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Abstract

A new methodology is developed to construct a dl@@°S—60°N) long-term (2000-2019)
high-resolution (~10-km, hourly) mesoscale convectiystem (MCS) database by tracking
MCS jointly using geostationary satellite infrateiightness temperatured)land precipitation
feature (PF) characteristics from the IntegratedtiMatellitE Retrievals for GPM (IMERG)
precipitation datasets. Independent validation shihat the satellite-based MCS dataset is able
to reproduce important MCS statistics derived fignound-based radar network observations in
the U.S. and China. We show that by carefully abersing key PF characteristics in addition to
Tp signatures, the new method significantly improwpsn previous g-only methods in

detecting MCSs in the midlatitudes for all seas®&®esults show that MCSs account for over
50% of annual total rainfall across most of theital belt and in select regions of the
midlatitudes, with a strong seasonality over masgians of the globe. The tracking database
allows Lagrangian aspects such as MCS lifetimetearslational speed and direction to be
analyzed. The longest-lived MCSs preferentiallyusaaver the subtropical oceans. The land
MCSs have higher cloud-tops associated with mdenge convection, and oceanic MCSs have
much higher rainfall production. While MCSs are eéfygd in many regions of the globe, there
are fundamental differences in their dynamic amartftodynamic structures that warrant better
understanding of processes that control their émmluThis global database provides significant
opportunities for observational and modeling stadiEMCSs, their characteristics and roles in
regional and global water and energy cycles, akaggheir hydrologic and other impacts.

Plain Language Summary

Convective storms of mesoscale dimension are aé&eyponent in the Earth’s energy and
hydrological cycle. Mesoscale storms grow to hudsdref kilometers in size and can last for
more than a day, and produce a majority of the almrainfall in many regions of the world. Past
studies of mesoscale storms have been limitedettréipics and used methodologies not
appropriate in the midlatitudes. Here, we develogw methodology to track mesoscale storms
globally using high-resolution satellite observas®f both cloud and precipitation. The
satellite-based storm tracking reproduces impodtorin statistics derived from ground-based
radar observations. Our new method significantlgnowes the detection of mesoscale storms in
the midlatitudes. This new storm tracking databagke first to cover both the tropics and
midlatitudes for all seasons. Results show thabstese convective storms account for over
50% annual rainfall across the tropics and manipregof the subtropics and midlatitudes.
Storms over land have more intense convectioneithdse over ocean produce heavier rainfall
and last longer. This global mesoscale storms ingatatabase supports a broad range of
applications such as their role in global extreaiefall and the evaluation of global weather and
climate model simulations.
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1 Introduction

Deep convection, especially when it takes on medestimensions, plays an important
role in the global energy and hydrological cycleeddscale convective system (MCS) is the
largest form taken by individual convective cloydtems. It consists of an ensemble of
cumulonimbus towers that produce a contiguous pitation area of 100 km or larger (Houze,
2004; 2014 Chapter 9; Houze, 2018). MCSs are ulmigsiin the tropics, particularly over the
west Pacific warm pool, the intertropical convergeerone (ITCZ), tropical Africa, and the
Amazon (Laing & Fritsch, 1997; Yuan & Houze, 20Hyang et al., 2018). Previous studies
estimate that MCSs account for over half of theitral precipitation (Yuan & Houze, 2010,
hereafter referred as YH10), and in certain seasweesland regions the fraction can exceed
80% (Neshitt et al., 2006; Roca et al., 2014).

Compared to most deep convective clouds, MCSsfaadavger horizontal scale and
longer-lived, often persisting many hours with mararly long-lived storms lasting for more
than a day. In addition to producing significanilyger volume of rainfall per storm, a key
distinction of MCS is its large proportion of sifatm precipitation (Houze, 1997; Schumacher
& Houze, 2003), resulting in a top heavier lateghting profile as opposed to a bottom heavy
heating from convective precipitation (Schumachex.¢ 2004; Liu et al., 2015). The top heavy
heating profiles associated with tropical MCS hpxafound impact on the global circulation,
extending beyond the tropics into midlatitudes (8chcher et al., 2004).

MCSs are often embedded within various tropicalegasuch as convectively coupled
Kelvin waves (Haertel & Kiladis, 2004), synopticsealy waves (Schumacher & Houze, 2006),
and the Madden-Julian Oscillation (MJO; Moncri@10). Tropical MCSs are thought to be an
important building block for large-scale convectorganizations such as the MJO due to its
optimum upscale cascade effect for energy and mume(Moncrieff, 2010). In midlatitudes, a
type of strong MCS, known as mesoscale convectiweptexes (MCC; Maddox, 1980), tends to
frequently occur within prominent baroclinic zoregsvnstream of major mountain ranges such
as the Rocky Mountains in the U.S., the Andes int@&merica, Ethiopian Highlands in Africa,
and Tibetan Plateau in China (Laing & Fritsch, 1,98700).

MCSs in the U.S. have been extensively studiedveiather satellites and the national
weather radar network. Not only do MCSs contriioteomparable fractional total rainfall as
those in the tropics, particularly in the CentraBU(Fritsch et al., 1986; Feng et al., 2016; Feng
et al., 2019; Haberlie & Ashley, 2019), but thesoaproduce hazardous weather including
flooding, large hail, tornadoes, and damaging wifisswell et al., 1996; Ashley & Mote, 2005;
Smith et al., 2012; Stevenson & Schumacher, 2(Rdgional studies have documented the
characteristics of MCSs in China (Yang et al., 2015en et al., 2019), central and south
America (Machado et al., 1998), west Africa (Kleinal., 2018) and Europe (Morel & Senesi,
2002).

Satellite observations make it possible to study349@t the global scale. Two distinct
methods are generally used in previous global M8iss. The first type makes use of
geostationary satellite data to track the evolutbNCSs based on their low cloud-top
brightness temperature signatures in successivgeisn@aing & Fritsch, 1997; Roca et al.,
2014; Huang et al., 2018). The second type is basddw-orbit satellite data, where advanced
instrumentations such as spaceborne radar andwaeeoradiometers provide additional
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measurements of cloud and precipitation structucesharacterize MCSs (Nesbhitt et al., 2006;
YH10; Liu & Zipser, 2013).

There are advantages and drawbacks for both metBedstationary satellite data can
capture the entire lifecycle evolution of MCSs,lutting their initiation, upscale growth, and
mature and decay phases (e.g., Machado et al.; R2®®@ et al., 2017; Feng et al., 2019). The
lifetime, propagation speed, growth rate of MCSs @&lao be obtained to better understand their
evolution. However, geostationary satellite dataallg lack information on the detailed internal
structure of convection such as precipitation agdical structures. Low-orbit satellite data, on
the other hand, can provide richer information sa€l3D convective/stratiform features (Liu &
Zipser, 2013; Houze et al., 2015), precipitating ann-precipitating cloud characteristics
(Neshitt et al., 2006; YH10), and estimates ofriateeating profiles (Tao et al., 2006; Shige et
al., 2007). But low-orbit satellite data have laegisit intervals and therefore lack temporal
continuity. The “snapshot” nature of low-orbit dite data necessitates the use of size and/or
intensity of large precipitation features alonearacterize MCSs without considering their
lifetimes, which is a key distinction between MQ®&laegular deep convection.

The two fundamentally different approaches in doeatimg global MCS distributions
result in discrepancies. For example, comparisboslocated observations from convective
features observed by the Global Precipitation Mesmant (GPM) Dual-frequency Precipitation
Radar (DPR) and an MCS tracking database incoiipgrgtound-based radar network data over
the U.S. show that only ~70% of the GPM detectedaseale convective features coincide with
tracked MCSs (Wang et al., 2019), suggesting thisitguiow-orbit satellite data without
considering temporal evolution could overestimate3frequency and rainfall contributions.
Previous works that combine geostationary satedlite low-orbit/ground-based platforms (e.qg.,
Futyan & Del Genio, 2007; Feng et al., 2019) prevddmore comprehensive approach to
examine the lifecycle evolution and vertical strwetof MCSs, but they are limited to certain
regions and would require significant effort todenducted globally over long time periods.

Past studies that use geostationary satellitefdateacking MCSs globally are mostly
limited to the tropics (e.g., Roca et al., 2014aHg et al., 2018), although MCSs are also
commonly observed in midlatitudes (Laing & Fritsé897; Machado et al., 1998; Wang et al.,
2019). Tracking of MCSs using geostationary saeitifrared (IR) brightness temperatureg)(T
in previous studies is based on the assumptiorathatong-lived (greater than several hours)
cold cloud system (CCS) that reaches mesoscalendiores is an MCS. This assumption is
especially problematic in midlatitudes, becauseoptin systems such as extratropical cyclones
and frontal systems can also produce large CC$shby may not be associated with convection
or even precipitation (Feng et al., 2019). The latcglobal MCS studies that cover both the
tropics and midlatitudes limits our understanding¢he global distribution and the importance of
MCSs in various geographic regions, as well asability to evaluate emerging high-resolution
weather and climate models that can potentiallyukate MCSs across the globe.

