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ABSTRACT: Intense deep convection and large mesoscale convective systems (MCSs) are known to occur down-
stream of the Andes in subtropical South America. Deep convection is often focused along the Sierras de Córdoba
(SDC) in the afternoon and then rapidly grows upscale and moves to the east overnight. However, how the Andes
and SDC impact the life cycle of MCSs under varying synoptic conditions is not well understood. Two sets of terrain-
modification experiments using WRF are used to investigate the impact of topography in different synoptic regimes.
The first set is run on the 13–14 December 2018 MCS case from RELAMPAGO, which featured a deep synoptic
trough, strong lee cyclogenesis near the SDC, an enhanced low-level jet, and rapid upscale growth of an MCS. When
the Andes are reduced by 50%, the lee cyclone and low-level jet that develop are weaker than with the full Andes,
and the resulting MCS is weak and moves faster to the east. When the SDC are removed, few differences between the
environment and resulting MCS relative to the control run are seen. A second set of experiments are run on the
25–26 January 2019 case in which a large MCS developed over the SDC and remained tied there for an extended
period under weak synoptic forcing. The experiment that produces the most similar MCS to the control is when the
Andes are reduced by 50% while maintaining the height of the SDC, suggesting the SDC may play a more important
role in the MCS life cycle under quiescent synoptic conditions.
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1. Introduction

Global satellite studies have shown that some of the most
intense deep convection occurs in the vicinity of large moun-
tain ranges including the Rockies, Himalayas, and Andes
(Zipser et al. 2006; Houze et al. 2015). It is hypothesized that
these mountain ranges modulate the flow and environment in
such a way that creates favorable conditions for the frequent
development of mesoscale convective systems (MCSs). MCSs
play an important role in the water and energy cycles through
their influence on the radiation budget, and their vertical
transport of latent heat and momentum (Houze 2004). Thus,
better understanding the environments in which they form in
around the world will aid in their representation in numerical
weather forecasts and climate models.

In the past decade, specific focus has been given to subtrop-
ical South America (SSA) where Tropical Rainfall Measuring
Mission (TRMM; Kummerow et al. 1998) satellite studies
have shown a high frequency of deep convection with high
lightning flash rates in all seasons, but especially in the spring
and summer months (Zipser et al. 2006; Nesbitt et al. 2006;
Romatschke and Houze 2010; Rasmussen and Houze 2011;
Houze et al. 2015; Rasmussen et al. 2014, 2016). Nesbitt et al.

(2006) found that MCSs contribute about 90% to the total
rainfall in the La Plata basin in SSA, while other regions
around the world including the Sahel, Congo basin, and the
U.S. Great Plains have MCS rainfall contributions greater
than 70%. Rasmussen et al. (2016) similarly found that nearly
95% of the warm-season rainfall over the eastern plains of
Argentina comes from MCSs, and Liu and Zipser (2013)
showed that the largest and strongest convective lines oc-
cur over central Africa, the southeastern United States,
and Argentina. These large MCSs in SSA are often associ-
ated with severe weather including flooding, large hail, and
tornadoes (Rasmussen and Houze 2011; Rasmussen et al.
2014; Bruick et al. 2019).

Using observations from TRMM and several model simu-
lations, Rasmussen and Houze (2016; hereinafter RH16) in-
vestigated the impact of terrain on MCSs in SSA. They
performed a variety of terrain-modification experiments
that involved both reducing the height of the Andes and in-
creasing the height of the southern Andes. They found that
lowering the Andes resulted in a weaker South American
low-level jet (SALLJ; Vera et al. 2006; Sasaki et al. 2022),
less convective available potential energy (CAPE) and con-
vective inhibition (CIN), and more widespread convection
that moved faster toward the east. Increasing the southern
Andes resulted in a stronger SALLJ, more CAPE and CIN,
and convection that was located farther south. These results
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were used to develop a conceptual model of the important
environmental conditions that support the production of
large convective events in SSA (RH16). Warm, moist air
transported from the Amazon basin to SSA along the
SALLJ is capped by dry midlevel flow subsiding off the
Andes. The northerly SALLJ then collides with southerly
ageostrophic flow from the midlatitudes near the north–
south-oriented Sierras de Córdoba (SDC) mountain range
in western Argentina where deep convection is often initi-
ated. Because of the extreme height of the Andes, CAPE
and CIN are enhanced downstream of the topography rel-
ative to shorter mountain ranges. These conditions create
a favorable environment for deep convection and rapid
upscale growth that is focused along the topography.

Subsequent studies have followed this conceptual model
and shown that some of the most intense convective features
and severe weather are associated with these strong synoptic
conditions including a deep upper-level trough, strong lee cy-
clogenesis, and an enhanced SALLJ. Piersante et al. (2021)
analyzed 16 years of wide convective cores (40 dBZ echoes .
1000 km2; WCCs) identified by TRMM and found that large
(.90% percentile) WCCs occurred under stronger synoptic
conditions during the spring than during the summer. Addi-
tionally, small (,10% percentile) WCCs occurred under qui-
escent synoptic flow in the summer. They suggested that the
poleward and westward shift in upper-level troughs and jet
streaks allowed convection to focus along the SDC in the sum-
mer, helping to explain the westward shift in WCC rainfall ob-
served by Rasmussen et al. (2016). In terms of severe weather,
Bruick et al. (2019) found that systems with a high probability of
hail occurred under more anomalous synoptic conditions.

Because of the polar-orbiting nature of TRMM and the
lack of ground-based radar observations in SSA until 2015,
the complete life cycle of MCSs and how they evolve within
the large-scale flow has not been studied in great detail. This
was a primary motivation for the Remote Sensing of Electrifi-
cation, Lightning, And Mesoscale/Microscale Processes with
Adaptive Ground Observations (RELAMPAGO; Nesbitt
et al. 2021) field campaign, which took place near Córdoba,
Argentina, in late 2018–early 2019. Several studies have used
resulting datasets from RELAMPAGO and the Córdoba ra-
dar to investigate how intense convective events are related
to the large-scale flow in SSA. A recent study by Sasaki et al.
(2022) used sounding observations from RELAMPAGO to
analyze the relationship between SALLJ events and convec-
tion in the region and found that longer-duration jets were of-
ten more elevated, associated with large precipitation events,
and driven by the synoptic flow, where lee cyclogenesis intensi-
fies the north–south pressure gradient force downstream of the
Andes. Shorter-duration jets were controlled by the diurnal
cycle (Holton 1967) and boundary layer processes such as the
inertial oscillation (Blackadar 1957), more similar to jets in
the U.S. Great Plains (Du and Rotunno 2014; Shapiro et al.
2016).

