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ABSTRACT: Over the course of the century, much research has been done to understand how
derechos form, what environments support derecho development, and how forecasts of derechos
can be improved. Following the definition, climatology, and societal impacts of derechos in Part |
of this manuscript, Part Il offers a thorough review on the parent MCS structures that produce
derechos, which synoptic setups support derecho-producing MCSs, and the successes and failures
of forecasting derechos. This manuscript reviews the 3D structure of MCSs that support derecho
development, as well as both the strongly and weakly forced synoptic environments where
derechos frequently occur. In addition, successes and failures common among most derecho
numerical forecast studies are discussed to suggest where the greatest improvements in derecho
forecasting may be made.
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A review on derecho-supporting MCS structure and dynamics

he understanding of the physical mechanisms responsible for derecho production,

particularly progressive derechos, stems from earlier studies of the vertical convective

circulations that characterize linear derecho-producing mesoscale convective system
(DMCS) structures. Beyond the squall line studies of Hamilton et al. (1945), Newton (1950),
Tepper (1950), and Fujita (1955), numerous studies in the last 50 years have focused on
MCS internal dynamics (Houze 2018) to understand why MCSs sustain themselves for
long periods of time and support long-tracked derecho wind-damage swaths. Ascending
front-to-rear flow from the MCS leading line to the trailing precipitation region supports
the rearward transportation of rainwater, snow, and ice pellets, which melt and evaporate
as they descend behind the main thunderstorm line (Ogura and Chen 1977; Rutledge and
Houze 1987; Biggerstaff and Houze 1991; Zhang and Cho 1992; Sun et al. 1993; Gallus and
Johnson 1995a,b; Tao et al. 1995; Braun and Houze 1995, 1996; Yang and Houze 1996).
This ice melting and rainfall evaporation results in the development of a cold pool (Fujita
1959; Bryan and Parker 2010; Peters and Hohenegger 2017), consisting of colder, negatively
buoyant air behind the MCS gust front (Fig. 1). The cold pool is highly influential on DMCS
intensity, forward propagation speed, direction, and longevity (Corfidi 2003; Bentley and
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Fig. 1. Conceptual model of the kinematic, microphysical, and radar echo structure of a convective line with trailing precipitation
viewed in a vertical cross section oriented perpendicular to the convective line (and generally parallel to its motion). Medium
and dark shading indicate intermediate and strong radar reflectivities. Planar map depicts MCS appearance via composite reflec-
tivity, with arrows depicting forward motion and a gust front preceding the main band of convective precipitation. [Originally
from Houze et al. (1989, Fig. 1); adapted and augmented from Houze (2018, Fig. 17); planar map plot developed by Dennis Cain,
National Weather Service (Southern Region), and modified by Stephen Corfidi, Storm Prediction Center.]
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Logsdon 2016; Campbell et al. 2017) and is crucial for supporting damaging surface winds
in weakly forced environments (Evans and Doswell 2001).

As the cold pool advances into warmer, buoyant air, a horizontal buoyancy gradient de-
velops, leading to the development of a low-level horizontal circulation along the gust front,
supporting MCS forward motion (Fig. 1). In environments of relatively weak low-level shear,
the cold pool tends to undercut thunderstorm updrafts, shortening their lifespan (Fig. 2a).
In MCS cases with relatively stronger low-level shear, the opposing horizontal circulation as-
sociated with the low-level shear may counter the cold-pool horizontal circulation, producing
deeper lift along the cold pool’s leading edge. The resulting enhanced low-level lift aids in
air parcel ascent to the level of free convection, promoting new cellular development along
the MCS leading line (Fig. 2b), effectively sustaining the MCS (Wilhelmson and Chen 1982;
Droegemeier and Wilhelmson 1987; Xue 2002; Weisman and Rotunno 2004). Weisman
(1992, 1993) found that the most intense and longest-lived simulated MCSs (i.e., those that
support derechos), including bow echoes (Przybylinski 1995; Weisman 2001), thrived when
cold-pool forward speed (C) was noticeably stronger than the magnitude of vertical wind shear
(Au) in the lowest 2.5 km above ground level (AGL), but with Au strong enough to keep the
cold pool from completely undercutting the bow echo leading line. With C > Au, leading-line
convection is forced to tilt upshear, sustaining the front-to-rear flow (Fig. 3), and augment-
ing the cold pool with continuous latent cooling from the rearward transport of additional
melting ice and evaporating rainwater. Cold pools associated with DMCSs tend to be much
colder and more expansive (thus more intense) over longer distances compared to cold pools
associated with other MCSs (as was the case on 29 June 2012; Fig. 4), often supporting derecho
wind swaths (Fovell and Ogura 1989; Evans and Doswell 2001; Coniglio and Stensrud
2001; Weisman et al. 2023).

The MCS cold-pool circulation overcoming low-level shear also results in the development
of the rear-inflow jet (RIJ) after the MCS updrafts tilt upshear (Fig. 3¢c) (Lafore and Moncrieff
1989; Weisman 1992, 1993; Weisman and Rotunno 2004). The RIJ surges toward the MCS
leading line from the trailing precipitation region while also descending in altitude (Fig. 1),
supporting not only longer-lived MCSs (Charba 1974), but intense events capable of producing
derecho wind swaths (Price and Murphy 2002; Lépez 2007; Dunn and Best 2011; Coniglio
etal. 2012; Bentley and Logsdon 2016; Mathias et al. 2017; Taszarek et al. 2019, among others).
RIJs form when the front-to-rear ascending flow (Figs. 1 and 3c) in the upshear-tilted
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Fig. 2. (a) Cold pool spreads away from a decaying convective cell in an environment with no vertical wind shear. (b) Low-level
vertical wind shear balances the cold-pool circulation on the downshear side, enhancing the ability to regenerate convective cells
through deeper lifting. [Adapted and subjectively augmented from Weisman and Rotunno (2004, Fig. 1).]
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Fig. 3. Three stages in the evolution of an MCS. (a) An initial updraft leans downshear in response
to the ambient vertical wind shear, which is shown on the right. (b) The circulation generated by the
storm-induced cold pool balances the ambient shear, and the system becomes upright. (c) The cold-pool
circulation overwhelms the ambient shear and the system tilts upshear, producing a rear-inflow jet. The
updraft current is denoted by the thick, double-lined, orange-filled flow vector, and the rear-inflow
current in (c) is denoted by the thick solid vector. The green shading denotes rainfall and the blue
shading represents the surface cold pool. The thin circular arrows depict the most significant sources
of horizontal vorticity, which result in the circulations either associated with the ambient shear or
generated within the convective system. The scalloped line denotes the outline of the cloud. Here,
C represents the strength of the cold pool while Au represents the strength of the ambient low-level
vertical wind shear. [Originally from Weisman (1992, Fig. 2), then augmented from Weisman and
Rotunno (2004, Fig. 2).]
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Fig. 4. Swaths of maximum surface perturbation virtual potential temperature 6v (shading; K) for
29 Jun 2012 for the (a) 1 and (b) 3km WRF-ARW simulations, which shows the cumulative intensity
and expanse of the DMCS cold pool for much of its life cycle. Colored dots represent the equivalent
maximum observed 0, for all available Automated Surface Observing Systems for this case. The nega-
tive values below -10K (in cool colors) denotes where the cold pool was most intense. [Adapted from
Weisman et al. (2023)].