The recent availability of two long term high-rasiddn global satellite datasets presents
an opportunity to address this gap. The NASA meggsktationary satellitep ata (Janowiak
et al., 2017) and the GPM Integrated Multi-satélRRetrievals (IMERG; Huffman, Stocker, et
al., 2019) precipitation data V06 (Tan et al., 28118ave been made publicly accessible. The two
global datasets combined provide half-hourly ardid €esolution between 60°S and’Bi0for 20
years. The IMERG dataset has been demonstratad\ae consistent precipitation retrievals to
resolve the diurnal cycle comparable to that derivem ground-based radar observations (Tan
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et al., 2019a). The goal of this study is to depelmew approach combining these two high-
resolution satellite datasets to track MCSs glgtfalt both tropics and midlatitude, to evaluate
the satellite-tracked MCSs against available grelaskd radar observations, and present global
MCS characteristics obtained by tracking them is ttlew high-resolution database.

This paper is organized as follows: section 2 dlessrthe observation datasets used in
the study; section 3 presents the MCS tracking atetlogy development and its evaluation;
section 4 discusses the application of the metlogyaio the global datasets and demonstrate the
advancement of our new method compared to previumly tracking methods; results of
global MCS characteristics are provided in secipsummary and conclusions are given in
section 6.

2 Observational datasets

2.1 Satellite data for global MCStracking

The two global high-resolution satellite datasestsdiin this study to track MCSs globally
(60°S — 60°N) are the NASA Global Merged IR V1 aried brightness temperature)@ata
(Janowiak et al., 2017) and the GPM IMERG VO06B jpiation data (Tan et al., 2019a). Both
datasets are available from 1 June 2000 to 31 M202B as of the writing of this manuscript.

The merged geostationary satellitedhtaset combines all available operational
geostationary satellite data and includes viewimgjeaand parallax corrections. It provides
continuous global coverage from 60°S — 60°N witfoazontal resolution of about 4 km and a
temporal resolution of 30 min. The hourly data (using the images at 30 min past the hour) is
used to identify and track deep convective clowsd®aated with MCS similar to our previous
studies (Feng et al., 2018; Feng et al., 2019).NABA Global Merged IR Jdataset does not
perform intercalibration among different geostatignsatellite sensors, which could cause some
differences among regions covered by differentlidg®e As demonstrated by Fiolleau et al.
(2020), more work is needed to homogenize the ¢lI6bd, datasets collected from the fleet of
multiagency meteorological geostationary satelligspecially for studying convective clouds
with cold IR T,. More detailed discussions on the impact of uadeties in the IR § dataset on
MCS tracking are provided in Section 5.1.

The GPM IMERG VO06B precipitation data is a unifigecipitation retrieval dataset
from a network of partner satellites in the GPMgtetation (Huffman, Bolvin, Braithwaite, et
al., 2019; Huffman, Bolvin, Nelkin, et al., 2019ufinan, Stocker, et al., 2019). The primary
precipitation estimates in IMERG are from passiverawave (PMW) sensors using the
Goddard Profiling algorithm (Kummerow et al., 20bummerow et al., 2011; Kummerow et
al., 2015). A quasi-Lagrangian interpolation sché€nge, morphing) is applied to the gridded
PMW precipitation estimates to fill in the gapsveee¢n PMW overpasses using motion vectors
derived from total precipitable water vapor fronmrarical models in VO6 (Tan et al., 2019b).

The IMERG precipitation data used in this studihes “Final Precipitation L3 Half
Hourly 0.1°x 0.1° VO6B” data (Huffman, Stocker, et al., 20IB).facilitate joint use of thepl
and IMERG precipitation data for MCS tracking, them Ty, data is regridded to match the
IMERG 0.1° grid using ESMPy, a Python interfacéhte Earth System Modeling Framework
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(ESMF) regridding softwarenftps://www.earthsystemcog.org/projects/esmpi/hile both the
Tp and IMERG precipitation data are available at halfirly, we only use hourly data for MCS
tracking to reduce the computational cost. Previeok in tracking MCSs using hourly data
suggests such temporal resolution is sufficientiese large convective storms (Feng et al.,
2019). A snapshot from one of the 30 mpdata is used to represent convective clouds in an
hour, and the two 30 min IMERG precipitation data averaged to represent the hourly
precipitation amount. After this preprocessinglabgl T, and IMERG precipitation data
covering 60°S — 60°N at 0.2¢0.1° and 1 hourly resolution is obtained for M@&king. In this
study, we use 16 years of and IMERG precipitation data (2001-2019, exclud20§3-2005,
see Section 5.1 for details) to demonstrate olmigcie and examine the climatological
characteristics of global MCSs.

2.2 Regional ground-based radar data for validation

Ground-based S-band weather radar data from theaddSChina are used in this study
to develop and validate the MCS tracking algorifihom satellite data. In the U.S., we use the
recently developed 13-year (2004-2016) high-regmut~4 km, 1 hourly) MCS database east of
the Rocky Mountains (Feng, 2019) as the referenC&Mataset. The reference MCS database
also uses the NASA Global Merged data and synthesizes the Next-Generation Radarddet
(NEXRAD) 3D mosaic radar reflectivity (Bowman & Hayer, 2017) and the Stage IV radar-
based precipitation estimates (Lin, 2011) with iganige bias correction. MCSs in this database
are defined as a large CCS, @241 K) area exceeding610* km?, with a radar-defined
precipitating feature (PF) of at least 100 km, aonihg convective feature radar reflectivity > 45
dBZ at any vertical level, and persisting for a&de6 hours. The Stage IV precipitation estimates
are used to compare with the GPM IMERG precipitatiata.

In China, a similar S-band ground-based operaticagdr network dataset over northern
China is used. A 3D mosaic radar data has beenaedeyy Chen et al. (2020) using the
preprocessing module of the Advanced Regional Btiedi System, which combines 21
individual radars to produce a gridded radar datagh a 2 km horizontal and 500 m vertical
resolution every 30 min. The China radar data uisedais study is from 1 April 2016 to 13 July
2016. To identify MCSs consistently with thosehe UU.S., the China 3D mosaic radar data are
regridded to match the 4 km NASA Global Mergeddata following the same procedure used
by Feng et al. (2019). Subsequently, the FLEXillgect TRacKeR (FLEXTRKR) algorithm
(Feng et al., 2019) is applied to the combinea@rid 3D reflectivity data at hourly resolution to
track MCSs in China. This consistent radar datagssing and MCS tracking framework
facilitates comparison with the satellite data eswthe two different geographic regions.

3 Methodological development and evaluation

3.1 Theglobal M CStracking methodology

Most previous studies using automated trackingrtiegtes to identify MCS regionally or
globally only used geostationary satellitedata. When employing a tracking technique, an
MCS is defined as a CCS that exceeds a certairtlaeshold continuously for some duration
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(e.g., Machado et al., 1998; Jirak et al., 2008ll&au & Roca, 2013; Huang et al., 2018). In this
study, the FLEXTRKR algorithm (Feng et al., 2018¢s T primarily to track CCS, but we have
developed a new approach that further incorpoatespitation characteristics associated with
CCS to more accurately identify the MCSs. A simiteethod using collocated, &ind

precipitation data from polar orbiting satellitesstbeen used previously to develop an MCS
climatology over the whole tropics (YH10). Howeveresoscale tracking was not possible from
polar orbit information, and therefore the YH10 hwet could only identify MCSs at their
mature stage. Our method of tracking the time dégecy of the collocated,and precipitation
signatures associated with MCSs takes into acabenwhole lifecycle of MCSs. In addition, by
applying the method to a wider range of latitudesextend the MCS climatology globally to
allow comparison of midlatitude and tropical MCS$haeior.

/(a) Identifies cold cloud systems (CCS) at each time step N (b) Links CCS continuously if area overlap >
p A 50% between two consecutive time steps
Time 1 Time 2 Time 3
@ =)
LI
{ Satellite brightness temperature T, <241 K } [Cold cloud cores: T, <225 K] ll [ (c) Produces tracked CCS ]
\
~N
(d) Matches tracked CCS with PF
and identifies large PF D.ss.panon
(Track ends)
Convecnve Initiation ' . ‘ ’
(Track starts)
/7Time1 Time2 Time3 Time4 Time 5 Time x Time n-3 Time n- 2 Time n-1 Time n
Y
Precipitation / CCS area > 40,000 km? for > 4 contlnuous hours
Features (PFs) of [ Heavy rain (> 10 mm h-) ] Weak/moderate rain
the tracked CCS
(>2mm h) /
L4
3 "y Jroowm
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Time 1 Time 2 \Time 3 Time 4 Time x Time m-2 Time m- 1] Time m
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Figure 1. Schematic flowchart of MCS identification usingllocated satellite infrared brlghtness
temperature (J) and precipitation observations in this study.l@@ntification of cold cloud system
(CCS) based onylsignatures, (b) tracking of CCS between two combex times, (c) linking all
consecutive times to produce tracks, (d) matcleegéd CCS with associated precipitation featurg,(PF
and (e) identification of MCS based on PF charésttes. The yellow shading in (e) denotes the
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mesoscale period as defined by CCS > 40,008 Wwith a PF major axis length larger than 100 km fo
longer than 4 continuous hours. During this pertbd,PF area, mean rain rate and rain rate skewness
must exceed the thresholds denoted by the magaskalides, and the heavy rain volume ratio durimg t
period must be larger than X% (a function of lifedi, sed-igure 3d) to qualify as an MCS. See text for
more details.

In this study, we define an MCS as a convectivéesywith:
1) CCS > 4x 10* km? containing a PF with major axis length > 100 km,

2) PF area, mean rain rate, rain rate skewness ang hega volume ratio larger than
corresponding lifetime dependent thresholds,

3) Both 1) and 2) last continuously for longer thanodrs.

Figure 1 shows a schematic flowchart of MCS identificatd@veloped in this study which is
explained in detail as follows.

