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Central North America is the global hotspot for tornadoes, fueled by elevated terrain
of the Rockies to the west and a source of warm, moist air from equatorward oceans.
This conventional wisdom argues that central South America, with the Andes to the
west and Amazon basin to the north, should have a “tornado alley” at least as active
as central North America. Central South America has frequent severe thunderstorms
yet relatively few tornadoes. Here, we show that conventional wisdom is missing an
important ingredient specific to tornadoes: a smooth, flat ocean-like upstream surface.
Using global climate model experiments, we show that central South American tornado
potential substantially increases if its equatorward land surface is smoothed and flattened
to be ocean-like. Similarly, we show that central North American tornado potential
substantially decreases if its equatorward ocean surface is roughened to values compa-
rable to forested land. A rough upstream surface suppresses the formation of tornadic
environments principally by weakening the poleward low-level winds, characterized by
a weakened low-level jet east of the mountain range. Results are shown to be robust
for any midlatitude landmass using idealized experiments with a simplified continent
and mountain range. Our findings indicate that large-scale upstream surface roughness
is likely a first-order driver of the strong contrast in tornado potential between North
and South America.

tornado alley | tornado | severe thunderstorm | terrain | surface roughness

Tornadoes are one of the most devastating natural hazards on Earth, causing significant
property losses and casualties in a few localized regions (1-7). Tornadoes tend to form
from severe thunderstorms (8). In general, severe thunderstorms occur within environ-
ments characterized by i) high conditional instability, which provides a source of buoyancy
to support strong updrafts; and ii) strong lower-tropospheric vertical wind shear, which
supports long-lived and well-organized convection (9-18). Tornadoes typically require a
third ingredient: the potential for near-ground rotation defined by intense storm-relative
helicity within the lowest 1 km above the surface (SRHO1), which represents horizontal
vorticity that can be stretched as air flows into the storm to generate tornado rotation
(19-26).

These tornadic environments are most prevalent over central North America (CNA;
denoted by the box in Fig. 1A), particularly the Great Plains (a.k.a. Tornado Alley) (10, 27),
where over 1,200 tornadoes and over 10 extreme tornado outbreaks occur annually (28, 29),
an order of magnitude greater than in any other region (30—41). This behavior is com-
monly ascribed to elevated terrain to the west (Rocky Mountains and Mexico’s Sierra
Madre mountains) and equatorward oceans to the south (Gulf of Mexico and Caribbean
Sea) (42-44). The north—south oriented mountain range drives the strong climatological
southerly low-level flow over the Great Plains (45-47). The easterly trade winds turn
northward over the east slope of the mountains and increase in speed as the flow develops
anticyclonic shear vorticity (45, 46), although seasonally varying heating of the sloping
terrain may also be important (47). Embedded within these southerly winds is a par-
ticularly strong flow feature known as a low-level jet (LLJ), which in this region is
commonly referred to as the Great Plains low-level jet [GPLL]J; (48, 49)]. The GPLL]
is discernible throughout the day, though it is nocturnally enhanced (48, 49). This daily
cycle is associated with diurnal oscillations of near-surface processes including boundary
layer frictional stress (50), heating of the sloping terrain (51), and their combination
(52-54). In addition, southerly winds associated with the warm sector of synoptically
driven troughs are also found to enhance the southerly mean flow and LL] over the
Great Plains (42, 44, 55). This low-level southerly flow transports warm, moist
near-surface air from upstream oceans into CNA (56—59) beneath a well-mixed westerly
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Why does the United States have
the most tornadoes in the world?
This work examines how a
smooth, flat ocean-like upstream
surface may substantially
increase the potential for
tornadoes downstream. This
explains why North and South
America both possess severe
thunderstorm hotspots due to
their similar geographic setup—a
mountain range to the west and
an equatorward source of warm,
moist air—yet only North
America is a hotspot for
tornadoes because the
equatorward ocean surface is
smooth and flat. Understanding
why tornado hotspots form is a
foundation for understanding
how they may change in a
warming climate.

Author affiliations: *Department of Earth, Atmospheric,
and Planetary Sciences, Purdue University, West
Lafayette, IN 47907; Climate and Global Dynamics
Laboratory, National Center for Atmospheric Research,
Boulder, CO 80307; “School of Marine and Atmospheric
Sciences, Stony Brook University, Stony Brook, NY 11794;
and “Department of Atmospheric Science, Colorado
State University, Fort Collins, CO 80521

Author contributions: F.L, D.R.C, B.M., and KAR.
designed research; F.L. performed research; F.L., D.R.C.,
B.M., KAR., and KL.R. analyzed data; and F.L., D.R.C,,
B.M., KAR., and K.L.R. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2024 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
lifuning1991@gmail.com.

Present address: Department of Earth, Atmospheric,
and Planetary Sciences, Massachusetts Institute of
Technology, Cambridge, MA 02139.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2315425121/-/DCSupplemental.

Published June 18, 2024.

10of 11


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lifuning1991@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2315425121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2315425121/-/DCSupplemental
mailto:
https://orcid.org/0000-0001-9634-370X
https://orcid.org/0000-0003-2188-4784
https://orcid.org/0000-0003-3741-7080
https://orcid.org/0000-0003-1321-0974
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2315425121&domain=pdf&date_stamp=2024-6-15

Downloaded from https://www.pnas.org by 38.15.60.244 on March 20, 2025 from IP address 38.15.60.244.

2 of 11

A Tornado count B Lightning density

25°N

0°

25°S

E Protation|sts in ERAS
e

Fig. 1. CSA has lower tornado potential than CNA due to lower near-ground
rotation potential. Dashed boxes represent the region of CNA and CSA. (A),
Annual mean tornado density (counts year ' per unit grid) for 1985 to 2014
at grid spacing of 1° (latitude) by 1.25° (longitude). (B), Annual mean lightning
density (counts kmyear™") for 1995 to 2010 from observations at grid spacing
of 1° by 1.5°. (C-£), Annual mean N,,, (hours year™), N, (hours year™), and
Protation|sts from ERAS reanalysis data for 1985 to 2014 at grid spacing of 1° by
1.25°. Quantitative relation refers to Eq. 1. (F-H), As in (C-E) but from ctr/ at
grid spacing of 0.9° by 1.25°.

flow aloft (60). These air currents conspire to create environments
favorable for severe thunderstorms and tornadoes (42, 61, 62).

A similar geographic setup is also found in South America,
where the Andes Mountains stretch from north to south similar
to the Rockies and Sierra Madre mountains, and the Amazon
basin is as warm and moist as tropical oceans [colors in ST Appendix,
Fig. S1 A and B; (63, 64)]. The Andes drive the climatological
northerly low-level flow, within which is embedded a particularly
strong flow feature commonly referred to as the South American
low-level jet [SALLJ; (65—67)]. Similar to the Great Plains, strong
northerly low-level flow is present east of the Andes as well; this
feature is also enhanced synoptically by the passage of troughs
[e.g., the northwestern Argentinean low and the Chaco low;
(68-70)]. These northerly low-level winds transport warm and
moist near-surface air from the upstream Amazon basin and trop-
ical Adlantic Ocean into central South America [CSA; denoted by
the box in Fig. 14; (65, 66, 71-74)] to produce conducive envi-
ronments for severe convection (75-80). Indeed, spaceborne radar
and other remote sensing observations have shown that severe
thunderstorms are more frequent (Fig. 1B) and extend to greater
heights in CSA compared to CNA (81-83). However, tornado
potential is substantially lower in CSA (10, 27), and relatively few
major tornadoes have been reported in CSA, in stark contrast to
CNA where there is a long history of devastating events [Fig. 14;
(30-34, 84)]. While storm reporting in CNA is mature and rep-
resents a relatively robust database, storm reports in CSA are not
routinely available in a centralized database until very recently

https://doi.org/10.1073/pnas.2315425121

(32, 33, 84-86). Despite these large disparities in observational
practices, the contrast between CNA and CSA is so stark that it
is unlikely to be due to differences in reporting practices alone,
though precise comparisons in tornado frequency between these
two regions should be interpreted with caution (32, 33, 84, 85).

