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ABSTRACT: Subtropical South America (SSA) east of the Andes Mountains is a global hotspot for mesoscale convective

systems (MCSs). Wide convective cores (WCCs) are typically embedded within mature MCSs, contribute over 40% of

SSA’s warm-season rainfall, and are often associated with severe weather. Prior analysis of Tropical Rainfall Measuring

Mission (TRMM) Precipitation Radar (PR) data identifiedWCCs in SSA and associated synoptic conditions during austral

summer. AsWCCs also occur during the austral spring, this study uses the 16-yr TRMMPR and ERA5 datasets to compare

anomalies in environmental conditions between austral spring (SON) and summer (DJF) for the largest and smallestWCCs

in SSA. During both seasons, large WCCs are associated with an anomalous midlevel trough that slowly crosses the Andes

Mountains and a northerly SouthAmerican low-level jet (SALLJ) over SSA, though the SON trough and SALLJ anomalies

are stronger and located farther northeastward than in DJF. A synoptic pattern evolution resembling large WCC envi-

ronments is illustrated through a multiday case during the RELAMPAGO field campaign (10–13 November 2018). Unique

high-temporal-resolution soundings showed strong midlevel vertical wind shear associated with this event, induced by the

juxtaposition of the northerly SALLJ and southerly near-surface flow. It is hypothesized that the Andes help create a quasi-

stationary trough–ridge pattern such that favorable synoptic conditions for deep convection persist for multiple days. For

the smallest WCCs, anomalously weaker synoptic-scale forcing was present compared to the largest events, especially for

DJF, pointing to future work exploring MCS formation under weaker synoptic conditions.

KEYWORDS: South America; Synoptic-scale processes; Mesoscale systems; Radars/Radar observations;

Radiosonde/rawinsonde observations; Mountain meteorology

1. Introduction

Thunderstorms maximize in frequency and intensity near

large mountain ranges (Zipser et al. 2006); however, ground-

based observations are historically sparse in some of these lo-

cations around the world. Fortunately, the Tropical Rainfall

Measuring Mission (TRMM) Precipitation Radar (PR) has

provided a robust dataset of subtropical storm characteristics.

Resulting studies using TRMM PR have shown observational

evidence that convective echoes east of the Andes Mountains

in subtropical South America (SSA) are deeper and more

frequent than those east of the Rocky Mountains in North

America (Zipser et al. 2006; Houze et al. 2015). Specifically,

the cloud shields associated with SSA mesoscale convective

systems (MCSs) are approximately 60% larger than those

occurring in the continental United States (CONUS; Velasco

and Fritsch 1987) and their precipitation areas are larger and

longer lived (Durkee et al. 2009; Durkee and Mote 2010),

contributing up to ;95% of warm-season rainfall in SSA

(Nesbitt et al. 2006; Rasmussen et al. 2016). MCSs are also

responsible for the regional maximum in high impact weather

such as significant hail ($2.5-cm diameter), flooding, damaging

straight-line winds, and tornadoes that are detrimental to so-

ciety and the economy of the La Plata basin where agriculture

thrives (Rasmussen and Houze 2011; Matsudo and Salio 2011;

Cecil and Blankenship 2012; Rasmussen et al. 2014; Bruick

et al. 2019).

A typical pattern for the initiation of deep convection in

SSA includes an enhanced South American low-level jet

(SALLJ) relative to warm-season climatology that advects
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warm and moist air southward along the Andes Mountains

from the Amazon basin into the La Plata basin of northern

Argentina (Vera et al. 2006; Insel et al. 2010; Montini et al.

2019; regions shown in Fig. 1). Simultaneously, a deepmidlevel

trough approaches the Andes from the west, inducing dry mid-

to upper-level subsidence flow, which creates a strong capping

inversion over the moist air mass east of the Andes. This

inversion is sometimes overcome via terrain-induced lift by

the Andes foothills and the Sierras de Córdoba (SDC), a

secondary mountain range west of the La Plata basin (Fig. 1),

in addition to large-scale rising motion, resulting in vigorous

deep convection (Romatschke and Houze 2010; Rasmussen

and Houze 2011, 2016). These unique topographic features of

western Argentina (e.g., Andes foothills, SDC) often act as a

platform for ‘‘back-building’’ in which deep convection con-

tinuously initiates along and remains tied to the mountainous

terrain (Rasmussen and Houze 2011; Rasmussen et al. 2014).

Typically in SSA, extremely deep convective echoes form

during the evening along the terrain and grow upscale into

extremely wide cores at night as they expand eastward; this

transition from discrete storms into MCSs, commonly referred

to as upscale growth, on average occurs within the first ;3 h

following convection initiation in SSA, which is relatively fast

compared to the CONUS (Mulholland et al. 2018). Furthermore,

the increased height of the Andes blocks more midlevel flow,

causing enhanced convective available potential energy (CAPE)

and convective inhibition (CIN) to develop downstream rela-

tive to shorter mountain ranges, which in turn leads to more

vigorous deep convection (Rasmussen andHouze 2016). These

mechanisms of deep convection initiation in SSA are summa-

rized in a conceptual model by Rasmussen and Houze (2016).

Ground-based storm classification via a C-band radar in

Córdoba, Argentina (hereafter, Córdoba city), shows similar

results to TRMM, such as the proximity of storm initiation near

the SDC (Mulholland et al. 2018).

MCS events in SSA can span multiple days, with diurnal

resurgences of upscale growth and upstream propagation

events (Anabor et al. 2008). Similar long-lived events occur in

the CONUS, though less frequently (Augustine and Howard

1988), and it has been shown that the increased longevity of

CONUSMCSs is a result of quasi-stationary synoptic waves in

addition to various mesoscale phenomena such as vertical wind

FIG. 1. WCC domain used in this study (black box). This region in subtropical South America, generally referred

to as the La Plata basin, includes a portion of theAndesMountains, the Sierras de Córdoba (SDC)mountain range,

and the cities ofMendoza (M) andCórdoba (C) inArgentina. Color shading represents terrain height. Neighboring

nations are also labeled.
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shear, convective feedbacks, and cold pool interactions (Stensrud

and Fritsch 1993; Stensrud 1996; Laing and Fritsch 2000; Coniglio

et al. 2010; Trier et al. 2011; Peters and Schumacher 2015; Yang

et al. 2017; Chasteen et al. 2019). Likewise, Rasmussen andHouze

(2016) suggest that longMCS lifetimes in SSAare regulated by the

slow-moving nature of midlevel troughs approaching the Andes

from the west; however, their investigation was limited to the

austral summer despite a comparable severe weather and MCS

frequency in the La Plata basin during the spring (Rasmussen et al.

2014, 2016). There are likely notable differences in austral spring

versus summer MCSs in SSA considering boreal summer

MCSs in the CONUSGreat Plains tend to be farther poleward

and have weaker synoptic and thermodynamic perturbations

than spring cases (Song et al. 2019). Thus, a complete under-

standing of MCS ingredients in SSA requires investigation at

synoptic and mesoscales over multiple seasons.

To investigate large-scale differences between MCSs across

seasons, this study analyzes the anomalous synoptic environ-

ments associated with organized deep convection in both

austral spring and summer in SSA. Based on previous studies in

the CONUS (Feng et al. 2019; Song et al. 2019), it is hypoth-

esized that springMCSs are associated with greater anomalous

synoptic forcing. Because of this potential shift in synoptic

forcing magnitude, we determine whether there is a rela-

tionship between anomalous synoptic forcing and MCS area.

While area is not a precise method to identify severe weather

and hydrologic storm impacts, it allows us to test a hypothesis

that larger storms are associated with stronger and more

quasi-stationary synoptic forcing. These results are exem-

plified through a multiday MCS event that occurred during

the 2018 Remote sensing of Electrification, Lightning, And

Mesoscale/microscale Processes with Adaptive Ground

Observations (RELAMPAGO; Nesbitt et al. 2021) field

campaign. Long-lived, large MCS events that feature back-

building deep convection, serial upstream propagation, and

severe weather in the form of hail, tornadoes, damaging

straight-line winds, and floods like the one discussed herein,

are relatively common in SSA; what is uncommon, however,

is a high-resolution fixed and mobile sounding dataset in

addition to GOES-16 data that captured this MCS event.