Tracking convective systems using satellited@ta typically starts with defining a CCS
associated with deep convection. In the FLEXTRKgbathm, a “detect and spread” approach
to identify CCS has been implemented (Feng eR@lL8). As illustrated ifrigure 1 a, cold
cloud cores (< 225 K) are first identified and labeled. Theg #ren spread out iteratively to
reach a secondary Threshold < 241 K to define a CCS. The iteratikecpdure starts from the
largest cold cloud core in a given scene, spreaitlimgone pixel at a time outward surrounding
the cold core to reach warmey, Tollowed by the second largest cold core, andrsadr his
procedure is based on the assumption that largaiu¢e) cold cloud cores have more time to
detrain and form upper-level anvil clouds arourehttthan smaller (young) clouds. Spreading of
adjacent CCSs stops when the cloud boundarieed@ @5s touch each other. The iterative
procedure ends when no cold cores in a scene cgpréad within areas obK 241 K. The
remaining cold clouds (< 241 K) with no cold cores that have not beemtified are labeled if
the cold cloud pixels form a contiguous area o008 Bnt.

An update to use a coherent PF to connect mul@l&s that share the same PF (Feng et
al., 2019) has been implemented for precipitatiata dn this study. A coherent PF is defined as a
contiguous area with hourly rain rate > 3 mt) Whereas in previous work a PF was defined
using low-level radar reflectivity data. The raate threshold, while admittedly arbitrary, is
meant to retain contiguous areas of significantipiation to assist in defining a coherent
precipitating convective system for tracking. Theggpitation field is first smoothed using a
moving window (~30 kmx 30 km) to reduce the noisiness of the hourly migtion data. This
“PF-assisted CCS definition” feature takes advamtagooth the relative smoothness of the T
field and the important PF associated with coneecto identify individual CCSs, and better
preserves coherent PFs during major precipitatiages of the MCS lifecycle to improve
tracking fidelity and estimation of various stortatsstics such as PF area in subsequent tracking
steps.

The FLEXTRKR tracking of features in time usesrage area overlap method. CCSs
with an area overlap of more than 50% between tisecutive hours are linked as the same
CCS Figurelb). Tracking terminates when no other CCSs canrtiedl to the track.
FLEXTRKR handles the track merging/splitting exfilic When more than one CCS at time
are linked with one CCS at tinm-1, tracking of the largest CCS at timeontinues at time+1,
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and the smaller CCSs at timare flagged as merging and their trackings areitetted.
Splitting of tracks is handled in a similar way, vl the largest overlapping CCS at timd. is
a continuation from the track at timgbut smaller overlapping CCSs are treated as newly
generated tracks. The merge/split tracks are redosdch that they can be linked in the
subsequent step.

Among all the tracked CCSs, a candidate MCS inddfas CCS area > 40,000 %for
longer than 4 continuous houiEdure 1 d). The duration criterion is an important aspect of
MCS because longer-lived MCSs not only producetila@s the amount of rainfall compared to
short-lived ones, but they also develop more robtratiform precipitation and top-heavier
diabatic heating profiles, thus exhibiting mucloatzer dynamical feedback to the large-scale
environments through quasi-balanced mesoscale cowwerortices (Yang et al., 2017; Feng et
al., 2018). After identifying MCS candidates, norGBl tracks with duratiog 12 hours are
included as part of an MCS if they are mergergbtssof the MCS candidates. Manual
examinations of the automated tracking results ssigacluding smaller mergers/splits often
improves the tracking fidelity by correcting ocaasal over-segmentation of clouds during the
CCS identification step. Such over-segmentatiorallsoccurs in the decaying stage of MCS
when cloud-top heights are decreasing at variattesy as reflected by unevenly increasipg T
within tracked CCS.

The next step is to identify robust MCS from MC&diadates based on their PF
characteristics. At a given hour, the PFs assatiatth an MCS candidate are defined as
contiguous areas within the MCS with hourly raitera 2 mm . We determine the rain rate
threshold by evaluating the global MCS trackingutsswith the U.S. NEXRAD MCS database
described in Section 3.2. A suite of PF charadtesiss calculated for each PF, including major
axis length, area, mean rain rate, rain rate skesyrietal rainfall volume, heavy rainfall (rain
rate > 10 mm #) volume, etc. The PF characteristics are usekdriihal step to determine if an
MCS candidate can be identified as an MCS. For &CB candidate, we define an “MCS
period” as times when a PF major axis length >HKraGor > 4 continuous hour&igure 1 e).
This period denotes convection growing upscaleath mesoscale dimension and produces
major precipitation during the MCS lifecycle.

The conceptual evolution of an MCS viewed fromRAEs characteristics is shown in
Figure 1l e An MCS typically contains a large PF with highaneain rate, especially during the
upscale growth stage when most of the precipitai@onvective, followed by a positive
skewness of the rain rate distribution during tregure stage when mixed convective and
stratiform rainfall coexist. During the “mesoscpkriod” (yellow shading ifrigure 1 ), if the
PF area, mean rain rate, and rain rate skewned$ieavy rain volume ratio (heavy rain
volume/total rain volume) all exceed the lifetimependent thresholds, the MCS candidate is
defined as an MCS. This approach is similar topyarvious work in jointly using ffand PF to
identify MCS in mesoscale resolution (horizontalsdetween 10-50 km) datasets (Feng et al.,
2020). The PF area and mean rain rate criteridesigned to capture mesoscale PFs that have
moderate-to-higher mean rainfall intensity, whiie positive rain rate skewness (calculated from
native pixel-level data) constrains the PFs to @onsome intense convective-like precipitation
(Feng et al., 2016). Our algorithm considers gdmaesoscale PF associated with MCSs, the
definition of which has been evolving over the ge@touze et al., 1990; Houze, 2014; Houze,
2018). Compared to our previous work, one diffeesisadhe requirement of an additional
criterion of the heavy rain volume ratio, whichdissigned to require that a fraction of the total
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rainfall volume must be from convective precipatiapproximated by hourly rain rate > 10
mm hY). This is particularly relevant for midlatitudeggipitation characteristics during the cold
and/or transition seasons, when passages of bamelaves often produce persistent large
CCSs, some of which can be associated with largesfth moderate mean rain intensities, but
the precipitation is stratiform in nature and cstssbf little convective/heavy precipitation (e.qg.,
post-frontal rainbands in the cold sector) and kestould not be defined as MCSs.
Nevertheless, the definition of MCSs in mid-andkhigtitude rainbands, and/or atmospheric
rivers (AR), especially over oceans, is a new dgbeconcept. Considering the nature of these
mid-latitude weather systems, whether they shoaldddfined as MCSs is ambiguous. Further
work is needed to improve the understanding of syskems and whether the specific definition
of MCS used in this paper should be refined. Weudis our approach in handling ambiguous
mesoscale cloud systems in more detail in Sectibn 4

To determine the PF characteristics thresholdgjseethe U.S. NEXRAD MCS tracking
database from Feng et al. (2019) as a referendehwdpresents a more accurate identification
of MCSs and their associated precipitation compéodtie satellite §and IMERG precipitation
datasets. In this analysis, data from the peridedd#-2016 between the NEXRAD MCS
database and IMERG data are used. NEXRAD identifeadly MCS locations (~4 km
resolution) are regridded to the IMERG precipitatgyid (~10 km resolution}igure 2 shows
an example of MCS in the U.S. Great Plains obsebyeithe NEXRAD network, and the
associated precipitation estimates from the Stegentl IMERG dataset. The IMERG hourly PF
morphology from this MCS is similar to that obsaehm®y NEXRAD radarsKigure 2 a,b), as the
IMERG estimated PFs contain small regions of indgmrecipitation (rain rate > 10 mmbhand
broad regions of moderate-to-weak precipitatioragreement with the expected distribution of
convective and stratiform rainfall. The MCS eveatwamulated precipitation from IMERG
generally agrees with that from Stage 1V, albdifiedences exist in detailed geographic locations
receiving high rainfall amount&igure 2 c,d).
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Figure 2. Example of a tracked MCS over the U.S. GreatBldepicted by NEXRAD radar network and
GPM IMERG observations. (a) Snapshots of NEXRADaraeflectivity at 2 km MSL during various
MCS lifecycle stages, (b) similar to (a) exceptMERG instantaneous rain rate, (c) Stage IV
accumulated precipitation for the tracked MCS, @)dsame as (c) except for IMERG accumulated
precipitation.

The IMERG observed PF parametric characteristitsisvihe NEXRAD-identified MCS
locations during three warm seasons (March-Oct&i¥r4-2016) are shown as a function of
MCS lifetime inFigure 3. It is clear that various PF parametric threshgleiserally increase
with MCS lifetime, suggesting that longer-lived ME&pically have larger and more heavily
precipitating PFs and larger rain rate skewnegsptiteg more convective-like precipitation. The
linear fit lines inFigure 3 represent various thresholds that can be usedsttwphigher PF
parametric thresholds means only MCSs with largdrraore intense PF are identified as MCSs,
and vice versa.
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Figure 3. IMERG derived PF characteristics as a function @Mifetime. (a) PF area, (b) PF mean rain
rate, (c) PF rain rate skewness, and (d) heavy@imme ratio. Dots are specific percentile valsieswn

in the legend, solid lines are linear fits to eaehof percentile values. The fit intercepts angeat are
shown in the legends as well.