thunderstorm updrafts transports buoyant air parcels upward and behind the MCS lead-
ing line, atop the stable cold pool, supporting the horizontal buoyancy gradient (Weisman
1992). Horizontal vorticity develops from this buoyancy gradient, resulting in opposing
circulations between the cold pool and more unstable air aloft, which accelerates midlevel
air parcels from the trailing precipitation region toward the MCS leading line (Fig. 3c). RI]Js
can be detected in real time using regional radar data when parent MCS forward motion
is aligned with the radar beam (Fig. 5a). The RIJ becomes pronounced via strong inbound
(outbound) velocities in low-level tilts of planar data as the MCS moves toward (away) from
the radar site (Fig. 5b). Vertical slices of regional radar data would reveal intense velocities
descending from the rear of the parent MCS to the leading line of more intense convection
(Figs. 5c¢,d). Early detection of the RIJ in bow echo MCSs and DMCSs may lead to timely
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Fig.5. (a) Base reflectivity and (b) relative velocity from the Paducah Kentucky (KPAH), WSR-88D at 1848 UTC 5 May 1996. Velocities
are presented relative to a storm motion of 17m s-' from 280°. Vertical cross sections of (c) reflectivity and (d) storm-relative
velocity at 1854 UTC for the KPAH bow echo, as also depicted in (a) and (b). The vertical cross sections are taken at a 277° heading
from KPAH. Velocities are presented relative to a storm motion of 10m s-' from 277°. [The plots in (a) and (b) and in (c) and (d)
are adapted from Figs. 14 and 15, respectively, of Weisman (2001).]

warnings that can convey the appropriate level of danger associated with a widespread
severe thunderstorm wind event.

RIJs can also descend to near the surface over a broader area due to latent cooling when
traversing the trailing precipitation region, where melting ice species and rainfall evapora-
tion increases downward momentum transport (Zhang and Gao 1989; Biggerstaff and Houze
1991; Yang and Houze 1995; Braun and Houze 1997; James et al. 2006; McFarquhar et al.
2007; Grim et al. 2009). Mahoney and Lackmann (2011) found that drier RIJs, benefitting
from relatively greater latent cooling, allowed for additional downward momentum trans-
port, enhancing damaging wind potential in simulated bow echo MCSs (Fig. 6). The stronger
surface winds in the drier simulations were present from the MCS leading line to the cold-pool
region (leading and trailing wind maxima; Fig. 6b). In DMCS cases with dry, intense RIJs,
prolonged exposure to severe winds may occur, as was the case for the 10 August 2020
derecho, where locales in eastern Iowa experienced 50+ kt (1 kt ~ 0.51 m s!) winds for over
45 min (Bell et al. 2022).
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Fig. 6. Schematic of severe wind generation mechanisms in (a) the control (CTRL) simulation and (b) the dry RlIJ (DRYM) simula-
tion of an idealized MCS. Blue shading denotes the cold pool and red shading indicates where the greatest downward momen-
tum transport occurs. Smaller hashed circles indicate where the most intense winds approached the surface. The yellow-shaded
area in (b) denotes a drier airmass in the trailing precipitation region behind the MCS leading line. [Adapted from Mahoney and
Lackmann (2011, Fig. 14).]

The development of a strong cold pool and RIJ may support mesovortex development and
derecho occurrence. Fujita (1978) was among the first to attribute a system-scale line-end
mesovortex with a destructive wind-producing MCS event (Fig. 7), with MCS mesovortices
becoming a focus of study for DMCS events in subsequent decades.

System-scale line-end mesovortices often develop with bow echo DMCSs when primarily
front-to-rear (Fig. 8a) or sometimes rear-to-front (Fig. 8b) flow along the MCS leading line tilts
horizontal vorticity (associated with the low-level shear countering the cold pool), which is
stretched at the midlevels along the ends of the DMCS line due to convergence from convective
downdrafts (Weisman 1993; Weisman and Davis 1998). A pressure gradient force between the
line-end vortices may enhance the RIJ and intensify the bow echo (Fig. 8c) (Weisman 1993;
Wakimoto et al. 2006a; Grim et al. 2009), supporting derecho wind swaths. Through bow echo
evolution, the southern line-end vortex weakens (Weisman and Davis 1998; Pandya et al.
2000) as the northern vortex dominates with assistance from the Coriolis force (Houze et al.
1989; Scott and Rutledge 1995; Wheatley and Trapp 2008), resulting in the classic cyclonic
MCS structure often seen with intense bow echo DMCSs (Fujita 1978; Przybylinski 1995;
Weisman 2001). A historic example of a system-scale line-end mesovortex influencing DMCS
intensity would be the 8 May 2009 “super derecho,” which produced extensive destructive
winds across southern Missouri and Illinois, very near the track of the line-end vortex (Fig. 9).
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Fig. 7. A conceptual model of the bow echo MCS life cycle, with the development of a system-scale
line-end mesovortex north of the bow in stages C-E. [From Fujita (1978, Fig. 5.2).]
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Fig. 8. Schematic of vertical vorticity generation through vortex tilting. In (a), ascending front-to-rear motion (as in Figs. 6,
8, and 9) or westerly shear pushes the vortex lines up in the center, resulting in cyclonic rotation on the north end (L,) and anticy-
clonic rotation on the south end (L,). In (b), descending motion from the RlJ (as in Fig. 8) or easterly shear produces the same verti-
cal vorticity pattern. (c) A schematic representation of an idealized two-dimensional vortex couplet, depicting the stronger flow
induced between the vortices. Gray shading denotes regions of constant vorticity. The green-shaded area shows where RlJ flow
may strengthen due to an enhanced pressure gradient force induced between both book-end vortices. Unshaded regions have
zero vorticity. Dashed contours represent an approximate negative pressure perturbation field that is consistent with the flow
pattern. The letters denote the locations of the northern, dominant cyclonic (L,) and southern, shorter-lived anticyclonic vortices (L)
[The plots in (a) and (b) are adapted from Weisman and Davis (1998, Fig. 5) and (c) is adapted from Weisman (1993, Fig. 21).]

In this unique case, an intense nocturnal low-level jet supplied very strong low-level shear
and associated streamwise vorticity to tilt and stretch into a powerful line-end mesovortex
(Weisman et al. 2013; Evans et al. 2014).