A recent South American severe thunderstorm field campaign
(RELAMPAGO-CACTI) demonstrated that environments along
the eastern edge of the Andes in CSA possess large values of the
supercell composite parameter (SCP) and significant hail param-
eter (SHIP) and hence are conducive to severe storms and large
hail (76). However, they were found not favorable for tornadoes
primarily owing to relatively weak near-ground (0 to 1 km) vertical
wind shear that causes low values of significant tornado parameter
[STP; (76, 87, 88)], corroborating recent work using observations
and reanalysis data (62, 84, 85, 89). In both CNA and CSA, a
dominant source of low-level vertical wind shear is the poleward
LL]J over each continent (7, 68, 71, 90-94). The vertical structure
(e.g., peak height) differs between GPLL] and SALLJ, as the Andes
are in general taller and steeper than the Rockies such that slope
effects are minimized while deeper lee cyclones develop near the
Andes that help drive the SALLJ (67, 68, 71, 75, 88, 95-97).

One geographic contrast between CNA and CSA that has not
yet been considered is that the tropical South American landmass
is very rough due to land cover (e.g., Amazon rainforest roughness
length z,, ~ 1 m) and variable terrain (e.g., the Eastern Highlands),
compared to the smooth and flat tropical ocean surface equator-
ward of North America (the Gulf of Mexico and Caribbean Sea;
Zom ~ 1074 m) (98, 99). Small-scale land surface roughness has
been shown to reduce tornado formation locally (100). A modest
reduction of the Amazon surface roughness by deforestation has
been shown to intensify near-surface poleward winds and moisture
transport along the climatological path of SALLJ (101). A modest
modification of large-scale surface roughness has been shown to
affect local mean wind speed over a deep layer up to 2.5 km above
the ground surface (102). However, the role of large-scale upstream
surface roughness, due to land cover and variable terrain, in mod-
ulating tornado activity downstream is unknown.

We hypothesize that the rough tropical South American land-
mass, compared to the smooth, flat tropical ocean surface equa-
torward of eastern North America, suppresses tornado potential
downstream over CSA. A rough upstream land surface is expected
to weaken poleward low-level winds, including the LL]J, that flow
downstream to help produce tornadic environments. We first test
this hypothesis in two ways to demonstrate this effect using global
climate model (GCM) experiments: i) with the tropical South
American land surface smoothed and flattened to be ocean-like;
and ii) with the Gulf of Mexico and Caribbean Sea surface rough-
ened to values comparable to a forested flat land, respectively. We
then show that this result holds for an arbitrary midlatitude land-
mass using aquaplanet (i.e., an ocean-covered Earth) GCM exper-
iments with an idealized continent and mountain range with a
smooth versus rough equatorward ocean surface.

We define tornado potential, N, as the mean frequency of tor-
nadic environments per unit area and per year or per season. As a
tornado typically forms from a preexisting severe thunderstorm as
described above, we decompose tornado potential as the product of
the severe thunderstorm potential (mean frequency of severe thun-
derstorm environments per unit area and per year or per season),
N, and a conditional probability of strong near-ground rotation
potential (SRHO1) given the existence of a severe thunderstorm

environment, P onjses

Ntor = Nstsprotation sts* [1]
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Fig. 2. Asmooth, flat ocean-like upstream land surface enhances tornado potential downstream over CSA. (A and B), Annual mean N,,, (hours year™") with 850-hPa
wind vectors (m s™") overlaid from ctrl (A) and smooth (B) for 1985 to 2014. 850 hPa is representative of the height of SALLJ. Dashed box indicates CSA. Hatched
area in (B) indicates the upstream region modified in the experiment. (C), Relative changes [%] of N, in smooth with respect to ctr/ with vectors representing
differences in 850-hPa winds. (D-F), Relative changes [%] of N (D), Protation|ss (), @and their interaction term (F). Variables are defined following Eq. 2. Note the
different wind vector scale in (A and B) vs. (C). For full details of the experimental setup, the reader is referred to the Materials and Methods.

Therefore, relative changes in N are explained by the sum of

relative changes in N and P, o0 and their interaction term:

ON,,; = 6N, + 6P

tor Sts

+ 6N, 6P

rotation|sts rotation|sts* 2]

Using ERAS historical reanalysis data for 1985 to 2014 (103), we
first confirm that tornado potential is substantially lower in CSA
as compared to CNA (Fig. 1C), consistent with observed tornado
activity [Fig. 14;]. This contrast is not driven by severe thunder-
storm potential, as annual N is actually slightly larger in CSA
than in CNA (Fig. 1D), similar to observed lightning activity
[Fig. 1B;]. Instead, this contrast is driven by the near-ground rota-
tion potential, with an annual domain-mean P that is twice
as large in CNA as in CSA (Fig. 1E).

We conduct GCM experiments using the CESM2.1.1 (104)
to test our hypothesis that the contrast in tornado potential
between CSA and CNA is caused by the strong roughness of the
land surface upstream of CSA relative to the smooth, flat ocean
surface upstream of CNA. The control simulation (denoted as
ctrl) is a historical global climate simulation during 1985 to 2014.
In general, cz7/ quantitatively reproduces the lower magnitude of
N,,, in CSA than in CNA (Fig. 17). This difference is driven
principally by a much smaller P, ;0 (Fig. 1/) rather than a
difference in N, (Fig. 1G). The similarity in the frequency of
severe thunderstorm environments between CSA and CNA
extends to extreme CAPE and S06 themselves in both ERA5 and
ctrl. The ctrl also produces a realistic distribution of the low-level
winds as compared to ERA5, including the seasonal cycle of
850-hPa winds (vectors in S/ Appendix, Fig. S1 A and B) and the
diurnal cycle of the frequency and intensity of LL] within CSA
and CNA (8] Appendix, Fig. S1 C and D; detailed in Materials
and Methods.

We first show that our hypothesis is supported by comparing
ctrl against an experiment in which the tropical South American
landmass is smoothed and flattened to be ocean-like [denoted as
smooth; SI Appendix, Fig. S2 A—H;]. The change to an ocean-like
surface upstream substantially increases tornado potential down-
stream over CSA (Fig. 2 A and B). Relative to ¢#7/, annual N in
smooth increases by up to +203% particularly over northeastern

rotation|sts
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Argentina (Fig. 2C). Experiments deconstructing contributions
from upstream land cover, resolved terrain, and parameterized
elevation roughness demonstrate that the responses are driven
approximately equally by the land cover (S Appendix, Fig. S5A)
and resolved terrain (S/ Appendix, Fig. S5B), and to a lesser extent
by the parameterized elevation roughness (S Appendix, Fig. S5C).

