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ABSTRACT

This research applies an automated mesoscale convective system (MCS) segmentation, classification, and

tracking approach to composite radar reflectivity mosaic images that cover the contiguous United States

(CONUS) and span a relatively long study period of 22 years (1996–2017). These data afford a novel

assessment of the seasonal and interannual variability of MCSs. Additionally, hourly precipitation data from

16 of those years (2002–17) are used to systematically examine rainfall associated with radar-derived MCS

events. The attributes and occurrence of MCSs that pass over portions of the CONUS east of the Continental

Divide (ECONUS), as well as five author-defined subregions—North Plains, High Plains, Corn Belt,

Northeast, and Mid-South—are also examined. The results illustrate two preferred regions for MCS activity

in the ECONUS: 1) the Mid-South and Gulf Coast and 2) the Central Plains and Midwest. MCS occurrence

and MCS rainfall display a marked seasonal cycle, with most of the regions experiencing these events pri-

marily during the warm season (May–August). Additionally, MCS rainfall was responsible for over 50% of

annual and seasonal rainfall for many locations in the ECONUS. Of particular importance, the majority of

warm-season rainfall for regions with high agricultural land use (Corn Belt) and important aquifer recharge

properties (High Plains) is attributable to MCSs. These results reaffirm that MCSs are a significant aspect of

the ECONUS hydroclimate.

1. Introduction

Mesoscale convective systems (MCSs) are orga-

nized assemblages of thunderstorms that produce

distinct circulations and features at a larger scale than

any individual convective cell (Zipser 1982). These

systems are proficient rain producers and are impor-

tant drivers of energy redistribution in the atmo-

sphere (Fritsch and Forbes 2001). MCSs, for the

purposes of this research, are defined as any assem-

blage of thunderstorms that persists for at least 3 h

and contain a contiguous or semicontiguous convec-

tive (reflectivity $ 40 dBZ) area with some intense

($50 dBZ) rainfall of at least 100 km along the sys-

tem’s major axis (Parker and Johnson 2000; Houze

2004). This definition is based on the dynamical rea-

soning presented by Parker and Johnson (2000)—

namely, the cumulative effects of convective updrafts

and downdrafts interacting on scales of 100 km or

greater generate persistentmeso-b tomeso-a circulations

after a few hours. The time scale of the resulting circu-

lations are on the order of hours to 1 day, which is an

order of magnitude larger than a typical cell. Similar

criteria as those definedby Parker and Johnson have been

used in many previous MCS studies (e.g., Cohen et al.

2007; Gallus et al. 2008; Hane et al. 2008; Coniglio

et al. 2010).

Research on MCS occurrence has provided evi-

dence that these events produce a large, but variable,

percentage of seasonal rainfall in many parts of the

conterminous United States (CONUS)—particularly

for areas east of the Continental Divide (herein,

ECONUS; Fritsch et al. 1986; Kunkel et al. 1994;

Doswell et al. 1996; Geerts 1998; Brooks and

Stensrud 2000; Anderson and Arritt 2001; Ashley

et al. 2003; Schumacher and Johnson 2006; Hitchens

et al. 2012; Kunkel et al. 2012; Hitchens et al. 2013;

Stevenson and Schumacher 2014). The goal of this

current study is to produce and analyze an objec-

tive, automated, and radar-based climatology of MCSsCorresponding author: Alex M. Haberlie, ahaberlie1@lsu.edu
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using an unprecedented amount of data—namely, 22

years. In addition to these radar data—which are

sampled every 15min across the ECONUS from 1996

to 2017—quality-controlled, hourly, precipitation data

(stage IV; Lin and Mitchell 2005) are used to identify

the amount of precipitation produced by MCSs. Ad-

ditionally, the automated approach affords the ability

to objectively determine the relative importance of

MCS rainfall to the hydroclimate of the ECONUS. The

resulting climatology provides unique and novel in-

sights into the seasonal and interannual variability of

MCS events and their associated rainfall. This work

also suggests that MCSs should be a focus of high-

resolution climate change studies that produce rainfall

projections in ECONUS.

The body of literature relating to MCSs, with a fo-

cus on ECONUS MCS occurrence, is discussed in

section 2. The generation of the climatology, as well

as a discussion of the tracking and machine learning

approach used to delineate MCS events in the re-

motely sensed data (Haberlie and Ashley 2018a,b) is

provided in section 3. Results from the radar-only

climatology are discussed in section 4, and the radar-

and rainfall-based climatology is discussed in section 5.