These unique data are used to relate the large-scale condi-

tions to mesoscale phenomena contributing to upscale

growth, such as vertical wind shear and unique topography.

An analysis of this type has yet to take place in SSA because

of the sparsity of the data prior to RELAMPAGO. This work

not only improves the understanding of the synoptic environ-

ments that lead to large and long-lastingMCSs in SSA, but also

can be applied to other regions around the world that feature

widespread or discrete orographic deep convection.

2. Methodology

Due to the historic lack of a ground-based radar network in

SSA, this study uses 16 years (1998–2013) of V7 TRMM PR

data (Iguchi et al. 2000, 2009) to identify storms with extreme

characteristics during the austral spring [September–November

(SON)] and summer [December–February (DJF)]. This satellite-

borne precipitation radar provided three-dimensional volume

scans of reflectivity with 4–5-km horizontal and 250-m vertical

resolution between 37.58N and 37.58S during 1997–2014

(Kummerow et al. 1998). We limit our domain to 228–368S,
528–698W (black box in Fig. 1) to capture the Andes foothills

and the La Plata basin region (the plains east of the Andes

foothills in Argentina shown in Fig. 1). Our study domain also

includes the RELAMPAGO study region, which was centered

near the SDC, a smaller, secondary mountain range east of the

Andes Mountains (Fig. 1).

TRMM PR data are used to identify convective echoes of

extreme horizontal or vertical dimension embedded within

MCSs. In addition to substantially contributing to the hydro-

logic cycle (Rasmussen et al. 2016), radar echo structures imply

stages in the MCS life cycle (Houze 2004). Particularly, South

American convective echoes with 40-dBZ heights $ 10 km

(deep convective cores; DCCs) indicate young, vigorous con-

vection while those with 40-dBZ areas $ 1000 km2 when pro-

jected onto a horizontal plane (wide convective cores; WCCs)

represent a later life cycle stage featuring more organized con-

vection that is often associated with long-lived MCSs. As the

convective regions of the MCS lose their buoyancy, they tend to

develop broad stratiform regions beyond the mature phase

(Romatschke and Houze 2010; Rasmussen and Houze 2011,

2016; Rasmussen et al. 2016). This convection life cycle was ex-

amined for a case in SSA using available satellite observations

and a WRF model simulation that confirmed this life cycle evo-

lution (Rasmussen andHouze 2016),which alignswell with that of

other global convective hotspots featuring frequent upscale

growth intoMCSs over both land and ocean regions (Houze 2004;

Zuluaga andHouze 2013; Houze et al. 2015).WCCs are primarily

responsible for the regional maximum in high impact weather as

they are much more numerous than DCCs in the La Plata basin

(see Fig. 5 of Rasmussen and Houze 2011), and they maximize in

size, intensity, and frequency in the region (Romatschke and

Houze 2010; Rasmussen and Houze 2011). Thus, the identifica-

tion of WCC environments is the focus of the current study.

To test the hypothesis that larger and thus more impactful

WCCs are maintained by a more amplified and quasi-stationary

trough–ridge pattern and SALLJ, warm-season WCCs (SON–

DJF) during 1998–2013 are divided into two categories: 1) large

WCCs, which are those$ 90th-percentile area (4880 km2) and

2) small WCCs, which are # 10th-percentile area (1093 km2).

DJF featured 135 more WCCs of any size than SON, but SON

WCCs were on average 64 km2 larger (Table 1). While the

large WCC count was similar between seasons, both the

number of small WCCs and unique days on which they oc-

curred was greater in DJF (Table 1). There were some days in

which both small and large WCCs were identified by TRMM;

these were counted as large WCC days and excluded from

small WCC days in an effort to distinguish the synoptic forcing

between the two. Last, WCCs that also met the criteria for

DCCs were included in this analysis.

Following the methodology used in Rasmussen and Houze

(2016), composites of meteorological variables from ERA5

(Copernicus Climate Change Service 2017) illustrate the

synoptic environment evolution from 3 days before to 2 days

after the detection of a large or small WCC by TRMM. ERA5

has hourly temporal resolution, 1/48 horizontal resolution, and
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137 vertical levels on its native grid, which is a significant up-

grade from the NCEP–NCAR reanalysis (Kalnay et al. 1996)

used in Rasmussen and Houze (2016). Composites were cal-

culated by averaging hourly conditions on days when a large or

small WCC was identified in the study domain by TRMM.

Composite anomalies were then calculated by subtracting the

climatological long-term average (1979–2018) of the corre-

sponding season from the composite field. This format is used

to present the synoptic forcing differences between large and

small WCCs in SON and DJF.

These seasonal composite results are compared to a widespread,

long-lived MCS event that occurred during RELAMPAGO

between 10 and 13 November 2018. Here, ERA5 composite

anomalies of meteorological variables were calculated with

respect to the November climatological average. We also

combine analyses from high-temporal-resolution soundings

and GOES-16 IR brightness temperature images available

from RELAMPAGO within the context of ERA5 to investi-

gate synoptic andmesoscalemechanisms supporting this event.

Low- to midlevel vertical wind shear is graphically visualized

from atmospheric soundings, where CAPE and CIN are cal-

culated via MetPy (May et al. 2020).

3. Seasonal variation of synoptic support of WCCs

Previous studies focused on anomalous synoptic-scale sup-

port for MCSs during summertime only (Romatschke and

Houze 2010; Rasmussen and Houze 2016). Based on the

CONUS results, however, one would expect greater anoma-

lous synoptic support associated with springtime MCSs in SSA

relative to summertimeMCSs (Feng et al. 2019; Song et al. 2019).

To test the hypothesis that this is also true for SSA, this

section presents daily time-lagged composite anomalies before

and after the identification of WCC events by TRMM PR in the

La Plata basin region (black box in Fig. 1) during SON and DJF.

To place the anomalies into context of the climatology, Fig. 2

shows the climatological 250-hPa wind speeds over SSA. Both

seasons are characterized by a 250-hPa wind speed maximum

over northern Argentina (Fig. 2). During SON, this maximum of

nearly 40m s21 is centered over 308Sacross theAndesMountains

and the La Plata basin is located under the jet streak and down-

wind of a weak upper-level trough (Fig. 2a). In contrast, the DJF

wind speed pattern is much weaker at 308S and the maximum is

located farther poleward over the Pacific and Atlantic

Oceans (Fig. 2b). These climatological differences in jet

stream strength and position likely result in varying large-scale

environmental factors such as widespread ascent, which is

discussed throughout the study. We also suspect that larger

WCCs are associated with more anomalous synoptic patterns;

this relationship is explored in sections 3a and 3b by comparing

synoptic anomalies of the largest and smallest WCCs.

a. Synoptic evolution of environments supporting
large WCCs

Large WCCs are defined as those with an areal extent

greater than or equal to the 90th percentile of all WCCs

TABLE 1. WCC count and size during September–November (SON) and December–February (DJF) of 1998–2013 as identified by

TRMM PR. Mean area and standard deviation are shown for all WCCs, regardless of size. The number of large ($90th percentile;

4880 km2) and small (#10th percentile; 1093 km2) WCCs, in addition to the number of days of such occurrences, is also presented. Small

WCC days do not include days that also featured large WCCs.

