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ABSTRACT

Tornadoes were reported in south-central Chile on 30 and 31 May 2019. To better understand the mechanisms
that supported the organization and severity of the storms that generated them, a series of high-resolution
sensitivity simulations were conducted using the Weather Research and Forecast (WRF) model. In addition to a
control simulation, three simulations were run that successively reduced the topography to 50%, 25%, and 0% of
original height; three more simulations were run that increased SST by 2K everywhere, decreased it by 2K
everywhere, and set all SSTs greater than 16 °C to exactly 16 °C; finally, two more simulations were run to
explore the combined effects of SST changes and lower topography.

Results indicate that as topography was lowered, a strong northerly low-level jet along the upslope of the
Andes weakened and broadened in both vertical and horizontal extent. Values of 0-6-km bulk shear and 0-3-km
storm-relative helicity (SRH) over the regions where the tornadoes occurred diminished with successive re-
duction of the topography. As a result, simulated brightness temperatures were warmer, and swaths of updraft
helicity were fewer and shorter. These results indicate that on 30-31 May 2019, flow blocking by the Andes
topography generated mesoscale wind shear conditions that favored tornadoes. When SSTs were increased,
instability (quantified by convective available potential energy, CAPE) also increased, although primarily off-
shore, and updraft helicity swath length increased, indicating a positive impact on simulated storm intensity.
When SSTs were decreased, CAPE also decreased along with a decline in magnitude of updraft helicity. These
results suggest that SSTs also impact storm severity via an influence on atmospheric instability. When the two
factors were combined, warmer SSTs were not able to overcome a reduction in wind shear associated with a
decrease in the topography. This suggests that in south-central Chile, wind shear is more important than CAPE
for tornadic thunderstorms, as has been found for other regions around the world).

1. Introduction

Tornadoes are a form of extreme weather and have been studied for

environments tend to support most violent tornadoes (Thompson et al.
2003; Thompson et al. 2004; Cohen 2010), there remains a need to
examine tornado occurrence in so-called “high-shear, low-CAPE” en-

decades by researchers around the world (Brooks et al. 2019). The
mesoscale conditions known to favor tornado formation from moist
convection include thermodynamic instability, often quantified as
convective available potential energy (CAPE; Davies-Jones 1986), and
vertical wind shear, often quantified by deep-layer (0-6 km) and sur-
face (0-1 km) bulk wind difference (Doswell III et al., 1996) and storm-
relative helicity (SRH; Davies-Jones et al. 1990) in the 0-3-km and 0-1-
km layers (Rasmussen and Blanchard 1998; Rasmussen 2003; Brooks
et al. 2003; Potvin et al. 2010; Barrett and Gensini, 2013). Because
many tornado studies focus on tornadoes in environments of both high
CAPE and strong vertical wind shear, motivated in part because those

vironments (Monteverdi and Quadros 1994; Hanstrum et al. 1998;
Sherburn and Parker 2014; Barrett et al., 2020, hereafter B20). This is
particularly important in regions where tornadoes are relatively rare
events (Brooks et al. 2003) and where surface topography is complex
(Blier and Batten 1994), which is the case for south-central Chile
(35°-40°S).

At least two damaging tornadoes occurred in south-central Chile in
May 2019 in this “low CAPE-high shear” environment less than 150 km
upstream of the peaks of the southern Andes Mountains (3000 m at 35°S
diminishing to 1000 m at 40°S). The Chilean National Weather Service
(DMC, following its acronym in Spanish) conducted a formal analysis of
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Fig. 1. Zoomed-in maps showing the paths (dashed black lines) of (a) the tornado that affected the city of Los Angeles on 30 May 2019, and (b) the tornado that
affected the cities of Talcahuano and Concepcién on 31 May 2019. The blue circles represent zones where damage was reported (based on V19).
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Fig. 2. Terrain height (color shaded) in domain one from (a) the CTRL, (b) Sim_50p, and (c) Sim_25p simulations. (d) Vertical cross-section of terrain height from
domain 1 at the latitude of the city of Concepcién (36.8333°S), for the CTRL, Sim_50p, and Sim_25p simulations. Additionally, the domain setting used in each
numerical experiment is drawn in (a). Blue stars show the locations of the cities of Los Angeles and Concepcién.

the damage and synoptic features associated with these events
(Vicencio et al. 2019; hereafter V19), and B20 analyzed the atmo-
spheric conditions that supported the formation of these tornadoes from
the synoptic, mesoscale, and intraseasonal perspectives. As a result of
the analyses of V19 and B20, several key questions emerged, particu-
larly around the role of the Andes topography and observed SST
anomalies and whether those features contributed to create conditions

favorable for severe thunderstorms and tornado formation. This present
study is motivated to answer those questions and better understand the
connections between the atmospheric parameters and the physical en-
vironment that led to the tornadoes in this unique geographical zone.

The Andes cordillera is a major geographical feature of all of Chile.
Its topography significantly modifies the climate regimes of the entire
South American continent (Garreaud 2009). One such modification
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Table 1
Simulations performed in this study and their differences with the CTRL simulation.
Name Differences with CTRL simulation
CTRL -
Sim_50p Topography reduced to 50% of the original topography in all domains.
Sim_25p Topography reduced to 25% of the original topography in all domains.
Sim_Op Topography reduced to 0% of the original topography in all domains.
SST-2K SST uniformly reduced by 2 °C over all domains.
SST + 2K SST uniformly increased by 2 °C over all domains.
SST16C SST values greater than 16 °C were reduced to 16 °C in the northwest parts of all domains.
SST-2K_Op Both topography reduced to 0% of the original topography and SST uniformly reduced by 2 °C over all domains.
SST + 2K_Op Both topography reduced to 0% of the original topography and SST uniformly increased by 2 °C over all domains.
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Fig. 3. SST distribution in domain one of the a) CTRL, b) SST-2 K (decreasing SST uniformly by 2 °C), ¢) SST + 2K (increasing SST uniformly by 2 °C), and d) SST16C
(eliminating the strong SST gradient to the NW of the domain) simulations. Black stars show the locations of the cities of Los Angeles and Concepcién.