We use the NEXRAD MCS database to calibrate thpd?&metric thresholds. By
choosing increasingly lower thresholds (e.g", &, 39 percentile fit lines), a larger population
of MCSs is identified from the IMERG precipitatioiataset. Through statistical comparisons
with the NEXRAD MCS database, we determine the &&apetric thresholds that produce the
best agreement in the number of MCS and the fractidICS precipitation to the total
precipitation. These thresholds are tHgp&rcentile values for PF area, mean rain rate,rede
skewness, and f(ercentile values for heavy rain volume ratiopeasively (thresholds given
in the legends ifrigure 3). For example, for an MCS that lasts 15 hoursthhesholds for PF
area, mean rain rate, rain rate skewness and hmaivsatios are approximately 4200 k8.2
mm h, 0.3, and 10%, respectively. Calibrating thesg®&m@metric thresholds against the
NEXRAD-defined MCS database in the U.S. means thpd&ameters are more tailored for mid-
latitude continental MCS. However, such calibratstiould not affect detecting oceanic MCSs
as our analysis results in Section 5 show thatracddCSs produce much heavier precipitation
(both local rain rate and rainfall volume) thanith@nd counterparts, making oceanic MCSs
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easier to exceed the PF parametric thresholdsaptdred by our method. We will validate the
IMERG-based MCS tracking statistics against U.SXRED observations in Section 3.2, and
further compare them with an operational radar ngtwbservations in northern China. Our
efforts to validate the IMERG-based MCS data aratéid by availability of radar network data
in other regions.

3.2 Evaluation with the NEXRAD M CSdatabasein the U.S.

The U.S. NEXRAD radar network provides the larggsuund-based weather radar
coverage in the world, which is excellent for ewing the satellite coverage over this region
and for calibrating the ability of the methodoldgy detecting midlatitude continental MCS.
Comparisons of the spatial distribution of warmssea(March — August) MCSs from the
NEXRAD MCS database and the IMERG dataset duridigl2ZD16 are presentedkingure 4.

In this comparison, the CCS area and duration tiotds for IMERG are adjusted to 60,000%m
and 6 hours to be consistent with that used irNfBXRAD MCS database (Feng et al., 2019).
This means that only a subset of the longer-livedi more robust MCSs from the IMERG MCS
tracking are included in the comparison, althougtiuding the shorter-lived and smaller MCSs
only increase the MCS precipitation fraction by ~1i@Pthis region.
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Figure 4. Comparison of the spatial distribution of obsérwearm season (March - August) MCSs
tracked by NEXRAD radar dataset (top row) and GRMERG dataset (bottom row) for 2014-2016. (a,d)
Number of MCSs, (b,e) MCS precipitation amount, &mf) MCS precipitation percentage to total
precipitation. The number of MCSs in (a,d) is cldted by adding each swath of an MCS PF during its
lifetime (counted as one sample over each gridtpaithin the swath) over 3 warm seasons divided by
the total number of seasons (3).

The comparison results show a good agreement betthed MERG-based MCS dataset
and the NEXRAD MCS database over the continentdl Whe number of MCS passing over a
given location and the average MCS precipitatiom@am both maximize in the middle of the
Central U.S.Figure4 a-b, d-e), and the MCS precipitation fraction ranges betwé@%-60%
over the Great Plains and parts of the Midwest)witonsistent reduction in the Southeast and
Eastern U.S.Kigure 4 c,f). Beyond the continental region, differences i tlumber of MCSs
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and their associated precipitation increase wighdistance from the coastal region, primarily as
a result of the reduced NEXRAD radar coverage beyba coastline. A secondary peak in MCS
frequency occurs east of the Southeast coastlitteitlantic where climatological sea surface
temperature is high. While there is evidence ohserthancement in the NEXRAD MCS
database, the IMERG MCS database shows MCS acoguti 40%-
that region. This comparison highlights the advgetaf the IMERG MCS database that

provides complete coverage beyond ground-based aadat regions.
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Figure 5. Comparison of MCS statistics over Central U.&cked by NEXRAD radar dataset and GPM
IMERG dataset during 2014-2016. (a) Monthly avenagmber of MCS (bars) and standard deviation
(error bars), probability density function (PDF)MECS properties are shown in (b-g) for MAM (left
column) and JJA (right column), respectively. (lMJS lifetime, (d-e) MCS PF diameter, (f-g) MCS PF
mean rain rate. The region of comparison is shassim@red box in the inset of (a).

Detailed comparisons of the MCS seasonal cyclePandharacteristics in the Central
U.S. are shown ifrigure 5. The total annual mean number of MCS initiatechimithe Central

This article is protected by copyright. All rights reserved.



U.S. is around 180 in both datasets. The monthéyaye number of MCS are also comparable
between the two datasetadure 5 a), although the IMERG-based MCS numbers are skghtl
lower during the warm season (April — October) alightly higher during the cold season
(November — March). This bias suggests that someextively intense MCSs identified by the
NEXRAD radar data during the warm season may rnafgdhe precipitation criteria from the
IMERG precipitation data, while some heavily preétzpng mesoscale cloud systems identified
by IMERG data as MCSs during the cold season mayneet the radar-based convective
intensity criteria (> 45 dBZ). Nevertheless, thstdbutions of the MCS PF characteristics from
the IMERG-based MCS dataset, including the MCSifekrhe, diameter and mean rain rate
agree remarkably well with those from the NEXRAD Bl@atabase, except the PF mean rain
rate in spring from the IMERG-based dataset iflijchigher. These results are encouraging
because the IMERG data is able to estimate impoRBErcharacteristics for a variety of PF sizes
and intensities. As such, the IMERG data shouldhde to identify MCSs in other parts of the
world where large-scale conditions might favor M@igh sizes and intensities are different than
those in the U.S. We note that the above compagiammsensitive to the rain rate threshold used
to define a PF. As mentioned in Section 3.1, weusen h' as a threshold to define PF in the
IMERG data, which is higher than that used in t&XRAD Stage IV precipitation data (1 mm
h'l). This is because the IMERG data is found to cstéreate areas with weak rainfall intensity
in MCSs (Cui et al., 2020). Using slightly highairr rate thresholds can mitigate the bias in
estimating PF parameters in the U.S. We note kisichoice of rain rate thresholds is likely
product-dependent and that using a different s&giecipitation product may require different
thresholds. The diurnal cycle of warm-season MCS$wa-MCS precipitation from IMERG
compares quite well with the NEXRAD MCS datagag(re S1), demonstrating the advantage
of IMERG with a high temporal resolution.

3.3 Evaluation with weather radar observationsin China

To assess the robustness of the IMERG-based M@Seatah other geophysical regions,
we compare the MCSs tracked with the IMERG dathase tracked with the 21 ground-based
operational radar network data in northern Chinandul April — 13 July in 2016 (see
descriptions in Section 2.2).

The IMERG-tracked MCS lifetime generally comparesdlwith the radar-tracked data,
although the IMERG-based dataset produces moretdivggd MCSs lasting beyond 15 hours
(Figure 6 a). This could be partially attributed to the lindteadar coverage in northern China.
Some longer-lived MCSs that initiate inland conéra propagate eastward into the Yellow Sea
(between mainland China and the Korean Peninsiiajhey move beyond the range of the
ground-based radar, PFs estimated from the groasdebradar become unavailable while they
can still be detected from the IMERG data, causimge discrepancies in the long-lived MCS
lifetime estimates between the two tracking datasdte monthly number of MCSs also agrees
well, with most of the MCSs in this region occugim June Figure 6 b). Comparisons of the
time series of MCS detection show that most MCS$ygoarticularly those with larger PFs, are
consistently identified in both datasefsdure S2).

The above evaluation results in two different gapbic regions suggest that our new
MCS tracking algorithm jointly using the geostatoy satellite T and GPM IMERG
precipitation data can provide consistent MCS tragkesults with those obtained by using
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ground-based radar data. Despite these encouragregments, we emphasize that satellite-
based precipitation retrievals such as GPM IMER&lus this study are not a replacement of
surface radar network in providing high spatiotemapeesolution depiction of convective cloud
systems. Radar observations provide important 3aceristics of MCSs, allowing separation
of convective and stratiform regions that haveiisive precipitation and latent heating
characteristics that cannot be obtained from IMER€&ipitation data. Further, both evaluations
described above are conducted in midlatitude cental regions based on the radar data
available to us, future work should further val®l8MERG data in other geographic regions,
particularly over tropical oceans. Considering nougd-based radar exists over majority of the
ocean except limited island locations, such vaihawill likely rely more on comparisons with
other satellite observations such as the GPM DR&RTtopical Rainfall Measuring Mission
(TRMM) Precipitation Radar, or the A-Train sateit(Stephens et al., 2002). Some
comparisons between our results with past studeediacussed in Section 5. Nevertheless, the
evaluations presented above show that our techiigsed on IMERG data over land captures
MCSs of a variety of sizes and intensities, giviisgnore confidence that our method will
produce reasonable MCS tracking results over retnopécal regions.
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Figure 6. Comparisons of MCSs over northeastern China écdly using ground-based radar network
data and GPM IMERG data during 2016. (a) Distrimutdf MCS lifetime, and (b) number of MCSs per
month. The region of comparison is shown as théoadn the inset of (b).
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4 Application to global satellite data
4.1 Exclusion of TC and AR in MCStracking dataset

The global mergedyland IMERG precipitation data covering’&@- 60N with 0.1°x
0.1° spatial and hourly temporal resolution consis600x 1800 pixels and 8760 frames per
year. Running the MCS tracking algorithm on tharerglobe at the same time is possible, but
not computationally efficient for developing a letegm dataset. Therefore we divide the Earth
into three regionsHigure S3) to conduct the MCS tracking on each region sepiraAsia-
Pacific (35E — 180E, 60°'S — 60N), Europe-North America (18W — 5CE, 20N — 6CO°N), and
Africa-South America (18W — 5CE, 60S — 30N). These three regions are large enough to
contain most MCSs with minimal impact from those $&rossing from one region to another.
The overlapping areas between the three regiotissiuallow a “buffer zone” to reduce
discontinuity when the regional data are stitcluggether to develop the global data. Tracking is
run continuously from 1 January to 31 Decemberagheyear for each region to minimize the
impact of artificial termination of MCSs that spavo different tracking periods.