Using two years of data from the Córdoba radar, Mulholland
et al. (2018) produced one of the first studies on the convective
life cycle within the SSA region. They found that the majority of
convective events near the SDC were multicellular in nature,

initiated over the highest terrain of the southern SDC, and
often rapidly grew upscale directly downstream of the
SDC in as little as three hours. These events were associ-
ated with deep upper-level troughs, a strong SALLJ, and
enhanced CAPE and CIN, further supporting RH16’s con-
ceptual model. Further studies by Mulholland et al. (2019,
2020) looked at varying the height of the SDC and the result-
ing changes to the environment and convective development/
evolution. Results from their case study analysis (Mulholland
et al. 2019), as well as idealized simulations (Mulholland
et al. 2020), show that increasing the SDC height increases
vertical wind shear, reduces CAPE, leads to convection initiating
earlier, and causes enhanced blocking of cold pools. The deepest
cold pools and fastest transition from supercell to MCS occurred
in the control run, suggesting the SDC are at a unique height for
intense and rapid upscale growth (Mulholland et al. 2019). How-
ever, the influence of the synoptic environment was not consid-
ered, especially in the idealized simulations. Interestingly, Parker
(2021) has recently shown that nocturnal MCSs in the U.S. Great
Plains can have a considerable self-organizing component in
which the evolution of the MCS is dependent on its own environ-
ment and prior evolution. They find the synoptic scale provides a
favorable environment for MCS initiation, but mesoscale dynam-
ics associated with theMCS such as cold pool processes ultimately
control the MCS life cycle.

As mentioned, there are a lot of ingredients that come to-
gether to create a favorable environment for MCS development
in SSA (RH16). It is known that the Andes and SDC play a
major role in modulating the environment, but there has
been little research on terrain influences on the environ-
ment and convection under different (particularly weak)
synoptic conditions associated with the development and
upscale growth of MCSs in the region. Several of the studies
mentioned above have shown that large MCSs, often associated
with severe weather, tend to occur under strong synoptic condi-
tions in the spring, yet results from RELAMPAGO demon-
strate that MCSs occur under a range of synoptic environments
in SSA. Thus, the main objective of this study is to explore how
the Andes and SDC impact the environment and convective de-
velopment under strong and weak synoptic conditions in SSA.

2. Methodology

a. Model

The impact of the Andes and the SDC on convective growth
is analyzed using a set of five terrain-modification experiments.
The Weather Research and Forecasting (WRF; Skamarock
et al. 2008) Model, version 4.2, was run to simulate two cases
from the RELAMPAGO field campaign. The first is an up-
scale growth MCS case that occurred on 13–14 December 2018
(IOP17) and resulted in large hail, significant lightning activity,
and flooding. This case featured a deep upper-level trough and
strong SALLJ and will be referred to as the strongly forced
case. The second case is an upscale growth MCS event that oc-
curred on 25–26 January 2019 and again resulted in significant
severe weather associated with very deep convective cells with
40-dBZ echo tops greater than 20 km (Schumacher et al. 2021;
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Nesbitt et al. 2021). A small upper-level short-wave trough
passed through the midlatitudes but the flow across the
Córdoba region was weakly zonal. Hence, this case will be re-
ferred to as the weakly forced case and provides a nice contrast
to the strongly forced case. Both cases were initialized about
24 h before convection associated with the event of interest ini-
tiated (1800 UTC 12 December 2018 for the strongly forced
case and 1800 UTC 24 January 2019 for the weakly forced
case) and run for 54 h using three nested domains of 27, 9, and
3 km centered around Córdoba, Argentina (Fig. 1). ERA5 re-
analysis data (Copernicus Climate Change Service 2017) were
used to force the simulations every hour. The Thompson aero-
sol-aware microphysics scheme (Thompson and Eidhammer
2014) was used as it best represents both the convective and
stratiform components of MCSs in SSA (RH16). Both sets of
simulations used the following physics parameterizations:
Rapid Radiative Transfer Model (RRTM) longwave radiation
(Mlawer et al. 1997), Dudhia shortwave radiation (Dudhia
1989), Kain–Fritsch cumulus convection in the 27- and 9-km
domains (none in the 3-km domain; Kain and Fritsch 1993),
Monin–Obukhov surface layer scheme, Noah land surface model
(Chen and Dudhia 2001), and the Yonsei University (YSU) plan-
etary boundary layer (PBL) scheme (Hong et al. 2006).

The first simulation run for each case was the control
(CTRL), in which the terrain in each domain was not altered.
In the second simulation, the SDC were removed from each
domain (noSDC; Fig. 2a). This was accomplished by creating
several boxes over the SDC, setting the values inside each
box to the average height of the terrain downstream of the
SDC (60–100 m), and then using a 9-point smoothing function
around the edge of the boxes to eliminate any sharp gradients
in terrain that would have been produced. This was per-
formed on each domain prior to running metgrid.exe, and the
SDC-modification box domains are shown in Table 1. The

third and fourth simulations involved reducing the height of
the Andes by 50% and either keeping the SDC at the same
height (lAndes; Fig. 2b) or removing them (lAndes_noSDC;
Fig. 2c). Similar smoothing functions were applied near the
modifications to create a more gradual slope. These experi-
ments were designed to investigate how the height of the
Andes impacts convective growth and synoptic to mesoscale
flow features, and this terrain height more closely resembles
the height of the Rockies in North America. For the final sim-
ulation, the terrain was completely removed across each do-
main (noTer; Fig. 2d). Results from this simulation highlight
the important impact of the Andes, Andean foothills, and
SDC on the development of intense MCSs in SSA. RH16
used this same method to modify terrain in their study (both
the Andes and SDC modification), thus the current method is
consistent with prior research.

b. GOES-16

Data from theGeostationary Operational Environmental Satel-
lite (GOES-16) Advanced Baseline Imager (ABI; Schmit et al.
2017) were used to see how well the simulations captured the
events. Here we use the channel-14 11.2-mm band (infrared long-
wave window) to look at cloud-top brightness temperatures.

c. ERA5

ERA5 reanalysis data (Copernicus Climate Change Service
2017), which have 0.258 3 0.258 resolution, 37 vertical grid levels,
and hourly temporal resolution, were also used to examine the
synoptic setup of the two cases. Relative vorticity at 500 hPa, spe-
cific humidity at 850 hPa, and geopotential height and winds at
both 500 and 850 hPa were analyzed across South America. In
addition, to look at the climatology of moisture in the region, the
average monthly 850-hPa specific humidity was calculated for
December and January from 1978 to 2018.

3. 13–14 December 2018: Strongly forced case

a. Overview

An intense MCS rapidly developed on the east side of the
Andes in SSA during the RELAMPAGO field campaign from
13 to 14 December 2018 and was associated with strong synop-
tic forcing including a high-amplitude, slow-moving 500-hPa
trough, strong lee cyclogenesis, and an enhanced low-level jet
(Fig. 3). At 0000 UTC 13 December, an upper-level trough
was located at 858W off the coast of Chile (Fig. 3a). Enhanced
moisture (.12 g kg21) was funneled along the eastern edge of
the Andes from the Amazon to about 358S at 850 hPa by the
SALLJ (Fig. 3b). Over the next 24 h, the 500-hPa trough
deepened as it approached the Andes, with the 552-dam
height contour extending to around 388S (Fig. 3c). Strong
relative vorticity advection occurred downstream of the trough
associated with both shear and curvature vorticity (Fig. 3c). At
850 hPa, the SALLJ increased in strength to218 m s21, which
advected specific humidity values of 10 g kg21 to nearly 408S
(Fig. 3d). By 15 December, the 500- and 850-hPa troughs
had moved over the Atlantic and the greatest moisture was

FIG. 1. The 27-, 9-, and 3-km domains used in the WRF simula-
tions. The SALLJ domain (red dotted box) and RELAMPAGO
domain (black dashed box) are used for Hovmöller averaging.
CTRL topography is shaded, with the 500-m terrain contour in
navy; the “C” represents Córdoba.
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concentrated north of the SDC and within the trough to the
east (Figs. 3e,f).