Finally, a discussion and summary of the findings is

provided in section 6.

2. Background

MCSs can produce an assortment of atmospheric

hazards, including tornadoes (Trapp et al. 2005; Gallus

et al. 2008; Smith et al. 2012), damaging nontornadic

winds (Kelly et al. 1985; Johns andHirt 1987; Ashley and

Mote 2005), and flash flooding (Maddox et al. 1979;

Bosart and Sanders 1981; Kunkel et al. 1994; Bell and

Janowiak 1995; Doswell et al. 1996; Schumacher and

Johnson 2005;Moore et al. 2012; Peters and Schumacher

2014; Gochis et al. 2015; Mallakpour and Villarini 2015).

There are also many subtle ways that MCSs are dis-

ruptive to society, such as causing delays for air travel

(Steiner and Krozel 2009; Pinto et al. 2015). Flooding

is, in many cases, a consequence of MCS rainfall

(Doswell et al. 1996; Schumacher and Johnson 2005),

owed to the combination of high rainfall rates, large

size compared to isolated cellular events, and sometimes

slow or even back-building movement (Schumacher and

Johnson 2006; Moore et al. 2012; Rahmani et al. 2016). It

has been shown that MCSs produce a large percentage

of observed rainfall (Houze 2004), and a nontrivial

amount of extreme precipitation events in the ECONUS

(Kunkel et al. 2012; Stevenson and Schumacher 2014).

Conversely a lack of MCS rainfall in this region can lead

to, or exacerbate, existing drought (Fritsch et al. 1986;

Hoerling et al. 2014) when the placement of the jet

stream, or associated forcing necessary for develop-

ment, is anomalous (Sud et al. 2003; Basara et al.

2013; Hoerling et al. 2014). Notably, MCSs and their

rainfall are at least partially to blame for as many as

40% of all flooding deaths in the ECONUS (Ashley

and Ashley 2008).

MCSs can develop quickly in environments with strong

forcing and weak inhibition, or more slowly through the

upscale growth of individual cells and subsequent cold

pool dynamics (Markowski and Richardson 2010). The

environment in which MCSs form and evolve can also

influence the movement, morphology, and the potential

impacts of the system (Blanchard 1990; Parker and

Johnson 2000; Houze 2004; Gallus et al. 2008). For

example, synoptic features present during the months

of May and June 2010 produced repeated MCS devel-

opment and flash flooding that killed dozens (Higgins

et al. 2011). The early May event that affected Nash-

ville was particularly devastating, as the passage of two

quasi-stationaryMCSs produced flooding that killed 26

and resulted in $3 billion in damages (Moore et al.

2012). On the seasonal scale, Junker et al. (1999) found

that 85 different MCSs during the 1993 warm season

were largely responsible for disastrous flooding in the

Mississippi and Missouri River basins. These are just a

few illustrations, with dozens of articles in the litera-

ture exemplifying the effects MCSs and their rainfall

have on society.

Much of the climatological research on MCSs has

focused on a spatially large subtype known as meso-

scale convective complexes (MCCs; Maddox 1980).

Ashley et al. (2003) illustrated that MCC activity

maximizes in the central CONUS. Additionally, they

found that as much as 9% of annual rainfall was as-

sociated with MCCs for areas with highest activity,

and this contribution maximized in the May–August

period at 16%. Other work that examined MCCs

during shorter study periods reported similar results

(Rodgers et al. 1985; Augustine and Howard 1988;

Anderson and Arritt 1998). Although these phenom-

ena represent the largest types of MCSs, there are

numerous MCSs that do not meet MCC size criteria

that also have important contributions to regional

hydroclimatology. Such events can commonly occur

in regions besides the central CONUS, such as in the

Northeast (Lombardo and Colle 2010) and Southeast

(Geerts 1998; Anderson and Arritt 2001; Pinto et al.

2015; Prein et al. 2017).

The majority of warm-season MCS events in the

central CONUS attain maximum strength and/or orga-

nization during the overnight hours (Geerts et al. 2017).

These events typically start over higher-elevation
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regions near the Continental Divide and propagate

eastward into the Central Plains and Midwest over-

night (Carbone et al. 2002). A physical mechanism that

drives this pattern of increased nocturnal MCS activity

is the Great Plains low-level jet (GPLLJ; Higgins et al.