The increase in CSA tornado potential in smooth is driven
principally by the increase of up to +115% in P, iion (Fig. 2E),
while N (Fig. 2D) and the interaction term (Fig. 2F) increase
modestly (+42% and +46%). These responses are associated with
enhanced easterly winds at 850 hPa over the upstream surface
due to the reduced upstream surface resistance to the flow in
smooth. Through the mechanical forcing (45, 46) of the Andes
(65—67), the stronger easterly trade winds lead to stronger north-
erly mean winds flowing downstream along the eastern slope of
the central Andes into CSA at 850 hPa (vectors in Fig. 2C). This
induces an anticyclonic anomaly at 850 hPa that enhances the
South American Subtropical High. Such a strong enhancement
of N, and northerly low-level flow within CSA is found in all
seasons (SI Appendix, Fig. S3). Associated with this strong mean
flow response at 850 hPa which is extended to severe thunder-
storm environments, the conditional low-level vertical wind shear
from the surface to 1 km above increases over CSA (thick curves
in SI Appendix, Fig. S44), which is the principal driver of the
increase in SRHO1 that produces environments more favorable
to tornadoes within CSA in smooth. The modest increase in severe
thunderstorm potential is driven by an increase in low-level mois-
ture below 4 km (SI Appendix, Fig. S4B), likely associated with
enhanced moisture transport from the South Atlantic Ocean by
the intensified easterlies upstream and northerly flow downstream
that generates thermodynamic environments more favorable to
convection. These results are consistent with a strong increase in
the frequency of SALLJ within CSA, especially during the afternoon
(SI Appendix, Fig. S4C), as well as the enhanced intensity of SALL]
throughout the day (S Appendix, Fig. S4D). These results provide
evidence that the rough equatorward land surface of South America
due to (surface roughness and terrain), in contrast to a smooth and
flat ocean surface, strongly suppresses central South American
tornado potential primarily by reducing near-ground rotation
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Fig. 3. Aroughened upstream ocean surface suppresses tornado potential downstream over CNA. (A-f), As in Fig. 2, but for ctrl versus rough with wind vectors
at 925 hPa, representative of the height of GPLLJ. Dashed box indicates CNA. Two small boxes within CNA indicate the Great Plains (GP) and the Southeast
United States (SEUS). Hatched area in (B) indicates the upstream region modified in the experiment. Note the different wind vector scale in (A and B) vs. (C). For
full details of the experimental setup, the reader is referred to the Materials and Methods.

potential, and secondarily by reducing severe thunderstorm
potential.

While we focus on the upstream surface impact on the down-
stream region in this work, we note a contrasting response locally
over the upstream surface: The stronger inland intrusion of the
casterlies from the subtropical South Atlantic Ocean in smooth,
deflected by the central Andes, induces a weakened northerly mean
flow at 850 hPa over northern Bolivia and Peru (vectors in Fig. 2C).
This is primarily due to the flattened terrain (vectors in SI Appendix,
Fig. S5B), though the reduced land-cover roughness itself favors
stronger easterlies over the Amazon basin and hence a stronger
northerly flow over northern Bolivia [vectors in S/ Appendix,
Fig. S54; (101)]. This results in transient responses locally over
Bolivia-Paraguay with N increases (Fig. 2D) but P ionpe
decreases (Fig. 2F). The decrease in local P, o is consistent with
the decrease in low-level vertical wind shear over the upstream
(local) surface [thin curves in ST Appendix, Fig. S44;]. How tropical
land-cover roughness and tropical terrain resistance, and their inter-
action, might modulate severe weather activity locally over Northern
South America is a topic worthy of future work.

Additional analyses and GCM experiments add robustness to
the result in smooth. The robust response of N, within CSA in
smooth is consistent for any desired thresholds defining severe thun-
derstorm and tornadic environments (S Appendix, Figs. S9 A-D
and S10 A-E; detailed in Materials and Methods. While the land
cover determines both the surface momentum roughness (z,,,) and
enthalpy roughness (zy,), an experiment with zy_ fixed produces
only a slightly stronger response of N, than smooth, showing that
zy,, is the dominant driver as compared to zy, (S Appendix,
Fig. S5D). Smoothing and flattening a smaller area of the upstream
surface also produces a strong response in N, but it is smaller
than in smooth (SI Appendix, Fig. SSE). This indicates that the
magnitude of this response depends on the area of the upstream
surface, though the upstream surface closer to CSA appears to have
a larger effect than the upstream surface farther from CSA.

We next show that our hypothesis is also supported by com-
paring c#r/ against an experiment in which the upstream equator-
ward ocean surface of North America is roughened to be as rough
as a rainforest-covered flat land surface (denoted as rough; in
Materials and Methods). For simplicity, flow resistance due to var-
iable terrain is not considered. The change to a rough ocean surface
upstream substantially suppresses the tornado potential down-
stream over CNA (Fig. 3 A and B). Relative to cz7/, annual N, in
rough decreases by up to -41% (i.e., an increase of +70% in ctr/

https://doi.org/10.1073/pnas.2315425121

relative to rough), particularly over the Great Plains and the
Southeast United States (Fig. 3C).

In contrast to CSA, the response in N is driven by the decrease
in both N (up to -30%; Fig. 3D) and P, o0 (up to -27%;
Fig. 3E), with a negligible increase from the interaction term (up
to +5%; Fig. 3F). These relative changes vary by region, as the
decrease of P, ionjss 18 @ larger driver over the Southeast United
States while the decrease of N, is a slightly larger driver over the
Great Plains. Over the Great Plains, the response is again associated
with weakened easterly winds at 925 hPa over the roughened ocean
surface in rough, driving weakened southerly winds at 925 hPa
flowing downstream into the Great Plains (vectors in Fig. 3C)
through the mechanical forcing of the Rockies (45, 46). Such a
weakening of N and southerly low-level flow over the Great Plains
is found in all seasons (SI Appendix, Fig. S6). In this case, the
low-level vertical wind shear from the surface to 1 km conditioned
on severe thunderstorm environments decreases over the Great
Plains (thick lines in SI Appendix, Fig. S4E) as does the low-level
moisture below 2 km in the mean state (S/ Appendix, Fig. S4F).
These results are consistent with the reduced frequency of LLJ,
especially during the late afternoon (SI Appendix, Fig. S4G), though
the weakening of LL] intensity is relatively minor (87 Appendix,
Fig. S4H). Meanwhile, over the Southeast United States, the con-
ditional low-level shear (thick lines in S7 Appendix, Fig. S41) and
mean-state moisture (S/ Appendix, Fig. S4/) also decrease by similar
magnitudes to the Great Plains, reflecting a weakened onshore flow
within severe thunderstorm environments. This is consistent with
the reduced LL] intensity within this area (S/ Appendix, Fig. S4L)
and the reduced LL] frequency during the afternoon, though the
nocturnal LL] frequency slightly increases (S Appendix, Fig. S4K).
In this region the mean-state onshore flow field at 925-hPa is actu-
ally slightly enhanced in rough (vectors in Fig. 3C). Hence, the
low-level shear response over the Southeast United States is tran-
sient, occurring within severe thunderstorm environments but not
in the mean state.