No. of

all WCCs

Area

mean (km2)

Area std

dev (km2)

No. of

large WCCs

No. of large

WCC days

No. of

small WCCs

No. of small

WCC days

SON 1909 2626 2479 195 146 185 112

DJF 2044 2562 2475 201 154 211 147

SONDJF 3953 2576 2477 396 300 396 259

FIG. 2. Climatological 250-hPa wind speed (shaded) and height (black contours every 20 dam) averaged

from 1979 to 2018 via ERA5 for (a) SON and (b) DJF. The thick gray contour outlines terrain height of 500m,

highlighting the Andes and SDC of western South America.
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observed by TRMM PR in the study domain (Fig. 1) during

SON (146 unique days) and DJF (154 unique days) from

1998 to 2013 (Table 1). Time-lagged composite anomaly

synoptic maps are calculated by subtracting the seasonal

climatology (as in Fig. 2) from the large WCC composites

and serve as proxies for large-scale patterns such as jet streaks

and synoptic troughs/ridges. Additionally, several full (non-

anomalous) composite fields are available as supplemental

figures as indicated.

Figures 3a–c and 3d–f present 250-hPa wind speed and ge-

opotential height composite anomalies for largeWCCs in SON

and DJF, respectively. Figure S1 in the online supplemental

FIG. 3. Time-lagged 250-hPa wind speed (shaded) and height (black contours every 2 dam) composite anomalies

for days in which TRMM PR identified a large WCC in the study domain during (a)–(c) SON and (d)–(f) DJF on

(a),(d) day22; (b),(e) day 0; and (c),(f) day12. The thick gray contour outlines terrain height of 500m, highlighting

the Andes and SDC of western South America. The values in the upper-right corners of (a) and (d) show the

number of WCC days that contribute to the composite. These totals are also shown in Table 1.
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material is the same as Fig. 3, but with full field composites.

Two days before WCC identification (day22) in both seasons, a

250-hPawind speed anomaly of about 10ms21 is present over the

Andes just north of 408S (Figs. 3a,d).While the spatial extent of

this jet anomaly is greater during SON, 250-hPa heights are

anomalously lower west of the southern Andes during DJF

where an upper-level trough approaches the continent (Figs. 3a,d).

On the day of WCC identification (day 0) in both seasons, the

positive jet and height anomaly minima/maxima have moved

eastward (Figs. 3b,e). SON anomalous wind speeds have in-

creased at the jet maximum from day22 to 0, but decreased to

its north (Fig. 3b). DJF 250-hPa negative height anomalies

remain greater inmagnitude than SON from day22 to 0 as this

deep trough crosses the Andes farther south than in SON

(Fig. 3e). The SON positive wind speed anomaly on day 0 is

farther eastward and a jet streak left entrance region is likely

over the plains as opposed to over the terrain as in DJF

(Fig. 3b, Fig. S1b). Though an upper-level ridge builds down-

stream over the Atlantic Ocean during both seasons, the cor-

responding positive height anomalies are about 4 dam greater

in SON than in DJF (Figs. 3b,e). The wind speed and height

anomalies continue eastward two days following a large WCC

event (day12), though at a slower pace for the less robust DJF

anomalies (Figs. 3c,f). Both upper-level trough signals virtually

vanish, leaving only a trace of a negative height anomaly in

DJF (Fig. 3f). Overall, Fig. 3 suggests that there are similar jet

structures between SON andDJF that create favorable regions

for large-scale ascent in the La Plata basin; however, ascent in

SON is favored over the plains as opposed to near the foothills

of the terrain in DJF (Figs. 3b,e, Figs. S1b,e). An upper-level

ridge forms downstream likely due to convective processes in

SSA as the trough crosses the Andes Mountains (Maddox

1983). These trough–ridge interactions are diagnosed next via

500- and 850-hPa height anomalies.

Figures 4 and 5 show the daily evolution of 500- (black

contours) and 850-hPa (shaded) geopotential height anomalies

surrounding large WCC events in SON and DJF, respectively.

Full field composites are also available as Figs. S2 and S3.

Three days prior to large WCC identification in SON, sub-

stantial negative geopotential height anomalies at both levels,

indicating a deep trough, are located west of Chile centered

at approximately 458S (Fig. 4a). The 500-hPa geopotential

height anomaly minimum exceeds 260 m and the 850-hPa

exceeds 240m in magnitude. Geopotential heights are near

average over Argentina at this time, with a weak 850-hPa ridge

farther downstream over the Atlantic Ocean. The upstream

trough intensifies as it starts to impinge upon the Andes two

days prior to largeWCC events (Fig. 4b), likely an effect of the

tall mountain barrier blocking midlevel flow. Simultaneously, a

low-level lee trough appears over central Argentina through

the process of lee cyclogenesis as a ridge builds downstream

over the Atlantic Ocean. As the synoptic trough crosses the

terrain and weakens (Figs. 4c,d), consistent with Davis (1997),

Schultz andDoswell (2000), andRasmussen andHouze (2016),

the low-level lee trough continues to intensify as a result of

adiabatic warming via dry air subsidence from the high terrain,

resembling the lee cyclogenesis process that has been observed

in this region (Chung 1977; Satyamurty et al. 1990; Gan andRao

1994; Rasmussen and Houze 2016). By the time the midlevel

trough is directly over the Andes near 408S on day 0 (Fig. 4d),

it is weaker and moves more rapidly eastward such that the

midlevel trough–ridge pattern becomes only slightly out of

phase with the low-level counterpart (Figs. 4e,f).

The DJF 500- and 850-hPa geopotential height anomalies

associated with large WCC events (Fig. 5; full field composites

in Fig. S3) generally follow a similar temporal trend to those of

SON (Fig. 4; full field composites in Fig. S2) with some dif-

ferences in intensity and location. First, during DJF, the

anomalous deep trough impinging upon the Andes from the

west is weaker and farther southeastward initially at both levels

(Fig. 5a). Its proximity closer to the Andes at day 23 suggests

that the movement is slower initially than SON, consistent with

the climatologically weaker jet stream in this season (Fig. 2).

From day22 through day21, the anomalous impinging trough

intensifies at midlevels such that 500-hPa geopotential height

anomalies exceed 270m in magnitude (Figs. 5b,c), which is

more robust and farther south than SON at this stage (Figs. 4b,c).

The trough crosses the Andes near 458S by day 0, inducing a

similar low-level lee trough that is weaker, farther south, and

moves eastward more rapidly than that in SON (Figs. 5e,f).

While both SON and DJF feature an anomalously deep

trough impinging upon the Andes from the west prior to large

WCC identification in the La Plata basin, the anomalous SON

850-hPa lee trough is more robust. This seasonal contrast in

low-level lee trough intensity is important because the result-

ing enhanced north–south pressure gradient force directly re-

lates to SALLJ strength, depth, and thus, moisture transport

and precipitation in the region (Marengo et al. 2002, 2004; Salio

et al. 2002, 2007; Saulo et al. 2007; Romatschke and Houze

2010; Rasmussen and Houze 2011, 2016; Montini et al. 2019).

The lee trough contrast between seasons is likely a result of the

poleward shift of the impinging trough from SON to DJF.

Because the impinging trough during SON extends deeper

vertically such that negative height anomalies cross the Andes

farther equatorward (cf. Figs. 4d, 5d) where the Andes are sub-

stantially taller (Fig. 1), more midlevel flow is likely blocked by

terrain. To conserve potential vorticity, additional stretching of

an air column via greater downstream descent from high terrain

enhances rotation and lee cyclogenesis, resulting in a stronger

low-level lee trough (Kasahara 1966; Smith 1984, 1986; Schultz

and Doswell 2000). The key driver of this meridional shift in

trough axis with season is radiational surface heating, which is

greatest in the subtropics over the summer, pushing the zone

of greatest baroclinic instability poleward in DJF. The result is

weaker synoptic forcing over Argentina in summer versus

spring, although it is well known that SSA features frequent

synoptic activity and cold fronts in the summer relative to the

CONUS (Garreaud and Wallace 1998). Similarly, Rasmussen

and Houze (2016) used terrain modification mesoscale mod-

eling experiments to demonstrate that midlatitude troughs

crossing higher Andes terrain lead to stronger synoptic forcing,

including a stronger lee trough, SALLJ, and CAPE. The cur-

rent study builds on Rasmussen and Houze (2016) by showing

that the DJF anomalous synoptic forcing of large WCCs is

notably greater than the anomalous forcing for all sizes of

WCCs (Fig. 4 vs Fig. 3 in Rasmussen and Houze 2016). A
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similar conclusion for SON is drawn in section 3b where en-

vironments supporting small WCCs are analyzed.