1997) and the resulting latitudinal advection of moisture-

rich air from areas near the Gulf of Mexico. These

nocturnal events are typically not surfaced-based and

their predictability is an area of ongoing research

(Geerts et al. 2017). In general, MCSs can develop any

time thunderstorms occur in a wind shear regime that

favors persistent linear organization (Rotunno et al.

1988; McNulty 1995).

3. Data and methodology

This study uses two primary datasets: an archive of

National Operational Weather Radar (NOWrad) im-

ages and the stage IV hourly precipitation analysis (Lin

and Mitchell 2005). The NOWrad dataset is a CONUS-

wide mosaic of composite reflectivity with approxi-

mately 2-km spatial resolution that can be used to

generate objective climatologies for precipitation events

of interest (Fabry et al. 2017). The values of each grid

point represent a proxy of the column-maximum in-

stantaneous rainfall rate measured in units of dBZ (re-

flectivity). For this study, we generate a climatology of

MCS occurrence using NOWrad images from 1996 to

2017 for every 15-min period, and approximately 98%of

these periods have available data. Stage IV data have

approximately 4-km resolution, are derived from quality-

controlled rain gauge and radar-based estimates of hourly

precipitation, and have been used extensively in heavy-

rainfall and MCS-related studies (Hitchens et al. 2013;

Clark et al. 2014). Gridcell values are the hourly rainfall

rate measured in millimeters per hour. One caveat asso-

ciated with the hourly stage IV data is that the quality

control is less rigorous than that which is applied to the

6-h and 24-h stage IV data (Stevenson and Schumacher

2014). As a result, some spurious precipitation totals exist

in the dataset. However, since MCS objects detected in

the NOWrad dataset are used to spatially filter the stage

IV data, the influence of potential artifacts should only

have a minimal effect on the resulting MCS rainfall

climatology. Because stage IV data are only available

beginning in 2002, two related analyses are performed:

1) an MCS event climatology from 1996 to 2017 and

2) an MCS rainfall climatology from 2002 to 2017. To

facilitate analyses that use both datasets, NOWrad and

stage IV data are first regridded to an equal area grid.

Events are extracted from the NOWrad data using an

MCS segmentation, classification, and tracking method

(Haberlie and Ashley 2018a,b) based on the Parker and

Johnson (2000) definition. The method can be summa-

rized in six steps:

1) Convective ($40 dBZ) cells with some intense

($50 dBZ) precipitation and an area of at least

40 km2 (10 grid points) are identified in each

NOWrad image.

2) These convective cells are aggregated into contigu-

ous or semicontiguous regions of convection using

a binary closing with a search radius of 24 km (12

grid points).

3) All aggregated regions of convection with a major

axis length exceeding 100km (50 grid points) are

affiliated with stratiform precipitation within 96km

(48 grid points) to form ‘‘slices.’’

4) Fourteen basic attributes (area, mean intensity, etc.)

of the resulting slices are passed into an ensemble of

trained machine learning algorithms, which assigns a

probabilistic classification ranging from 0 (not very

MCS-like) to 1 (very MCS-like).

5) Slices with a probabilistic classification exceeding

0.95 are organized into contiguous storm tracks

(swaths) using spatiotemporal overlap checking

(Lakshmanan et al. 2009), with ties broken using

the Hungarian method (Munkres 1957; Gagne et al.

2017). A second pass is used to connect spurious

track cessations and initiations (Lakshmanan et al.

2015).

6) Swaths with durations exceeding 3 h are identified

for time periods such as hour of the day or month

of the year, and the extent of stratiform precipita-

tion for each contained slice is used to generate

spatial occurrence and to spatially filter stage

IV data.

In addition to identifying MCS events, this approach

reduces the inclusion of non-MCS events that may not

be removed by image processing alone (i.e., steps 1–3),

such as hurricanes and unorganized clusters of con-

vective cells. For two testing years (2015 and 2016),

this specific approach resulted in spatial patterns of

MCS occurrence that generally agreed with the sub-

jective identification of thousands of MCS events

performed by the authors (Haberlie andAshley 2018a)

and an external dataset of MCS events during the same

period (Geerts et al. 2017). Although exhaustive steps

were taken to reduce the amount of non-MCS phe-

nomena, some of these events may still be included in

the analyses presented by this study. For detailed in-

formation on the segmentation, tracking, and clas-

sification approach, please see Haberlie and Ashley

(2018a,b).