Additional analyses and GCM experiments also add robustness
to the result in 7ough. Such a strong response of N, holds for any
desired thresholds defining severe thunderstorm and tornadic
environments (S/ Appendix, Figs. S9 E-H and S10 F~J; detailed
in Materials and Methods. Roughening a smaller area of the
upstream surface (i.e., the Gulf of Mexico only) also produces a
strong response but is smaller than in rough (SI Appendix,
Fig. S7A), again indicating the dependence of the response on the
area of the upstream surface.
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Fig. 4. Arougher upstream ocean surface suppresses downstream tornado potential in idealized aquaplanet GCM experiments, too. (A-F), As in Fig. 2, but for
aquasmooth versus aquarough with vectors representing 850-hPa winds. Hatched area in (B) indicates the upstream region modified in the experiment. Note
the different wind vector scale in (A and B) vs. (C). For full details of the experimental setup, the reader is referred to the Materials and Methods.

These results for North America are qualitatively consistent with
the results of South America above, suggesting that the strong
contrast in upstream surface roughness and terrain drives the
marked contrast in the climatology of tornado activity between
the two continents. The spatial pattern and drivers are a bit more
complex, with the thermodynamic response playing a more sig-
nificant role in CNA than CSA. The Great Plains response is
similar to CSA via the role of the poleward low-level flow and the
LLJ within it, whereas the response in the Southeast United States
differs in its transient mechanism. This reflects the well-known
contrast in the behavior of tornado activity between the two sub-
regions (15, 39, 40, 105, 106). The responses in North America
are overall smaller in magnitude than in South America above,
perhaps because there is no experimental analog in rough for the
influence of the upstream highlands, which was shown to be as
important as land cover roughness in smooth (SI Appendix, Fig. S5
A and B). Other topographic differences between these two con-
tinents, such as the height (66, 75, 95, 107) and slope (47, 51) of
the Rockies versus the Andes that drive differences in the mech-
anisms of LL] formation, may also modulate regional severe
weather activity differently. In addition, the wider extent of the
Rockies may favor more elevated mixed layers and drylines that
are more favorable to the formation of severe thunderstorm and
tornadic environments over North America (62, 108).

Finally, we show that our hypothesis is supported more gener-
ally for a midlatitude landmass poleward of a tropical ocean on
an Earthlike planet, using idealized aquaplanet GCM experiments
(109-111). We design a smooth aquaplanet simulation (denoted
as aquasmooth) that contains the minimal geographic ingredients
for severe thunderstorm environments (42). The setup has an
idealized rectangular midlatitude continent with a 3 km north—
south oriented plateau along its western edge (Fig. 4A4). This height
is between the height of the Rockies and Andes. For simplicity,
the plateau is narrow (7.5 degrees of longitude) and steep (a slope
of 90 degrees) and thus is similar to the shape of the Andes. The
aquasmooth successfully reproduces a “tornado alley’-like region
of significant tornado potential east of the plateau (Fig. 44) with
a strong seasonal cycle that peaks in springtime (S/ Appendix,
Fig. S8). To test our hypothesis, we compare aquasmooth with a
rough aquaplanet experiment in which the surface roughness of
the tropical ocean equatorward of the continent is enhanced to
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be analogous to the roughness magnitude of the rainforest-covered
flat land surface (denoted as aguarough; Fig. 4B; Materials and
Methods).

The aquaplanet results support our hypothesis, as annual tornado
potential within the tornado region in aguarough is strongly sup-
pressed by up to -67% relative to aquasmooth (i.c., an increase
of +203% in aquasmooth relative to aquarough; Fig. 4C). This
response is driven principally by the decrease in P, onjss (~ 60%;
Fig. 4F) with a small contribution from the decrease in N
(~ -14%; Fig. 4D) and a small increase due to the interaction term
(+7%; Fig. 4F). Similar to the real-world GCM experiments above,
particularly South America, these responses are associated with
weakened easterly winds at 850 hPa over the upstream roughened
ocean surface in aguarough, which thus weakens the southerly winds
flowing downstream into the continental interior (vectors in
Fig. 4C). Such a strong weakening of N, and southerly low-level
flow within the continental interior is found in all seasons
(SI Appendix, Fig. S8). The weakened low-level (850 hPa) winds
primarily reduce the conditional low-level vertical wind shear from
the surface to 1 km above (thick lines in S7 Appendix, Fig. S4M),
and the inland moisture transport in the lower troposphere below
4 km (81 Appendix, Fig. S4N), and thereby produces environments
less favorable to tornadoes. This result is consistent with a decrease
in the frequency and intensity of LLJ throughout the day
(SI Appendix, Fig. S4 O—P). We note that aquasmooth does not pro-
duce an obvious coastal region of elevated tornado potential farther
east that would be analogous to the Southeast United States, a topic
worthy of future research. Nonetheless, this outcome again high-
lights the contrast in storm behavior between the Southeast United
States and the Great Plains (15, 39, 40, 105, 1006).

These strong responses in aguarough are again robust to any
desired thresholds defining severe thunderstorm and tornadic envi-
ronments (S/ Appendix, Figs. S9 I-L and S10 K~O; detailed in
Materials and Methods. Finally, results are not specific to the mag-
nitude of roughening, as the response increases as the upstream
surface is more strongly roughened (S7 Appendix, Fig. S7 Band C.
This is consistent with the finding that the response over CSA in
smooth is stronger than that over CNA in rough due to the complex
terrain over the tropical South America (e.g., the presence of the
Eastern Highlands), which causes a rougher tropical South American
landmass than the roughened tropical ocean surface in rough (112).
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'This work adds a critical missing ingredient to our conceptual
understanding of the geographic controls of tornado hotspots on
Earth: a smooth, flat ocean-like upstream surface. A smoother
upstream surface permits stronger easterly trade winds that feed
the poleward low-level winds flowing downstream into the con-
tinental interior (red arrows in Fig. 4 A and B). Despite mecha-
nistic and structural differences between the continents, the
poleward low-level winds, including the GPLLJ over central North
America and SALL]J over central South America, help generate
the strong near-ground environmental vertical wind shear neces-
sary for tornadoes and also enhance inland moisture transport.
Our real-Earth and idealized global climate model experiments
successfully capture such direct impacts of the large-scale upstream
surface roughness on the geography of tornado potential over both
continents. Our analyses indicate that a smooth, flat ocean surface
upstream, as compared to a rougher land, is ideal for generating
a regional tornado hotspot as found in central North America.
The rainforest cover and terrain complexity further enhance the
roughness of the tropical South American landmass. If the tropical
South American land surface were less rough (i.e., more ocean-like),
tornado potential over central South America might be more sim-
ilar to that found over central North America (Fig. 2B versus
Fig. 34).

Here, we have focused on the role of continental-scale roughness
upstream of the severe weather regions of North America and
South America. Note that the wind hodograph influenced by
surface roughness is not simply passively advected downstream
from the modified upstream region. Previous studies have indi-
cated that the local air parcels associated with convective environ-
ments over CNA originate from distinct upstream locations at
each level (57, 113). This is also true in our experiments for both
CNA and CSA (8] Appendix, Fig. S11), as changes in the local
wind speed and direction at each level imply changes in the source
location of parcels at those levels. Modifying the continental-scale
upstream surface roughness slightly modifies the inflow trajectory
of the parcels that ultimately comprise the low-level wind profiles
locally over CNA or CSA, though they still originate over the same
broad regions upstream. We hope that this work will open up
research questions regarding how regional heterogeneity of topog-
raphy and the land surface (land cover and variable terrain) can
modify regional tornado activity, both downstream and locally, as
well as the role of higher resolution topographic and land-surface
interactions with low-level winds and boundary-layer processes
that could be tackled in future work (97, 102, 114). This includes
the emergence of the South American Eastern Highlands and the
Amazon rainforest basin in paleoclimate records (115), and
Amazonian deforestation and regional land cover changes in the
eastern half of the United States in the modern climate (101, 116).
Moreover, an important question is how terrain and land cover
may alter the response of tornadoes in the future, as climate change
may -modulate the large-scale atmospheric circulation and the
geographic patterns of severe thunderstorm and tornado activity
that it produces (106).

