JUNE 2016

Mesoscale and Microscale Meteorology Laboratory, National Center for Atmospheric Research, Boulder, Colorado

RASMUSSEN AND HOUZE

Convective Initiation near the Andes in Subtropical South America

K. L. RASMUSSEN

R. A. HOUZE JRr.

Department of Atmospheric Sciences, University of Washington, Seattle, Washington

(Manuscript received 6 February 2015, in final form 30 March 2016)

ABSTRACT

Satellite radar and radiometer data indicate that subtropical South America has some of the deepest and
most extreme convective storms on Earth. This study uses the full 15-yr TRMM Precipitation Radar dataset in
conjunction with high-resolution simulations from the Weather Research and Forecasting Model to better
understand the physical factors that control the climatology of high-impact weather in subtropical South
America. The occurrence of intense storms with an extreme horizontal dimension is generally associated with
lee cyclogenesis and a strengthening South American low-level jet (SALLJ) in the La Plata basin. The
orography of the Andes is critical, and model sensitivity calculations removing and/or reducing various to-
pographic features indicate the orographic control on the initiation of convection and its upscale growth into
mesoscale convective systems (MCSs). Reduced Andes experiments show more widespread convective ini-
tiation, weaker average storm intensity, and more rapid propagation of the MCS to the east (reminiscent of
the MCS life cycle downstream of lower mountains such as the Rockies). With reduced Andes, lee cyclo-
genesis and SALLJ winds are weaker, while they are stronger in increased Andes runs. The presence of the
Sierras de Cérdoba (secondary mountain range east of the Andes in Argentina) focuses convective initiation
and results in more intense storms in experiments with higher Andes. Average CAPE and CIN values for each
terrain modification simulation show that reduced Andes runs had lower CIN and CAPE, while increased
Andes runs had both stronger CAPE and CIN. From this research, a conceptual model for convective storm
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environments leading to convective initiation has been developed for subtropical South America.

1. Introduction

Convective clouds and midlatitude frontal systems are
vital to hydrologic and energy cycles on Earth. As the
global climate changes, patterns of severe weather are
likely to shift. To eventually include all types of storms
in numerical forecasts, high-resolution general circula-
tion models, and climate projections, the physical
mechanisms and specific details involving convection
initiation, propagation, life cycle, topographical effects,
environmental influences, and hydrometeorological
impacts from such storms need to be more fully un-
derstood. Around the globe, topography on every major
continent influences the distribution of precipitation,
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cloud occurrence and type, climate regimes, convective
storms, floods, high-impact weather, hydrometeorology,
and much more.

Before the launch of satellites with spaceborne radars,
it was difficult to study the physics and characteristics of
storms in remote regions. However, radar observations
from the Tropical Rainfall Measuring Mission (TRMM)
satellite have revolutionized the ability to observe
storms in these regions. In the present climate, deep
convection tends to form in the vicinity of mountain
ranges, and the Andes in subtropical South America
help spawn some of the most intense deep convection in
the world (Zipser et al. 2006; Houze et al. 2015). On
average, South American cloud shields associated with
mesoscale convective systems (MCSs) are 60% larger
than those over the United States (Velasco and Fritsch
1987), the convection is deeper (Zipser et al. 2006), and
they have larger and longer-lived precipitation areas
than those over the United States or Africa (Durkee
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et al. 2009). Precipitating systems containing radar
echoes of extreme dimension (both vertical and hori-
zontal) are typically associated with the MCS life cycle
and contribute ~95% of the climatological warm season
rain in the La Plata basin (Rasmussen et al. 2016). The
synoptic environment and mechanisms leading to con-
vection with extreme characteristics and MCSs in sub-
tropical South America bear some similarities to those
found in other regions of the world, such as the plains
east of the Rocky Mountains in the United States, near
the western Himalayas in South Asia, and the Sahel
region west of the Ethiopian highlands in Africa. These
storms are often orogenic, typically originating or oc-
curring near a mountain range.

Over the U.S. Great Plains region, moist low-level
flow originating from the Gulf of Mexico is typically
capped by warm and dry air flowing off the Mexican
Plateau and the Rocky Mountains. This capping in-
version inhibits the release of instability over large
areas, which by holding at bay the release of the con-
vection ultimately leads to especially intense convective
outbreaks in narrowly focused regions where the cap can
be broken by a triggering mechanism (Carlson et al.
1983). Velasco and Fritsch (1987), Zipser et al. (2006),
and others have pointed out that the topographically
guided South American low-level jet (SALLJ; Nogués-
Paegle and Mo 1997; Douglas et al. 1998; Saulo et al.
2000; Marengo et al. 2004; Vera et al. 2000) brings moist
air poleward and affects the occurrence of intense con-
vection east of the Andes in South America, in a manner
somewhat similar to processes east of the Rocky
Mountains in the United States. Rasmussen and Houze
(2011) used 11 years of TRMM Precipitation Radar
(PR) data to show a tendency for squall lines to initiate
and develop east of the Andes with a mesoscale orga-
nization similar to storms in the U.S. Great Plains. In
subtropical South America, however, the topographical
influence on the convective initiation and maintenance
of the convective systems is unique. Low-level moisture
from the Amazon is capped by leeside subsidence of
midlevel dry air flowing over the Andes (Rasmussen and
Houze 2011). The breaking of the cap and triggering of
convection occurs over the Andes foothills and other
mountainous terrain of Argentina, just east of the An-
des, and MCSs developing from this initiated convection
produce damaging tornadoes, hail, and floods across a
wide agricultural region east of the mountains to the
Atlantic coast (Rasmussen and Houze 2011; Rasmussen
et al. 2014).

Cecil (2009, 2011) used TRMM Microwave Imager
(TMI) data and ice scattering as a proxy to objectively
identify hailstorms and found southeastern South
America to be a likely region of large hail production.
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More recently, Cecil and Blankenship (2012) found that
northern Argentina and Paraguay have the highest fre-
quency of significant hail (=2.5-cm diameter) using
AMSR-E data globally. Convective storms with ex-
treme characteristics over subtropical South America
also produce significant crop damage and a large
number of fatalities, flooding events, and tornadoes
(Altinger de Schwarzkopf and Russo 1982; Nascimento
and Marcelino 2005; Rasmussen and Houze 2011;
Matsudo and Salio 2011; Rasmussen et al. 2014). Thus,
subtropical South America is an important yet un-
derstudied natural laboratory and socioeconomic
venue for investigating the climatological factors
controlling severe weather and MCSs near a major
mountain range.