RIJs may also support leading-line mesovortex development, which can support a DMCS’s
most damaging winds (Figs. 10a,b) (Trapp and Weisman 2003; Weisman and Trapp 2003;
Atkins et al. 2004, 2005; Wheatley et al. 2006; Simon et al. 2011; Hamid 2012; Taszarek et al.
2019). Bow echo DMCSs can contain or evolve from supercells (Kleyla and Peterson 1990;
Moller et al. 1994; Bernardet and Cotton 1998; Klimowski et al. 2004; Coniglio and Stensrud
2004) whose mesocyclones may evolve into leading-line mesovortices as a DMCS matures
(Alfonso and Naranjo 1996; Dunn and Best 2011; Taszarek et al. 2019). The strongest leading-
line mesovortices form on or north of the how apex, with the destructive surface winds occur-
ring on the south side of individual mesovortices, where both the RIJ and cyclonic vortical
components of flow contribute to the total wind field (Figs. 10c—h) (Wakimoto et al. 2006b;
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Fig. 9. (a) Paducah, Kentucky (PAH), Weather Surveillance Radar-1988 Doppler (WSR-88D) level Il 0.5° radar reflectivity (dB2)
at 1756 UTC 8 May 2009. (b) Column maximum derived reflectivity (dBZ) from 27 h 3km WRF-ARW real-time forecast, valid at
1545 UTC 8 May 2009. [From Weisman et al. (2013, Fig. 1).]

Atkins and St. Laurent 2009a; Atkins et al. 2005; Xu et al. 2015a). Leading-line mesovortices
are generated when ambient and friction-induced vorticity is tilted by both upward front-to-
rear flow and the downward RIJ, and then stretched by low-level convergence along the MCS
leading line (Atkins and St. Laurent 2009b; Xu et al. 2015b; Flournoy and Coniglio 2019).

Atmospheric conditions favoring derecho development
Surface and upper-air patterns conducive to supporting progressive derechos. Johns
(1984) attributed 90% of northwest-flow severe thunderstorm wind outbreaks to the pres-
ence of 50+ kt 500hPa jet streaks, accompanied by under-10-dm height falls along an
upper-level ridging pattern. Most of the studied severe events initiated north of a surface
baroclinic zone, likely due to modest low-level warm-air advection triggered by the passage
of a subtle 500 hPa shortwave trough embedded in the synoptic ridge. Johns and Hirt (1987,
hereafter JH87) affirmed the synoptic setup in Johns (1984) to be the primary scenario for
warm-season progressive DMCSs to occur across the climatologically favorable summertime
corridor spanning from Minnesota to Ohio [see Figs. 8, 9, and 11a in Squitieri et al. (2023,
hereafter Part I)]. Within this warm-season corridor, JH87 identified multiple meteorological
parameters which favored warm-season progressive DMCS intensity and longevity for most
of their 70 cases. The presence of northwesterly midlevel flow, strong low-level warm-air
advection and wind speeds, a surface boundary, ample buoyancy, dry low to midlevels, and
midlevel height falls all pointed to DMCS development. However, JH87 also pointed out that
in the absence of either stronger midlevel-height falls, available buoyancy, or low-level dry
air, DMCSs were only possible if all the other core criterion were met and stronger buoyancy
was present over a longer corridor, with even lower RH at DMCS initiation.

Similar to JH87, Doswell and Evans (2003) found that northwesterly mid- to upper-level
flow was prevalent in many weakly forced warm-season derecho cases, which contributed
to elongated northwest-to-southeast-oriented hodographs (Fig. 11a). In many warm-season
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Fig. 10. WRF-ARW output of a real-case-based simulation of the 8 May 2009 central U.S. bow echo DMCS from 1400 to 1640 UTC,
employing 0.8km horizontal grid spacing. (a) Composite reflectivity (gray shading) and ground-relative tracks of the maximum
absolute vertical vorticity below 2 km AGL (color shading). The thick dashed line denotes the approximate focus of the bow apex.
Significant leading-line mesovortices are labeled. (b) As in (a), but that the color shading is for the ground-relative wind speed at
0.2km AGL. Thin dashed lines are the tracks of leading-line mesovortices. Blue ellipses in (a) and (b) show the focused portions
of the leading-line mesovortex (MV8) highlighted in the other panels. Decomposition of the (c) total ground-relative wind into
(d) leading-line mesovortex-induced flow and (e) environmental flow at 200m AGL at 1450 UTC. (f)-(h) As in (c)—(e), but for the
wind at 1500 UTC. Vectors and shadings are for the ground-relative wind field and the corresponding wind speed. Black contour
lines denote the simulated vertical vorticity at 200m AGL at contour values of —-0.005, 0.005, 0.01, 0.02, 0.03, and 0.04s-", with
dashed lines for negative values. The plotted domain is 19.2km x 19.2km. [The plots in (a), (b), and (c)-(h) are adapted from
Figs. 12, 14, and 15, respectively of Xu et al. (2015a).]

cases, a 300-200 hPa jet streak often overspreads the strong 500 hPa flow (as shown in the
29 June 2012 case; Figs. 12a,b), with DMCSs frequently initiating at the upper-jet-streak
right-entrance region, where ascent due to upper-level divergence is strongest. Beneath the
stronger upper flow, a long west-to-east corridor of rich low-level moisture must be present
for DMCS development and sustainment (Fig. 12c). The moisture deepens along a surface
baroclinic boundary (Fig. 12d) and is overspread by an elevated mixed layer, characterized
by dry air in the 850-500 hPa layer (Fig. 11b; weakly forced derecho relative humidity pro-
file). The result is strong to extreme instability in an elongated corridor preceding the DMCS
(as shown for the 10 August 2020 derecho; Fig. 13a), with lower downstream buoyancy
supporting DMCS dissipation (Bentley et al. 2000; Coniglio and Stensrud 2001; Doswell
and Evans 2003; Coniglio et al. 2004; Ashley et al. 2005, 2007). Steep midlevel lapse rates
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Fig. 11. (a) Comparison plot of the 10th-, 25th-, 50th (median)-, 75th-, and 90th-percentile hodographs for 51 weakly forced
DMCSs, with the mean hodograph for 47 strongly forced DMCSs. (b) Mean vertical profiles of relative humidity (%) with pres-
sure (hPa) for the three categories of supercells (nontornadic, weak tornadic, and significant tornadic) and the three categories
of DMCSs (weakly forced, strongly forced, and hybrid). [The plots in (a) and (b) were adapted and subjectively augmented from
Figs. 3 and 6, respectively, of Doswell and Evans (2003).]

(i.e., >8°C km™) comprising the elevated mixed layer contribute to wide CAPE profiles and
resultant extreme instability (exemplified in an observed sounding ahead of the 10 August
2020 DMCS; Fig. 13b). Therefore, steep midlevel lapse rates are considered one of the most
important ingredients for supporting DMCSs (Doswell and Evans 2003; Coniglio et al. 2012)
and may have been key to supporting some of the most intense DMCSs in history (Coniglio
et al. 2011; Bentley and Logsdon 2016).