While upstream surface roughness and terrain appear to play a
first-order role in the contrast of tornadic environments between
North and South America, there certainly may be other factors that
also contribute to the contrast in tornadic environments and in
tornado activity between the two continents. We hope our study
motivates future research exploring those additional factors. This
includes differences in other geographic properties, such as the
mountain and landmass orientation and extent (47, 66, 75, 84, 95,
107, 117), which may shift the central latitude of the tornado hot-
spot and hence interact with large-scale environments differently
(e.g., mid-latitude storm tracks). Moreover, we have focused on
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tornado potential based on the widely used set of necessary ingre-
dients for tornadogenesis, yet tornadoes themselves are especially
complex. Differences in other, less well-understood storm-scale
factors that have been found to influence tornadogenesis [e.g.,
updraft width, cold pool, and convective modes; (118-120)] may
also differ in storms over the two continents. Future work research-
ing these questions may seck to employ high-resolution modeling
experiments [e.g., storm-resolving models and large-eddy simula-
tions; (121-125)] to explicitly resolve these processes, as well as to
consider recent theoretical advances in environmental controls of
the formation of severe thunderstorms and tornadoes [e.g., entrain-
ing CAPE and storm relative helicity components; (126, 127)] once
they are incorporated into environmental proxies that become
standard in the forecasting community.

Materials and Methods

Tornadic Environments and Tornado Potential. We define a severe thun-
derstorm environment to have convective available potential energy (CAPE; a
measure of atmospheric instability) and 0 to 6 km bulk wind difference (S06;
a measure of deep-layer vertical wind shear) each exceeding a specified lower-
bound threshold. Tornadic environments are defined as severe thunderstorm
environments that additionally have 0 to 1 km storm relative helicity (SRHO1,
a measure of the potential for a near-ground air parcel to generate rotation as
it flows into the base of a storm) exceeding a specified lower-bound threshold.
Following past work, we initially set these thresholds to 150 J kg™ for CAPE,
10 m s~ for S06 (14, 16, 17), and 200 m s~ for SRHO1 (19, 20, 22, 24, 25),
respectively. These thresholds for CAPE and S06 are close to the lower bounds of
CAPE and S06, above which most tornadoes occur across the contiguous United
States (14, 22,25, 128).This enables the inclusion of low-CAPE tornadic environ-
ments that are commonly found for tornadoes over the Southeast United States
and during cool seasons (S Appendix, Fig. S6D), which account for a significant
portion of all tornadoes across the contiguous United States (22, 105, 128). The
threshold for SRHOT is close to the lower 25th percentile SRHO1 for significant
(EF2+)tornadoes and median SRHO1 for weaker tornadoes but the 90th percen-
tile SRHOT for nontornadic severe thunderstorms across the contiguous United
States (22); hence, it ensures a relatively high possibility for producing tornadoes
from preexisting severe thunderstorms. We show below that our results are robust
to any desired thresholds.

We define tornado potential (N,,,) as the mean frequency of tornadic environ-
ments per unit area and per year or season and severe thunderstorm potential
(Ng,) as the mean frequency of severe thunderstorm environments per unitarea
and per year or season. The conditional probability of strong near-ground rotation
potential (P, qqsis) s the probability of SRHO1 exceeding 200 m?s=2 in magni-
tude (favorable SRHO1 is positive in the Northern Hemisphere and negative in
the Southern Hemisphere) conditioned on the existence of severe thunderstorm
environments.

Specifically, CAPE is defined as the vertical integral of positive buoyancy
between the level of free convection (zc) and the equilibrium level (zg) of a
hypothetical mixed-layer air parcel lifted from near the surface (43), Eq. 3, where
g is the acceleration due to gravity. We define mixed layer as the lowest 500 m
above the surface, consistent with (14, 16-18). S06 represents lower-tropospheric
environmental horizontal vorticity, defined as the absolute magnitude of the
wind vector difference between 6 km (V) and 10 m (V,,,,) above the surface
(10), Eq. 4, SRHO1 represents the streamwise (in the Northern Hemisphere) or
anti-streamwise (in the Southern Hemisphere) horizontal vorticity of the 0 to Tkm
environmental flow parallel to the storm inflow direction, which measures
the potential for near-ground updraft rotation needed for tornado formation
(19,20,22,24-26),Eq. 5, where Vis the height-varying wind vector from 10 m to
1 km above the surface, V, is the storm motion vector (129),and k is the vertical
unit vector. We use the greater absolute value of SRHO1 between the right- and
left-moving storms for each time step and grid point so that it is valid for both
the Northern and Southern Hemisphere (18).

m [ —T
CAPE=J g2 =

2IFC ve

az,

(3]

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2315425121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315425121#supplementary-materials

Downloaded from https://www.pnas.org by 38.15.60.244 on March 20, 2025 from IP address 38.15.60.244.

506 = |V — Vignls (4]
=lm oV

SRHO1 = —J ke (V-v)xZdz 5]
z=10m 9z

We calculate CAPE and SRHO1 using the xcape python package (18), publicly
available at https://github.com/xgcm/xcape. We use the vertical linear interpo-
lation of the interpolate_to_isosurface function within the metpy package (130),
publicly available at https:/github.com/Unidata/MetPy, to obtain winds at 6 km
above the surface for calculating S06.

Robust to Thresholds and Proxies. While the performance of environmental
proxies in representing severe thunderstorm and tornado potential varies by
season and region (22, 131), which poses challenges for choosing threshold
values for environmental proxies (17), we show that our results (responses across
experiments) are robust to any combinations and specific values of thresholds
of these parameters (S Appendix, Figs. S9 and $10), as well as to the addition
of other key parameters such as the convective inhibition (CIN) and significant
tornado parameter (STP) (S Appendix, Fig. S10).

