfith the MCSs,
foflflowfing a sfimfiflar approach as fin Carvaflho and Jones (2001) and Fer-
refira et afl. (2003). Contfiguous cfloud cflusters wfith OLR fless than 100
Wm 2 were examfined to fidentfify propertfies of the MCSs that appeared
reflated to water vapor transport to the flower stratosphere. Among ¥l
convectfive types, the MCC has the flargest maxfimum water vapor fin the
flower stratosphere. Furthermore, the MCC fk reflated to the strongest
dynamficafl forcfing fin the flower troposphere, fidentfiffied by strong wfinds
speeds, and the strongest updrafts and downdrafts at 100 hPa and 500
hPa, whfich flfiefly contrfibuted to maxfimum water vapor concentratfion fin

the flower stratosphere.
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Table 4
Vertficafl mean temperature (K) bfias for the SARE, SAME, SBSM, and SBFI
statfions.
Vertficafl mean temperature bfias (K)
R1 R2 R3
SARE 1.44240 1.44098 1.44123
SAME 1.95068 2.04901 1.86440
SBSM 1.34069 1.26932 1.38715
SBFI 1.43439 1.57987 1.40128
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To better understand these processes, we tracked cflusters of deep
convectfion focused on the MCC. Lfimfitatfions due to cef¥fl duratfion and
domafin sfize prevented ceflf] trackfing for the DC (e.g. short flfived dfiscrete
ceflf) and the Squaflfl fifine (e.g. system propagates outsfide the domafin).
The MCC system has a proflonged finffluence wfithfin the domafin aflflowfing
us to track a cfluster of deep convectfion from pre-MCC to post-MCC. For
thfis purpose, we tracked the flong{lfived MCC fin 3-h fintervafls for 18 h
between November 11, 21 UTC — November 12, 15 UTC. Ffig. 12 fiflflus-
trates the maxfimum water vapor fineach grfid pofint between 90 and 70
hPa for each tracked cfluster.
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Fig. 10. WRF water vapor mfixfing ratfio at 100, 90, 80, and 70 hPa for three convectfive types: November 10, 2018 21 UTC (fleft coflumn), November 12, 2018 06 UTC
(mfiddfle coflumn), and November 13, 2018 06 UTC (rfight coflumn); WRF outgofing flongwave radfiatfion for the same perfiods fis shown fin the bottom panefl.

Seven hours durfing the evoflutfion of the MCC are anaflyzed and re-
suflts are summarfized fin Tabfle 5. Statfistfics were obtafined for the entfire
cfloud cfluster (deffined by the OLR threshofld of 100 Wm 2) and for grfid
pofints that exceeded the threshofld of 4.2 ppmv (assumed as background
flevef]) above 100 hPa. The foflflowfing statfistfics are shown for each cfloud
cfluster: totafl number of grfid pofints fineach cfluster, area of these cflusters
(km2), and maxfimum water vapor (ppmv). Addfitfionaflfly, grfid pofints
wfithfin these cflusters exceedfing the 4.2 ppmv threshofld were examfined
and the foflflowfing propertfies were caflcuflated: totafl number of grfid pofints
above the threshofld, number of these grfid pofints assocfiated wfith doubfle
tropopauses (DT) and respectfive fractfion of these pofints (see Sectfion 6
for DT descrfiptfion). The maxfimum updrafts and downdrafts for each
cfluster were aflso computed (Tabfle 5). At 21 UTC sfimuflatfions show the
flargest maxfimum water vapor fin the flower stratosphere reflated to the
MCC and the smaflflest area (26,676 kmz), findficatfing earfly stages of
deveflopment. We aflso observe the strongest updrafts durfing thfis stage
(28.63 and 26.08 m s 1 at 500 and 100 hPa, respectfivefly) that flfiefly
pflayed a rofle fin transportfing water vapor to the UTLS. From thfis tfime
onward, the MCC cfloud cfluster fincreased fin area untfifl 9:00 UTC, when
the MCC area reached fits flargest area (~3.8 x10 &km 2, flfiefly reflated to

