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Abstract | Mesoscale convective systems (MCSs) describe organized groupings of thunderstorms
in the tropics and mid-latitudes that span thousands of square kilometres. While recognized

for over a century, the advent of satellite and radar observations, as well as atmospheric-model
simulations, has brought about their increased understanding. In this Review, we synthesize
current knowledge on MCS formation, climatological characteristics, hazardous weather,
predictive capacity and projected changes with anthropogenic warming. Driven by typical deep
moist convective processes (moisture, lift and instability) and vertical wind shear, MCS formation
occurs preferentially in locations where these ingredients are present and can be maintained by
large-scale ascent and the cold pools that they produce. MCSs also generate hazardous weather,
including extreme rainfall, flooding, derechos and, sometimes, tornadoes and hail, all of which
have substantial economic and societal impacts. Given that MCSs also produce a large fraction
of warm-season rainfall, there is critical need for both short-term forecasts and long-term
projections, presently challenged by inadequate model resolution. Yet, with continually improving
modelling capabilities, as well as greater theoretical basis, it is suggested that MCSs might
increase in frequency and intensity under a warming climate. Further modelling progress, in turn,
offers improved understanding of MCS characteristics, from their life cycle through to impacts.

Thunderstorms, known more formally as deep moist
convection, are a regular meteorological feature across
many parts of the world. Their development requires
two basic building blocks: an updraft, wherein warm,
moist air rapidly rises, forming characteristic camulo-
nimbus clouds, and a downdraft, which brings rain and
evaporatively cooled air back to the surface, creating a
cold pool. These individual convective cells, consist-
ing of a single updraft and downdraft, often interact to
form storm clusters, lines or complexes. Such groupings
are collectively termed mesoscale convective systems
(MCSs), encompassing nearly all organized convec-
tion that has a length scale of >100km in one or more
directions, and lasting 3 hours or longer.

Following the emergence of radar and satellite-based
observations of weather systems, various categories of
MCSs have been identified, often centred on their
shape (FIC. 1). For example, large, near-circular systems
are referred to as mesoscale convective complexes'
(MCCs; FIG. 1a), whereas those with one long and one
narrow axis are referred to as quasilinear convective
systems (QLCSs)? or squall lines (FIG. 1b), which also
include a subset of features such as bow echoes’ (FIG. 10).
As further study revealed differences in precipitation
production and hazards among MCSs, additional clas-
sifications were established based on the location of

lighter stratiform rain with respect to the convective
line, including trailing-stratiform, leading-stratiform
and parallel-stratiform structures*. Moreover, addi-
tional categorizations have been made for those that do
meet the typical characteristics of QLCSs, such as the
training line/adjoining stratiform (TL-AS; FIG. 1d) and
back-building/quasistationary (BB; FIG. 1¢) patterns that
produce extreme precipitation’.

MCSs are responsible for a large proportion of trop-
ical through mid-latitude extreme-precipitation events
and are, thus, an important component of the hydro-
logic cycle. Indeed, the rainfall associated with MCSs
has aided motivation for expanded research in recent
decades. MCSs, for example, bring essential precipita-
tion — and, therefore, water resources — to agricul-
turally productive regions throughout the tropics and
mid-latitudes, such as the Great Plains of the USA, the
Sahel and much of Asia. Changes in the frequency of
MCSs thus exert a dominant control on rainfall vari-
ability in these regions: too few MCSs in a given year
facilitates drought conditions, whereas too many pro-
mote flooding®®. MCSs are often further associated
with hazardous weather; severe winds, flash floods,
large hail, lightning and (occasionally) tornadoes can
be destructive and deadly’''. For instance, the dev-
astating flood in Pakistan in 2010 (REF.'%) and the
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Key points

 Organized lines or clusters of convective storms — known as mesoscale convective
systems (MCSs) — frequently occur across the global tropics, subtropics and

mid-latitudes.

* MCSs produce over half of the annual rainfallin some regions and provide critical
water resources for agriculture in those regions.

* Much of the extreme rainfall in mid-latitude land areas comes from MCSs, often
causing deadly and destructive flash flooding. MCSs are also responsible for
widespread damaging wind events, called derechos.

* MCS organization, structure and maintenance is governed by the ingredients for
deep moist convection (moisture, instability and lift) and by how vertical wind shear
interacts with convective updrafts and cold pools.

* Prediction of MCS rainfall and hazards is a major challenge, owing to multiscale
processes and insufficient resolution of atmospheric models. Yet, predictions are
improving with advances in understanding and computing.

* Understanding how MCSs will change in a warmer climate is a new and important
research area. Results thus far suggest that heavy rainfall from MCSs is likely

to increase.

derecho in the eastern USA in 2012 (REF ") caused major
societal disruption.

Given the hydrologic importance and hazardous
nature of MCSs, there is a key need to understand their
characteristics, especially against a background of cli-
matic warming that is anticipated to influence their
properties. For instance, evidence suggests that the
environmental conditions favouring MCS formation
may increase'", so too may MCS rainfall rates and vol-
umes'*'®. Thus, while MCSs have long been recognized
and studied'*”, a wealth of new literature has emerged
with the objective of enhancing understanding of their
fundamental characteristics, in turn, improving fore-
casts, hazard warnings, water-resource management and
climate projections.

In this Review, we synthesize the latest understand-
ing of MCSs, beginning with their climatological char-
acteristics and formation mechanisms. The hazards
and impacts associated with MCSs are subsequently
discussed, followed by the current state of predictability
and responses to anthropogenic warming. The Review
ends by outlining priority questions that remain for
future research.