First, our conclusions are not sensitive to the thresholds for defining severe
thunderstorm environments, as we detect a robust decrease in tornado potential
in rough (relative to ctrl; SI Appendix, Fig. S9 E-G) and a robust increase in smooth
(relative to ctrl; SI Appendix, Fig. S9 A-C)and aquasmooth (relative to aquarough;
SIAppendix; Fig. S9 I-K) across a wide range of lower-bound thresholds for CAPE
and S06. Similarly, our conclusions are not sensitive to the threshold for defining
rotation potential, as we detect a robust decrease in tornado potential in rough
(81 Appendix, Fig. S9H) and a robust increase in smooth (S Appendix, Fig. S9D)
and aquasmooth (Sl Appendix, Fig. S9L) for any threshold values of SRHO1, and
the percentage responses are larger for larger SRHO1 thresholds. Second, in addi-
tion to the low CAPE and S06 thresholds and high SRHO1 threshold used in the
main text, we further test combinations of 1) low CAPE and S06 thresholds and
low SRHO1 threshold (S/ Appendix, Fig. S10 A, F, and K), 2) high CAPE and S06
thresholds and high SRHO1 threshold (S/ Appendix, Fig. S10 B, G, and L), and 3)
high CAPE and S06 thresholds and low SRHO1 threshold (S/ Appendix, Fig. S10
C, H, and M) to show that the responses across experiments are very similar
across all combinations of low/high thresholds of CAPE, S06, and SRHO1. The
high thresholds of CAPE and 506 yield CAPExS06 >4 x 10, which are most
commonly associated with severe thunderstorms and tornadoes over the Great
Plains and during warm seasons when high-CAPE and high-S06 environments
are more favorable (12, 15,22, 90); indeed, observations indicate that over 50% of
right-moving supercell EF2+ tornadoes in the contiguous United States occurred
when CAPE > 1,519 J kg™" and 506 > 30 ms™'[1,519 x 30 = 45,570; (22)].
Third, we show that the results are robust to the addition of a threshold on
CIN>-125J kg”. [S/Appendix, Fig.S10 D, 1, and N; (18)]. Alow CIN represents
a low potential energy barrier that external forcing must overcome to initiate
deep convection, which is more representative of tornadic environments over
southern Brazil (7,91, 92) and the Southeast United States (39, 40). Last, we test
quantifying tornado potential by STP > 1(20, 24, 25) and show that the results
are robust (S/ Appendix, Fig. S10 £,J,and 0). STP is a commonly used forecasting
tornado index by the Storm Prediction Center. We follow past work to define STP
(20) based on CAPE, SRHO1, S06, and lifting condensation level (LCL).

Overall, though detailed regional patterns and absolute values of tornado
potential vary with these modified environmental proxies and thresholds, they do
not change the finding that the strong responses of tornado potential to upstream
surface roughness in all of our experiments hold for these modified definitions.

Observation and Reanalysis Datasets. Observed EFO+ tornado records in
the United States during 1985 to 2014 are obtained from the Storm Prediction
Center (https://www.spc.noaa.gov/wem/). Avalidated dataset for tornado reports
over the southeastern South America during 1991 to 2020 is publicly available at
https://doi.org/10.5281/zenodo.7072781(132) and is described in more detail
in ref. 84. Note that this database includes only tornado reports that could be
independently verified (i.e., photographic evidence or corresponding newspaper
reports from the region) and does notinclude all available tornado reports. Thus,
the number of tornadoes is likely significantly underestimated, especially for
some tornadoes reported over the southeastern Brazil (33, 85, 91, 92). Caution
should be exercised in directly comparing the frequency of tornado reports in CNA

PNAS 2024 Vol.121 No.26 2315425121

and CSA, though the stark qualitative contrast between the two regions is likely to
be robust. Future efforts are needed to correct reporting biases (133) and build
up a long-term database for South American tornado activity by incorporating
all available and verified data sources, which may help to perform a quantitative
applies-to-applies comparison of tornado activity between CNAand CSA. Counts
of EFO+ tornadoes in the United States and all verified tornadoes over the south-
eastern South America are used to generate Fig. 14. We do not condition on EFO+
tornadoes for South America because over 60% of these tornadoes do not report
accurate intensities (84), though the stark contrast between CNA and CSA is still
evident for EFO+ or higher-intensity tornadoes.

Annual mean flash during 1995t0 2010 from 0.5° x 0.5° gridded climatological
data of lightning flashes seen by the spaceborne optical transient detector (OTD) and
Lightning Imaging Sensor (LIS) is used to generate Fig. 1B, obtained from https:/
ghrc.nsstc.nasa.gov/pub/lis/climatology/LIS-OTD/HRFC/data/nc/. Here, lightning
density is used to approximate the climatology of severe thunderstorm activity in
central North and South America, though in the tropics, it usually represents less
severe storms where deep-layer wind shear is in general small.

The ERAS reanalysis (103) has been shown to closely match in situ observations
(e.g., radiosondes) of key convective environmental parameters (14, 15,17, 25).
We use the 3-hourly ERAS data during the period 1985 to 2014 at 37 constant
pressure levels from 1,000 to 1 hPa (7 levels between 1,000 and 850 hPa). The
pressure-level data are interpolated from the original 137-model-level ERAS data
(103) and combined with the near-surface (10 m above ground surface) data.
The horizontal grid spacing is 0.25 degrees. We obtain the dataset from NCAR's
Research Data Archive, publicly available at https://doi.org/10.5065/BH6N-5N20.

Real-Earth GCM Experiments. We use the community atmosphere model
version 6 (CAMé) coupled to the Community Land Model version 5 (CLM5),
within the Community Earth System Model version 2.1.1 (CESM2.1.1) (104), to
conduct the control historical simulation (denoted as ctrl), the South American
experiment with modified equatorward land surface (denoted as smooth), and the
North American experiment with modified equatorward ocean surface (denoted
as rough). CESM2.1.1 model source code is publicly available at https://www.
cesm.ucar.edu/models/cesm2/release_download.html.

The ctrlis the default FHIST component configuration within CESM2.1.7. It uses
the finite-volume dynamical core, configured on a 0.9°x 1.25° latitude-longitude
grid mesh with 32 hybrid sigma-pressure levels. There are 6 to 7 levels (vary by
region) over the lowest 1 km above the surface. Historically annual changes in global
natural and crop vegetation are considered in CLM5 by prescribing the annual
transient land use and land cover data based on observations from 1979 to 2014.
This helps produce reasonable surface roughness over canopy, as the surface rough-
ness length is proportional to the height of vegetation (104). The global ocean
is prescribed with monthly historical sea surface temperatures and ice coverage
created from merged Hadley-NOAA/Ol products (134). We integrate the simulation
over the period 1979 to 2014 on NCAR's Cheyenne supercomputers, discard the
first 6 y for spinup, and analyze the 3-hourly output from 1985 to 2014. Past work
shows thata similar historical simulation using CESM2.1.0 successfully reproduces
realistic climatology of severe convective storm environments in North America
with similar spatial patterns, seasonal cycles, and diumal cycles as compared to
the ERAS historical climatology (15). Similar to ref. 15, ctrf reasonably reproduces
the climatological spatial patterns of severe thunderstorm and tornado potentials
inthe ERAS, particularly the strong contrast between CNA and CSA(Fig. 1 F-H).The
lower horizontal and vertical resolutions of CESM as compared to ERAS may partially
contribute to the high bias in severe thunderstorm potential over tropical South
America (Fig. 1D vs. Fig. 1G), which may be improved by using high-resolution
GCMs in future work. For both CNA and CSA, the modest high bias in severe thun-
derstorm potential is associated with the high bias in CAPE (15); this overestimation
of CAPE is commonly found in most CMIP6 global climate models, associated with
overestimations in near-surface moist static energy (135).