Figure 7 shows an example of the MCS tracking results dweiMaritime Continent
(also see the included animation in the supplemgmérmation). CCSs associated with the
tracked MCSs are indicated by the magenta contodigyure 7 a and the various color
shadings on top of the GPM IMERG precipitationdiel Figure 7 b. This example shows that
most mesoscale PFs that produced heavy precipitagoe associated with tracked MCSs. In
addition, the detect-and-spread CCS identificatigmmnique in FLEXTRKR (Feng et al., 2018)
is able to separate nearby MCSs that shared ceoltcdmud shields but have separate PFs (e.g.,
the two MCS clusters around°®) 125E).

2019-01-21 10:30 UTC

(a) IR Brightness Temperature
i T e 7 ik R e T T 320

300
280
3
260
240
220

200

T B0E . 100
(b) Precipitation (Tracked MCSs Shaded)

!

10°N

. ~ - 10
D a¥-x . T
) e " . £
5°N PR :
: s ) 6 =
0 ko 5
.\ X -_ 5 §
5 8 =2
o 43
&

10°S 3

2

80°E 100°E 160°E

Figure 7. Example snapshot of tracked MCSs over the Magitf@ontinent at 10:30 UTC on 21 January
2019. (a) Infrared brightness temperature, (b) GMERG precipitation. The magenta contours in (a)
and the color shadings behind large clusters ofifPfis) denote each tracked MCS. Weak rain rates <
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mm htin (b) are excluded for clarity. Animation for shilay is provided in the supplementary
information.

Since our MCS tracking only considers CCS with [byand mesoscale PF signatures,
other large precipitating cloud systems that ateMi©Ss but exhibit similar characteristics
could have been included as MCSs. The most obérasmple is tropical cyclone (TC).
Although TC bears similarity with MCS in both &nd precipitation characteristics, their
formation and maintenance mechanisms are différemt MCS. To exclude TCs in our MCS
tracking database, we use the International BestkTArchive for Climate Stewardship
(IBTrACS) TC v4 database (Knapp et al., 2010; Knapgl., 2018). The IBTrACS database
contains global TC information at a minimum of 3uHg resolution (certain regions contain
higher temporal resolution). Each TC has a centamdtion, time, and a series of TC
characteristics such as the maximum wind speedpmam pressure, etc. We use the estimated
mean radius of the outermost closed isobar asatiias of a TC. When the radius of the last
closed isobar is unavailable, the maximum radiu30684 kt wind among all four quadrants is
used. This decision is made such that we excluglpakential influence of TC in our MCS
database as much as possible. For MCSs in ouiricaditaset, if the CCS mask (e.g., color
shading areas iRigure 7 b) associated with a tracked MCS overlaps with tBerddius mask at
any given time during the MCS lifetime, that MCSeicluded from our tracking database. This
stringent requirement is designed to exclude anyssl@ the proximity of a TC.

In close examination of the geographic distributdMCSs from our tracking database,
we find two regions commonly affected by AR durthg cool season (September — February) in
the Northern Hemisphere, the North American Wests€and European West Coast (Rutz et
al., 2019), showing higher numbers of MCSs ideatifihan expected. This is likely due to
orographic enhancement of precipitation when AR esdk&ndfall in regions of complex terrain,
and the high intensity PFs and the expansive ffetratiform clouds are aliased as MCSs. As
orographic enhancement during AR events in the seaton is often associated with seeder-
feeder clouds (Creamean et al., 2013), such PRgdhot be included as MCS, although MCSs
have been found in associated with ARs during taemwseason (Moore et al., 2012). To
identify AR events, we use a high-resolution globRl dataset (Rutz et al., 2019) based on the
tracking of ARs in the Modern-Era Retrospective ke for Research and Applications,
Version 2 (MERRA-2) data. The AR dataset has hoanlg0.5° x 0.625 (latitudex longitude)
resolution. Similar to the procedure for excludir@s, MCSs (using the CCS mask) that overlap
with an AR are excluded from our database. We ertlude MCSs within landfalling ARs over
the two West Coast regions with sigifinicant topag@ry changes as defined by Rutz et al. (2019,
Figure 4). This is because over the ocean, cydenesis and frontogenesis associated with AR
often produce intense precipitation over a stresgjtig cold front. The vertical structure of
convective and stratiform precipitation and asgeddatent heating generated by forced ascent
in frontogenesis environment closely resemble MC&nfion et al., 2020). Therefore, MCSs in
our database over the Northeastern Pacific andhbastern Atlantic Oceans are retained even if
they are within ARs. These heavily precipitatingnbands and mesoscale cloud systems in the
midlatitudes, particularly those over the oceanoutth be re-examined in future research to better
understand their nature and to determine whetleedéfinition of MCS used in this study should
be refined.
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The annual averaged numbers of excluded MCSs r@surrAsia-Pacific, Europe-North
America, and Africa-South America regions are 3322 and 83, respectively. These excluded
MCSs only account for 1%-3% of the total MCS pogiolss in each region. In contrast, the
annual averaged number of excluded MCSs in landfpARs is 369, ~10% of the MCS
populations in Europe-North America, suggesting thi@nse precipitation systems within
landfalling ARs play a non-negligible role in thee¥f Coast of North America and Europe.
During the 16-year study period (2001-2019, exelgd2003-2005), the average number of MCS
tracked in the globe is approximately 29,073 paryAsia-Pacific and Africa-South America
have a similar number of MCSs, averaging ~13,257yaad ~13,340 yedy respectively,
while Europe-North America has ~2,476 yka®eparating by latitudes, the tropics 136
20°N) has ~19,915 MCSs per year, followed by the Naorthhéemisphere (20°N — 60°N) with
~4,952 yeat, and the Southern Hemisphere (20°S — 60°S) witA0&4year.

4.2 Comparison with previous | R-only method

Compared to previous IR-only MCS tracking methddsr{g & Fritsch, 1997; Roca et
al., 2017; Huang et al., 2018), the key featurthefalgorithm developed in this study is the use
of precipitation characteristics in addition todRgnatures to identify MCSs. MCSs in the IR-
only methods are commonly defined as a cloud sygsectontiguous area with IR, Below
some temperature threshold values) larger than sme@ethresholds and persists for at least a
few hours. This method has some validity in theite where most long-lived cloud systems
with cold cloud tops reaching the mesoscale dinoenare associated with MCSs. However,
combining cloud-top temperature with precipitatabyserved by satellite produced a more
accurate census of MCSs in the tropics (YH10)his study we have further improved the
approach by adding time-dependent tracking to ¢timebination of T and precipitation. In
midlatitudes, the IR-only method has been usefuM@Ss during the warm season in the
Americas (Fritsch et al., 1986; Machado et al.,.8& 9%ak et al., 2003), China (Yang et al., 2015;
Chen et al., 2019) and Europe (Morel & Senesi, 2008tside of summer when baroclinic
forcing is much stronger in the midlatitudes, laagel long-lived cloud systems viewed from IR
data alone are often insufficient to identify MGS,many synoptically-forced clouds not
associated with MCS bear similarity with large dmorly-lived MCSs in IR signatures (i.e., large
and long-lived).

To demonstrate the advance of our new algorithmpewed to previous IR-only MCS
tracking methods, we compare the MCS populatioestitied by IR-only method and our new
IR+PF method over Asia. MCSs identified by the Ityomethod are the “MCS candidates” that
are described in Section Bigure 8 shows the spatial distribution of the differences@asonal
mean number of MCS between the two methods. Oeetrdipics (south of Z0) the largest
difference is ~10% across all seasons, suggestaigrtbst tracked mesoscale cloud systems in
the tropics produce precipitation that satisfiesPk criteria calibrated from midlatitude MCSs
(Section 3.1). It also means that our method shprdduce consistent MCS identification with
previous IR-only methods over the tropics, fadiitg comparison with previous studies. In
contrast, in the midlatitude, particularly in naimsmer seasons, significant differences in the
number of MCSs are found over Central Asia, extegdd the Northern Pacific Ocean during
boreal spring (MAM) and winter (DJF). On averadm tR-only method identifies 30-50 more
MCSs (a factor of 5-20) over the Tibetan Plateadithe Tian Shan mountain ranges in spring
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and winter. Even during boreal summer (June-Augtist) IR-only method still identifies a
notably higher number of MCSs (15-20, or a factd?)oover the Tibetan Plateau compared to
the new IR+PF method.
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Figure 8. Spatial distribution of the average differences in the nuehCSs between IR-only method and
the new robust MCS method in this study during the $easons for 2014-2019. (a) March—May, (b) June—
August, (c) September—November, and (d) December—Februaryo@times in the background are terrain
elevations higher than 1000 m.