Convective cells initiated around 1800 UTC 13 December on
the southern end of the SDC and about three hours later off
the higher terrain of the foothills to the north. After 0000 UTC
14 December, deep cells had developed south of Córdoba and
over the southern SDC. These cells quickly grew into a strong
convective line that remained tied to the Andes and SDC
through 0600 UTC. A comparison between GOES-16 infra-
red brightness temperatures and outgoing longwave radiation
from the 3-km CTRL run shows that weaker convection
was present over the eastern plains of Argentina from a previ-
ous system at 1200 UTC 13 December (Figs. 4a,b). Six hours
later, convection initiated in similar locations near the SDC
(Figs. 4c,d). The CTRL run is more aggressive in developing
convection along the cold front to the south (Figs. 4c–f), but
by 0600 UTC when the MCS reached peak maturity, the con-
vective structures are quite similar (Figs. 4g,h). Therefore, we
reason that the simulations provide valuable insight into the

interactions between the topography and convective growth
in the region.

b. Synoptic scale

Under strong synoptic conditions, the Andes act as a barrier to
the upper-level flow (RH16). Figure 5a shows the progression of
the 500-hPa trough in the CTRL run in a time–longitude
(Hovmöller) format. The 500-hPa geopotential heights are
averaged across the 3-km-domain latitude band (238–458S;
Fig. 1) to examine the evolution of the upper-level flow in
the subtropics that directly impacted the life cycle of the
MCS. The trough is strongest on the west side of the Andes
around 0900 UTC 13 December at 5565 m (Fig. 5a). As the
trough approaches the Andes, it significantly weakens.
When the Andes are reduced by 50%, the upper-level
trough is at least 20 m (on average) deeper than the trough
in the CTRL simulation (Fig. 5b) and is at least 40 m deeper
when the terrain is removed completely (Fig. 5c). In the
presence of the full Andes, the trough is sheared apart, but

FIG. 2. Topography from the (a) noSDC, (b) lAndes, (c) lAndes_noSDC, and (d) noTer 3-kmWRF simulations, with
the 500-m terrain contour shown in navy; the “C” represents Córdoba.

TABLE 1. Summary of WRF domains and where SDC-modification boxes were placed within each domain. The last column is the
height set within the terrain-modification box (approximately the height downstream of the SDC).

Name Resolution Grid points Box 1 Box 2 Box 3 Height

d01 27 km 238 3 218 [111:121, 105:131] } } 60 m
d02 9 km 446 3 428 [214:240, 204:282] [207:224, 207:263] [198:216, 203:243] 100 m
d03 3 km 782 3 803 [370:435, 357:610] [343:379, 356:559] [316:345, 356:491] 100 m
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when the Andes are reduced or removed, the upper-level
flow remains intact and strong.

A lee cyclone develops downstream of the Andes in the
CTRL run as a result of the strong upper-level trough and poten-
tial vorticity conservation, which is clearly visible at 1800 UTC
13 December, where the 1410- and 1425-m 850-hPa geopotential
height contours are located near the SDC (Fig. 6a). There is a

weaker signature of a lee cyclone when the Andes are reduced
(Fig. 6b), but the main baroclinic system to the south is at least
30 m deeper. When the terrain is reduced/removed, the mecha-
nism for producing a lee cyclone is also reduced/removed, so the
only low pressure is associated directly with the upper-level
trough in the midlatitudes (Figs. 6b,c). There is a small short
wave visible in the noTer geopotential heights that could be a

FIG. 3. (a),(c),(e) The 500-hPa geopotential heights (contoured; dam), relative vorticity (shaded; 1025 s21), and
winds (barbs; m s21, where a half barb is 5 m s21 and a full barb is 10 m s21) and (b),(d),(f) 850-hPa geopotential
heights (contoured; dam), specific humidity (shaded; g kg21), and winds (arrows; m s21) from ERA5 reanalysis start-
ing at 0000 UTC 13 Dec 2018 and stepping through every 24 h. The 500-m terrain contour is shown in gray, and the
“C” represents Córdoba.
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FIG. 4. (a),(c),(e),(g),(i) Comparison between GOES-16 channel-14 IR brightness
temperatures (K) and (b),(d),(f),(h),(j) outgoing longwave radiation from the 3-km
CTRL run (W m22) starting at 1200 UTC 13 Dec 2018 and stepping through every 6 h.
The 500-m terrain contour is shown in gray, and the “C” represents Córdoba.
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forcing for new convection, but the mechanism for its pro-
duction is not clear (Fig. 6c). The evolution of the 850-hPa
geopotential heights averaged across the SALLJ domain
(Fig. 1) in a Hovmöller format also highlights the develop-
ment of the lee cyclone in the CTRL run (Fig. 7a). Geopoten-
tial heights are lowest between 1800 and 0000 UTC, and the
minimum of 1390 m extends just east of the SDC. At this time,
convection is initiated along the Andean foothills around
66.58W and propagates east. When the Andes are halved, geo-
potential heights are at least 30 m greater between 1800 and

0000 UTC in the western part of the domain indicating a
weaker cyclone, and there is little-to-no convection in this re-
gion (Fig. 7b). The cyclone is even weaker when the Andes are
removed, with 850-hPa heights at least 60 m greater than the
CTRL (Fig. 7c), again highlighting the impact of terrain height
on lee cyclogenesis and convective development. RH16 simi-
larly found that reducing the height of the Andes by 50% led
to a significant increase in 850-hPa geopotential heights and
weaker lee cyclogenesis close to the Andean foothills.

The movement of air parcels at different levels is also ana-
lyzed to better understand how the Andes impact the low-,
mid-, and upper-level flow. Backward trajectories starting
from 0000 UTC 14 December at a location north of the SDC
(28.68S, 63.58W) are shown in Fig. 8. These trajectories were
computed every 10 min in the Read/Interpolate/Plot (RIP)
program maintained by the National Center for Atmospheric Re-
search. Locations near Córdoba and Villa Yacanto, Argentina,
within the SDC were also analyzed, but the influence of the SDC
made results more difficult to interpret. This northern location
was chosen because it is near the center of the SALLJ domain
yet about 100 km north of the SDC. At 500 hPa, the trajectories
of air parcels in each simulation are very similar (Fig. 8a). The
500-hPa flow in the CTRL simulation (red) is slower than in the
lAndes (blue) and noTer (yellow) runs, though. At 1200 UTC
13 December, the 500-hPa parcels are located off the Chilean
coast around 718W in the lAndes and noTer runs, whereas the
CTRL 500-hPa parcel is over the high terrain of the Andes
(4400 m) near 698W. There is not much vertical motion along
the parcel trajectories as they all remained around 500 hPa
(Fig. 8d). At 700 hPa, the trajectories are more unique for each
terrain-modification experiment. The flow in the CTRL run
originates over the eastern Andes (3100 m) at around 600 hPa
and descends off the terrain to the southeast (Figs. 8b,e). As the
height of the Andes decreases in each modification, the trajec-
tories become more westerly and faster (Fig. 8b). There is also
not much vertical motion with the lAndes and noTer 700-hPa
parcels (Fig. 8e). At 850 hPa, the CTRL and lAndes runs
both highlight the presence of the SALLJ (Fig. 8c). The aver-
age magnitude of the jet in the CTRL run is 17 m s21,
whereas it is about 10 m s21 in the lAndes run and has a more
easterly component. There is no SALLJ signature in the
noTer run because the SALLJ is partially driven by sloping
terrain. Instead, the flow is weaker and generally from the
west, demonstrating the clear role of the Andes in the low-
level jet dynamics associated with the SALLJ (Vera et al.
2006; Insel et al. 2010; Sasaki et al. 2022).