In a data-sparse region such as South America, most
of the studies of convective systems in this region are
derived from satellite radar measurements (Zipser et al.
2006; Romatschke and Houze 2010; Rasmussen and
Houze 2011; Rasmussen et al. 2014, 2016). However,
information about the underlying storm life cycle,
thermodynamic characteristics, and physical processes
could not be determined from satellite precipitation
radar alone since TRMM only provide snapshots of
convective systems. In addition, the lack of widespread
and high-resolution surface, upper-air, and operational
radar observations in South America' limits the in-
vestigation and validation of environmental conditions
leading to convection with extreme characteristics. To
advance the understanding of these storms requires
modeling in conjunction with the satellite radar data.
This study therefore uses the full 15-yr TRMM PR
dataset together with high-resolution model simulations
to better understand the physical factors that control the
climatology of high-impact weather in subtropical South
America and to investigate the storm mechanisms and
convective initiation patterns suggested by the TRMM
observations. Characterizing the meteorological envi-
ronment favorable to producing extreme storms will
provide insight into the orographic control on convec-
tive system life cycle in subtropical South America. For
example, the SALLJ and corresponding moisture
transport from the Amazon basin is absent without the
presence of the Andes (Insel et al. 2010). To investigate
the role of topography in convective initiation, we con-
duct terrain modification experiments that both reduce

! Field campaigns have been conducted in South America and
limited observational data are available [e.g., TRMM-LBA in the
Amazon basin, South American Low-Level Jet Experiment
(SALLJEX) in Bolivia, and CHUVA in Brazil], but none have
occurred near the foothills of the Andes in western Argentina.
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TABLE 1. Number of WCCs in the La Plata basin (38°-27°S, 64°-
51°W; black box in Fig. 3f) seen by the TRMM PR from September
to February 1998-2013.

Month No. of WCCs in the La Plata basin
Sep 97
Oct 121
Nov 104
Dec 116
Jan 113
Feb 113

and increase the height of the Andes and various sec-
ondary terrain features. The numerical simulations and
terrain modification experiments presented herein pro-
vide insights into key mechanisms associated with the
orographic initiation of deep convection in subtropical
South America and improves our understanding of
orographic precipitation on a global scale.

2. Methodology and model experimental design
a. TRMM and reanalysis data methodology

This study uses 15 years of V7 TRMM PR data (Iguchi
et al. 2000, 2009) obtained during the austral summer
(December-February) from 1998 to 2012. The TRMM
PR 2A25 data provide three-dimensional volumes of
radar reflectivity and rain characteristics (convective,
stratiform, or other). The radar data are analyzed
using a methodology, developed by Houze et al. (2007),
in which an algorithm identifies contiguous three-
dimensional echo structures from the TRMM PR data
and categorizes them according to whether they contain
deep convective cores (DCCs; 40-dBZ echo = 10km in
maximum height) or wide convective cores (WCCs;
40-dBZ echo = 1000 km? when projected onto a horizontal
plane). DCCs represent vigorous developing convection
and WCCs indicate convection that has organized on the
mesoscale. By identifying particular types of extreme
echoes in either horizontal or vertical dimensions, this
method characterizes precipitating systems by the
physical processes occurring within them. However,
each echo object identified by the above extreme criteria
is embedded within a larger precipitating system that we
refer to as a “‘storm.” Storms containing such echo ob-
jects represent a particularly extreme subset of the cloud
population of South America and will be referred to as
“storms with extreme characteristics.”” This methodol-
ogy has been employed in previous studies to investigate
the global population of convective systems (Houze
et al. 2007; Romatschke and Houze 2010; Houze et al.
2011; Rasmussen and Houze 2011; Zuluaga and Houze
2013; Rasmussen et al. 2013, 2014, 2015, 2016; Houze
et al. 2015). The probability of finding both types of
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FIG. 1. Domains used in the WRF simulations, centered over
Argentina and the Sierras de Cérdoba Mountains (shown in the
dashed black line). Topography is indicated in the grayscale
shading. All simulations used the following domain setup: 1) do-
main 1: outer domain with a 27-km horizontal resolution and 209 X
184 grid points, 2) domain 2: nested domain with a 9-km horizontal
resolution with 374 X 341 grid points, and 3) domain 3: inner do-
main with a 3-km horizontal resolution and 614 X 563 grid points.
The region outlined with the red line represents the SALLJ region
used for averaging in Tables 4-6 and Fig. 17. The blue line indicates
the location of the cross sections in Fig. 14.

convective echo features in South America was shown in
Romatschke and Houze (2010) and has been updated to
include the entire TRMM dataset and austral spring in
Rasmussen et al. (2016).

The main objective of this study is to investigate the
relationship between the Andes orography and con-
vective initiation of systems that sometimes grow up-
scale to form MCSs. Rasmussen and Houze (2011)
showed that of the types of storms with extreme char-
acteristics identified by the above criteria, storms con-
taining WCCs are the most numerous in the La Plata
basin. They produce large volumetric rainfall consisting
of both convective and stratiform components and are
associated with low-level counterclockwise wind shear
related to the SALLJ. The previous studies of
Romatschke and Houze (2010), Rasmussen and Houze
(2011), and Zuluaga and Houze (2013) have shown that
storms containing WCCs represent the developing and
mature stage of convective systems that have organized
on the mesoscale but not yet reached their ultimate
mature stage. Thus, the meteorological environments
that favor the development of storms containing WCCs
represent an important crucial subset of the high-impact
weather in subtropical South America relevant to
this study.
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TABLE 2. WRF Model setup for all simulations.
Physical process Scheme Reference

Longwave radiation
Shortwave radiation
Cumulus convection
Surface layer
Microphysics

Land surface

Planetary boundary layer

Rapid Radiative Transfer Model
Dudhia

Kain-Fritsch, none in domain 3
Monin-Obukhov

Noah land surface model
Yonsei University (YSU) PBL

Thompson scheme; 6-class scheme with graupel, double moment for cloud ice

Mlawer et al. (1997)
Dudhia (1989)
Kain and Fritsch (1993)

Thompson et al. (2008)
Chen and Dudhia (2001)
Hong et al. (2006)

We use the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis data (Kalnay et al. 1996) to
create synoptic composite maps of the meteorological
conditions on days when the TRMM PR identified a
WCC in the La Plata basin (38°-27°S, 64°-51°W) during
the austral summer (DJF). A summary of the monthly
occurrence of WCCs identified by the TRMM PR
(Table 1) shows that similar numbers of cases are ob-
served in the austral spring and summer in the La Plata
basin. To provide a greater understanding of the con-
ditions leading up to and following the identification of
WCCs in the La Plata basin, time-lagged composites are
presented in section 3. Composite fields are computed
daily starting 3 days prior to the TRMM-identified WCC
to 2 days after. This method characterizes the general
conditions leading to and following the occurrence of
storms with WCCs in the La Plata basin. Anomalies of
the time-lagged fields are computed by subtracting the
composite field from the austral summer (DJF) long-
term mean reanalysis data (Figs. 3-5) and from De-
cember only (Fig. 6).