While many studies agree that the ridging environment identified in JH87 supports
DMCS maintenance, some studies noted substantial differences between synoptic features
of warm-season progressive derecho events from the Plains states toward the Ohio Valley.
Coniglio et al. (2004) identified three upper-level-ridging synoptic environments where
DMCSs could form upstream, to the crest of, or downstream of the 500 hPa ridge (Fig. 14a).
Maximum low-level moisture occurred at or downstream of DMCS initiation, with warm-air
advection approaching from the south or southwest (Fig. 14b). DMCSs initiated either at
the right-entrance region of a 250 hPa jet streak [similarly found by Clark et al. (2009) and
Guastini and Bosart (2016)] or south of the jet max (Fig. 14c). Among the more weakly forced
environments beyond JH87’s classic ridging pattern (Figs. 15a—c), Guastini and Bosart
(2016) noted that DMCSs formed in more broadly northwesterly flow regimes at the upper-jet
right-entrance region across the eastern third of the contiguous United States (Figs. 15d-f),
as also found for southeast-moving summertime DMCSs in Bentley et al. (2000). Even in
more zonal upper-level flow environments (also identified in Coniglio et al. 2004), if low-level
warme-air advection and upper-jet streak right-entrance divergence is strong enough, DMCSs
may still develop, especially across the Ohio Valley (Figs. 15g—i). Across the Southern
Plains, northwest flow regimes across the Rockies may support DMCS development amid
surface lee-troughing or cyclone development (Figs. 15j-1). Many of these ambient environ-
ments, though similar, stray enough from the classic JH87 synoptic framework such that
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Fig. 12. Hand analyses maps of observed data for 1200 UTC 29 Jun 2012, showing (a) 250 hPa observations with black isohypses
every 120m, and light blue, dark blue, and purple isotachs showing 25m s-' (50kt), 36 m s~ (70kt), and 46 m s~ (90kt) wind
speeds, respectively. (b) 500 hPa observations with black isohypses every 60 m, red dashed isotherms every 10°C, and with light
and dark blue isotachs representing 20m s-' (40kt) and 30m s~' (60 kt) wind speeds, respectively. (c) 850 hPa observations with
black isohypses every 30m, red dashed isotherms every 5°C, and shaded isodrosotherms > 10°C (light and dark green shades
represent >15° and 20°C, respectively). Light-red shading from South Dakota into lllinois represents warm-air advection. The blue
box focuses on the surface analyses. (d) Surface observations with black mean sea level isobars every 1hPa, red isotherms every
5°F (2.8°C), and shaded isodrosotherms over 70°F (21°C) every 5°F (2.8°C). A hand-drawn surface baroclinic zone extends from
lowa to Pennsylvania. The red “X” symbols in all plots estimates placement of DMCS initiation. [The plots in (a), (b), (c), and (d)
were adapted from Figs. 2, 3, 5, and 6, respectively, of Bentley and Logsdon (2016).]

Guastini and Bosart (2016) discouraged relying solely on the JH87 conceptual model of
warm-season progressive derechos.

Observational-based studies have suggested strong buoyancy, in combination with strong
deeper-layer shear (i.e., from the surface up to 6 km AGL), are useful discriminators between
weaker MCSs versus bow echoes and DMCS events (Cohen et al. 2007; Mauri and Gallus
2021; Gallus and Duhachek 2022). Multiple studies found that strong shear should counter
the cold pool through a deeper layer (up to 5km AGL in some cases) for the more intense
MCSs (Garner and Thorpe 1992; Szeto and Cho 1994; Fovell and Dailey 1995; Weisman and
Rotunno 2004; Coniglio et al. 2006, 2012) since some cold pools could become over 4km
deep (Bryan and Rotunno 2008; Bryan and Parker 2010). It is likely that stronger line-normal
shear in roughly the 3—-4km AGL layer above the cold pool may be needed to compensate for
the weaker line-normal low-level component of shear to maintain convection along the
cold-pool leading edge in some cases (Parker and Johnson 2004; Coniglio et al. 2006). Still, some
observational studies (i.e., Cohen et al. 2007), which showed deep-layer shear as a good
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Fig. 13. (a) Planar map (valid 1700 UTC 10 Aug 2020) showing composite reflectivity overlaid with surface observations (top
and bottom numbers at each station correspond to temperatures and dewpoints in °C; wind barbs in kt; and filled dots indi-
cating the level of cloud cover), MLCAPE (J kg-"; shaded) and effective bulk shear (kt; blue wind barbs). MLCAPE and effective
bulk shear values were derived from the 1700 UTC Surface Objective Analysis. The yellow star indicates the location of the
1700 UTC Davenport, lowa (DVN), observed sounding, with the top and bottom numbers in parentheses at the DVN ASOS
cite corresponding to the 1700 UTC observed-sounding surface temperatures and dewpoints (in °F), respectively. A distance
scale was provided for reference. The translucent ellipse across northern lllinois into northwest Indiana highlights the elongated
corridor of overlapping strong buoyancy and effective bulk shear. (b) 1700 UTC 10 Aug 2020 DVN nonroutine observed sounding
taken ahead of the parent DMCS.

discriminator between intense wind-producing MCSs and low-end cases, also found that
storm relative low-level inflow was an excellent discriminator between higher-end wind
producing MCSs and weaker events. Alfaro (2017) expanded on the findings of Cohen et al.
(2007), noting that stronger low-level shear supported a relatively greater influx of buoyant
air in the layer of inflow (Figs. 1 and 3c), which favored stronger MCSs. Mulholland et al.
(2021) further showed that stronger low-level shear not only increased an MCSs inflow of
convectively unstable air, but also reduced the amount of dilution and weakening of thun-
derstorm updrafts from midlevel dry-air entrainment. While Mauri and Gallus (2021) did not
find a strong correlation between low-level shear and nocturnal bow echo MCS intensity, they
did find that the best discriminator between nighttime derecho-supporting bow echoes and
weaker events were composite parameters which consisted of variables involving low-level
shear, deep-layer shear, and buoyancy. The findings of Alfaro (2017) and Mulholland et al.
(2021) showing low-level shear directly influencing buoyant inflow and midlevel dry-air en-
trainment may explain why composite parameters in Mauri and Gallus (2021) were the best
predictors for stronger nocturnal bow echoes (including DMCSs).