Results from this analysis show how the Andes impact the
synoptic environment in SSA. In the full-Andes simulations,
the 500-hPa trough is strongest over the Chilean coast before
becoming sheared apart by the Andes. A strong lee cyclone
develops on the east side of the Andes in the subtropics that
coincides with convection initiation. A strong SALLJ is pre-
sent, which is likely strengthened by the north–south pressure
gradient force induced by the lee cyclone. When the Andes
are reduced by 50%, the upper-level trough crosses the Andes
without being sheared apart, the resulting lee cyclone is signif-
icantly weaker, and the SALLJ, although still present, is
nearly twice as slow as in the full-Andes case. When the

FIG. 5. Hovmöller diagrams of (a) CTRL 500-hPa heights
(shaded; m) and 20-dBZ composite reflectivity (gray contour;
dBZ) from the 9-km domain averaged across the 3-km-domain lati-
tude band, (b) lAndes 2 CTRL, and (c) noTer 2 CTRL. Longi-
tude ranges from about 908 to 408W, and times are shown from
0000 UTC 13 to 1800 UTC 14 Dec. The average terrain profile is
shown with the black contour. The location of the SDC near 658W
is shown as a dashed black line in (a) and (b), and where the SDC
would be is shown as a dashed white line in (c).
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Andes are removed completely, the upper-level trough
steadily moves across southern South America, there is no lee
cyclogenesis, and there is no low-level jet signature, consistent
with previous studies on SALLJ dynamics (Marengo et al.
2004; Vera et al. 2006; Insel et al. 2010; Sasaki et al. 2022).
The SALLJ characteristics will be further explored in the fol-
lowing section.

c. SALLJ

Two major components of the SALLJ are analyzed
here: meridional flow and moisture. Although there is no
cohesive hypothesis for moisture advection associated
with the SALLJ in SSA like there is in the United States,
several studies have shown that at least 20% of the moisture
associated with warm-season precipitation over the La Plata
basin in SSA comes from the southern Amazon via the SALLJ
(Dirmeyer et al. 2009; Martinez and Dominguez 2014; Sasaki
et al. 2022). Differences between the SALLJ across terrain-
modification experiments are more closely examined with
Hovmöller plots of 850-hPa meridional winds and specific hu-
midity. The evolution of meridional winds across the SALLJ
domain in the full Andes runs shows two maxima in northerly
winds at 850 hPa at around 220 m s21 (Figs. 9a,b). Both max-
ima extend from the eastern edge of the SDC to the eastern
edge of the domain (608W). The first occurs around 1300 UTC
13 December and has some convection associated with it, al-
though mostly to the east of the SDC. The second maximum
is connected to the large MCS event and is visible at
0000–0300 UTC 14 December. These results agree with Sasaki
et al. (2022) who identified a low-level jet in consecutive
soundings from Córdoba and Villa de Marı́a del Rı́o Seco
(∼175 km north-northeast of Córdoba) from 0000 UTC 13 to
0600 UTC 14 December. After 0000 UTC, there is southerly
flow over the higher terrain in both CTRL and noSDC cases.
Some convection develops in this flow in the CTRL run but
convection is mostly cut off in this transition zone in the
noSDC run. In the lower Andes cases, the secondary northerly
wind maximum disappears and winds across the entire domain
are generally ∼4–5 m s21 weaker (Figs. 9c,d). No convection
develops in the southerly flow. Once again, when the terrain is
removed there is a single northerly wind maximum earlier in

the period at 1200 UTC associated with convection to the east
(Fig. 9e).

To put this event into context of the climatology, anomalies
of specific humidity are calculated using the ERA5 December
monthly means from 1978 to 2018 over the SALLJ domain.
The average 850-hPa specific humidity value across the do-
main during December is 8.9 g kg21. This value is subtracted
from the specific humidity values calculated in each WRF ex-
periment to examine anomalous moisture in each simulation.
In the CTRL run, the specific humidity anomaly is maximized
at 8.1 g kg21 around 1800 UTC directly downstream of the
SDC and remains present until 0000 UTC (Fig. 10a). Convec-
tion initiates over the higher terrain of the Andes while this
high moisture anomaly is present in the immediate lee of the
Andes. When the SDC are removed, the moisture anomaly
maximum is slightly weaker (∼7.6 g kg21) and shorter lived
relative to the CTRL (Fig. 10b). Convection initiates farther
west along the Andes foothills in the noSDC case, but there is
no evidence of repeated initiation later in the period. When
the Andes are reduced by 50%, there is no longer a moisture
maximum along the foothills (Figs. 10c,d). Instead, specific
humidity is maximized east of 648W. Anomalously dry air be-
gins to enter the domain around 1800 UTC and remains over
the Andes through the end of the period. This dry air likely
inhibits convection from developing off the Andes and corre-
sponds to the shift in winds (Figs. 9c,d). There are few differ-
ences between the lAndes and lAndes_noSDC runs,
suggesting that the Andes have a larger impact than the SDC
on convective development in this case, as was also shown in
RH16. When the terrain is removed completely, dry air
quickly spreads east, and any convection that does develop is
confined to anomalously moist regions only (Fig. 10e).

These results are also visible when looking at a map of 850-hPa
specific humidity and winds at 2100 UTC 13 December (Fig. 11).
In the full Andes runs (CTRL and noSDC), the greatest
moisture (.15 g kg21) is confined to the eastern edge of the
Andes and downstream of the SDC region north of 338S
(Figs. 11a,b). Winds are strong from the north northeast at
around 215 m s21 in both simulations. There are very slight
differences between the two, with moisture extending far-
ther south in the CTRL run and winds about 5 m s21 stron-
ger directly downstream of the SDC relative to the noSDC

FIG. 6. The 850-hPa heights (m) from 1800 UTC 13 Dec for (a) CTRL, (b) lAndes, and (c) noTer simulations shown across the 3-km domain.
The 500-m terrain contour is shown in black, and the “C” represents Córdoba.
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run. When the Andes are halved, dry air (,6 g kg21) is con-
centrated over and to the west of the SDC (Figs. 11c,d).
Vertical cross sections of specific humidity taken south of
Córdoba also show the environment between the Andes
and SDC from the surface to near 4 km is 8–10 g kg21 drier
when the Andes are reduced relative to when the Andes are
kept at full height (not shown). At 850 hPa, the greatest
moisture in the lower-Andes runs is not directly downstream

of the foothills but is farther north and east relative to the full
Andes runs (Figs. 11c,d). Winds throughout the domain have a
more westerly component, especially in the drier air over the
SDC, and are about 5 m s21 weaker north of the SDC. Once
again, there are much smaller differences between the lAndes
and lAndes_noSDC runs relative to the full Andes and re-
duced Andes runs suggesting the Andes play a larger role in
the convective development relative to the SDC. In the noTer
run, winds are completely from the west across the entire do-
main and drier air has advanced even farther east to 638–648W
(Fig. 11e).