The climatology of MCSs
Considering the temporal and spatial scales associ-
ated with MCSs (>100km and >3 h), comprehensive
documentation of where and when they occur was not
possible until radar and infrared satellites were broadly
deployed. Infrared brightness temperature data from
geostationary satellites, for example, first became avail-
able in the 1970s, resulting in the identification and
widely used definition of MCCs'. The polar-orbiting
Tropical Rainfall Measuring Mission (TRMM) satel-
lite, which operated from 1998 to 2015, further enabled
unprecedented observations of MCSs in the tropics and
subtropics®*'. Owing to their lack of temporal continu-
ity, however, such polar-orbiting satellites only provide
opportunities for MCSs to be sampled in snapshots®.
Ground-based radar networks, by contrast, provide
opportunity for detailed examination of MCS char-
acteristics, albeit constrained to land areas and those

nations with sufficient resources to deploy them, such
as Europe”, the USA, India*, China®, Taiwan*® and
South Korea?”. While radar-based analyses have his-
torically involved manual examination of large quan-
tities of radar animations®****, new algorithms have
recently allowed for comprehensive, automated identi-
fication and tracking of MCSs”**-*, advancing under-
standing of their climatological characteristics. Here,
we begin by outlining the typical spatial and temporal
features of MCSs garnered from the remote-sensing
observations.

Spatial climatologies. Analyses of satellite and ground-
based radar observations have provided exceptional
insight into the spatial characteristics of MCSs, reveal-
ing thousands of occurrences per year globally, of which
~400 of the largest develop in favoured locations focused
in the tropics, subtropics and mid-latitudes®*.

MCSs, for example, are common throughout land
regions of tropical and subtropical South America,
Africa, South Asia and the Maritime Continent®>*. As
a result, TRMM observations show that, tropics-wide,
MCSs are the dominant source of rainfall, contribut-
ing over half (typically 50-90%) of annual precipita-
tion totals®**~*’ (FIC. 2), and demonstrating their critical
importance in local hydrological cycles. In the La Plata
Basin of South America, for instance, >90% of summer-
time precipitation is from MCSs™, whereas in the Sahel
and Congo Basin, contributions exceed 70%°*. It must
be noted, however, that the inability of polar-orbiting
satellites to observe the temporal continuity of MCSs
introduces some uncertainty to these quantitative
estimates, overestimating the fraction of deep con-
vective storms that last long enough to be MCSs*.
Nevertheless, in the tropics, MCS occurrence has been
linked to the Mei-Yu front in tropical East Asia’, Bay
of Bengal depressions and the southeast Asian mon-
soon”, orographic-induced gravity waves off the coast
of Colombia in the tropical West Pacific*, tropical
easterly waves over the Sahel region of Africa®, coastal
squall lines in north-eastern South America and the
Madden-Julian Oscillation in the central Indian Ocean
through Maritime Continent regions*.

MCSs are also commonly observed in the mid-
latitudes, particularly in central North America’ (FIG. 3).
Indeed, in the USA, MCSs are very frequent in the cen-
tral and eastern states, wherein 500-700 are counted
each year’ (FIC. 3a). Here, substantial seasonal variability
is also apparent, with most occurring in the central states
(for example, Kansas and Missouri) during May-August
(FIG. 3b), moving to the eastern states (for example,
Tennessee, Mississippi, Alabama and Georgia) during
September—April* (FIC. 3¢). Similar to the tropics, radar
observations in the USA further indicate that MCSs con-
tribute a significant proportion of precipitation, total-
ling ~40% of annual (FIC. 3d) and >60% of warm-season
(May-August; FIG. 3e) rainfall in the Great Plains™*.

MCS characteristics differ between the tropical
oceans and subtropical or mid-latitude land areas. In
the latter, MCSs tend to be more intense, with precip-
itation coming from a smaller number of large, strong
MCSs*™*. Some of these differences can be explained
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Fig. 1| Key MCS types. Schematic illustration (left) and
observed infrared or radar retrievals (right) of a mesoscale
convective complex (panel a), squall line (panel b), bow
echo (panel c), training line/adjoining stratiform mesoscale
convective system (MCS; panel d) and back-building MCS
(panel e). Radar data in panels b—e are from the Multi-Radar
Multi-Sensor system'*’. MCSs can take on a wide variety of
structures, with the examples shown here among the most
highly organized. Schematics in panels d and e adapted with
permission from REF.*, © American Meteorological Society.

by the greater vertical wind shear at higher latitudes
(owing to the proximity to the subtropical and polar jet
streams), which promotes greater MCS organization, as
discussed further later.

Temporal variability. In addition to the marked spatial
variability, MCSs also exhibit pronounced temporal var-
iability, as alluded to previously when outlining the sea-
sonality in US-based counts and resulting precipitation.
Indeed, across the mid-latitudes, a strong seasonal cycle
is apparent, with most MCSs occurring predominantly
during the warm season, when moisture and instability
are most abundant®. In continental Europe, for exam-
ple, the number of MCSs reaches a maximum during
May to August (the warm season)* and decreases from
September, broadly consistent with observations from the
central USA’ and East Asia*. In the southern hemi-
sphere, summertime peaks in MCS counts are similarly
observed in both the Amazon Basin'” and the subtrop-
ics™. At lower latitudes or over the oceans, by contrast,
the seasonal cycle is less pronounced™*>*. For exam-
ple, over Africa, MCS occurrence shifts from north to
south of the equator with the seasons, but the frequency
remains relatively constant throughout the year*.

MCSs also exhibit variability at shorter timescales,
specifically in regards to a distinct diurnal cycle. Over
land, MCSs typically initiate in the afternoon or early
evening, owing to increased instability from daytime
heating of the land surface, reach maximum intensity
overnight and dissipate within a few hours after sun-
rise”*>**%%_ This tendency for MCSs to be strongest over-
night is associated with low-level jets — confined areas
of strong winds that are a common feature of continental
regions to the east of mountain ranges® — that develop
after dark, transport warm, moist air polewards and
cause air to ascend, which fuels MCS intensification®’.
The diurnal cycle can vary geographically: a strong noc-
turnal maximum is apparent in the Great Plains of the
USA, but in the south-eastern USA, there is a greater
frequency of occurrence in the afternoon and evening’.
Over the oceans, however, because the underlying sur-
face does not respond as sharply to diurnal variations
in solar radiation, the diurnal cycle of MCSs is less
pronounced™ (FIG. 2b,c).