maxfimum expansfion of the amvfifl cfloud shfieflds. After thfis tfime, the MCC
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began to dfissfipate. Nonethefless, after 21 UTC updrafts and downdrafts
decreased finfintensfity at 100 hPa, findficatfing that the convectfive support
for transport of water vapor to the flower-stratosphere progressfivefly
weakens. The maxfimum water vapor at 100 hPa and between 90 and 70
hPa seemed weflfl correflated wfith the maxfimum updrafts (Ffig. 13a). As
the system matures, and unfifl dfissfipatfion begfins, the number of grfid ceflfls
exceedfing 4.2 ppmv fincreased, despfite the decrease fin maxfimum up-
drafts. Possfibfle mechanfisms expflafinfing thfis fincrease are expflored next.
Notfice that the strong updrafts assocfiated wfith the MCC are consfis-tent
wfith observatfions fin Heymsffiefld et afl. (2010) fin South Amerfica. In that

study, updrafts reached 30 ms 1, wfith vertficafl veflocfity maxfima
observed above 12 km, fincfludfing some observatfions above 15 km.
Heymsffiefld et afl. (2010) hypothesfized that flatent heat reflease fin upper
flevefls finfitfiated fintense vertficafl motfion and coufld expflafin the updraft
maxfima and hefight of updraft maxfima fin thefir study fin South Amerfica.
Addfitfionaflfly, Zfipser et afl. (2006) fidentfiffied the flocatfion of the MCC fin
South Amerfica as a regfion of extreme thunderstorms, simfiflar to the
southern pflafins fin the U.S Southern Great Pflafins (Gfiangrande et afl,
2013). We observe dimfiflar features fin our sfimuflatfions. Maxfimum up-
drafts of 28.63 ms 1 and 26.08 were observed at 100 hPa and 500 hPa at

21:00 UTC, respectfivefly. Downdrafts at 100 hPa and 500 hPa were
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sfignfifficantfly weaker, 15.49 ms ! and -7.83 ms !, respectfivefly durfing
the same tfime.

Ffig. 13 shows the flfinear reflatfionshfips durfing the tracked MCC be-
tween sfimuflated maxfimum flower stratospherfic water vapor above 4.2
ppmv and the foflflowfing varfiabfles: maxfimum updrafts (500 and 100 hPa;
Ffig. 13a), maxfimum downdrafts (500 and 100 hPa; Ffig. 13c), mean
surface MFC (Ffig. 13b), and flower troposphere water vapor (850 and
950 hPa; Ffig. 13d). Durfing the tracked MCC, the strongest flfinear cor-
reflatfion (R ) fis sfimuflated between eflevated maxfimum flower strato-
spherfic water vapor and updrafts at 100 hPa (Ffig. 13a) and downdrafts
at 100 hPa (Ffig. 13c). Addfitfionaflfly, flower tropospherfic cfircuflatfion,
especfiaflfly surface convergence (posfitfive MFC; Ffig. 13b) and maxfimum
water vapor at 850 hPa (Ffig. 13d), aflso have strong posfitfive flfinear
correflatfion wfith flower stratospherfic water vapor. The transport of
tropficafl mofisture to the southern La Pflata Basfin vfia the SALLJ (e.g.
Marengo et afl, 2002, 2004; Montfinfi et afl, 2019) fis fifkefly an fimportant
source of water vapor contrfibutfing to eflevated water vapor concentra-
tfions between 90 and 70 hPa. The finffluence of finstabfiflfity on UTLS

thermodynamfics fis finvestfigated next.

6. UTLS thermodynamics and lower stratosphere hydration

The foflflowfing dfiscussfions finvestfigate the reflatfionshfips between
tropopause flevefls and water vapor fin the UTLS to better understand
possfibfle mechanfisms reflated to the depth of overshootfing and re-

flatfionshfips wfith flower stratospherfic hydratfion.