Precipitation associated with MCSs is identified by

spatially filtering stage IV data using slice intensity
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information within qualifying swaths identified from

2002 to 2017. The stratiform extent of each slice at

the top of the hour and 15, 30, and 45min after the hour

are combined to generate a binary mask associated

with where the MCS was located during that period.

For example, radar data from 1000, 1015, 1030, and

1045 UTC are used to spatially filter stage IV data valid

at 1100 UTC. Next, the values associated with stage IV

grids from the top of the following hour that are within

10 km of the binary mask are considered rainfall asso-

ciated with that MCS. This process is repeated for each

hour that the MCS existed, and then again for each

qualified MCS swath. The resulting filtered hourly

precipitation is thus only precipitation that was pro-

duced by a qualifying MCS swath, and all other pre-

cipitation accumulation can be removed. Finally, filtered

stage IV data are summed over periods of interest

(hour of day, month, etc.) to generate estimates of

historical MCS rainfall.

4. MCS occurrence

MCS occurrence from 1996 to 2017 is calculated by

counting the number of times the spatial extent of each

qualifying MCS swath overlaps a gridpoint location (see

section 3). Multiple MCS events can occur for the same

location within a 24-h period, but two or more MCS

events cannot occur at the same time in the same loca-

tion. In addition to examining the ECONUS, we de-

lineate five subregions (Fig. 1) to examine regional

differences in the MCS climatology, namely, (i) North

Plains, (ii) High Plains, (iii) Corn Belt, (iv) Mid-South,

and (v) Northeast. Because virtually all the qualifying

MCS events in this study occurred in the ECONUS

(Fig. 1), the subregions are positioned east of the

Continental Divide.

Locations in the ECONUS experience up to 50

mean annual MCS events. Two general maxima exist:

1) in regions of the Mid-South, including Alabama,

Mississippi, Tennessee, and Kentucky, and 2) por-

tions of the Central Plains, including Kansas and

Missouri. During the growing season from May

through August, portions of the Central Plains and

Midwest experience the most MCSs, with a mean of

20–30 events occurring annually. This maximum is

generated largely by the upscale growth of afternoon

thunderstorms that initiate in favored development

regions in the High Plains (Carbone et al. 2002;

Ahijevych et al. 2004; Carbone and Tuttle 2008), as

well as the meandering location of the GPLLJ in-

terface with frontal boundaries (Wang and Chen 2009;

Geerts et al. 2017). MCS events can also generate

future MCS development through the formation of

atmospheric bores, outflow boundaries, and meso-

scale convective vortices (Geerts et al. 2017). The

maximum in MCS activity retreats south and east

from September to April, with locations in the Mid-

South experiencing means of 20–30 events during

these months. This maximum is caused by periodic

frontal system passages that can be collocated with

rich Gulf moisture (Geerts 1998; Parker and Ahijevych

2007). MCS counts in the ECONUS typically maxi-

mize during June and July, with a mean count of

111 and 108 MCS events per month, respectively

(Fig. 2).

The subregions experience a markedly different

yearly (Fig. 3) and hourly (Fig. 4) cycle of MCS ac-

tivity. For the ECONUS, the largest increase in MCS

activity occurs from late spring to late summer, with

fewer events occurring in the fall and winter. For

the North Plains, MCSs rarely occur before April.

In contrast, MCSs commonly occur during every

FIG. 1. MeanMCS occurrence for (a) the entire year (January–December), (b)May–August, and (c) September–April. The five regions

analyzed in this study are labeled in (a), namely, (i) North Plains, (ii) High Plains, (iii) Corn Belt, (iv) Mid-South, and (v) Northeast.

Additionally, the ECONUS is denoted by all CONUS land areas east of the black line along the Continental Divide.
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month in the Mid-South. In absolute counts, the Mid-

South experiences the most interannual variability

(Table 1). However, relative to the mean annual count

of MCS occurrence, the Northeast experiences the

most interannual variability. Based on mean annual

counts, locations in theMid-South experience the most

MCS passages, followed by, in descending order, the

Corn Belt, the High Plains, the Northeast, and the

North Plains. For the Mid-South, annual MCS counts

range from 79 (2000) to 157 (2009). In contrast, the

North Plains experienced a low MCS count of 19

(2017) and a high of 43 (2007). These varied counts are

largely owed to the seasonality of MCS occurrence in

these regions. These values compare well to previous

studies. For example, Geerts (1998) found that 398

MCSs—163 of those were intense MCSs that are likely

most similar to the events identified in this study—

occurred in the southeast CONUS between May 1994

and April 1995. The most comparable region used

in this study, the Mid-South, experiences an annual

mean of 106 MCSs. Over the CONUS, Pinto et al.