b. Mesoscale modeling framework with terrain
modifications

The NCAR Advanced Research Weather Research
and Forecasting (ARW-WRF) model, version 3.4.1
(Skamarock et al. 2008), is used to simulate a convective
system representative of those examined in the TRMM
dataset. This system occurred on 27 December 2003 and
contained both a DCC and WCC in its mature phase
(WCC > 15000km? DCC > 16km). GOES infrared
satellite loops show convective initiation along the An-
des foothills with subsequent upscale growth as the
convective elements aggregated into a robust circular
MCS while remaining connected to the terrain on its
western edge. This particular case was analyzed in detail
in Rasmussen and Houze (2011) and was observed to be
of the leading-line/trailing-stratiform archetype (Houze
et al. 1990; Houze 2004). In addition, the synoptic
conditions of this case study show a baroclinic system
passing over the southern Andes (Rasmussen and

Houze 2011) similar to the findings from Romatschke
and Houze (2010) that found a majority of the WCCs in
subtropical South America are associated with rela-
tively strong synoptic forcing. The storm was located
in a synoptic-scale region of strong surface conver-
gence, sharp temperature and moisture gradient, and
exhibited a leading-line/trailing-stratiform radar-
echo structure in the TRMM PR data (Rasmussen and
Houze 2011).

The ARW-WRF V3.4.1 model is a compressible,
nonhydrostatic, three-dimensional mesoscale model.
The model was initialized with GFS data at 0000 UTC
26 December 2003 and run for 48 h using a triple-nested
domain of 27, 9, and 3km (Fig. 1). All of the domains
used two-way nesting and each simulation had 40 un-
even vertical levels with maximum resolution in the
boundary layer. A microphysics ensemble study was first
performed to assess which of several available micro-
physics schemes best captured the TRMM PR data in
three-dimensional space (Rasmussen 2014, chapter 6).
The Thompson et al. (2008) microphysics scheme best
captured the mesoscale structure of the simulated
MCSs, including a robust leading line of convection and
trailing stratiform precipitation at a mature phase in the
storm life cycle. Rozante and Cavalcanti (2008) exam-
ined MCS cases from the SALLJEX experiment and
concluded that the Kain-Fritsch cumulus parameteri-
zation performed well in South America and is used in
the current study in domains 1 and 2. A summary of the
model architecture and experimental setup used in all
simulations is shown in Table 2.

To investigate how changes in the Andes topography
and related terrain features influence the convective
initiation, intensity, spatial distribution, and character of
the simulated convective systems, the model simulations
were conducted using six terrain configurations (Fig. 2).
The WREF simulations were run using identical input
conditions and parameters for the different terrain
configurations detailed in Table 3. Reducing the terrain
by 50% (low ANDES runs; Figs. 2¢,d) provides a com-
parison of the role of the extreme vertical height of the
Andes in convective initiation to lower mountain ranges
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FIG. 2. Topography used for the WRF terrain modification simulations: (a) control experiment, no modifications
(CTRL); (b) Sierras de Cérdoba (SC) mountains removed from the CTRL terrain (CTRL_TM); (c) CTRL terrain
reduced by 50% (LANDES; Low Andes); (d) SC mountains removed from the LANDES terrain (LANDES_TM);
(e) CTRL terrain increased by 20% south of 26.5°S (HANDES; High Andes); and (f) SC mountains removed from

the HANDES terrain (HANDES_TM).

around the world with similar orientation relative to the
low-level moisture flow (especially the Rocky Moun-
tains). Increasing the southern Andes by 20% (high
ANDES runs; Figs. 2e,f) allows for an analysis of the
relationship between the low-level synoptic waves
passing over the southern Andes and the degree of

modification experienced by these features in the pres-
ence of a larger mountain range. Increased terrain
heights in the southern Andes provide greater flow-
modification effects through a deeper layer in the lower
troposphere and the resulting influence on the convec-
tive systems in the lee are examined. Finally, all three
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TABLE 3. WRF terrain modification experiment summary.

Simulation name

Terrain modifications

CTRL

CTRL_TM; CTRL topography with terrain modification (TM)
LANDES; low Andes

LANDES_TM; low Andes with terrain modification (TM)
HANDES; high Andes

HANDES_TM; high Andes with terrain modification (TM)

None; original terrain

Sierras de Cérdoba (SC) mountains removed only

50% reduction in CTRL terrain

LANDES without SC mountains

20% increase in the Andes from the CTRL terrain south of 26.5°S
HANDES without SC mountains

major Andes height configurations were run without
the Sierras de Cérdoba Mountains (Figs. 2b,d,f) to
investigate the role of this small secondary mountain
range that has been hypothesized to help focus deep
convective initiation in a narrow region in subtropi-
cal South America (Romatschke and Houze 2010;
Rasmussen and Houze 2011).

As will be described in section 4b, a storm-tracking
algorithm was developed for this study. At each simu-
lation time, grid elements that contained values
exceeding a certain threshold are identified. The latitude
and longitude coordinates of those grid boxes are aver-
aged to get a domain-scale average of where those
values were located. This technique is different from
traditional storm-tracking algorithms because this study
is concerned with cloud populations and not necessarily
individual storm movement.

c¢. Moisture flux convergence

Moisture flux convergence is a valuable tool in
assessing the atmospheric environment leading to con-
vective initiation (Banacos and Schultz 2005). Following
the method described in Banacos and Schultz (2005),
moisture flux convergence was calculated in the terrain
modification simulations. Moisture flux convergence
(MFC) is a combination of moisture advection and
convergence terms shown in Eq. (1) below, where u and
v are zonal and meridional winds and ¢ is specific

humidity:
u i
9\ ox ay) -

convergence

ad
009
dx  dy

MFC = (1)

advection

Values of MFC, MFC,4,, and MFC,_,,,, were calculated
for the terrain modification simulations and the results
are presented in Table 6.

3. Synoptic evolution of convective storm
environments

To obtain an understanding of the occurrence of
synoptic-scale patterns related to convective storm