Formation, organization and maintenance
Having established the ‘where and when, we now dis-
cuss the formation and evolution of MCSs, synthesizing
information from the larger environmental-scale condi-
tions through to storm-scale processes. A comprehensive
examination can also be found in REFS!**%>3-%¢,
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Fig. 2 | The contribution of MCSs to global rainfall. Fraction of annual rainfall produced by mesoscale convective systems
(MCSs) based on observations from the Tropical Rainfall Measuring Mission (TRMM) satellite between December 1997 and
September 2014 (panel a). Diurnal cycle of TRMM volumetric rainfall over the land (panel b) and ocean (panel c) between
36°N/S. In many parts of the global tropics, subtropics and mid-latitudes, MCSs produce a large fraction of the annual
precipitation. MCSs over land have a strong diurnal cycle, with rain maximized in the afternoon and evening, and minimized
in the morning; MCSs over ocean have a less pronounced diurnal cycle. Panel a adapted with permission from REF°,

© American Meteorological Society. Panels b and c adapted with permission from REF*°, © American Meteorological Society.

Fundamental ingredients. An ingredients-based meth-
odology™ dictates that the following characteristics must
be present for deep moist convection to occur: moisture
— sufficient atmospheric water vapour to condense to
form clouds and precipitation; lift — a mechanism by
which air is forced to ascend, such as a front or sloped
terrain; and instability — an atmospheric temperature
profile in which ascending air parcels become less dense
(warmer) than the surrounding air, supporting contin-
ued upwards acceleration of those parcels™. Collectively,
these ingredients can be expressed in regards to con-
vective available potential energy (CAPE), that is, an
estimate of the vertically integrated buoyancy of adia-
batically lifted air, embracing requirements for moisture
and instability*®. Without these ingredients in place,
convective storms will not develop.

For convective storms to organize into larger struc-
tures such as MCSs, an additional ingredient is required:
vertical wind shear. Describing the change in wind speed
and/or direction with height, vertical wind shear alters
the way in which cold, downdraft air spreads away from
the storm. In the absence of shear, for example, the cold
air moves out in a circular pattern over a thin layer upon

reaching the ground. However, when shear is present,
there is flow towards the cold pool on the downshear
side, which slows the spread of the cold pool there. This
flow increases the depth of the cold pool, enhancing
lift at the edge of the cold pool that may initiate new
convective updrafts™. As the new cells form their own
downdrafts, they merge with the existing cold pool,
continuing the process and organizing convection into
lines or clusters™. Vertical wind shear further influences
where new convection develops, in turn, dictating the
organization of the MCS****, For example, shear dic-
tates the transport of precipitation particles after forma-
tion in the updrafts, affecting both the growth of the cold
pool and the latent heat release that occurs at mid-levels.
These processes subsequently influence where new
updrafts form and, thereby, the development of circula-
tions within the MCS itself. MCSs can form at any ori-
entation with respect to the vertical shear, but assuming
a cold pool develops, these processes tend to result in
MCSs oriented perpendicular to the shear, where ascent
is maximized*®.

Differences in the geographic variability of vertical
wind shear also help explain the distinctions between
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MCSs in the tropics and mid-latitudes. Indeed, shear
tends to be relatively weak in the tropics (less than
10ms™ of difference between the surface and 6km above
ground), producing MCSs with highly varied structures
with respect to shear magnitude and direction. In small
low-level and mid-level shear tropical environments,
convection is arranged in circular, ring-like patterns due
to the lack of an organizing mechanism. However, when
either low-level or mid-level shear or both are strong,
linear MCSs result and are organized either parallel
or perpendicular to the shear, depending on the sce-
nario®. In the mid-latitudes, by contrast, vertical shear
tends to be quite strong, promoting highly organized
MCSs such as MCCs and bow echoes®, demonstrating
the geographic variability in MCS archetypes.

Given the tendency for MCSs to form preferentially
in specific parts of the world, it can be assumed that their
large-scale environments are favourable regions for all
‘ingredients’ to occur together (moisture, lift, instability
and shear)”. Favoured regions for MCSs, for example,
include East Asia, subtropical South America and Africa,
and central North America, all of which are downstream
of elevated terrain and proximate to a moisture source,
such as warm sea surface. Elevated terrain can serve as a
lifting mechanism for initial thunderstorms to grow into
MCSs, but also fosters the development of low-level jets
downstream and allows for clusters of intense storms to
initiate through elevated mixed layers®"°.

Meteorological regimes. With essential ingredients
needed for development, MCSs often form in common
synoptic environments. For example, in the USA, alarge
proportion of warm-season MCS activity is associated

REVIEWS

with two distinct large-scale synoptic patterns: a trans-
lating cold front (FIG. 4a) and a quasistationary east-west
front” (FIG. 4b). Similar synoptic situations, with some
regional variations, are also found in MCS environments
globally®’.

For a translating cold front (FIC. 4a), forcing for ascent
is provided ahead of a mid-tropospheric trough and
corresponding surface front. The presence of moist,
unstable air ahead of the cold front provides fuel for the
generation of fast-moving linear MCSs such as squall
lines®’"%. Slower-moving MCSs may also form on the
cool side of the trailing stationary front, owing to
the lifting of warm, moist air parallel to the upper-level
winds”. This situation can occur throughout the year,
but is especially common in the transition seasons of
spring and autumn, when extratropical cyclones and
associated frontal systems are frequent™”.