comes from flow blocking in the lower troposphere, which leads to the
development of northerly barrier jets oriented parallel to the cordillera
(Barrett et al. 2009; Viale and Norte 2009; Barrett et al. 2011; Viale
et al., 2013), similar to the southerly barrier jets that develop windward
the Sierra Nevada mountains (Parish 1982; Yu and Smull 2000) in re-
sponse to an ageostrophic acceleration (Marwitz 1987; Overland and
Bond 1993) in the direction of the barrier. Garreaud and Mufioz (2005)
and Mufoz and Garreaud (2005) document the southerly (equator-
ward) low-level jet (LLJ) offshore of the Chilean coast. This jet is fre-
quent during spring and summer months, is strongest between 300 and
400 m above sea level, and is dynamically linked to the southeast Pa-
cific anticyclone and coastal upwelling (Aguirre et al. 2019). Its struc-
ture and mechanics are similar to those of northerly low-level jets off-
shore of the California (U.S.) west coast. During winter, the Chilean
southerly LLJ is not as frequent as it is in summer, partly because
northerly (poleward) low-level jets sometimes develop in advance of
the passage of mid-latitude disturbances and cold fronts. Only a few

studies (Barrett et al. 2009; Viale and Norte 2009; Barrett et al. 2011)
have described these northerly low-level jets, and those authors have
found that they develop as “barrier jets” as a result of mountain flow
blocking when Froude numbers are less than 1.0. However, those stu-
dies did not delve into the structure or mechanics of the northerly low-
level jet in Chile. It is thus a topic that needs further study, particularly
to compare and contrast it with other LLJs known to impact severe
convection, such as the low-level jet that forms to the east of the Rocky
Mountains (Chen and Kpaeyeh 1993; Squitieri and Gallus 2016).
Because wind shear and SRH depend strongly on the change in wind
direction and speed in the lower troposphere (Thompson et al. 2007),
barrier jets that develop in response to flow blocking by the Andes
could possibly act to enhance the mesoscale conditions favorable for
severe thunderstorms and tornado formation. This enhancement to SRH
and wind shear by the low-level flow was seen for tornadoes in the lee
of the Appalachian Mountains (LaPenta et al. 2005), adjacent to the
topography in Greece (Matsangouras et al. 2014; Matsangouras et al.
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Fig. 4. Height-longitude cross-section of the meridional wind component at 37°S latitude for (a) the CTRL, (b) Sim_50p, (c¢) Sim_25p, and (d) Sim_Op simulations for
30 May 2019 at 2150 UTC (1750 LT), and the same in (e)-(h) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los

Angeles (30 May) and Concepcién (31 May).

2016), in the Mohawk Valley of New York (Tang et al. 2016), and
upstream of the Sierra Nevada Mountains of California (Hanstrum et al.
2002). Given the frequency and intensity of northerly barrier jets up-
stream of the Andes (Viale and Nufiez 2011), it is possible that the
topography contributed to the tornado formation on 30 and 31 May
2019. B20 used coarse-resolution reanalysis and a higher-resolution
Weather Research and Forecasting (WRF) simulation to examine the
presence of such a barrier jet and concluded that it may have played a
role in enhancing vertical wind shear in the lower troposphere. How-
ever, they did not explore the jet further or run any sensitivity ex-
periments. This study aims to use a number of high-resolution numer-
ical sensitivity experiments to analyze the role of the Andes topography
in generating this barrier jet and its contribution to conditions favorable
for severe thunderstorm and tornado formation.

Sea-surface temperatures have also been shown to affect tornado
formation in different cases around the world. For example, Molina
et al. (2016) and Molina et al. (2018) found that warmer sea surface
temperatures in the Gulf of Mexico increased CAPE over the central and
southeastern U.S. and thus led to more frequent tornado activity there.
Miglietta et al. (2017) used the WRF model to confirm that above-
normal SSTs in the Mediterranean Sea helped strengthen a tornado-
producing supercell storm that impacted southern Italy. Finally, Molina
and Allen (2019) noted that lower-troposphere parcel trajectories from
regions with above-normal SSTs led to more moist surface conditions
that favored tornadoes in the U.S. In Chile, above-normal SSTs in au-
tumn and winter have been related to circulation and precipitation
extremes, including on the planetary scale (Aceituno 1993; Montecinos
and Aceituno 2003; Barrett and Hameed 2017), synoptic-scale (Rutllant
and Fuenzalida 1991), and mesoscale (Barrett et al. 2016; Bozkurt et al.
2016). However, because severe convective storms are relatively rare

events in Chile (Brooks et al. 2003), there are no studies that examine
how SSTs might influence the severity of convection in Chile, particu-
larly in the cool season. One study examining cool-season (May--
September) tornadoes in Australia concluded that anomalies in local
SSTs - which are typically low, around 15 °C, during the cool season - do
not have much influence on tornadoes there (Kounkou et al. 2009).
However, buoyancy from post-frontal cool air moving over a relatively
warm sea surface may generate locally strong low-level vertical accel-
erations. Both V19 and B20 noted a synoptic-scale region of above-
normal SSTs (1-2 °C) over the east-central southeast Pacific during the
last week of May 2019, coinciding with the two tornado days, but
neither examined the possible contribution of the SSTs to the conditions
favorable for severe thunderstorm and tornado development. This study
also aims to fill that gap.