To help explain the discrepancy between the IR-anly IR+PF methods, we compare
four PF characteristics associated with MCS popanatidentified between the two methods.
Figure 9 shows the joint probability density functions (PF Central Asian (28\ — 6C°N,
50°E - 120°E) MCS lifetimes and the four PF characteristict tire used to define MCS in this
study (see Section 3.1), namely PF area, PF m@arata, rain rate skewness, and heavy rain
ratio. Results show that a large fraction of MC8rak&l by the IR-only method have PF area and
PF mean rain rate below their respective threshadés in the IR+PF algorithm, followed by a
smaller fraction that fails the rain rate skewresg heavy rain ratio criteria. This finding
suggests that many tracked long-lived large CC3lsa@rnR-only method contain very small PFs
with low rainfall intensity and sometimes stratifotike precipitation (weak spatial variability as
suggested by low skewness, and low fraction of hWeawfall), inconsistent with MCS
characteristics. A typical example of large trackdS with scattered weak precipitation over
the Tibetan Plateau is shownkigure S4. Similar joint-PDF analysis for summer season MCS
populations further finds that tracked convectimnf the IR-only method often has too small PF
areas, although mostly satisfying the other thifeerferia (not shown). The PF area thresholds
used in our algorithm are not particularly highr Emample, for a system with 5-hour lifetime,
the PF area thresholB8ifure 3 a) is 3467 km, or 66 km equivalent diameter. Systems failing to
exceed this PF area threshold should not be ideshéfs MCSs.
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These analyses, while only conducted over Asia,ahestnate that our new MCS tracking
algorithm that considers key PF characteristiademtifying MCSs is more accurate than
previous IR-only MCS tracking algorithms over thalatitudes, particularly in non-summer
seasons. This new algorithm can be applied globatlpoth the tropics and midlatitudes over all
seasons to develop a global MCS tracking database.
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skewness, and (g-h) heavy rain ratio. Red linesteatiiresholds used to define robust MCSs for &&ch
parameter. The MCS lifetime here is defined byttheked CCS duration. Mean values of the PF
parameters throughout each MCS lifetime is used.

5 Global MCS characteristics

5.1 MCSfrequency and precipitation

Global distributions of the annual mean number &34, MCS precipitation amount,
and MCS contribution to annual total precipitatahring the 16-year period (2001 — 2019,
excluding 2003-2005) are shownhkigure 10. The number of MCSs is calculated by counting
the entire swath of precipitation at the 0.1° x*(aikel associated with a tracked MCS once,
then summing up the count for all observed MCSe dimual mean number of MCSs at a given
0.1° x 0.1° pixel refers to the number of MCSs pagsver that pixel per year. MCS
precipitation amount is calculated by averagingedicipitation within the MCS cloud mask
(i.e., CCS).
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Figure 10. Annual mean global distribution of (a) the numbEMCS, (b) MCS precipitation amount,
and (c) percentage of MCS precipitation to totalcjpitation between 2001-2019. Dark gray contours

This article is protected by copyright. All rights reserved.



show terrains higher than 1000 m. The gray shaglgidms over the Southern Pacific Ocean have
frequent (> 25%) missing, Kata that affects MCS tracking and is thereforeked out.

MCSs occur both in the tropics and midlatitudeiggre 10 a). The deep tropics (within
20°S — 20°N) have the largest number of MCSs, @ddily over the Indo-Pacific warm pool,
Central Africa, the Amazon, and tropical Easternifta averaging over 70 MCSs per year over
broad regions. The geographic distribution of ttapMCSs found in this study is broadly
consistent with previous MCS climatology studie$i Fig. 9; e.g., Huang et al., 2018 Fig. 4).
Huang et al. (2018) used IR dnly to track MCSs in the tropics, while YH10 ugenht T, and
precipitation signature similar to this study temtify mature MCSs except without tracking.
The consistency between our results with thesegtadies that use different methodology lend
further credence to the application of our curreethod over the whole Earth, even though the
PF parameters were more tailored for midlatitudgioental MCSs (Section 3.1). In the
midlatitudes, the Central U.S., Argentina, Eastéhma and Central Europe, are the major
continental regions that favor MCS developmentsr@cean, MCSs are also frequently
observed offshore of the east coast of North AmaeiBouth America, East Asia, and South
Africa, where influence of warm ocean currentsydyavave generation, synoptic disturbances,
flow over mountain ranges, or some combinatiorhee factors affect MCS occurrence.

The distribution of MCS precipitation amount langé&llows the MCS densityHigure
10 b), with the largest annual mean MCS precipitatioroant found over tropical Eastern
Pacific offshore from the Columbian coast, Indoiff@evarm pool west of Sumatra and
surrounding oceans near the Solomon Islands. M@8ibation to annual total precipitation
exceeds 50% across the majority of the tropical({A&'S — 13N), with several ocean basins
reaching above 60%, including the Indo-Pacific waanl, Bay of Bengal, tropical Eastern
Atlantic, and tropical Eastern Pacifigigure 10 c). Using a similar combination of, ind
precipitation data, YH10 also found that mature M@8count for 56% of total tropical rainfall,
consistent with our results. Over continents, tlestmotable region with the highest MCS
rainfall fraction is the West African Monsoon regj@xceeding 70% of the annual rainfall,
followed by Argentina, Amazon, Central North Amexrj@and India with MCS rainfall fractions
around 40-60%. Interestingly, in offshore regiohthe east coast of North America and East
Asia where enhanced MCS occurrence is observed, M@ty account for 40% or less of the
total rainfall, suggesting other types of precipaa such as those related to extratropical
cyclones are more dominant in these regions.

The spatial distribution of MCS rainfall contriboti found in this study is qualitatively
consistent with previous studies that use differeathodologies or observing platforms. Roca et
al. (2014) used IR-only tracking to identify MCSrohg one season (June-September) and
showed that MCSs account for 40-60% of tropicaifedi, with a higher percentage over Africa,
Bay of Bengal and subtropical Western Pacific. gsow-orbit Microwave Imager overpass
precipitation retrieval onboard the TRMM satellidgsbitt et al. (2006) defined an MCS simply
as a PF with major axis length exceeding 100 kneyTdiso found MCSs dominate precipitation
in the tropics with a similar geographic distrilmutito Figure 10 c, although their magnitudes are
generally higher (tropics-wide MCS contributior6i3%-70%). This discrepancy could be
caused by the lack of temporal continuity of lovipibsatellite observations, or the simplicity of
the MCS definition used by Nesbitt et al. (2006)of-lived convection could grow to reach
mesoscale dimension but quickly decay, thus failiveg4-hour duration criterion and not
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included as MCS in this study, as demonstrated Bpd\éet al. (2019). Results from Nesbitt et al.
(2006) possibly overestimated the MCS contributmthe total precipitation, as estimates from
YH10 using similar § and precipitation data with a more comprehensieéod to identify
mature MCSs also found a 56% tropical MCS rairdatitribution, more consistent with the
current study.
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Figure 11. Percentage of MCS precipitation to total preeian in (a) March-May, (b) June-August, (c)
September-November, and (d) December-February.
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MCS contribution to regional rainfall displays aosig seasonality over many regions of
the globe, except for the Indo-Pacific warm poal &éme ITCZ, where MCS consistently
accounts for 50-60% of total rainfall throughou trear Figure 11). Regions with higher MCS
seasonal rainfall fractions generally have more MC&urrenceKigure S5) although there are
some exceptions (e.g. Northwest Atlantic and Noe$twacific storm track regions). The MCS
numbers shown ifigure 10a andFigure S5 include the effect of MCS PF area, which are
larger during the cold seasdrigur e S6) associated with stronger midlatitude baroclimicing
(Feng et al., 2019). Counting the number of MC3aisinly the geometric center of MCS PF, a
method commonly used in previous studies, resalgsmilar patterns in the tropics, but the
midlatitude MCS occurrences during cold seasonseatgced Figure S7), reflecting the
impacts of their larger size. During the transitsmasons, MCS contributions to total rainfall are
higher over the U.S. Great Plains and Eastern Ghispring and over the South Asian Monsoon
region in both spring and fall. During boreal sumr@d&dA), MCSs dominate the rainfall over the
Central U.S., offshore regions east of North Anegrisouth Asian Monsoon region particularly
over the Bay of Bengal, East Asian Monsoon regiom, the Sahel and Central Africa. During
boreal winter (DJF), MCSs account for up to 80%amffall in northern Argentina and over 50%
offshore to the east of South America and SoutlicAfithe Australian Monsoon region, and
subtropical Central Pacific. MCSs account for theakest total rainfall during the winter season
in the respective hemispheres, suggesting non-clm@gective synoptic systems are more
important in winter when the jet stream moves eguedrd and convective instability needed to
support MCSs decreases without surface heatinguanpdie moisture. In Europe, while MCSs
are less common, they tend to occur more often tinecontinent in summer and over the
Mediterranean Sea during fall and winter, conststgth a previous study that finds a peak in
late August to September (Morel & Senesi, 2002 3inong seasonal contrast of MCS
occurrences found in this study is quite consisiétit previous works that use similag and
precipitation data to identify mature MCSs (YH1and those that use spaceborne radar
observations to depict organized convection withpdand/or wide convective features (Wang et
al., 2019) and broad stratiform rain regions (Hoetzal., 2015).