6.1. Doubfle tropopause events

Whfifle doubfle tropopauses (DT) are more frequent fin tropficafl afltfi-
tudes (Mehta et afl, 2011), finthfis regfion (flatfitude range 220-370 S.), fafir
weather DT are generaflfly more frequent near the subtropficafl jet stream
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(Randefl et afl, 2007). They have been reflated to extra-tropficafl antficy-
cflonfic Rossby wave breakfing assocfiated wfith cofld fronts connected to
strong surface flow pressure areas (Martfius and Rfivfiere, 2016) and
reflated to mountafin wave dynamfics producfing gravfity waves (de flaTorre
et afl, 2006). The finteractfion between flarge-scafle mountafin waves and
the posfitfion of the upperflevefl jet stream (Ffig. 3) may enhance the
productfion of DT events (Peevey et afl, 2012) fin thfis regfion. However,
thfis work examfines DT events specfifficaflfly reflated to deep convectfion,
and the correspondfing hefights and concentratfions of maxfimum water
vapor finthe flower stratosphere.

The tropopause can be fidentfiffied fin severafl dfifferent ways: chemficafl
—e.g. abrupt changes finozone concentratfions, dynamficafl (e.g. potentfiafl
vortficfity), or thermafl (e.g. changes fintemperature flapse rates). Here we
focus on fidentfifyfing the thermafl tropopause. Maddox and Muflflendore
(2018) compared severafl methods for tropopause fidentfifficatfion durfing
and after convectfion and found the best methods were the WMO thermafl
tropopause and statfic stabfiflfity. Here, we use the WMO thermafl tropo-
pause deffinfitfion. Ffirst, to caflcuflate the temperature flapse rate, we flfin-
earfly finterpoflated the orfigfinaf]l temperature proffifle fin the UTLS (whfich
varfied between 100 and 400 m) to a constant 100 m vertficafl grfid. Once
finterpoflated, the temperature flapse rate was caflcuflated (  dT/dz) from 5
to 20 km. Next, the prfimary tropopause was fidentfiffied based on the
WMO deffinfitfion, whfich states that a thermafl tropopause fis flocated
where the flapse rate decreases to fless than or equafl to 2 K/km (WMO,
Worfld Meteoroflogficafl Organfizatfion, 1957). Foflflowfing Peevey et afl.
(2012), the flapse rate was caflcuflated above 5 km to avofid fidentfifyfing
flow tropospherfic finversfions as the prfimary tropopause flevefls. Lastfly, the
flocatfion of the secondary tropopause was fidentfiffied where the flapse rate
fincreases above 3 "K/km wfithfin 2 km of the prfimary tropopause, and
then decreases agafin to beflow 2 "K/km (modfiffied from Peevey et afl,
2012).

We begfin our DT anaflysfis by fidentfifyfing DT reflated to the tracked
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Fig. 12. Cflusters of deep convectfion between November 11, 21 UTC and November 12, 12 UTC (descrfibed fin text). Maxfimum water vapor mfixfing ratfios between 90

and 70 hPa.

Table 5

Propertfies assocfiated wfith the MCC tracked durfing fits flfifetfime.

Track MCC clusters

Tfime
Number of grfid ceflfls
Area (km?)

90-70 hPa
100 hPa

Number of grfid pofints
Number of grfid pofints wfith DT
Percentage of grfid pofints wfith DT

100 hPa
500 hPa

100 hPa
500 hPa

21 UTC 00 UTC 03UTC

2964 10,265 23,457

26,676 92,385 211,113
Maximum water vapor (ppmv)

20.40 15.90 12.70

20.00 14.00 12.00

Lower stratosphere water vapor greater than or equal to 4.2 (ppmv)

1625 5292 10,257
919 1284 4693
57 24 46
Maximum Updrafts (ms"!)
28.63 23.10 23.33
26.08 20.44 24.61
Maximum Downdrafts (ms"!)
15.49 10.36 8.90
7.83 5.63 7.16