To summarize, the primary goal of this study is to better understand
two of the physical mechanisms that led to severe thunderstorm and
tornado formation: low-level wind shear (possibly aided by the Andes
topography) and instability (possibly aided by SSTs over the south-
eastern Pacific Ocean). To do so, we perform a series of sensitivity
studies using an advanced numerical weather prediction model (WRF
Version 4.1.5; Skamarock et al., 2019). The remainder of this article is
organized as follows: section 2 presents a brief overview (time of oc-
currence, path, duration, damage, main synoptic features) of the two
tornadoes reported in south-central Chile on 30-31 May 2019, and
section 3 describes the configurations of the different regional simula-
tions performed to examine the sensitivity of the local atmospheric
conditions, including possible flow blocking, during 30 and 31 May
2019 to the topography configuration and SST distribution. Section 4
presents and interprets the results of the simulations, and a discussion
and conclusions are presented in section 5.
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Fig. 5. Moist Froude number (Frm) at each grid-point of WRF domain d02 for (a) the CTRL, (b) Sim_50p, and (c) Sim_25p simulations for 30 May 2019 at 2150 UTC
(1750 LT), and the same in (d)-(f) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcién. Gray

areas represent Frm values larger than 1.0.

2. Overview of the tornado cases on 30 and 31 May 2019

On 30 May 2019 from approximately 2157-2205 UTC (1757-1805
local time), a tornado was observed in the city of Los Angeles, Chile
(population approximately 130,000, altitude 140 m above sea level,
37.45°S, 72.33°W) by multiple residents, several of whom filmed por-
tions of it and shared those videos on social media platforms. Based on
damage surveys conducted after its passage, a formal report by the DMC
(V19) estimated that the cyclonically rotating tornado moved primarily
in a north-northwest to south-southeast curved path of around 5km
that lasted 7-8 min (Fig. 1a). The tornado was rated EF-2 (wind speeds
178-217kmhr™') on the enhanced Fujita scale. On 31 May 2019,
another tornado, which first developed offshore, moved through the
twin cities of Talcahuano and Concepcién, Chile (population approxi-
mately 1.3 million, altitude 10-30m above sea level, 36.82°S,
73.05°W). The official DMC analysis estimated that the tornado lasted
15 min from 1800 to 1815 UTC (1400-1415 local time) and had a
curved path of around 18 km, also moving primarily from northwest to
southeast (Fig. 1b). Multiple residents also filmed this event, similar to
the tornado the day before, and those videos can also be found on social
media platforms. The official report concluded the tornado in Talca-
huano/Concepcién had a maximum intensity of EF-1 (wind speeds
between 138 and 177 km hr ™). The Ministry of Housing and Urbanism
estimated that more than one hundred homes suffered damage as a
result of the passage of both tornadoes in the region.

The study of B20 determined that both tornadoes developed under
an anomalous mid-troposphere trough at 500 hPa located to the west of
Chile, in a post-frontal environment with a cyclonic low-level jet cen-
tered near 850 hPa and a surface low pressure located along the coast.
Above-normal sea-surface temperatures (SSTs) were present over large

areas of the southeast Pacific Ocean (anomalies of +1-2 °C in an region
with climatological values of 11-16 °C) and the coastal zone adjacent to
south-central Chile (anomalies of +0.5°C in a region with climatolo-
gical values of 11-14 °C) (see also V19). Surface and lower-tropospheric
winds around the low pressure system advected above-normal 6. into
the region on the days of each tornado. Above-normal values of surface-
based CAPE, on the order of 500 J kg~ (higher on 30 May and lower on
31 May), were associated with each tornado. Similarly, high values of
low-level (0-1-km) and deep layer (0-6-km) bulk shear (both near
15ms~! on 30 May and 20ms~! on 31 May) were also present on
each day. For a more detailed description and discussion of the con-
ditions that supported severe thunderstorms and tornado formation on
those days, we refer the reader to V19 and B20.

Table 2

Moist Froude number calculated from radiosondes at
Santo Domingo using a characteristic height of 3 km.
Dates in boldface indicate the times closest to the tornado

occurrences.
Date Santo Domingo
29-May 00 UTC 0.2
29-May 12 UTC 1.0
30-May 00 UTC 0.4
30-May 12 UTC 0.7
31-May 00 UTC 0.3
31-May 12 UTC 0.4
01-Jun 00 UTC 0.4
01-Jun 12 UTC 0.2
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3. Data and methods
3.1. WRF model simulations

To better understand the role of the topography and SST in sup-
porting those environments favorable for tornado formation, the output
from nine simulations using the WRF model version 4.1.5 (Skamarock
et al., 2019) was analyzed. A control (CTRL) simulation was performed
using three nested domains with horizontal resolutions of 9, 3, and
1 km (Fig. 2a), 55 irregularly spaced vertical sigma levels, and a 50-hPa
model top (a setup that was very similar to the simulation in B20). It
was initialized at 0000 UTC 30 May 2019 (approximately 20 h prior to
the first tornado) and ended at 1200 UTC 01 June 2019 (approximately
18 h after the second tornado). Initial and boundary conditions (every
six hours) were provided by the National Centers for Environmental
Prediction (NCEP) Final (FNL) analysis at 0.25° x 0.25°-degree hor-
izontal grid spacing. Outputs from domains 2 and 3 were saved every
five minutes and were used in the analysis of these tornado cases.

The simulation used the Thompson microphysics scheme
(Thompson et al. 2008), the four-layer Noah-MP land surface model
(Niu et al. 2011), the Rapid Radiative Transfer Model (RRTMG, Iacono
et al. 2008) parameterization for shortwave and longwave radiation,
and the Mellor-Yamada Nakanishi Niino (MYNN, Nakanishi and Niino
2006) Level 2.5 parameterization for the planetary boundary layer.
Additionally, the Betts-Miller-Janjic (Janjic 1994) cumulus para-
meterization was used for the coarser domain (9 km), and no cumulus
parameterization was applied to the inner two nested grids.