5.2 MCSlifetime, motion, and rainfall

The more unique aspects of the global MCS trackiatgbase developed in this study are
the Lagrangian perspective of the MCSs, the higtiigi@mporal resolution, and the collocation
of the IR T, and precipitation data. MCS lifetime and translatspeed and direction are two
important Lagrangian aspects supported by the aisaby our databas€&igure 12 shows the
spatial distribution of average MCS lifetime foAJdnd DJF, and the zonal mean MCS lifetime
for oceanic and land MCSs. MCS lifetime here israef by the duration when a significant PF
(major axis length > 20 km) is detected withinacked MCS. This lifetime definition represents
the active convection (or precipitation) periodtod storm, which is shorter than the lifetime
calculated using IR oI as the upper-level anvil cloud would persist sardusly for some time
after convection/precipitation has ended. Resultsvssignificant contrast between land and
oceanic MCS lifetime in addition to regional andsenal variability. Long-lived MCSs (lifetime
> 36 hours) are primarily found over tropical amdbtsopical oceans. During JJA, the tropical
Eastern Pacific and Eastern Atlantic, the Bay aida and the South China Sea show the
longest-lived MCSsKigure 12 a). These regions feature enhanced synoptic transient
disturbances (periods of several days) associaitbdnopical easterly waves in the summer
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(Lau & Lau, 1990) that potentially create coheread propagating environments that support
long-lived MCSs (Mapes et al., 2006). It is alssgible that over ocean multiple convective
complexes growing and decaying in close proximdyld prolong the MCS lifetime, where such
mechanism may be less likely to occur over lanck 3imortest-lived summer MCSs are found
over the interior of the Northern Hemisphere caenits such as Canada, Europe, and Siberia. A
recent study using GPM DPR data finds extreme deépvide convective features sometimes
occur in these high-latitude continental regionsrusummer (Houze et al., 2019), suggesting
that these extreme convective storms are assoadtiedelatively short-lived MCSs.
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Figure 12. Spatial distribution of mean MCS lifetime durita) JJA and (b) DJF, (c) box-whisker plot of
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during its entire lifetime is assigned a singletiiihe value (in hours) on the native Opixel, and then
averaged over time in a season. Regions with limegtMCS are marked in black boxes, see discussions
in the text. In (c), boxes are the interquartilege, horizontal bars are median values, circlesra@n
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MCS per latitude bin.
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During DJF, long-lived MCSs are more commonly ofsedrmear subtropical Eastern
Pacific, the tropical Indian Ocean, the Pacific nvgrool north of the Maritime Continent and the
Southern Pacific Convergence Zone (SPEgGure 12 b). Large-scale precipitation systems
(duration > 7 days), sometimes associated witiMadden Julian Oscillation (MJO; Madden &
Julian, 1972; Zhang, 2005), are frequently obseoxet the Pacific warm pool during DJF
(Kerns & Chen, 2020). The regions with particulddgg-lived MCSs are near the fringe of
these large-scale precipitation systems or MJQgyesting interactions between intraseasonal
variability and extra-tropical disturbances maydialong-lived MCS during DJF, which
warrants future study. Globally, tropical oceani€8t typically last 3-4 hours longer than those
over land, but the extreme MCS lifetimes over oce@mmbe more than 10 hours longer than their
land counterparts, particularly around the subt®tigure 12 ¢). The land-ocean MCS lifetime
contrast gradually diminishes in the mid- and Higfitude where the number of MCSs decreases
significantly.
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Figure 13. Same ag&igure 12 except for MCS translation speeds and directidhe.shadings denote
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using a 2D cross-correlation map between two cartisechours of the MCS precipitation features (Feng
et al. 2018).

Global distributions of MCS translation speed aidaion during JJA and DJF are
shown inFigure 13. The motion of MCSs is estimated by a 2D cross-taticey map between
two consecutive hours of the MCS PFs (Feng e2@l.8) rather than the centroid location
difference used in previous methods. This methdesis prone to the large fluctuations caused
by morphological changes of the MCS cloud or prigatijon field that impact the centroid
location calculations. There is a strong latitutiohgpendence of MCS speed and direction:
tropical and subtropical MCSs generally move westweith moderate speeds of 6-12 h s
while mid- and high-latitude MCSs move eastwarchweignificantly faster speeds of 12-26 m s
!, The MCS mean translation speeds are generalhehig regions with stronger upper-level
zonal wind (e.g., North Atlantic and North Pacgtorm tracks during DJF, and Southern Ocean
storm tracks during both seasons), suggesting MEccur in traveling disturbances in the
stronger westerly jets tend to move faster. Howeagvection by mid-level wind is only one
factor affecting MCS movement. The mid-level winsicaaffects MCS motion through MCS-
induced mesoscale circulations. Other factors agofravity waves and availability of
environmental moisture also affect MCS motion. ldgjnound-based radar-observed PFs to
estimate MCS movement speeds over the U.S., Feadg(@019) found similar latitudinal
dependence and attributed the probable cause tosoae downward transport of stronger
background zonal wind velocity at higher latitud@smpared to the MCS translation speed
estimated using NEXRAD radar observations in th®. (see Figure 13 and Figure S6 in Feng et
al., 2019), the IMERG-based translation speedslagktly larger during the cold season,
suggesting that uncertainties in IMERG precipitatietrievals could potentially affect the
translation speed estimates. Interestingly, trapit@Ss over land generally move slightly faster
than those over oceaRifure 13 c¢), particularly over Africa during JJA, suggestistgonger
cold pools driven by more rain evaporation ovedlarmay help with faster storm movement
under relatively weak background wind. This lan@ant contrast in MCS translation speed
diminishes in the subtropics and reverses in thee toi high-latitudes. Cold season MCSs
primarily associated with the strongest baroclioicing (Feng et al., 2019) show the fastest
movement in both respective hemisphefagyre 13 a,b).

The MCS convective intensity and precipitation ecéeristics between land and ocean
across the globe are comparedrigure 14. We use the minimum IRy T{proportional to the
deepest cloud-top height) during the entire duratibeach MCS as a simple proxy for
convective intensity, and similarly use the maximmaim rate during the MCS lifetime to
represent the heaviest rainfall intensity. In gahéand MCSs have stronger convective intensity
than oceanic MCS$-(gure 14 a), especially over the subtropical zone33° in both
hemispheres) where land MCSs grow significantlypge¢han oceanic MCSs. In contrast,
oceanic MCSs produce much more intense precipitétian land MCSs (e.g., median rain rate
differs by 10-15 mm#, and 9% percentile rain rate differs up to 35 mm) hwith the largest
difference occurring again near the subtropkigyre 14 b). MCSs with the largest maximum
rain rates are typically found near the periphdrgubtropical highs over the ocedfigure S6)
where MCSs are relatively less comméig(r e S5). These differences in MCS convective
intensity and precipitation intensity are likelyeadted by the fundamental difference in
atmospheric environments over land and ocean.Xanple, higher convective potential
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available energy (CAPE) over certain continentglaes where deep mixed layer are formed
and/or subsidence is produced in the lee of monimgaiges with steep lapse rate and capping
inversions can support more intense convectiotaftdt MCSs. Intense and highly organized
convection such as supercells can produce extramialt in addition to other hazardous
weather such as hail and tornadoes (Smith etG01;Nielsen & Schumacher, 2018). It is not
immediately clear why oceanic MCSs have signifisahigher maximum rainfall intensity
compared to their land counterparts. While unceties in IMERG precipitation retrieval in
intense precipitating MCSs could affect these tequahore discussions in Section 5.3), similar
land/ocean contrast in maximum MCS rainfall ratefound using the GPM DPR radar-derived
surface precipitation data (Figure 4 in Liu et 2021). It is possible, however, that both
retrievals overestimate ocean rain rates or untlerate land rain rates. More work is needed to
systematically compare environmental differences/een land and oceanic MCSs to better
understand various factors that modulate these Bt@#acteristics.
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Figure 14. Box-whisker plot of the zonal distribution of (@nimum IR T, for each MCS, and (b)
maximum rain rate for each MCS. Boxes are the gui@rtile range, horizontal bars are median values,
circles are mean values, and whiskers denb&n8d 95' percentile values.

5.3 Uncertainty of theresults

Since various PF criteria are used in this studgeatify MCS (Section 3.1), here we
briefly examine the sensitivity of the results lhe tPF parametric thresholds. We lower all four
PF parametric thresholds showrFigure 3 to examine their impact on MCS frequency and
rainfall contribution over different geographic regs. Results show that while the number of
MCSs shows a small increase as expected, the impadCS precipitation amount and fraction
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to total precipitation is less than 10% over mesjiaons (not shown). In Europe, the lower PF
criteria increase the annual MCS precipitationtfoacby more than 10%, suggesting MCS PF
characteristics in Europe are generally weakercédéowering the PF parametric thresholds
allows more MCSs to be included in that region sidensitivity test suggests that while using
universal criteria to define MCS globally faciliést cross-comparisons among different
geographic regions, such an approach may miss stomas in specific regions. In our MCS
tracking database, all MCS candidates that sateyCCS area and duration are archived, along
with their corresponding PF characteristics usddtiter identify MCS. Therefore, the database
allows adjustments of MCS criteria for MCS idermiiion in specific regions without re-running
FLEXTRKR, providing more flexibility for future resrch.