(2015) identified 873 unique MCSs in 2012 and 929

MCSs in 2013 during June, July, and August. In

comparison, this study found 256 and 264 MCS events

during the same months in 2012 and 2013, respec-

tively, over the ECONUS. On the other hand,

Murray and Colle (2011) identified between 8 and

26 ‘‘convective streaks’’—which can be used as prox-

ies for MCS occurrence (Carbone et al. 2002)—in the

Northeast during the warm seasons (April–September)

between 1996 and 2007. During the same years and

months, the present study found that between 19 and 60

MCSs occurred in the Northeast. Prein et al. (2017),

using stage IV data from 2001 to 2013, identified a

mean of approximately 60 June–August MCS events

per year occurring in the Midwest, whereas the pres-

ent study identified a mean of approximately 50 MCS

events per year within the Corn Belt during the same

months. The difference between the numbers pre-

sented by those studies and the current study are

likely owed to different segmentation approaches

(Haberlie and Ashley 2018b), study area sizes, and the

datasets used.

The diurnal cycle of MCS activity during the May–

August period varies between the regions examined

in this study (Fig. 4). The High Plains experiences

elevated MCS activity during the late evening and

overnight hours (0300–0700 UTC) with a peak at

0600 UTC. In comparison, the Corn Belt experiences an

almost constant risk of MCS activity between 0100 and

1300 UTC, with a maximum around 1100 UTC. These

results are similar to the findings presented by previous

FIG. 2. Total (bottom row) yearly and (right column)monthlyMCS counts, as well as monthlymeanMCS counts from 1996 to 2017 for the

ECONUS, which is identified in Fig. 1.
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work (Carbone and Tuttle 2008), and are thought to be

associated with favored initiation zones (High Plains)

and the dissipation–reinitiation zones (Corn Belt) for

MCSs. The results are also similar to those reported by

Lombardo and Colle (2010), who found that linear and

nonlinear systems in the Northeast typically developed

between 1800 and 0000UTC.Additionally, Geerts (1998)

noted a relative minimum in southeastern CONUSMCS

activity from 0400 to 1800 UTC, which also is in agree-

ment with the findings reported in Fig. 4.

MCS attributes varied between seasons and sub-

regions (Fig. 5). For the ECONUS, the mean annual

MCS slice area during the study period is approxi-

mately 54 000 km2, and the mean MCS slice area during

the May–August period (47 000 km2) was less than the

mean MCS slice area during the September–April pe-

riod (64 000 km2). Although the same relative season-

ality in mean MCS slice area is apparent for all regions,

annual-mean subregion MCS slice area is the largest in

the Mid-South (67 000 km2), and lowest in the North

Plains (38 000 km2). For the May–August period, the

Corn Belt experiences the largest MCSs (55 000 km2),

whereas the North Plains experiences the smallest

MCSs (38000km2). For the September–April period, the

Mid-South experiences the largest MCSs (85000km2),

and the North Plains experiences the smallest MCSs

(39 000 km2).

MCS slices generally have longer major axis lengths in

the September–April period (566km) compared to the

May–August period (453km). The Corn Belt experiences

MCS slices with the longest major axis lengths during the

May–August period (489km), and the Mid-South experi-

encesMCS sliceswith the longestmajor axis lengths during

the September–April period (695km). On average, MCS

slices are more circular during the May–August period

compared to the September–April period. These differ-

encesmay be owed to the predominant liftingmechanisms

during the cool season (e.g., strong synoptic forcing; Burke

and Schultz 2004; Dial et al. 2010) and warm season (e.g.,

cold pools; Weisman and Rotunno 2004).

These values are consistent with previous automated

analyses of mesoscale precipitation features. For ex-

ample, Prein et al. (2017) reported a mean precipitation

intensity of around 10mmh21 (35–40 dBZ) using a min-

imum threshold of 5mmh21 (30–35 dBZ), which are

both slightly higher than the mean intensity (31.5 dBZ)

FIG. 3. Cumulative MCS counts for each day of the year for (a) ECONUS, (b) North Plains, (c) High Plains, (d) Corn Belt, (e) Mid-

South, and (f) Northeast. For each panel, the years with the highest and lowest MCS counts are noted. Lines represent cumulative MCS

counts for each year from 1996 to 2017, and the thick line represents the mean over this period.
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and minimum threshold (20 dBZ) for this study. The

areas associated withMCS events are consistent with the

range of 10 000–1 000 000km2 reported in the literature

(Hitchens et al. 2012; Fiollieau and Roca 2013; Prein

et al. 2017). Additionally, the horizontal dimension of

major axis lengths (between 100 and 1000 km) is

consistent with the theoretical length range for MCSs

(Markowski and Richardson 2010).