Three sensitivity simulations were conducted to analyze the impact
of the topography on the mesoscale circulations local to each tornado
(Fig. 2; Table 1). They only differed from the CTRL simulation in the
topography used (see Table 1). In the first simulation (Sim_50p), the

height of the topography was reduced to 50% of its original height; in
the second simulation (Sim_25p), the height of the topography was
reduced to 25% of its original height; and the third simulation was
performed reducing the topography to 0% of its original height
(Sim_Op). Terrain elevations in the CTRL, Sim_50p, and Sim_25p si-
mulations are shown in Fig. 2a-c. In addition, height-longitude cross-
sections at the latitude of the city of Concepcién are also shown for
CTRL, Sim_50p, and Sim_25p (Fig. 2d). The city of Los Angeles has a
very similar height-longitude cross-section, being only 0.63° latitude to
the south, so the cross-section shown in Fig. 2 is also representative of
Los Angeles.

Three more simulations were performed to analyze the sensitivity of
the mesoscale tornado environments to SSTs in the southeastern Pacific
Ocean (Fig. 3a; Table 1). One simulation was performed reducing the
SST by 2°C (SST-2K) uniformly over the three domains (Fig. 3b); an-
other simulation was performed by increasing the SST by 2°C
(SST + 2K) uniformly over the three domains (Fig. 3c); and a third
simulation was performed with the goal of eliminating the strong SST
gradient present to the northwest of the study region during 30 and 31
May 2019 (SST16C). The synoptic analysis conducted in B20 indicated
the advection of large equivalent potential temperature values from the
northwest. In addition, a relatively intense tongue of CAPE values was
shown close to the coast on both days, extending from the northwest
into the study region. Based on that, we aimed to investigate whether
the intense SST gradient located to the northwest of the study region
had some influence on the severity of storms that formed in those days.
To reduce that gradient, any SST values greater than 16 °C were re-
duced to exactly 16 °C; this primarily occurred over the northwest parts
of the three model domains (Fig. 3d). The temperature of 16 °C was
chosen because that is approximately the maximum surface air tem-
perature measured in Los Angeles and Concepcién on the days of both
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tornadoes (see V19 and B20). Two final simulations (for a total of eight
sensitivity experiments) were performed to examine possible combined
impacts of topography reduction and changes in SST. In the first of
those (SST-2 K _Op), SST was reduced by 2 °C in all domains and topo-
graphy was reduced to 0% of its original height. In the second simu-
lation (SST + 2K_0Op), SST was increased by 2°C in all domains and
topography was reduced to 0% of its original height.

3.2. Flow blocking calculation

In order to estimate the degree of blocking of the cyclonic flow (see
B20) by the Andes cordillera, we calculated the moist Froude number
(Frm) following Chen and Lin (2005) using the expression:

U
N,.H

Frm =

where H is the characteristic height of the Andes, U is the mean wind
speed between 0-H km, and N,, is the unsaturated moist Brunt-Vaisala
frequency, which was calculated following Emanuel (1994) using the
expression:
Nr%t = Edﬁl

ev dZ

where g is the gravitational acceleration (9.81 ms~2) and 6, is the
virtual potential temperature. We calculated the Frm for radiosondes
launched from Santo Domingo (located at 33.65°S, 71.61°W,

approximately 400 km north of where the tornadoes occurred) at 0000
and 1200 UTC from 29 May to 01 June 2019. We also calculated the
Frm using WRF output. A value of H = 3km was used to calculate the
Frm at Santo Domingo, and values of H = 2.5km, 1.25km and
0.625 km were used to calculate the Frm at each grid point in the WRF
CTRL, Sim_50p, and Sim_25p simulations, respectively. We are aware
that atmospheric conditions sampled by the radiosonde launched at
Santo Domingo may not be representative of the environment where
tornadoes formed. However, results from their analysis complement
those from model simulations over the study region to support our
claim that the synoptic-scale cyclonic flow was blocked by the Andes
cordillera on 30-31 May 2019 (Frm < 1.0), helping to create conditions
favorable for severe thunderstorm formation.

4. Results

In the following sections, we will show how the mesoscale condi-
tions during the tornado events of May 30 and May 312,019 were af-
fected by changes in terrain height (section 3.1) and SST (section 3.2).
The goal here is to estimate the relative impact of these two factors on
the vertical wind shear and instability present on those two days, and as
a result, better understand the mechanisms that supported the organi-
zation and severity of the storms that generated the two tornadoes. In

each subsection, the simulation results are presented first for 30 May
2019, then for 31 May 2019.
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and Concepcién.

4.1. Sensitivity to terrain height

4.1.1. Terrain height sensitivity on 30 May 2019

When the terrain was at its full height, height-longitude cross-sec-
tions of the meridional wind component at the time when the tornado
was reported in the city of Los Angeles (2150 UTC or 1750 LT on 30
May 2019) show a strong northerly low-level jet over south-central
Chile, with meridional winds greater than 18ms~! (Fig. 4a). When
terrain height was progressively reduced to zero, the cross-sectional
area encompassed by this northerly jet broadened, and magnitudes
decreased to less than 10ms ™! (Figs. 4b—d). This reduction in magni-
tude of wind speed with topography indicates that a significant part of
the southward low-level jet shown by the CTRL simulation is likely
caused by the Andes blocking the synoptic-scale northwesterly circu-
lation associated with the surface, lower-, and mid-tropospheric trough
located northwest of the study region on those days. This hypothesis
was confirmed by moist Froude numbers (Frm) at each grid-point in the
CTRL simulation ranging from 0.5-1.0 between 35°-37°S in the after-
noon of 30 May 2019 (Fig. 5a). As the terrain height was reduced, Frm

values were larger than 1.0 all over the domain (Figs. 5b-c), confirming
that the flow was unblocked in the lower-terrain simulations. Farther
north, moist Froude numbers (Frm) calculated from radiosondes laun-
ched at Santo Domingo were much lower than 1.0 from 29 to 30 May
2019 (Table 2). These observations, combined with results from the
CTRL simulation, confirm that the low-level flow on 30 May 2019 was
likely blocked by the Andes cordillera, and particularly so to the north
of the city of Los Angeles. Nevertheless, the presence of relatively strong
northerly flow even without topography (Fig. 4d) indicates that a
fraction of the low-level jet was driven by synoptic-scale processes as-
sociated with the strong surface and lower troposphere cyclone. Both of
these elements agree well with Barrett et al. (2009), who also noted
substantial flow blocking in south-central Chile in advance of a mid-
latitude cyclone that was reduced but not eliminated when topography
was decreased.