MCS formation is also common in a quasistation-
ary east-west front pattern (FIC. 4D), characteristic of the
warm season when moist, unstable air is abundant, and
relatively weak mid-tropospheric winds and a station-
ary front or slow-moving warm front are featured at the
surface’”. In this pattern, the forcing for ascent may be
a subtle shortwave trough in the mid-troposphere or the
ascent of air within and ahead of a low-level jet stream
that is oriented perpendicular to the surface frontal zone.
In particular, when a low-level jet intersects a frontal
zone, there is strong low-level warm advection and fron-
togenesis that promotes the initiation and organization
of convection”’*7?, MCSs in this environment gener-
ally form parallel to the mid-tropospheric winds, but
may reorient to become perpendicular to the winds,
depending on the wind shear and whether a strong
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Fig. 3 | MCS frequency and the rainfall contribution of MCSs in the USA. Mean mesoscale convective system (MCS)
occurrence over the USA for January—December (panel a), May-August (panel b) and September—April (panel c). Percentage
contribution of MCS rainfall to total rainfall for January-December (panel d), May-August (panel e) and September—April
(panel f). Over the USA, where there is a long record of radar and precipitation data, MCSs are found to be frequent and to
contribute over half of the annual rainfall in the agriculturally productive central USA. Adapted with permission from REF.,

© American Meteorological Society.
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cold pool develops®*'. Although the details vary geo-
graphically, similar environments have been identified
in MCS-active regions in Asia and South America®.
Furthermore, these environments can remain in place
for a week or more during the warm season, leading
to ‘corridors’ of heavy precipitation within a narrow
latitude band™>*>%,

These meteorological regimes are responsible for
setting the stage for organized convective systems, with
the dynamics responsible for their organization, main-
tenance and evolution being a function of both the
larger-scale setting and storm-generated processes.

Structure, organization and maintenance. Once the
ingredients of moisture, instability, lift and wind shear
have come together, convection has initiated and
organized into an MCS, they must persist for an MCS
to be maintained. Two distinct lifting processes may be
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Fig. 4| Common environments for MCS formation and maintenance. Synoptic
environments conducive for mesoscale convective system (MCS) formation in a translating
cold front (panel a) and quasistationary east-west front (panel b). Schematics illustrate
common MCS types observed in those environments, consistent with the definitions
shown in FIG. 1. Solid black lines indicate a 500-hPa geopotential height contour. Red lines
with half-circles, blue lines with triangles, and alternating patterns represent warm, cold
and stationary surface fronts, respectively. MCSs form in environments where the required
ingredients of moisture, instability, lift and vertical wind shear are brought together;

these two examples highlight two such common regimes in mid-latitudes. Adapted with
permission from REF.”*, © American Meteorological Society.

responsible for their persistence: lifting at the leading edge
of a convectively generated cold pool (so-called internally
driven MCSs) and lifting associated with larger-scale
forcing for ascent, such as along a warm or stationary
front (so-called externally driven MCSs)**. Whether
an MCS is internally or externally driven exerts a key
influence on the resulting structure and organization.

For a mature, cold-pool- (internally) driven MCS
such as squall lines or bow echoes (FIG. 5), understanding
of the strength and vertical structure has largely centred
on RKW (Rotunno, Klemp and Weisman) theory™**.
Built around idealized 2D and 3D cloud model simu-
lations, RKW theory argues that squall-line structure is
governed by the degree of balance or imbalance between
the strength of the cold pool and the magnitude of the
vertical wind shear over the depth of that cold pool (spe-
cifically, the flux of horizontal vorticity produced at the
leading edge of the cold pool compared with the flux
of horizontal vorticity associated with the vertical wind
shear). For example, if the strength of the cold pool is
much stronger than the shear, the convective line will
tilt upshear over the cold pool and weaken. Conversely,
if the strength of the shear is much larger than the cold
pool, the convective line will tilt downshear, and intense
updrafts will be unsupported. However, if the two effects
are in approximate balance, the convective line will be
upright, maximizing the strength of the updraft and,
presumably, the MCS. Thus, although cold pools are
essential for the structure and maintenance of squall
lines, if they become too strong, they may lead to the
demise of the MCS.

While RKW theory has been upheld in recent ideal-
ized studies*-*°, the applicability to observed squall lines
has been questioned on the basis of the most intense
squall lines not always occurring in the theoretical ‘opti-
mal state’”’. The theory has also been criticized for not
considering the possible importance of shear over the
depth of the troposphere or sources of vorticity that
influence the MCS other than those at the interface of
the inflow and the cold pool®**"#,

Several other factors also typify the structure of an
internally driven MCS. The flow through cold-pool-
driven MCSs, for example, is characterized by a broad
region of front-to-rear flow behind the convective line,
as well as the development of a rear-inflow jet (FIC. 5).
These flow patterns are associated with an expansive
region of lighter ‘stratiform’ rain (though this may tech-
nically be a misnomer)*, the latent heating and cool-
ing of which lead to temperature perturbations within
the MCS. Mesoscale regions of high and low pressure
subsequently develop: a mesohigh within the cold pool
(owing to cold downdrafts that hydrostatically produce
high pressure), and mesolows at mid-levels and behind
the MCS (owing to warming resulting from latent-heat
release)” (FIG. 5). The mid-level low pressure drives
mesoscale convergence into the system, further support-
ing its maintenance, and is also key to the formation of
the rear-inflow jet™.

In comparison to internally driven MCSs, the exter-
nally driven counterparts have been relatively less stud-
ied. Nevertheless, modelling efforts and field campaigns
reveal that they most commonly form on the cool side

www.nature.com/natrevearthenviron
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from REF.%, © American Meteorological Society.

of a front or slow-moving boundary (FIG. 4b). In these
scenarios, a low-level jet transports moist, unstable air
that is lifted over a wedge-shaped region of cool air to
the north of the boundary*”’*’%. Convection then initi-
ates, subsequently organizing into an MCS that is ini-
tially aligned parallel to the lifting boundary. Owing to
the stable air near the surface on the cool side of the
front, cold downdrafts experience resistance to sinking
all the way to the surface”. In many cases, a cold pool
does eventually form. However, in such environments
wherein convection is initiated by large-scale ascent,
cold-pool lifting is not required to maintain the convec-
tive system®>”. The interaction of convective downdrafts
with near-surface stable layers (formed either from the
pre-existing boundary or nocturnal cooling) gener-
ates many types of gravity waves; these waves generally
are not fundamental to maintaining the MCS but they
may organize the convection into linear structures and

3-95

influence the distribution of precipitation”".