Results from this analysis highlight the relative importance
of the Andes and SDC on the SALLJ. The greatest differences
in low-level meridional winds and moisture are seen when the
Andes are reduced or removed in comparison with when the
SDC are removed. In the full-Andes cases, two maxima in
northerly winds are identified over the plains that coincide
with convective development. The largest moisture anomaly
occurs along the SDC longitude toward the beginning of the
second northerly wind maximum. In the half-Andes cases,
only one wind maximum is identified in the morning hours
over the plains. The winds are 5 m s21 weaker across the do-
main and dry air surges in from the west several hours earlier
relative to the full-Andes cases, which prevents convection
from developing over the foothills in the afternoon and eve-
ning. When the Andes are completely removed there is no
low-level jet signature and dry air restricts convective develop-
ment to the eastern portion of the domain. These results sug-
gest the unique height of the Andes is essential in the
maintenance of the SALLJ and MCS development under
strong synoptic conditions.

d. MCS evolution

The detailed convective characteristics of the MCSs for
each experiment will be analyzed in future work. However, a
summary of the MCS development in each of the simulations
is shown in Fig. 12. At 2100 UTC 13 December, convection is
beginning to develop over the southern SDC in the CTRL
run and over the Andean foothills (Fig. 12a). Additionally,
there is a larger system that persisted the entire day over Uru-
guay and the eastern edge of Argentina near Buenos Aires,
Argentina. At this time, the lee cyclone has reached its lowest
pressure (Fig. 7a). About 2–3 h earlier, 850-hPa moisture is
maximized over the SDC (Fig. 10a) and northerly winds are
beginning to increase farther east (Fig. 9a). In the noSDC
run, convection initiation occurs over the Andes at about the
same time, and the large system to the east is also present
(Fig. 12b). Six hours later, convection has grown upscale into
a large linear feature that is oriented northwest to southeast
and extends from about 668W to the Atlantic Ocean in both
the CTRL and noSDC runs (Figs. 12f,g). The MCS slowly
moves to the northeast, and by 0600 UTC is still a strong lin-
ear system that has just passed over Córdoba (Figs. 12k,l). In-
terestingly, more rain falls across the RELAMPAGO domain
relative to the CTRL when the SDC are removed (noSDC
rain accumulation is 104.6% of CTRL; Table 2). Given the
environmental similarities between the two simulations and

FIG. 7. Hovmöller diagrams of (a) CTRL 850-hPa heights
(shaded; m) from the 3-km domain averaged across the SALLJ
domain and 20-dBZ composite reflectivity (gray contour; dBZ)
from the 3-km domain averaged across the RELAMPAGO domain,
(b) lAndes 2 CTRL, and (c) noTer 2 CTRL. Longitude ranges
from about 688 to 608W, and times are shown from 0000 UTC 13 to
0800 UTC 14 Dec. The average terrain profile from the 3-km do-
main averaged across the SALLJ domain is shown with the black
contour. The location of the SDC is shown within the dashed black
lines in (a) and,(b), and where the SDC would be is shown within
the dashed white lines in (c).

R O CQUE AND RA SMU S S EN 2325SEPTEMBER 2022

Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 06/02/23 06:22 AM UTC



the strength of the synoptic flow, it is not surprising that both
full-Andes cases produce a strong MCS.

When comparing the full-Andes runs with the half-Andes
runs, some significant differences stand out. Weaker convection
initiates over the southern SDC around 1600 UTC in the
lAndes case and there is no development off the Andean foot-
hills like in the CTRL. The primary forcing for convection in
the half-Andes runs is the cold front rather than topogra-
phy. At 2100 UTC, both lAndes and lAndes_noSDC cases
have a smaller linear system already well into the domain
(Figs. 12c,d). There are no isolated features over the Andes
at this time like there are in the full-Andes simulations
(Figs. 12a,b). At 0300 UTC, the line has already passed
Córdoba in both half-Andes runs (Figs. 12h,i). The lAndes
MCS is narrower and does not extend as far east as the
CTRL and noSDC MCSs. The lAndes_noSDC MCS is not
nearly as intense as either the lAndes or full-Andes MCSs
at this time. However, three hours later there seems to be
some reinvigoration, and the convective lines between the
lower-Andes cases are more similar (Figs. 12m,n). Accumu-
lated rain across the RELAMPAGO domain in the lAndes
run is about 56% of the CTRL run, while it is 67% of the
CTRL in the lAndes_noSDC run (Table 2). When the
Andes are reduced by 50%, rainfall is also reduced by nearly
50%. Similar to the full-Andes cases, when the SDC are re-
moved, accumulated rain increases. The noTer simulation
does not end up producing an MCS in the overnight hours,
and there is weaker isolated convection scattered across the
eastern portion of the domain (Figs. 12e,j,o). Accumulated
rainfall is about 46% of the CTRL, which corresponds well
with the drier air observed in Figs. 10e and 11e.

In all of the terrain-modification experiments, an MCS de-
velops as a result of the passage of a cold front associated
with strong synoptic forcing. However, the timing, location,
and intensity of the MCS differs significantly between runs.
In the full-Andes runs, the MCS reaches peak intensity
around 0300 UTC 14 December (midnight local time).
When the Andes are reduced by 50%, the resulting MCSs
move faster to the east and are smaller and weaker than the
full-Andes MCSs. Additionally, the accumulated rainfall is
greater when the SDC are removed. One hypothesis for this
is the SDC may interfere with the cold front structure and
progression under strong synoptic forcing. Plots of equiva-
lent potential temperature show a more cohesive cold front
when the SDC are removed (not shown) supporting this hy-
pothesis, but these perspectives will be explored in future
work.