The SALLJ plays a crucial role in transporting moisture

from the Amazon basin into SSA, a key ingredient for deep

convection initiation east of the Andes (Salio et al. 2007;

Insel et al. 2010; Romatschke and Houze 2010; Rasmussen and

Houze 2011, 2016; Jones 2019). Though this moisture can reach

depths up to 700 hPa, it tends to maximize around 850 hPa

FIG. 4. Time-lagged 850-hPa height (shaded) and 500-hPa height (black contours every 10m) composite

anomalies for days in which TRMM PR identified a large WCC in the study domain during SON on (a) day 23,

(b) day22, (c) day21, (d) day 0, (e) day11, and (f) day12. The thick gray contour outlines terrain height of 500m,

highlighting the Andes and SDC of western South America. The value in the upper-right corner of (a) shows the

number of WCC days that contribute to the composite. These totals are also shown in Table 1.

JUNE 2021 P I ER SANTE ET AL . 1949

Authenticated akrowe@wisc.edu | Downloaded 06/19/21 06:02 PM UTC



(Vera et al. 2006; Oliveira et al. 2018; Piersante et al. 2021).

Figures 6 and 7 present the evolution of 850-hPa wind and

integrated water vapor transport1 composite anomalies, respec-

tively, where shading represents the meridional anomaly and

arrows show the composite vectors in each figure. Full field

composites of 850-hPa wind are also available in Fig. S4. There

are widespread northerly 850-hPa winds on day 22 in both

SON and DJF (Figs. 6a,d) resulting in northerly moisture

flux (Figs. 7a,d). As expected based on the relative magni-

tudes of the low-level lee troughs between the spring and

summer (Figs. 4b and 5b), the actual (Fig. S4) and anoma-

lous (Figs. 6a,d) northerly wind into the La Plata basin

FIG. 5. As in Fig. 4, but for DJF.

1 See Copernicus Climate Change Service (2017) for the inte-

grated water vapor transport calculation in ERA5.
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is greater in SON on day 22. The role the Andes play in

channeling moisture is evident as in Insel et al. (2010) and

Rasmussen and Houze (2016). While the meridional water

vapor flux is similar between seasons (Figs. 7a,d), with a

standard anomaly of about 1 sigma near the SDC during

both SON and DJF, it exceeds 2 sigma east of the Bolivian

Andes as a result of the proximity to the Amazon basin

(not shown).

On day 0, anomalous southerly flow at 850 hPa covers cen-

tral Argentina as the lee cyclone intensifies and moves east-

ward while the midlevel synoptic trough moves over the Andes

(Figs. 4d, 5d, 6b,e; Rasmussen and Houze 2016). As described

in Garreaud and Wallace (1998), low-level convergence is

likely induced between the northern and southern air masses,

causing upward motion to aid upscale growth of SSA MCSs

(Rasmussen and Houze 2011). While the deformation zone in

FIG. 6. As in Fig. 3, but for 850-hPa meridional wind speed anomalies (shaded). Arrows represent the composite

wind vector, rather than the composite anomaly. The vector scale is placed beneath the color bar.
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which low-level convergence likely exists is centered over the

northern SDC inDJF (Fig. 6e), it is located farther northeast in

SON (Fig. 6b), similar to the meridional placement of the

midlevel impinging trough (Figs. 4d and 5d). The implications

of such deformation zones on convergence and vertical motion

are more carefully assessed in section 4. The full 850-hPa me-

ridional wind fields also suggest that DJF meridional wind

gradients and lee cyclones are weaker and located farther

poleward (Fig. S4). The bulk of the northerly wind and moisture

flux weakens near the SDC as the low-level lee trough passes

eastward by day 12, indicating the cessation of synoptic forc-

ing in the region (Figs. 6c,f and 7c,f).

Synoptic troughs induce low-level northerly moisture ad-

vection into the La Plata basin prior to and during the presence

FIG. 7. As in Fig. 3, but for integrated meridional water vapor flux anomaly (shaded). Arrows represent the composite

water vapor flux vector, rather than the composite anomaly. The vector scale is placed beneath the color bar.

1952 MONTHLY WEATHER REV IEW VOLUME 149

Authenticated akrowe@wisc.edu | Downloaded 06/19/21 06:02 PM UTC



of the largest WCCs in SON and DJF (Fig. 7); however, the

anomalous flux associated with large WCCs is approximately

double that of WCCs of all sizes in DJF (Rasmussen and

Houze 2016). Furthermore, while large WCCs in SON are as-

sociated with a slightly greater northerly 850-hPa wind speed

and moisture flux composite anomalies (Figs. 6 and 7), the

actual flux and northerly 850-hPa meridional wind reach far-

ther poleward in DJF (not shown). Despite the weaker and

western focus in DJF large-scale forcing, the number of large

WCCs in both seasons is almost equal. To investigate how

essential synoptic support is for any size of WCC during these

seasons, we next look at a subset of WCCs with the smallest

areal coverage.

b. Synoptic evolution of environments supporting
small WCCs

WCCs with an areal extent less than or equal to the 10th

percentile of all WCCs identified in SON and DJF by TRMM

PR (Table 1) are labeled small WCCs. Small WCC days are as

numerous as large WCC days in DJF (147 vs 154 days, re-

spectively; Table 1) while there are fewer small WCC days in

SON (112 vs 146 days; Table 1). This section examines the

synoptic-scale evolution associated with small WCCs using a

subset of the meteorological variables shown previously.

The 250-hPa wind speed and height anomalies for small

WCCs in both seasons is presented in Fig. 8 and the full field

composites are in Fig. S5. The evolution of 250-hPa SON wind

speed and geopotential height anomalies associated with small

WCCs is similar to large WCCs; however, the magnitudes are

much less (Figs. 8a–c). For example, the positive wind speed

anomaly is about 2.5m s21 weaker, and the height anomalous

magnitudes are 2–4 dam weaker before and during the pres-

ence of a smallWCC relative to a largeWCC (cf. Figs. 3a,b and

8a,b). Two days following the identification of a WCC in SON,

the synoptic setups for small and large WCCs are almost

identical (cf. Figs. 3c and 8c). However, there is a stark dif-

ference between small and large DJF WCC environments.

While strong anomalous wind speeds and geopotential heights

are clear for large DJFWCCs (Figs. 3d–f), anomalous synoptic

activity at 250 hPa is almost nonexistent for small WCCs sug-

gesting that an anomalous upper-level jet is not required for

the occurrence of small WCCs during DJF (Figs. 8d–f). In

other words, anomalous synoptic-scale forcing for ascent ap-

pears to be a key factor distinguishing between environments

supporting small and large WCCs in the summer. The full

field 250-hPa composites show that the jet streak is present

during DJF small WCCs, though it is weaker than that of

SON (Fig. S5).

Though not shown, the evolution of synoptic waves, north-

erly moisture flux, and implied low-level convergence is simi-

lar, including a low-level lee trough that induces the SALLJ,

but weaker in anomalous magnitude for small WCCs com-

pared to large WCCs. Thus, the synoptic composite evolutions

presented herein show anomalous large-scale forcing varies

with WCC size and season. However, there are likely addi-

tional mesoscale phenomena supporting deep convection ini-

tiation, back-building, and upscale growth into WCCs within

these synoptic environments. To identify additional phenomena

such as vertical wind shear at finer spatial and temporal scales,

section 4 analyzes a multiday MCS case that featured WCCs

duringRELAMPAGOwhere high-resolutionmobile soundings

and GOES-16 IR brightness temperature data over SSA were

available in addition to ERA5.