Life cycle. Following formation and maintenance
(through either cold-pool convection or frontal uplift),
MCSs often transition between organizational modes
during their life cycle***. One frequently observed exam-
ple is the transition from a squall line (FIG. 1b) to a bow
echo (FIG. 10), a result of the formation of the rear-inflow
jet as the cold pool strengthens’*. Likewise, MCSs that
initially are oriented parallel to the vertical wind shear
will often reorient themselves to become perpendicular
to the shear as cold-pool lifting is maximized®*®.

MCSs can also transition to produce mesoscale con-
vective vortices (MCVs), which are hundreds of kilo-
metres across and, in some cases, persist for multiple
days. The formation of an MCV can take place in two
ways. One is from a bow echo: as the leading edge of
the bow echo surges forward, a pair of counterrotating

‘bookend vortices’ form on the flanks of the surge.
In some cases, the cyclonic vortex grows in spatial
extent to be greater than 100 km in radius. An MCV can
also emerge from the cumulative effects of latent heat-
ing in an MCS: where heating increases with height, a
mesoscale region of low pressure forms (FIC. 5) and, as
the Coriolis force acts on the convergent flow towards
that low pressure, over time, a cyclonic circulation may
develop. MCV:s can prolong the lifetime of the MCS they
originate from™ and, in some instances, they initiate and
maintain MCSs on subsequent days'*~'%,

Eventually, MCSs must also dissipate, the processes of
which have received relatively little attention. However,
given that the frequency of MCS occurrence is often
closely tied to the diurnal cycle, at least over land (FIC. 2),
it follows that MCSs dissipate mainly because of pro-
cesses that change with the diurnal cycle. Indeed, over
continental regions that are prone to MCSs, low-level jets
(which provide much of the moisture, instability and lift
that support MCSs) weaken in the mid-morning hours,
often leading to MCS dissipation'”. Some squall lines
also dissipate as their cold pools become strong enough
to overwhelm the vertical shear, tilting the updrafts
far rearwards®.

Hazards and impacts from MCSs

Owing to the range of hazardous weather they produce,
MCSs have been the subject of much scientific investiga-
tion, so as to improve forecasting and reduce societal risk
and impact. Here, we outline the various hazards asso-
ciated with MCSs, with a primary focus on damaging
windstorms and flash flooding from heavy rains.

Severe winds and derechos. It has long been established
that organized thunderstorms can produce widespread
destruction, the majority of which is linked to persistent
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Fig. 6 | Derecho impacts. Two-hourly radar continuity map from 1600 UTC 29 June to 0400 UTC 30 June 2012 (panel a).
Storm Prediction Center severe wind reports for the 29-30 June 2012 progressive derecho (panel b). Note that many

of the wind speeds contained in the Storm Prediction Center data are estimated. Long-lived bow echoes are capable of
producing broad swaths of damaging winds, known as derechos. This event resulted in 22 fatalities and millions of power
outages. Radar data in panel a from GridRad**'. Adapted with permission from REF.'®°, © American Meteorological Society.

straight-line winds, or a derecho'®”. Derechos describe

any family of downburst clusters associated with an
MCS wherein winds of at least 58 mph (25.7ms™) are
observed in a swath at least 400 km long’. Damaging
derechos have been exhibited in the USA*'*, Europe'”,
China'* and South America'”. On 29-30 June 2012,
a particularly destructive example occurred from the
midwestern to eastern USA (FIG. 6), with severe winds
that exceeded 40 m s, resulting in 22 fatalities, wide-
spread damage and power outages affecting millions of
people'*'%. The environmental impact of derechos can
also be staggering, as observed in the Amazon rainfor-
est, where a squall line in January 2005 is estimated to
have killed more than 500 million trees'”’, and in North
America in July 2009, where an estimated 25 million

trees were blown down from northern Minnesota
through to Ontario and Quebec'"’.

Derechos have been classified according to two
primary types of damage swath: progressive, where
a single, fast-moving MCS produces the severe wind
gusts, and serial, where a series of smaller swaths of
damaging winds are observed within the broader
swath’. Progressive derechos are often associated with
a long-lived, fast-moving bow echo (FIG. 1¢), specifically,
the strong downdrafts in the cold pool and the descend-
ing rear-inflow jet’”'!" (FIG. 5). Smaller regions of strong
rotation, known as mesovortices, can also form at the
leading edge of the bow echo and locally intensify
the winds and damage'”. Serial derechos, on the other
hand, are associated with MCSs forced by fronts and do
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not necessarily depend on cold-pool or rear-inflow jet
processes'"’; they typically produce a very large swath
of strong winds, but not necessarily the extreme wind
speeds often observed with progressive derechos. As a
result, it has been proposed that the term ‘derecho’ be
reserved for windstorms produced by bow echoes''".

Heavy rainfall and flash floods. Although MCS-related
rainfall is a key contributor to local and regional hydro-
logical cycles, the abundance of extreme rainfall in many
instances can also be hazardous. Slow-moving MCSs
(or those organized in a way that allows the repeated
passage of convective cells, termed echo training), for
example, can produce substantial accumulations of pre-
cipitation over small geographic areas. Indeed, much like
MCSs contribute a substantial fraction of total rainfall
(FIC. 2), they are also responsible for a large proportion
of extreme rain events throughout North America'®'"
and South America®, as well as East Asia'">. In the USA,
for instance, 60-75% of extreme-rainfall events can be
linked to the passage of MCSs'® but only ~35% in east-
ern China'”. Given such extreme rain potential, MCSs
are closely related to flash flooding due to both extreme
rainfall rates and prolonged duration. These floods can
be deadly: as examples, an MCS over Beijing in July 2012
produced over 400 mm of rain and caused 79 fatalities'*¢,
and a series of MCSs caused catastrophic flooding and
193 fatalities in Leh, India in August 2010 (REF.'2).