4. 25–26 January 2019: Weakly forced case

a. Overview

To understand more carefully the interactions between the syn-
optic flow and terrain in SSA, a second set of terrain-modification
simulations was conducted on the 25–26 January 2019 case.
This was another intense upscale growth case that featured
convective echo tops greater than 20 km in height and had
the greatest number of lightning flashes captured by the
lightning mapping array network during RELAMPAGO
(Schumacher et al. 2021; Nesbitt et al. 2021; Lang et al.
2020). This case was chosen because it was not strongly
synoptically forced like the December case. A short-wave
trough passed over the southern Andes at around 458S

FIG. 8. Back-trajectories calculated from 0000 UTC 14 Dec every 10 min using RIP: (a)–(c) parcel locations and (d)–(f) time series of
parcel pressures (hPa) at (left) 500, (middle) 700, and (right) 850 hPa for the CTRL (red), lAndes (blue), and noTer (yellow) simulations.
Symbols in (a)–(c) represent each hour, the 500-m terrain contour is shown in black, and the “C” represents Córdoba.
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FIG. 9. Hovmöller diagrams of 850-hPa meridional winds (shaded; m s21) from the 3-km domain averaged across
the SALLJ domain and 20-dBZ composite reflectivity (gray contour; dBZ) from the 3-km domain averaged across
the RELAMPAGO domain for the (a) CTRL, (b) noSDC, (c) lAndes, (d) lAndes_noSDC, and (e) noTer simula-
tions. Longitude ranges from about 688 to 608W, and times are shown from 0000 UTC 13 to 0800 UTC 14 Dec. The
average terrain profile from the 3-km domain averaged across the SALLJ domain is shown with the black contour.
The location of the SDC is shown within the dashed black lines in (a) and (c), and where the SDC would be is shown
within the dashed white lines in (b), (d), and (e).
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while the flow over Córdoba was weakly zonal at 500 hPa
(Fig. 13a). There was a significant amount of moisture
within the region that was funneled south by the SALLJ
and maximized at 18 g kg21 over the SDC (Fig. 13b). Spe-
cific humidity values greater than 10 g kg21 were seen as
far south as 488S and appeared to wrap around the high
pressure over the Atlantic. Unlike the strongly forced case,
the MCS that formed remained tied to the SDC for an

extended period of time, and the WRF CTRL simulation
did a reasonable job of capturing the intense convection
and life cycle of upscale growth in the region (Figs. 13c,d).

b. Synoptic scale and SALLJ

Hovmöller plots of 500- and 850-hPa heights clearly show
that the synoptic activity was much weaker relative to the
strongly forced case (Fig. 14). The minimum average 500-hPa

FIG. 10. As in Fig. 9, but for 850-hPa specific humidity anomalies (shaded; g kg21), calculated from monthly mean
ERA5 reanalysis data from 1978 to 2018.
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FIG. 11. The 850-hPa specific humidity (shaded; g kg21) and winds (arrows; m s21) from the
3-km domain at 2100UTC 13Dec 2018, shown across the SALLJ domain, for (a) CTRL, (b) noSDC,
(c) lAndes, (d) lAndes_noSDC, and (e) noTer simulations. The 15 g kg21 contour is shown in gray.
The 500-m terrain contour is shown in black, and the “C” represents Córdoba.
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geopotential height of 5672 m is achieved just west of the An-
des between 0600 and 1200 UTC 25 January (Fig. 14a). This is
about 100 m higher than the trough on 13 December. Interest-
ingly, when the Andes are reduced and removed, the 500-hPa
short wave does not strengthen like in December (Figs.
14b,c). At 850 hPa, lee cyclogenesis is visible in the CTRL
run between 1800 and 0000 UTC over the higher terrain of
the Andes, but again this is not as strong as the strongly forced
case and the minimum geopotential height achieved is 1452 m
(about 60 m higher than the December lee cyclone). Convec-
tion also starts to develop when the lee cyclone is maximized.
Unlike the strongly forced case, there is a secondary peak in
convection that is tied to the terrain between the Andes and
SDC. This back-building component is not as visible when the
Andes are lowered and is not present at all when the terrain is
removed. Similar to the strongly forced case, geopotential
heights in the lAndes and noTer simulations are higher than the
CTRL, highlighting the influence of the terrain on the develop-
ment of the lee cyclone in a weak synoptic forcing case.

The strength of the 850-hPa jet is also analyzed across ter-
rain-modification runs for the weakly forced case. There is a
single maximum in northerly winds located just east of 648W,
downstream of the SDC (Fig. 15). The strongest northerly
flow occurs between 0000 and 1500 UTC 25 January, where
winds reach a maximum magnitude of 18–20 m s21 (on aver-
age) at 0900 UTC for all runs. This area of enhanced norther-
lies (.10 m s21 magnitude) extends farther east and west
when the SDC are removed and when the Andes are removed
(Figs. 15b,d,e). This timing agrees with Sasaki et al. (2022)
who show that shorter-duration jets are driven more by boundary

layer processes and the diurnal cycle. Weak southerly flow is
observed in the CTRL and noSDC runs over the higher terrain
starting around 0000 UTC 26 January (Figs. 15a,b). This
flow is about 5 m s21 weaker than the southerly flow in the
strongly forced case. There are few differences between the
CTRL and noSDC wind patterns near the higher terrain.
Interestingly, the back-building convection visible in the
CTRL run develops in southerly flow and this back-building
component is not visible when the SDC are removed.

Moisture anomalies are also calculated for this case using the
January monthly means from ERA5. The average 850-hPa spe-
cific humidity across the domain during January is 9.7 g kg21,
about 1 g kg21 moister than December. Hovmöller plots of
850-hPa specific moisture anomalies show increased mois-
ture over the higher terrain early in the period from 0000 to
1800 UTC 25 January (Fig. 16). These values are maximized
in the CTRL and noSDC cases at 7.5 and 7.7 g kg21, respec-
tively (Figs. 16a,b). They are about 0.5 g kg21 weaker when
the Andes are halved, but the moisture patterns are similar
between the full-Andes and half-Andes runs (Figs. 16c,d),
unlike in the strongly forced case (Fig. 10). Vertical cross
sections of specific humidity averaged south of Córdoba at
2100 UTC 25 January show moisture is present as high as
8 km above ground, which is about 3 km deeper than
moisture available in December (not shown). The region
between the Andes and SDC in the CTRL simulation has
equivalent potential temperature values about 10 K warmer
than the strongly forced CTRL. Additionally, specific humidity
values greater than 20 g kg21 extend more than 500 km
downstream of the SDC at the surface in the weakly forced

FIG. 12. Reflectivity at 3 km MSL for each simulation (columns) at (a)–(e) 2100 UTC 13 and (f)–(j) 0300 and (k)–(o) 0600 UTC 14 Dec.
The 500-m terrain contour is shown in black, and the “C” represents Córdoba.

TABLE 2. Accumulated rainfall (mm) from the 3-km domain summed across the RELAMPAGO domain from 1500 UTC 13 Dec
to 0800 UTC 14 Dec (first row) and from 1500 UTC 25 Jan to 1800 UTC 26 Jan (second row). The percentage of the CTRL is
shown in parentheses.

Run CTRL noSDC IAndes IAndes_noSDC noTer

Dec 855 029 8 904 666 (104.6%) 476 990 (55.8%) 573 149 (67.0%) 394 887 (46.2%)
Jan 1 864 352 1 384 152 (74.2%) 172 1603 (92.3%) 1 183 450 (63.5%) 856 166 (45.9%)
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runs, while the moisture maximum is only 100 km wide in
the strongly forced runs and is not directly connected to the
SDC.