initiation and development, time-lagged reanalysis
composites associated with TRMM-identified WCCs in
subtropical South America are presented in this section.
Figure 3 shows a time-lagged sequence of composite
850-hPa (color contours) and 500-hPa (gray contours)
geopotential height anomalies relative to the occurrence
of a TRMM-identified WCC (labeled day 0; Fig. 3d)
in the La Plata basin (38°-27°S, 64°-51°W). When
TRMM-identified storms containing WCCs are located
in the La Plata basin, the low-level pressure field exhibits
significant flow modification while traversing the
southern Andes Mountains (Figs. 3a—c). The Andes
have an average altitude of ~4km, but the average
height decreases to the south. The midlatitude synoptic
features at low levels traverse the mountains and likely
experience flow modification consistent with similar situ-
ations in other regions of the world influenced by large
mountain ranges (e.g., the Rocky Mountains, East Asian
mountains, southern Alberta, and the European Alps;
Chung 1977). The development of the low-level pressure
field on the eastern side of the Andes resembles the ca-
nonical lee cyclogenesis scenario that is frequently ob-
served in the lee of the Rocky Mountains and other major
mountain ranges (Smith 1984, 1986; Davis 1997; Schultz
and Doswell 2000). Some previous studies have docu-
mented the lee cyclogenesis effect east of the Andes
Mountains (Chung 1977; Satyamurty et al. 1990; Gan and
Rao 1994), but Fig. 3 establishes a connection between lee
cyclogenesis and storms containing WCCs that typically
manifest as MCSs with significant precipitation and severe
weather over Argentina (Rasmussen et al. 2014, 2016).
The deepest 850-hPa low in the composite maps is
concurrent with storms containing WCCs (Fig. 3d).
Deep lee cyclogenesis occurs primarily from the atmo-
spheric dynamics related to the westward-tilted upper-
and low-level pressure anomalies (Palmén and Newton
1969). When a synoptic wave encounters topography, it
weakens, decelerates, and moves poleward (Davis 1997;
Schultz and Doswell 2000). As the tropospheric air tra-
verses the topography, a lee trough develops (typically
equatorward of its original latitude) in response to adi-
abatic warming from dry air descent (Davis 1997;
Schultz and Doswell 2000), represented by the pressure
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FI1G. 3. Time-lagged climatological composite maps for days on which the TRMM PR identified storms containing
wide convective cores over the La Plata basin [38°-27°S, 64°~51°W; black box in (f)] in the austral summer (DJF) for
(a) day —3, (b) day —2, (c) day —1, (d) day 0, (e) day +1, and (f) day +2. The 850- and 500-hPa geopotential height
anomalies are represented by color and gray contours (dashed contours represent negative values), respectively. The

composites are composed of 342 days.

pattern sequence in Fig. 3. Positive thermal anomalies
in the lee of mountains (Buzzi and Tibaldi 1978) pro-
vide a thermally direct circulation that converts eddy
potential energy into eddy kinetic energy, indicative
of the baroclinic component of the developing lee
trough (McGinley 1982).

In addition to the presence of lee cyclogenesis, Fig. 4
shows a clear relationship between the SALLJ and the

occurrence of storms containing WCCs. Three days
prior to the occurrence of storms containing WCCs in
the La Plata basin, the meridional wind strength related
to the SALLJ (colored contours in Fig. 4) was only
slightly higher than normal. However, in the two sub-
sequent days prior to the WCC occurrence, the strength
of the SALLJ became notably stronger (~twice as large
as the climatological wind speed), thus producing
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FIG. 4. As in Fig. 3, but for 850-hPa meridional wind anomalies (m s~ !) represented by the colored contours. Black
composite horizontal 850-hPa full winds (vectors) are shown for comparison.

stronger moisture and warm temperature advection
from the Amazon basin (Fig. 5). Because a strong cy-
clone was developing in the lee of the Andes at the same
time (Fig. 3), a notable north-south pressure gradient
along the eastern foothills of the Andes strengthened
the SALLJ through downgradient suction effects. The
strengthened SALLJ increased the available moisture
and therefore the low-level instability required for
convective storms with extreme characteristics in the

region (Fig. 5). The robust signals in the composite maps
(Figs. 3 and 4) show the baroclinic wave trough in the
westerlies and its baroclinic environment with cyclo-
genetic tendencies and northerly prefrontal low-level jet
(Emanuel et al. 1987, Houze 2014, chapter 11) being
reinforced by lee cyclogenesis induced by the Andes and
the SALLJ channeled southward parallel to the moun-
tains. The meridional wind anomalies associated with the
deep lee cyclone resulted in strong southerly flow along
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the Andes foothills (Figs. 4d,e) and created a strong zone
of convergence that provided continued forcing for the
longer-lived MCSs to develop and grow upscale.

The relationship between an enhanced SALLJ and
convective storm occurrence was previously noted by
Salio et al. (2007), but their study did not discuss why an
increased SALLJ occurs in conjunction with convective
storms. However, composite analysis of days when
TRMM observed WCCs in the La Plata basin shows that
the influence of the Andes on the environment favorable

for widespread and strong convection in subtropical
South America results in the modification of the existing
baroclinic wave circulation as it moves across the
mountains. This inference will be tested by the numer-
ical modeling experiments presented in the next section.
Although some differences exist, Fig. 6 shows that the
simulated storm is typical of those represented by the
composite analysis of Figs. 3-5. Therefore, the model
results are likely representative of an important class of
storms over the La Plata basin.
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4. Storm behavior as a function of terrain
configuration

a. The suite of experiments

To further probe the relationship between the Andes
and the life cycle of the convective storm examined
here, terrain modification experiments were performed as

described in section 2 and shown in Fig. 2. Six different
terrain configurations used in the WRF simulations are
summarized in Table 3 and these simulation names will be
used throughout the rest of the manuscript. Three main
types of modifications were conducted, including reducing
and increasing the height of the Andes Mountains, and
removing the secondary mountain range east of the
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FIG. 7. Comparisons of the GOES infrared satellite data to the WRF CTRL simulations at an early initiation phase
and a later mature phase of the storm life cycle. The panels show the following: (a) GOES IR brightness temperatures
(K) at 2045 UTC 26 Dec 2003; (b) as in (a), but at 1045 UTC 27 Dec 2003; (¢) WRF CTRL simulation outgoing
longwave radiation (OLR; W m™2) at 2000 UTC 26 Dec 2003; and (d) as in (c), but at 1000 UTC 27 Dec 2003. The
thick black outline in all panels represents the 0.5-km topography for reference.

Andes (Sierras de Coérdoba Mountains). The resulting
suite of numerical experiments enables an analysis of the
impact of both large and small-scale variations in topog-
raphy in generating and organizing convective storms in
the lee of the Andes.