The ctrl also reasonably captures the diurnal cycle of LLJ frequency and inten-
sity over CNA and CSA (S1 Appendix, Fig. S1D), as well as other synoptic-scale
features (e.g., drylines, elevated mixed layer, and extratropical cyclones) key to
severe convective environments (15), as compared to the ERAS (S/ Appendix,
Fig. S1C). The LLJ within the Great Plains is more frequent and has a stronger
diurnal cycle than that within CSA (51 Appendix, Fig. S1 Cand D), consistent with
observations (49, 136). Following (136), we identify a wind profile as a LLJ if it
meets the following three criteria: i) wind speed displays a local maximum equal
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to or greater than 12 m s~ within the lowest 3,000 m above ground surface, ii)
wind speed decreases by at least 6 m s~ from the maximum speed to the first
minimum found aloft or to the speed at 4,000 m above ground surface, which-
ever occurs first, and iii) the wind vector of the maximum speed has a southerly
component over North America or a northerly component over South America. The
firsttwo criteria are the same as ref. 136.Though larger limits to the heights in (i)
and (i) were suggested for detecting SALLJ (68) and a lower limit to the heightin
(ii) was suggested for detecting GPLLJ (49), we have tested to ensure that these
modifications of criteria have a relatively small influence on the climatology of LLJ
from the ERA5 and ctrl. We add the third criterion as we focus on the poleward LLJ.

The smooth is the same as ctrl except that the tropical South American surface
(the hatched area in Fig. 2B) is smoothed and flattened to be ocean-like. Specifically,
smooth includes three modifications (S/ Appendix, Fig. S2 E-H) with respect to ctrl
(S Appendiix, Fig. S2 A-D). First, we reduce the momentum roughness length (zq,,)
and enthalpy roughness (z,,) over vegetation canopies of the equatorward land
(landmass within 25°5-13°N, 81.5°W-34°W) to the magnitude of 10* m, similar
to that of ocean surface (SI Appendix, Fig. S2E versus A). We reduce both z,,, and
2y, because they are both determined by vegetation types and the default model
parameterization sets z,, to be identical to z,,,. Second, we remove the elevation
roughness associated with parameterized small-scale terrain variance by setting the
SD of 10-min elevations (SGH) and the SD of elevations from 30 s to 10 min (SGH30)
to zero, except over the majority of the Andes (surface height greater than 500 m)
where values are notaltered (S/Appendix, Fig. S2 F-G versus B-C). Third, we flatten the
equatorward land surface itself by setting the surface elevation (z.) to zero except over
the Andes Mountains in the same manner as above (S Appendix, Fig. S2H versus D).
We choose 25°, as itis approximately the northern boundary of the majority of central
South American tornado activity (Fig. 14), though some tornadoes are reported at
lower latitudes of South America (33,91, 92). Thus, the modified equatorward land
in smooth creates an ocean-like smooth surface upstream of the tornado hotspot
of central South America, similar to North America where the smooth equatorward
ocean surface (i.e., the Gulf of Mexico and the Caribbean Sea) s located upstream of
the tornado hotspot of central North America. To effectively test our hypothesis, our
modifications in smooth relative to ctrl seek to isolate kinematic impacts of surface
roughness and terrain. Though local surface latent heat flux is slightly reduced due
to the reduction of zg,, and zg, this local thermal response has been minimized as
we keep land cover types and soil properties unchanged. To help distinguish the
individual role of each modification, we conduct additional three experiments with
each modification applied individually (S Appendix, Fig. S5 A-C).To test whether the
influence of enthalpy roughness s strong, we conduct an additional experiment with
the enthalpy roughness unchanged and otherwise the same as smooth (S Appendix,
Fig. S5D).We also conduct an additional experiment with a smallerregion upstream of
the central South America smoothed and flattened to determine whether the results
depend on the area of the upstream surface modified (S/ Appendix, Fig. S5E).

The rough is the same as ctrl except that the tropical North American ocean sur-
face (the hatched area in Fig. 3Bincluding the Gulf of Mexico and the Caribbean Sea)
is roughened to be as rough as the rainforest-covered Amazon basin. Specifically,
instead of modifying the surface momentum roughness length (z,,,) as in smooth
above, here we enhance the drag coefficient (C,) at the lowest model level (roughly
60 m above the surface) by a factor of 10.This is because the ocean module in the
model does not explicitly solve for z,,, but does solve for C; when calculating turbu-
lence fluxes at the lowest model level. The empirical relation between Cyand zy,, is

W (6]

where k =04 and z~ 60m. Thus, we estimate C; ~0.9x 107 given
Zom ~ 107 m for ocean and C; ~ 9.5 x 107 given z,,, ~ Tm for the Amazon
surface [SI Appendix, Fig. S24; (98, 99)]. This yields roughly a factor of 10

SST(m, 9) =

max{ —1.65,29 — 31sin? (” .

https://doi.org/10.1073/pnas.2315425121

max{ —1.65,29 —31sin’ <”

difference between the rough and smooth ocean surface. We also conduct an
additional experiment with only the Gulf of Mexico surface modified to deter-
mine whether results depend on the area of the upstream surface modified
(51 Appendix, Fig. S7A).

The momentum roughness length (z,,,) determines the magnitude of
momentum flux exchange at the interface of Earth's surface and atmosphere
(137). Alarge value of z,,, indicates large surface momentum flux exchanges
and hence a large frictional drag on the near-surface wind speed (137). Given
alogarithmic wind speed profile within lower troposphere, higher z,,, leads to
lower near-surface wind speed but higher near-surface wind shear (137, 138),
which is consistent with the upstream (local) shear responses in our experi-
ments (thin curves in S/ Appendix, Fig. S4 A, E, I, and M). The upward transport
of momentum flux is parameterized within model's planetary boundary layer
(PBL) scheme, which is replaced by the Cloud Layers Unified By Binormals
(CLUBB) parameterization in CESM2.1.1 (104). Note that our quantitative
results may depend on the nature of the boundary layer parameterization in
CESM given that the boundary layer is the key mediator of the response to
surface forcings. This is not easy to test directly as we are limited to use the
parameterization included in CESM. However, our CESM Control run repro-
duces the climatological convective environments and flow features, suggest-
ing that the model parameterizations including the PBL scheme represent
the relevant boundary-layer processes reasonably well. Hence, we expect the
qualitative responses to be robust, though the quantitative values of those
responses may be sensitive to the choice of different parameterization schemes
(or different models).

Idealized GCM Experiments. Starting from the CESM2.1.1 aquaplanet setup
(109-111), we develop an idealized configuration including the minimal geo-
graphicingredients expected to be necessary to produce a regional severe thun-
derstorm hotspot: a midlatitude continent with a western elevated plateau and
poleward of a large source of warm moist air (42-44). The smooth experiment
(denoted as aquasmooth) simulates an aquaplanet with prescribed monthly
varying sea surface temperature (SST) and includes an idealized rectangular
midlatitude continent with a 3 km north-south oriented narrow plateau along
its western edge (Fig. 4A). The rough experiment (denoted as aquarough) is the
same as aquasmooth except that the roughness of the tropical ocean surface
equatorward of the continent (the hatched area in Fig. 4B) is enhanced to the
magnitude of forested land. The design of the model bottom boundary is a slab-
ocean continent with interactive temperature surrounded by an aquaplanet ocean
whose spatial distribution of SST is prescribed to follow a fixed seasonal cycle
similar to the present-day Earth.