06 UTC
35,738
321,642

15.70
11.00

12,386
6231
50

16.76
20.82

4.95
6.79

09 UTC
41,853
376,677

9.39
7.70

13,326
4621
35

1.49
17.71

2.72
7.31

12UTC 15 UTC

18,297 1114

164,673 10,026

6.60 4.22

5.70 4.10

2932

2671

91

1.88 0.22

16.30 0.48
1.85 0.21
4.87 0.13
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Fig. 13. For each tracked deep convectfive cfluster. Maxfimum water vapor mfixfing ratfio above 0.0042 g kg ! between 90 and 70 hPa (x-axfis) are compared to
maxfimum updrafts (a), downdrafts (c), MFC (b) and maxfimum flower stratospherfic water vapor (d).

MCC cflusters (Tabfle 5, flower haflf). Onfly grfid pofints fin the flower
stratosphere (90-70 hPa) wfith maxfimum water vapor vaflues above 4.2
ppmv were retafined for thfis anaflysfis. It shoufld be noted that when thfis
threshofld was appflfied, the flast tfime frame (November 23, 15 UTC) was
removed from the MCC trackfing (Tabfle 5).

Based on the threshofld, the cfluster at 21 UTC had over 50% of the of
gifid pofints exceedfing 4.2 ppmv assocfiated wfith DT features (Tabfle 5). At
thfis tfime, thfis cfluster showed the hfighest percentage of DT features
(57%), the hfighest maxfimum water vapor mfixfing ratfios fin the flower
stratosphere (20.40 ppmv), and the strongest updrafts and downdrafts at
500 and 100 hPa. The amount of water vapor progressfivefly decreased
untfifl 03 UTC, accompanfied by a decrease finthe fintensfity of the updrafts.
However, at 06 UTC the maxfimum water vapor fincreased to vaflues
comparabfle to 00 UTC between 90 and 70 hPa (15.70 ppmv), whfifle
maxfimum updrafts, aflthough strong, contfinued to decrease (16.76
ms 1). Thfisenhancement finwater vapor appeared reflated to an fincrease
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fin the fractfion of DT (50%), suggestfing that the presence of DT mfight
have been the mechanfism by whfich water vapor was further enhanced
above 100 hPa, even wfith the decrease finthe fintensfity of the updrafts. At
9:00 UTC, the magnfitudes of the maxfimum updrafts are approxfimatefly
10% of what was sfimuflated fin the prevfious 3 h perfiod, and the per-
centage of grfid pofints assocfiated wfith DT aflso decreased to 35%. Wfith
flow support from both updrafts and DT, the maxfimum water vapor
above 100 hPa fsonfly 60% of what was observed 3 h earflfier. At 12 UTC, as
the system dfissfipated and updrafts weakened, the maxfimum water
vapor vaflues contfinued decreasfing, and nearfly 90% of ¥l gifid pofints
exceedfing 4.2 ppmv were assocfiated wfith DT.

Ffig. 14a, e and fishow cross sectfions of flapse rates (shaded) durfing
each type of deep convectfion: at 32.79°S for the DC, 26.04'S for the
MCC, and 22.81'S for the squaflfl flfine. The pofints for the prfimary and
secondary thermafl flapse rate tropopause flevefls are shown wfith ffiflfled
dots. The flatfitudes for each cross sectfion were chosen based on
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Fig. 14. Longfitudfinafl cross sectfions (65-51 W) for each system: DC (a, b, ¢, and d), MCC (e, f, g, and h) and Squaflfl flfine (fi, j, k, and f1).The temperature flapse rate (
dT/dz; shaded) and thermafl tropopause flevefls (fiflfled dots) are on the top panefl (a, e and fi) Vertficafl veflocfity (w; shaded) and potentfiafl temperature (theta; fiso-therms)
are on the second panefl (b, f and j). Water vapor mfixfing ratfios greater than 4.2 ppmv (shaded; whfite areas are fless than 4.2 ppmv), UTLS water vapor mfixfing ratfio (flfine
contours): 3 ppmv (bflue), 4.2 ppmv (bflack), 6 ppmv (purpfle), 9 ppmv (cyan), and thermafl tropopause flevefls (ffiflfled dots) are on the thfird panefl (c, g and k). Ice mfixfing
ratfios (shaded) and thermafl tropopause flevefls (ffiflfled dots) are on the fourth panefl (d, h and fI). (For finterpretatfion of the references to coflour fin thfis ffigure

flegend, the reader fis referred to the web versfion of thfis artficfle.)