While multiple studies have found that varying synoptic environments can support
warm-season derechos, and while arguments exist among some studies regarding whether
low-level versus deeper-layer shear is more important to warm-season DMCS organization
and sustenance, one commonality among most studies is that a DMCS must be preceded by a
long corridor of overlapping strong to extreme instability and adequate vertical shear that is
aligned with DMCS forward motion (JH87; Bentley et al. 2000; Coniglio et al. 2004; Bentley
and Logsdon 2016). Based on decades of research, it is clear that a long corridor of favorable
buoyancy and shear is the first signal forecasters should look for, which enables a DMCS to
organize and produce the long wind-damage swath which characterizes derechos.
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Fig. 14. A composite plot of multiple warm-season DMCS environments driven by upper ridging, show-
ing (a) the mean 500 hPa geopotential height (¢; contours every 60m), wind (flag: 50kt or 25m s-*; full
barb: 10kt or 5m s"), and wind speed (|V|; shaded every 5m s, starting at 15m s-") for three clusters
within the upper-ridging pattern. (b) As in (a), but for the 850 hPa temperature (T; solid contours every
2°C, with shading for values over 16°C) and specific humidity (q; green dashed contours every 1g kg~'
starting at 8g kg). (c) As in (a), but for the 250 hPa wind speed [|V]; shaded every 5m s, starting at
25m s7'; divergence of the wind Div(V); orange dashed contours every 0.25 x 10> s-']. The horizontal and
vertical dimensions of each grid are 2600 km and 2400 km, respectively. The “X” symbol denotes the mean
position of the DMCS at the analysis time. The number of cases comprising a cluster for each synoptic
pattern (left) 9, (center) 10, and (right) 12. [Subjectively augmented from Coniglio et al. (2004, Fig. 7).]

Warm-season progressive DMCSs occurring in series. Multiple studies in the last 40 years
have noted that summer DMCSs can occur in series, both in the United States (Johns
1982; Bentley and Sparks 2003; Ashley et al. 2005, 2007; Metz and Bosart 2010; Lyza
et al. 2017) and in Europe (Surowiecki and Taszarek 2020). Johns (1982) noted that for
northwest flow summer severe outbreaks (most of which were severe wind events), there
was a 50% chance that an outbreak would be followed by a second event and a 20%
chance that more than two events would follow. Defining a DMCS series as more than one
event occurring within 72 h in similar synoptic environments, Ashley et al. (2005) noted
that DMCS series comprised three events on average, with multiple series containing four
to six DMCSs, and two series events (June 1998 and July 2003) having nine DMCSs in a
row (Fig. 16a). Ashley et al. (2005) also found that most of the 1994-2003 DMCS series oc-
curred in May-July (Fig. 16b). Eighty-two percent of all May—July DMCSs occurred in series
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Fig. 15. Composite synoptic fields from the Climate Forecast System Reanalysis of four synoptic environments favoring DMCS
development, including (a)-(c) upper ridging, (d)—(f) northwest flow driving Midwest events, (g)-(i) zonal flow, and (j)—(I) north-
west flow driving events in the Plains. (top) Composite 850hPa geopotential height (contours; dam), 850hPa winds (barbs;
kt), and 850hPa @, (color fill; K). (middle) Composite mean sea level pressure (contours; hPa), precipitable water (gray fill; mm),
250 hPa wind magnitude (color fill; kt), and 1000 hPa winds (barbs; kt). (bottom) Lines connecting the starting and ending points
of each derecho in their respective environments. The white “X” symbols in the top and middle rows are located at the compos-
ite DMCS initiation location to which each member grid was shifted before averaging over all category members. [The plots in
(a)-(c), (d)—(f), (g)—(i), and (j)—(I) are adapted from Figs. 11, 12, 13, and 16, respectively, of Guastini and Bosart (2016).]

annually, and that 75% of all series events occurred within the May-July period. In these
three months, a 58% chance existed for a DMCS to be followed by a second event, and a
46% chance that a third DMCS would occur. Though Ashley et al. (2005) identified rela-
tive derecho maxima spanning from the Ohio Valley to the Southern Plains (Fig. 16c), the
number of individual DMCSs within a series (Fig. 16d), the number of total DMCS series
(Fig. 16e), and number of DMCS series with three or more events (Fig. 16f) were highest
along the northern summer derecho corridor extending from the Upper Mississippi Valley to
the Ohio Valley.

A persistent upper-level ridge and corresponding convective inhibition above the planetary
boundary layer can support prolonged favorable conditions for DMCSs during the summer.
As rich low-level moisture builds beneath the cap, appreciably large buoyancy becomes
available over extended time frames, supporting the potential for a DMCS series, as in 1998,
where a record number of derechos occurred in May—June (Ashley et al. 2007). A DMCS series
can unfold under three scenarios. In a “direct” DMCS series, initial DMCSs can generate
outflow boundaries or gravity waves, which in turn serve as sources of lift for initiation
or intensification of subsequent DMCSs. “Indirect” DMCS series occur when individual
DMCSs within the series are initiated independently from preceding events. For example,
individual DMCSs may initiate with multiple passing midlevel perturbations embedded
within a large-scale upper ridge along a wide east-west corridor of strong instability and
deep-layer shear. Finally, a DMCS series may encompass multiple DMCSs initiated by both
direct and indirect means (Ashley et al. 2007).
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Fig. 16. (a) The frequency of series by the number of DMCSs in a grouping. (b) The number of DMCSs, DMCS series, and events
in a series by month. Areal distribution of (c) DMCSs, (d) DMCSs within a series, (e) number of DMCS series, and (f) DMCS series
with 3+ events across the contiguous United States. Symbols indicate the location of maximum values before interpolation.
Derecho statistics are for the 1994-2003 period. [The plots in (a), (b), and (c)—(f) are from Figs. 4, 5, and 7, respectively, of Ashley
et al. (2005).]

Strongly forced and “hybrid"” derecho synoptic environments. Unlike progressive DMCSs,
JH87 noted that serial DMCSs are strongly forced, are often initiated off of strong cold fronts,
and are sustained by the low-level convergence of a surface cyclone and deep-layer ascent by
coupling lower and upper jet streams (Coniglio et al. 2004), much like the severe weather pat-
terns identified in Uccellini and Johnson (1979). As such, most serial-derecho environments
resemble those of tornado outbreaks (Bentley and Mote 2000; Burke and Schultz 2004),
and usually occur during the cool season across the Southeast into the Ohio Valley (see
Figs. 11b,d in Part I). While Coniglio et al. (2004) found slight differences among strongly
forced derecho regimes, all serial DMCSs formed ahead of a 500hPa shortwave trough
and to the south of a 250hPa divergence maximum, with low-level warm air and moisture
advection immediately preceding serial DMCS initiation (Fig. 17), as also found by Burke
and Schultz (2004) for cool-season bow echo MCSs.