The strong low-level northerly winds beneath westerly to north-
westerly winds near 500 hPa in the CTRL simulation resulted in 0-6-km
bulk shear values greater than 16 ms~! over the city of Los Angeles
(Fig. 6a) and its surroundings at 2150 UTC (1750 LT). The progressive
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Fig. 9. The CAPE (inJ kg_l) for (a) the CTRL, (b) Sim_50p, (c) Sim_25p, and (d) Sim_Op simulations for 30 May 2019 at 2150 UTC (1750 LT), and the same in (e)-(h)
except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcién.

reduction of terrain height from 100% to 0% reduced the 0-6-km bulk
shear (Figs. 6b-d), reaching values below 10ms~ ! in the simulation
with zero terrain height (Fig. 6d). This reduction in 0-6-km bulk shear
would have significant and negative consequences to storm organiza-
tion and severity, in agreement with Rasmussen and Blanchard (1998)
and Thompson et al. (2003). Composite studies suggest 0-6-km bulk
shear values of 15-20ms ™! are a lower bound for supercell thunder-
storms (Rasmussen and Blanchard 1998; Houston et al. 2008). Indeed,
Thompson et al. (2007) found a bulk shear of 10ms™* to be the 10th
percentile value, meaning that 90% of all supercells had 0-6-km bulk
shear values greater than 10ms™~! (note that Thompson et al. 2007
used a slightly different definition of bulk shear, “effective bulk shear,”
to account for the storm-specific environment). This reduction in bulk
shear is especially problematic for storms that form in environments
with weak CAPE (< 500Jkg™ '), as they may need even more vertical
wind shear to become supercellular and tornadic (e.g., Markowski and
Straka 2000). Thus, the presence of greater bulk shear values when the
topography is higher suggests that flow blocking by the Andes

cordillera aids in conditioning the environment to favor severe thun-
derstorms and tornadoes.

Hodograph plots of wind profiles in model simulations at the
nearest grid-point to the city of Los Angeles at 2150 UTC (1750 LT)
indicate that the winds in the CTRL simulation largely increased with
height in the 0-3-km layer, with a maximum around 3 km, turning
counter-clockwise from northerly to a northwesterly direction in the
layer from O to 6 km (Fig. 7a), a profile that favors not only the severity
of storms but also tornadogenesis (Markowski and Richardson 2009,
2014). Following the Bunker (2000) methodology, a left-moving su-
percell in the CTRL environment would move at 13.9ms ™! towards
119° (towards the southeast) with —253 m?s~2 of 0-3 km SRH (Fig. 8a;
values are negative because the cyclonic rotation is in the Southern
Hemisphere) and — 163 m?s™2 of 0-1-km SRH (not shown). Hodo-
graphs from simulations with reduced topography showed less increase
in wind speed with height and a more veered (westerly) wind direction
in the 0-3-km layer (Fig. 7a), likely related to reduced blocking, re-
sulting in smaller hodographs and particularly so in the lowest 3 km of
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Fig. 10. Simulated infrared brightness temperature (in K) for (a) the CTRL, (b) Sim_50p, (c) Sim_25p, and (d) Sim_Op simulations for 30 May 2019 at 2150 UTC (1750
LT), and the same in (e)-(h) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcidn.

the troposphere. Moreover, in those environments of reduced winds in
the 0-6-km layer, storm motion would be slower (Bunkers et al., 2000);
thus storm-relative winds would be weaker, and storm-relative helicity
(SRH) would also be smaller. As a result, the 0-3-km SRH reduced
(Figs. 8b-d) to near —130 m?s~ 2 without any topography. Note that
even without topography, the cyclonic circulation around the synoptic-
scale cyclone resulted in non-zero SRH, implying that the Andes aid but
are not the sole factor in creating an environment favorable for torna-
dogenesis. Also note that all topography sensitivity simulations on 30
May 2019 had similar wind speed and direction at 7 km (Fig. 7a), in-
dicating that the topography is important in augmenting wind shear in
the lower (but not necessarily middle) troposphere. The wind field at
900 hPa in the CTRL and terrain sensitivity simulations (Figs. 8a-d) also
indicates less blocking as the terrain height is reduced, thus allowing
the air masses to more freely flow to the east.

While instability might not be thought to be related to changes in

10

topography, in this case, it turns out that CAPE was adjusted by changes
in wind speed and direction associated with the reduction in topo-
graphy. When terrain height was reduced, CAPE values in the inland
region surrounding Los Angeles generally increased by about
100 J kg~ ! for each 25% that terrain height was reduced (Figs. 9a—d).
In this study, CAPE values were calculated using a surface-based parcel,
and so all future references to CAPE are to surface-based CAPE. This
inverse relationship between CAPE and topography height may be due
to the combination of two factors. First, without the Andes to act as a
barrier, there appears to have been greater inland advection of rela-
tively warm and humid surface air from the southeast Pacific, as seen
by surface and lower-tropospheric winds more from the west and
northwest in the lower-terrain simulations (Fig. 7a) compared to coast-
parallel northerly winds in the full-topography simulation. That
warmer and more humid surface air would contribute to greater CAPE.
Second, both convective and stratiform cloudiness was reduced inland
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with decreasing terrain height (Figs. 10a—-d), allowing more solar ra-
diation to reach the surface and thus increasing surface temperatures
and CAPE. Cloud cover may have been reduced by eliminating the
downstream mountain barrier that is known to generate cloudiness on
its upslope side (Viale and Garreaud 2015), and also by allowing any
clouds and convection to disperse to the east into Argentina
(Figs. 10b-d).