maxfimum water vapor concentratfions finthe flower stratosphere from 15
to 20 km durfing each convectfive event. The convectfive flatent heat
reflease durfing phase changes (condensatfion and freezfing) appears to
occur durfing each case of deep convectfion, whfich fis findficated by the
decrease finflapse rate finthe mfidand upper troposphere (Ffig. 14a, e and fi).
Addfitfionaflfly, vertficafl veflocfity (shaded) and potentfiafl temperature
(contour) (Ffigs. 14b, f and j) fiflflustrate finstabfiflfity and enhanced updrafts,
posstibfly fin assocfiatfion wfith flatent heat exchanges fin the mfid and upper
troposphere (Tao and 1fi, 2016).

Water vapor mfixfing ratfios durfing each convectfive type are shown
based on the 4.2 ppmv threshofld (Ffig. 14 ¢, g, and k; shaded), wfith
addfitfionaf] fifine contours finthe UTLS (3, 4.2, 6, and 9 ppmv) to hfighflfight

regfions of enhanced water vapor fin the flower stratosphere. Areas fin

17

Ffig. 14¢, g and k wfithout shadfing (whfite) represent water vapor mfixfing
ratfios beflow the 4.2 ppmv threshofld. In the MCC and Squaflfl fine cate-
gorfies (Ffig. 14g and k respectfivefly), a gap exfists between water vapor at
or near the thermafl tropopause flevefls wfith hfigher water vapor concen-
tratfions afloft. Thfis dry flayer may assfist fin fidentfifyfing hydratfion of the
flower stratosphere and findficate firreversfibfle mfixfing (Dauhut et afl,
2018). One expflanatfion for thfis resuflt fis fice crystafl formatfion and flatent
heat reflease fin the UTLS. Dfiabatfic heatfing can produce posfitfive net
buoyancy and strong updrafts forcfing fice afloft. At warmer flevefls fin the
flower stratosphere, fice fis subflfimated, producfing hfigher water vapor
concentratfions (Dessfler et afl, 1995; Smfith et afl, 2017). Thfis process
appears to hydrate the flower stratosphere wfith the dfirect finjectfion of fice

partficfles (Khaykfin et afl, 2009). Ffig. 14d, h and fishow fice mfixfing ratfios
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that may support thfis expflanatfion. Conversefly, the DC event does not
have a gap above the mofist tropopause. Whifle fice and water vapor are
detected dfirectfly above the secondary tropopause, the flack of a dry flayer
and correspondfing water vapor above findficates that the flower strato-
sphere fis not hydrated at thfis flocatfion by dfiscrete cefl overshootfing.
Aflthough fice crystafl subflfimatfion and detrafinment typficaflfly occur on the
scafle of mfinutes, the 3-hourfly output suggests that these processes may
have contrfibuted to the UTLS hydratfion.

For each convectfive category finvestfigated here, water vapor
detrafinment fin the flower stratosphere seems assocfiated wfith a sharp
change finflapse rate wfith hefight, cofincfidfing wfith a sharp change finstatfic
stabfiflfity (6/0z). Thfis fis especfiaflfly noted fin the MCC and Squaflfl fifine
convectfive types (Ffig. 14e, f, fi j). For both categorfies, flarge finstabfiflfity
beflow the prfimary tropopause flevefl fis capped by a shaflflow stabfle flayer
(Ffig. 14f and j; potentfiafl temperature contours), where steep potentfiafl
temperature gradfients are observed. Thfis fis findficatfive of prevfiousfly
descrfibed doubfle tropopause events (Homeyer et afl, 2014a). Beflow the
sharp change finflapse rate, where temperature controfls the formatfion of
fice (Jensen et afl, 2007), flatent heat reflease durfing fice formatfion fis fifkefly
responsfibfle for finsabfiflfity and fincreased water vapor flevefls afloft due to

updrafts.