4. Case study of long-lived WCC events on
10–13 November 2018

The RELAMPAGO field campaign took place in November-

December 2018 with primary objectives to observe and collect

data from environments supporting deep convection initiation,

severe weather, and upscale growth within the vicinity of the

SDC. One case in particular met the criteria of all these ob-

jectives and featured numerous supercells and MCSs in north-

central Argentina during 10–13 November. While long-lived

back-building and upstream propagation processes have been

studied in the past (Stensrud 1996; Anabor et al. 2008, 2009;

Romatschke and Houze 2010; Rasmussen and Houze 2011,

2016; Mulholland et al. 2018), this section advances prior re-

search by utilizing new high-resolution observations from

RELAMPAGO such as soundings and GOES IR brightness

temperatures to connect the synoptic through mesoscale pro-

cesses in upscale growingMCSs in SSA. Preliminary analysis of

the ground-basedColorado StateUniversity C-bandHydrologic

Instrument for Volumetric Observation (CSU-CHIVO) radar

(Arias and Chandrasekar 2019) suggests four WCCs were lo-

cated near Córdoba city over this period using a reduced set of

criteria (30 dBZ over 800 km2), as the radar coverage was rela-

tively small compared to the study domain and likely could not

identify a full WCC in one scan. This method does not allow us

to precisely fit this case within the climatological WCC size

distribution discussed prior, as the TRMM dataset ends before

2018, but the fact that a robust ground-based dataset thoroughly

captured multiple WCCs over the course of several days makes

this a unique case study, nonetheless.

a. Synoptic environment evolution

Similar to the SON climatology at 250 hPa (Fig. 2), a robust

upper-level jet streak was present over the Andes and central

Argentina when there was widespread deep convection in the

study domain on 11–12 November (Fig. 9). This 250-hPa wind

speed maximum moved eastward from the west coast of Chile

on 10 November (Fig. 9a), but remained relatively station-

ary over west-central Argentina on 11 and 12 November as it

continued to develop a meridional orientation (Figs. 9b,c).

Meanwhile, an anomalous trough–ridge pattern similar to that

seen in the composite analysis for large SON WCCs (Fig. 4),

but much greater in magnitude, slowly moved eastward as the

Andes blocked the extremely deep trough impinging from the

west (Fig. 10). The movement of this anomalous trough from

the Pacific Ocean to South America was slower than the large

WCC composite of either season (Figs. 4 and 5) as it took an

extra day to cross the Andes (Fig. 10). The anomalous geo-

potential height minimum crossed the Andes on 13 November

at about 328S, at which point the anomalous trough was sub-

stantially weaker (Fig. 10f), but still much deeper than the

seasonal composite anomalies for SONandDJF (Figs. 4d and 5d).
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The low-level lee trough was present from 9 to 13 November

as a result. In addition to the magnitude of this case, the con-

trast between the case study and composite anomalies is likely

influenced by the varying placement in synoptic waves among

cases that contribute to the composite.

A Hovmöller diagram of ERA5 variables is used to link the

timing of the slow midlevel trough to the low-level lee trough

and widespread deep and organized convection in SSA (Fig. 11).

Relatively low IR brightness temperatures averaged over the

study domain (224, 236, 248, 256K; white contours) serve as a

proxy for widespread cold cloud tops, which likely result from

three upscale growth episodes (U1, U2, U3) following deep

convection initiation. These episodes were identified based on

substantial expansion of low GOES-16 brightness tempera-

tures over 6 h (cf. Fig. 13) and are described in more detail in

section 4b. During 8–13 November, 500-hPa geopotential

heights slowly increased from 5650m, indicating a weakening

midlevel trough approaching theAndes (blue shading becoming

lighter on the left) while a ridge built downstream (red shading

becoming darker on the right). At 808W on 11 November,

FIG. 8. As in Fig. 3, but for when TRMM PR identified small WCCs in the study domain.
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this trough slowed and 850-hPa geopotential heights and

IR temperatures in SSA dropped slightly, representing the

development of the low-level lee trough and the first upscale

growth episode, U1, east of the Andes (Fig. 11; see also Fig. 13b).

This episode featured a supercell thunderstorm within the

RELAMPAGO domain; associated mesoscale characteristics

such as terrain-enhanced vertical wind shear are more spe-

cifically discussed in Trapp et al. (2020), and further details

of sounding observations during this episode are discussed

by Schumacher et al. (2021). After the midlevel trough be-

came quasi-stationary and started to cross the Andes on

11 November, the low-level lee trough intensified and IR

temperatures rapidly decreased, coinciding with the onset of

the second upscale growth episode, U2, as deep convection

expanded spatially (Fig. 11; see also Fig. 13d). The low-level lee

trough persisted through 13 November when the third up-

scale growth episode, U3, occurred and the midlevel trough

weakened while crossing theAndes (Fig. 11; see also Fig. 13f).

This suggests that the quasi-stationarity of the trough–ridge

systemwas critical for themultiday, organized deep convection

in SSA.

The impact of this synoptic evolution on the low-levels during

U2 on 12 November resembles large WCC day 0 synoptic in-

gredients with much greater intensity (Fig. 12). Specifically, the

850-hPa wind speed (Fig. 12a) and integrated meridional water

vapor flux (Fig. 12b) anomalies associated with the SALLJ

on this day were approximately 3 times that of the seasonal

composite anomalies of large WCCs in SON (Fig. 6b). The

moisture flux maximum flowed along the Andes and reached

the La Plata basin (Fig. 12b), where it was more than three

standard deviations above the mean (not shown). Furthermore,

a north–south deformation zone formed between the anom-

alous southerly flow on the western side of the lee cyclone and

the anomalous northerly SALLJ located east of the SDC

(Fig. 12a) consistent with the seasonal composites (Fig. 6).

A similar pattern developed in the full 850-hPa wind field

(not shown). Convergence (Fig. S6a) and ascent at 850-hPa

(Fig. S6b) occurred at points along this boundary, which

seemed to enable deep convection to initiate as in Garreaud

and Wallace (1998). These more intense synoptic anomalies

are attributed to the robust, quasi-stationary midlevel trough

that impinged upon the Andes for multiple days and locked

these conditions in place. This process was suggested by

Rasmussen and Houze (2011, 2016), but RELAMPAGO ob-

servations enable a more detailed examination into the me-

soscale details of upscale growth as described in the following

sections.

b. Mesoscale factors contributing to upscale growth

Upscale growth episodes U1, U2, and U3 during this mul-

tiday event had hints of back-building where deep convection

becomes terrain-tied to the SDC (Rasmussen and Houze 2011,

2016) and serial upstream propagation where deep convection

grows toward the northwest, against the mean tropospheric flow

(Anabor et al. 2008, 2009; Fig. 13). By 1800 UTC (1500 LT)

10 November, a zonal band of cold cloud tops (,215K) ex-

tended eastward from the vicinity of the SDC where supercells

with severe hail would soon develop (Fig. 13a). In 6 h, U1 oc-

curred as deep convection back-built westward beyond the

terrain of the SDC (Fig. 13b). This event is weakly represented

from a Hovmöller perspective using reanalysis IR tempera-

tures over the La Plata basin (Figs. 11 and 14a) likely due to its

FIG. 9. Daily composites of 250-hPa wind speed (shaded) and

height (black contours every 20 dam) for (a) 10, (b) 11, and

(c) 12 Nov 2018. The thick gray contour outlines terrain height

of 500 m, highlighting the Andes and SDC of western South

America.
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relatively small spatial extent within the larger Hovmöller
domain in which temperatures are averaged. U1 occurred near

the SDC in association with moisture flux convergence via the

SALLJ (Fig. 14b).