b. Model MCSs compared with satellite data

Figure 7 shows a comparison of the GOES infrared
satellite brightness temperatures and control (CTRL)
simulation outgoing longwave radiation (OLR;
W m~?) at key times in the mesoscale storm develop-
ment. OLR serves as a proxy for the temperature and
height of the upper-level cloud shield in deep con-
vective systems as was shown to be a reasonable ap-
proximation for deep convection by Gutzler and Wood
(1990). At an early stage associated with convective
initiation (Figs. 7a and 7c¢), the observed and modeled
storms occur in a similar location on the eastern foot-
hills of the Sierras de Coérdoba Mountains at a

comparable time, providing confidence in the model
representation of convective initiation in this region.
Similarly, when the convective system had become more
organized and grown upscale into a mature MCS
(Figs. 7b and 7d), both the GOES-IR and model OLR
fields show a deep circular cloud shield attached to the
northeastern edge of the Sierras de Cérdoba Mountains.
However, notable departures from the observations are
seen in the southeast extension of the cloud features at
both times. Figure 8 shows a comparison between the
TRMM PR data and model reflectivity (dBZ) at the
mature phase of the MCS in both horizontal and vertical
perspectives. The leading-line/trailing-stratiform struc-
ture is clearly seen in both the observations and CTRL
model simulation. Although differences exist between the
TRMM data and simulated storm, a detailed microphysics
sensitivity test revealed that the Thompson scheme best
reproduced the horizontal and vertical structures of
convective and stratiform precipitation observations
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FIG. 8. Horizontal and vertical cross-sectional comparisons of TRMM PR data and the WRF CTRL simulations.
(a) Reflectivity from the TRMM PR in dBZ at 4km at 1000 UTC 27 Dec 2007 overlaid on the IR satellite brightness
temperature (K). The white lines indicate the TRMM PR swath and the red line indicates the location of the (b) vertical
cross section. (c) Reflectivity from the WRF CTRL simulations at 4 km at 0900 UTC 27 Dec 2003 and (d) the
corresponding cross sections from its horizontal representation along the red line in (c). The thick black contour

outlines the 0.5-km topography in (a) and (c). In (d), the gray dashed line represents the 0°C level.

(Rasmussen 2014). Thus, we posit that the terrain
modification experiments provide a reasonable test of
how various configurations of orography impact the
resulting convective storm initiation, upscale growth,
and development.

c. Lee cyclogenesis and the strength of the SALLJ

Convective initiation typically occurs ahead of a cold
frontal passage in the presence of strong northerly
moisture flux from the Amazon basin (Fig. 5). In this
section, we test the hypothesis that the presence of a
taller mountain range creates greater modification of the
flow pattern as low-level synoptic features traverse the
range, leading to a deeper lee cyclone. Figure 9 presents
850-hPa geopotential height difference maps compared
to the CTRL simulation for each of the five terrain
modification experiments. Slight differences between
the reanalysis and model representations of lee

cyclogenesis in this region could potentially impact the
results, but the dominant features are present in the
model (Fig. 9a) in comparison with the 850-hPa geo-
potential heights on 27 December 2003 (not shown).
The most robust result is seen in the reduced Andes runs
(Figs. 9c and 9d) wherein the lower mountain range
produces a weaker lee cyclone compared to the CTRL
case. Also notable is that this reduction is largest in the
immediate foothills of the Andes, confirming the role of
the terrain in the dynamical production of lee cyclo-
genesis, consistent with the results of many previous
studies in other regions of the world (Kasahara 1966;
Smith 1984,1986). In contrast, when the southern Andes
are increased in height® (Figs. 9e.f), the lee cyclone

% Note that this increase is not symmetrical with respect to the
reduced Andes runs as described in section 2b and Table 2.
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FI1G. 9. (a) Map of 850- and 500-hPa geopotential heights (m) in color shading and dashed gray contours, respectively,
at 2000 UTC 26 Dec 2003 from the CTRL run. Difference maps of 850-hPa geopotential height (m) from the terrain
modification runs compared to the CTRL run in domain 2: (b) CTRL_.TM — CTRL, (c) LANDES — CTRL,
(d) LANDES_TM — CTRL, (¢) HANDES — CTRL, and (f) HANDES_TM — CTRL. Regions where the 850-hPa
surfaces intersect the terrain are masked out. The 0.5-km topography in the CTRL run is outlined in black for reference.

deepens, which is consistent with terrain-forced lee cy-
clogenesis (Schultz and Doswell 2000).

Table 4 presents the time-averaged geopotential
height differences (in meters) for all terrain-
modification experiments in the SALLJ region shown
in Fig. 1. In the LANDES runs, geopotential height

differences are significantly lower in magnitude than
the CTRL or HANDES runs, echoing the patterns in
Fig. 9. In contrast, the HANDES runs are slightly
larger in magnitude than the CTRL runs, indicating the
role of the higher southern Andes in producing a
deeper lee cyclone. Thus, the model results appear to
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TABLE 4. Time-averaged geopotential height differences (m) from the CTRL simulation for each terrain modification simulation in the
SALLJ region shown in Fig. 1 in domain 2. All values are averaged from hours 6-36 of each simulation.

700-hPa geopotential height

850-hPa geopotential height

950-hPa geopotential height

Run diff from CTRL (m) diff from CTRL (m) diff from CTRL (m)
CTRL_TM —-0.6 -1.0 -3.0
LANDES 12.1 17.9 16.5
LANDES_TM 11.6 17.0 15.1
HANDES —-2.8 —-32 -2.9
HANDES_TM —42 =54 -6.9

confirm the notion that a taller mountain range tends to
produce deeper lee cyclogenesis associated with
greater flow modification along higher terrain, consis-
tent with Fig. 3.

To further investigate the impact of the orography
on the behavior and strength of the SALLJ related to
convective storms in this region, analysis of the time-
averaged meridional winds, integrated meridional
moisture flux, and MFC in the SALLJ region (Fig. 1)
are presented in Tables 5 and 6. The LANDES runs
show a significant decrease in northerly meridional
wind strength, especially at lower levels (e.g., 950
and 850hPa) that are typically associated with the
height of the strongest SALLJ magnitude (between
~1000-1600 m MSL; Douglas et al. 1998; Vera et al.
2006). The vertically integrated meridional moisture
flux magnitude also decreases with lower Andes (Table 6).
Large decreases of MFC, MFC,q4,, and MFC,,,, with
a lower Andes compared to the CTRL run (reduced by
22.7%, 63.8%, and 11.8%, respectively; Table 6) in-
dicate that less moisture was available for convection
and likely resulted in lower convective available po-
tential energy (CAPE), as will be shown in section 4h.
These results are consistent with recent work by Insel
et al. (2010), who used a regional climate model to
conduct reduced Andes topography experiments and
showed a significant reduction and absence of the
SALLJ in simulations with 50% and 0% Andes con-
figurations, respectively. The lower mountains produce
less mechanical forcing on the lower levels of the at-
mosphere. In addition, a weaker lee cyclone results in

a weaker north-south pressure gradient force and
therefore a weaker SALLYJ, vertically integrated meridi-
onal moisture flux, and MFC (decrease is particularly
noteworthy in the MFC,4, component). Thus, it seems
that the combination of enhanced flow modification
leading to deeper lee cyclogenesis and a stronger north—
south pressure gradient force are intimately related to the
height and characteristics of the mountain barrier that
control the response in the lee and help modulate the
convective storm environment and the resulting storm
life cycle development in South America.

d. Convective initiation and early growth

Figure 7 shows that at an early initiation time in the
simulations, the CTRL run resembles the observa-
tional GOES IR data in both temporal and spatial
perspectives. Figures 10 and 11 present OLR differ-
ence plots compared to the CTRL run for each of
the terrain modification experiments. When the Andes
are unchanged, but the Sierras de Coérdoba are re-
moved (CTRL_TM,; Fig. 10a), convective initiation is
less focused along the eastern foothills of the Sierras de
Coérdoba than the simulation with the Sierras de
Cérdoba. Although the response is complex, it generally
agrees with the hypothesis from Romatschke and Houze
(2010) and Rasmussen and Houze (2011) discussed in
section 2b. However, in the evolution of the convective
system with the Sierras de Cérdoba Mountains removed
(CTRL_TM), a storm system nevertheless occurs, but
with less overall convective storm intensity (a point
discussed further in section 4g).