Convection generally starts to develop at the end of the high-
moisture period to the west of the SDC in each simulation
around 1800 UTC 25 January. Moisture is only 1–2 g kg21

higher than normal over the eastern plains across all the
simulations, possibly explaining why the convection was
more focused on the terrain in this case than in the strongly
forced case with more widespread moisture anomalies east of
the SDC. The atmosphere tends to dry out during and after the
convection, especially right downstream of the SDC in the
CTRL and lAndes runs (Figs. 16a,c). In fact, at 1200 UTC
26 January, moisture anomalies are 2–4 g kg21 lower in the
CTRL and lAndes runs relative to the noSDC and lAndes_
noSDC runs at 648W (Figs. 16a–d). When the Andes are re-
moved, moisture anomalies are generally weaker to the east
relative to when the Andes are present, and there is slightly
drier air (∼2 g kg21 less than normal) present over the west-
ern domain (Fig. 16e). There is no convective development
later in the period since there is no terrain to help to initiate
convection.

Results from this weakly forced case analysis provide an
important contrast to those from the strongly forced case.
First, the upper-level flow was significantly weaker than in the
strongly forced case, and 500- and 850-hPa heights increased
when the Andes were reduced/removed. A lee cyclone still

developed in the evening hours with the full-Andes, but it was
not as deep as in the strongly forced case. The SALLJ was
also present in this weakly forced case, but it was located far-
ther west and a single maximum in northerly winds was iden-
tified in the morning hours, consistent with shorter-duration
jets identified in Sasaki et al. (2022). The jet strength was
weaker when the Andes were reduced, but the location and
timing were similar to the full-Andes. The greatest mois-
ture anomalies were concentrated to the west of the SDC
in the full-Andes and half-Andes runs, and there was no in-
trusion of dry air like in the strongly forced case. The envi-
ronments with full-Andes and half-Andes were much more
similar than the strongly forced case, but the timing and lo-
cation of convection was considerably different across
runs.

c. MCS evolution

The life cycle of the storm is shown at three times in Fig. 17.
At 2100 UTC 25 January, convection initiates over the Andes
and the southern SDC in the CTRL run (Fig. 17a). Similar
initiation over the Andes is seen in the noSDC case, but the
secondary convection around 668W is not visible (Fig. 17b).
Six hours later, a large convective line develops in the
CTRL run that stretches from the SDC to the Atlantic Ocean
(Fig. 17f). In the noSDC run, the convective line remains tied
to the Andean foothills but does not extend as far east as
the Atlantic (Fig. 17g). At 1500 UTC 26 January, there is

FIG. 13. (a) The 500-hPa geopotential heights (contoured; dam), relative vorticity (shaded; 1025 s21), and winds
(barbs; m s21, where a half barb is 5 m s21 and a full barb is 10 m s21) from ERA5 reanalysis at 1200 UTC 25 Jan 2019,
(b) 850-hPa geopotential heights (contoured; dam), specific humidity (shaded; g kg21), and winds (arrows; m s21) from
ERA5 reanalysis at 1200 UTC 25 Jan 2019, (c) GOES-16 channel-14 IR brightness temperatures (K) at
0300 UTC 26 Jan 2019, and (d) outgoing longwave radiation (W m22) from the 3-km CTRL simulation at
0600 UTC 26 Jan 2019. The 500-m terrain contour is shown in gray, and the “C” represents Córdoba.
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significant precipitation northwest of Córdoba between the
foothills and the SDC in the CTRL run (Fig. 17k). At 3 km
MSL, the intensity is generally less than 40 dBZ. This back-
building and the direct connection to the SDC are removed
when the SDC are removed, and weaker convection is visible
across the eastern plains (Fig. 17l). The accumulated rainfall
across the RELAMPAGO domain is less in the noSDC run
than in the CTRL (74% of CTRL; Table 2), with the largest
differences occurring between 0000 and 0600 UTC 26 January
(not shown).

When the Andes are reduced by 50%, a convective line
still forms when the SDC are present (Fig. 17c). This line
is within the domain at 2100 UTC, suggesting that convec-
tive initiation begins earlier when the Andes are reduced
and moves eastward faster. At 0300 UTC, the line is posi-
tioned just south of Córdoba but is oriented more zonally
in comparison with the MCS in the CTRL run (Fig. 17h).
At 1500 UTC, weak back-building in the northwest
portion of the domain is visible, although not as intense as
in the CTRL run (Fig. 17m). This signature is also visible

in the Hovmöller plots, and the total rainfall summed
across the RELAMPAGO domain for the lAndes case is
second highest (92% of the CTRL; Table 2). When the
Andes are reduced and SDC are removed, a convective
line does not develop (Figs. 17d,i,n). Isolated convection
downstream of the Andes is visible at 2100 UTC (Fig. 17d),
and a weaker, unorganized system is present at 0300 UTC
(Fig. 17i). Only isolated convection remains at 1500 UTC
(Fig. 17n), and the accumulated rainfall is 63.5% of the
CTRL. These results are similar for when the terrain is
completely removed (Figs. 17e,j,o). A smaller system still
develops but is likely driven by the diurnal sea-breeze and a
weaker baroclinic trough.

Similar to the strongly forced case, convection develops
in each terrain-modification experiment, but the location,
timing, and intensity of the convection vary significantly. A
robust MCS develops in the CTRL and lAndes simulations
that produces similar amounts of rainfall. There is a strong
sign of back-building in these runs. When the SDC are re-
moved, the rain accumulation is reduced by nearly 25%

FIG. 14. (a)–(c) As in Fig. 5 and (d)–(f) as in Fig. 7, but for the weakly forced case. Longitude ranges from
about 908 to 408W for (a)–(c) and from about 688 to 608W for (d)–(f), and times are shown from 0000 UTC 25 to
1800 UTC 26 Jan.
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and there is no strong connection to the topography. These
results contrast with those from the strongly forced case
where the height of the Andes appeared to play a more im-
portant role in the MCS evolution relative to the SDC. The
environments under the weakly forced case for the full-
Andes and half-Andes runs were similar, despite produc-
ing different MCSs, suggesting the SDC may be more

important in convective development under weak synoptic
conditions.

5. Discussion

Two RELAMPAGO cases in December 2018 and January
2019 were chosen since they both produced a large MCS that

FIG. 15. As in Fig. 9, but for the weakly forced case. Times are shown from 0000 UTC 25 to 1800 UTC 26 Jan.
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resulted in severe weather, flooding, and extreme lightning
flash rates, but the synoptic forcing supporting convective de-
velopment and upscale growth was significantly different be-
tween the two. A strong synoptic trough passed over the
Andes during the December case, which led to the develop-
ment of a robust lee cyclone in the Córdoba region. During
the January case, however, a weak short wave passed through
the midlatitudes with zonal flow over the Córdoba region that

resulted in a weaker lee cyclone. In the simulations, when the
Andes are reduced by 50% for the strongly forced case, the
upper-level trough is able to cross the southern Andes without
being sheared apart. A lee cyclone also develops downstream,
but it is not as intense as when the Andes are at full height.
The impact of reducing the Andes during the weakly forced
case is a slightly weaker short-wave trough aloft and a weaker
lee cyclone as well.