Approximately 24h later, U2 occurred northeast of Córdoba
city along the low-level convergence zone east of the SDC

(Fig. 12a) and resulted in multiple MCSs by 0600 UTC

(0300 LT; Figs. 13c,d). Discrete, deep convective storms also

quickly organized into an MCS in the vicinity of the SDC.

Figure 13 does not explicitly showcase the occurrence of

terrain-locked back-building along the SDC, though contin-

uous generation of convection in its vicinity demonstrates the

need for future investigation. U2 is much more evident than

U1 in Fig. 14a because it wasmore widespread throughout the

FIG. 10. 850-hPa height (shaded) and 500-hPa height (black contours every 50m) daily composite anomalies

relative to the November 1979–2018 climatology on (a) 8, (b) 9, (c) 10, (d) 11, (e) 12, and (f) 13 Nov 2018. The thick

gray contour outlines terrain height of 500m, highlighting theAndes and SDCof western SouthAmerica. Note that

the 850-hPa height color bar has a broader range than in Figs. 4 and 5.
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La Plata basin. It was also associated with enhanced moisture

convergence and the SALLJ (Figs. 14a,b) and a cold front2

along the SDC (Fig. 13c).

U3 occurred approximately 24 h after U2 as deep convection

in northeastern Argentina grew northwestward against the

large-scale low-level flow between 1800 UTC (1500 LT)

12 November and 0000 UTC (2100 LT) 13 November to

form another mature MCS (Figs. 13e,f). U3 was also poten-

tially influenced by a cold front passing northeastward across

northern Argentina (Fig. 13f). U3 featured a stronger (ERA5

IR temperatures , 224 vs , 232K) and farther eastward

minimum in IR temperature than U2 (Fig. 14a), thus terrain

likely played less of a role. By this time, the SALLJ at 850 hPa

was located farther eastward as well (Fig. 14b).

These deep convective episodes occurred in approximately

24-h intervals with onsets near 0000 UTC (2100 LT) based on

Fig. 14a, marking a tie to the diurnal cycle also identified by

TRMM in which DCCs typically initiate in the evening and

grow upscale into WCCs overnight (Rasmussen and Houze

2011; Rasmussen et al. 2014). Nocturnal pulses of the SALLJ

over the course of 3 days were associated with deep convective

episodes at these times (Fig. 14b), which was also noted by

Vera et al. (2006). The persistence of an enhanced SALLJ

seems to be a response to the prolonged low-level lee trough

over SSA during the event (Figs. 10 and 11).

Because deep convection in SSA typically initiates in un-

stable environments following the breaking of a strong capping

inversion (Rasmussen and Houze 2011, 2016), identifying how

CAPE fluctuates with respect to the diurnal cycle provides

more understanding for the recurring upscale growth episodes.

To do this, most unstable CAPE (MUCAPE) is calculated

from high-resolution stationary and mobile soundings during

this case. High-temporal frequency of atmospheric vertical

profile observations such as these provided by RELAMPAGO

are historically rare to the region and yield a new opportunity

for robust analysis of impactful cases like this November event.

Generally, MUCAPE at the Córdoba city airport (yellow star

in Fig. 12) was large throughout the event, where almost

all soundings during 10–13 November exceeded 1000 J kg21

(Fig. 15). Two maxima of 3520 and 3370 J kg21 occurred at

1603 UTC 10 November and 2021 UTC (1303 and 1721 LT)

11 November, respectively, corresponding to a few hours

FIG. 11. Hovmöller diagram of ERA5-derived 500-hPa height (shaded) for 508–908W aver-

aged between 158 and 508S during 8–13 Nov 2018. 850-hPa height (1425, 1440, 1455m; black

contours) and IR temperatures (224, 236, 248, 256K; white contours) averaged between 228 and
368S for 508–658W are also shown to represent the low-level trough and widespread deep

convection in the La Plata basin. Fields were smoothed with the SciPy Gaussian filter tool

(online at https://docs.scipy.org/doc/scipy/reference/generated/scipy.ndimage.gaussian_filter.html)

using sigma5 0.85. The gray contour shows the average relative height of theAndesMountains

between 158 and 508S with respect to longitude. The green arrow indicates the trough axis, with

12-h averaged eastward ground-relative speeds (km h21) in yellow, computed assuming that

85 km separates 18 of longitude, which is true at 408N/S (Williams 2018). Ticks on the y axis

represent 0000UTC of that day (local time5UTC2 3 h). Positions ofU1,U2, andU3 (yellow

boxes) show the time and location of three upscale growth episodes.

2 The surface frontal position is an approximation based on our

interpretation of the gridded fields.
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before U1 and U2 (Fig. 15). Mixed layer CAPE followed a

similar, yet smaller in magnitude, temporal trend as MUCAPE

(not shown). To provide more detail of Córdoba city environ-

ments before upscale growth episodes, skew T– logp diagrams

corresponding to three sounding launches in Fig. 15 are pre-

sented and discussed (Fig. 16).

BeforeU1 commenced, the 1501UTC (1201LT) 10November

sounding hadMUCAPE of 2022 J kg21, with the most unstable

parcels in the daytime boundary layer, but also indicated a strong

capping inversion (;750hPa) atop the dry boundary layer. Low-

level winds were northerly, but shifted westerly with height sug-

gesting dry air descended from the Andes and likely contributed

to this cap (Fig. 16a).Moderate- to strong-shear was present in the

lower tropospherewhere the 0–5-kmbulk shear vectormagnitude

was 20.65ms21 (Fig. 16a). At 2021 UTC (1721 LT) the next day,

low-level winds started to turn southerlywhile an elevated SALLJ

centered near 700hPa induced northerly moisture advection,

marking an increase in lower-troposphere vertical wind shear

during U2 that is favorable for mesoscale organization (Fig. 16b;

Laing and Fritsch 2000; Coniglio et al. 2006, 2010). The 0–5-km

bulk shear increased to 25.68ms21 as well. As the strong cap was

maintained and MUCAPE increased to 3370 J kg21, there was a

transition from surface-based CAPE on 10 November to only

elevated CAPE on 11–12 November; this coincided with the ap-

parent passage of a cold front as evidenced by the shift in low-level

flow from northerly to southerly (Fig. 13c). By 2000 UTC (1700

LT) 12 November, deep convection matured east and was no

longer over Córdoba city (U3; Figs. 13e,f) where southerly near-

surface flow and an elevated SALLJ persisted, but MUCAPE

dropped to 1094 J kg21 (Fig. 16c). In general, this sounding

analysis shows that these MCSs developed in strongly sheared

environments following maxima in CAPE and a capping in-

version, corroborating the results of Rasmussen and Houze

(2011, 2016) using in situ observations.

Hourly soundings from a mobile sounding unit (SCOUT2)

near Córdoba city during 2300–0600 UTC (2300–0300 LT) 11–

12 November provide a brief window into the evolution of the

vertical wind shear and its connection to U2 (Fig. 17; see also

Schumacher et al. 2021). An elevated, enhanced northerly

SALLJ centered near 700 hPa persisted throughout the time

period with wind speeds approaching 20m s21 while low-level

southerly flow below 850hPa maximized at 0300 UTC (0000 LT)

with speeds near 10m s21 (Fig. 17a). ERA5 generally repre-

sents the observed change in meridional wind with height

(Fig. 17b) and bulk shear magnitudes of the lowest 100 and

250 hPa of the atmosphere3 (Fig. 18), both of which provide

confidence in the synoptic composite analysis presented in the

previous section. However, the ERA5 representation of the

nocturnal northerly SALLJ maximum is too weak at this pe-

riod and is likely due to a well-known issue associated with the

low vertical resolution in reanalyses in general (Gensini et al.

2014). The low-level southerly flow was also slightly weaker

and more elevated in ERA5 compared to the observations

(Figs. 17a,b). Despite this, the reanalysis bulk shear magnitude

was greater than the observations early on 12 November

(Fig. 18). Overall, there was persistent and robust shear in the

lowest 400 hPa through the beginning of U2 with the juxtapo-

sition of the northerly SALLJ and southerly near-surface flow

associated with the western edge of the lee trough.