TABLE 5. Time-averaged meridional winds (m s ') in each terrain modification simulation in the SALLJ region shown in Fig. 1 in domain
2. All values are averaged from hours 6-36 of each simulation.

700-hPa SALLJ

850-hPa SALLJ

950-hPa SALLJ SALLIJ: surface-600 hPa

Run (Vims™) (V;ms™) (V;ms™) (V;ms™)
CTRL =35 —45 -4.0 —3.46
CTRL_TM —-33 —4.1 -3.6 -32
LANDES —-34 —-2.8 -1.5 -2.0
LANDES_TM =33 =25 -1.1 -1.8
HANDES -39 =51 —4.7 -39
HANDES_TM -3.7 —4.9 —4.6 —-3.8
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TABLE 6. Time-averaged vertically integrated moisture flux (kgs~' m™!) in each terrain modification simulation in the SALLJ region
shown in Fig. 1 in domain 2. All values are averaged from hours 6-36 of each simulation.

Integrated meridional

MFC (surface-600 hPa;

MFC,q, (surface-600 hPa; MFC,q,y (surface—600 hPa;

Run moisture flux (kgs 'm™1) 10 *gkg tst) 10 *gkg s 10 *gkg ts™h
CTRL -32.11 0.22 0.047 0.17
LANDES —29.96 0.17 0.017 0.15
HANDES —32.36 0.24 0.055 0.18

The largest difference in convective initiation is
observed in the runs with the Andes reduced by 50%
(LANDES; Figs. 10b,c). Convective initiation occurs
in a widespread band that extends north into Paraguay
and northern Argentina that is not observed in the
CTRL run (Figs. 10b and 10c). Rasmussen and Houze
(2011) hypothesized that lee subsidence from the
midlevel westerlies traversing the Andes provides a
capping inversion of warm and dry air between ~20°
and 30°S around 700hPa, preventing low-level in-
stability from releasing until it reaches the Sierras de
Cérdoba to the south. Rasmussen and Houze (2011)
and Rasmussen et al. (2014) discuss the role of the
Sierras de Coérdoba in focusing deep convection by
providing an orographic lifting mechanism for the low-
level unstable air to overcome convective inhibition.
When the Andes are reduced to half their height in this
study (Figs. 10b,c), convectively unstable air is more
readily released with the lower mountain range.
Increasing the southern Andes height by 20% gener-
ally shifts the convective initiation to the south
(Figs. 10d,e), in response to the deeper lee cyclone,
stronger SALLJ, and associated southward location of
the region of convergence (noted in section 3), al-
though the response is complex and should be further
examined in future work.

e. Upscale growth

Corresponding to a mature phase of the convective
storm life cycle shown in Figs. 7b and 7d, OLR differ-
ence plots for the terrain modification experiments are
presented in Fig. 11 to gain insight into the role of
terrain variations in upscale convective growth. The
CTRL_TM storm location is relatively similar to the
CTRL run, indicating that the presence of the Sierras
de Cérdoba do not tie the convective storms to the
terrain in a general sense (Fig. 11a). Stronger oro-
graphic controls are observed in the simulations with
50% reduced Andes terrain (Figs. 11b and 11c). With
the reduced Andes, the mature systems are located
farther northeast than the CTRL run, reminiscent of
the typical MCS life cycle in the United States where
the north-south mountain barrier is lower. Weaker lee
cyclogenesis and reduced SALLJ magnitude combine

to produce an environment that favors convective
systems that propagate downstream from the mountain
barrier more rapidly than for similar systems down-
stream of higher mountains (Fig. 11), although in-
tricacies of this relationship should be examined in
future work. Increasing the southern Andes by 20%
results in a southwestward shift of the convective sys-
tems (Figs. 11d and 1le), indicating the robust oro-
graphic control on MCSs in this region.

f- Storm tracks

To further investigate the relationship between
orographic height and convective initiation, Fig. 12
shows the results of a storm-tracking algorithm that
identifies the average location of intense values of
reflectivity and cloud-top temperatures (description
in section 2). For simplicity, only the CTRL and
LANDES runs are presented. Identifying regions with
particularly intense reflectivity (dBZ) or cloud-top
temperature values is a commonly used technique in
research around the world on convection seen by
satellites (e.g., Zipser et al. 2006; Houze et al. 2007;
Yuan and Houze 2010; Zuluaga and Houze 2015;
Rasmussen et al. 2014, 2015, 2016; Houze et al. 2015).
For the analysis in Fig. 12a, the reflectivity threshold is
45dBZ to capture the evolution of particularly in-
tense storms. The reduced Andes simulation tends to
have average reflectivity =45dBZ farther north
compared to the regular Andes terrain (Fig. 12a).
Additionally, the LANDES storm track exhibits more
northeastward movement of intense convective ele-
ments compared to the CTRL, especially from hours
12-24 in Fig. 12a, which is consistent with the discus-
sion above related to Figs. 10 and 11. Comparisons
between the storm tracks of the CTRL and LANDES
terrain  modification  simulations with OLR
values =90 Wm 2 (Fig. 12b) also indicate a farther
northeastward average location of the LANDES
storm elements. The role of the barrier height in
producing deep cold cloud tops closer to the mountain
front is also apparent in Fig. 12b. With a lower Andes
height, the LANDES storm track originates ~2° lon-
gitude east compared to the CTRL storm track in
Fig. 12b.
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FIG. 10. Difference maps of OLR (W m~2) from the terrain modification runs minus the CTRL run at 2000 UTC 26 Dec

2003 in domain 2: (a) CTRL_TM — CTRL, (b) LANDES —

CTRL, (c) LANDES_TM — CTRL, (d) HANDES — CTRL,

and (¢) HANDES_TM — CTRL. The 0.5-km topography in the CTRL run is outlined in black for reference.

g. Storm intensity

To examine the domain-scale effect of varying the
topography and intensity of the resulting storms, Fig. 13
presents storm intensity information for the duration of
each terrain modification simulation in domain 2
(Fig. 1). The 40-dBZ echo-top heights and occurrences
were calculated in each grid box and either averaged