Rainfall rates in MCSs have been shown to be a com-
plex function of relative humidity, vertical wind shear
and storm structure'". Specifically, high rain rates occur
when the ingredients for moist convection are brought
together such that moist air ascends rapidly (most
commonly in deep convection), and that most of the
condensate reaches the ground as rain (as opposed to
evaporating or forming frozen precipitation)'”’. MCS
rainfall, for example, is very sensitive to the amount of
water vapour in the environment''®'"”, and when syn-
optic and mesoscale conditions allow for the persistent
transport of water vapour into a region favourable for
MCSs, particularly extreme rainfall can take place. For
instance, the transport of moisture ahead of a recurving
tropical cyclone can greatly enhance the rainfall amounts
in an already conducive environment'**-'*. Similarly,
atmospheric rivers (narrow corridors of strong water
vapour transport)'> have been shown to contribute to
some of the most extreme MCS-related rainfall events,
such as the May 2010 flooding in Tennessee'*". Both
these situations can also promote the repeated develop-
ment of MCSs over an extended time period, as observed
in the Tennessee flooding example, further exacerbating
flood potential.

MCSs can also be effective at yielding long-duration
rainfall, particularly in TL-AS (FIC. 1d) and BB (FIC. T¢)
organizations’. TL-AS MCSs are characterized by a line
of convection on the cool side of, and approximately
parallel to, a warm or stationary front'** (as depicted
in FIG. 4b, for example). In this scenario, the convec-
tive line (as well as an adjacent region of stratiform
precipitation that develops farther towards the cool
side of the boundary) moves from left to right with the
upper-level winds, resulting in the repeated passage of
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heavy-rain-producing convective cells for many hours’.
A TL-AS MCS produced 383 mm of rain in August 2007,
breaking a record for 24 h rainfall in the state of Minne-
sota and causing destructive flash flooding'*'. In contrast
to the repeated passage of the same convective cells for
TL-AS MCSs, BB MCSs exhibit continuous gener-
ation of new convective lines or clusters in the oppo-
site direction of movement, such that the MCS as a
whole is nearly stationary. Specifically, if the motion
of individual convective cells has equal magnitude and
nearly opposite direction as the propagation (where
new cells are initiating with respect to existing ones),
it is a particularly favourable situation for heavy rain-
fall'*>'?7. Several different processes can serve as the
lifting mechanism for BB MCSs, including pre-existing
boundaries such as fronts or outflow boundaries, con-
vectively generated gravity waves, MCVs or remnant
tropical cyclones’'%>'#, Interestingly, at the same time
as the aforementioned TL-AS MCS in August 2007 was
producing heavy rainfall in Minnesota, a BB MCS near
a remnant tropical cyclone was causing flash flooding
hundreds of kilometres to the south in Oklahoma'*.

MCSs may also have embedded small-scale rotation,
which can enhance vertical motions and, thus, rain rates.
Supercells, for instance, can produce large amounts of
condensate, owing to their very intense updrafts, in part,
related to upwards pressure perturbation accelerations
link to rotation'”'%. As some MCSs have supercell-like
rotation embedded within them (such as in moist envi-
ronments with large, low-level vertical shear), enhanced
updrafts and rain rates can similarly be observed'*, as
also verified by numerical model simulations'*.

Other hazards. Although derechos and heavy rainfall
constitute the most common hazards observed with
MCSs, hazards more typically associated with supercell
thunderstorms (specifically, hail and tornadoes) can also
occur. From 1996 to 2007, for example, 21% of tornadoes
in the USA were produced by QLCSs, a subset of MCSs'’,
albeit with marked geographic variability; in the Ohio
River Valley into the south-eastern USA, for instance,
over 50% of tornado reports were linked to such sys-
tems''. However, QLCS-related tornadoes are generally
weaker than those produced by supercells, accounting
for only ~20% of significant tornadoes (higher than
Enhanced Fujita scale 2) based on US data from 2000 to
2008 (REF."*). Mesovortices embedded within squall lines
and bow echoes are the most common process by which
MCSs spawn tornadoes'"”.

Much like tornadoes, severe hail (which poses sub-
stantial risk to life and property) is most often associa-
ted with supercells. However, MCSs do produce hail,
albeit with specific size limitations. In the USA, for
example, severe hail'** (>25.4 mm diameter) has been
observed in relation to MCSs, whereas significant severe
hail (>50.8 mm) is very infrequently produced>"*.
Indeed, supercells are the dominant hail producers in the
USA, producing more than twice as many hail reports
per system compared with MCSs'*. In subtropical South
America, by contrast, only 7% of hailstorms fall in the
discrete thunderstorm category, compared with 84.5% in
the multicell-organized category representing MCSs'*°.
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Thus, the unique environments supporting MCSs
globally lead to a variation in the resulting hazardous
impacts of hail.

Finally, the global distribution of lightning also shows
similarity with locations of frequent MCSs and, in turn,
large area-mean rainfall*"**'¥’, For example, field obser-
vations have shown that MCSs with significant convec-
tive and stratiform precipitation produce large quantities
of lightning, with negative cloud-to-ground flashes pre-
ferred in the convective region and positive flashes in
the stratiform region'*. Although MCSs are copious
lightning producers, analyses of lightning fatalities show
that unorganized convection is, by far, the biggest killer,
likely because the large, organized storms of MCSs will
cause people to take shelter, but isolated storms catch

people unaware'”.

Prediction and forecasting

Considering the hazardous weather associated with
MCSs and their importance to hydrological cycles,
there is considerable societal need for accurate fore-
casts. However, despite improvements'*’, the forecasting
performance of warm-season convective precipitation
(much of which comes from MCSs) remains inade-
quate'*"'*2. At operational centres, skill for both rain-
fall'*? and severe weather'* forecasts is at a minimum
in the summer, when MCSs are responsible for a sub-
stantial proportion of those phenomena. For example, in
advance of the June 2012 derecho (FIG. 6), most numer-
ical weather-prediction models gave no indication that
any precipitation would develop, let alone a significant
severe-weather event'.