ERA5 is also used to examine the evolution of meridional

wind with height with respect to U1, U2, and U3 during

0000 UTC (2100 LT) 10 November to 0000 UTC 14 November

over Córdoba city (Fig. 17c). Prior to U1, the SALLJ associ-

ated with the western edge of the lee trough extended from the

surface to approximately 750 hPa. As the lee trough intensified

over central Argentina (Fig. 10d), southerly flow associated

with the eastward passage of the lee cyclone began from the

surface to 800 hPa during U1 on 11 November (Fig. 17c). As in

Figs. 17a and 17b, a similar nocturnal pulse of southerly flow

at low levels occurred during U2. Likely a result from the

FIG. 12. (a) Daily 850-hPa meridional wind and (b) integrated meridional water vapor flux composite anomalies

for 12 Nov 2018 relative to the November 1979–2018 climatology. Arrows represent the composite wind/flux vector

rather than the anomaly. The thick gray contour outlines terrain height of 500m, highlighting the Andes and SDC

of western South America. The yellow star shows the location of Córdoba city. Note that the 850-hPa meridional

wind and integrated meridional water vapor flux color bars have a broader range than in Figs. 6 and 7, respectively.

The vector scales are placed beneath the color bars.

3 Bulk shear magnitude was calculated using pressure-level data.
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cold-frontal passage, U3 was associated with southerly flow

approximately 12ms21 greater inmagnitude at 850hPa (Fig. 17c)

as the SALLJ shifted east of Córdoba city with the low-level

lee trough (Fig. 10f). The U3 southerly flow also reached al-

most 750 hPa where U1 and U2 remained below 800 hPa

(Fig. 17c). These results suggest that enhanced, low-level

vertical wind shear and convergence caused by the SALLJ

and southerly cyclonic flow are associated with the organi-

zation of discrete thunderstorms into widespread MCSs.

Furthermore, the deepening of southerly flow associated with

FIG. 13. Three 6-hprogressions of upscale growth capturedbyGOES-16 IRbrightness temperature (shaded) during

theNovember 2018 case over the La Plata basin: (a) 1800UTC 10Nov to (b) 0000UTC 11Nov; (c) 0000UTC 12Nov

to (d) 0600 UTC 12 Nov; and (e) 1800 UTC 12 Nov to (f) 0000 UTC 13 Nov. These three periods correspond with

upscale growth events U1, U2, and U3.M and C indicate the locations of Mendoza and Córdoba cities; the remaining

characters refer to locations used for reference during operations and are irrelevant to this study (e.g., SR, SL, Y, 3, 4).

The SDC is roughly outlined in (a). Magenta lines mark provinces of Argentina and coastlines. The approximate

cold-frontal location is marked conventionally in (c) and (f), which was estimated from ERA5.
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the passage of the low-level lee trough and cold front aid the

lifting of unstable air. There are likely additional interactions

between cold pools, SDC, and the SALLJ that influence MCS

evolution; these should be evaluated by further analysis of radar

observations and convection permitting numerical weather pre-

diction models in future studies (e.g., Mulholland et al. 2019).

5. Discussion

The current study expands upon previous work that focused

on the generation and maintenance of summertime MCSs in

SSA (Romatschke and Houze 2010; Rasmussen and Houze

2011, 2016) by also including an analysis of springtime MCS

environments and investigating synoptic conditions conducive

for small and large MCSs. MCSs in both seasons are gener-

ally characterized by a slow, eastward-moving midlevel trough

crossing the Andes Mountains that induces a low-level lee

trough and a northerly SALLJ over SSA.We find that synoptic

environment anomalies associated with springtime MCSs are

greater in magnitude than those associated with summertime

MCSs, which is similar to synoptic environments supporting

MCSs in the Great Plains of the CONUS (Feng et al. 2019;

FIG. 15. MUCAPE values from all available Córdoba city airport sounding launches between

2300 UTC (2000 LT) 8 Nov and 1100 UTC (0800 LT) 14 Nov 2018. Positions of U1, U2, and U3

(orange boxes) show the approximate timeframe of three upscale growth episodes. Three soundings

further analyzed in Fig. 16 are marked with red points and text corresponding to their launch times.

FIG. 14. Hovmöller diagrams of ERA5 (a) IR temperature (K, shaded) and vertically integrated moisture flux

convergence (kg22; white contours) and (b) 850-hPa meridional wind speed (shaded) averaged between 228 and
368S for 508–708W during 8–13 Nov 2018. These fields were smoothed as in Fig. 11. The gray contour shows the

relative topography, with the Andes to the west and the SDC at 658W, calculated by averaging terrain height

between 308 and 338S. Ticks on the y axis represent 0000UTCof that day (local time5UTC2 3 h). Positions ofU1,

U2, and U3 (black boxes) show the time and location of three upscale growth episodes.
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Song et al. 2019). The current study also addresses the vari-

ability of synoptic anomaly magnitudes with respect to MCS

size for the first time given that storm size is a simple proxy

for severe weather and hydrological impacts. It is found

that larger MCSs are associated with greater synoptic-scale

anomalies; in particular, small summertime MCSs occurred

within relatively weak synoptic environments. Despite weaker

anomalous synoptic forcing, summertimeMCSswere similar in

count to springtime MCSs. Thus, future work must investigate

smaller-scale mechanisms responsible for long-lived deep and

organized convection in SSA.

Using a new ground-based observation dataset that captured

a multiday MCS case during RELAMPAGO in tandem with

ERA5, we are able to exemplify the synoptic evolution results

previously discussed and identify potential mesoscale factors

that could contribute to the longevity of MCSs in SSA where

previous studies could not. The longevity of this case seems to

be primarily due to a quasi-stationary synoptic pattern that

allowed for a persistent baroclinic environment and convergence

boundary between the northerly SALLJ and near-surface

southerly surge likely associated with a cold front from a lee

cyclone. Similar southerly cold surges in the presence of sum-

mertime deep convection in SSA have been noted byGarreaud

andWallace (1998). This stable boundary layer flowed beneath

the SALLJ, which rapidly enhanced vertical wind shear during

the night. The subsequent lifting of unstable air parcels beyond

their level of free convection likely helped continue the orga-

nization and upscale growth of nocturnal elevated deep con-

vection into the daytime hours.

In several regards, this synoptic setup for long-lived deep

convection in SSA mirrors that of the CONUS, in which MCS

development is associated with strong vertical wind shear

where the southerly flow of the LLJ intercepts westerly flow

of a frontal area aloft (Laing and Fritsch 2000; Coniglio et al.

2010; Peters and Schumacher 2015). Additionally, elevated

nocturnal deep convection initiation often takes place in large-

scale baroclinic regions above a stable boundary layer (Geerts

et al. 2017). Much more work has been done in the CONUS to

show that when multiday outbreaks of MCSs occur, including

those featuring severe weather such as tornadoes, convective

feedbacks are responsible for causing quasi-stationary synoptic

conditions that allow for persistent favorable environments

(Stensrud 1996; Trapp 2014; Chasteen et al. 2019). These long-

lived favorable environments often result in precipitation

corridors that successiveMCSs follow (Tuttle and Davis 2006).