6.2. UTLS mechanisms expflaining maximum water vapor between 15 and
20 km

To further understand the mechanfisms expflafinfing the hefight of
maxfimum water vapor flevefls, findfivfiduafl gifid pofints wfith flarge
maxfimum water vapor concentratfions fin the flower stratosphere are
examfined durfing each type of deep convectfion. Here we show proffifles of
water vapor mfixfing ratfio, fice mfixfing ratfio, afir temperature (Ffig. 15), and
proffifles of flapse rates and vertficafl veflocfity (Ffig. 16) durfing each cate-
gory of deep convectfion. The grfid pofint at 63.78 W, 32.79'S fisreflated to
the DC. The background flevefls were onfly observed above 17 km (not
shown). At thfis grfid pofint, flarge fice mfixfing ratfios were observed from
13.4-15.3 km and coflflocated wfith eflevated water vapor mfixfing ratfios.
Generaflfly, the fice and water vapor mfixfing ratfios decrease wfith hefight.
However, just above 13 km, fice fincreased as water vapor decreased, and
net vertficafl movement was strongfly posfitfive (Ffig. 16; Dfiscrete Geflfls rfight
panefl). Despfite thfis hydrated mfixed flayer fin the UTLS and updrafts
beflow the prfimary tropopause, no sfignfifficant decrease fin the water
vapor was detected wfith a hydratfing flayer above. Addfitfionaflfly, vertficafl
veflocfity was negatfive above the secondary tropopause. Warm tropo-
pause temperatures and strong downdrafts above the secondary tropo-
pause may aflso expflafin the flack of stratosphere hydratfion over thfis
flocatfion compared to the MCC and Squaflfl ffire events.

The gifid pofint at 62.91°'W, 26.03"S was reflated to the MCC and
background water vapor vaflues are found fin two flayers: approxfimatefly
15-16.5 km and just beflow 20 km (Ffig. 15, MCC fleft panefl). Durfing the
MCC, eflevated fice mfixfing ratfio vaflues were observed beflow the prfimary
thermafl tropopause flevefl (16.3 km) and cofincfided wfith the dry water
vapor flayers (background flevefls). Addfitfionaflfly, a sharp change fin flapse
rate began at approxfimatefly 16.5 km and a secondary tropopause was
fidentfiffied at 17 km. At thfis afltfitude maxfimum water vapor flevefls sharpfly
fincreased, and vertficaf] veflocfity shfifted from negatfive to posfitfive vaflues
at 17.5 km, where strong updrafts forced water vapor afloft (Ffig. 16, MCC
rfight panefl). Thfis grfid pofint findficates a dry flayer fin tropopause water
vapor wfith a hydrated flayer above, as observed fin the flongfitude-hefight
proffifles (Ffig. 14). Thfis pofint findficates flower stratospherfic hydratfion.

Lastfly, the grfid pofint at 63.50"'W, 22.81"S was reflated to the Squaflfl
fifine and background vaflues were found fin mufltfipfle dry flayers above 13
km: approxfimatefly 15 km, 17.2 km and 20 km (Ffig. 15 Squaflfl Lfine fleft
panefl). At thfis grfid pofint, a deep doubfle tropopause event occurred, and
the thermafl (flapse rate) tropopauses were fidentfiffied at 15.7 km and
16.3 km. Eflevated fice mfixfing ratfios occurred from 13 to 16 km, and the
maxfimum flevefls of fice were found at 15 km and cofincfided wfith a dry