The generally poor forecasting skill for MCSs can be
linked, in part, to the comparatively small spatial scales
on which convection takes place, and the very sharp gra-
dients between heavy precipitation and no precipitation.
Indeed, prior to the early 2000s, computing constraints
meant that numerical weather-prediction models could
not be run at high enough resolution to explicitly rep-
resent convective storms, instead relying on convective
parameterizations to represent complex processes. Thus,
key processes like cold pools and mesoscale circula-
tions, integral for MCS formation and corresponding
precipitation, were not explicitly represented.

However, computing capabilities — coupled with
increased understanding of convective processes'** —
have since led to a new era for forecasting, wherein
convection is explicitly represented. Such convection-
allowing or convection-permitting models, with
horizontal grid spacing of 1-4km, have been used
experimentally since the mid-2000s, and operationally
since the late 2000s'*"'*. These forecasts can provide
highly detailed representations of MCS development
and evolution, and, in some cases, they predict the
timing and location with remarkable specificity. For
example, specific model configurations predicted dere-
chos in May 2009 (REF"*) and June 2012 (REF") and an
extreme-rain-producing MCS in April 2016 (REFS**'*)
with great accuracy. Improvements to physical param-
eterizations and the assimilation of radar observations
into convection-permitting models have also yielded
improvements to MCS forecasts'*”. Nevertheless,

convection-permitting model forecasts do not solve all
the challenges associated with predicting MCSs and, in
some instances, have been shown to perform poorly'*
and exhibit substantial biases'**. However, ongoing
research into convection-permitting ensemble predic-
tion systems'*>"'”", as well as new statistical techniques
and machine-learning methods'**'%!, offer emerging
opportunities for improved MCSs forecasting.

Changes with anthropogenic warming

Similar motivations for better forecasting and prediction
of MCSs — their hydrological importance and hazard-
ous impacts — also spur the need to better understand
potential changes on longer timescales, particularly in
the context of anthropogenic warming. Much like with
weather forecasts, however, progress has been ham-
pered by modelling limitations, largely, the challenges
in faithfully simulating MCSs'®>'’. Nevertheless, with
better availability of comprehensive data sets and con-
tinued advances in modelling, there has been headway
with examining observed and projected changes in
MCS characteristics, a summary of which can be found
in TABLE 1.

Manual classification methods initially revealed no
significant change in heavy rainfall from MCSs across
the USA over the 20th century'". Yet, more recent anal-
yses suggest positive trends in springtime MCS intensity
and frequency in the central and eastern USA over the
period 1979-2014 (REF.") and in the warm season over
the period 1997-2018 (REF.'®). Specifically, observations
and reanalysis data indicate that the average lifetime of
MCSs has increased by 4% per decade, reaching 7% per
decade for very-long-lasting MCSs (those exceeding
the 95th percentile). Moreover, MCS-related total and
extreme rainfall is further found to have increased, par-
ticularly for the 5-30 mmh™ bins. These changes are
attributed to warming and a corresponding strength-
ening of the Great Plains low-level jet, which, as dis-
cussed previously, provides key moisture supplies for
MCS formation.

Outside of the USA, similar changes in MCS char-
acteristics have also been observed, but a comprehen-
sive picture is lacking, owing to limited data availability.
For instance, satellite observations demonstrate that
increases in tropical precipitation from 1998 to 2009
can largely be explained by changes in the frequency
of organized deep convection'®, consistent with a
corresponding enhancement also observed over
Eurasia, although not specific to MCSs in this region'?’.
Moreover, a threefold increase in the frequency of the
most intense MCSs is apparent over the West African
Sahel since 1982, linked to increased wind shear and
changes in the Saharan Air Layer'®®. Thus, despite
limited spatial representation, it appears that MCSs in
some regions have increased in frequency and in rainfall
intensity over the past several decades.

From a theoretical standpoint, MCS-related pre-
cipitation may intensify and become longer lasting in
a future, warmer climate, owing to increased atmos-
pheric moisture'®-'>. Thermodynamic theory — that is,
Clausius-Clapeyron scaling — projects that precipita-
tion intensity will increase by 7% K. Coarse-resolution
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Table 1| Summary of changes in MCS properties with warming

Variable Sign of change Confidence® Refs
MCS characteristics and hazards
Rainfall (rate and volume) Increase High AT,
171,172,185
Severe winds Uncertain® - W
Speed of motion Increase Low L
Organization Uncertain® - TSI
Size Increase Medium L et
Frequency Increase Low RS

MCS environments

Atmospheric moisture Increase High 14,15,177-181
Atmospheric instability Increase High 14,15,177-181
Convective inhibition Increase Medium e
Vertical wind shear Uncertain® - 15,176,178
Frequency of environments Increase Low 1517165
supportive of MCSs 178,181

MCS, mesoscale convective system. *Confidence refers to the convergence of evidence based
on different data sources and lines of inquiry. Confidence is rated as high for results that have
been consistently found across numerous studies with both theoretical and modelling support.
Uncertainty arises owing to inadequate investigation and, as such, there is no estimate of
confidence. For MCS organization, there is confidence that changes will occur, but there is
uncertainty in what those changes will be, including the sign.

models, however, predict scaling closer to 3-4% K™,
although changes in convection-permitting regional
models are closer to or exceed the expected Clausius—
Clapeyron theory'®'%'”, Therefore, simulating projected
changes in MCS characteristics with high fidelity also
requires high-resolution modelling to adequately resolve
important microscale-to-mesoscale processes.