5. MCS rainfall

As was the case with the spatial occurrence of MCSs,

precipitation associated with MCSs has two maxima

along the Gulf Coast as well as parts of Kansas and

Missouri (Fig. 6). These regions experience, on aver-

age, over 500mm of MCSs rainfall per year. However,

the seasonality of MCSs and their rainfall produces

these maxima at different times of the year. For some

locations in the Central Plains andMidwest, a mean of

up to 350–400mm of MCS precipitation accumulates

during the May–August period, whereas locations

along the Gulf Coast only experience up to 250–

300mm. This pattern flips during the September–

April period, where some locations in the Mid-South

and along the Gulf Coast experience 400mm or

greater of mean MCS rainfall during these months.

TABLE 1. Total annualMCS counts for portions of the ECONUS and each subregion. Boldface (italic) font denotesmaximum (minimum)

values for the given region. Included are means and coefficient of variations (CV) for all years and regions.

Region 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

ECONUS 630 614 613 553 619 667 658 633 697 591 663 719

North Plains 25 35 33 31 39 33 32 27 28 42 20 43

High Plains 91 72 85 85 89 87 76 76 100 102 87 116
Corn Belt 88 67 97 81 96 95 88 79 90 89 120 104

Mid-South 122 112 92 95 79 119 97 111 121 93 107 94

Northeast 52 37 64 45 59 51 46 51 61 23 47 58

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Mean CV

ECONUS 702 695 654 663 622 528 541 628 649 591 633 0.08

North Plains 34 38 42 43 24 28 28 31 40 19 33 0.22

High Plains 97 110 85 76 76 87 75 106 100 79 89 0.14

Corn Belt 106 60 121 95 67 79 82 84 91 91 90 0.17

Mid-South 119 157 101 114 111 83 91 107 100 107 106 0.15

Northeast 67 62 43 91 45 40 41 43 37 39 50 0.27

FIG. 4. Mean count of MCSs per hour for eachMay–August period from 1996 to 2017 for the

regions examined in this study. The shaded regions (light gray fill) around each line represent

the interquartile range (i.e., 25th–75th percentiles), which denotes variability among the May–

August periods.

1 MARCH 2019 HABERL I E AND ASHLEY 1597



MCSs can account for over 40% of yearly rainfall

in portions of the Central Plains, and over 30% of

yearly rainfall for many locations between the Con-

tinental Divide and the Appalachian Mountains.

During the May–August period, some locations in

Kansas rely on MCSs for over 60% of their pre-

cipitation, and much of the Central Plains and Mid-

west receive over 50% of their precipitation from

MCSs. During the September–April period, places

along the Gulf Coast regularly receive over 30% of

their precipitation from MCSs. Although this study is

the first to provide a high-resolution, long-term clima-

tology of the relative contribution of MCS rainfall to

total rainfall, the percentages agree with short-term or

longitudinally aggregated values reported by previous

work (Fritsch et al. 1986; Carbone and Tuttle 2008).

FIG. 5. Distribution of values for four select variables associated with MCS events that passed through each region, namely, (a) area,

(b) mean intensity, (c) major axis length, and (d) eccentricity. Attributes for the entire year are denoted by white boxes, May–August

values are denoted by light gray boxes, and September–April values are denoted by dark gray boxes. The box represents the interquartile

range (IQR), with the black horizontal line denoting the distribution’s median and the black dot denoting the mean. The whiskers

represent the 5th and 95th percentiles.