Despite similar synoptic setups, MCSs in SSA have longer

lifetimes than those in the CONUS (Durkee et al. 2009;

Durkee and Mote 2010). We hypothesize that the Andes

Mountains, acting as a taller flow barrier than the Rocky

Mountains, are responsible for a slower moving midlevel

trough and thus longer-lasting favorable conditions for deepFIG. 16. SkewT–logp diagrams from three soundings launched at

Córdoba city Airport: (a) 1501UTC 10 Nov, (b) 2021UTC 11Nov,

and (c) 2000 UTC 12 Nov 2018. Pressure (hPa) and 8C are the

vertical and horizontal coordinates, respectively. Wind barbs on

the right side of each skew T–logp diagram indicate direction and

speed (short tick 5 5m s21, long tick 5 10m s21, and flag 5
50m s21). Temperature (dewpoint temperature) is plotted in red

(green), the most unstable parcel path is in black, and areas of

 
MUCAPE are shaded in red. Values of MUCAPE, surface-based

CAPE, and surface-based CIN are shown in the upper-right corner

in addition to 0–1-, 0–3-, and 0–5-km bulk wind shear magnitudes.
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convection east of the mountain range. Within this large-scale

environment, various phenomena seem to further prolong

convective episodes such as back-building (Rasmussen and

Houze 2011, 2016) and upstream propagation (Anabor et al.

2008, 2009). Other multiscale interactions that occur within

CONUS MCSs (e.g., frontogenesis, cold pools, topography;

Chasteen et al. 2019) likely have an additional influence on

SSA MCSs, but continued research with RELAMPAGO data

are needed to confirm this parallel.

6. Conclusions

The current study compares the synoptic forcing that sup-

ports the largest ($90th percentile in area) and the smallest

(#10th percentile in area) WCCs in the La Plata basin of

Argentina during austral spring (SON) and summer (DJF)

using TRMM PR to identify WCCs and ERA5 to create

composites of meteorological variables. Generally, the syn-

optic evolution associated with large WCCs is similar among

seasons: an anomalous midlevel trough impinges upon the

Andes Mountains from the west multiple days prior to WCC

identification in the La Plata basin, leading to an anomalous

low-level lee trough over Argentina. The low-level lee trough

induces a meridional pressure gradient force associated with

the geopotential height difference and enhances the northerly

SALLJ that advects low-level moisture from theAmazon basin

into Argentina along the Andes before and during the for-

mation of WCCs. Aloft, the left-entrance region of a 250-hPa

jet streak over the La Plata basin likely results in synoptic ascent.

The impinging trough crossing theAndes induces lee cyclogenesis

through potential vorticity conservation and the eastward

propagation of the lee cyclone away from the mountains

produces a southerly wind shift on the western edge of the lee

cyclone and low-level convergence opposing the northerly

SALLJ. This evolution and decay of synoptic environments

favorable for large WCCs lasts about 6 days as mountain

blocking and downstream ridge amplification over the Atlantic

Ocean slow synoptic wave propagation.

FIG. 17. Meridional wind speed at mobile unit SCOUT2 (31.1138S, 64.1388W) via (a) hourly sounding launches

from 2258 UTC 11 Nov to 0537 UTC 12 Nov, (b) hourly ERA5 from 2300 UTC 11 Nov to 0600 UTC 12 Nov, and

(c) hourly ERA5 during 10–13Nov 2018. Note that (b) is a subset of (c), as indicated by dashed black lines; both use

reanalysis coordinates of 31.008S, 64.258W,which are nearest to the observation location. Reanalysis pressure levels

are interpolated to every 5 hPa as in the observational sounding data. U1, U2, and U3 labels (gray boxes) show the

time of three upscale growth episodes.
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The current study is the first to show how the scale of syn-

optic forcing for large WCCs differs between seasons: the

anomalous magnitudes of the impinging 500- and 850-hPa

trough heights, 850-hPa lee trough heights, 250-hPa wind

speeds, and SALLJ at 850 hPa are all greater in SON. There

also appears to be an influence of the impinging trough shifting

poleward from SON to DJF; since the height of the Andes

decreases poleward, flow blocking, and thus leeside synoptic

forcing, decreases into the summer. Furthermore, a reduction

in mountain height and flow blocking decreases CAPE and

CIN downstream (Rasmussen and Houze 2016). Despite dif-

ferences in large-scale environments between spring and

summer, the number of large WCCs during SON and DJF is

almost equal. Anomalous synoptic forcing decreases for small

WCCs in both seasons, but especially so for DJF, when small

WCCs are more likely and the anomalous jet streak shifts

westward over the SDC. This supports the hypothesis of en-

hanced terrain-induced deep convection initiation and organi-

zation in the summer (Romatschke andHouze 2010; Rasmussen

and Houze 2011, 2016) and explains the westward shift in WCC

frequency and rainfall contribution toward the SDC from SON

to DJF (Rasmussen et al. 2016). To solidify the composites

presented herein, future work should assess the variability of

storm-scale processes that are implied in this study, such as

location and intensity of low-level convergence, lee cyclogen-

esis, vertical motion, and shear.

To exemplify the synoptic anomaly composite results and

investigate additional mesoscale processes through ground-

based observations, we analyzed a widespread and long-lasting

case from the RELAMPAGO field campaign that spawned

multiple MCSs with back-building and upstream propagation

over the course of 4 days. Its synoptic evolution followed the

large WCC composite results, but with much greater anomaly

magnitudes and slower synoptic wave translation speeds that

enabled a persistent unstable environment over the La Plata

basin. Three upscale growth episodes in northern Argentina

lasting ;24 h occurred in a row following maxima in CAPE

and CIN, exemplifying the conceptual model of Rasmussen

and Houze (2016). Their model, however, does not include

midlevel vertical wind shear as a potential contributor to the

organization of deep convection in the region. In the CONUS,

MCS-organizing vertical wind shear often develops at the

intersection of a front and LLJ (Laing and Fritsch 2000;

Coniglio et al. 2010; Peters and Schumacher 2015); similarly in

SSA, this case and the synoptic composites presented herein

suggest that enhanced vertical wind shear results from the

juxtaposition of the southerly near-surface flow induced by

the lee cyclone and the northerly SALLJ. Additionally, the

deep southerly near-surface flow, which is likely associated

with a cold front, acts to lift air with nonzero CAPE higher in

the troposphere, likely resulting in the areal expansion of

deep convection and further upscale growth. It is hypothe-

sized that these multiday events occur more routinely in SSA

because the Andes lead to more frequent quasi-stationary

synoptic conditions. Additional detailed analysis, perhaps

using a convection-permitting numerical weather model, is

required to adequately differentiate mechanisms between

continents, however.

This study brings several new details to light regarding MCS

organization and longevity in one of the world’s deep con-

vective hotspots by discussing the importance of the midlevel

trough position and progression, the relative lack of anomalous

synoptic forcing associatedwith summertime smallMCSs, and the

unique juxtaposition of southerly near-surface cold surges and the

SALLJ. However, future work must continue to use the unique

ground-based observation dataset from RELAMPAGO to so-

lidify additional causes behind MCSs in SSA, such as gravity

waves, cold pools, and terrain interactions. Further understanding

ofMCSs that frequently affect this region in the current climate is

crucial for determining how their impacts will change in the fu-

ture. SSA is an example of one of the most convectively active

locations on the planet that historically has lacked ground-based

observations. Though TRMM has proven useful for similar re-

gions such as central Africa and theHimalayas (Houze et al. 2007;

Zuluaga and Houze 2015; Houze et al. 2015), the current study

makes it clear that high-resolution in situ measurements reveal

phenomena that satellite remote sensing cannot. Thus, the

authors hope this work encourages further global collaboration

to acquire the needed ground observations for robust investi-

gations of unique and threatening phenomena worldwide in

this ever-changing climate.
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FIG. 18. Hourly layer bulk shear magnitudes from SCOUT2

sounding launches (solid; 31.1138S, 64.1388W; as in Fig. 17a) and

corresponding ERA5 (dashed; 31.008S, 64.258W; as in Fig. 17b)

from 2300 UTC 11 Nov to 0600 UTC 12 Nov calculated from the

bottom 100 (blue), 250 (orange), and 400 (green) hPa. Bulk shear

magnitude calculated using theMetPy (May et al. 2020) bulk_shear

function (online at https://unidata.github.io/MetPy/latest/api/generated/

metpy.calc.bulk_shear.html).
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