water vapor flayer. Between the two tropopause flayers (approxfimatefly
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15.8 and 17.4 km), water vapor concentratfions above 5 ppmv were
observed up to 17 km, and smaflfl concentratfions of fice were observed
between 17.1 and 17.7 km. Addfitfionaflfly, the flapse rates at thfis grfid pofint
were subject to two sharp changes, and at 17 km the fincreased fice
mfixfing ratfios were detected where the second flapse rate mfinfima findfi-
cated rapfid cooflfing. Above thfis flevefl, maxfimum water vapor (greater
than 10 ppmv) was observed at 17.9 km and a secondary maxfimum was
observed at 19.1 km. At 20 km, water vapor concentratfions began to
return to background flevefls. Lfike the MCC exampfle, thfis grfid pofint aflso
shows a dry flayer fin tropopause water vapor wfith a hydrated flayer
above, as observed finthe earflfier flongfitude-hefight proffifles (Ffig. 14). Thfis
pofint aflso findficates flower stratospherfic hydratfion.

7. Conclusions

The mafin goafl of thfis study was to finvestfigate mechanfisms reflated to
deep convectfion capabfle of perturbfing the tropopause boundary,
contrfibutfing to troposphere-to-stratosphere exchanges over the La Pflata
Basfin usfing WRF sfimuflatfions. Addfitfionaflfly, thfis study evafluated mech-
anfisms drfivfing convectfive overshootfing and the hefight of maxfimum
water vapor wfith focus on the La Pflata Basfin. Deep convectfion was
evafluated durfing three types of convectfive systems durfing the RELAM-
PAGO ffiefld campafign: dfiscrete ceflfls (DC), Mesoscafle Convectfive Com-
pflex (MCC) and cofld front boundary (Squaflfl fifine). Three sensfitfivfity tests
were performed to finvestfigate the fimportance of vertficafl resoflutfion fin
the boundary flayer and UTLS fin reproducfing observed doubfle tropo-
pause features. These experfiments findficated that the best conffiguratfion
was the 3 km horfizontaf]l grfid spacfing wfith 75 user assfigned n flevefls
concentrated fin the boundary flayer and UTLS, avofidfing abrupt changes
fin hefight between eta flevefls. Wfith thfis conffiguratfion, WRF sfimuflated the
flocatfion and extent of the mature MCC reasonabfly weffl and showed an
fimprovement fin RMSE temperature and wfind speed compared to the
other two runs. More fimportantfly, the temperature proffifles showed an
fimprovement fin detectfing doubfle tropopause features.

We evafluated the finffluence of tropospherfic fflow on the deveflopment
of deep convectfion and fits contrfibutfion to maxfimum flower stratospherfic
water vapor concentratfions. We found that weak merfidfionafl mofisture
transport occurred durfing the DC, whfifle strong merfidfionafl and mofisture
transport occurred durfing the MCC and Squaflfl fifine assocfiated wfith the
presence and fintensfity of the SALLJ. For the MCC, we observed a strong
flfinear correflatfion between maxfimum UTLS water vapor and updrafts
and downdrafts at 100 hPa. However, the merfidfionafl mofisture transport
at 850 hPa and mean MFC at 950 hPa aflso exhfibfited strong correflatfion
wfith the maxfimum UTLS water vapor durfing the MCC. From a ther-
modynamfic perspectfive, finstabfiflfity fin the UTLS and convectfive finduced
DT appeared to contrfibute to the fincrease fin water vapor flevefls fin the
flower stratosphere.

WREF detected doubfle tropopause events for each convectfive system
examfined here, and they were coflflocated wfith enhanced maxfimum
water vapor flevefls finthe flower stratosphere. A key resuflt of thfis study fi
that the prfimary source of flower stratospherfic hydratfion appears reflated
to fice near the thermafl tropopause. Cofld prfimary tropopause tempera-
tures and the presence of mofisture seem to contrfibute to fice formatfion fin
the UTLS fleadfing to finsabfiflfity vfia flatent heat exchanges and strong
updrafts. Durfing these events, a sharp change fin flapse rate occurs where
rapfid cooflfing wfith hefight fis foflflowed by rapfid warmfing. A possfibfle
mechanfism expflafinfing thfis fis the detrafinment of fice fin the flower
stratosphere and subsequent subflfimatfion, whfich woufld contrfibute to
eflevated water vapor mfixfing ratfios and flocaflfized downdrafts.