FIG. 16. As in Fig. 10, but for the weakly forced case. Times are shown from 0000 UTC 25 to 1800 UTC 26 Jan.

MONTHLY WEATHER REV I EW VOLUME 1502334

Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 06/02/23 06:22 AM UTC



In terms of the SALLJ, two northerly wind maxima at 850 hPa
are observed in the CTRL and noSDC runs for the strongly
forced case that occur over the eastern plains. When the Andes
are reduced, these wind maxima are also reduced in magni-
tude. In the weakly forced case, however, a single northerly
wind maximum is observed directly downstream of the SDC
in all terrain-modification experiments in the overnight/
morning hours. Meridional wind patterns are similar across
experiments in the weakly forced case. Although the weakly
forced case was not included in the sounding analysis by
Sasaki et al. (2022), we hypothesize this event would fit

into their “shorter duration jet” classification. To further
explore the impact of terrain on the SALLJ under strong
and weak synoptic environments, the meridional flow was
averaged across the northern half of the SALLJ domain at
different heights (Fig. 18). Under strong synoptic forcing, the
jet in the full-Andes runs has a broad maximum of 210 m s21

that stretches from ∼900 to 775 hPa (Fig. 18a). When the An-
des are halved though, the depth of the jet is smaller, reaching
a maximum of about 27.5 m s21 around 850–825 hPa. There
is no clear jet signature in the noTer run, consistent with the
Hovmöller plots and the ingredients necessary for a SALLJ

FIG. 17. As in Fig. 12, but for the weakly forced case. Times displayed are 2100 UTC 25 and 0300 and 1500 UTC 26 Jan.

FIG. 18. Vertical profiles of meridional wind speed averaged across the northern SALLJ domain (north of 308S)
and across times (a) 0000 UTC 13–0800 UTC 14 Dec and (b) 0000 UTC 25–1800 UTC 26 Jan for the CTRL (red),
lAndes (blue), and noTer (yellow) simulations.
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(i.e., sloping terrain). These results agree well with Sasaki
et al. (2022) who show that long-duration jets are often
deeper and occur under stronger synoptic flow. The height
of the Andes appears to control the depth of the jet, and
this may explain why jets in the United States are often shal-
lower, consistent with the lower height of the Rockies. Under
weak synoptic forcing, the depth of the jet does not change be-
tween full-Andes and half-Andes runs (Fig. 18b). The maxi-
mum is achieved around 900–850 hPa and is 2–4 m s21 weaker
than in the strongly forced case. These jets are driven by
boundary layer processes rather than the synoptic flow.

For the moisture associated with the SALLJ, higher values of
specific humidity are observed at 850 hPa during the weakly
forced case than during the strongly forced case. However, tak-
ing climatology into context, the strongly forced case has higher
anomalous moisture values than does the weakly forced case. In
addition to differences in moisture, the locations of the moisture
maxima are different between the two cases. In December, the
moisture maximum is concentrated downstream of the SDC,
whereas it is farther west over the higher terrain of the An-
des during January. This agrees with Rasmussen et al.
(2014) who showed a shift in moisture and convection to the
west during the summer months. When the Andes are re-
duced during the strongly forced case, anomalously dry air
is concentrated over the mountains later in the period,
which prevents convection from developing over the terrain.
However, during the weakly forced case when the Andes
are reduced, the moisture patterns are very similar to when
the Andes are at full height.

The broad convective patterns analyzed are also different
between the two cases. In the strongly forced case, a large
MCS develops in each terrain-modification experiment simply
due to the strong synoptic forcing and low-level convergence
associated with the robust lee cyclone interacting with the
northerly SALLJ (RH16; Piersante et al. 2021). The position
and intensity of the MCS are similar between the CTRL and
noSDC runs suggesting the SDC do not have a large impact
on the overall structure of the system. The accumulated
rainfall is also highest in the CTRL and noSDC runs dur-
ing December. When the SDC are removed, rainfall actu-
ally increases during the strongly forced case. In this case,
the SDC may interfere with the passing cold front, which
could reduce precipitation. In the weakly forced case,
however, the most rain falls in the CTRL and lAndes runs.
Both simulations have convection redevelop between the
Andes and SDC, which does not occur when the SDC are
removed. This once again highlights the importance of the
SDC in forcing convection under weak synoptic conditions. In
both December and January cases, convection tends to move
off the terrain faster when the Andes are reduced. Addition-
ally, when the terrain is removed, a single system develops,
moves toward the east, and dissipates, as one might expect an
idealized MCS to do. These results all suggest that under strong
synoptic conditions, the height of the Andes plays a larger role
in modulating the environment and the evolution of the MCS
relative to under weaker synoptic conditions when the SDC act
to enhance convective development and keep the MCS tied to
the terrain.

6. Conclusions

Two RELAMPAGO cases of upscale growth are studied us-
ing terrain-modification WRF simulations to investigate how
the convective development and synoptic-scale environmental
conditions varied in strongly and weakly forced synoptic environ-
ments. Five experiments were run on the 13–14 December 2018
case, which exhibited a deep upper-level trough and strong
lee cyclogenesis, and another five simulations were run on
the 25–26 January 2019 case, which exhibited a weak short-
wave trough that passed over the Andes in the midlati-
tudes. Each case study had a CTRL simulation in which the
terrain was not modified, a noSDC run in which the SDC
were removed, a lAndes run in which the Andes were
reduced by 50% and SDC were kept at the same height, a
lAndes_noSDC run where the Andes were halved and SDC
were removed, and a noTer run in which terrain was
reduced to 0 m across the domains. Analyses of the terrain-
modification simulations for both cases led to the following
general conclusions:

1) Under strong synoptic flow, the height of the Andes,
rather than the SDC, has a greater impact on the environ-
ment and convective growth associated with MCSs. A
large MCS develops in all scenarios simply because of
synoptic forcing, but the environment and SALLJ are sig-
nificantly altered when the Andes are reduced.

2) Under weak synoptic flow, the SDC have a more direct
impact in forcing convection and the environment is more
similar for different terrain-modification runs. Mesoscale
and orographic processes are likely more important in
forcing convection in these cases, including diurnal heat-
ing and mountain flow patterns.

3) The Andes are a unique height that allows systems to rap-
idly grow upscale while remaining tied to the terrain. The
SDC are a secondary feature that aids in convection initi-
ation and redevelopment, especially under weaker synop-
tic flow, which leads to prolonged convective events in the
Córdoba region.

These results generally focused on large-scale changes to
the environment and convection. Future work will use
ground-based observations from RELAMPAGO and the
Cloud, Aerosol, and Complex Terrain Interactions (CACTI)
field campaign and 1-km grid spacing WRF simulations of the
CTRL and select terrain-modification experiments to evalu-
ate the frequency, intensity, and structure of convective fea-
tures produced during the strongly and weakly forced cases.
Specific focus will be on how the SDC alter the intensity and
location of updrafts within the system, how the terrain im-
pacts the development and propagation of cold pools, and the
role of the SDC in producing high lightning flash counts in the
Córdoba region. This study, in conjunction with future work,
provides a better insight into what drives intense convection
in this region of the world.
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