Though not always mutually exclusive, the primary synoptic differences between serial
derecho and some tornado outbreak environments is that serial DMCSs benefit from more
unidirectional vertical wind profiles (Coniglio et al. 2004) and a drier boundary layer (Ashley
et al. 2007), often driven by veering 850 hPa winds (Johns 1993). These conditions support
linear storm structures, stronger evaporative cooling, and more effective downward momen-
tum transport, contributing to relatively greater and more widespread severe wind potential
(Bentley and Mote 2000). With strong squall-line-parallel deep-layer flow, strongly forced
DMCSs tend to occur with longer hodographs compared to weakly forced DMCSs (Fig. 18a) and
straighter hodographs compared to significant tornado environments (Fig. 18b) (Bentley
and Mote 2000; Doswell and Evans 2003; Coniglio et al. 2004). Since stronger forcing
and shear often accompany serial and hybrid derecho environments, the parameter space
(especially buoyancy) needed to support such events varies more widely compared to pro-
gressive derechos (Evans and Doswell 2001; Doswell and Evans 2003; Coniglio et al. 2004).
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Fig. 17. As in Fig. 14, but for strongly forced DMCSs initiated in upper-troughing environments. The number of cases comprising
a cluster for each synoptic pattern are (left to right) 8, 27, 28, and 7, respectively. [Subjectively augmented from Coniglio et al.
(2004, Fig. 6).]

Stronger-forced DMCSs are usually accompanied by less CAPE (Fig. 18c) compared to weakly
forced events (Bentley and Mote 2000), oftentimes thriving with CAPE values around or less
than 1,000] kg in both the United States and Europe (Burke and Schultz 2004; Gatzen et al.
2020), especially when low to midlevels are dry (Punkka et al. 2006; Sipos et al. 2021).
While cool-season serial derecho and warm-season progressive derecho environments
are distinguishable, multiple studies have described “hybrid” derecho environments. In
hybrid cases, either serial (squall line) DMCSs developed in synoptic environments similar
to warm-season events (as in Duke and Rogash 1992) or progressive (bow echo) DMCSs
developed amid upper troughing, often with a northeasterly storm motion, as seen in many
European derecho studies (Gatzen 2004; Lopez 2007; Hamid 2012; Celinski-Mystaw and
Matuszko 2014; Taszarek et al. 2019; Gatzen et al. 2020; Surowiecki and Taszarek 2020;
Chernokulsky et al. 2022). In the United States, Coniglio et al. (2004) noted that 28% of
their cases were hybrid events, which encompasses synoptic environments that showed
a combination of upper-ridging and -troughing characteristics (a blend of Figs. 10 and 13).
Guastini and Bosart (2016) similarly noted warm-season progressive DMCSs accompanied

AMERICAN METEOROLOGICAI’B!’SOQJ%L%T% you by NOAR%Mn%raI Library | Unauthenticatggnoﬁg\ﬂ%g&gd%d §$7§9/23 11:12 AM UTC



a) BN Strong @ Moderate I Weak C) I Strong IS Moderate B Weak

20 6000
us=1376 J kg™ /
. 5000 +1y=3025 J kg™
uw=2970 J kg™
_ 4000
,}? ‘fr
1 = 3000
3]
&
<
Y 2000 |
* 4 1000
-30 10 3 7 M
s 0 . - T T T T T
23 0 10 20 30 40 50 60 70 80 90 100
b) CUMULATIVE FREQUENCY (%)
* Hybrid Derechos
B WF Derechos
*sig-Tur
gl weak-Tor
ot . i . . , m@m non-Tor

-20 -15 -10 -5 0 5 10 15 20 25 30

Fig. 18. (a) Mean hodographs for strongly, moderately, and weakly forced DMCS soundings. Prior to averaging, the wind com-
ponents (u, v) in each sounding are represented in a coordinate system with the tip of the mean MCS motion vector (u, v ) at the
origin. The mean storm-relative winds are calculated every 0.5km AGL, are plotted every 1km AGL, and are labeled every 3km
AGL. (b) Comparison of mean hodographs using storm-relative winds for the nontornadic, weak tornadic (<F2 rating), and signifi-
cant (=F2 rating) tornadic supercell categories, and the weakly forced, strongly forced, and hybrid DMCS categories. Hodograph
plot shows the u component along the ordinate and the » component along the abscissa (both in m s-'). (c) The cumulative fre-
quency distribution of CAPE (J kg~') for strongly, moderately, and weakly forcing soundings. The sample means for the strongly
(p), moderately (u,)), and weakly forcing (u,) soundings are shown in the upper-left corner. [The plots in (a)-(c) are adapted and
subjectively augmented from Coniglio et al. (2004, Fig. 17), Doswell and Evans (2003, Fig. 9), and Coniglio et al. (2004, Fig. 15),
respectively.]

by upper troughs and surface lows, particularly over the U.S. Great Plains, with a subset of
DMCSs bearing a northeasterly direction (Fig. 19), similar to Bentley et al. (2000). However,
unlike Coniglio et al. (2004), Guastini and Bosart (2016) did not label these environments
as hybrid, demonstrating that there is some ambiguity in how the “hybrid derecho” termi-
nology is applied.

Derechos in dry deep-layer environments. On rare occasions, DMCSs can develop in deep,
dry boundary layer environments. Few such cases have been documented in the literature,
with a few events recognized in the United States (Corfidi et al. 2006, 2016), eastern Europe
(Sipos et al. 2021), and arid portions of northwest China (Takemi 1999). “Low-dewpoint
derechos” identified by Corfidi et al. (2006, 2016) occur in strongly forced environments,
with convective initiation associated with a cold front and accompanying upper trough.
The ambient thermodynamic environment preceding these DMCSs is characterized by nar-
row, short CAPE profiles atop a dry boundary layer several hundred hPa deep (Fig. 20),
resembling the dry microburst soundings referred to by Wakimoto (1985). For the western
U.S. cases, Corfidi et al. (2016) noted that the derecho wind swaths were associated with
convective line segments ahead of the most progressive portion of the advancing surface
cold front and corresponding convective cold pool. The presence of strong speed shear atop
the MCS cold pool increased cell mergers and upscale growth along the MCS leading line.
The cold pool would then spread in the direction of the deep-layer speed shear vector, with
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Fig. 19. As in Fig. 15, but for (a)-(c) upper-level troughing pattern, (d)-(f) southwest flow across the Rockies, and (g)-(i) zonal
flow across the Rockies. [The plots in (a)-(c), (d)-(f), and (g)-(i) are adapted from Figs. 14, 15, and 17, respectively, of Guastini and
Bosart (2016).]

derecho-longevity achieved as DMCS propagation becomes aligned with the mean wind.
On the other hand, the 17 September 2017 DMCS across Romania and Serbia featured in
Sipos et al. (2021) occurred in a weakly forced/sheared environment, but with steep
boundary layer lapse rates. The derecho-like event across arid northwest China on 5 May
1993 also occurred with weak low-level shear, a very deep, well-mixed boundary layer,
and rapidly progressed with the aid of a strong cold pool (Takemi 1999). Steep bound-
ary layer lapse rates were the common atmospheric feature associated with nearly all the
low-dewpoint derechos studied by Corfidi et al. (2006, 2016) and Sipos et al. (2021), sug-
gesting that the downward acceleration of evaporatively cooled air parcels in a well-mixed
boundary layer are key storm-scale factors driving low-dewpoint derechos.