Indeed, simulations using a convection-permitting
regional climate model in the USA have found that,
under a high emissions scenario (RCP8.5), the fre-
quency of summertime MCSs will more than triple in
some locations by the end of the century, with a simul-
taneous increase in total precipitation volume by 80%°.
By contrast, different analyses of the same model output
suggest that all MCS archetypes (linear and non-linear,
including QLCSs) decreased in frequency in the
future'””. However, these decreases were attributed to
a summertime warm bias in surface temperature over
the USA impacting both convection-permitting'®'”* and
global-climate models'”. Convection-permitting simu-
lations over Africa also project increases of 28% in heavy
rainfall from MCSs'”°. For other hazards, such as severe
winds, future changes are less certain'’”'”%,

In addition to the aforementioned studies explic-
itly simulating MCS characteristics under warming,
research has also been carried out to understand how
the thermodynamic environments conducive to MCS
development may also evolve. CAPE was previously
discussed as an important indicator of the ingredients
necessary for convection, which, in the future climate,
is projected to increase'*'>'”7"'¥!, given that the primary
factors in the CAPE magnitude are temperature and
moisture. However, the energy inhibiting convection
from forming (convective inhibition) will also increase
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over land regions'*'*!, primarily due to reduced low-level

relative humidity, higher lifting condensation levels and
level of free convection, and, therefore, more negative
buoyancy'®'. Collectively, these thermodynamic changes
explain a decrease in weak-to-moderate convection but
an increase in strong convection'’, consistent with some
observational studies'®. In other words, the environ-
ment supporting convection in a future climate will
have more energy available for convection, but also
more energy inhibiting convection; thus, only the ele-
ments that can overcome this barrier will be able to
realize this potential energy (that is, the most intense
convection).

Summary and future perspectives

MCSs have been the focus of sustained research over
the past several decades and, therefore, many of their
key processes are now well understood. For example, it
is known that development requires sufficient moisture
and instability, along with a lifting mechanism to initi-
ate convection, as well as vertical wind shear to organ-
ize the storms into a larger system. As a result, MCSs
are commonly observed across the global tropics, and
in many subtropical and mid-latitude areas, where
these key ingredients are routinely provided, especially
in summer. Vertical wind shear has been found to be
a primary factor in determining the organization of
MCSs, with greater shear promoting the formation
of more organized MCSs, such as lines and bow echoes.
Moreover, there has been considerable societal interest
in the hazardous weather associated with MCSs and,
as such, progress has been made in regards to under-
standing which MCSs are prone to producing extreme
rainfall, damaging winds and tornadoes. Despite the
importance, prediction of MCSs remains a major chal-
lenge. Improvements in model resolution, however, have
spurred progress, which has also fed back to quantify-
ing projected changes in MCSs under anthropogenic
warming. Specifically, it is now generally thought that
the intensity and volume of MCS-related precipitation
will increase, along with increases in MCS frequency in
some regions, some changes of which have already been
observed in the USA.

Yet, despite profound progress, numerous oppor-
tunities for future research exist, which, in some cases,
are urgently needed. In many parts of the world, under-
standing of MCSs and their impacts remains limited,
including South America, Africa and many tropical
locations. Thus, there is a clear need for the collection
of more and better observations of the environments
supporting the development and maintenance of MCSs
(particularly moisture and vertical wind profiles),
MCS processes themselves (including the properties
of updrafts, downdrafts and cold pools) and their haz-
ards, all of which will likely also yield improvements in
forecasting. Both routine observations (from remote
sensing platforms, such as radars and satellites) and tar-
geted field-campaign efforts are needed in this regard;
the 2018 RELAMPAGO project in Argentina is one suc-
cessful example. Additional campaigns in MCS-prone
regions, such as Africa, could similarly yield new insights
about MCSs.

NATURE REVIEWS | EARTH & ENVIRONMENT




REVIEWS

Likewise, continued research and development is
needed on numerical models so that they can better
represent key aspects of MCSs, such as rainfall pro-
cesses, cold pools, hazardous weather such as severe
surface winds, cloud microphysics and influences on
the larger-scale environment. Integrating new data sets
into numerical models, and sophisticated methods for
post-processing of model output, will also yield impor-
tant results. These advances are likely to first manifest
in the models used for basic understanding and weather
forecasting, but can then translate as well to the models
used to project future climate scenarios.

In that regard, substantial progress is needed in
both understanding existing observations of MCSs in a
climate context, as well as reliably projecting future
changes. Recently emerging longer-term data sets offer
potential to investigate these changes. However, it is not
just the frequency of MCSs that must be understood.
With the potentially hazardous precipitation, there is
also the need to understand MCS-related precipitation
changes. Yet, observations of vertical profiles of mois-
ture are limited and must be expanded to better assess
future changes. Model analyses could further provide
insight into changes under warming, but, to date, most
analyses with convection-permitting regional climate
models have been based on a single high-emissions sce-
nario; exploration across multiple scenarios is needed to
improve the representation of variability and sensitivity
in future projections.

with little overlap, in part, because specific weather
systems primarily represent noise in the context of
climate. With continually increasing computing and
data-analysis capabilities, there are opportunities for
these two previously disparate fields to connect and col-
laborate in a new line of inquiry that has been termed
mesoscale climate dynamics. MCSs are a ripe sub-
ject for such investigations, because they involve pro-
cesses that are the domain of meteorologists, but have
major influences on (and are influenced in significant
ways by) the larger climate system. Current efforts in
high-resolution climate modelling'*'”* are one important
approach, but new and creative approaches to integrate
understanding and prediction of MCSs across scales are
also needed.

The integration of methods from climate science
and mesoscale meteorology will also point to other
cross-disciplinary research opportunities. As one
example, vulnerability to urban flash flooding requires
information about MCS rainfall, but must also be
informed by expertise and data from hydrology, urban
planning, social sciences, communication and so on'®.
With the trend towards increasing urbanization around
the world, and the likelihood of more intense rainfall
from MCSs in the future, the risk of urban flooding is
almost certain to increase. Solutions to this challenge
will require research that crosses traditional disciplinary
boundaries and provides information that is usable by
decision makers.
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and climate dynamics have followed separate paths
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