In addition to our MCS tracking methodology, migsgeostationarirR T, data and
uncertainties in the IMERG precipitation dataset)uding rainfall area and intensity, could also
affect the MCS results. Throughout the 20-yearque(2000-2019), several generations of
geostationary satellite fleets have been usedadyze the global MetB T, dataset (for a
complete list of satellites séétps://docserver.gesdisc.eosdis.nasa.gov/puldielety GPM/CPC-
4kmIR-Sats.pdt During the early 2000s, certain regions havgdafractions of missingj, data
(Figure S9), such as the West Pacific (F80- 180E) and the Southeast Pacific (2¥0- 8C°W,
60°S - 5S). We have examined the missing IRd&ta and their impacts on the MCS tracking
results on a monthly timescale and found thatitigsict in the West Pacific region during 2003-
2005 is significant. Frequent missing IR data at 4 hours of the day (03, 09, 15, 21 UTC) in
that region during those 3 years results in a eabée reduction of long-lived MCSs and a
significant increase of short-lived (5-hour lifegjnones. Therefore, data between 2003-2005 are
excluded in the MCS climatology presented in SechoAs for the missing data in the
Southeast Pacific west of South America (from tle@sationary Operational Environmental
Satellite, GOES), while there is a modest amoumhisting data (on average 20-30%), the
impact on MCS should be relatively small as thgtae is expected to have few MCSs due to
the climatologically low sea surface temperatuneaddition, the lack of intercalibration of the
MergR T, dataset among the multiagency geostationary satidlet suggests this database may
not be suitable for studying long term trends.

Although MCS statistics obtained from IMERG datadn@een extensively evaluated
over the U.S. and China against ground-based datasets, both regions are over midlatitude
continents. More evaluations over oceanic regisasiaeded, as the microwave rainfall
estimates used in IMERG were produced using difteaégorithms for land and ocean. The
IMERG data also have known issues such as lackmdistency in consecutive frames,
particularly in the near-realtime version of theghuct (e.g.,
https://svs.gsfc.nasa.gov/vis/a000000/a004200/8®4@ergert_1080p_30.mp4Such
inconsistency is likely related to the limited dshility of microwave-based retrievals at sub-
hourly time scale and the “morphing” interpolati@ehnique employed in the IMERG
algorithm. Although the final version of the prodused in this study with the complete
microwave constellations and rain gauge bias coorebas improved temporal consistency,
fluctuations of hourly rainfall values may affebetaccuracy of MCS identification since
temporal evolution of PF characteristics is usedunalgorithm. However, the PF parameters
we use to define MCS are a combination of statistitoments (PF area, mean rain rate, rain rate
skewness, heavy rain volume ratio) that are lessitbee to fluctuations of the native pixel-level
rainfall values. In addition, our algorithm exansnadividual continuous sub-periods of each
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tracked cloud system when a PF reaches mesosoadasion (PF major axis length > 100 km).

If the PF parameters during that sub-period extieeid respective thresholds determined by the
sub-period duration (at least 5 hours), the emtareked cloud system is identified as an MCS. As
long as the IMERG-derived PF parameters do notistamdly drop below the minimum
thresholds more frequently than 5 hours, the flattuns should not impact MCS identification.

The IMERG microwave rainfall retrievals are calif@@against the combined radar-
radiometer algorithm, which could transfer the tations of the radar retrieval scheme
(Huffman, Bolvin, Braithwaite, et al., 2019; HuffmaBolvin, Nelkin, et al., 2019). Previous
studies have shown that the TRMM radar retrievethsa precipitation in intense convective
cores over land are underestimated due to biasgseimuation correction associated with
hail/graupel (Rasmussen et al., 2013; Gingrey.eR@al 8). Since similar radar-radiometer
rainfall retrieval scheme is used in GPM rainfathgiucts, such biases could potentially affect
microwave retrievals that are used in the IMERGjmieation data. More comparisons on
intense convective precipitation retrievals botkeroecean and land from IMERG against
ground-based radar estimates, such as radarsdomateoastal regions and remote islands in the
tropics and subtropics could further shed lightraanse MCS rainfall contrast between land and
ocean.

Newly available high-resolution satellite precipida data product such as GPM IMERG
should be treated as experimental global datadetsertainties in these retrievals may impact
the accuracy of the global MCS climatology resphessented in this study. Nevertheless, the
physically sound MCS features, including their gapdical and seasonal variations, land vs.
ocean contrasts and consistency with previousestudiing independent satellite observations
suggest that the IMERG dataset is capable of stipgasur effort in developing a long-term
high-resolution global MCS tracking database amiging a global survey of MCS
characteristics. When improved versions of IMERGdpicts become available in future, the
global MCS dataset developed in this study willipeated accordingly.

6 Summary and Conclusions

In this study, we develop a new methodology to troes a global (60°S — 60°N) long-
term (2000-2019) high-resolution (~10 km, 1 houMCS database by jointly using
geostationary satellite infrared brightness tenpeea(IR T,) and the GPM IMERG
precipitation datasets. The method characterizeS$M§y both combiningsland precipitation
feature (PF) fields and tracking the features owee. Previous techniques have used either
tracking only T, features in time (e.g., Roca et al., 2014; Hudral.e2018) or combiningsland
precipitation without tracking (YH10).

MCSs in this study must satisfy both large coldudighield and mesoscale PF
requirements for longer than 4 hours (see detai®eiction 3.1). The PF characteristics are
calibrated with a long-term MCS dataset based erNlEXRAD radar network in the U.S.

(Feng, 2019). MCS statistics obtained using thell#atbased IMERG data are validated against
two midlatitude continental ground-based radar oet& (NEXRAD in the U.S. and the
operational radar network in northern China). Thkdation results show that our methodology
detects MCSs with a wide range of sizes and sthsngimparable to those observed by radar
networks. In addition, the MCS climatology obtainedhe near-equatorial latitudes is consistent
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with that obtained by YH10 using, &nd precipitation but without tracking. These ewatibns
provide confidence in applying our algorithm gldpal

Our analyses show that previous IR-only trackinghme significantly overestimates
MCS occurrences in the midlatitudes in all seagowept summer compared to the new IR+PF
method Figure 8). The false identification by the IR-only methadrelated to many large and
long-lived cloud systems containing very small Rith low rainfall intensity and stratiform-like
precipitation, inconsistent with MCS precipitatiomaracteristics. Such comparisons highlight
the advancement of our new method that carefulhsicters key PF characteristics in addition to
the cloud-top IR signature to identify MCS. We gpiblis new algorithm on the global satellite
Tp and IMERG data obtained during 2001-2019 to exarttie climatology of global MCS
characteristics.

Our results are consistent with YH10 in showing thahe deep tropics the largest
number of MCSs are over the Indo-Pacific warm pGelntral Africa, the Amazon and Eastern
Tropical Pacific. In midlatitudes, the most MCSsurcin the central U.S., Argentina and
offshore of the east coast of North America, Sdutterica, East Asia and South Africa. MCS
precipitation contributions exceeds 50% of the ahtatal precipitation across a majority of the
tropical belt, such as the Indo-Pacific warm p@&aly of Bengal, tropical Eastern Atlantic and
tropical Eastern Pacific. Over continents, MCSfialrfraction over the West African Monsoon
region exceeds 70%, followed by Argentina, the AomZLentral North America and India with
fractions around 40-60%. A strong seasonality ofSvisccurrence and rainfall contribution is
found over many regions of the globdedure 11).

In addition to regional and seasonal variabilitgjgnificant contrast between land and
oceanic MCS lifetime is found. Long-lived MCSs¢€lilme > 36 hours) are primarily found over
tropical and subtropical oceans, particularly abhertropical Eastern Pacific and Eastern
Atlantic, the Bay of Bengal and South China SeangudJA, and subtropical Eastern Pacific,
tropical Indian Ocean, and the Pacific warm poa 8RCZ during DJFHigure 12). We find a
strong latitudinal dependence of the speed andtthreof MCS movement. Tropical and
subtropical MCSs generally move westward with matiespeeds of 6-12 rit,swhile mid- and
high-latitude MCSs predominately move eastward wigimificantly greater speeds of 12-26 m s
! (Figure 13). Convective intensity and precipitation charastars also show notable contrasts
between land and oceanic MCSs. Land MCSs havegaraonvective intensity than oceanic
MCSs for most regions of the globe, particularlgiothe subtropics{gure 14). In contrast,
oceanic MCSs produce more heavy precipitation that MCSs, suggesting the fundamental
differences in favorable storm environments suchtamspheric instability and moisture
availability that could affect these MCS charadtiges, although further studies are needed to
better understand the relative importance of varevironmental factors.

With the global MCS tracking database developetiismstudy we have produced a fully
global climatology of MCSs. Past studies have gahebeen limited to certain regions or have
been limited by the inadequacy of tracking onhyfdatures. This global climatology based on
Tb, precipitation, and tracking, has high spatioterapresolution, a large sample size (~30,000
MCSs per year), and long-term availability (200@2D These properties allow for a broad
range of regional and global research applicatibBns example, the diverse environmental
factors that impact MCS formation, evolution, atreisgth over different geographic regions
may now be pursued in follow-on studies. The rdI®E&Ss in global and regional hydrologic
cycles, and their interactions with large-scalewations such as monsoon systems and modes

This article is protected by copyright. All rights reserved.



of variability such as the MJO are already undeesgtigation. The global MCS dataset is also
suitable for evaluating the performance of bothbgland regional climate models, particularly
in regions without extensive ground-based obsematetworks. Combining this database with
TRMM and GPM radar PF and latent heating prodwe¢sare developing a new dataset to
characterize the spatiotemporal variability of glbkICS latent heating (Liu et al., 2021) to
support observational and modeling studies of M@®ktheir characteristics.
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