Challenges and successes in simulating DMCSs in numerical weather models

Improvements have been made in derecho forecasts with the advancement in numerical
model guidance over the last 20 years, especially with the employment of convection-allowing
models (CAMs). Before CAMs were used widely, Gallus et al. (2005) attempted to simulate the
4 July 1999 DMCS with an ensemble framework of 25 members from three model cores, with
a variety of convective parameterization schemes, initial conditions, and 4—10km horizontal
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Fig. 20. Skew T-logp radiosonde temperature and dewpoint profiles for Salt Lake City, Utah (SLC), at
1200 UTC (red and green lines, respectively) 1 Jun 2002. Vertical wind profile (kt; 1kt ~ 0.51m s-') shown
to the right of the skew T, using conventional barb format, with surface air and dewpoint temperatures
(°C) at bottom. [Same skew T featured in Corfidi et al. (2016, Fig. 15).]

grid spacings (Ax) employed. No ensemble member could simulate the DMCS, likely due to
a lack of observations to initialize models, poor data assimilation, and ability to resolve the
storm-scale mechanisms (i.e., strong cold pools, RIJs, mesovortices, etc.) needed to organize
a DMCS and support a derecho wind swath. Similarly, non-CAM simulations by Pacik et al.
(2011) failed to depict the development of a mesolow (as seen from observations) and sub-
sequent DMCS development across central Europe for a derecho event on 25 June 2008. In
this case, surface observations were the only available tools which hinted at organized severe
thunderstorm development just a couple of hours before the DMCS occurred.

By the mid-2010s onward, a few studies employing CAMs demonstrated limited potential
for relatively greater success in simulating derecho events. The 1200 UTC 3 km WRF CAM
simulations by Weisman et al. (2013) reasonably depicted the overall structure and severe
wind potential of the 8 May 2009 DMCS across the central United States (as also done by
Xu et al. 2015a,b). In addition, the 1200 UTC WRF run by Weisman et al. (2013) was also able
to successfully simulate the observed unique warm-core-line-end vortex, with the WRF run
initialized 24 h in advance of vortex development (Fig. 9). In Fierro et al. (2014), 3 km WRF
simulations of the 29 June 2012 Ohio Valley DMCS showed better structural representation
of the bow echo when regional radar data were assimilated into 6-h numerical forecasts
(Figs. 21j-1). Assimilating lightning data into the 3 km WRF runs further improved the place-
ment and timing of the DMCS (Figs. 21g—i), suggesting that better data assimilation techniques
could appreciably improve short-term DMCS numerical forecasts. Numerous studies also
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Fig. 21. Reflectivity fields (dBZ) at 4km AGL. (a)—(c) Observed reflectivity; (d)-(f) control model run. (g)-(i) As in (d)-(f), but for run
employing the lightning data assimilation. (j)—(I) As in (g)-(i), but for the 3DVAR assimilation incorporating radar data. Columns
show data valid at (left) 1600, (center) 1900, and (right) 2200 UTC 29 Jun 2012. The thick black dashed curves denote the positions
of the leading edge of the cold-pool boundary near the surface as inferred from clear-air NSSL mosaic reflectivity fields. [Adapted
from Fierro et al. (2014, Fig. 5).]

reported great sensitivity in developing DMCSs when configuring CAMs with different
initial and lateral boundary conditions, including some simulations not producing a DMCS
at all (Toll et al. 2015; Grunzke and Evans 2017; Mathias et al. 2017, 2019). As a consequence
of these findings, Ribeiro et al. (2022) simulated a DMCS (from 3 May 2020) with the
40-member convection-allowing Model for Prediction Across Scales (MPAS) ensemble, with
individual members varying only initial conditions. Differences in ambient environments
(i.e., dry biases in moisture profiles) or representation of convective initiation with varying
initial conditions produced a wide range of solutions, with some members showing either
no organized MCS, a highly organized bow echo, or a nonbowing MCS (Fig. 22), suggesting
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Fig. 22. Simulated composite reflectivity (dBZ) for members (first column) 2 (NOCI), (second column) 6 (BOW), and (third column)
18 (NOBOW) and (fourth column) MRMS composite reflectivity at (top to bottom) 1000, 1200, 1400, 1600, 1800, and 2000 UTC
3 May 2020, respectively. [Adapted from Ribeiro et al. (2022, Fig. 8).]

that improving initial conditions is just as important as improving model physics or data as-
similation techniques to better forecast DMCSs in CAMs.

Dowell et al. (2022) showed that improvements made to the 3 km High-Resolution
Rapid Refresh Model (HRRR; version 4) in 2020 resulted in fairly accurate simulations of
the 10 August 2020 DMCS storm structure and accompanying severe wind swath across
eastern Iowa into Illinois. However, these relatively successful deterministic CAM solu-
tions were initialized well under 12 h in advance of derecho occurrence, providing little
lead time for forecasters (Fig. 23). The HRRR is one of several CAMs employed in the
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Fig. 23. (a),(b).(f).(g).(h) Operational HRRRv3 and (c),(d),(i).(j).(k) experimental HRRRv4 forecasts for the 10 Aug 2020 derecho.
Composite radar reflectivity (dBZ) at 1800 UTC is shown for HRRR forecasts initialized at 0300 UTC in (a) and (c), HRRR forecasts
initialized at 0900 UTC in (b) and (d), and MRMS observations in (e). Maximum 10 m wind speeds (m s-') during 0-18 h forecasts
are shown for HRRR forecasts initialized at 0300 UTC in (f) and (i), 0600 UTC in (g) and (j), and 0900 UTC in (h) and (k). [From
Dowell et al. (2022, Fig. 5).]
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High-Resolution-Ensemble Forecast (HREF), many of which failed to simulate the parent
DMCS for the 0000 UTC initialization (Gallus and Harrold 2023). Gallus and Harrold simulated
the 10 August 2020 DMCS using the Finite-Volume-Cubed Sphere atmospheric dynamical
core (FV3), initialized with HRRRv4, finding that the convection-allowing 3 km run failed
to simulate the DMCS given preceding spurious convection contaminating the warm sector.
However, when employing convective parameterization, their 3 km run reasonably simulated
the derecho since downstream convection was suppressed and the environment remained
pristine. While such a result may seem promising, convective parameterization is not often
applied to 3-km-grid-spaced simulations, so questions remain regarding how downstream
derecho environments should be parameterized in numerical guidance.