Even though CAPE was generally 100-300 J kg~ ! lower in the CTRL
simulation over land and actually increased with decreased topography,
there are still more swaths of 2-5-km layer updraft helicity (a diag-
nostic designed to indicate updraft rotation in simulated storms; Clark
et al. 2013) in the CTRL than in the other simulations in the four-hour
time window 1950-2350 UTC on 30 May 2019 (Figs. 11a-d). (Note
updraft helicity is negative for cyclonically rotating storms because we
are in the Southern Hemisphere). These swaths steadily decreased in
number and magnitude as the terrain height was reduced (Figs. 11b-d),
pointing to fewer rotating updrafts. This indicates that on 30 May 2019,
the positive effects from greater shear aided by the full Andes topo-
graphy outweighed the negative effects from reduced CAPE that

(a) Topo 100%

(b)
—35

Topo 50%
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resulted when the topography was at its fullest height. In summary, in
the CTRL simulation (with the full Andes cordillera) on 30 May 2019,
deep convection was more frequent, magnitudes of 0-6-km bulk shear
were greater, lower-tropospheric winds were faster and more northerly,
and 0-3-km SRH was greater, all of which were conditions that favored
rotating, potentially tornadic thunderstorms. These results indicate that
the Andes topography aided in creating conditions that were favorable
for severe thunderstorms and the tornado that day.

4.1.2. Terrain height sensitivity on 31 May 2019

On 31 May 2019 at 1800 UTC (1400 LT), when a tornado was re-
ported in the cities of Talcahuano and Concepcién, height-longitude
vertical cross sections in the CTRL simulation showed an even stronger
lower-troposphere northerly wind component (when compared to the
day before; Fig. 4a) on the western slopes of the southern Andes Cor-
dillera (Fig. 4e). As was indicated by B20, this stronger northerly wind
value produced larger 0-6-km bulk shear (21.4ms~' in Concepcién;
Fig. 6e) than the day prior. Just as on 30 May 2019, as terrain heights
were reduced, low-level northerly winds on 31 May 2019 decreased
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Fig. 11. Minimum model updraft helicity in the 2-5 km layer (color shaded; m? s~2) for (a) the CTRL, (b) Sim_50p, (c) Sim_25p, and (d) Sim_Op simulations for the
period 1950-2350 UTC (1550-2150 LT) 30 May 2019, and the same in (e)-(h) except for 1600-2000 UTC (1200-1600 LT) 31 May 2019. Black stars show the

locations of the cities of Los Angeles and Concepcién.
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(Figs. 4f-h) and bulk shear values came down (Figs. 6f-h), reducing to
less than 15ms ™! for the 0% simulation. The impact on hodographs
from 31 May 2019 was similar (Fig. 7b): as terrain height was reduced,
lower-tropospheric winds over Concepcién were weaker and showed
less counter-clockwise turning with height in the 0-6-km layer, re-
sulting in smaller hodographs and less vertical wind shear.

Similar to 30 May 2019, Froude numbers of 0.4 were calculated
from the 1200 UTC 31 May 2019 and 0000 UTC 01 June 2019 Santo
Domingo radiosondes (Table 2). Froude numbers calculated from the
CTRL simulation were larger than those from the day before, but were
still generally lower than 1.0 between 35°-37°S (Fig. 5d), thereby
confirming flow blocking by the full Andes topography. Froude num-
bers increased to values larger than 1.0 as terrain height was reduced
(Figs. 5e-f). As topography was reduced, the eastward wind component
on 31 May 2019 increased (Figs. 5d—f, 8e-h).

The 0-3-km storm-relative helicity was largest in the CTRL simu-
lation (Fig. 8e), and as the terrain height was reduced, SRH weakened

Latitude
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from more than —600m?s~2 to less than —200m?s™2 (Figs. 8g-h).
Similar to 30 May 2019, the significant changes in 0-6-km bulk shear
and 0-3-km SRH on 31 May 2019 highlight the importance of the to-
pography in generating low-level wind shear that favored rotating
storms and tornadoes. This is confirmed in horizontal distributions of
the minimum 2-5-km updraft helicity: as topography is reduced, the
number and concentration of swaths of southeastward-moving updraft
helicity cells is reduced (Figs. 11f-h) when compared to the CTRL
(Fig. 11e).

The impact of topography on CAPE was also investigated for 31 May
2019. The horizontal distribution of CAPE in the CTRL simulation
showed a region of relatively large values (> 750 J kg~ ') approaching
the coast and the city of Concepcién from the northwest, embedded in
the low-level cyclonic circulation (Fig. 9e). The reduction of terrain
height resulted in the displacement of this “tongue” of relatively large
CAPE values inland and to the east (Figs. 9f-h), resulting in an inverse
relationship between inland CAPE and topography height, similar to 30
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Fig. 12. The CAPE (inJ kg’l) for (a) the CTRL, (b) SST-2K, (c) SST + 2K, and (d) SST16C simulations for 30 May 2019 at 2150 UTC (1750 LT), and the same in (e)-
(h) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepci6n.
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Fig. 13. Simulated brightness temperature (in K) for (a) the CTRL, (b) SST-2K, (c) SST + 2K, and (d) SST16C simulations for 30 May 2019 at 2150 UTC (1750 LT),
and the same in (e)-(h) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcidén.