(Fig. 13a) or counted (Fig. 13b) from hours 6-36 of each
simulation. During the early period of convective ac-
tivity in each simulation, the 40-dBZ echo tops were
higher on average in the CTRL and HANDES runs,
which both include the Sierras de Cérdoba Mountains
(Fig. 13a), indicating their role in focusing deep con-
vection hypothesized in previous studies (Romatschke
and Houze 2010; Rasmussen and Houze 2011). In
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FIG. 11. As in Fig. 10, but

contrast, the CTRL_TM and HANDES_TM simula-
tions without the Sierras de Cérdoba produced notably
lower echo tops, indicating a decrease in overall con-
vective intensity in the absence of this secondary
mountain range. Interestingly, this effect is not observed
with the reduced Andes runs (LANDES), suggesting
that the different dynamical effects also led to a different
mode of convective initiation compared to the full or
increased Andes runs. Previous studies have identified

at 1000 UTC 27 Dec 2003.

that convective initiation by topographic features
downstream of other especially high mountain ranges
occurs around the world (Medina et al. 2010;
Romatschke and Houze 2010). The LANDES runs
both showed larger individual instances of 40-dBZ
echo tops exceeding 10km (Fig. 13b), consistent with
the larger zone of convective initiation and upscale
growth extending much farther east and north compared
to the CTRL run (Figs. 10b and 10c). With a lower
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F1G. 12. Storm track of averaged (a) model reflectivity = 45 dBZ
and (b) OLR = 90 W m ™2 in domain 3. In each panel, the terrain
modification experiment averages are represented by thick solid
lines as shown in the legend. Averaged topography from 25° to 35°S
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small numbers next to each symbol indicate the hour of the simu-
lation, with the following corresponding dates and times: 0900 UTC
26 Dec (9 h), 1200 UTC 26 Dec (12 h), 0000 UTC 27 Dec (24 h), and
1200 UTC 27 Dec (36 h).

mountain barrier and weaker convective inhibition
(shown in section 4h), convection is able to break out at
numerous locations instead of the strongly oro-
graphically forced and focused convective initiation with
the full Andes. Thus, the lower Andes result in more
instances of convective initiation, but the storms overall
are weaker than the full Andes storms likely because of
the differential buildup of convective instability and
inhibition.

h. Thermodynamic aspects of terrain modifications

Thermodynamic understanding is crucial to parse the
relationship between terrain variations and the resulting
convective storms. This section specifically addresses
the hypothesis from Rasmussen and Houze (2011) who
showed that when storms with WCCs occurred in sub-
tropical South America, lee subsidence related to the
mechanical uplift and descent of the midlevel westerlies
traversing the Andes Mountains was present in a broad
zone between ~20° and 35°S (their Fig. 10). Figure 14
shows two west—east cross sections prior to the first in-
stance of convective initiation in this region (Fig. 14a)
and at a later time when developing convection has
formed in the lee of the Andes (Fig. 14b). Associated
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FI1G. 13. Echo-top analysis calculated during the entire duration
of the WREF simulations for each terrain modification scenario in
domain 2 (Fig. 1) showing the (a) 40-dBZ echo-top height mean
(km) and (b) number of 40-dBZ echo-tops =10 km.

with stronger winds traversing the Andes, midlevel
subsiding dry air from ~5 to 10km overrides the low-
level warm moist air mass that prevents instability as-
sociated with the warm moist low-level air mass from
being released (Fig. 14).

A common way to understand the thermodynamic
environment related to convective initiation is to ex-
amine the most unstable CAPE and maximum convec-
tive inhibition (CIN), which indicate the total amount of
potential energy available to the most unstable parcel of
air within the lowest 300 hPa of the atmosphere while
being lifted to its level of free convection and the
amount of energy inhibiting convection, respectively. As
mentioned in section 4d, the LANDES run showed
more widespread convection in a north-south band
downstream of the Andes Mountains (Figs. 10b and
10c), more 40-dBZ echo tops =10 km, and lower echo-
top height means compared to the higher Andes runs.
An example of the difference in maximum convective
inhibition in the CTRL and LANDES runs is presented
in Fig. 15. A map of the spatial distribution of maxi-
mum CIN in the CTRL run (Fig. 15a) shows wide-
spread moderate to strong values of CIN north of the
Sierras de Cérdoba along the Andes and extending to
the east where convection was prevented from occur-
ring in the CTRL run, supporting the orographic con-
nection to the inhibition of convection. In contrast, the
lower Andes produce notably weaker CIN downstream
of the Andes (Fig. 15b). Lower convective inhibition in
the LANDES run implies a higher chance for convec-
tion in a widespread region, which is observed in these
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domain 3 with no topography modifications.

simulations. As hypothesized by Rasmussen and
Houze (2011), the extreme height of the Andes
Mountains and flow up and over the barrier results in
significant energy to inhibit convection in the lee
(Fig. 15a). Therefore, convective initiation tends to
have a strong orographic control in this part of the
world as shown in Fig. 15 and supports observational
evidence of the narrowly focused region of deep con-
vection in subtropical South America (Zipser et al.
2006; Romatschke and Houze 2010; Rasmussen and
Houze 2011; Rasmussen et al. 2014).
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Averaged values of CAPE and CIN for each terrain
modification experiment were calculated in the SALLJ
region (Fig. 1) and their temporal evolution is shown in
Fig. 16. In general, the LANDES run has lower values of
CAPE throughout the duration of the simulation com-
pared to the CTRL and HANDES runs (between ~200
and 400J kg~ ! lower; Fig. 16a). A notable diurnal cycle
of CIN, with a nocturnal maximum, is seen in Fig. 16b.
During the daytime, solar heating leads to a well-mixed
boundary layer that can result in high CAPE and low
CIN, while the opposite is true at night (Chaboureau

(b) LANDES CIN
70°W 65 60 55
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FIG. 15. Comparison of convective inhibition (CIN; J kg ') in the (a) CTRL and (b) LANDES simulations at
1000 UTC 27 Dec in domain 3.



— HANDES ]

0: : : ]
12 18 0 6 12
26 DEC 27 DEC

Time (UTC)

FIG. 16. Time series of (a) convective available potential energy
(CAPE) and (b) convective inhibition (CIN) averaged in the
SALLJ region from domain 2 (red box in Fig. 1) for the CTRL,
LANDES, and HANDES simulations.

et al. 2004). While the nocturnal maximum of CIN is well
documented in observational studies of the United
States (e.g., Zhang 2003) and in idealized modeling (e.g.,
Chaboureau et al. 2004), this particular characteristic
has not been previously identified in subtropical South
America. From Figs. 15 and 16b, it is evident that the
LANDES CIN is generally less than the CTRL and
HANDES runs; however, the relative differences be-
tween the low and higher Andes runs are most notable
between 2000 UTC 26 December and 1200 UTC
27 December. Enhanced nocturnal convective inhibition
along the Andes foothills in the presence of relatively
high CAPE in the CTRL and HANDES runs likely
provides an environment that is conducive to continued
nocturnal topographic initiation along the Andes foot-
hills (Fig. 15a). The diurnal cycle of deep convection that
persists from the afternoon through the night along the
Andes foothills was previously shown using TRMM PR
statistics in Rasmussen et al. (2014). Thus, differences in
the environment supporting deep convection in sub-
tropical South America and the diurnal cycle magnitude
of both CAPE and CIN are modulated by the height of
the Andes Mountains.