Multiple studies have shown improvements in the structural representation and damag-
ing wind production of DMCSs when employing Ax finer than 3 km in real-case-based
CAM simulations (Simon et al. 2011; Toll et al. 2015; Mathias et al. 2019; Shourd and
Kaplan 2021). Weisman et al. (2013) hypothesized that leading-line mesovortices were poorly
simulated in WRF runs of the 8 May 2009 DMCS because Ax = 3 km likely could not resolve
the circulations. However, Xu et al. (2015a,b) showed that the leading-line mesovortices
were better represented with 0.8 km Ax (Fig. 10). Similarly, Simon et al. (2011) successfully
simulated the 40 m s! maximum wind gust observed with a DMCS when decreasing Ax
from 2.8 to 1.5 km. Mathias et al. (2019) also found that the linear DMCS structures were
better represented in 1 versus 3 km Ax runs of a cold-season derecho in western Europe,
with Shourd and Kaplan (2021) producing similar results when simulating the 29 June 2012
warm-season progressive derecho with the WRF at 2 km Ax. Weisman et al. (2023) simu-
lated multiple MCSs (some of which were DMCSs) with the WRF at 3 and 1km Ax, finding
that 1 km simulations better represented leading-line mesovortices (like Xu et al. 2015a,b),
and potentially, the magnitude and expanse of the intense cold pools (compared to surface
observations; Fig. 4). While changes in model configurations may not always influence
whether a DMCS occurs in a CAM simulation, configuration changes may influence DMCS
intensity and longevity, which is still crucial to understand so that further improvements to
derecho numerical forecasts can be made.

Concluding remarks

Over the last several decades, strides have been made to better understand how derechos
form and what features of a subset of MCSs support derecho development. Multiple studies
have shown that MCSs, with a strong cold pool countered by just enough low-level shear to
keep storm inflow from being undercut, with additional benefits of positive line-normal shear
above the cold pool, are most likely to become long-lived enough to support derecho wind
swaths. Furthermore, highly organized MCSs which can develop pronounced rear-inflow jets
and mesovortices, both at the ends of convective lines and along the leading line of convec-
tion, are most likely to produce the most destructive wind gusts within derecho wind swaths.
DMCSs can occur year-round in varying environments, ranging from classic tornado-outbreak
patterns ahead of midlevel troughs or in subtly forced regimes associated with upper-ridge
patterns. When it comes to forecasting derechos in the United States throughout the year,
predicting derecho occurrence in warm-season synoptic environments that support the
most intense DMCSs remains a challenge. Across the United States, summer DMCSs are
often weakly forced and have proved difficult to forecast on a recurring basis including at
short lead times. The one common denominator among warm-season derecho cases is that
extreme instability and adequate vertical shear often coincide over a long corridor aligned
with DMCS forward motion, allowing for a longer-lived and intense-wind-producing MCS
than is seen in most other ambient environments. Still, even when overlapping extreme in-
stability and adequate vertical shear overspread the Midwest and Ohio Valley in these long
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corridors (where a summer derecho frequency climatological maximum exists), forecasting
DMCS evolution in weakly forced environments remains problematic, limiting confidence
in forecasts of derechos.

Some of the difficulties in forecasting weakly forced convection include determining when
and where deep moist convection will initiate. For several MCSs (particularly at night), fore-
casting when elevated storms may become surface-based also remains a challenge, since the
transition of MCSs from elevated to surface-based convection has recently been attributed to
self-organizing processes associated with MCS cold-pool evolution (e.g., Miller et al. 2019;
Parker et al. 2020; Parker 2021). As such, future research efforts in understanding and im-
proving forecasts of convective evolution in weakly forced environments could be highly
beneficial to operational forecasters.

Decreasing horizontal grid spacing down to around 3 km or less in CAM simulations has
also significantly advanced derecho forecasting, and is necessary for realistically repre-
senting the storm-scale mechanisms and damaging wind potential associated with DMCSs.
However, such results are contingent on developing a DMCS. Given the subtle forcing mecha-
nisms that support intense warm-season derecho events, operational and research models
still struggle to simulate warm-season progressive DMCSs in real-case based simulations. A
commonality among most numerical DMCS studies is that model solutions were most sen-
sitive to changes in the initial and lateral boundary conditions. Better forecasts of weakly
forced convective events may continue to elude the meteorology community for several years
to come. In the meantime, employing a convection-allowing ensemble with many members
varying only initial conditions (as in Ribeiro et al. 2022) may provide an adequate spread
in solutions needed for forecasters to assess the likelihood of a derecho occurrence when
synoptic forcing is weak. As shown by some studies, numerical guidance for developing or
ongoing DMCSs may improve further with the implementation of more sophisticated data as-
similation techniques in CAMs, which in turn may improve placement, timing, and intensity
details in near-term forecasts.

The Warn-on-Forecast System (WoFS) ensemble CAM framework (developed at the National
Severe Storms Laboratory; Stensrud et al. 2009) has shown promise in improving forecasts
of deep moist convection out to 12 h given its ability to ingest a vast amount of observations
and employ sophisticated data assimilation techniques on a subhourly basis. By frequently
assimilating radar data into individual runs, WoFs may improve on the structural represen-
tation of severe storms (Stensrud et al. 2013; Miller et al. 2022) in 6-12 h forecasts. Novel
approaches to postprocessing of WoFs output, such as machine learning techniques, may also
be used to extract meaningful signals from a plethora of complex severe weather scenarios
to generate useful probabilistic guidance which could boost confidence in severe weather
forecasts (Flora et al. 2021; Clark and Loken 2022). While MCSs have proved challenging for
WoFs on a case-by-case basis (Stensrud et al. 2013), successful results were recently achieved
with simulations of the 10 August 2020 derecho in several retroactive runs of WoFs on a
larger spatial domain (Skinner et al. 2021). In these runs, WoFs consistently forecasted the
DMCS across Iowa and Illinois with reasonable accuracy. Though WoFs could not resolve
the highest observed surface wind speeds, ensemble members showed agreement in the
occurrence of a near-hurricane-force surface wind swath associated with a passing MCS
over eastern Iowa into Illinois. While earlier initialized WoFs runs demonstrated a north-
ward displacement of the MCS and derecho wind swath, the derecho swath in simulations
closer to observed MCS initiation time better overlapped with observations (Fig. 24). More
retroactive WoFs simulations of warm-season progressive DMCSs with similar domain and
model configurations to those employed for the 10 August 2020 should be performed to see
if WoFs can routinely produce reliable progressive derecho forecasts, which would prove
invaluable to forecasters.
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Fig. 24. (a) Composite reflectivity (dBZ) of the 10 Aug 2020 DMCS at 2.5h intervals with reflectivity and gust reports ending at
2200 UTC. Gust reports for 50-65 kt magnitudes are shown as blue dots, with 65+ kt reports shown as black squares. WoFs output
of the ensemble 90th-percentile accumulated maximum 10 m wind gusts (kt; shaded) are overlaid with 35 and 50 dBZ probability
matched means (gray and black lined contours), initialized at (b) 0300, (c) 0600, (d) 0900, (e) 1200, and (f) 1500 UTC.
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