May 2019. However, although CAPE increased inland as topography
height decreased, the relative lack of updraft helicity swaths
(Figs. 11e-f) and convection (Figs. 10e—f) as the topography was de-
creased suggests that the increase in vertical wind shear is again more
important than the decrease in CAPE to favor rotating storms and tor-
nadoes. This result is similar to other regions of the world where shear
is more important than CAPE for tornado activity (Brooks et al. 2003;
Groenemeijer and van Delden 207; Thompson et al. 2007; Clark 2009;
Griinwald and Brooks 2011; Wesolek and Mahieu 2011; Sherburn and
Parker 2014; Sherburn et al. 2016; Sherburn et al. 2016; Barrett et al.
2020).

4.2. Sensitivity to SST

4.2.1. SST sensitivity on 30 May 2019

When sea-surface temperatures were adjusted, CAPE values offshore
and over the coast of south-central Chile at the time of the tornado
occurrence on 30 May were generally higher (approaching 1000 J kg ~?,

13

or 200-800J kg’1 greater) in the warmer (SST + 2K) simulation
(Fig. 12¢) than either the CTRL (Fig. 12a) or the other two simulations.
In the cooler (SST-2K) simulation, offshore CAPE (Fig. 12b) was be-
tween 200 and 400 J kg~ ! lower than the CTRL. CAPE values in the
SST16C simulation were very similar to the CTRL (Fig. 12d). Thus,
offshore instability was higher in simulations with warmer SSTs and
lower in simulations with cooler SSTs. Inland instability values were
more complex to analyze, as an increase in the coverage of convection
when SSTs were warmed (Fig. 13) likely reduced the CAPE available at
the moment of the tornado (2150 UTC). Thus, inland CAPE values were
actually highest in the coolest simulations (SST-2 K and SST16), despite
the warm SST simulation (SST + 2K) having higher values of offshore
CAPE. The effect of this CAPE variability on storm coverage and in-
tensity across the four simulations can be seen in the spatial distribution
of minimum updraft helicity in the 2-5-km layer (Fig. 14). Updraft
helicity swaths were greatest in intensity (negative values) and long-
itude in the warm simulation (SST + 2K; Fig. 14c), and weakest in
intensity and shortest in duration in the cool simulation (SST-2K;
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the cities of Los Angeles and Concepcién.

Fig. 14b). Furthermore, convection appeared to be more intense
(characterized by colder brightness temperatures) in the warm simu-
lation (Fig. 13c) compared to the CTRL, and convection in the cold
simulation (Fig. 13b) appeared to be least numerous and weakest
(warmest brightness temperatures) of any of the SST simulations. This
pattern suggests that warmer SSTs favored both a larger number of
convective storms and more intense convection, while colder SSTs fa-
vored less and less-intense convection. Brightness temperature in the
SST16C simulation was very similar to the CTRL (Fig. 13d), suggesting
that the warm SSTs more than 500 km to the northwest of south-central
Chile had little impact on local convection intensity on 30 May 2019.

While vertical wind shear might not be thought to be related to
changes in SST, in this case, it turns out that vertical wind shear can be
adjusted by changing SST. When SSTs were warmed (SST + 2 K), 0-6-
km bulk shear increased by 2-4 ms ™! over the inland portions of south-
central Chile (Fig. 15c). When SSTs were cooled everywhere (SST-2K)
and when they were reduced to 16 °C (SST16C), 0-6-km bulk shear
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resembled the CTRL simulation (Figs. 15a,b,d). The increase in bulk
shear in the warm simulation appears to be related to changes in sur-
face and 6-km winds in the warm simulation when compared to the
CTRL (compare the red and black curves in Fig. 7c). The physical rea-
sons behind these changes in wind were not explored in this study and
remain an open question. Hodographs for the other SST simulations
largely resembled the CTRL simulation (Fig. 7c), supporting the similar
magnitudes of 0-6-km bulk shear (Fig. 15). Inland magnitudes of 0-3-
km SRH strengthened by —100m?s~2 in the warm simulation
(SST + 2K) compared to the CTRL (Figs. 16a,c), while magnitudes of
SRH in the cold simulation (SST-2 K) weakened by up to +200 m?s~?2
(Fig. 16b). As reported earlier, updraft helicity swaths and convective
coverage and intensity were greatest in the warm simulation (Figs. 13c
and 14c), but it is unclear if the contribution to that increase came more
from the increase in CAPE or the increase in shear. The cold SST si-
mulation showed the least number of updraft helicity swaths and the
weakest and smallest area of convective storms (Figs. 13b and 14b),
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Fig. 15. The 0-6 km bulk shear (in m s~ 1) for (a) the CTRL, (b) SST-2K, (c) SST + 2K, and (d) SST16C simulations for 30 May 2019 at 2150 UTC (1750 LT), and the
same in (e)-(h) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcién.

despite having similar environmental SRH and bulk shear values as in
the CTRL simulation. This suggests that in the cold simulation, the re-
duction in CAPE was the primary contributor to the decrease in con-
vective intensity and coverage.

4.2.2. SST sensitivity on 31 May 2019

On 31 May 2019, the warmer simulation (Fig. 12g) had near-coast
CAPE values 200-400 J kg~ 1 higher than the CTRL (Fig. 12e), while the
colder simulation (Fig. 12f) had near-coast CAPE values
200-400 J kg~ ! lower than the CTRL. Reducing the SST to 16 °C low-
ered the offshore CAPE values (more than 200 km northwest of the
coast) by 200Jkg ™! (Fig. 12h) compared to the CTRL, but did not
lower the CAPE values at the immediate coast. The impacts of these
changes in CAPE in all three simulations are seen in both brightness
temperatures (Figs. 13e-h) and updraft helicity (Figs. 14e-h). When
CAPE is higher (SST + 2K and CTRL), predicted helicity swaths are
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more intense and more numerous, and brightness temperatures are
colder; when CAPE is lower, the reverse is seen.