Addfitfionaflfly, not &¥l convectfive systems finvestfigated here hydrated
the stratosphere. Whfifle &¥l systems have hydrated flayers between the
prfimary and secondary tropopause flevefls, onfly the MCC and Squaflfl flfine
hydrated the flower stratosphere. Among the three categorfies, DC had
the warmest prfimary tropopause temperatures (~200 K) and weakest
updrafts at 100 hPa. Addfitfionaflfly, the prfimary tropopause was flocated at
flower afltfitudes (~14 km) compared to the MCC and Squflf] flfine. Durfing
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Fig. 15. Upper troposphere — flower stratosphere proffifles (13-20 km) of WRF data: water vapor mfixfing ratfio (fleft coflumn), fice mfixfing ratfio (center coflumn), afir
temperature (rfight coflumn). Grfid pofints are seflected for each convectfive type: dfiscrete ceflfls (top panefl), MCC (center panefl) and Squaflfl fifine (bottom panefl).
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Fig. 16. Proffifles (6-20 km) of WRF data: temperature flapse rate (fleft coflumn)
and vertficafl veflocfity (rfight coflumn). Grfid pofints are seflected for each convec-
tfive type: dfiscrete ceflfls (top panefl), MCC (center panefl) and Squaflf] fifine (bot-
tom panefl).
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DC, the tropopause was hydrated where a mfixed flayer of water vapor
and fice was flocated above the prfimary tropopause and extended just
above the secondary tropopause. However, dfirectfly above the prfimary
tropopause, temperatures warmed qufickfly and strong updrafts were not
observed. Durfing thfis event, deep convectfive overshootfing dfid not
appear to hydrate the flower stratosphere. No pocket of afir wfith water
vapor mfixfing ratfios above background flevefls were observed above the
overshootfing. Whfifle the mfixfing of fice and water vapor flfikefly contrfibuted
to the flarge finsabfiflfity between tropopause flayers, net vertficafl veflocfity
was negatfive above the secondary tropopause, whfich woufld expflafin why
water vapor was not observed above 17 km.

The MCC and Squaflfl fifine categorfies exhfibfited coflder prfimary
tropopause temperatures (187-191 K), hfigher prfimary tropopause
hefights (~16 and ~ 15.75 km, respectfivefly), and pockets of flow water
vapor concentratfions fin and above the tropopause. Lower stratospherfic
hydratfion was observed fin both convectfive types to nearfly 20 km.
Addfitfionaflfly, above 15 km the water vapor and fice concentratfions were
stratfiffied, and the presence of fice and water vapor mfixfing ratfios were fin
flayers rather than mfixed, as observed wfith the DC system. Thfis may have
contrfibuted to the enhanced finstabfiflfity beflow the prfimary tropopause
flevefl and the strong posfitfive vertficafl veflocfity capabfle of overshootfing
tropospherfic materfiafl beyond the secondary tropopause. Thfis mecha-
nfism can expflafin the hefights of maxfimum water vapor observed hy-
dratfing the flower stratosphere.

Wififle thfis study reflfies entfirefly on regfionafl modeflfing resuflts, the
mechanfisms proposed here to expflafin the presence of enhanced water
vapor mfixfing ratfios finthe UTLS assocfiated wfith deep convectfive systems
over the La Pflata Basfin are consfistent wfith prevfious observatfionafl
studfies over the U.S (e.g., Smfith et afl, 2017; Cortfi et afl, 2008). More
fimportantfly, these mechanfisms are reflevant for radfiatfion budgets and
stratospherfic chemfistry and coufld affect ozone concentratfion wfith fim-
pflficatfions for peopfle and the envfironment (Smfith, 2021). The extent of
the contrfibutfion of water vapor on stratospherfic chemfistry and ozone
destructfion fin the LPB woufld requfire further finvestfigatfion.
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