The prescribed SSTis derived from the 1980 to 2014 historical climatological
SSTof the ERAS reanalysis data based on the following steps. First, we calculate the
ERA5 monthly and zonal mean SSTduring 1980 to 2014 (denoted as SSTy(m, @),
SI Appendix, Fig. S21), where m denotes boreal month from 1 (January) to 12
(December), and @ denotes latitudes from —90 (90°S) to 90 (90°N). Second, as
our aquaplanet is symmetric with respect to the equator, we remove the asym-
metry of the seasonal cycle in SSTy(m, @) between the Northern and Southern
Hemispheres to produce SST, (m, @ ) (SI Appendix, Fig. S2.) based on

o 0.5(5Ty (m, #) + 55T, (m =6, —@)), m<6

Third, for simplicity, we follow (109) to fit a simple sin? function to SST, (m, @ ),
which yields the following equation defining the SST (m, @ ) used as the
prescribed SST in our idealized experiments (SI Appendix, Fig. S2K) with
Pp(m) = —0.06—9‘94sin(%m) fitting the location in latitude of monthly
maximum SST:

165, 16| >85
x, B-pm
2 85-0.5¢(m)
x_ B—g(m)
2 " 85+0.5¢(m)

>} |#] <85andm<6

)} |4 <85andm<6
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The simple continent and the plateau are both covered by a thin slab ocean with
reduced saturation specific humidity at the surface, mimicking the constrained
wetness of land, and low heat capacity of the continental surface relative to ocean
surface, mimicking the lower thermal inertia of land as compared to ocean. The
only difference between the continentand plateau is that the surface elevation is
0 m for the continent but 3 km for the plateau (a height in between the average
height of the Rockies and the Andes). The present-day Earth’s orbital parameters
are used to enable both diurnal and seasonal cycles.

Following ref. 139, we set the slab ocean depth of the continent and plateau
to be h, = 0.05 m. This is determined by the soil penetration depth (h) in the
diurnaltimescale (@ =27/86,4005"):h = /2D /@ ~ 0.11m for soil thermal
diffusivity D = 0.5 x 107 m?s™" (139, 140). As the volumetric heat capaaty of
sea water is constant everywhere in the model to be 4.1 x 10 J m™> K" that is
roughly twice the value for soil 1.0 — 3.0 x 10°J m > K", setting the slab ocean
depth h, to roughly half the value of hensures that the heat capacity of our simple
continent (2.05 x 10°J m~? K"} is roughly equivalent to the heat capacity of
s0il (1.1 = 3.3 x 10°J mK”").

In addition to setting an equivalent heat capacity of soil, we also consider
the difference in surface wetness between continent and ocean via reducing the
saturation specific humidity (g,,) at the surface of the slab continentand plateau
by roughly 50%, similar to refs. 141 and 142. This is modified by setting the
parameter § = 0.5 in the model parameterization of surface latent heat flux.
The surface latentheat flux equationis given by £ = p, L, C, U(ﬁqsa, q,), where
p, is the near-surface air density, L, = 2.501 x 10°J kg is the latent heat of
vaporization of water, C, ~ 0.0014 is the enthalpy exchange coefficient, U is
the near-surface wind speed, and g, is the near-surface air specific humidity.
Therefore, B is defined by

N a1
h= <patcu ")qsa; (9]

We may estimate the value of g based on Eq. 9 using the ERA5 1980 to 2014
climatological annual mean £, p,, 10-mU, 2-mg,, and g,,, for midlatitude ocean,
flatlands (Zy < 500 m) over midlatitude North and South America, and mountains
(Zy > 1,500 m) over midlatitude North and South America, respectively. For the
ocean, the model takes g = 0.98 constant. This value is close to g = 0.95 esti
mated from subst|tut|ng the ERA5 m|dlat|tude ocean means of £ = 110 Wm

p,=12kgm> U =80ms",q, = 9.5¢kg™",andg,, = 13.5gkg™" |ntoEq.9.
For the flatlands we estimate # = 0.77 by substituting the ERA5 midlatitude
North and South American flatland mean values of £ = 65 W m~?,p,=12kg
m>U=80ms",q,=85gkg™",andq,, = 13.5g kg "into Eq.9. For the
plateaus, we estimate g = 0.37 by substituting the ERAS mid-latitude North
and South American mountain mean values of £ = 30 Wm - }

0, =10kgm™,
U=80ms",q,=40gkg™",and g, = 13.5g kg™ into Eq. 9. Note that we

use the mean 10 m wind speed over ocean for estimating g over flatland and

1. H.E Brooks, C.A. Doswell Ill, Normalized damage from major tornadoes in the United States:
1890-1999. Weather Forecasting 16, 168-176(2001).

2. W.S.Ashley, Spatial and temporal analysis of tornado fatalities in the United States: 1880-2005.
Weather Forecasting 22, 1214-1228 (2007).

3. S.A.Changnon, Tornado losses in the United States. Nat. Hazards Rev. 10, 145-150 (2009).

4. B.Antonescu, D. M. Schultz, A. Holzer, P. Groenemeijer, Tornadoes in Europe: An underestimated
threat. Bull. Am. Meteorol. Soc. 98,713-728 (2017).

5. Z.Meng etal., The deadliest tornado (EF4) in the past 40 years in China. Weather Forecasting 33,
693-713(2018).

6. J.T.Allen, E.R.Allen, H. Richter, C. Lepore, Australian Tornadoes in 2013: Implications for
climatology and forecasting. Monthly Weather Rev. 149, 1211-1232 (2021).

7. M.1.0Oliveira, F. S. Puhales, E. L. Nascimento, V.. Anabor, Integrated damage, visual, remote sensing,

and environmental analysis of a strong tornado in southern Brazil. Atmos. Res. 274, 106188 (2022).

P. Markowski, Y. Richardson, Mesoscale Meteorology in Midlatitudes (John Wiley & Sons, 2011).

9. E.N.Rasmussen, D. 0. Blanchard, A baseline climatology of sounding-derived supercell and
tornado forecast parameters. Weather Forecasting 13, 1148-1164 (1998).

10. H.E.Brooks, J. W. Lee, J. P. Craven, The spatial distribution of severe thunderstorm and tornado
environments from global reanalysis data. Atmos. Res. 67, 73-94 (2003).

11, V.A. Gensini, W. S. Ashley, Climatology of potentially severe convective environments from the
North American Regional Reanalysis. £-J. Severe Storms Meteorol. 6, 1-40 (2011).

12. N.S. Diffenbaugh, M. Scherer, R. J. Trapp, Robust increases in severe thunderstorm environments in
response to greenhouse forcing. Proc. Natl. Acad. Sci. U.S.A. 110, 16361-16366 (2013).

s

PNAS 2024 Vol.121 No.26 2315425121

plateau as well because the surface roughness of slab continents in the model
is the same as ocean and thus leads to relatively small difference in their near-
surface wind speeds. For simplicity in our experiments, we use g = 0.5for both
the flat continentand 3 km plateau in our experiments which is broadly consistent
with the range of our real-world estimates above.

In aquarough, similar to rough above, the roughness of the tropical ocean
surface upstream of the continent is enhanced to the magnitude of ctr/ Amazon
land by enhancing the drag coefficient (Cy) at the lowest model level (roughly 60 m
above the surface) by a factor of 10. We additionally conduct two experiments
with the upstream ocean surface roughness enhanced by a factor of 50 and 100
(S Appendix, Fig.S7 Band C), respectively, to show that our results are not specific
to the magnitude of roughness.

Besides modifications detailed above, other model configurations for both
experiments are the same as in the default QSCé configurate within CESM2.1.1
(110,111).We run both experiments for 14y ona 1.9°x 2.5° latitude-longitude
grid mesh with 32 hybrid sigma-pressure levels, discard the first 4 y for spinup,
and analyze the 3-hourly output from the last 10y.
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