The impacts of changing SSTs on vertical wind shear on 31 May
2019 were similar to 30 May 2019, in that the signals are generally
mixed. The warmer simulation yielded greater values of inland 0-6-km
bulk shear (Fig. 15g) than the CTRL simulation (Fig. 15e), but all four
simulations had similar magnitudes of 0-3-km SRH around the city of
Concepcién (Figs. 16e-h). The hodograph on 31 May 2019 for warming
SSTs showed backing and slowing of the lower-troposphere winds
(which could act to reduce vertical wind shear). However, that backing
and slowing was opposite of the pattern seen for the warm simulation
on 30 May 2019 (compare red curves in Fig. 7c and d). Thus, it is
possible that the decrease in brightness temperature and increase in
magnitude of updraft helicity in the warmer simulation is due to an
increase in offshore CAPE. However, it is also possible that the increase
in predicted storm severity is due to increases in shear.
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4.3. Combined effects of terrain and SST

To help resolve those differences, two additional sensitivity simu-
lations were performed: SST-2K_Op (colder SSTs with no topography)
and SST + 2K _Op (warmer SSTs with no topography). When SSTs were
warmed and topography lowered, the 0-6-km bulk shear over the study
region on both days was 6-12ms~! (Figs. 17c,f), which was
10-12 m s~ ! lower than in the CTRL simulation (Figs. 17a,d) and in the
simulation with full topography and warmer SSTs (SST + 2K)
(Figs. 15c¢,g). The simulation with colder SSTs and no topography (SST-
2K _0p) showed similar behavior in both days (Fig. 17b,e). Values of
SRH were also reduced when topography was lowered and SST in-
creased (not shown). These results indicate that topography, not SST,
was the main factor that favored the high wind shear values present on
both days.

16

Removing the topography caused CAPE values in both the colder
(SST-2K_Op) and warmer (SST + 2K Op) simulations to generally de-
crease over the ocean and to increase over land by 200-500Jkg™*
(Figs. 18b,c,e,f), compared to both the CTRL simulation (Figs. 18a,d)
and the corresponding simulations with the same SST changes but with
full topography (Figs. 12b,c,f,g). The decrease in CAPE over the ocean
in both simulations without topography (SST-2 K_Op and SST + 2K Op)
negatively affected the area and intensity of the convection that de-
veloped both days. Fewer and less intense convective cells developed on
30 May and 31 May 2019 when topography was removed, resulting in
just a few updraft helicity swaths in the region (Fig. 19). These final two
simulations highlight the vital role the Andes topography plays, both in
developing large values of wind shear and SRH on its western side and
in enhancing CAPE values over the ocean. They also highlight the
lesser, but not insignificant, role of SST anomalies in the near-coastal
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Fig. 17. The 0-6 km bulk shear (in m s~ 1) for (a) the CTRL, (b) SST-2 K Op, and (c) SST + 2K _Op for 30 May 2019 at 2150 UTC (1750 LT), and the same in (d)-(f)
except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcién.

zone of south-central Chile, whereby warmer SSTs can aid storm se-
verity and cooler SSTs can diminish it.

5. Conclusions and discussion

This study analyzed the impacts of the Andes mountains and the SST
anomalies in providing the conditions favorable for tornadogenesis. To
do so, a control and eight sensitivity simulations were conducted: three
simulations whereby the topography was successively lowered to 0% of
original; three simulations where SSTs were increased (by 2K every-
where), decreased (by 2K everywhere), and the SST gradient was re-
laxed (by setting all SSTs greater than 16 °C to 16 °C); and two simu-
lations that combined SST increases and decreases with 0% topography.
The sensitivity simulations to the terrain height showed the important
role of the topography in the generation of favorable conditions for

17

tornadogenesis. The southern Andes mountains helped intensify a
northerly low- to mid-level jet flowing parallel to its western side as a
result of flow-blocking. This jet was more intense on 31 May 2019 since
the mid-level trough and surface cyclone were closer to the coast (see
B20). This northerly barrier jet generated large values of 0-6-km bulk
shear and 0-3-km SRH on both days that decreased when topography
was reduced. The topography had a positive role in forming storms with
mid-level (2-5-km) rotation (a condition very favorable for tornado-
genesis), seen in updraft helicity swaths that decreased with decreasing
topography.

The sensitivity of these environments to SSTs was also explored.
When SSTs were increased by 2 K, offshore values of CAPE increased by
200-400J kg !, and when SSTs were decreased by 2K, offshore values
of CAPE decreased by approximately the same amount. Values of CAPE
over land were more complex, perhaps because the increase in SST led
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Fig. 18. Horizontal distribution of CAPE (in J kg’l) for (a) the CTRL, (b) SST-2 K Op, and (c) SST + 2 K_Op, for 30 May 2019 at 2150 UTC (1750 LT), and the same in
(d)-(f) except for 31 May 2019 at 1800 UTC (1400 LT). Black stars show the locations of the cities of Los Angeles and Concepcién.

to more widespread coverage of convection and thus decrease of inland
CAPE. Because the tornadoes already formed in a low-CAPE, high-shear
mesoscale environment, any increase in CAPE would be significant.

Finally, to explore which of the two factors (topography or SST)
may have been most important to the tornado formation on 30 and 31
May 2019, sensitivity simulations were conducted that changed both at
the same time. Helicity swaths confirmed that topography (and thus its
accompanying increase in wind shear) seemed to be more important
than SST at generating updraft rotation. This result suggests that shear
is more important than CAPE for tornadic storms in Chile (similar to
other regions in the world), and operational meteorologists concerned
about possible tornado formation in Chile should pay very close at-
tention to the synoptic- and mesoscale conditions (surface and upper-
level cyclone; flow regimes that support blocking and low-level jet
formation), and not discount those conditions even if SSTs are below
normal.
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