1598 JOURNAL OF CL IMATE VOLUME 32



Previous MCS studies have provided evidence

that these events attain maximum strength during

the overnight hours in the central CONUS during

the warm season (Carbone et al. 2002; Carbone

and Tuttle 2008; Geerts et al. 2017). Indeed, most

of the rainfall associated with MCSs during the

May–August period occurred between 0400 and

1200 UTC (Fig. 7). By the 1200–2000 UTC period, the

characteristic western flank of a high-to-low gradient

of mean precipitation moves east, illustrating the

propagating nature of MCSs and their rainfall,

forced by mid- and upper-level steering winds

(Cotton et al. 1983). Between 2000 and 0400 UTC,

the redevelopment of MCSs, as evidenced by the

westward expansion of mean MCS rainfall, can be

noted in the climatology. Remarkably, over 70%

of rainfall that occurs between 0400 and 1200 UTC

in portions of Kansas, Oklahoma, and Nebraska

during the May–August period is generated by

MCSs. Although this percentage drops off consid-

erably by 1200–2000 and 2000–0400 UTC, many lo-

cations in the central CONUS owe MCSs for over

40% of their mean rainfall totals during the warm

season.

Annual cumulative MCS precipitation volume ex-

hibits spatially distinct magnitudes and seasonality

(Table 2; Fig. 8). In general, the greatest increase in

cumulative precipitation volume occurs during the

May–August period. For the ECONUS, mean annual

MCS precipitation volume is 1398 km3, with a range

from 1139km3 (2005) to 1639km3 (2008). In comparison,

mean annual total rainfall volume for the ECONUS

is 4739km3, with a range from 3951km3 (2012) to

5626km3 (2015). The mean annual contribution of MCS

rainfall to total precipitation volume for the ECONUS

is around 30%, which reached aminimum in 2013 (24%)

and a maximum in 2008 (34%). On average, the Mid-

South experiences the most MCS precipitation

(169 km3) as well as the most overall precipitation

(446 km3), with a mean annual MCS contribution of

approximately 38%, and a range from 30% (2013) to

47% (2008). The North Plains experiences the lowest

mean precipitation volume associated with MCSs at

26 km3, with a range from 12km3 (2006) to 39km3

FIG. 6. Mean MCS precipitation totals (mm) and percentage contribution of MCS rainfall to total rainfall for (a),(d) the entire year

(January–December), (b),(e) May–August, and (c),(f) September–April.
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(2007). Although the Northeast experiences more pre-

cipitation from MCSs (48 km3) compared to the North

Plains, the contribution of MCS precipitation to total

precipitation is the lowest of all regions (12%).

Similarly, the High Plains experiences a largest per-

cent of mean annual precipitation from MCSs (42%)

relative to all the subregions, despite experiencing

less total MCS precipitation (92km3) compared to the

FIG. 7. As in Fig. 6, but for May–August for the following periods: (a),(d) 0400–1200, (b),(e) 1200–2000, and (c),(f) 2000–0400 UTC.

TABLE 2. Total annual overall (All) and MCS precipitation volume (km3) for portions of the ECONUS and each subregion. Boldface

(italic) font denotes maximum (minimum) values for given combination of region and precipitation category.

Region

2002 2003 2004 2005 2006 2007 2008 2009 2010

MCS All MCS All MCS All MCS All MCS All MCS All MCS All MCS All MCS All

ECONUS 1505 4760 1259 4424 1357 4832 1139 4274 1229 4427 1455 4416 1639 4843 1554 5003 1486 4495

North Plains 22 85 14 104 18 132 36 144 12 112 39 149 33 175 30 162 38 172

High Plains 71 168 70 164 80 221 97 222 67 200 137 261 108 248 92 227 99 224

Corn Belt 95 245 94 273 118 310 84 255 101 328 140 334 142 379 94 345 158 334

Mid-South 175 574 175 458 148 460 118 359 166 417 121 323 212 450 246 570 161 359

Northeast 51 342 40 384 54 393 19 391 50 468 52 365 66 416 49 360 34 369

2011 2012 2013 2014 2015 2016 2017 Mean CV

ECONUS 1529 4630 1286 3951 1221 5043 1306 4955 1396 5626 1559 5005 1450 5134 1398 4739 0.10 0.08

North Plains 31 189 17 121 28 212 23 200 33 190 33 191 13 150 26 156 0.34 0.23

High Plains 74 183 67 148 91 216 96 208 114 287 116 239 94 245 92 216 0.21 0.17

Corn Belt 113 316 71 225 105 336 115 355 103 369 127 341 111 340 111 318 0.20 0.14

Mid-South 211 449 170 384 149 493 160 449 154 502 159 413 173 473 169 446 0.19 0.15

Northeast 91 488 49 329 39 355 45 381 44 353 34 317 46 377 48 380 0.32 0.12
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Mid-South. The contribution of MCS rainfall to total

rainfall for the High Plains ranges from 34% (2006) to

53% (2007).