A more general relationship between the strength of
the CAPE and CIN and the height of the mountains is
presented in Fig. 17. The higher Andes had greater
CAPE and CIN values compared to the reduced Andes
values. Lower convective inhibition resulted in more
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each simulation in the SALLJ region from domain 2 (red box in
Fig. 1) are shown in blue and red circles, respectively.

widespread convective initiation and weaker storms
(lower CAPE) in the LANDES runs (Figs. 10b,c and 15—
17). A taller barrier results in a stronger and deeper
SALLJ (Table 5; Campetella and Vera 2002), enhanced
integrated moisture flux and MFC (Table 6; Insel et al.
2010), and subsidence in the lee in response to the high
mountains. Thus, both CIN and CAPE are expected to
increase, making topographic initiation more important
since the unstable air has more convective inhibition to
overcome.

The current study has investigated the influence of
topography on convective initiation near the subtropical
Andes. The results from this study are derived from a
suite of experiments performed for one particularly in-
tense MCS observed by the TRMM PR. However, this
case exhibited properties typified by the TRMM statis-
tics. The generality of the results will need confirmation
by future studies. Because of the current sparsity of
ground-based data in South America, numerical simu-
lations and detailed thermodynamic analysis will be re-
quired in further tests of the conceptual model derived
from the present study, discussed in the next section.

5. Conclusions

Numerical simulations of a mesoscale convective
system observed by the TRMM PR using various terrain
configurations conducted with the NCAR WRF Model
extend the satellite observational analysis of convective
storms with extreme characteristics in subtropical South
America and provide an objective evaluation of storm
initiation, development mechanisms, orographic con-
trols, and storm-related bulk thermodynamic charac-
teristics. Sensitivity studies removing and/or reducing
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various topographic features demonstrate the strong
influence of the terrain on the initiation and upscale
growth of the subsequent MCSs. The extreme verti-
cal extent of the Andes tends to keep South Ameri-
can MCSs tied to the topography during upscale
organization and development related to enhanced
lee cyclogenesis and flow modification from a taller
mountain range.

A synthesis of the results presented in this study
form a conceptual model for convective initiation in
subtropical South America (Fig. 18). Enhanced mois-
ture flux of warm and moist low-level air from the
Amazon basin via the SALLJ is capped by mid- to
upper-level dry air subsidence from the westerlies
traversing the Andes Mountains. Leading up to the
occurrence of convective storms with extreme char-
acteristics east of the Andes, the strength of the
SALLJ, lee cyclone, and moisture fluxes increase in re-
sponse to synoptic baroclinic waves passing over the

southern Andes. Lee cyclogenesis induces a north-south
pressure gradient that helps bring air from the SALLJ
into the foothills of the Andes instead of its climato-
logical position to the east. Low- to midlevel flow around
the southern Andes converges with the SALLJ
(Rasmussen and Houze 2011), which is collocated with
the Sierras de Cérdoba, forming the optimal region for
convective initiation in subtropical South America.
Thus, while the Sierras de Cérdoba help focus and ini-
tiate convective storms, they happen to exist in an ideal
location to intercept converging air masses from various
sources as shown in Fig. 18.

Terrain modification experiments using a mesoscale
model provide an objective test of the orographic con-
trols on synoptic-scale disturbances that are related to
the occurrence of storms containing WCCs. Results
from the modeling experiments provide a greater un-
derstanding of the role of the Andes in modulating the
synoptic environment leading to convective storms with
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extreme characteristics. Lee cyclogenesis downstream
of the Andes that was identified in the time-lagged
synoptic composites was reproduced in the model sim-
ulations. A 50% reduction in the height of the Andes
resulted in a weaker lee cyclone magnitude, weaker
north-south pressure gradients, and decreased SALLJ
strength and moisture flux convergence. In contrast, a
20% increase in the height of the southern Andes
strengthened the lee cyclone and the associated north—
south pressure gradient force that acted to increase the
magnitude of the SALLIJ. This increased northerly
SALLJ magnitude advected more warm and moist air
south to fuel the intense convective storms. Thus, a re-
lationship between the strength of both the lee cyclone
and SALLJ, and the height of the Andes is established,
showing the profound role of the high mountains in
forming the convective storm environment that results
in some of the most extreme storms on Earth.

The terrain modification runs led to the following
more specific conclusions:

1) A 50% reduction in the Andes resulted in convective
initiation being more widespread throughout in a
north-south band (extending north to Paraguay) east
of the Andes.

2) A mature MCS simulated with the 50% reduced
Andes shows that the entire convective system
propagated faster to the east, reminiscent of MCSs
in the United States.

3) Increasing the southern Andes height increases the
flow modification of low-level synoptic disturbances
and results in a southward shift of the convective
systems.

4) The 50% reduced Andes runs had more echo tops of
40dBZ = 10km than other terrain modification
simulations. However, mean 40-dBZ echo-top values
for storms simulated with the reduced Andes are
weaker overall.

S) Average convective available potential energy and
convective inhibition values show that the reduced
Andes runs had less convective instability and
weaker convective inhibition, while increased Andes
runs had both higher CAPE and CIN values.

This study has advanced knowledge and under-
standing of the role of orography in the initiation and
maintenance of storms with extreme characteristics
and an improved overall perception of the processes
leading to high-impact weather and their simulation
near major mountain ranges in subtropical South
America. By nature, the study and investigation of
high-impact and severe weather has wide-reaching so-
cioeconomic implications. A greater understanding of
the formation mechanisms, patterns of development
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and organization, and severe weather impacts, in-
cluding hail, flash floods, and tornadoes, resulting from
such storms can provide forecasters and the general
public with crucial information to save life and prop-
erty. Argentine storms and MCSs have provided a
unique opportunity for the integrated study of high-
impact weather and mesoscale modeling, including the
orographic control on convective initiation and storm
life cycle near the Andes, and the synoptic and meso-
scale influence on storm mechanisms. While this study
has focused on the Andes, every mountain range and its
climatological regime are different, and the way in
which convection forms and grows needs to be evalu-
ated in each such orographic situation. As global
models become higher in resolution, clouds and pre-
cipitation in the vicinities of the world’s great mountain
ranges will need to be predicted precisely. To guide the
development of such models, studies such as this one
will need to point out how the fundamental compo-
nents of synoptic-scale flow, modification of flow by
topography, and the creation and release of instability
come together to produce the unique convective pro-
cesses in each major mountainous environment.
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