The percentage contribution of MCS rainfall to to-

tal rainfall varies greatly in time and space (Fig. 9).

For the ECONUS, the percentage contribution per

month varies from 14% (December) to 40% (June),

and generally increases quickly during the spring

while slowly decreasing during the summer and into

the fall. For every month in the Mid-South, the per-

centage contribution of MCS rainfall to total rainfall

exceeds 25% on average. However, the High Plains

and Corn Belt experience a slightly greater magni-

tude in June (62%) and July (61%), respectively,

compared to the peak percentage contribution in

the Mid-South in April (59%). The North Plains ex-

periences the strongest seasonality, with less than 1%

of total precipitation generated by MCSs in November–

February, compared to a high of 31% in June. Of par-

ticular interest for agricultural applications (Changnon

and Kunkel 1999; Tannura et al. 2008; Mishra and

Cherkauer 2010), the Corn Belt typically experiences

greater than 50% of its total rainfall from MCSs in

June–August, and this monthly contribution did not

drop below 30% for any year within the duration of the

study period.

6. Discussion and summary

This work represents the longest radar-based clima-

tology of MCSs for the ECONUS. Using 22 years (1996–

2017) of mosaics of composite reflectivity, MCSs are

tracked using image analysis and machine learning

methods as described in Haberlie and Ashley (2018a,b).

Additionally, this MCS climatology encompasses mul-

tiple annual to multiyear teleconnection oscillations,

such as El Niño–Southern Oscillation (Allen et al. 2018)

and the North Atlantic Oscillation (Önskog et al. 2018),

and is approaching the typical 30-yr period used to cal-

culate climate normals. Using hourly precipitation data

to supplement the radar data during a 16-yr period

(2002–17), MCS rainfall is systematically analyzed to

objectively determine the importance of these events to

ECONUS and regional hydroclimates. The results rep-

resent an objective, fully automated, and reproducible

MCS climatology that can be used in applied climatol-

ogy, resiliency, and mitigation studies, and as a baseline

to compare climate change projections.

FIG. 8. As in Fig. 3, but for cumulative MCS precipitation volume (km3) from 2002 to 2017.
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MCSs are primarily an ECONUS phenomenon

(Fig. 1). Warm-season (May–August) occurrence is

maximized in the Central Plains and Midwest, and

cool-season (September–April) occurrence is maxi-

mized in the Mid-South. In general, the Mid-South

and the Corn Belt experience the most MCSs, and the

North Plains and Northeast experience the fewest

(Fig. 10). MCS rainfall also maximizes in the central

and southern CONUS, with some locations experi-

encing over 500mm of MCS rainfall during any given

year (Fig. 6). Warm-season contribution of MCS

rainfall to total rainfall exceeds 50% for many loca-

tions in the central CONUS and Midwest. Nocturnal

MCS rainfall (0400–1200 UTC) can exceed 175mm

for portions of Kansas during the warm season, and

this rainfall can account for over 60%–80% in the

central CONUS and Midwest during this time of

the day (Fig. 7). This percentage contribution varies

over the course of a year, with most locations in the

ECONUS experiencing the largest percentage con-

tribution of MCS rainfall to total rainfall during

the warm season (Fig. 9). Some regions, like the

Mid-South, have a somewhat constant contribution

of MCS rainfall during every month of the year,

whereas the North Plains only experience MCS

rainfall during the months of April–October. Be-

cause of this, the Mid-South experiences the highest

cumulative MCS rainfall, whereas the North Plains

experiences the lowest cumulative MCS rainfall

(Fig. 10).

MCSs represent a significant portion of total annual

rainfall. This contribution maximizes for regions

that have high agricultural (Corn Belt) and water re-

source (High Plains) considerations. During the pri-

mary growing season in the Corn Belt (June–August;

Tannura et al. 2008), MCS rainfall generally accounts

for over 50% of rainfall. Additionally, in critical re-

charge regions for the Ogallala Aquifer (McGuire

2014), MCS rainfall accounts for over 40% of warm-

season rainfall. Because of the relative importance of

MCS rainfall, studies that examine or produce these

high-resolution climate simulations should be a pri-

ority for CONUS-based climate scientists (e.g., Prein

et al. 2017).

FIG. 9. The percentage contribution of MCS precipitation volume to total precipitation volume for each month of the year for 2002–17.

The box represents the IQR, with the black horizontal line denoting the distribution’s median and the black dot denoting the mean. The

whiskers represent the 5th and 95th percentiles.
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